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Figure 1. Initial design and characterization of EcYcgR biosensors. (a) BRET and CSL-BRET mechanism 
for the yellow Nano-lantern (YNL) scaffold (top) and for NL sensors of c-di-GMP, respectively (bottom). 
(b) Schematic of the domain structures of EcYcgR sensors. (c) Relative chemiluminescent signal intensity 
of EcYcgR sensors with or without c-di-GMP. Data are from at least 4 replicates represented as mean ± 
SD. (d) Biosensor binding affinity measurements for EcYcgR-91. Data are from 3 replicates represented as 
mean ± SD. 
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Figure 2. Lysate-based screen of phylogenetic biosensor variants identify a panel of improved biosensor 
variants. Signal fold-change, defined as ratio of signal with 20 µM c-di-GMP to no c-di-GMP, was plotted 
with respect to biosensor stability (x-axis), defined as ratio of mCherry/Venus mean fluorescence intensities 
(MFI) normalized to the value for the EcYcgR biosensor. Pink data points correspond to sequence variants 
from thermophilic organisms, and gray data points correspond to sequence variants from mesophilic 
organisms. The original EcYcgR biosensor (blue triangle) and YNL (black square) are labelled for 
comparison. Circled data points correspond to variants chosen for further characterization. Inset: General 
scheme for biosensor variants showing the mCherry-tagged constructs used in the screen. 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

Page 2 of 24

ACS Paragon Plus Environment

ACS Chemical Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



Table 1. Characteristics of selected sensor variants 
Sequence KD (nM)

a
  Δ signal

b Hill coefficient
a mCh/Venus

c 
EcYcgR

d 354 ± 18 3 2.3 ± 0.23 1 
Selected for high affinity 
TmYcgR < 50 6.1 1.5 ± 0.04 1.7 
TuYcgR < 50 6.3 1.4 ± 0.04 2.7 
TbYcgR < 50 7.9 1.6 ± 0.1 1.4 
CpYcgR < 50 6.3 1.9 ± 0.1 1.7 
CbYcgR < 50 18.8 1.2 ± 0.04 0.73 
TcYcgR 59 ± 2 4.6 1.7 ± 0.1 1.6 
BvYcgR 105 ± 2 4.9 1.9 ± 0.05 2.7 
Selected for high signal change 
DnYcgR 303 ± 15 39.3 1.8 ± 0.1 0.61 
ToYcgR 379 ± 23 24.5 2.2 ± 0.2 1.1 
Selected for negative signal change 
PtYcgR < 50  –7.7 –1.8 ± 0.1 1.6 
BtYcgR 286 ± 17 –89 –2 ± 0.2 0.52 
a
Data are from 3 independent replicates represented as mean ± standard 

error.
 b
Data are the mean maximal signal change from 3 independent 

replicates; data presented in Figure S5a.
 c
Data are mean mCherry/Venus 

ratios normalized to EcYcgR from 3 biological replicates as measured in 
the lysate-based assay.

 d
Improved KD and Δsignal compared to Figure 1d 

due to changes in buffer. 
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Figure 3. In vitro characterization of biosensor variants. (a) Analysis of selectivity for high affinity 
biosensor variants. Data are from 3 replicates represented as mean ± SD. (b) Relative brightness of purified 
NL biosensors with or without c-di-GMP normalized to YNL. Data are from 3 replicates represented as 
mean ± SD. (c) Signal turn-on kinetics of CpYcgR biosensor. Chemiluminescence intensity traces are from 
one representative measurement. 
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Figure 4. Applying selected biosensors to detect cellular c-di-GMP levels. (a) Chemiluminescent signal 
intensities of live cells co-expressing mCherry-tagged NL biosensors and PdeH or WspR-D70E normalized 
to mCherry fluorescent signal. Data are from 3 biological replicates represented as mean ± SD. (b) 
Chemiluminescent signal intensities of lysates of cells co-expressing mCherry-tagged NL biosensors and 
PdeH or WspR-D70E normalized to mCherry fluorescent signal. Data are from 3 biological replicates 
represented as mean ± SD. (c) Measuring c-di-GMP levels by addition of CpYcgR to cell lysates. Cells are 
expressing various PDE or DGC enzymes. Data are from 3 biological replicates represented as mean ± SD. 
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ABSTRACT 

