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Preface

In the wake of the International Year of light launched by the UNESCO in 2015,
this book (the third of a 3 volumes), brings to readership new insights of the
bioluminescence phenomenon and applications. Admired since the Antiquity, the
biochemical reaction was studied during the last century and remains open to new
discoveries and many applications were done with this bright light. Thanks to this
book, readers will not understand only the magic of the reaction but also the
abundance of applications in all major sectors (environment, food and health).
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Luciferase Genes as Reporter Reactions:
How to Use Them in Molecular Biology?

L. Cevenini, M.M. Calabretta, D. Calabria, A. Roda and E. Michelini

Abstract The latest advances in molecular biology have made available several
biotechnological tools that take advantage of the high detectability and quantum
efficiency of bioluminescence (BL), with an ever-increasing number of novel
applications in environmental, pharmaceutical, food, and forensic fields. Indeed, BL
proteins are being used to develop ultrasensitive binding assays and cell-based
assays, thanks to their high detectability and to the availability of highly sensitive
BL instruments. The appealing aspect of molecular biology tools relying on BL
reactions is their general applicability in both in vitro assays, such as cell cultures or
purified proteins, and in vivo settings, such as in whole-animal BL imaging. The
aim of this chapter is to provide the reader with an overview of state-of-the-art
bioluminescent tools based on luciferase genes, highlighting molecular biology
strategies that have been applied so far, together with some selected examples.

Keywords Bioluminescence - Molecular biology tools - Luciferase - Reporter
gene - In vivo bioluminescence imaging

Abbreviations

BL Bioluminescence

PpyLuc North American Photinus pyralis firefly luciferase
BRET Bioluminescence Resonance Energy Transfer
PCA Protein Complementation Assay

GPCR G protein coupled receptors

CCD Charge-coupled device

CMOS Complementary metal-oxide semiconductors

HTS High Throughput Screening

L. Cevenini - M.M. Calabretta - D. Calabria - A. Roda - E. Michelini (X))
Dept. of Chemistry “G. Ciamician”, University of Bologna, Via Selmi 2,
40126 Bologna, Italy

e-mail: elisa.michelini8 @unibo.it



4 L. Cevenini et al.

Contents

I INEOAUCHION ..ttt 4
2 Luciferases: Choosing the Right One ..........c.ccoceiiiiiiiiiiiiiiieeee e 5
3 RePOIEr GENE ASSAYS ....ooviuiiiiiiiiiiiieiiiiieieetetee ettt 6
4 Protein—Protein Interaction BL. Assays . .11
5 In Vivo BL Imaging.....c..ccccceeenuene .. 13
6 Outlook ........ccocueee .. 14
REFETEICES ...t 14

1 Introduction

Bioluminescence (BL) is the light emission produced as a consequence of a chemical
reaction occurring in a living organism [1]. The intensity of the emitted light depends
upon the overall efficiency of the bioluminescent reaction (®g; ), calculated as the
ratio between emitted photons and reacting substrate molecules. This reaction leads to
electronically excited products that either decay emitting photons of visible light or
act as sensitizers, passing their energy to another chemical species that in turn will
emit light. Different from fluorescence, background levels in bioluminescence mea-
surements are extremely low, resulting in very high signal-to-noise ratios [2, 3]. The
amazing properties of bioluminescent systems make them powerful bioanalytical
tools for tracking molecules, cells, and even protein—protein interactions, both in vitro
and in vivo settings. It goes without saying that BL has endless applications in several
fields, including pharmaceutical, environmental, forensic, and food analysis [4-6].

Since the cloning of the first luciferase in the 1970s [7], several other biolu-
minescent systems have been investigated and a wide portfolio of bioluminescent
tools is currently available. In fact, numerous bioluminescent enzymes, known as
luciferases, were isolated from luminescent organisms, including several firefly
species, bacteria, and marine organisms, and the corresponding genes were cloned
[8-10]. In addition, a number of luciferases with altered emission properties (e.g.
shifted emission wavelengths, higher quantum yield emission, longer kinetics) were
obtained by random or site-directed mutagenesis. Indeed, as for the green fluo-
rescent proteins, a palette of different luciferases relying on diverse biochemical
reactions and requiring different BL substrates is now commercially available,
together with tailored substrates [11]. Nevertheless, research in this field is very
active and new luciferases are being investigated, guided by theoretical studies
unravelling the molecular mechanisms of the BL reaction [12].

The typical goal of BL measurements involves the study of gene expression and
gene regulation, as well as the detection of target analytes present in a sample. Thanks
to their high detectability and to the availability of highly sensitive BL instruments,
BL proteins have been successfully used to develop ultrasensitive binding assays and
cell-based assays. Interestingly, molecular biology tools based on BL reactions are
highly versatile, being suitable for both in vitro assays, such as cell cultures or purified
proteins, and in vivo settings, such as in whole-animal BL imaging.
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The aim of this chapter is to provide the reader with an overview of state-of-the-
art BL tools based on luciferase genes, highlighting molecular biology strategies
that have been applied so far, together with some selected examples.

2 Luciferases: Choosing the Right One

BL proteins are generally referred as luciferases, which are enzymes catalyzing
chemical reactions involving the oxidation of a substrate, generically known as
luciferin. The reaction yields a single-excited intermediate that decays with photon
emission. Since the enzyme-active site provides a reaction microenvironment that is
favorable to radiative decay of the excited intermediate product, BL reactions are
characterized by very high quantum yields (0.44 for the reaction of North American
Photinus pyralis firefly luciferase, PpyLuc) [2].

Among luciferases, PpyLuc is by far the most investigated and employed in
bioanalytical assays. PpyLuc is a 61-kDa monomeric protein that does not require any
post-translational modifications and it does not show any toxicity to cells, even at
high concentrations; thus, it is suitable for heterologous expression in both pro-
karyotic and eukaryotic systems. It catalyzes the oxidation of the substrate D-luciferin
in the presence of adenosine triphosphate (ATP) and oxygen, yielding emission of
yellow green light (A,,,x = 560 nm at pH 7.8). PpyLuc bioluminescence is temperature
and pH sensitive, showing a remarkable red shift at lower pH and higher temperatures
[13]. The half-life of this luciferase expressed in mammalian cells was calculated to
be in the range from 1 to 4 h in the presence of protein inhibitors [14, 15]. When used
in drug screening assays, several groups reported that this luciferase is inhibited by
small molecules [16, 17]. Ho et al. [18] screened a library of 42,460 chemicals
(at fixed 10 uM concentration) with different reporter genes (among which RLuc,
B-lactamase, R. reniformis luciferase variants, a Luciola cruciata luciferase variant, a
Gaussia princeps mutant, and NanoLuc), reporting that hit rates ranged from less than
0.1% for B-lactamase to up to 10% for Renilla luciferase variants with high degrees of
inhibitor overlap (40-70 %) obtained with related luciferases. Therefore, optimiza-
tion of assays in which two structurally diverse luciferases are co-expressed is pre-
ferred to avoid false positive in high-throughput screening assays.

Interestingly, a number of firefly luciferase mutants have been obtained by
random and site-directed mutagenesis, with a palette of luciferase variants emitting
in the range of 535-620 nm and with different properties (e.g., thermostability, pH-
independence emission, destabilized proteins) [19, 20].

There is also a variety of bacterial luciferases, among which the most studied is
the luciferase-luciferin (lux) operon from Vibrio fischeri. This luciferase, which is a
flavin-dependent monooxygenase, has been deeply described by Dunlap et al. [21].
Briefly, it uses reduced flavin, oxygen, and long-chain aldehyde as substrates,
yielding oxidized flavin, carboxylic acid, and H,O as products. This reaction is
accompanied by emission of blue-green light (A.x = 490 nm).
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The majority of marine luciferases contain a natural signal peptide for secretion
that allows BL measurements to be performed directly in the medium, without the
need for destroying cells or tissues [22]. The use of secreted luciferases is receiving
increased attention thanks to the possibility to perform longitudinal analysis with
repetitive measurements of the same sample. Unlike the firefly luciferase systems,
these coelenterazine-utilizing luciferases do not require accessory high-energy
molecules such as ATP, thus simplifying assay conditions.

Gaussia luciferase (Gluc), cloned from the copepod Gaussia princeps, which
catalyzes the oxidation of the substrate coelenterazine in a reaction that emits light
(Aem = 470 nm) and Cypridina luciferase, cloned from the ostracod Cypridina
noctiluca (Aey, = 465 nm), have been widely used in single- and dual-reporter assays
and for ex vivo real-time monitoring of in vivo biological processes [23, 24]. It
must be pointed out that, despite these luciferases being highly advantageous thanks
to their small size and ATP independence, coelenterazine and other substrates for
marine luciferases (e.g., furimazine) are more expensive, less stable, and self-
luminescent, producing high signal background.

NanoLuc luciferase (Nluc) is a newly engineered luciferase that catalyses the
oxidation of a novel imidazopyrazinone substrate (furimazine) to produce light
[25]. This luciferase appears to be the most sensitive reporter, leading to ultra-
sensitive reporter gene assays [26—28]. Loh et al. engineered group A Streptococcus
(GAS) strains with Ppyluc or Nanoluc and reported that during the logarithmic
phase Nluc-labeled bacteria emitted a BL signal up to 15 times higher than Ppyluc-
labeled bacteria [29]. Even if the reaction catalysed by Nanoluc does not require
ATP, using a permeant pro-substrate that is reduced only by living cells, it is still
possible to use this reporter to monitor cell viability in real time (Table 2).

Other secreted luciferases, such as Metridia and Cypridina noctiluca luciferase,
have been cloned in recent years, but they apparently show less sensitivity than
Nanoluc [9, 30]. Interestingly, Metridia longa luciferase isoform MLuc7, with its
size of 16.5 kDa, is the smallest natural luciferase cloned to date; it was demon-
strated to be an efficient reporter in mammalian cells [31].

Thanks to the advances in molecular biology and from naturalists exploring at
remote areas of the planet at night, the field is continuously growing and new BL
systems will be discovered. Tables 1 and 2 list some luciferases and BL substrates
that are currently commercially available (although these lists are far from being
exhaustive). Several commercially available luciferase assay formulations have
been developed to measure the reporter activity in single-step, add, and read assays.

3 Reporter Gene Assays

Luciferases are generally considered as reporter genes (i.e., genes whose expression
is easily and quantitatively detected), which can be attached to a regulatory
sequence of a target gene for investigating its regulation or intra-cellular location
[32, 33].
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Table 2 Commercial substrates for luciferases: preferred applications and producers

Commercial name

Description/preferred application

Company

RediJect D-luciferin

In vivo imaging

PerkinElmer

Britelite plus, Neolite,
Steadylite

Cell-based assays

PerkinElmer

BrightGlo, OneGlo, Cell-based assays Promega
SteadyGlo, ChromaGlo
VivoGlo Z-DEVD- In vivo applications Promega
Aminoluciferin sodium salt
NanoGlo Cell-based assays Promega
Ready-to-use D-luciferin BL imaging System
substrate Biosciences
Coelenterazine native and In vitro and in vivo applications Promega,
derivatives NanoLight
(cp, f, fep, h, hep, i, ip, n) Life
Technologies,

Biotium, Perkin
Elmer

D-luciferin free acid and
sodium/potassium salts

General use

Promega, Sigma-
Aldrich

Synchem
Regis
Technologies
DMNPE-caged D-luciferin D-luciferin ester derivative which is Biotium,
continuously hydrolyzed inside the cell | Invitrogen
to supply D-luciferin
Dual-luciferase reporter assay Dual-reporter assays Promega
system
Pierce cypridina-firefly Dual-reporter assays ThermoScientific
luciferase dual assay kit
(vargulin and D-luciferin)
Pierce gaussia-firefly
luciferase dual assay kit
LiveResponse luciferase assay | Cell-based HTS applications Targeting
reagents System
SUMO2-aminoluciferin HTS for modulators of dSUMOylase LifeSensors
activity
RealTime-Gl MT cell viability | Non lytic cell viability assays Promega

assay

Cells (bacteria, yeasts, or mammalian cells) can be genetically modified by
introducing a luciferase, used as a reporter gene, fused to a regulatory DNA
sequence that is activated only in the presence of a target analyte (e.g., genotoxic
compounds, metals, hormones, xenobiotics), thus regulating the reporter gene
expression [34]. It is worthwhile to note that such cell-based systems measure the
bioavailable fraction of the analyte, which is crucial information that is difficult to
obtain with other analytical techniques [35, 36]. By using living systems as sensing
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elements, it is possible to measure different physiological responses, including
membrane damage, apoptosis, necrosis, and alterations of signal transduction or
second messenger pathways [37].

Continuous advances in molecular biology and new techniques based on mas-
sive sequencing have allowed the identification of genes and cellular pathways that
constitute potential therapeutic targets [38]. In the past few years, there has been a
veritable explosion in the field of reporter genes, and BL has been used as the basic
tool to assess the ability of candidate drugs to interact with such target genes and
cellular pathways. When compared to binding assays and in vitro biochemical
assays, cell-based assays provide a more physiological environment and thus give
information about the actual effect of a compound, providing direct evidence of its
activity.

To date, a variety of BL cell-based assays and configurations have been reported.
Figure 1 shows some examples of genetic constructs that can be used in reporter
gene technology. Luciferase can be put under the regulation of a constitutive
promoter, a tissue specific promoter, or an inducible promoter. Different luciferases
can also be expressed in the same genetic construct, either as fusion proteins or
linked by an internal ribosome entry site sequence or ribosome skipping (2A
sequence), which allows for translation of either the target gene and the reporter or
two reporters simultaneously [39].

Two major directions can be envisaged: the use of two or more reporter proteins
in the same cell to achieve multiplexing or the integration of the cells into portable
analytical devices for on-site applications [38, 40].

Concerning the first trend, Fig. 2 shows the different strategies that can be
selected for developing a multiplex cell-based assay relying on two different
luciferases expressed in the same cell. Basically, the resolution of the two BL
signals emitted by the different luciferases can be achieved by exploiting spatial
resolution (i.e., by expressing an intracellular and a secreted luciferase and

Different combinations
Different promoters

——
T PROM """  BLREPORTERGENE
—
CONST.P ~  BLREPORTER GENE
. PROM ____  GENE-REPORTERFUSION ___
—
TISSUESP.P ..  BLREPORTER GENE
T~ PROM " GENE — IRES — REPORTER
" INDUCBLEP ~  BLREPORTER GENE
T PROM " REP1 = IRES REP2

Fig. 1 Reporter gene constructs. Different configurations can be exploited by placing the reporter
gene under the control of a constitutive promoter (const. p), a promoter with tissue specific
activation (tissue sp. p), or an inducible promoter (inducible p). Different combinations of
promoters can be used to express two genes (target gene and reporter gene or two reporter genes)
as a fusion protein or separated by internal ribosome entry site sequences
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Substrate B
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Gene B
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Gene A
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=
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—_—
) ® . s
-4
Time
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Fig. 2 The different strategies that can be exploited for developing a multiplex cell-based assay
relying on two different luciferases expressed in the same cell. See text for details

measuring the two signals in the cells or in the medium); temporal resolution (i.e.,
by expressing a luciferase with flash-type emission and another with glow-type
emission); spectral resolution (i.e., by exploiting two luciferase emitting at a dif-
ferent wavelength), or by simply performing sequential measurements of BL
emission by two luciferases requiring different substrates [41-43].

The recent availability of new reporter genes with improved BL properties,
together with technical advancements, prompted the development of robust and
sensitive multiplexed and multicolour cell-based assays. Dual and triple-color
mammalian assays, combining spectral unmixing of green- and red-emitting
luciferases with secreted luciferases requiring a different substrate, were reported to
allow measurement of three separate targets with high sensitivity and rapidity [41,
44]. Mezzanotte et al. [45] reported a triple-color imaging assay based on a human
breast cancer cell line (MDA-MB-231) genetically modified to express green, red,
and blue light emitting luciferases to monitor cell numbers and viability together
with NF-kB promoter activity.

Multiplex reporter systems have been developed to monitor multiple biological
variables in real time. A multiplex reporter assay was reported to rely on 10 dif-
ferent tags fused to secreted Gaussia luciferase, allowing the real-time monitoring
of tumor subpopulations in vitro and in vivo by immunoblotting of the tags [46].
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In relation to the development of portable systems relying on BL cells, a lot of
effort was also aimed at integrating both the biorecognition element (the cell) and
the transducer (detector such as CMOS and CCD) in compact devices, possibly for
online detection [47-50].

Despite their appealing features, conventional reporter assays do not capture
dynamic processes and the intrinsic variability among cells. To provide such
information, cellular bioluminescence imaging is required, providing advantageous
properties when compared to fluorescence imaging, such as no photobleaching, no
autofluorescence, and no phototoxicity [51].

