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Abstract Quorum sensing (QS) is involved in many

important biological functions such as luminescence, anti-

biotic production, and biofilm formation. The autoinducer

N-(3-oxo-hexanoyl)-L-homoserine lactone (3OC6HSL)

plays a significant role in the QS system of the marine

bacterium Vibrio fischeri. Tracing 3OC6HSL would be

significant in studies related to QS signal transduction.

Traditional detection of QS signaling molecules has relied

on bacterial reporter strains and high-performance liquid

chromatography, which are time consuming and have low

sensitivity. Because 3OC6HSL binding to LuxR from V.

fischeri causes a conformational change, we developed a

genetically encoded biosensor based on Förster resonance

energy transfer (FRET) by inserting LuxR between the

FRET pair YFP/CFP. The detection limit of the sensor was

100 lM. We attained an optimized sensor with 70 % Dratio

increase by screening different hydrophobic linkers, and

demonstrated the feasibility of this sensor for visualizing

3OC6HSL both in vitro and in vivo.
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Abbreviations

CFP Cyan fluorescent protein

YFP Yellow fluorescent protein

FLIP Fluorescent indicator protein

FRET Förster resonance energy transfer

Introduction

Bacterial cells sense the density of their population through

a sophisticated cell–cell communication system and trigger

the expression of various genes when the cell density

reaches a specific threshold. This type of gene regulation,

which controls diverse biological functions, including bio-

luminescence, antibiotic production, plasmid transfer,

motility, virulence, and biofilm formation, is known as

quorum sensing [1]. Understanding the quorum-sensing

network would shed light on microbial metabolism and

contribute to human health [2]. Recent research suggests

that both prokaryotes [3, 4] and eukaryotes [5] possess

interference strategies, which are used in natural settings to

disrupt quorum sensing. These exciting findings on the QS-

dependent behaviors of microorganisms, particularly the

expression of virulence genes and biofilm formation, as well

as the intensive concerns surrounding the rapidly increased

incidence of antibiotic resistance [6], have become an

important impetus for investigating practical approaches for

interfering with microbial QS regulatory system. These

approaches, also known as quorum quenching [7], have

been explored as methods for preventing and controlling

bacterial infection. One of the quorum quenching elements,

N-acyl-homoserine lactonase (AiiA), is an enzyme that

degrades N-acyl-homoserine lactone (AHL) molecules, and

thus effectively interrupts pathogen communication. AHL-

lactonase induces hydrolysis of the homoserine lactone ring
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of AHL molecules. AHL-lactonase activity was first dem-

onstrated in Bacillus sp. [8], which hydrolyzes a large range

of AHL molecules.

The luminescence (lux) operon (luxICDABEG) of Vib-

rio fischeri is regulated by the transcriptional activator

LuxR and 3OC6HSL [9, 10]. In this system, LuxI synthase

enzymatically produces 3OC6HSL, which can diffuse

across the cell membrane and act as a communication

signal to mediate intercellular coupling. It binds to the

regulator LuxR, and the LuxR–AHL complex undergoes a

conformational change to form a transcriptional activator

suitable for the luxI promoter binding to initiate gene

expression. The ability to monitor these QS signal mole-

cules would increase the understanding of microorganism

communication. To date, quantification of bacterial AHLs

has involved ultra-performance liquid chromatography,

which is a complicated procedure [11]. Until recently,

detecting QS-related signaling molecules from gram-neg-

ative bacteria has relied primarily on bacterial reporter

systems [12]; ultrasensitive detection of QS molecules has

been achieved in Mesorhizobium huakuii [13]. The most

frequently used sensor bacterium, CV026 [14], produces

the characteristic purple pigment violacein in the presence

of AHL. However, this process takes a relatively long

period, and a rapid and convenient method for detecting

signaling molecules would be more attractive.