Bacteria colonize highly diverse and complex environments, from gastrointestinal tracts, to soil 

and plant surfaces. This colonization process is controlled in part by the intracellular signal 

cyclic di-GMP, which regulates bacterial motility and biofilm formation. To interrogate cyclic 

di-GMP signaling networks, a variety of fluorescent biosensors for live cell imaging of cyclic di-

GMP have been developed. However, the need for external illumination precludes the use of 

these tools for imaging bacteria in their natural environments, including in deep tissues of whole 

organisms and in samples that are highly autofluorescent or photosensitive. The need for genetic 

encoding also complicates the analysis of clinical isolates and environmental samples.  Toward 

expanding the study of bacterial signaling to these systems, we have developed the first 

chemiluminescent biosensors for cyclic di-GMP. The biosensor design combines the 

complementation of split luciferase (CSL) and bioluminescence resonance energy transfer 

(BRET) approaches. Furthermore, we developed a lysate-based assay for biosensor activity that 

enabled reliable high-throughput screening of a phylogenetic library of 92 biosensor variants. 

The screen identified biosensors with very large signal changes (~40 and 90-fold) as well as 

biosensors with high affinities for cyclic di-GMP (KD <50 nM). These chemiluminescent 

biosensors then were applied to measure cyclic di-GMP levels in E. coli. The cellular 

experiments revealed an unexpected challenge for chemiluminescent imaging in Gram negative 

bacteria, but showed promising application in lysates. Taken together, this work establishes the 

first chemiluminescent biosensors for studying cyclic di-GMP signaling, and provides a 

foundation for using these biosensors in more complex systems. 
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INTRODUCTION 

The second messenger 3’,5’-cyclic di-guanosine monophosphate (c-di-GMP) is the first 

discovered cyclic dinucleotide signaling molecule and has been found to be nearly ubiquitous in 

bacteria.1,2 Within cells, c-di-GMP levels are controlled by complex networks of diguanylate 

cyclases (DGCs) and c-di-GMP phosphodiesterases (PDEs) that work to tightly regulate the 

cellular concentration of this second messenger, often in response to extracellular signals.3,4 

These signaling networks coordinate a multitude of fundamental cellular functions, including the 

transition from sessile to motile states, virulence, and cell cycle control. To interrogate the 

dynamics of c-di-GMP within these complex signaling networks, we and others have developed 

biosensors for live cell imaging of c-di-GMP. These include protein-based FRET biosensors that 

have been used in E. coli,5 C. crescentus, S. typhimurium, and P. aeruginosa,6,7 as well as RNA-

based fluorescent biosensors that have been used in E. coli and allow for the first time the ability 

to image c-di-GMP under anaerobic conditions.8  

One long-term goal in the field is to analyze c-di-GMP signaling in more complex 

settings, including bacteria colonizing the gut, and in clinical isolates, mixed cultures, or 

environmental samples.9,10 None of these applications have been shown with the fluorescent 

biosensor tools currently available. Due to its reliance on external illumination, fluorescent 

imaging is often incompatible with imaging in deep tissues of animals and in long-term 

experiments due to phototoxicity. Additionally, fluorescent biosensors are difficult to apply to 

clinical isolates, mixed cultures, and environmental samples, because they haven’t been shown to 

work in complex lysates that exhibit increased autofluorescence and decreased signal due to 

sample dilution. One alternative technique that does not require external illumination to produce 

a signal is chemiluminescence imaging.11 Thus, to expand the study of c-di-GMP signaling 

networks to these more complex systems, we sought to develop the first chemiluminescent 

biosensors for c-di-GMP. 

Chemiluminescent biosensors generally utilize luciferases, enzymes which catalyze the 

oxidation of small molecule luciferin substrates to produce light.12 Luciferase-based biosensors 

typically fall into one of two categories: complementation of split luciferase (CSL) or 

bioluminescence resonance energy transfer (BRET)-based biosensors. In CSL systems, a sensor 

domain is used to split the luciferase protein into two non-functional halves, such that analyte 

binding results in a conformational change that reconstitutes the luciferase to produce a change 
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in signal intensity.13–17 In BRET systems, the sensor domain is inserted between a fluorescent 

protein acceptor on one side and an intact luciferase donor on the other side, and analyte binding 

leads to a change in BRET efficiency between donor and acceptor.18–21 CSL biosensors generally 

produce large signal changes, however their signal intensity is often low due to poor 

reconstitution of luciferase activity. BRET biosensors generally have high signal intensity and 

are ratiometric, however their signal change upon analyte binding is typically small. To 

overcome these drawbacks, the Nagai lab combined the CSL and BRET approaches and used 