Dual-color imaging was developed based on a green-emitting luciferase from a
Brazilian click beetle (ELuc) and a red-emitting luciferase from a railroad worm
(SLR). ELUc and SLR were localized to the peroxisome and the nucleus under the
regulation of a CMV and NF-«B responsive elements. Imaging at the subcellular
level was obtained using a CellGraph (ATTO) luminescence microscope at 37 °C
equipped with short-pass and long-pass filters [52].

4 Protein—Protein Interaction BL Assays

Because of their ability to unravel protein—protein interactions, bioluminescence
resonance energy transfer (BRET) and split complementation strategies are
increasingly gaining attention. BRET is a resonance energy transfer process
occurring between a light-emitting luciferase donor and an acceptor fluorescent
protein [53—55]. When the donor and the acceptor are brought into close proximity
to one another (1-10 nm) and are properly oriented, the former transfers its energy
to the latter in a nonradiative way. Because the acceptor emits light at a different
wavelength than the donor, the energy transfer can be easily detected by measuring
the ratio of the acceptor emission intensity to the donor emission intensity (Fig. 3a).
The signal of a BRET assay is ratiometric, so well-to-well differences due to cell
number or signal decay across a plate are compensated. Because BRET strictly
depends on the molecular proximity between donor and acceptor, it is suitable for
monitoring the activation state of any receptor that undergoes association or con-
formational changes after ligand binding. For example, to evaluate receptor
dimerization, the two subunits of the receptor are genetically tagged either with the
BL donor (e.g. Renilla or firefly luciferase) or the acceptor (e.g. a green fluorescent
protein variant).

If the activation of the receptor brings the donor and acceptor in a favorable
position, BRET will occur. This phenomenon can be either observed in vitro, using
purified proteins, or within the cell where the fusion proteins were produced.
Several studies reported the superiority of BRET over fluorescence resonance
energy transfer (FRET) strategy; for example, a genetically encoded maltose bio-
sensor was developed based on maltose binding protein (MBP) flanked by a Renilla
luciferase variant (RLuc2) at the C-terminus and a green fluorescent protein (GFP
(2)) at the N-terminus. It showed a 30% increase in the BRET signal compared to a
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Fig. 3 a Schematic view of (a) BRET based assay
BRET-based assay in living

cells and b schematic Ligand {:}
representation of protein or inhibitor

. Protein A Protein B
fragment complementation F

assay. Reprinted with
permission from Ref. [73]

FP u
BL substrate
Donor BL
emission
BL™=
—— substrate \] 7
- — BRET Acceptor
Stable transfected cell FL emission
with fusion proteins
(b) split protein complementation assay
ligand or
inhibitor
Protein A Protein B
u
N-Luc C-Lic
e — ] BL-\ 4
—— - i
ELbalte i | BL emission of
Stable transfected cell the reconstituted
with fusion constructs aclive reporter

10% increase with an analogous FRET-based sensor upon binding of the same
maltose concentration [56].

Conversely, split complementation strategies, also called protein—fragment
complementation assays (PCAs), are based on genetic fusions of hypothetical
binding partners to two rationally designed fragments of a reporter protein. The
interaction of the two target partners allows for reconstitution of a functionally
active reporter protein [57, 58] (Fig. 3b). PCAs have been widely applied for
monitoring protein—protein interactions in vitro and in vivo, enabling the detection
of even weak protein interactions. Moreover, such approaches are suitable for high-
throughput analysis. One major drawback of PCA is the possibility of spontaneous
reconstitution of dissected fragments, even in absence of the binding proteins,
leading to false positives. The choice of the optimum dissection sites is a crucial
issue and must be carefully optimized according to the protein—protein interactions
under investigation [59]. In addition, in order to develop sensitive assays, it is
usually required to overexpress the fusion proteins, leading to a nonphysiological
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intracellular environment. In this context, the availability of more active luciferases
could allow one to design these strategies by expressing genetic constructs at
physiological level, resulting in more predictive assays.

Both BRET and PCA have been widely used for monitoring the activation of G
protein-coupled receptors (GPCRs), cytoplasmic Myc protein (c-Myc), which is
deregulated in several cancers [60], and nuclear steroid receptors [61]. Interestingly,
BRET also has been applied to photodynamic therapy to avoid the need for an
external excitation light source, which represents an issue for clinical applications
due to limitations of tissue-penetrating properties [62].

5 In Vivo BL Imaging

A powerful approach for monitoring molecular targets and biochemical processes in
real time within living animals is represented by BL whole-animal molecular imaging
[63—65]. BL imaging represents a sensitive, quantitative, and real-time method to
monitor gene expression patterns, tumor growth and metastasis, infections, and stem
cell homing in living animals. These in vivo assays provide highly predictive pre-
clinical data in accordance with the 3Rs principle—replacement, reduction, and
refinement—in drug discovery [66]. BL imaging can efficiently increase the amount
(and improve the quality) of quantitative data collected. Continuous imaging of a
specific process in a given animal subject reduces the number of animals to be
sacrificed and the statistical variability inherent in comparisons among different
groups of animals. Animal models based on internal BL reporters enable researchers
to perform in vivo efficacy, pharmacokinetics, toxicology, and target validation
studies on many different classes of compounds. BL imaging challenges are currently
moving towards two directions: multimodality imaging and the use of red and near
infrared emitting probes to improve light penetration through tissues [67].

Several works compared the performance of different reporter genes in BL
imaging, driving to different conclusions. For example, Luc2 was considered the
best luciferase for in vivo neuroimaging, while a firefly luciferase mutant Ppy RE9
(GenBank accession number GQ404466) developed by Branchini was shown to be
optimal for in vivo imaging of stem cells [68, 69].

In particular, the energy transfer from an enzyme to an inorganic nanomaterial led
to revolutionary “lighting strategies.” Rao et al. pioneered this approach, demon-
strating the feasibility of conjugating semiconductive quantum dots (QDs) to mutated
R. reniformis luciferase (Luc8) via EDC coupling. In the presence of the substrate
coelenterazine, a non-radiative energy transfer (BRET) occurs. BRET allows con-
version of the luciferase blue-green emission to the red and near-infrared emission
typical of the quantum dot [70]. A typical limitation of this approach was the limited
efficiency of the BRET phenomenon. Alam et al. proposed a BRET between a firefly
variant (PpyGR-TS) and quantum dots to create bionanoconjugates [71] with
potential applications in the fields of infrared signaling, sensing, and in vivo imaging.
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By integrating BRET and FRET, Xiong et al. [72], demonstrated the suitability
of near-infrared imaging without external light excitation for lymphonode mapping
and cancer imaging in living mice, allowing one to image very small tumors of 2-3
mm in diameter.

6 Outlook

Luciferases have been widely used as efficient reporters to develop different types
of assays, including cell-based assays, protein—protein, and protein—ligand inter-
action assays, in vitro single cell imaging, and in vivo assays. Such formidable
proteins have been genetically engineered to emit at different wavelengths or with
higher efficiency, allowing the development of highly sensitive and/or multiplexed
assays. In addition, BL enables the analysis of very small volume samples, thus
being suitable for miniaturized, high-throughput BL-based assays [74, 75].

The continuous advancements in the fields of BL let us envisage further BL
exploitation, such as the discovery of new BL reporter genes and the production of
luciferase mutants with improved spectral properties. Further advancements of BL
applications will be also made possible by new instrumentation for light mea-
surement, such as ultrasensitive color CCD cameras for the simultaneous detection
of different light-emitting probes. Moreover, the enormous advances in nanotech-
nology and nanofabrication provided exciting “nanotools” for advanced diagnostics
and theranostics relying on BL imaging, with the potential for opening completely
new approaches.
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Abstract Bioluminescence is light production by living organisms, which can be
observed in numerous marine creatures and some terrestrial invertebrates. More
specifically, bacterial bioluminescence is the “cold light” produced and emitted by
bacterial cells, including both wild-type luminescent and genetically engineered
bacteria. Because of the lively interplay of synthetic biology, microbiology, toxi-
cology, and biophysics, different configurations of whole-cell biosensors based on
bacterial bioluminescence have been designed and are widely used in different
fields, such as ecotoxicology, food toxicity, and environmental pollution. This
chapter first discusses the background of the bioluminescence phenomenon in terms
of optical spectrum. Platforms for bacterial bioluminescence detection using various
techniques are then introduced, such as a photomultiplier tube, charge-coupled
device (CCD) camera, micro-electro-mechanical systems (MEMS), and comple-
mentary metal-oxide-semiconductor (CMOS) based integrated circuit. Furthermore,
some typical biochemical methods to optimize the analytical performances of
bacterial bioluminescent biosensors/assays are reviewed, followed by a presentation
of author’s recent work concerning the improved sensitivity of a bioluminescent
assay for pesticides. Finally, bacterial bioluminescence as implemented in
eukaryotic cells, bioluminescent imaging, and cancer cell therapies is discussed.
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1 Introduction

Bioluminescent bacterial sensor-reporters, which use genetically engineered
microorganisms to produce a light signal proportional to toxicant content, have
offered an interesting simple alternative for monitoring the environmental pollution
since the 1990s [1]. Because of the diversity of sensing parts (promoter gene) [2]
and reporting elements (fluorescent protein or luciferase) [3], as well as the intrinsic
properties of living cells, whole-cell bioassays using engineered bacterial cells are
able to detect the effects of bioavailable parts of toxicants and also quantify the total
toxicity of several toxicant mixtures to living cells. The possible evaluation of
bioavailability via these bacterial bioreporters is therefore regarded as the most
prominent advantage over other traditional biosensing techniques using biomole-
cules (e.g. antibodies, enzymes, nucleotides) as sensing elements [4]. Moreover,
bacterial bioluminescence, enabled by the lux genes, is one special kind of
chemiluminescence that occurs in living microbial cells without the requirement of
external optical excitation; thus, the absence of background luminescent signals
from host cells indicates that bacteria bioluminescent detection efficiency is solely
determined by the optical detector. Consequently, a bioluminescent assay can
achieve extremely high sensitivity due to changes in the self-illumination of bio-
luminescence in the presence of any physical or chemical stress. Therefore,
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genetically modified microorganisms have been widely used in the screening of
environmental toxicants, such as organic pollutants [5, 6], heavy metals [7-9],
pesticides [10—13], and antibiotics [14, 15].

Often, recombinant bacterial cells have been constructed by transforming the
plasmids fused with promoter probes (such as recA or grpE) and reporter genes
(luxCDABE, luxAB or luc) into host cells (e.g. Escherichia coli). The promoter
probe is responsible for the specific recognition of the analyte, while the expression
of the reporter gene leads to the production of bioluminescence via the synthesis of
luciferase and its corresponding substrate [16]. Depending on the toxicants to be
detected, a large number of engineered bacteria strains harboring different promoter
genes have been constructed, as summarized in review articles [17-21]. The most
frequently used bioreporter [ux genes responsible for encoding the luciferase
enzyme are the luxCDABE gene [22-24]. For example, E. coli TV1061 (grpE::
luxCDABE) 1is sensitive to cellular metabolism changes, which is attributed to
promoter grpE, one of about 20 promoters that is activated under specific condi-
tions when the cells experience protein damage (e.g. upon addition of ethanol or
phenol). Following this activation, the reporter gene is transcribed into the neces-
sary components that are responsible for light production [25]. Another frequently
used bacterial strain is based on the fusion of a DNA-damage inducible promoter
recA and reporter gene (luxCDABE) and is responsive in the presence of geno-
toxical materials [26].

The first part of this chapter presents some background information on biolu-
minescence in terms of the optical spectrum, followed by the introduction of var-
ious physical platforms where the bacterial bioluminescent signal is detected and
analyzed. Moreover, several protocols to improve the analytical performance of
bacterial bioluminescent bioassays or biosensors is discussed based on the
literature.

The temperature for monitoring bacterial bioluminescence evolution is usually
25 °C. Based on this limitation, the authors investigated different temperatures and
reported their results through two independent protocols that drastically improved
the sensitivity of the bacterial bioluminescent biodetection of pesticides. Finally,
some perspectives and emerging applications of bacterial bioluminescence beyond
biochemical compound detection and toxicity are briefly discussed.

2 Bioluminescence Background

2.1 Intensity and Spectrum of Bioluminescence

Bioluminescence occurs due to the presence of a specific enzyme named luciferase.
Biochemically, all known luciferases are oxygenases that oxidize their corresponding
substrates (generically named luciferin, and literally meaning “light-bearing”
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molecules) in the presence of oxygen. The spectra properties of this bioluminescent
emission are dependent on various parameters, such as luciferase/luciferin structures,
organism habitat, optical biological filters, and accessory lumipores [e.g. green
fluorescent protein (GFP) and yellow fluorescent protein (YFP)]. Taking GFP, in the
bioluminescent marine hydroid Obelia as an example, it has been reported that light
emissions from the living organism are green, whereas blue light is emitted during
in vitro reaction. Such results indicate that the different emitted colors can be
attributed to the different enzyme conformations under in vivo and in vitro conditions
[27]. The color of the bioluminescent signal is strongly dependent on an organism’s
habitat. Thus, deep-sea species have blue emissions (450490 nm), the biolumi-
nescence of coastal marine species is green (490-520 nm), whereas terrestrial and
fresh water species are red-shifted to 550-580 nm [28].

Although bioluminescence has been observed in various organisms, bacterial
bioluminescence occurs naturally in 11 bacterial species from four genera (Vibrio,
Photobacterium, Shewanella, and Photorhabdus). In terms of bioluminescent
spectra, the majority of bacteria cells emit blue-green light with a single peak
located around 490 nm, which is driven by a complex biochemical reaction
involving a luciferase enzyme, aliphatic aldehyde, reduced flavin mononucleotide,
and oxygen. However, experimentally, two bioluminescent peaks have been
observed using a sensitive photodetector [29]. Thus, the first peak appeared at
490 nm when detected by a conventional spectrophotometer based on photomul-
tipliers, whereas the second peak was visualized in the yellow range of 585-595 nm
when using a more sensitive Raman CCD camera (Fig. 1). More interestingly, the
emission spectra from different types of bacteria (nature vs. recombinant cells,
Gram-positive vs. Gram-negative strains) shared similar properties; these emission
spectra were also found to be independent of bacterial cell growth media and
conditions. Thouand et al. [29] claimed that the second peak in the yellow range
could be attributed to the presence of an accessory emitter protein inside bacterial
cells and/or the autofluorescence of the luciferase enzyme.

The concurrent presence of two emission peaks at 490 and 540 nm from a single
bacterial strain has been previously reported [30]. The YFP, which carries a flavin
moiety, was found to be responsible for the appearance of a second peak and was
temperature sensitive (+4 °C) both in vivo and in vitro, with changed in the color of
bioluminescent emissions and a reaction rate that increased up to tenfold. Thus, the
concomitant modification of emission spectra and reaction kinetics indicated that
the emitter YFP should interact with Lux intermediate to form the excited state,
which finally produces the second peak located in yellow range [31].

2.2 Instrumental Optics for Bacterial Bioluminescence

There are several methodologies and commercial instruments available for mea-
surement of bacterial bioluminescence, generically named luminometers. A lumi-
nometer is used to record the optical signal from a bioluminescent assay in liquid
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Fig. 1 Emission spectra of two engineered microorganisms strains (E. coli and Vibrio harveyi)
cultivated in batch conditions in DSMZ6904 medium. Besides the normal peak at 500 nm, an
additional peak around 585 nm was recorded for both strains (E. coli ArsR and Vibrio harveyi)
using a more sensitive Raman CCD camera

phase. An imaging device is normally required if the optical signal is produced
from two-dimensional sources, such as membranes used in blotting and tissue
sections [32]. Specifically, a luminometer is designed for the measurement of a very
small amount of light in the visible range. The photon detector frequently used is
either a photomultiplier (PMT) or solid-state photodiode, where the detected signal
may be either current or photon counts.

Different models of luminometers are available, either as a single-sample fitted
with a PMT or solid-state detector or as multi-sample and automatic luminometers
dedicated for microtiter plate measurement [33]. On the other hand, the imaging
device permitting the location and measurement of light from a two-dimensional
source is usually constructed by using a CCD camera as the detector and specialized
software for imaging signal processing. There are also some hybrid instruments,
such as a camera luminometer [33], where the samples in the microtiter plates are
exposed to high-speed film. Semi-quantitative results can be obtained very quickly
from this inexpensive instrument.