There have been efforts to directly measure and visu-

alize metabolites in cells by using fluorescent indicator

proteins (FLIPs), which can be targeted to subcellular

compartments to specifically analyze concentration chan-

ges within a compartment of an intact live cell [15]. FLIPs

consist of a domain that specifically binds a ligand and is

sandwiched between 2 variants of green fluorescent protein

[typically cyan fluorescent protein (CFP) and yellow fluo-

rescent protein (YFP)] [16]. The efficiency of fluorescence

energy transfer between the two fluorophores is highly

dependent on their distance from each other and orientation

[17, 18]. A change in the FRET efficiency can be detected

upon ligand binding, which induces a conformational

change in the protein and alters the distance between the

fluorophores. Recently, a number of bacterial periplasmic

binding proteins, which undergo a conformational change

upon ligand binding, have successfully been used to

develop FRET nanosensors for glutamate, maltose, ribose,

and glucose [19–22]. Besides periplasmic binding proteins,

we developed recently a FRET-based biosensor using a

regulatory domain GAF for tracking of 2-oxoglutarate in

real-time [23], telling that a large range of proteins could

be considered for sensor construction. An in vitro assay

system has been described for the rapid detection and

quantification of furanosyl borate diester (BAI-2) that

belongs to the subclass autoinducer 2 (AI-2), a QS-related

signaling molecule, based on the regulator protein LuxP

[24]. In this study, we constructed a genetically encoded

fluorescent biosensor of the QS signaling molecule

3OC6HSL that recruited the 3OC6HSL-binding regulator

LuxR protein derived from the marine bacterium V. fisc-

heri. We systematically engineered a linker moiety by

inserting peptide connectors of different lengths. The

resulting biosensor, QSflip, exhibited high selectivity to

3OC6HSL compared to related compounds. The sensor

was also employed to determine 3OC6HSL concentrations

both in vitro and in vivo.

Materials and Methods

Bacterial strains and reagents

Bacillus thuringiensis ATCC 10792 was cultured in Luria–

Bertani (LB) medium at 30 �C. E. coli DH5a and BL21

(DE) cells were cultured in LB medium at 37 �C. For AiiA

(GenBank Accession No.: ACI96342.1), AHL-lactonase

expression in E. coli BL21 was induced by adding iso-

propyl b-D-1-thiogalactopyranoside (IPTG) and culturing

at 30 �C. IPTG (1 mM) was used to induce AiiA gene

expression. Antibiotics were used at the following con-

centrations: kanamycin at 50 lg/mL and chloramphenicol

at 100 lg/mL. Autoinducer N-(3-oxo-hexanoyl)-L-homo-

serine lactone (3OC6HSL) was purchased from Sigma-

Aldrich (St. Louis, MO, USA).

Construction of plasmids

We extracted the B. thuringiensis 4Q7 genome by using the

BioDev genome extraction kit (InvitrogenTM) with poly-

merase chain reaction analysis of the AHL-lactonase gene

from the genome. The AiiA gene and a pET-28a plasmid

were digested with EcoRI and XhoI for construction of the

pET-28a/AiiA4Q7 plasmid. Four restriction sites BamHI,

EcoRI, SacI, and SalI in the pET-28a (?) vector were

chosen for tandem fusion of YFP, LuxR (GenBank

Accession No.: AAQ90231.1) and CFP to construct a

FRET biosensor (Fig. S1 and Table S1). CFP and YFP

(mutants of EGFP, GenBank Accession No.: U55762.1)

were cloned from the commercially available plasmids

pECFP-N1 (catalog #6900-1; Clontech, Mountain View,

CA, USA) and pEYFP-N1 (catalog #6006-1; Clontech).

E. coli DH5a was used as the cloning host, and E. coli

BL21 (DE3) was used as the protein production host.

Protein expression, purification, and characterization

BL21(DE3) were grown at 30 �C in LB broth supplemented

with 100 mg/L kanamycin. Protein expression was induced

with 1 mM IPTG at an optical density (OD600) of 0.6, and the
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cells were grown for an additional 6 h. Bacterial cells were

harvested by centrifugation, and the cell pellet was sus-

pended in 50 mM phosphate-buffered saline (PBS; pH 8.0)

before sonication. All analytes were dissolved in the same

buffer and adjusted to a final pH 8.0. FLIPs were purified by

His-binding affinity chromatography (Novagen, Madison,

WI, USA). Binding to the resin was performed using the

batch method at 4 �C for 4 h, washed in a column with

20 mM Tris–HCl and 20 mM Tris–HCl containing 20 mM

imidazole at pH 8.0, and eluted with 250 mM imidazole in

Tris–HCl (pH 8.0). Purified FLIP was dialyzed against

50 mM PBS (pH 8.0) before in vitro assays.