Nano-lantern (NL) or enhanced Nano-lantern (eNL) scaffolds to produce chemiluminescent 

biosensors with large signal changes (up to 4-fold with original NL and 6-fold with eNL) and 

good signal intensity for imaging.22–24 They used these biosensors to perform single-cell imaging 

of Ca2+, cyclic AMP, and ATP in HeLa cells, D. discoideum cells, and Arabidopsis plant leaves, 

respectively.22 

 In this work, we applied the CSL-BRET strategy to develop the first chemiluminescent 

biosensors for c-di-GMP. First, an insertion site for the E. coli c-di-GMP binding protein YcgR 

(EcYcgR) within the NL scaffold was found that generated a functional biosensor. Next, we 

mined sequence databases for diverse YcgR homologs and selected a set of 92 proteins for 

functional characterization within the biosensor scaffold. These phylogenetic variants were 

synthesized as codon optimized sequences for cloning into the NL scaffold. The resulting 

phylogenetic biosensor library was expressed and rapidly screened in a lysate-based assay for 

response to c-di-GMP. A large number of biosensors were identified with improved affinity, 

signal change, and stability compared to the initial EcYcgR biosensor. This new collection of 

chemiluminescent biosensors includes ones with the highest affinity for a protein-based c-di-

GMP biosensor (<50 nM) and others with the largest signal change for a CSL-BRET biosensor 

(up to 90-fold). These biosensors were applied to measure c-di-GMP levels in live E. coli, and 

revealed challenges for chemiluminescence imaging in Gram-negative bacteria. Subsequently, 

we developed a bacterial lysate assay for diguanylate cyclase activity using the biosensors. This 

work provides the first chemiluminescent biosensors for measuring c-di-GMP levels in bacteria 

and lays the groundwork for live cell imaging of c-di-GMP dynamics without external 

illumination. 

 

RESULTS AND DISCUSSION 
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Design of chemiluminescent biosensor for cyclic di-GMP. PilZ domain-containing 

proteins bind c-di-GMP and have previously been used to generate genetically encoded FRET 

biosensors for c-di-GMP.5,6,25 For the initial design, the PilZ domain-containing protein YcgR 

from E. coli (EcYcgR) was chosen as the sensor domain to insert into the yellow Nano-lantern 

(YNL) scaffold, which is an NL scaffold that uses Venus as the fluorescent acceptor (Figure 1a). 

EcYcgR has previously been shown to bind to c-di-GMP with an affinity of ~800 nM and 

undergo a large conformational change upon binding.26 

 Four biosensors were designed that differed in either the split site of RLuc8 (91/92 or 

228/229) or the deletion/retention of a flexible N-terminal region of RLuc8 (1.0 or 1.1 scaffold) 

(Figure 1b). These designs were chosen based on previously developed NL sensors.22 The four 

biosensors were constructed, expressed, and purified from E. coli, then tested for response to c-

di-GMP. While all of the biosensors produced a chemiluminescent signal, only biosensors with 

EcYcgR inserted at the 91/92 site of RLuc8 produced a c-di-GMP-dependent change in signal 

(Figure 1c). For further characterization, the biosensors were expressed and purified from E. coli 

co-expressing the c-di-GMP-specific phosphodiesterase PdeH (also called YhjH) to ensure that 

minimal to no c-di-GMP remain bound. The EcYcgR-91 biosensor has a dissociation constant 

(KD) for c-di-GMP of 615 ± 115 nM and gives a 2.6-fold change in chemiluminescent signal 

intensity upon binding (Figure 1d). The measured affinity for the biosensor is slightly improved 

compared to previously reported affinity values for EcYcgR alone,26 and the signal change and 

intensity are comparable to previously developed NL biosensors.22  Additional in vitro binding 

tests with related compounds showed that the biosensor is highly specific for c-di-GMP (Figure 

1d).  