The following sections briefly discuss the various physical platforms that are
available for bacterial bioluminescent detection.
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3 Platforms for Bacterial Bioluminescent Detection

3.1 Photomultiplier Tube for Bacterial Bioluminescent
Detection

One typical example of a vacuum phototube is the PMT tube, which is an extremely
sensitive detector for light in a wide spectrum, ranging from ultraviolet to near-
infrared wavelengths. Bacterial bioluminescence, enabled by the lux reporter,
normally appears as a blue-green light with a center wavelength at 490 nm; thus, it
can be easily detected by the PMT tube. For instance, optical fibers have been
developed based on bioluminescent bioreporters for online water pollutant detection
and air toxicity monitoring [34—37]. An illustration of the homemade setup for air
toxicity monitoring is shown in Fig. 2. In this biosensor setup, the sensing element
is a self-contained unit, with a disposable feature concerning the immobilization of
engineered bacterial on the optical fiber tip cores via a calcium mediated gelation of
alginate. The signal detection element is represented by a PMT tube. Upon expo-
sure to a given toxicant, a light signal is created and transmitted through an optic
fiber to the selected PMT. Thus, the analytical performances of the above system
are optimized by investigating different experimental parameters: immobilized
bacterial cells density, numerical aperture of optical fiber core, working tempera-
ture, etc., to detect 25 pg/L of mitomycin C [37]. Unlike this online biosensor
configuration, others researchers [38] have immobilized the bacterial cells onto a
nondisposable optical fiber-optical. For experiments, the genetically engineered
E. coli bacteria cells containing firefly luciferase gene fused to TOL plasmid have
been immobilized on optical fibers for benzene derivative detection at the ppm level
with a Hamamatsu C2310 PMT [38].

A multiplexing bacterial luminescent bioassay using a bundle of 22 optical fibers
was simultaneously prepared to detect various heavy metal pollutants [39].
Interestingly, it is reported that the disadvantages result from the cross-reaction
among the presence of different metals. Furthermore, a portable optical biosensor
based on immobilized bacterial cells, namely Lumisens2, was constructed by fixing
the bacterial cells in a disposable card. The resulting bioluminescent signal was
transmitted through an optical fiber to a PMT that enabled the detection of 2 uM for
organotin compounds (tributyltin) in 400 min [40].

Although the bacterial bioluminescent signal can be readily detected by a con-
ventional PMT with high sensitivity [37], the high working voltage, cost, large size,
and the limited linear response range hinder its application in compact integrated
biosensing systems. As a promising alternative, the solid-state silicon photomulti-
plier (SPM) shows some advantages over conventional PMT, such as small size,
low bias voltage, and insensitivity to magnetic interference. Additionally, the SPM
is more compatible with modern standard microelectronics technology containing a
complementary metal oxide semiconductor (CMOS), which offers better integration
of the optical signal detection element (SPM) and signal postprocessing unit on
board [41, 42]. Followed by the initial work using the SPM to detect bacterial
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Fig. 2 Fiber-optic setup for the real-time monitoring of toxicity in the air. A detection unit;
Al hermetic chamber; A2 alginate matrix with bacteria immobilized on the fiber-optic core; A3
needle for air pollutant entrance; A4 Fiber optic; A5 fiber-optic holder; B photon counting unit; B/
Hamamatsu HC135-01 PMT sensor module; B2 PMT fixation ring; B3 manual shutter (71430,
Oriel); B4 fiber holder that prevents the movement of the fiber inside the photon counting unit; B5
fiber optic; C outside handle of manual shutter that enables light access to the PMT. Reprinted with
permission from [35], copyright 2011 Elsevier

bioluminescent signals [43], a more detailed study involving SPM detection of low-
level bioluminescent signals was reported [44]. Based on these results, the authors
claimed that the photo-counting readout properties and signal-to-noise ratio of SPM
can be enhanced by using a thermoelectric cooler and digital filter, respectively. For
model toxicant (salicylate) detection, the lower limit of detection of 250 ppb was
obtained by using a digital filter to improve the signal-to-noise ratio. However, the
implication of SPM or PMT in a fully integrated applicable biochip platform is still
questionable, as the power consumption, size, and additional electronics need to be
optimized.
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3.2 CCD Detection of Bacterial Bioluminescence

A charge-coupled device (CCD) is widely used in the digital image sensing field by
converting incoming photons into electrical signals; therefore, it is used as a sen-
sitive photon detector for recording bacterial bioluminescence. For real-life appli-
cations, multi-channel bioluminescent biosensors based on genetically engineered
bacteria immobilized in a disposable card have been designed for environmental
heavy metal detection [8, 45]. This device contains 64 wells (3 mm in depth)
arranged in an 8 x 8 array, where the various different bacterial cells can be locally
immobilized. The bioluminescence images produced by the immobilized bacteria in
agarose hydrogel arrays were recorded and quantified with a CCD cooled camera in
a dark chamber, followed by image processing via customized software. This
device can be used for 7 days in laboratory conditions, although its application in
field has been limited to only 2 days because of oxygen shortage.

An updated prototype built on the basis of freeze-dried bacteria shows confident
bioluminescent detection (with 3 % reproducibility) for 10 days in both laboratory
conditions and environmental conditions [8]. An overview of the latest CCD-based
bioluminescent bacteria biosensor arrays is shown in Fig. 3.

Because of the addressable configuration of the Lumisens IV instrument working
in online mode, the “fingerprint” of a given pollutant or the total toxicity of various
pollutants can be simultaneously investigated by using different populations of
bacterial cells placed in a specific array positions. Considering the non-specificity of
promoter genes in the engineered bacterial cells, the use of multi-strains is a
promising alternative to rapidly improve the selectivity of biosensors in a real time.
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Fig. 3 Three-dimensional modeling performed by computer-aided design (left) and photos (right)
of the Lumisens IV instrument (a global view; b inside of the measuring chamber). Reprinted with
permission from Jouanneau et al. [8], copyright 2012 ACS
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3.3 Electrochemical Detection of Bacterial Bioluminescence

A microfluidic whole-cell bacterial biosensor has been developed based on the
electrochemical detection of water pollutants [46]. The biochip was fabricated by
MEMS technology on a silicon substrate that contains four microchambers of
different volumes and electrode radii (see Fig. 4). When engineered bacterial cells
are exposed to the toxicant, a specific enzyme is produced, which catalyzes the
enzymatic reaction of an exogenous substrate, leading to the generation of elec-
trochemical active materials. Consequently, the concentration of toxicants can be
directly correlated with the quantity of electroactive species created over cellular
biochemical reactions. The authors assumed that a biotic-micro electro mechanical
(biotic-MEMS) system would allow the fast screening of unknown analytes in a
high-throughput manner.

Based on the above application of micro-electrochemical biochips in bacterial
bioluminescent assays, the optimization of analytical performances has been
reported [47]. Specifically, the authors developed two independent protocols for the
modification of a working electrode integrated in an electrochemical biochip. Thus,
one protocol used Cu—Au micropillars to increase the electrode’s effective area,
while the second one used conductive polypyrrole (PPy) films. It was noticed that,
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(C) Part B: PDMS microfluidic chip ~ | cm thick

Micro channel

Polymer - ~50 pm

j

Au/Cr AwCr-~215nm

Part A: ¢-Si electrochemical chip Si - ~400 pm

Fig. 4 A silicon-based micro-chip with four differentially sized electrochemical micro-chambers
(a). Internal view of a single three-electrode electrochemical micro-chamber (b). Schematic layout
of the electrochemical unit (c). Reprinted with permission from Ben-Yoav et al. [46], copyright
2009 Elsevier
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in the presence of bioluminescent bacteria, both protocols produced a higher current
signal when compared to the nonmodified working electrodes. Concerning the
efficiency of the biodetection, the Cu/Au micropillar structured electrode provided a
24 % increase compared to the nonmodified electrode. However, the PPy modifi-
cation of the working electrode resulted in an overall decrease of efficiency, which
could be attributed to a high background signal.

3.4 CMOS Detection of Bacterial Bioluminescence

As discussed previously, although bacterial bioluminescence can be sensitively
collected by different photon detectors, it is still a big challenge to design a compact
and field-portable bacteria biosensor that includes all requested elements, such as
incubation, detection, and signal processing. Despite these constraints, some
research groups have designed field-deployable bioluminescent whole-cell bio-
sensors based on the advanced CMOS technique [48, 49]. A highly compact
integrated circuit CMOS micro-luminometer of low power (<100 puW), small size
(1.5 x 1.5 mm), and on-board signal processing was reported [50, 51]. This micro-
luminometer was fabricated by the standard 0.35-um CMOS process, containing
integrated photodiodes for bioluminescent detection and a signal processing unit to
convert the current from photodiode arrays to a digital signal bearing frequency
information modulated by the target toxicant concentrations (Fig. 5). Both the
photodiode arrays and the signal processing electronic circuits have been optimized
to provide sensitive detection ability of pollutants (salicylate and naphthalene,
0.1 ppm), both in the gas phase and liquid phase.
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Fig. 5 Layout and microphotograph of the CMOS-based micro-luminometer. The chip measures
1500 x 1500 pm (2.25 mm?). Reprinted with permission from Vijayaraghavan et al. [51],
copyright 2007 Elsevier
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3.5 Bacterial Bioreporter Arrays for High-Throughput
Measurements

An important aspect in the bioluminescent field is the development of appropriate
protocols for the immobilization of living bacterial cells onto different solid
transducers, (optical fibers, electrochemical biochips, lab-on-chip total microanal-
ysis), which will be of potential interest for designing high-throughput and sensitive
detection of analyte(s). Therefore, a wide range [17, 19, 20] of bacteria array
biosensors have been created by assembling a panel of bacterial cells harboring
different promoter:reporter fusions. For instance, bacteria sensor arrays were fab-
ricated by printing various engineered bacteria cell spots onto glass surfaces using
an adapted noncontact robotic printer [52]. Experimentally, the bacterial cell
immobilization efficiency can be improved either by chemical modification of the
substrate surface with amino group functionalized self-assembled monolayers or
biological modification of bacteria cells resulting in an overproduction of external
cellular surface protein by gene mutation. It has been reported that the viability and
bioluminescent activity of the immobilized bacterial cells can be preserved for at
least 2 months when kept at 4 °C. The optical microscope images of bacteria arrays
on different glass supports are shown in Fig. 6.

Generally, bacterial bioluminescence is derived from the luciferase-catalyzed
bioreaction involving three substrates: oxygen, reduced riboflavin 5’-phosphate
(FMNH,), and long-chain aliphatic aldehyde. It is known that the emission spec-
trum of natural bacterial bioluminescence has a wide peak, ranging from 400 to
650 nm with a maximum absorption at 490 nm. However, bacterial bioluminescent
color can present fluctuations. For instance, the bacterial bioluminescent peak can
be red-shifted to 530 nm or blue-shifted to 470 nm by replacing the original
FMNH, substrate with 2-thiol FMN and iso-FMN, respectively [53]. Another
method to affect the bacterial spectrum is by using random mutation [54] or site-
directed mutagenesis [55]. However, the bacterial activity is substantially reduced
and only a small shift of bioluminescent spectrum is obtained by the above-men-
tioned methods. Thus, under in vivo and in vitro conditions, bacteria biolumines-
cence can be affected by the formation of a non-covalent complex between
luciferase and specific fluorescent proteins (e.g. lumazine protein from
Photobacterium phosphoreum [56], yellow- and blue-fluorescent proteins from
Alivibrio fischeri strain Y1 [57, 58]. Due to the limited formation of luciferase-
bacterial fluorescent protein complex [59] and its non-covalent nature, the biolu-
minescent spectrum is very sensitive to external perturbation factors, such as
temperature and concentration. Besides these procedures, one robust and versatile
protocol for investigating the bioluminescent resonant energy transfer (BRET)
effect between Vibro harveyi luciferase (energy donor) and coral Discosoma sp.
fluorescent protein mOrange (energy receptor) has been reported [60], where an
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Fig. 6 Light microscope image of fluorescent reporter strains SM110 and SM111 printed (0.5-
2.5 nL) on a non-modified glass slide. Printing (upper 2 rows) and 24 h incubation at 30 °C were
followed by the removal of non-adhered cells (2 bottom rows) (a). Strain SM111 (1 nL) was
printed on APTES-coated glass (5 left columns) and incubated for 24 h at 4 °C, followed by the
removal of non-adhered cells (5 right columns) (b). Epifluorescence microscope images of strains
SM110 (c) and SM111 (d) were printed (2 nL) on APTES-coated glass. Reprinted with permission
from [52], copyright 2011 RSC

obvious modification of the bacterial bioluminescent spectrum could be observed
(Fig. 7). This protocol has some advantages: the fluorescent protein is not directly
exposed to the laser excitation that is usually used in conventional fluorescence and
the emission from the bacterial luciferase-fluorescent protein fusion is derived from
an enzymatic reaction [61].

In summary, due to a specific bioluminescent response signal in the presence of
a particular toxicant, the bioreporter whole-cell chips are easy-to-handle tools for
identification of a wide spectrum of toxicants [62] and compounds from unknown
mixtures [63] that help in the classification of their toxicity [64, 65]. However, only
a few studies have investigated the change of bioluminescent light color from wild-
type luciferase systems for future applications in the development of multiplexing
whole-cell biosensors [66].



Measurement of Bacterial Bioluminescence Intensity ... 31

luciferase

&% BRET

490 nm

luciferase

type bicluminescence

Bioluminescent intensity

BRET: bioluminescent resonant
» energy transfer

Wavelength (nm)

Fig. 7 The bioluminescence spectra from wild-type luciferase (from Vibrio harveyi) is displayed
as the bottom blue curve containing a single peak at 490 nm, while an additional shoulder peak at
560 nm is detected for the luciferase covalently modified by orange fluorescent protein (OFP, from
coral Discosoma sp.), shown as the top green curve

4 Protocols for Improving The Analytical Performances
of Bacterial Bioluminescence

4.1 Protocol Based on The Optimization of Bacterial Culture
Medium

Since the early stages of bioluminescence investigations, the optimization of bac-
terial cell medium has been considered as a principal parameter responsible for high
signal-response events. Thus, by comparing the toxicant-induced bioluminescent
signals from bacterial cells grown in four mediums containing different carbon
sources (acetate, pyruvate, glucose, and citrate), Thouand’s group found that bac-
teria cultivated in a medium with acetate exhibited the highest sensitivity, which
was attributed to the alternation of bacteria’s metal exchange and adsorption via
changing energy sources and bacterial cellular membrane states [67]. The induction
ratios of bacterial bioluminescence are also dependent on the growth phase and the
genetic construction of bacterial cells, as different promoters are expressed in
varying degrees under different growth phases.

Even though the promoter gene of most genetically modified bacteria is
responsive to a range of heavy metals, the selectivity of the whole-cell biolumi-
nescent assays could be improved by exposing various bacterial cells to the same
samples at the same time. Thereby, the combination of different bacterial responses
will decrease the detection time of targets. In other cases, the bacterial cells need
immobilization and the choice of substrate is an important issue. An ideal
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“bioluminescent” substrate should have strong adhesion ability for the bacterial
cells, have no chemical interaction with the target compound(s), and be transparent
and biocompatible.

4.2 Protocol Based on Electrochemical Measurements

Since most bacterial cells are surface charged, the external electric field can also be
used to enhance the bioluminescent response in the whole-cell biosensors using
electrochemical platforms. For instance, a portable bacteria whole-cell biochip was
fabricated by controlling the adhesion of genetically modified bacterial cells onto the
ITO-based electrochemical substrate (Fig. 8). The exposure of bacterial cells to target
toxicants initiates a cascade of cellular biochemical reactions, leading to the lucif-
erase enzyme that catalyzes a specific added substrate with the production of elec-
trochemical active species detected by a chrono-amperometric technique [68, 69].

4.3 Protocol Based on Electrophoretic Effects

An interesting procedure for the immobilization of bacterial cells on conductive
ITO surfaces using the electrophoretic deposition (EPD) technique has recently
been reported [70, 71]. The EPD technique consists of depositing charged particles
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Fig. 8 Electrochemical-based flow chamber designed for microscopic observations and electro-
chemical measurements with the flow chamber side view (a) and the entire assembled flow
chamber (b). Reprinted with permission from Ben-Yoav et al. [69], copyright 2011 Elsevier
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in the liquid phase onto a solid conductive surface with an opposite charge under a
DC or AC electric field. For cells, the adhesion phenomenon is attributed to the
random attachment of cells on supports followed by nucleation and growth of cell
cluster biological events. Thus, the efficiency of electrophoretic bio-deposition
(EPBD) is highly dependent on the zeta potential and the electrophoretic mobility
of bacterial cells. Practically, even though the electrostatic forces between nega-
tively charged bacterial cells and positively charged ITO electrodes exist, the
electrophoretic force established between two parallel electrodes will be the driving
force for manipulation of bacterial cells [68].

Because the sensitivity of a biosensor is mainly determined by the diffusion rate
of analytes inside the bacterial cells [72], the electroporation approach will greatly
contribute to the deformation of bacterial membranes, thus increasing permeability
to external molecules [73, 74].

4.4 Protocol Based on Molecular Manipulation

The essential ingredient of genetically engineered bioluminescent bacteria is the
fusion of bacterial bioluminescent genes (lux) and promoter genes. The latter is
responsible for the specific recognition of target toxicants or stress effects exposed
to bacterial cells, whereas the expression of the former produces dose-dependent
light emission. The promoter gene is a non-coding DNA sequence preceding the
actual gene coding section, while the transcription of downstream genes is only
initiated after this promoter gene is recognized by the RNA polymerase. Therefore,
the appropriate molecular manipulation of promoter region should improve the total
analytical performance of bacterial bioluminescent sensors.