In vitro assays

Fluorescence was measured in a fluorescence microplate

reader (Bio-Tek Instrument, Winooski, VT, USA) by using

a black 96-well microplate (Fluotrac 200; Greiner Bio-One

GmbH, Frickenhausen, Germany). Emission wavelengths

of 478 and 528 nm or a continuous spectrum from 460 to

600 nm were monitored at an excitation wavelength of

440 nm. A blank measurement was obtained from a well

containing only FLIP without the reaction chemical.

Affinity constants (Kd) were determined by fitting the

titration curves to a single-site-binding isotherm:

R = Rapo ? (Rsat-Rapo) * X/(Kd ? X) [16]. X, ligand con-

centration; R, ratio; Rapo, ratio in the absence of ligand;

Rsat, ratio at saturation with ligand. All ratio values were

derived from the averages of at least three titration

experiments.

In vivo assays

Escherichia coli BL21 (DE3) were grown for 3 h in LB

medium at 37 �C before induction by the addition of

0.5 mM IPTG overnight at 20 �C. Cultures were stored

overnight at 4 �C and then suspended in carbon-free M9

medium (pH 8.0); 50 mg/L kanamycin sulfate was added

to avoid outer interference [25]. Next, 100 lL of culture

was transferred to 96-well plates. Fluorescence emission at

478 and 528 nm (excitation 440 nm, bandwidth 2 nm)

were recorded in a in a fluorescence microplate reader

(Bio-Tek Instrument) with shaking at 170 rpm between

readings. 3OC6HSL and AiiA were manually added to the

M9 media.

Results

Design and characterization of FRET-based sensor

Binding of a ligand to a promoter with varying levels of

intensity causes intramolecular conformational changes,

which is an important regulatory mechanism of gene

expression [26, 27]. LuxR binds to AHL to form a LuxR–

AHL complex, which is a transcriptional activator of the

LuxI promoter [28]; this complex was used to construct a

synchronized oscillator [29]. To monitor the binding of

3OC6HSL to LuxR, we fused a CFP and YFP to the LuxP

protein to construct FRET-based biosensors.

To examine the usefulness of the FLIP3OC6HSL sen-

sor, purified sensor protein was mixed with 3OC6HSL and

excited at 440 nm. The emission spectra showed 2 peaks

corresponding to CFP and YFP (Fig. 1a). Addition of

3OC6HSL resulted in an increase in CFP emission and a

decrease in YFP emission, with a decreasing 528/478 nm

ratio from 3.07 to 2.50. The ratio of YFP to CFP emission

intensity changed upon addition of 3OC6HSL, demon-

strating that the conformational change in the 3OC6HSL

recognition domain LuxR resulted in a change in the FRET

efficiency. Based on the decreased 528/478 nm ratio

induced by 3OC6HSL binding, we hypothesized that

3OC6HSL caused a change in the LuxR domain to open

the conformation from a relatively closed form and that the

distance between the two fluorophores increased, resulting

in a lower FRET efficiency (Fig. 1b). The sensor was

mixed with 3OC6HSL at different concentrations and the

data were fitted to a single site-binding curve as described

in the ‘‘Methods’’ section. Kd was determined to be 1.9 mM

(Fig. 1c); and the detection range was regarded to be

0.1–10 mM. To measure the specificity of FLIP3OC6HSL,

we chose L-serine, L-homoserine, and L-homoserine lactone

hydrochloride, which are analogs of 3OC6HSL, for analysis.

Because the solubility of 3OC6HSL was 20 mM in PBS

buffer, all ligands were determined at a final concentration of

10 mM, with FLIP3OC6HSL exhibiting high specificity

(Fig. 1d).