Lysate-based assay of biosensor performance. One of the benefits of 

chemiluminescent biosensors compared to fluorescent or FRET-based biosensors is that because 

external illumination is not required, output signal is not compromised by solution 

autofluorescence. Accordingly, we find that biosensor activity can be reliably assayed in lysates 

of cells grown in complex media with no further purification. Growth and assay procedures were 

optimized to permit the use of small culture volumes and to produce consistent growth between 

wells, which led to the development of a 96-well plate format lysate activity assay for biosensor 

constructs (Figure S1). Importantly, by measuring in lysates rather than whole cells, new 
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biosensor designs can be rapidly and reliably screened with any analyte of interest at a set 

concentration, including non-cell permeable compounds like c-di-GMP. 

Using this assay workflow, various mutants of EcYcgR were tested (Figure S2a). These 

mutations have been characterized in other YcgR proteins, and are predicted to alter the binding 

stoichiometry to c-di-GMP (M1; R113L mutant),27 abolish binding to c-di-GMP (M2, R118D), 

or improve affinity for c-di-GMP (M3; S147A mutant).26 A double mutant combination of M1 

and M3 mutations (M4; R113L, S147A) was also tested. While M2 severely reduced binding 

affinity as expected, the other mutations also led to decreased affinity or signal change (Figure 

S2b, c; Supplemental Notes). In addition, a small library of biosensors with different linkers 

flanking EcYcgR was analyzed using the lysate-based screen. It is well known that linker length 

and composition can produce large changes in the affinity and/or signal change of both CSL and 

BRET-type biosensors,14,28 but to our knowledge, this had not yet been tested in NL biosensors. 

Six different linker designs were tested spanning a length of 2–5 residues on either side of 

EcYcgR that were designed to be either flexible or rigid (Figure S2a). However, none of the new 

linker designs produced signal changes better than the original linkers used (Figure S2d; 

Supplemental Notes).  

 This 96-well format lysate-based activity assay enables biosensor constructs to be rapidly 

assessed without individually purifying each protein. A small library of EcYcgR mutants and 

linker variants was tested, but none showed improved biosensor performance. While a larger 

randomized library-based approach could lead to improved affinity or signal change, the 

biosensor would remain limited by the characteristics of the sensor domain, EcYcgR. Thus, we 

instead decided to focus on altering the sensor domain itself in the next round of optimization. 

Phylogenetic screen for improved c-di-GMP binding domains. Our lab has previously 

used phylogenetic libraries in the development of RNA-based fluorescent biosensors, and we 

have found that such an approach can lead to rapid improvements in biosensor characteristics.8,29 

A small number of YcgR proteins have been tested in FRET-based biosensors for c-di-GMP, 

with the best design exhibiting a –60.6% signal change and 195 nM affinity.6,7 For a wider 

screen, all PilZ-containing proteins with domain architectures similar to EcYcgR (YcgR-PilZ 

and YcgR_2-PilZ) were obtained from the Pfam database. From this set of 840 sequences 

resulting from the bioinformatic query, 92 sequences were synthesized and cloned into the NL 

scaffold (Table S2) using the design found to work best with the EcYcgR sensor domain (91/92 
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insertion site, 1.0 scaffold). This set included 34 sequences chosen from the genomes of 

candidate thermophilic bacteria, as we hypothesized that these would produce more stably folded 

biosensors. Additionally, c-di-GMP binding to PilZ domains has been found to be largely 

entropically driven,30 so we expected that sensor domains from thermophiles may bind with 

higher affinity to c-di-GMP than those from mesophiles. Of the remaining 58 sequences, at least 

three were previously characterized YcgR proteins27,30,31 and the remainder were chosen from a 

large variety of different bacterial genomes. 

All sequences were codon optimized for E. coli expression to aid screening. In addition, 

an mCherry fluorescent tag32 was introduced at the C-terminus to measure the relative folding 

stability of each biosensor variant. During purification of EcYcgR biosensors, it was found that 

truncated proteins were produced at appreciable levels during expression, suggesting the 

degradation of improperly folded biosensors (Figure S3a). In contrast, the purified YNL had 

little-to-no truncated products. Thus, the ratio of mCherry fluorescence (C-terminal) to Venus 

fluorescence (N-terminal) provides a proxy for the relative amount of full-length biosensor in 

cells and can be determined in a high-throughput manner via flow cytometry. This ratio for each 

phylogenetic variant was normalized to the ratio for the EcYcgR biosensor (mCh/Venus = 1). 