An interesting approach that used four independent strategies to manipulate the
promoter gene has been reported by Yagur-Kroll et al. [75]. Specifically, the first
strategy was to modify the length of the DNA segment containing the promoter
region. The second approach introduced a random gene mutation via a directed
evolution process, whereas the third approach introduced more specific site muta-
tions in the promoter sequence (—35 and —10 regions). The final strategy was the
duplication of the promoter sequence to increase the binding sites for RNA poly-
merase. As a consequence, the bioluminescent sensitivity, kinetic response (earlier
response time), and intensity of emitted light were significantly improved. Belkin’s
group claimed that these molecular manipulation protocols were applicable to
almost all of the promoter:reporter fusions of genetically engineered bacterial cells.

In a typical promoter:reporter fusion, the emitted optical signal is derived from
the expression of the /ux gene, which is regulated by the upstream promoter
sequence. Thus, besides molecular manipulation of promoter region to improve
bioluminescent efficiency, another genetic method has been reported to update the
reported bacterial bioluminescence performance by splitting the lux gene [76].
Specifically, the luxCDABE cassette from Photorhabdus luminescens was divided
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into two smaller subunits of luxAB and luxCDE, with the former encoding the
enzyme luciferase and the latter encoding an enzymatic complex responsible for
synthesizing the long-chain aldehyde substrate of the bioluminescent reaction.
These two smaller subunits can be genetically modified to be under control of an
inducible stress-responsive promoter or a synthetic constitutive promoter. The
authors tested the different combinations of inductive/constitutive luxAB and
inductive/constitutive luxCDE; they found that the optimized configuration was an
inducible luxAB and a constitutive luxCDE, which indicated that the stronger
intensity and faster response of bacterial bioluminescent reporter in this case may be
attributed to the improved bioavailability of the aliphatic aldehyde substrate. The
other possible reason is that the transcription and/or translation of short DNA
segments may be faster and more efficient than that of long ones after lux operon
splitting. This study clearly proved the previously published results that aliphatic
aldehyde substrate is the rate-limiting factor of bioluminescent reactions when the
entire [luxCDABE gene is used [77].

In addition to the molecular manipulation of the lux bioreporter and its promoter
sequence, other methodologies based on molecular biology have been developed.
For instance, a faster bioluminescent response was recorded either by using dif-
ferent plasmid-bearing host strains [78]. Also, the background signal of an arsR::
lacZ bioreporter was greatly reduced by placing another ArsR binding site down-
stream of arsR [79].

To conclude, the bioluminescent sensitivity can be increased by certain methods,
such as integration of the promoter:reporter fusion into the bacterial chromosome
instead of plasmid, modifying the cell permeability towards the target compound,
and decreasing the plasmid copy number [80, 81].

4.5 Protocol Based on Numerical Modelling

The specificity of a bacterial bioluminescent assay is dictated by the biorecognition
element of a promoter sequence inside the cells, although this response circuit can
be tightly controlled to only respond to a single compound [79, 82]. It is known that
most bioluminescent bacteria bioreporters are normally responsive to a broad
spectrum of chemicals sharing similar structures [83]. To improve the analytical
specificity of a bacterial bioluminescent assay, a simple alternative is to use a panel
of several bacteria reporters containing the luxCDABE operon fused with different
stress promoters. When various bacteria strains are exposed to target compounds,
“fingerprint” bioluminescent responses of each target are produced by the corre-
sponding bioreporter, which are analyzed by a special computing program based on
different algorithms. Some examples of algorithms for identification of antibiotics
and heavy metals are the Bayesian decision theory, nonparametric nearest-neighbor
technique [84, 85], chi-squared automatic interaction detector type [7], and support
vector machine classifier [86].
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4.6 Protocol Based on Overnight “Cold Incubation”

To improve the sensitivity of a bioluminescent assay for the detection of water
pollutants (e.g. atrazine), a new protocol was created using a two-stage biolumi-
nescence reading approach (both were required): one for continuous monitoring of
light evolution for 5 h (fresh stage investigation) and a second for another 5 h (after
an “overnight” cold incubation at 4 °C) [11]. In both phases, the bioluminescence
responses were acquired at 25 °C. The “overnight” cold incubation condition was
tested for different periods of times, such as 3, 6, 9, and 12 h, respectively. From the
obtained results, 9 h at 4 °C gave the best sensitivity for atrazine bioluminescent
detection.

Due to the importance of the bacterial growth phase, intact bacterial cells of
different optical density (OD) were first bioluminescent tested at 25 °C (Fig. 9).
Interestingly, it was found that for the fresh mode (right-side group), two peaks
were always recorded, no matter what OD was selected (0.03, 0.08 or 0.12).
Moreover, when the OD increased from 0.03 to 0.12, a significant shift of the peaks
from 265 to 210 min was observed. The increase of the OD has also led to an
increase of the peak amplitude. By using the overnight mode (left-side group),
larger bioluminescent peaks were recorded after 30 min, where the appearances of
such peaks were OD independent. However, the intensity of the “overnight” peak
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Fig. 9 Bioluminescence of E. coli TV1061 bacteria of different cell optical densities (0.03: black,
0.08: red and 0.12: blue) within “fresh” and “overnight” conditions. Both types of bacterial
bioluminescence were recorded at 25 °C. An optimized cold incubation (4 °C) was obtained after 9 h
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Fig. 10 Bioluminescence behaviors of E. coli TV1061 bacteria (OD = 0.08) within the presence
of different atrazine concentrations recorded in fresh mode for 5.5 h (group A) and after an
overnight incubation of E. coli TV1061 at 4 °C (group B). Four atrazine concentrations (10 pg/
mL, 0.1 pg/mL, 1 ng/mL and 0.01 ng/mL) were tested for their toxicity to bacterial cells.
Bioluminescent measurements for the two modes were recorded at 25 °C

was decreased when compared to the major peak obtained within the fresh mode.
Thus, the increase of the OD has led to a decrease of the peak amplitude for the
overnight mode.

Once the optimization of the bacterial OD value was acquired, the toxic effect of
atrazine compound to E. coli TV1061 bacteria was investigated through the pro-
posed “fresh” and “overnight” consecutive tests. Bacteria of 0.08 OD were proven
to have the best ability to discriminate between different concentrations of atrazine.
Thus, Fig. 10 depicts the variations in bioluminescence signals in the presence of
atrazine versus time for both “fresh” and “overnight” tests. For the “fresh” mode
(group A), conditions 1, 2, and 3 denote the intact bacteria, bacteria treated with low
toxicant (atrazine) concentrations, and bacteria treated with high toxicant (atrazine)
concentrations, respectively. Spectra under conditions 1 and 2 exhibited very
similar shapes. For condition 3, the toxicity of atrazine is bioluminescent, translated
as an important peak shift in time (from 240 to 275 min).

For the “overnight” mode (group B), bacterial bioluminescence was rationally
dependent on the atrazine concentration. In contrast to the overlapped bacterial
response to lower concentrations of atrazine obtained in “fresh mode,” larger dis-
tinguished peaks were obtained after only 25 min for various low concentrations of
atrazine (from 10 fg/mL to 10 ug/mL). Although it is difficult to elucidate the
specific mechanism of bacterial bioluminescence evolution under the overnight
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conditions, the use of cold incubation supposedly slows down the bacteria’s own
metabolisms or may enable the accumulation of the toxicant inside the cells.
Consequently, the bacteria are gradually chemical “stressed” by the increase of the
atrazine content.

4.7 Protocol Based on “Washing” Bacterial Cells

The generation of bioluminescence is a dynamic process highly dependent on
cellular metabolism status [87]. An easy-to-perform protocol has been reported by
Jia et al. [10]. The protocol contains three major steps: incubation at 25 °C, cen-
trifugation, and washing of aged cells with fresh LB medium, (Fig. 11). This affects
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Fig. 11 A bioluminescence-enhancement protocol based on three steps: incubation of bacterial
cells with a toxicant solution at room temperature for different periods of time, centrifugation of
the resulted bacterial/toxicant suspension, and replacement of aged supernatant with a fresh LB
medium free of toxicants. Finally, the bacterial bioluminescence was investigated at 30 °C. Three
independent control experiments were prepared: first without the centrifugation/washing step,
second without the incubation step, and third without any toxicants



38 K. Jia and R.E. Ionescu

NSy

'Eim\um'\t\escen\ e
A
2

% B
T WOl T G

e
=1
(=]

=1

500 ng/mL
5 ng/mL
0.05 ng/mL
0.0005 ng/mL
~DPD control

Fig. 12 Bioluminescent signals of DPD2794 bacterial cells induced by the presence of different
carbofuran content (0.5 pg/mL, 5 ng/mL, 50 pg/mL, 0.5 pg/mL) and the signal of control cell
samples (named DPD control). The incubation time of control bacteria and bacteria with toxicants

was 6 h at room temperature, followed by independent centrifugation and washing steps with fresh
LB medium before the final bioluminescent investigation at 30 °C

the E. coli DPD2794 cellular physiological response, for sensitive bioluminescent
detection of a specific toxicant (carbofuran) at an optimized temperature (30 °C).
The precise incubation time of bacterial cells with toxicants and their subsequent
washing with fresh LB medium after centrifugation were investigated as a function of
the resulting bioluminescent signal in terms of its shape and intensity. Thus, from the
five tested times of O h (no toxicant incubation), 2, 4, 6, 9, and 12 h at room
temperature, 6 h proved to have the highest influence on the ability of E. coli
DPD2794 cells to differentiate between different carbofuran concentrations (0.5 pg/
mL, 5 ng/mL, 50 pg/mL, 0.5 pg/mL) after the bioluminescent test at 30 °C (Fig. 12).
Concerning the bioluminescent shape-response signal at two independent tem-
peratures, a remarkable evolution was noted using the fresh-LB medium washing

protocol, demonstrated by the appearance of broadened peaks after 250 min by
using 30 °C and only after 350 min by using 26 °C [26, 88-90].

5 Emerging Bacterial Bioluminescence Applications
Beyond Biosensing/Assays

Because of the extensive applications of whole-cell bacterial bioluminescence in
biochemical and toxicity detection, the ongoing research in lux-based systems has
been pushed from the original prokaryotic bacterial luxCDABE gene cassette further
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to eukaryotic cells. The first breakthrough of expressing lux genes in eukaryotic
hosts used autonomous bioluminescence from Saccharomyces cerevisiae yeast
[91], where more stable luciferase proteins from terrestrial bacterium
P. luminescens were expressed instead of marine strains such as Vibrio harveyi or
Alivibrio fischeri. Since this discovery, the expression of bacterial lux genes in
eukaryotic cells has been under investigation. The development of a robust bioassay
based on luminescent yeast, with the potential for /ux gene expression in human cell
lines [92, 93], has been reported.

In addition, the bioluminescent imaging (BLI) approach is becoming a powerful
tool for the real-time and in vivo monitoring of various biological processes in
living systems [61]. Thus, many bacterial cells can be genetically engineered with
lux reporter genes to induce the production of light, dramatically enlarging the
spectrum of in vivo bacterial investigations with this non-aggressive and easy-to-
perform technique. Moreover, due to the fact that bacterial cells possess a natural
ability to grow preferentially within tumor(s), engineered bioluminescent bacterial
cells can be designed as theranostic probes for the identification of cancer cells. For
instance, Salmonella typhimurium bacterial cells were genetically engineered to
carry cytotoxic proteins (cytolysin A) and luminescent reporter (lux) genes for
monitoring the cancer therapy process inside mice [94]. Fortunately, the resolution
of in vivo bioluminescent imaging from tumor-targeted bacterial cells can be
greatly enhanced by using a combinational three-dimensional diffuse optical
tomography (3D BLI) and micro-computed tomography (uCT), as reported by
Cronin et al. [95].

Besides cancer therapy and imaging investigations, bacterial bioluminescence
can also be used in other scenarios, such as the study of intestinal colonization by
E. coli in mice [96], as well as the monitoring and elucidation of antimicrobial
photodynamic inactivation mechanisms [97, 98].

6 Conclusions and Perspectives

This chapter discussed several existing physical platforms used within biolumi-
nescence measurements, such as PMT tubes, CCD cameras, electrochemical bio-
chips, and CMOS-integrated circuits. Then, several published works were
introduced on the improvement of the analytical performances of bacterial biolu-
minescence biosensing/assays. Moreover, the authors’ recent work on the highly
improved sensitivity of bacterial bioluminescent assays based on two protocols for
the fine-tuning of bacterial physiology and application of lux genes in eukaryotes
cells by Sayler’s group were discussed as well.

Although bioluminescence bioassays for toxicant detection based on genetically
engineered bacterial cells have been studied since the 1990s [1], much work remains
to be done for their real-world application in different scenarios. The most chal-
lenging question is how to obtain applicable selectivity towards specific target pol-
lutants, given the fact that the promoter gene used in most engineered bacteria
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normally is responsive to many toxicants. It is believed that the solution will be given
by advancements in molecular biology, which will help us to understand the cellular
interaction with exogenous compounds. Meanwhile, the fine tuning of bacterial
metabolism by modulating various experimental parameters has already been proven
as an economical option to enhance the analytical performance of bioassays.
Finally, the combination of a bioluminescent signal with other advanced devices,
such as micro-/nano-fluidics, or advanced optical materials, such plasmonic gold
nanoparticles, to further improve the efficiency of a whole test system will definitely
push the current laboratorial bioluminescent research to real-time applications.
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Structure, Mechanism, and Mutation
of Bacterial Luciferase

Ruchanok Tinikul and Pimchai Chaiyen

Abstract Bacterial luciferase is a flavin-dependent monooxygenase found in
bioluminescent bacteria. The enzyme catalyzes a light-emitting reaction by using
reduced flavin, long chain aldehyde, and oxygen as substrates and yields oxidized
flavin, carboxylic acid, and water as products with concomitant emission of blue-
green light around 485-490 nm. The enzyme is a heterodimer consisting of two
homologous subunits, designated as the a- and B-subunits. The reactive reaction
center is located in the a-subunit, whereas the B-subunit is required for maintaining
the active conformation of the a-subunit. The enzyme reaction occurs through the
generation of a reactive C4a-oxygenflavin adduct, presumably C4a-peroxyflavin,
before the light-emitting species is generated from the decomposition of an adduct
between the C4a-peroxyflavin and the aldehyde. Because the luciferase reaction
generates light, the enzyme has the potential to be used as a bioreporter for a wide
variety of applications. With the recent invention of the fusion enzyme that can be
expressed in mammalian cells, future possibilities for the development of additional
bioreporter applications are promising.

Keywords Bacterial luciferase - Flavin-dependent monooxygenase - Enzyme
mechanism - Enzyme kinetics - Mutagenesis
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1 Introduction

Bacterial luciferase catalyzes the oxidation of reduced flavin mononucleotide
(FMNH,, FMNH ) and a long-chain aldehyde by molecular oxygen to yield oxidized
FMN, a carboxylic acid and water with concomitant blue-green light (A;,,x ~ 490 nm)
emission. FMNH, + RCHO + O, — FMN +RCOOH + H,O + hv (490 nm)
The bioluminescence quantum yield of bacterial luciferase is approximately 10-16 %
[44, 60]. Most of these enzymes are found in Gram-negative bacteria [51]. The well-
studied bacterial luciferases are from three genera, Vibrio and Photobacterium
from marine environments [18, 21, 31] and Photorhabdus (Xenorhabdus) from
terrestrial habitats [66].

Bacterial luciferase is encoded by adjacent luxA and luxB genes in the lux
operon. In luminous bacteria, a long-chain aldehyde is synthesized by a fatty acid
reductase multienzyme complex—the gene products of luxC, luxD, and luxE, which
are encoded in the same [ux operon. luxD encodes for a transferase that catalyzes
the hydrolysis of a fatty acyl group to generate a free fatty acid. The gene products
of luxC and [luxE are a reductase and a synthase, respectively. They catalyze
reduction of the fatty acid to an aldehyde, which serves as a substrate for the
luciferase reaction. The NADH:FMN oxidoreductase encoded by the luxG gene in
the lux operon is responsible for generating the majority of the FMNH, for the
luminescence reaction [55] (Fig. 1). Tetradecanal (myristaldehyde) is believed to be
the natural aldehyde substrate for luciferase because it is the aldehyde that is found
in large amounts in the extract from luminous bacteria [60]. This notion is sup-
ported by the fact that mutants with deficiencies in the myristaldehyde biosynthesis
pathway show a dim-light phenotype, and light emission can be stimulated by
addition of tetradecanoic acid. Addition of tetradecanal or tetradecanoic acid in
limited amounts together with respiration-blocking agents was found to increase
light emission in the mutant by about 60-fold [71]. However, many long-chain
aldehydes ranging from octanal to dodecanal can also be used as in vitro substrates
by bacterial luciferase; however, different aldehydes yield different luminescence
intensity [25].
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lux operon
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FMNH, + RCHO + O, ™ > FMN + RCOOH + H,0 + "hv

Fig. 1 The genes in the lux operon encode for various enzymes that function together to produce
blue-green light in luminous bacteria

2 Structure of Bacterial Luciferase

Bacterial luciferase is a heterodimeric enzyme that is composed of asymmetric
subunits designated as a- and B-subunits encoded by the luxA and luxB genes,
respectively. The native molecular masses of enzymes from different species vary
within a range of 77-80 kDa. The a-subunits (40—42 kDa) are generally larger than
the B-subunits (36-37.5 kDa). The two types of subunits share about 30-32 %
sequence identity amongst each other, with more than 95 of the 350 amino acids
conserved [24, 62]. A high degree of sequence homology is also found among
luciferases from different bacterial species (5090 % identity). The sequence sim-
ilarity is more conserved among luciferases with similar light decay kinetics (see
Sect. 3.3). The enzymes from V. harveyi, V. campbellii, and P. luminescens, which
are slow light decay enzymes, exhibit sequence identities as high as 84-90 %, while
only about 60 % identity is shared among these enzymes and the enzymes from
Photobacterium sp. (fast light decay) [18, 31, 66].