Optimization for improved 3OC6HSL sensor

The C-terminal domain of the V. fischeri transcription

activator LuxR, which represents the DNA-binding

domain [30], was not thought to be involved in the con-

formational change. To construct a more effective nano-

sensor, we generated several sensors by using a truncated

LuxR, N-terminal LuxR31–160 (autoinducer-binding

domain), and LuxR1-221 (GenBank AAQ90231.1) by

sequence alignment with the NCBI database. However, all

nanosensors were inactive in inclusion bodies, indicating

that LuxR has a rigid structure and changes in protein

structure affect its folding. The distance and orientation

between the two fluorophores determine the efficiency of

energy transfer from CFP to YFP. To achieve a more

effective nanosensor, a set of improved 3OC6HSL sensors

was constructed by linker addition to the 3OC6HSL-

binding domain LuxR with (Gly4Ser) as a linker
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unit (Table 1). Of these nanosensors, FLIP3OC6HSL-4,

FLIP3OC6HSL-5, and FLIP3OC6HSL-6 appeared to have

a better ratio change, and FLIP3OC6HSL-6, referred to as

QSflip, attained a 70 % Dratio increase in contrast with

the original FLIP3OC6HSL (Fig. 2). All nanosensors

exhibited similar Kd values. FLIP3OC6HSL-1, FLI-

P3OC6HSL-2, and FLIP3OC6HSL-3 showed a weaker

response, indicating that distance and orientation between

the 2 fluorophores was not consistent with the length of

the linker.

Fig. 1 Characterization of sensor in vitro. a Fluorescence emission

spectrum of FLIP3OC6HSL with (dotted line) and without (solid line)

3OC6HSL. Purified FRET sensor FLIP3OC6HSL was analyzed, and

the fluorescence emission was recorded at an excitation of 440 nm in

a fluorescence plate reader. b Energy transfer illustration, 3OC6HSL

binding caused a conformational change resulting in a decrease in

energy transferred from CFP to YFP. c The emission ratio

528/478 nm was determined at different 3OC6HSL concentrations

to monitor the binding curve. d The emission ratio of 528/478 nm was

determined by using different ligands at concentrations of 10 mM.

Changes in the FRET ratio are shown as absolute values. Error bars

indicate standard deviations (n = 3)

Table 1 Primers used for constructing and engineering improved 3OC6HSL sensors

FLIP Linker Primer

FLIP3OC6HSL-1 LuxR-(Gly4Ser)2 TAAGAGCTCACTGCCACCTCCTCCGCTACCACCTCCTCCATTTTTAAAG

TATGG

TAAGAATTCAAAAACATAAATGCCGACGACA

FLIP3OC6HSL-2 LuxR-(Gly4Ser)3 TAAGAATTCAAAAACATAAATGCCGACGACA

TAAGAGCTCACTACCACCTCCACCGCTTCCACCTCCTCCACTGCCGCCT

CCCCCATTTTTAAAGTATGG

FLIP3OC6HSL-3 (Gly4Ser)2-LuxR-(Gly4Ser)3 TAAGAATTCGGCGGTGGCGGAAGTGGTGGTGGAGGAAGCAAAAA

CATAAATGCC

TAAGAGCTCACTACCACCTCCACCGCTTCCACCTCCTCCACTGCCG

CCTCCCCCATTTTTAAAGTATGG

FLIP3OC6HSL-4 (Gly4Ser)3-LuxR-(Gly4Ser)3 TAAGAATTCGGTGGCGGTGGAAGCGGCGGTGGCGGAAGTGGCGG

TGGCGGCAGCAAAAACATAAATGCC

TAAGAGCTCACTACCACCTCCACCGCTTCCACCTCCTCCACTGCCG

CCTCCCCCATTTTTAAAGTATGG

FLIP3OC6HSL-5 (Gly4Ser)2-LuxR TAAGAGCTCATTTTTAAAGTATGGGCAATCAATT

TAAGAATTCGGCGGTGGCGGAAGTGGTGGTGGAGGAAGCAAA

AACATAAATGCC

FLIP3OC6HSL-6 (Gly4Ser)3-LuxR TAAGAATTCGGTGGCGGTGGAAGCGGCGGTGGCGGAAGTGGCG

GTGGCGGCAGCAAAAACATAAATGCC

TAAGAGCTCATTTTTAAAGTATGGGCAATCAATT
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Monitoring of 3OC6HSL in E. coli cells

FRET sensors can be used to collect real-time data to study

the kinetics of molecular accumulation. To test the in vitro

ability of QSflip in E. coli, cells expressing QSflip in LB

medium were transferred to M9 medium (pH 8.0) to pre-

vent intrinsic fluorescence disturbance from LB medium.