Library members with mCherry/Venus fluorescence ratios above 1 were considered more well-

folded than EcYcgR, while library members with fluorescence ratios lower than 1 were 

considered less well-folded (Figure S3b). The mCherry-tagged version of the EcYcgR biosensor 

was tested in the lysate-based assay and showed that the mCherry tag had little-to-no effect on 

biosensor performance (Figure S3c).  

To determine signal change and relative affinity for c-di-GMP, all candidate biosensors 

were tested in the lysate-based assay with two different concentrations of c-di-GMP (Figure 2, 

S4a). Less than 10% (8 sequences) were inactive and produced low chemilumescent signal, 

likely due to poor expression and/or misfolding. Of the sequences that were active, over 40% (34 

sequences) showed signal changes better than EcYcgR in response to 20 µM c-di-GMP (~1.86-

fold). Two constructs showed signal changes of ~17-fold and ~28-fold, which are larger than 

signal changes for previously developed NL biosensors.22,24 Interestingly, while the large 

majority of these variants all showed signal changes in the positive direction, 3 sequences 

showed signal changes in the negative direction, suggesting that they may undergo a different 

sort of structural rearrangement upon binding to c-di-GMP. Of all tested constructs, over 60% 
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(56 sequences) showed relative folding stability better than the EcYcgR biosensor, and 6 showed 

greater stability than the YNL scaffold itself. Out of the 31 thermophilic variants that were 

active, 25 showed better folding stability than EcYcgR, supporting the hypothesis that 

thermophilic sensor domains produce more well-folded biosensors in the NL scaffold. Taken 

together, this lysate-based screen of a large phylogenetic library of YcgR sensor domains 

resulted in multiple biosensors that exhibit the largest signal changes of any NL biosensors to 

date, as well as many biosensors that are more well-folded and have larger signal change than the 

original EcYcgR biosensor. 

In vitro characterization of phylogenetic biosensor variants. From the screening panel, 

a subset of biosensors that displayed either increased affinity, large signal change, or rare 

negative signal change were chosen for re-screening and further analysis. For in vitro 

characterization, all phylogenetic biosensor variants were recloned without the mCherry tag and 

expressed, then purified from cells co-expressing PdeH to ensure that minimal to no c-di-GMP 

remain bound. Biosensors that showed maximal signal in response to 1 µM c-di-GMP in the 

original screen were predicted to have increased affinity; we further selected only biosensors that 

displayed positive signal change of at least 2.5-fold. Out of the 31 sequences with positive signal 

changes greater than EcYcgR, 9 met these criteria. Re-screening in the lysate-based assay with 

lower concentrations of c-di-GMP confirmed that all 9 sequences had affinities better than or 

equal to EcYcgR, while 7 of the sequences appeared to have affinities <200 nM (Figure S4b). As 

purified proteins, these 7 sequences span a range of affinities, all <200 nM, with 5 of the 

sequences exhibiting affinities <50 nM (Table 1). Interestingly, the CbYcgR biosensor showed a 

decrease in signal intensity at high concentrations of c-di-GMP, suggesting a secondary binding 

site (Figure S5a). 

The two biosensor variants that showed large signal changes in the lysate-based screen, 

DnYcgr and ToYcgR, demonstrated signal changes of ~40-fold and ~25-fold as purified 

proteins, respectively (Table 1; Figure S5a). These signal changes are about 10x higher than 

those seen in any previously developed NL biosensors. To our knowledge, the largest signal 

change reported for any rationally designed, single chain CSL-type biosensor was a 70-fold 

change for a cAMP biosensor.14 Interestingly, the largest signal change we characterized was for 

BtYcgR, which exhibited negative signal change and showed ~90-fold maximal decrease in 

chemiluminesence activity in response to c-di-GMP (Figure S5a). BtYcgR was among the most 
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poorly folded variants as measured by the mCh/Venus fluorescence ratio, which may contribute 

to its large signal change. Of the other 2 biosensor sequences with negative signal changes, 

PtYcgR recapitulated the lysate-based results, while BtYcgR did not. The biosensors with 

negative signal changes could be useful for measuring decreases in c-di-GMP, for example, due 

to phosphodiesterase activity. 