Both the a- and B-subunits of bacterial luciferase have TIM (B/a)8 barrel folding
(Fig. 2a). A highly conserved sequence and structure among the a- and B-subunits
suggest that their genes have a common origin. The enzyme active site is located
solely in the a-subunit, while the B-subunit is required for the stabilization and
maintenance of the active structure of the a-subunit [12]. When a homodimer of o,
was generated, it was shown to have very low activity relative to the heterodimer
[14]. The crystal structure of V. harveyi luciferase in complex with oxidized FMN
indicates that the enzyme active site is situated at the o-subunit barrel (Fig. 2a). The
cis-peptide bond between Ala74-Ala75 and the residues Cys106, Vall73, and
[le191 (residues in magenta, Fig. 2b) are found at the re-face side of the isoal-
loxazine ring. The rare cis-peptide in the luciferase active site is very distinctive and
has been proven to be important for the luciferase reaction [24, 45, 47]. The
hydrophobic residues Trp194, Phe6, and Ser227 that form a hydrophobic surface
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(a) a-subunit

(b)

Arg125
Ser176
Glu17s
lle 19 Arg 107

Val 173

Asp 113

Lys 112

Lys 42

His 44 His 45

Fig. 2 a Structure of bacterial luciferase with FMN bound (pdb: 3FGC). The mobile loop segment
is indicated in dark blue. b Residues around the FMN binding site. Phe6 and Glul75 exist in two
conformations

are found at the si-face side of the isoalloxazine moiety near the dimethyl benzenoid
ring. This pocket was proposed to be an aldehyde binding site (residues in yellow,
Fig. 2b).

The pyrimidine moiety near the B-subunit interface is lined with polar residues
(residues in blue, Fig. 2b), which form hydrogen bond networks. The electrostatic
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properties of this side of the cavity appear to be crucial for enzymatic function. The
phosphate group of FMN is surrounded by the side chains of Argl07, Argl25,
Glul75, and Ser 176 (residues in cyan, Fig. 2b). Argl07 was shown to be important
for FMN binding. Mutation of this residue results in a decrease in FMN binding
affinity, but it has no effect on C(4a)—peroxyflavin formation and stabilization [52].
Glul75 was found to undergo a conformational change upon binding of FMN and
exists in two conformations [12].

Assembly of the enzyme subunits is mediated by interactions among the four-
helix bundles, which consist of mostly conserved residues. This subunit tethering
involves hydrophobic interactions and the formation of hydrogen bonds along the
interface [12, 24]. Tyr151 of the B-subunit was shown to be the key residue required
for inter-subunit interaction with the a-subunit. This residue interacts with Phe272
in the loop region of the a-subunit. The mutations BTyr151Lys and BTyr151Trp
result in a loss in quantum yield without alteration of subunit dissociation [12].

Bacterial luciferase is protease-labile, possibly due to the presence of a flexible
and exposed loop in the enzyme structure. The binding of FMN and phosphate was
found to protect the enzyme from proteolytic degradation [34]. Circular dichroism
spectroscopic studies indicated a conformational change around the mobile loop
portion [35]. The mobile loop connecting the B7 strand and the o7 helix consists of
residues between 262 and 291. This segment is highly conserved among a-subunits
and is not found in the B-subunit [10]. A loop region located adjacent to the active
site cavity was postulated to be important for intermediate stabilization by acting as
an active site gate to protect the flavin intermediate from the bulk solvent [10].
However, due to the high flexibility of the loop, the segment between residues
283-290 was not observed in the crystal structure (dashed line in Fig. 2a). The
movements of this mobile loop in the presence and absence of FMNH, were
investigated using molecular dynamics simulations. The results indicate the closed
conformation of the mobile loop upon FMNH, binding [11].

3 Mechanism of the Bacterial Luciferase Reaction

Bacterial luciferase is a two-component flavin-dependent monooxygenase that
requires a reductase to generate FMNH ™~ as a substrate for an oxygenase (luciferase)
reaction. The flavin is first reduced by NAD(P)H on the flavin reductase, and then
transferred to the luciferase. The reduced flavin bound to the luciferase active site
reacts with molecular oxygen to form a reactive intermediate, a C4a-oxygenflavin
adduct, which is a key intermediate for carrying out monooxygenation [30, 58]. The
protonation state of the C4a-oxygenflavin adduct allows different enzymes to
perform different reactions. Historically, the adduct obtained from the bacterial
luciferase reaction was the first to be investigated by '*C nuclear magnetic reso-
nance (NMR) spectroscopy and the determination that the intermediate is a C4a-
oxygen adduct has contributed to the understanding of monooxygenation chemistry
by these flavin-dependent enzymes [29]. For enzymes that require flavin to act as a
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nucleophile, such as bacterial luciferase or Baeyer—Villiger monooxygenases [5],
the C4a-oxygen adduct is presumably C4a-peroxyflavin. For electrophilic flavin-
dependent monooxygenases such as p-hydroxyphenyl acetate hydroxylase [69] or
p-hydroxybenzoate hydroxylase [17, 22], the intermediate is C4a-hydroperoxyfla-
vin. In both cases, the resulting intermediate after the oxygenation reaction is C4a-
hydroxyflavin, which subsequently eliminates water to yield oxidized flavin. In the
absence of substrate or under certain conditions, the C4a-oxygen adduct interme-
diate eliminates hydrogen peroxide directly without performing oxygenation to
yield an oxidized flavin, and the stability of the intermediate varies among different
enzymes [13, 57, 73].

3.1 Reaction Kinetics of Luciferase With Oxygen
in the Presence of Aldehyde

The biochemical reactions and kinetics of bacterial luciferases have been studied
extensively [3, 26, 29, 50, 62]. The overall reaction can be summarized by the
scheme shown in Fig. 3. FMNH  is the first substrate that binds to the luciferase to
form the enzyme—substrate complex (Lux:FMNH ). Complex formation is fol-
lowed by a reaction with molecular oxygen to presumably form a C4a-peroxyflavin
intermediate (Lux:FMNHOO™). C4a-peroxyflavin reacts with an aldehyde substrate
via nucleophilic attack to form a flavin-C4a-peroxyhemiacetal adduct (Lux:FMN-
HOOR), which then decays to a carboxylic acid and the excited state enzyme-
bound luminescence emitter (C4a-hydroxyflavin, Lux:FMNHOH), which emits
blue-green light. The C4a-hydroxyflavin eliminates water and yields oxidized
FMN. Alternatively, in the absence of aldehyde, the C(4a)-peroxyflavin is probably
protonated and decays to H,O, and FMN without light emission through the dark
pathway (Fig. 3). In addition to the reaction in Fig. 3, bacterial luciferases from
P. phosphoreum and V. fischeri can also catalyze a Baeyer—Villiger reaction, as
they were reported to incorporate an oxygen atom into 2-tridecanone to yield
dodecanoic acid and catalyze the transformation of cyclic ketones [74].

Although the reaction shown in Fig. 3 depicts the luciferase reaction as a
sequential order mechanism in which FMNH " binds to the luciferase first before the
reaction with oxygen occurs, followed by the aldehyde reaction. The enzyme can
also randomly bind FMNH and the aldehyde when both substrates are present
[36]. However, the binding of aldehyde prior to FMNH  can inhibit the luciferase
reaction by blocking the subsequent binding of FMNH  to the enzyme [2, 14, 25].
This inactivation process is reversible, as the inhibitory effect can be removed by
diluting an aldehyde-luciferase into an aldehyde-free solution [14, 36]. Incubation
of aldehyde with luciferase should be avoided because it results in a lower amount
of an active enzyme available for the light-producing reaction (See Sect. 3.4).

The reaction of the luciferase:FMNH complex and oxygen is very rapid
(ky ~ 2 x10°M™" 57!, 4 °C) [3, 62], whereas the binding of FMNH" to luciferase
prior to the oxygen reaction is slower (k; ~ 24 X 10* M ' s7L, 4 °C) with a K,
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Fig. 3 Opverall catalytic mechanism and intermediates of the bacterial luciferase reaction

value in the micromolar range [62, 67]. The reaction of the luciferase:FMNH
complex and oxygen to form an intermediate C4a-peroxyflavin presumably occurs
through a one-electron transfer from flavin to oxygen, resulting in a radical pair that
can collapse to form C4a-peroxyflavin that has a maximum absorption peak around
370-380 nm [13, 32, 41]. Under air-saturated conditions, the luciferase:FMNH
complex reacts with oxygen to form a C4a-peroxyflavin adduct with a rate constant
of 350 s~ ! at 25 °C for the luciferase from V. harveyi [3] and 253 s~" at 4 °C for the
luciferase from V. campbellii [62]. However, the formation of C4a-peroxyflavin is
much slower when the luciferase enzyme in an air-saturated solution was mixed
with free FMNH, implying that the binding of free FMNH ™ to luciferase is slow
and limits the overall reaction [62, 64, 67]. The rate of free FMNH  binding to
luciferase from V. campbellii was determined to be around 36.5-fold slower than
the oxygen reaction [67].

The C4a-peroxyflavin intermediate in bacterial luciferase is quite stable, allowing
it to be isolated and characterized by '*C-NMR spectroscopy. At 2 °C, the half-life of
C4a-peroxyflavin is approximately 1 h. The intermediate formed in the luciferase
reaction was separated from the other compounds using gel filtration chromatography
at —20 °C in the presence of ethylene glycol as an anti-freezing agent [6, 7, 32, 33].
Results of the '*C-NMR spectroscopy indicate that an oxygen atom attaches to the
flavin at the C4a position [29]. The luciferase-bound intermediate decays to yield
FMN and H,O, in the dark pathway (box in Fig. 3) with an equivalent molar ratio to
luciferase-bound C4a-peroxyflavin [33, 70]. If the aldehyde substrate is added into a
solution of the purified luciferase-bound C4a-peroxyflavin, the reaction results in
light emission and the production of one molecule of FMN per one molecule of the
intermediate. The C4a-peroxyflavin has an absorption maximum of approximately
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370-380 nm, with a relatively weak fluorescence emission peak of approximately
480-510 nm when the enzyme is excited at 370 nm [6].

An '80, labeling experiment has shown that one '*O atom from the oxygen
molecule is incorporated into the final carboxylic acid product [65]. This result
implies that the oxygenation proceeds through the formation of an adduct between
the C4a-peroxyflavin and the aldehyde during luciferase catalysis. Although the
C4a-peroxyhemiacetal intermediate has not yet been isolated and characterized,
spectra of species that may be related to this intermediate were detected by transient
kinetics. Macheroux and colleagues [50] have demonstrated that after mixing the
isolated C4a-peroxyflavin (III) with slow-reacting aldehydes (dodecanal or octanal),
species that may be related to the luciferase bound C4a-peroxyhemiacetal inter-
mediate (IV) were obtained. They observed three sets of isosbestic points and
kinetic phases over the course of the change of C4a-peroxyflavin (III) to oxidized
FMN (VI). The rates of the second phases are similar to the rate of luminescence
decay and showed a 1-[?H] aldehyde isotope effect of approximately 1.5. Therefore,
this step was proposed to correspond to the step in which the C(1) aldehyde bond of
C4a-peroxyhemiacetal (IV) is broken to liberate an acid and a light-emitting species
(k4). Because the rate of the final phase is slower than the kinetics of light emission
decay, this step was assigned as the dehydration step from C4a-hydroxyflavin (V)
to form the luciferase bound FMN (VI) (ke) [41].

The existence of C4a-hydroxyflavin after decomposition of C4a-peroxyhemiac-
etal was confirmed by the isolation of the intermediate species. Luciferase-bound
C4a-hydroxyflavin was isolated by eluting an aerobic buffer through a column con-
taining the anaerobic mixture of luciferase-FMNH ~ and decanal [41, 42]. At a higher
pH, C4a-hydroxyflavin is more stable than at lower pH because the yield of
an intermediate isolated at pH 8.5 was 3.5-fold higher than at pH 7.0. The isolated
C4a-hydroxyflavin has a half-life at 2 °C of 33 min with a maximum absorption peak
at 360 nm, which is a shorter wavelength than that of C4a-peroxyflavin
(370-380 nm). The isolated intermediate has a distinctive fluorescence emission peak
at 490 nm [42], which is similar to the spectra of C4a-hydroxyflavin found in other
monooxygenases. As the fluorescence emission spectrum of C4a-hydroxyflavin is
similar to the luminescence spectrum of the luciferase reaction, it is currently believed
that the excited C4a-hydroxyflavin resulting from the C4a-peroxyhemiacetal is the
light-emitting species in the luciferase reaction [41, 42, 44].

After the C4a-peroxyhemiacetal (IV) decomposes to yield carboxylic acid and
the excited state C4a-hydroxyflavin, light emission is detected, possibly due to the
return of the excited C4a-hydroxyflavin (V*) to the ground-state species (V). The
mechanism by which the excited C4a-hydroxyflavin is generated is not well
understood (dashed box in Fig. 3). However, the formation of C4a-hydroxyflavin
(V) was found to occur in parallel with light decay kinetics [41]. After the addition of
decanal to isolated C4a-peroxyflavin-bound luciferase, an increase in absorbance at
355 nm, which represents the formation of C4a-hydroxyflavin (V), occurs with a rate
constant of 0.01 s" at 1 °C. The following phase is characterized by an increase in
absorption at 440 nm, which represents the dehydration of C4a-hydroxyflavin
to FMN (k). This process proceeds at a slower rate of 0.0065 s hat 1 °C [41].
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During this step, the carboxylic acid is proposed to still be bound to the luciferase
[46]. The dissociation of the ternary complex of luciferase:FMN:acid occurs in an
ordered manner, in which release of the carboxylic acid is proposed to occur before
dissociation of the flavin. It was found that the FMN dissociation rate was
approximately 10—15-fold slower than the light decay rate [46]. The dissociation of
FMN from the luciferase:FMN complex as monitored by the change in FMN
fluorescence indicates that its kinetics are much slower when the acid is present. The
rate constant of the luciferase:FMN:myristic complex dissociation is 0.00055 s~ 'at
7 °C (ky), while that of the binary complex of luciferase:FMN is 0.0015 s at7°C
(ks) [40].

After finishing all oxygenation and flavin oxidation steps, the enzyme releases
oxidized FMN very slowly, which is different from the binding kinetics of oxidized
FMN to the apoenzyme [1, 62]. Thus, the release of oxidized FMN and the return of
the enzyme to an active conformation is thought to involve a change in the con-
formation of the enzyme. AbouKhair and coworkers [1] investigated the change in
luciferase conformation by using chemical modification and probing the proteolytic
susceptibility of free luciferase after rapid removal of FMN. The susceptibility of
luciferase to modification by an alkylating agent at the reactive thiol of Cys106 in
the active site and the protease degradation patterns of luciferase were used in order
to monitor the active conformation of the enzyme. The results indicated that after
releasing FMN, the half-time for luciferase to return to its active conformation is
25 min at 0 °C (0.00046 s~ ). This conformational change that switches the enzyme
to the active state is probably one of the rate-limiting steps in the luciferase reaction
in addition to the acid release step. Due to the long regeneration time before the
luciferase can be active again, most in vitro luciferase assays undergo only a single
catalytic turnover because the FMNH ™ is usually auto-oxidized before the second
cycle of the luciferase reaction takes place [1, 46].