Fluorescence emission at 478 and 528 nm (excitation

440 nm, bandwidth 2 nm) were recorded using a fluores-

cence microplate reader (Fig. 3). When 3OC6HSL was

added at 3 min, the 528/478 nm ration showed a slight

decrease that was possibly due to the change in cell den-

sity. A time-dependent decrease in the ratio was detected in

the experimental groups, whereas a decrease was observed

in the control group. Addition of 3OC6HSL caused a sharp

decrease in the ratio, indicating that 3OC6HSL can diffuse

between E. coli cells very quickly and that sensor binding

can be applied in vitro, with the FRET ratio reaching a

steady state in approximately 60 min.

To monitor the dissociation of 3OC6HSL and the sen-

sor, the AHL-hydrolyzing enzyme AiiA (Fig. S2) was

added to experimental group (solid circles), while M9

buffer was added to the control group (hollow circles and

closed triangles) at 60 min. Complete hydrolysis of

3OC6HSL occurred over approximately 4 h, as observed

by a decrease in the FRET signal; this may be because the

hydrolysis conditions were not ideal for the reaction to

occur. As the hydrolysis reaction proceeded, the 3OC6HSL

concentration declined, resulting in dissociation between

the sensor and the molecule. Based on our data, binding

between 3OC6HSL and QSflip is reversible. The ratio in

the control group (closed triangles) showed mild recovery,

in contrast with the experimental group (solid circles),

indicating that 3OC6HSL is not stable in an aqueous

solution or that the presence of E. coli accelerated

3OC6HSL degradation, but with a weaker capacity than

that by AiiA.

Discussion

Visualizing and monitoring cellular activity in vivo with

high spatial and temporal resolution is attractive because

traditional analysis methods destroy living cells to extract

metabolites of interest. Since the discovery of green fluo-

rescent protein (GFP), scientists have used site-directed

and random mutagenesis approaches to develop fluorescent

protein mutants to create a family of proteins that nearly

span the complete fluorescence spectrum. These fluores-

cent proteins have been used to construct genetically

encoded fluorescent biosensors for optical imaging of

biochemical and physiological functions in living cells

[31], and these indicators allow noninvasive spatiotemporal

tracing of intracellular metabolism.

In the present study, we developed a method for moni-

toring intracellular 3OC6HSL levels by using genetically

encoded FRET-based biosensors based on the YFP to CFP

Fig. 2 Ratio change of 3OC6HSL sensors with 1 mM 3OC6HSL. All

sensors were adjusted to protein concentrations of 9 lM before

analysis

Fig. 3 Real-time monitoring of nanosensor responding to 3OC6HSL.

3OC6HSL dissolved in M9 was added at 3 min (solid circle and

closed triangle), while AiiA (0.36 mg/mL) was added at 60 min

(solid circle). Error bars indicate standard deviations (n = 3)

Fig. 4 Synchronized genetic network diagram. Intricate synchro-

nized genetic clock design from Hasty (a), and potentially simplified

design using the FLIP sensor (b)

Bioprocess Biosyst Eng (2014) 37:849–855 853

123



ratio. The observed ligand-dependent decrease in the FRET

ratio was associated with an intramolecular conformational

change in the LuxR protein following ligand binding,

possibly involving an increase in the distance between the

N- and C-termini of LuxR or a rotation in LuxR to change

the fluorophore dipole [32, 33]. With proper optimization,

we developed a sensor suitable for visualizing 3OC6HSL

both in vitro and in vivo.

QS systems are intensely examined in synthetic biology

studies on various organisms [34, 35]. Recently, Hasty

et al. [29] designed an intricate synchronized genetic clock

employing AiiA and LuxR (Fig. 4a) and provided a spe-

cific model system for generating a mechanistic description

of emergent coordinated behavior at the colony level. This

system can be simplified using our genetic encoded sensor,

QSflip, which was expressed in advance, and replaced the

modular pluxI-yemGFP without the need for a degradation

tag (Fig. 4b). This replaces the constitutively produced

LuxR and serves as a constant in computational modeling.
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