The ligand selectivities for three of the high affinity biosensors were tested, and all 

retained high selectivity for c-di-GMP versus (3’3’)-cAG and pGpG (Figure 3a). Both CpYcgR 

and TbYcgR biosensors showed >100-fold selectivity against (3’3’)-cAG and no appreciable 

binding to pGpG. TuYcgR also showed >100-fold selectivity against (3’3’)-cAG, but was 

slightly less selective against pGpG than the other biosensors were. Interestingly, our lab has 

shown that riboswitch-based biosensors for c-di-GMP have exquisitely selectivity against other 

cyclic di-nucleotides, with no appreciable binding, but ~2000-fold selectivity against pGpG,8 

which is the opposite trend to what is observed for these protein-based biosensors.  

Another key characteristic of these biosensors is signal intensity. CSL-type biosensors 

rely on the complementation of a split enzyme to produce signal, so their signal intensity is often 

only a fraction of the brightness of the non-split protein. In previously developed NL biosensors, 

for example, the brightest design achieved 35% of the intact YNL signal and was sufficient for 

single cell imaging experiments.22 Two of our highest affinity biosensors variants, TuYcgR and 

CpYcgR, gave maximal signal intensities of ~40% and 30%, respectively, of the intact YNL 

signal (Figure 3b). However, while total protein concentration was the same for each sample 

based on Venus domain absorbance,33 the biosensor samples contained visible amounts of a 

truncated product including Venus, whereas the YNL sample was a single protein band (Figure 

S5b). Thus, the relative chemiluminescence intensities we measured likely underestimate the 

actual brightness of the biosensors. 

Finally, we measured the response time for one of the best-performing biosensors, 

CpYcgR. To test the kinetics of biosensor activation, c-di-GMP was co-injected with 

chemiluminescent substrate at time 0 into solutions containing the biosensor. To provide 

comparison to prebound or unbound controls, the CpYcgR biosensor was pre-incubated with or 

without c-di-GMP before substrate was injected at time 0. The t1/2 value for the co-injected 

sample was 9-9.5 sec compared to the t1/2 value of 0.2 sec for prebound biosensor (Figure 3c). 

This experiment shows that the CSL-BRET biosensor undergoes a c-di-GMP-dependent 
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conformational change that activates chemiluminescence in less than one minute, which is 

similar to the results for YcgR-based FRET biosensors used for live cell imaging.6 

 Taken together, in vitro characterization of phylogenetic variants revealed a set of 

biosensors with good signal changes that span a range of affinities for c-di-GMP, including 

several incorporating novel YcgR proteins that have <50 nM KD values. One biosensor showed 

positive signal changes of ~40-fold and another showed negative signal changes of ~90-fold, 

which are among the largest signal changes observed for any CSL-type biosensors. Finally, the 

biosensors showed strong signal intensities and fast activation in response to c-di-GMP. 

 Measuring cellular levels of c-di-GMP with chemiluminescent biosensors. As an 

initial test of our new NL biosensors for measuring c-di-GMP in live cells, we co-expressed a 

subset of the mCherry-tagged biosensors in E. coli along with a diguanylate cyclase (WspR-

D70E) or a phosphodiesterase (PdeH) to generate high or low levels of c-di-GMP, respectively. 

After overnight growth in autoinduction media, cells were pelleted and washed with PBS, then 

chemiluminescent substrate was added and total signal was measured in a plate reader. The 

mCherry fluorescence signal of the cells was also measured so that chemiluminescent signal 

intensity could be normalized to the amount of full-length biosensor (LUM/mCherry FL). 

However, to our surprise, the majority of biosensors did not show the expected signal increase 

with WspR-D70E (Figure 4a). Instead, several of them showed decreases in total signal when 

comparing WspR-D70E versus PdeH overexpressing cells, which was also observed for YNL 

alone. 

The result for YNL suggested that WspR-D70E overexpression could be decreasing 

substrate diffusion into cells due to increased biofilm formation, which is a phenotypic 

consequence of high c-di-GMP levels. Thus, we repeated the experiment but lysed the cells using 

the same protocol as the lysate-based assay before adding the chemiluminescent substrate. With 

no barriers to substrate diffusion, all the biosensors except for TuYcgR showed signal increases 

with WspR-D70E lysates versus PdeH lysates, whereas YNL showed no significant difference 

(Figure 4b). In addition, the normalized signal intensities were also much larger in cell lysates 

compared to live cells, which is consistent with substrate diffusion affecting the signal in intact 

cells. 