3.2 Reaction Kinetics of Luciferase With Oxygen
in the Absence of Aldehyde

The transient kinetics of luciferase-bound FMNH  and oxygen were studied by
stopped-flow spectrophotometry. The kinetics of bacterial luciferases from different
sources are varied. For bacterial luciferase from V. campbellii under air-saturation at
4 °C, the luciferase-bound FMNH™ was found to react with oxygen rapidly
(253 s7"), with a linear dependency on the oxygen concentration. In the absence of
aldehyde, the structural rearrangement of the enzyme was evidenced by a change in
the C4a-peroxyflavin extinction coefficient (solid box in Fig. 4) before the inter-
mediates eliminate hydrogen peroxide to yield oxidized FMN (Fig. 4) [62]. The
decay of C4a-peroxyflavin can be monitored by an increase in absorbance at
450 nm, which reflects the formation of oxidized FMN. The results showed
biphasic kinetics, corresponding to the elimination of H,O, at a rate constant of
0.002 s~ and the release of FMN from the luciferase:FMN complex at a rate
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Fig. 4 Kinetic mechanism of the reaction of luciferase-bound FMNH "~ with oxygen in the absence
of aldehyde; Vc = V. campbellii luciferase; Pl = P. leiognathi TH1 luciferase [62, 67]

constant of 0.0005 s™" at 4 °C. Therefore, the release of FMN to regenerate the free
enzyme is the slowest and rate-limiting step, similar to what was observed in the
presence of aldehyde.

The formation of C4a-peroxyflavin in luciferase from P. leiognathi TH1, which
is categorized as a fast luminescence decay enzyme, is significantly slower than the
C4a-peroxyflavin formation in V. campbellii luciferase, which is a slow decay type.
The reaction of P. leiognathi THI luciferase with oxygen is also more complicated
compared to V. campbellii luciferase because there are two phases involved in the
formation of C4a-peroxyflavin. Under air-saturation, the faster phase of interme-
diate formation occurs during the dead time of stopped-flow mixing, while the slow
phase occurs with a rate of around 17 statd°C [67]. However, the decay of
the C4a-peroxyflavin intermediate in P. leiognathi TH1 luciferase is much more
rapid (~0.01 s ! at 4 °C) than that of V. campbellii luciferase (0.002 s ' at 4 °C)
[62, 67, 68]. For P. leiognathi TH1 luciferase, the release of FMN from the lucif-
erase:FMN complex is presumably fast because this step could not be detected [67].

3.3 Light Emission Kinetics

The activity of bacterial luciferase is typically assayed by direct injection of
FMNH' into a solution of luciferase or by coupling the reaction with flavin
reductase. In the FMNH  injection assay, FMN is chemically reduced in an
anaerobic buffer, and the luciferase reaction is initiated by injection of FMNH . In
the reductase coupling assay, FMNH' is generated by the flavin reductase. After the
reaction is initiated, an initial increase of light emission can be observed, which
later decays according to first-order kinetics (Fig. 5). The maximum intensity of
light detected at the initial part of the reaction is proportional to the luciferase
concentration and directly related to the enzyme activity. The total peak area
beneath the light traces represents the total number of emitted photons (quantum
yield). The light intensity and decay kinetics vary among luciferases from different
origins. These properties are used for enzyme classification into two types—those
with fast decay kinetics and those with slow decay kinetics. Luciferases from the
genus Vibrio and Photorhabdus sp. display slow decay kinetics [62, 66, 68], while
those from the genus Photobacteruim sp. show fast decay [37, 55] (Fig. 5). The
luciferase from P. leiognathi TH1 also has the distinct characteristic of having
higher light intensity than the other luciferases [55].
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Fig. 5 Light emission
kinetics of slow and fast
decay luciferases. a Slow
luminescence decay luciferase
from V. campbellii. b Fast
luminescence decay luciferase
from P. leiognathi TH1. Slow
decay luciferases are
generally associated with low
light intensity, whereas fast
decay enzymes are usually
associated with high light
intensity

—_
Y
N

Light Intensity (a.u.)

(b)

70
60 |- .
50 |- -
40 |- -
30 |- -
2 |- | -
10 |- -

Light Intensity (a.u.)

-10 | | 1
0 0.5 1 15 2 25 3

Time (min)

The luminescence kinetics also depends on other factors, such as the chain length
of the aldehyde (Fig. 6). Using decanal (C-10 aldedyde) as a substrate instead of
dodecanal (C-12 aldehyde), V. campbellii luciferase changes from having low-
intensity and slow-decay luminescence to high-intensity and fast-decay lumines-
cence (unpublished data). Although these two aldehydes give different levels of light
intensity and decay kinetics, the total peak area beneath the light traces, which
represents the quantum yield, is nearly comparable [25, 43]. The mechanism
underlying the influence of aldehyde on the luminescence decay kinetics is not well
understood. It was speculated that variation of the aldehyde chain length may affect
the steps involved in generation of the light-emitting species, influencing the rates of
formation and decay of the C4a-peroxyhemiacetal intermediate (IV). Conversion
from slow-decay to fast-decay kinetics in luciferase also occurred when a crucial
segment near the luciferase active site was changed (See Sect. 4.3) [37, 48]. The light
emission kinetics monitored by stopped-flow spectrophotometry using dodecanal as
a substrate at 4 °C indicated that, in some cases, light emission is not homogenous
[62]. Two distinct phases of light emission in the V. campbellii and V. harveyi
reactions were detected. The faster light emission phase accounts for 1-2 % of the
total light emitted, and it is followed by a major phase of light emission. However,
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the faster light emission phase disappears at higher temperatures. Therefore, we
think that this phenomenon may be caused by a small fraction of enzyme that can
catalyze the reaction more rapidly than the majority of the enzyme population, and
the ratio of fast- to slow-reacting enzymes in a mixture changes with temperature.

3.4 Inhibition of Luciferase by Aldehyde

Several studies have investigated the inhibition of luciferase by aldehyde and various
models of inhibition have been proposed. Some of the studies have proposed that the
binding of aldehyde to free luciferase forms a dead-end complex that blocks FMNH
binding (Fig. 7) [3, 14, 25]. This is based on the results showing that all of the free
FMNH ™ quickly oxidized back to FMN when FMNH™ was injected into a pre-
incubated aerobic solution of luciferase and aldehyde, whereas injection of an aer-
obic solution of aldehyde into a solution of enzyme and FMNH " results in the usual
formation of the C4a-peroxyflavin intermediate [25]. The inhibition by aldehyde can
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Fig. 8 Inhibition caused by aldehyde binding at two independent sites [43]

be removed if the enzyme solution is diluted, indicating that the inhibition is not
caused by covalent modification of the enzyme, or by enzyme denaturation [36].
Although the enzyme:aldehyde complex can dissociate, its decay rate is rather slow
[14, 36]. Therefore, FMNH reacts with oxygen to yield oxidized FMN before
the enzyme:aldehyde complex can dissociate, resulting in aldehyde inhibition. These
results suggest that binding of aldehyde may prevent FMNH accessibility. The
potency of inhibition also increases with aldehyde chain length [25]. Excess alde-
hyde can also affect the formation of C4a-peroxyflavin and the decay of the enzyme:
C4a-hydroxyflavin complex. While the V. harveyi luciferase:FMNH complex
reacts with oxygen to form the C4a-peroxyflavin intermediate at a rate constant of
2.4 x10° M~ ! s7! [3], the luciferase:FMNH :decanal complex reacts with oxygen at
a rate constant of 2.2 x 10* M~! s7! [25].

The model proposing the formation of an aldehyde-enzyme dead-end complex
that can prevent FMNH binding cannot, however, explain why at low concen-
trations of aldehyde, no inhibitory effect is observed. This has invoked another
model that involves sequential binding of two aldehyde molecules to luciferase
[36]. Lei and co-workers [43] have proposed that the aldehyde may bind to two
independent binding sites that are different in binding properties and functions
(Fig. 8) [43]. One site may have a higher binding affinity and causes no inhibitory
effect (substrate site), whereas the other site has lower affinity and the inhibition is
more pronounced only at high concentrations of aldehyde (inhibitor site). At low
and high (5.3 and 53 uM decanal) concentrations of aldehyde, the aldehyde binding
stoichiometry was found to be 0.7 and 1.7 molecules per luciferase [43].
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3.5 Mechanism of Light Emitter Generation

Although the light-emitting reaction of luciferase has long been a fascinating area of
study, the reaction mechanism that leads to the generation of the excited light-
emitting species is still under debate. C4a-hydroxyflavin is believed to be a light-
emitting species in the luciferase reaction because its fluorescence characteristics
are similar to the emission spectra found in in vivo and in vitro luciferase reactions
[41, 42, 44]. Experiments using the C4a-hydroxyflavin analogue, 5-decyl-4a-
hydroxy-4a,5-dihydroFMN, to form a complex with V. harveyi bacterial luciferase
also suggest that the excited state of C4a-hydroxyflavin is a light-emitting species.
Although the fluorescence of 5-decyl-4a-hydroxy-4a,5-dihydroFMN is very weak,
the fluorescence emission signal at 430 nm of 5-decyl-4a-hydroxy-4a,5-di-
hydroFMN is increased upon binding to V. harveyi luciferase. This result implies
that the active site environment of luciferase can enhance light emission of the
excited C4a-hydroxyflavin [44].

Several models have been proposed to describe the mechanism of generation of
the excited state of C4a-hydroxyflavin, including through a Baeyer—Villiger reac-
tion [19], formation of a dioxirane intermediate [59], and chemically initiated
electron exchange luminescence (CIEEL) mechanisms [20]. These models differ
mainly with regards to the mechanism of breakdown of the C4a-peroxyhemiacetal,
which leads to the generation of the excited light emitter.

The Baeyer—Villiger and dioxirane intermediate mechanisms are similar in the
pathway of C4a-peroxyhemiacetal breakdown, but they differ in the identity of
the final products proposed. For the Baeyer—Villiger type mechanism, the step
involving breakage of the O—O bond in the C4a-peroxyhemiacetal is proposed to be
initiated by delocalization of an electron from the oxygen atom of the C1 aldehyde
(Fig. 9), resulting in C4a-hydroxyflavin and acid. For the dioxirane mechanism, the
rearrangement results in C4a-hydroxyflavin and dioxirane intermediates.

Based on the results from FMN analogue experiments [20, 27] and an observed
kinetic isotope effect value of 1.5-1.9 with a 1—[2H] aldehyde substrate [26, 50], the
mechanism of formation of the excited state C4a-hydroxyflavin was proposed to
occur via the CIEEL mechanism, in which the flavin ring acts as an electron donor
to initiate breakage of the O—O bond, leading to the generation of a radical anion-
cation pair (Fig. 9). In this mechanism, the excited light emitter is presumably
generated from one electron reduction of the C4a-hydroxyflavin radical. Kaaret and
Bruice [40] have used the C4a-hydroxyflavin analogue, N(5)-ethyl-4a-hydroxy-
4a,5-dihydroluminflavin, as a model to mimic the one electron reduction reaction in
the CIEEL mechanism. They found that the chemiluminescence signal could be
increased by one-electron electrochemical reduction of the analogue. As substitu-
tion of the electron withdrawing group in the FMN molecule results in a decrease in
the rate of light decay [20, 27], these researchers proposed that the Baeyer—Villiger
type mechanism is not compatible with the results of the experiments with
8-substituted FMNs because the reactions of luciferase with the flavin derivatives
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with higher reduction potentials do not display faster decay of bioluminescence as
expected, but rather showed slower decay kinetics.

In our opinion, we believe that the effects of the electron withdrawing and
donating substituents on the flavin ring are very complicated and can affect the
kinetics of many steps, such as generation of the excited light-emitting species and
intermediate decay. The existing results do not conclusively rule out the Bae-
yer—Villiger mechanism, and the mechanism of the light-emitter generation is still
unknown and requires further investigation.

3.6 Transfer of Reduced Flavin Between Flavin Reductase
and Luciferase

Bacterial luciferase is classified as a two-component flavoprotein monoxygenase
[39, 73], in which the reductive and oxidative half-reactions of flavin occur in
different protein components. The reduction of FMN is carried out by a reductase
and the FMNH  is subsequently oxidized as a substrate by the oxygenase enzyme.
Therefore, in the system, FMNH needs to be transferred across the protein com-
ponents. Because FMNH ™ is oxygen-sensitive, during the process of FMNH
transfer, oxygen exposure must be minimized in order to avoid wasteful FMNH
oxidation and generation of H,O, as a side-product that is harmful to cells. The
transfer of FMNH  can be conducted either by free diffusion or by a direct transfer
mechanism in which protein—protein interactions are required to mediate the
transfer.

The reductase of the bacterial luciferase system is presumably encoded by the
luxG gene, and the luciferase enzyme is encoded by the luxAB genes in the lux
operon (Fig. 1). The reduction of FMN to generate FMNH occurs on the LuxG
oxidoreductase to supply FMNH  for the light-producing reaction on the luciferase.
Complex formation between LuxG and luciferase could not be detected by gel
filtration chromatography [55]. Our group has investigated the mechanism of
FMNH  transfer using transient kinetics because this method can clearly measure
the individual rate constants of enzyme reactions [63, 64]. More details about
methodology and interpretation have been reviewed elsewhere [64].

The rate constants of the critical steps involved, including FMNH transfer,
dissociation of FMNH  from LuxG, and binding of FMNH ™ to luciferase, were
investigated and compared when only one or both proteins were present [54, 64, 67].
The results showed that the presence of LuxG or luciferase has no influence on the
rate constants of the other protein component. The data imply that these two proteins
do not require complex formation to transfer FMNH [67] and strongly support the
free diffusion model, in which FMNH™ dissociates from LuxG and freely diffuses to
bind to the luciferase (Fig. 10).
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Fig. 10 The transfer of FMNH™ between LuxG oxidoreductase and luciferase occurs via a free
diffusion mechanism

4 Mutagenesis Studies of Bacterial Luciferase

Bacterial luciferase variants were first generated in luminous bacteria (V. harveyi)
through chemical-induced mutagenesis. Various phenotypes including dim, red-
shifted, and temperature-sensitive mutants were obtained [15]. Later on, when the
protein sequence and structural information became available, the roles of particular
residues were investigated by performing a series of chemical modifications and site-
directed mutagenesis. A number of residues were found to be important for the
structural and catalytic functions of bacterial luciferase. Most of these residues reside
in the a-subunit, while a few residues in the B-subunit also contribute indirectly to
the structural integrity of the enzyme. A summary of adverse effects resulting from
the change of particular amino acids in bacterial luciferase is listed in Table 1. The
positions of these residues in the luciferase structure are also shown in Fig. 11.

4.1 Variants with Decreased Bioluminescence Activity

Dark or dim variants are the enzymes that are impaired in light production. Dark
variants of V. harveyi luciferase obtained in early studies were generated by
chemical mutagenesis. All of the mutations were located in the a-subunit [15]. The
sequence of some of the well-characterized mutants, such as AK-6 and AK-20,
were later analyzed and the mutations were identified as oAspl13Asn and
aSer227Phe, respectively [16]. The AK-6 mutant is impaired in flavin binding
affinity, while the aldehyde binding of the AK-20 mutant is defective. Based on the
crystal structure, aAspl13 is located close to the pyrimidine portion on the si-face
of the flavin ring. This residue forms part of the cavity wall close to the B-subunit
interface. 082 of aAspl113 is 6 A away from the N3 of the isoalloxazine ring
(Fig. 12a) and can potentially form electrostatic interactions with neighboring
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Table 1 Summary of mutagenesis effects of bacterial luciferase on its activity and function

Effects Residue Mutation References

Decrease of bioluminescence aAspl13 aAspl13Asn [15, 16]

activity aSer227 aSer227Phe [15]
aCys106 aCysl106Val/Ala 2, 47, 76]
aHis44 aHis44Ala [38, 77]
aAla74-Ala75 aAla74Phe/Gly [45, 47]
alys283 oLys283Ala [10]
alLys286 alLys286Ala
BTyrl51 BTyr151Ala/Asp/Trp [12]

Shift of light emission color aVall73 aVall73Ala/Cys/Thr/Ser [48]
aCys106 aCys106Val [47]
aAla75 aAla75Gly
aAspll3 oAspl13Asn [16]

Increase of bioluminescence aGlul75 oGlul75Gly [37]

decay rate

Decrease of C4a-peroxyflavin aGlul75 aGlul75Gly [37]

intermediate stability aCys106 oCys106Val/Ala [3, 47, 76]
alLys283 aLys283Ala [10]

Ability to express in - Fusion of a- and B-sub [8, 23, 56,

eukaryotic cells units with linker peptide 68, 75]

Fig. 11 The structure of bacterial luciferase from V. harveyi (pdb: 3FGC) with the side chains
shown for residues investigated by mutagenesis. Key residues that are crucial for bioluminescence
activity are colored cyan. Yellow and magenta represent the residues important for controlling light
emission color and light decay kinetics, respectively. The aLys283 and aLys286 that are located in
the unstructured loop region (dashed line) cannot be seen in this structure
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residues aHis44, alLys112, and oHis45, which may be important for catalytic
function [12]. Therefore, mutation of aAspl13 may perturb the electrostatic
properties around this reaction site. The residue aSer227 is located near the ben-
zenoid moiety of the isoalloxazine ring, which is in a highly hydrophobic part of the
active site cavity postulated to be the aldehyde binding site.

Using chemical modification techniques, the results revealed a role of the
reactive thiol group of the aCys106 side chain in the luciferase reaction [53].
Alkylation of the thiol group of aCys106 had previously been shown to inactivate
the enzymatic reaction and block flavin and aldehyde binding [28]. aCys106 was
also found to be important for the stability of C4a-peroxyflavin. According to the
bacterial luciferase structure, aCys106 is located near the re-face of the flavin ring
and is 4.1 A away from the C4a position of the isoalloxazine ring (Fig. 12a) [12].
The aCys106 reactive thiol points toward the C4a position where a peroxide adduct
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is formed during luciferase catalysis. The aCys106 variants can still form C4a-
peroxyflavin, but the mutation decreases its stability and ultimately results in a
decrease in light yield [3, 76]. The luminescence output of the aCys106 mutants
varies depending on what the residue is changed to. Substitution of the Cys with
Val affects the bioluminescence activity more than substitution with Ala or Ser
[4, 47, 76]. In addition, aCys106 is also important for the binding of aldehyde. The
substitution of aCys106 with Ser resulted in a 10-fold increase in the dissociation
rate constant of the luciferase and aldehyde complex [3, 43].

The dim phenotype was also found in aHis44 variants. This residue is conserved
among luciferases from different bacterial sources. It is crucial for bioluminescence
production because the light yield was reduced by six orders of magnitude relative to
the wild-type enzyme when aHis44 was mutated to Ala [77]. According to the
luciferase structure, the imidazole side chain of aHis44 is located near the pyrimi-
dine portion of the flavin and is 7 A from the C4-O atom of the isoalloxazine ring
(Fig. 12a). However, the stability of the C4a-peroxyflavin in aHis44 variants is not
significantly affected compared to the wild-type enzyme. The activity of aHis44
variants can be rescued by adding free imidazole and the luminescence level is high
at high pH. These findings suggest that aHis44 may function as a catalytic base [38].

The rare cis-peptide bond between aAla74—Ala75 located close to the flavin
isoalloxazine ring bound in the luciferase active site is important for the luciferase
reaction (Fig. 12a) [12, 24]. Mutation of each aAla74 or aAla75 yielded different
effects. While mutation of aAla75 showed a slight decrease in enzyme activity
[24, 47], substitution of aAla74 with Gly or Phe resulted in a decrease of light yield
of around two to three orders of magnitude [45]. It was speculated that the mutation
does not alter the configuration of the cis-peptide bond but rather causes the strain
on the bond, which may be crucial for luciferase activity.

Two Lys residues in the a-subunit loop region were reported to be important for
bacterial luciferase quantum yield [10, 12]. A large decrease in light intensity was
found when either alys283 or alLys286 was mutated to Ala. The mobile loop
portion of the a-subunit has been speculated to act as a gate to protect intermediates
in the luciferase reaction [49]. Deletion of the whole loop caused a big loss in the
reaction quantum yield without significant alteration in carboxylic acid production
(oxygenation) efficiency [61]. The substantial decrease in light production of the
Lys283Ala mutant was found to be due to the defect in C4a-peroxyflavin inter-
mediate stabilization [10].

Some of the residues located in the B-subunit are also important for controlling
bioluminescence activity originating from the o-subunit. fTyr151 of the B-subunit
is part of the inter-subunit interactions that are crucial for enzyme activity. Although
it has long been known that the B-subunit helps in maintaining the structural
integrity of the a-subunit, the specific roles of these 3-subunit amino acids are not
well understood [78]. fTyr151 was identified as one of the residues in the B-subunit
critical for linking the functional roles of the two subunits. When BTyrl51 was
mutated to Trp or Asp, the light quantum yield was largely reduced to be less than
1 % compared to the wild-type enzyme [12]. This mutation also resulted in a
decrease in flavin binding affinity and the integrity of enzyme structure because the
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BTyrl51 mutants are more prone to heat inactivation. fTyr151 is positioned at the
o/B-subunit interface and may have hydrophobic interactions with the residues
aPhe272, aTrp277, aPhe280 located in the loop region of the a-subunit (Fig. 12b).
These interactions may help in maintaining the active conformation of the a-subunit.
Up to now, mutation of BTyrl51 is the only mutation in B-subunit shown to sig-
nificantly affect the function of the a-subunit.

4.2 Variants With Color Shift

One of the most active areas in gene reporter research is in engineering reporter
systems to display various colors. Mutation of firefly and beetle luciferases yielded
color-shifted variants in which the emission energy is altered by the change in the
chromophore binding environment [9]. Several attempts have also been made to
construct color-shifted variants in the bacterial luciferase system. However, most of
the efforts resulted in a marked decrease in bioluminescence yield with a small shift
of Amax- The light emission shift was speculated to be the consequence of altering
the dielectric field in the chromophore binding site, which also perturbs the lumi-
nescence quantum yield [47].

All of the key residues that control the light color of bacterial luciferases are
located around the isoalloxazine ring binding site (Fig. 13) that presumably would
interact with the luminescent C4a-hydroxyflavin intermediate. The first red-shifted
variant obtained was the AK-6 dark mutant (aAspl13Asn) that displays a 12-nm
red-shifted phenotype [15, 16]. For the aCys106Val variant, the shift in the bio-
luminescence spectrum of approximately 8—10 nm is also accompanied by a large
decrease in light yield [47]. Mutation of aVall73, in which its isopropyl side chain
is located near the dimethyl benzenoid ring, also perturbs the emission spectrum.
Replacement of aVall73 with hydrophobic residues, such as Leu or Ile, do not
change the emission color of the enzyme, while mutations to residues having
greater polarity resulted in a shift to emissions at longer wavelengths [48].

Making additional amino acid substitutions to the variants that were reported to
cause color shifts resulted in variants with longer wavelength shifts in the emission
spectrum and improvement of luminescence intensity. The addition of an
aAla75Gly mutation on the aCys106Val variant resulted in a double variant that
has a smaller emission spectrum shift but a luminescence level greater than the
single variant of aCys106Val [47]. The restoration of the luminescence intensity of
this variant may be due to the alleviation of the steric effects generated by the
aCys106Val mutation when aAla75 is changed to Gly [47]. Further mutation at
aVall73 in addition to the aAla75Gly/Cys106Val mutations resulted in a triple
mutant enzyme, which displayed a ~ 15-nm shift in its emission spectrum, with a
bioluminescent activity close to that of the wild-type enzyme [47, 48].
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Fig. 13 Residues controlling the light color of bacterial luciferase are located around the
isoalloxazine ring binding site. aCys106, aVall73, and aAla75 are close to each other and located
along the re-face of the isoalloxazine plane. aAspl13 plays a role in controlling the electrostatic
properties near the pyrimidine side of the flavin by forming hydrogen bond networks with
neighboring residues

4.3 Variants With Alterations in Light Emission Kinetics

As mentioned previously, bacterial luciferases can be classified based on their light
decay kinetics into two types: those with fast light decay and those with slow light
decay. Although the key factors that control this process are not yet known, results
from several experiments have identified some residues that may be responsible for
controlling the light kinetics.

Construction of chimeric enzymes by combining fast (P. phosphoreum) and slow
decay (P. luminescens) luciferases has identified the central part of the a-subunit as
being an important part in harnessing light. Replacement of a 67 amino acid-length
piece of the central region of the a-subunit from P. phosphoreum luciferase to
the corresponding region of P. luminescens luciferase converted the enzyme from
the slow to fast decay type [72]. Subsequent studies using random mutagenesis
in this region showed that aGlul75 is the critical residue in dictating the light decay
kinetics [37]. Based on the luciferase structure, the side chain of aGlul75 is one of
several residues that form the FMN 5'-phosphate binding site (Fig. 2b). The residue
can also undergo a conformational change upon the binding of FMN [12]. An
increase in the light decay rate was found when aGlul75 was mutated to Gly. The
stability of the C4a-peroxyflavin of this variant was markedly decreased [37].
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We note that the stability of the C4a-peroxyflavin is often, but not always, asso-
ciated with the light decay kinetics. The decay rates of C4a-peroxyflavin in luciferases
from V. campbellii and V. harveyi, which are slow decay enzymes, were markedly
slower than the decay rate found in the fast decay luciferase from P. leiognathi TH1
[3, 62, 67, 68]. However, mutations that decrease C4a-peroxyflavin stability, such as
aCys106Val, do not result in fast decay kinetics [47]. Thus, it is clear that aCys106 is
notinvolved in the control of the kinetics of light decay, and more residues in addition
to aGlul75 that are important for this process need to be identified.

4.4 Fusion Luciferase for Bioreporter Applications

The bioluminescence activity of bacterial luciferase has allowed it to be applied as a
reporter gene in prokaryotic and eukaryotic systems. To enable bioreporter appli-
cations of bacterial luciferase in eukaryotic cells in which gene expression is
required to be monocistronic, construction of fusion luxA and luxB genes was
carried out such that the resulting fusion gene is controlled by a single promoter
upstream of the gene [8, 23, 56, 68, 75]. Various peptide linkers from 1 to 22 amino
acids were used to link the a- and B-subunits of bacterial luciferases [51].

The bioluminescence activity of the fusion luciferase is strongly dependent on
the length and sequence of a linker peptide. The linkers with one or two amino
acids showed very low activities, while those with around ten amino acids resulted
in much more prominent activities [8, 23, 51]. With a decapeptide linker, purified
fusion luciferase from V. harveyi exhibited a specific activity of approximately
50-80 % compared to the wild-type enzyme [51]. We have obtained a fusion
luciferase with activity almost as high as the wild-type enzyme [68].

Even though most purified fusion enzymes give reasonable activity compared to
the wild-type enzyme, very low activity in vivo was observed when the enzyme was
expressed around 30 °C and above. This may be due to the higher tendency of the
protein-folding problem of fusion enzymes to occur at higher temperatures. The
fusion luciferase from V. harveyi with a decapeptide linker gave only 0.02 % of the
in vivo bioluminescence level of the native luciferase when expressed at 37 °C in
E. coli [23]. Later on, after a more thermostable luciferase from terrestrial bacteria,
P. luminescens, was cloned and characterized, the fusion luciferase with a 12-amino
acid linker was constructed; this enzyme showed superior characteristics to the
corresponding V. harveyi enzyme [75]. The fusion enzyme retained more than 20 %
of the in vivo activity of the native heterodimeric enzyme when expressed at 37 °C.

Our group constructed a fusion luciferase from V. campbellii in which the
enzyme is much superior in flavin binding and thermostability as compared to the
V. harveyi enzyme [62, 68]. The fusion enzyme with a decapeptide linker retained
activity as high as 35 % relative to the wild-type enzyme when expressed at 37 °C
in E. coli [68]. In our opinion, among the bacterial enzymes reported to date, the
fusion V. campbellii luciferase is the most suitable enzyme for eukaryotic biore-
porter applications.



70 R. Tinikul and P. Chaiyen

5 Concluding Remarks

Bacterial luciferase is a distinctive two-component flavin-dependent monooxygenase
in that the monooxygenation reaction generates concomitant light emission. The
incorporation of one oxygen atom from molecular oxygen into an aldehyde is med-
iated through a reactive flavin C4a-oxygen-adduct, presumably C4a-peroxyflavin.
Several lines of evidence suggest that the following intermediate, C4a-hydroxyflavin,
is the species responsible for this light emission. Although the overall reaction of
bacterial luciferase is understood, many unknown questions remain, including how
the enzyme controls the active site environment to generate C4a-peroxyflavin rather
than C4a-hydroperoxyflavin to attain maximum reaction efficiency with aldehyde, as
well as what chemical mechanism underlies the generating of light emitters.

Bacterial luciferase has promising potential in bioreporter applications. Its cur-
rent usage is under-exploited, probably due to the requirement for flavin reductase
in the reaction and problems in mammalian cell expression. With the current
understanding of how luciferase and reductase coordinate their overall reaction and
the ability to express the enzyme in mammalian cells, these obstacles should be
overcome and the luciferase system will provide both viable and economical gene
reporters. However, enhancement or fine-tuning of the enzyme by mutagenesis to
increase the quantum yield, alter the color, slow down the light decay kinetics, and
improve the protein expression in mammalian cells is needed for further develop-
ment towards robust gene reporters.
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Abstract Chemical detection of metal and organometallic compounds is very
specific and sensitive, but these techniques are time consuming and expensive.
Although these techniques provide information about the concentrations of com-
pounds, they fail to inform us about the toxicity of a sample. Because the toxic
effects of metals and organometallic compounds are influenced by a multitude of
environmental factors, such as pH, the presence of chelating agents, speciation, and
organic matter, bioassays have been developed for ecotoxicological studies. Among
these bioassays, recombinant luminescent bacteria have been developed over the
past 20 years, and many of them are specific for the detection of metals and
metalloids. These bioassays are simple to use, are inexpensive, and provide
information on the bioavailable fraction of metals and organometals. Thus, they are
an essential complementary tool for providing information beyond chemical anal-
ysis. In this chapter, we propose to investigate the detection of metals and
organometallic compounds with bioluminescent bacterial bioassays and the appli-
cations of these bioassays to environmental samples.
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1 Introduction

Many aspects of microbial biosensing and reporter gene technology have been
intensively reviewed over the last 10 years [12, 18, 22, 39, 54, 55, 63, 65, 66, 69, 70].
Contamination of metals and organometallic compounds in the environment is a
major global concern because they have the potential to affect human health and
ecosystems. Due to their toxicity, government agencies (e.g., the EPA, WHO, EU)
regulate the concentrations of these compounds in groundwater, drinking water,
foods, and the like. To comply with these regulations, detection of metals is
accomplished by chemical methods such as atomic absorption, furnace atomic
absorption, and atomic emission. These methods are very sensitive but are time
consuming and require a pretreatment of the sample. To cope with the need for fast
and simple methods, bioassays were developed; among them, a large proportion
involved bioluminescent bacteria.

2 Metals, Metalloids, and Organometallic Compounds

2.1 Definition

Metals are naturally present in the environment. Nevertheless, anthropogenic activity
may increase their concentration, leading to pollution of the ecosystem. This pollu-
tion is due to many sources, such as urbanisation and industrial activities, especially
in developing countries [13, 34, 50]. Pollution may also be due to contamination from
treatment plant wastewaters or mining activities [2]. Many toxic metals have been
referred to as heavy metals, but the definition remains unclear and without scientific
reason or legal enforcement. Commonly, definitions of heavy metals describe them as
elements with densities higher than 5000 kg/m> and as being associated with envi-
ronmental effects and potential toxicity or ecotoxicity. This denomination includes
not only ‘real heavy metals’, such as mercury (Hg) or lead (Pb), but also other
elements that are not particularly ‘heavy’, such as zinc (Zn) and aluminium (Al). The
heavy metal denomination also includes metalloids [1]. Metalloids are semi-metallic
elements whose physical and chemical characteristics are intermediate between
metals and nonmetals, and most of them are semiconductors. In this category, we find
arsenic (As), antimony (Sb), tellurium (Te), selenium (Se), and polonium (Po).

To avoid confusion regarding the significance of the term ‘heavy metal’, the
metallic trace element (MTE) denomination is progressively substituted for the
heavy metal notion.

Organometallic compounds are defined as compounds containing a covalent bond
between a carbon atom and a metal. They exhibit properties that are common to both
organic substances and metals. The origin of these compounds may be anthropogenic,
for example, organotin (tributyltin used as an antifouling agent), or environmental, for
example, biomethylation of mercury by microorganisms. Generally, methylation of
metals increases their toxicity, except for arsenic and selenium.
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2.2 Classification and Toxicity

Among MTE, it is necessary to separate metals and metalloids that are essential to
biological life and act in many metabolic pathways (e.g., copper, zinc, selenium)
from the nonessential MTE without any biological function. These two groups are
shown on the periodic table of elements (Fig. 1). Nevertheless, all MTE have
toxicity with respect to living organisms according to their concentrations.

Because of their toxic properties, carcinogenic, neurotoxic, or endocrine dis-
rupting, metallic (As, Pb, Cd, Ni, Hg, Al) and organometallic (organomercury and
organotin) substances are considered priority substances to be detected in water by
the European Union (2013/39/EU directive). The World Health Organization has
also defined guideline values for MTE in drinking water (see Table 1) [68].
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Fig. 1 A periodic table of MTE. Green indicates essential metal (loids); red indicates MTE that
are toxic or have no benefits in most organisms

Table 1 Guideline values for

) S Compound Guideline Value
MTE in drinking water Antimony (Sb) W0l
according to the WHO

Arsenic (As) 10 pg L7}
Cadmium (Cd) 3pgL7!
Chromium (Cr) 50 pg L™
Copper (Cu) 2mg L™}
Lead (Pb) 10 pg L7}
Mercury, inorganic (Hg) 6pgL!
Nickel (Ni) 70 pg L7}
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3 Bioluminescent Bacteria for the Detection of Specific
Compounds

3.1 Bacterial Bioluminescence

Many bacteria sensitive to specific metals and/or metalloids have been constructed
within the last 20 years. All the bioluminescent bioreporters described in the lit-
erature carried out fusion between reporter genes (luxAB or luxCDABE; a few of
them harbour a luc fusion but are not included in this chapter) and the promoter of
genes involved in metal resistance mechanisms.