 Thus, we revised the plan to develop a rapid assay for measuring c-di-GMP levels in cell 

lysates instead. In this assay, the purified CpYcgR biosensor is added directly to lysed cells and 
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signal is measured after addition of chemiluminescent substrate in a plate reader (Figure 4c). Due 

to E. coli having low endogenous levels of c-di-GMP,4 we could not detect differences in c-di-

GMP lysate levels between cells expressing inactive enzyme (WspR-G249A, i.e. endogenous 

levels) or expressing a c-di-GMP specific phosphodiesterase (PdeH). However, from these data 

we were able to observe clear differences in c-di-GMP lysate levels between cells expressing 

active diguanylate cyclases (WspR-WT, WspR-D70E, and PleD) and control cells containing 

empty vector. Notably, the signal strength and fold-change of the CpYcgR biosensor was almost 

identical in cell lysates and in buffer alone. 

Conclusion. This work represents, to our knowledge, the development of the first 

chemiluminescent biosensors for c-di-GMP. After initial validation of the NL biosensor design, a 

phylogenetic library of YcgR-like proteins was rapidly screened in a lysate-based assay to 

identify variants with improved biosensor characteristics. The two key benefits of this lysate-

based assay are that the biosensors can be screened without purification and for binding to any 

ligand of interest. We envision that a similar approach can be used to screen YcgR mutants in a 

high-throughput manner to generate chemiluminescent biosensors for other cyclic dinucleotides, 

such as c-di-AMP, (2’,3’)-cGAMP, and (3’,3’)-cGAMP.34,35 

The screen identified a panel of biosensor variants with improved affinity, signal change, 

folding stability, and signal intensity compared to the initial EcYcgR biosensor and other 

protein-based biosensors for c-di-GMP. While Nano-lantern-based biosensors have been used to 

make live cell measurements in eukaryotic systems, to our knowledge, they had not been applied 

in bacterial systems prior to this study. Our results suggest that changes in diffusion of the 

chemiluminescent substrate, coelenterazine-h, due to increased biofilm formation may be an 

issue for live cell experiments in bacteria, which can be overcome in part by performing 

measurements with the biosensors in cell lysates. Thus, we developed a rapid plate reader-based 

assay for measuring diguanylate cyclase activity in cell lysates, which could be applied to other 

types of complex samples, such as clinical isolates or microbial co-cultures. Future work will 

focus on developing ratiometric, rather than intensity-based, chemiluminescent biosensors using 

the panel of sensor domains discovered here to overcome limitations in bioavailability of 

substrate. An encouraging precedent is a ratiometric BRET system that has been employed to 

monitor chemotaxis receptor kinase activity in live E. coli.36 Ultimately we aim to study c-di-
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GMP dynamics in biological systems for which fluorescent biosensors are less useful, such as in 

plant-pathogen interactions or intestinal bacteria in the gut. 

 

METHODS 

 Chemiluminescence measurements. All chemiluminescence measurements were 

performed in opaque white, 96-well LUMITRAC 600 plates (Grenier). Briefly, proteins and 

ligands were added to assay buffer [50 mM HEPES (pH 7.2), 100 mM KCl, 10 mM DTT, 0.1% 

BSA] to the given final concentrations in 100 µL reaction volume, then incubated at 28 °C for at 

least 10 min to reach binding equilibrium. Unless otherwise noted, all affinity and kinetics 

measurements were made using 50 nM protein, and all signal change, brightness, and selectivity 

measurements were made using 100 nM protein. Chemiluminescent substrate was prepared by 

diluting coelenterazine-h to 60 µM in reagent buffer [50 mM HEPES (pH 7.2), 100 mM KCl, 

300 mM ascorbate], and allowing the solution to equilibrate to RT for at least 30 min. For 

equilibrated biosensor measurements, chemiluminescence at 28 °C was measured on a 

SpectraMax i3x platereader (Molecular Devices) by injecting 20 µL of chemiluminescent 

substrate, then integrating total chemiluminescent signal for 10 sec after a 3 sec delay. For 

biosensor kinetics measurements, chemiluminescence at 28 °C was measured over 3 min in 200 

ms intervals with 100 ms integration times starting at substrate injection. For c-di-GMP binding 

kinetics, c-di-GMP was co-injected with substrate for a final concentration of 2 µM c-di-GMP. 

Lysate-based assay for biosensor activity. Single colonies of BL21(DE3) star E. coli 

cells transformed with pET24-biosensor-mCherry plasmids were resuspended in 500 µL of P-

0.5G non-inducing media [0.5% glucose, 25 mM (NH4)2SO4, 50 mM KH2PO4, 50 mM 

Na2HPO4, 1 mM MgSO4]
37 supplemented with 100 µg/mL kanamycin in 2.2 mL 96-well deep 

well plates (VWR), then grown at 37 °C, 325 rpm, for 24 h to generate pre-cultures. A 5 µL 

aliquot of each pre-culture was used to inoculate 500 µL of ZYP-5052 auto-induction media [25 

mM (NH4)2SO4, 50 mM KH2PO4, 50 mM Na2HPO4, 1 mM MgSO4, 0.5% (v/v) glycerol, 0.05% 

glucose, 0.2% α-lactose, 1% tryptone, and 0.5% yeast extract]37 supplemented with 100 µg/mL 

kanamycin in deep well plates. Two identical plates of auto-induction media were inoculated to 

permit aeration with shaking and to yield 1 mL of combined culture for each sample. Plates were 

grown at 37 °C, 325 rpm, for 20 h for biosensor expression. After 20 h of growth, equivalent 

cultures were combined into a single plate. 

Page 18 of 24

ACS Paragon Plus Environment

ACS Chemical Biology

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



13 

 

For flow cytometry analysis of biosensor expression and stability, 2 µL of each culture 

was added to 200 µL of phosphate-buffered saline (PBS) [137 mM NaCl, 2.7 mM KCl, 10 mM 

Na2HPO4, 1.8 mM KH2PO4, pH 7.4]. The mean fluorescence intensities were analyzed on an 

Attune NxT flow cytometer (Life Technologies). Venus fluorescence was measured with a 488 

nm laser for excitiation and a 530/30 filter for emission. mCherry fluorescence was measured 

with a 561 nm laser for excitation and a 620/15 filter for emission. 

For chemiluminescence measurements, the remaining culture was harvested in the deep-

well plate by centrifugation at 4700 rpm for 10 min at 4 °C. Supernatant media was removed and 

each cell pellet was resuspended in 360 µL screening buffer [50 mM Tris (pH 7.5), 100 mM 

KCl, 5% glycerol, 2 mM EDTA, 300 µg/mL lysozyme, 1 mM PMSF]. Cells were gently lysed 

for 1 h at 4 °C and lysates were clarified by centrifugation at 4700 rpm for 40 min at 4 °C. To 

obtain three samples, 90 µL aliquots of clarified lysates were pipetted into three wells of opaque 

white, 96-well LUMITRAC 600 plates (Grenier), being careful not to disturb the pelleted cell 

debris. Each aliquot was mixed with 10 µL of either buffer, 10 µM c-di-GMP, or 200 µM c-di-

GMP [in 50 mM HEPES (pH 7.2), 100 mM KCl] to produce final concentrations of 0, 1 µM or 

20 µM c-di-GMP. Mixtures were incubated at 28 °C for at least 10 min to allow binding to 

occur, then chemiluminescence was measured as described above. Signal fold-changes were 

calculated for at least two biological replicates by dividing the total chemiluminescence signal 

with added c-di-GMP by the total signal without added c-di-GMP.  

Cellular c-di-GMP measurements with biosensor addition. Single colonies of 

BL21(DE3) star E. coli cells transformed with pCOLA plasmids encoding c-di-GMP-related 

enzymes were resuspended in 500 µL of P-0.5G non-inducing media supplemented with 100 

µg/mL kanamycin in 2.2 mL 96-well deep well plates (VWR), then grown at 37 °C, 325 rpm, for 

24 h to generate pre-cultures. A 5 µL aliquot of each pre-culture was used to inoculate 500 µL of 

ZYP-5052 auto-induction media supplemented with 100 µg/mL kanamycin in a deep well plate 

and grown at 37 °C, 325 rpm, for 20 h to allow for protein expression. Cultures were harvested 

and clarified lysates were prepared as described for the lysate-based assay, except each culture 

was resuspended in 120 µL screening buffer. For +lysate samples, a 50 µL aliquot of each 

clarified lysate was mixed with 50 µL of 100 nM biosensor in 2x assay buffer in an opaque white 

96-well plate, and the plate was incubated at 28 °C for 10 min. Chemiluminescent substrate was 
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injected and chemiluminesce was measured as described above. For +buffer samples, 50 µL of 

screening buffer was added instead of the lysate 
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