Bioluminescence is an enzymatic production of light by living organisms [16,
40]. Bacterial luminescence has been found to occur naturally in 11 bacterial
species from five genera: Vibrio, Aliivibrio, Photobacterium, Shewanella, and
Photorhabdus [16, 64]. The reaction is controlled by five gene operon denoted as
luxCDABE. luxA and luxB are encoded for the luciferase, and the three other genes
luxCDE are involved in the production and turnover of the aldehyde. The luxAB
bioreporter requires the addition of aldehyde (n-decanal) to produce biolumines-
cence, whereas the luxCDABE bacteria can generate luminescence spontaneously.

The molecular biology of these genes and enzymes has been well studied in
Vibrio  harveyi, Aliivibrio fischeri, Photobacterium phosphoreum, and
Photobacterium leiognathi [42, 43]. Because luminescence is a sensitive reaction
easily measurable by commercial devices such as the CCD camera or luminometer,
the [uxAB or luxCDABE genes are widely used as reporter genes to construct
bioreporters. Baldwin et al. [3] were the first to use the [uxAB genes of V. harveyi in
Escherichia coli as a reporter of toxicant presence. From these results, the luxAB or
luxCDABE reporter genes were applied to create various bioreporter bacteria to
detect specific compounds such as metals, organic substances, or general metabolic
stresses.

3.2 Strategy for the Construction of Recombinant
Bioluminescent Bacteria

Two main strategies can be used to create inducible bioluminescent bacteria. First,
bacterial genes involved in the resistance to metals are known. The lux genes,
without promoter, are inserted downstream of the promoter of the known gene.
When the compound is present, the promoter of the resistance gene is induced, and
the luciferase is produced concomitantly. Luciferase expression is under the control
of the resistance gene, and its expression is generally proportional to the concen-
tration of the bioaccessible compounds (Fig. 2, left diagram).

Second, luciferase gene insertion can be applied to find new, uncharacterised
genes [25, 26]. In this case, the luciferase reporter gene is randomly inserted into a
host bacterium (E. coli, e.g.) to ensure only one insertion into the bacterial
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Fig. 2 Two main strategies for designing specific bioluminescent bacteria: (i) in the left diagram,
the lux operon (in blue) without is promoter is inserted downstream of the promoter of the known
gene (in red), or (ii) in the right diagram, the luciferase genes (luxAB) are randomly inserted into
the bacterial chromosome. In the presence of the analyte, bioluminescence increases and allows its
quantification (decanal long chain aldehyde is only necessary when using luxAB genes)

chromosome (Fig. 2, right diagram). The resultant clones are stored in a bank
(‘library”’), and each clone can then be tested against a particular compound [26, 59].

4 Metal Bioreporters

As mentioned above, the construction of bioreporters for metal detection requires

knowledge of the MTE regulation by the cells.

4.1 Bacterial Resistance Mechanisms

Metals are ubiquitous in the environment, but environmental factors can greatly
influence their concentrations. To survive, bacteria must monitor their environment
to control the import of essential MTE and to reduce the uptake or remove non-
essential MTE. Homeostasis of essential MTE concentrations is mediated by
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Fig. 3 Mechanisms of adaptation and resistance of bacteria to nonessential MTE (M). Bacteria
could decrease the expression and activity of influx pumps (reduced uptake) and expressed efflux
proteins (efflux pumps). Some microorganisms upregulate the expression of extracellular polymers
to trap metals (extracellular sequestration). Bacteria could precipitate metals as metal salts, these
particulates could be associated with the cytoplasmic membrane, and MTE could be bound by
cytoplasmic proteins as, for example, metallothioneins (intracellular sequestration). Cells could
also produce alternative enzymes with catalytic cores that do not bind to toxic MTE (metabolic
bypass). Metals can undergo specific enzymatic reactions to produce fewer toxic species or less
available forms (enzyme detoxication; adapted from Maier et al. [40], Lemire et al. [28])

proteins involved in metal uptake (influx pump) and storage processes. Most of
these systems are constitutive (chromosomally encoded) and could be repressed to
decrease the uptake when the cytosolic concentration of a metal becomes too high
[15, 47, 57].

Because metals have similar properties, nonessential MTE could be transported
by the influx pump. To maintain these metals under toxic concentrations, bacteria
have developed mechanisms of resistance and adaptation. These mechanisms are
diverse in terms of sequestration, efflux pumps, or chemical modification (Fig. 3).

Among these mechanisms, efflux pumps are effective at removing this excess of
nonessential MTE. These membrane transporters could be encoded chromosomally
or by mobile genetic elements. The expression of these systems is controlled by
regulators that bind metals with high affinity. The activity of the efflux pump may
be due to ATP hydrolysis or chemiosmotic potential. Figure 4 shows the major
system of proteins involved in MTE resistance in Gram-negative bacteria.
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Fig. 4 Mechanism of efflux found in Gram-negative bacteria. outer membrane (OM); inner
membrane (IM). The P-type ATPase superfamily transports ions against the concentration
gradient. P-type ATPases are found in all life kingdoms. P;g-ATPases are a subgroup of
P-ATPases that transport MTE (Cu™, Cu®*, Ag*, Zn>*, Cd**, Pb>*, Co**). They are found in the
inner membrane and use ATP energy to pump metal ions from the cytoplasm to the periplasm.
CDF family transporters (cation diffusion facilitator) act as chemiosmotic ion protons and are
involved in the influx or efflux of MTE. Resistance-nodulation-cell-division (RND) efflux systems
help Gram-negative bacteria to resist high metal concentrations. These efflux systems are formed
by a central RND proton-substrate antiporter, a membrane fusion protein (MFP), and an outer
membrane factor (OMF). These protein complexes span the complete cell wall and could catalyse
transenvelope efflux or efflux from the periplasm to the outside [36-38]

4.2 Bioluminescent Bioreporters

Currently, more than 28 bioluminescent bioreporters have been described in the
literature for sensing metals based on the transcriptional fusion of /ux genes with the
characterised genes involved in bacterial metal resistance. The fusion is integrated
into the chromosome of the host strain or, in most cases, into a medium or
high-copy—number plasmid.

As mentioned in Fig. 2, some bioreporters have been obtained by random
insertion of luxAB into the chromosome. Guzzo et al. [25] reported the detection of
aluminium in water by an E. coli containing fliC::Tn5-luxAB gene fusion. The most
used host strain is the well-known bacteria E. coli, but various other species can
integrate genomic fragments leading to metal resistance, such as the Pseudomonas,
Staphylococcus, and Bacillus genera, or, more recently, Ochrobactrum tritici, a soil
isolated bacteria [7].

Table 2 reported the strains found in the literature. The host strain, the origin of
the promoter, the analyte detected, and a brief description of the bioassay conditions
are reported. The luxCDABE operon from Photorhabdus luminescens is the most
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used transcriptional reporter, which is probably due to the higher stability of
luciferase, as mentioned by Meighen [42]. As we can see in this table, there are
different media that could be used (rich medium such as LB or minimum medium).
The numbers of cells exposed are also very different according to the authors; due
to this difference, it is difficult to compare the construction. Nevertheless, for most
of the bioreporters, responses were dose-dependent with a linear response after an
incubation period with the sample of 60—180 min. The highest sensitivity found
concerns the detection of mercury by E. coli pDL20 [49], where the detection limit
is approximately 0.05 nM of Hg?* (10 ng L™"). Most of the applications concern a
standard solution in water or environmental samples supplemented with a standard
solution of metals.

5 Development of Bioassay

5.1 Experimental Procedures

The detection of compounds by specific bioreporters can be affected by inducible
resistance systems, experimental methods, sample preparation, and the composition
of the sample. To increase the sensitivity of detection and to minimise the vari-
ability of the response, the assay procedure must be controlled.

To obtain detection limits for metals close to the guidelines of the agency (the
EPA, WHO, EU), resistance systems coming from less resistant bacteria, such as
E. coli, should be preferred. For example, the strain Cupriavidus metallidurans
CH34 (Ralstonia metallidurans CH34 [44]), which harbours many resistance sys-
tems from pMOL28 and pMOL30 plasmids, has been modified by the insertion of
the transposon Tn4431 containing the luxAB genes [14, 58]. The detection limit of
the strain obtained was 1 mM for Pb>* compared with 30 nM Pb>* for other
engineered bacteria such as E. coli and Staphylococcus aureus, which are naturally
less resistant to metals [39]. Another strategy to increase the sensitivity of the
detection consists of an inactivation of genes involved in the detoxification
mechanism. For example, Pepi et al. [49] compared the detection limit of two
different mer::lux fusions. The first one, described by Selifonova et al. [53], con-
tained the whole mer operon (six functional genes merRTPCAD), where merA
encodes the mercuric reductase (MR) enzyme, which is responsible for the
reduction of Hg”* to the less toxic Hg®. The second construction harbours the mer
operon regulatory element, but with a partial deletion of merA leading to a non-
functional mercury reductase (MR). The second bioreporter was found to be 27
times more sensitive than the first.

Experimental procedures could also affect the sensitivity of the bioassay. Indeed,
cells must be cultivated in controlled media, and minimum media are generally used
to increase the limit of detection [17]. Because luminescence could also be
dependent on the growth phase of the cell [11], induction of luminescence must be
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recorded during the growth, generally early or middle growth phase, to allow the
best signal to be obtained. Table 3 highlights the diversity of experimental proce-
dures for the detection of arsenic with engineered E. coli.

In the literature, most of the bioassays have been conducted according to batch
culture cells or from freeze-dried cells. Freeze-drying technology offers convenient
long-term storage (several months at —20 °C, with reproducible detection results)
and provides the opportunity to have a bioassay ready to use for an end-user [5, 67].

Ren and Frymier [51] emphasised that variability of the result with biolumi-
nescent bacteria could be avoided by a clear definition of the protocol. They noted
that the storage conditions of the cells (—80 °C) contribute to a major part of the
variability of the bioassay. For long-duration storage, freeze-drying treatment did
not modify the sensitivity of the bioassay [17, 58]. Figure 5 shows the major factors
that must be controlled in the assay protocol to reduce the variability of the
response.

5.2 Application to Environmental Samples

Even if legislation requires the accurate concentration of total metal, there is still a
need to determine the toxic effect of the compound. Total metal concentration is not
necessarily related to the metal’s bioaccessibility, biodisponibility, and toxicity.
Furthermore, the toxicity of a metal is highly related to its chemical form; for
example, cations can accumulate rapidly in certain organisms, whereas a metal
bound to particles could be less toxic. To check the bioavailability of the metal,
bioassays using genetically engineered bacteria have been used for the last 20 years.
Applications have been used mainly for water contamination, and some applications
have been done on soil (Table 2) and food (determination of arsenic in rice [4] ).

All studies show that bioluminescent bioreporters are not specific to a metal, but
several metals could induce luminescence, depending on the sensing element. The
detection limit and specificity of four bioreporters have been characterised under the
same conditions; the results show that none of the bacteria are specific to one metal
(Table 4). Strain detection limits and specificities vary from tested compounds, but
for three main metalloid compounds (cadmium, mercury, and copper), there is at
least one bacterial strain that allows detection below ES: E. coli Zntlux for cadmium
detection, Merlux for both mercury and copper detection, and Coplux for copper
detection. Note that even if the Arslux bacterial strain does not detect As(IIT) and As
(V) with great sensitivity (detection 18 times higher than the permissive levels), this
strain is specific to arsenic detection at high concentrations and could be an alter-
native for detecting arsenic in the water of highly contaminated geographical areas
such as Bangladesh [45].

As seen above, a given bacterial strain can respond to many compounds, and
conversely, a given compound can be detected by several reporter bacteria [31].
These cross-detections lead to difficulties in signal analysis and compound identi-
fication. However, as reported by Jouanneau et al. [32] it is possible to improve
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Fig. 5 Bioassay protocol for the detection of metal or organometallic compounds by specific
bioluminescent bacteria. After batch culture, cells could be freeze-dried in a microplate in an
adequate medium with cryoprotectant, where storage is generally at —20°C. After rehydration with
water, the cells are ready to be exposed to the sample. For the fresh cells, luminescence is recorded
after an exposition time, generally from 30 to 180 min. In addition to batch culture cells and
freeze-dried cells, some authors have developed an alternative method for bacterial cell trapping,
such as agarose or alginate-bead immobilised bacterial or sol-gel entrapment. These methods are
generally developed when bioelements are used in a biosensor device

sensibility, specificity, and compound identification by a statistical approach cou-
pled with a set of reporter bacteria, as described in Table 4. Crossings between
different detection ranges with a set of bioluminescent bacteria, in addition to
statistical analysis, allowed the identification and quantification of metallic com-
pounds with a high correlation: 98 and 94 %, respectively. This set of bacteria was
applied on leachate from real polluted soil (without spiking), and the results showed
that mercury and cadmium were detected by the bioreporters according to the
chemical analysis [21].

One bioassay was developed, commercialised, and sold as the BIOMET® Kkit.
This system utilises a set of C. metallidurans reporter bacteria, allowing the
detection of various pollutants, including zinc, cadmium, copper, chromium, lead
[14], and nickel [60]. This test can be used for a quick evaluation of heavy metal
bioavailability in polluted soils.
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Table 4 Detected heavy metals and detection limits of the different strains of Escherichia coli:
Zntlux, Arslux, Merlux, and Coplux

Heavy Detection limit (standard deviation) (uM) ES
metal Zntlux Arslux Merlux Coplux (uM)
Tested

Cadmium 0.0045 (0.0003) | 5.9 (2.3) 0.011 (0.002) Nd 0.045
Mercury 0.01 (0.005) Nd 12x107 (1 x1077) |Nd 0.005
Arsenic III | 28.52 (7.1) 0.256 (0.0014) | 15.6 (4.3) Nd 0.135
Copper 16.92 (2.9) Nd Nd 90.5 (11.7) |31.5
Lead 2.2 (0.6) 4.16 (0.8) Nd Nd 0.05
Tin 12.95 (4.24) Nd Nd Nd Nc
Arsenic V. |9.32 (1.24) 0.3 (0.06) 12.65 (5.4) Nd 0.135
Zinc 1.7 (0.62) Nd 2.3 (0.14) Nd Nc
Nickel 4.4 (1.6) Nd Nd Nd 0.34
Cobalt 0.22 (0.014) Nd Nd Nd Nc
Chromium | 597.2 (121.3) Nd Nd Nd 1

VI

Chromium | Nd Nd Nd Nd 1

1

Silver Nd Nd Nd 2.75 (0.11) |Nc
Iron 4.34 (0.48) Nd 16.1 (7.6) Nd 35
Manganese | Nd Nd Nd Nd 1

Note ES: European Standards in water according to the European directive 98/83/CE. Nd: metal
tested but not detected by the strains. Nc: Not concerned by a standard [32]

5.3 Organometallic Detection

Generally, organometallic compounds are tested in regard to their toxicity on
natural or constitutive bioluminescent stains [9]. Detection of organometallic
compounds by specific bioassays is not common. Organomercuric compounds,
such as methylmercury, have been detected by Merlux, and the detection limit was
found to be 2.5 nM for HgCH3 [46].

Among organometallic compounds, another bioassay for the detection of or-
ganotin has been developed. Organotin and especially tributyltin (TBT) have been
used as antifouling agents in marine paint, wood preservation, and industrial
cooling systems. TBT has been considered a major pollutant ever since it was
introduced into marine ecosystems. Organotin compounds are classified as ‘dan-
gerous priority substances’ in the field of water policy (2455/2001/EC, 2001).
Detection of organotin requires extraction procedures from the sample and complex
chemical methods (chromatographic flame photometric detection or liquid chro-
matography inductively-coupled plasma mass spectrometry LC-ICP-MS).
A bioluminescent E. coli specific to TBT was obtained after random insertion of
luxAB genes from V. harveyi [8]. This bacterium detected only TBT and dibutyltin
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(DBT), and performance of the bioassay was assessed. The detection limits were
found to be 26 pg L' (0.08 pM) for TBT and 0.03 pg L™' (0.0001 pM) for DBT
[17]. The insertion of the luxAB gene was studied by Gueuné et al. [23].

Even if this bacterium is very specific to TBT and DBT, its sensitivity is not
sufficient for application to marine water samples. A bioassay for TBT detection in
marine paint without any extraction procedure was performed. Figure 6 depicts a
simple way to control the TBT regulation for the antifouling paint. This bioassay
has been applied to real environmental samples from a shipyard. The induction of
the bacteria was correlated with the chemical analyses of TBT and DBT [24].

’ SAMPLING IN THE HARBOUR E ‘ LABORATORY ;

Shiphullcontact Transfer to i
(1H) ’ laboratory ‘

Contact withTBT3 . Bioluminescence
strain(1H) measurement

80
(b) ©) 5
=]
A 60 | CHCHCHCH S0 —CH.CH.CH.CH CHLCH,CH, CH,
g ol CHCH,CH.CH,— Sn —CI
B I ® 504 DBT ™~ CH.GH.CH, CH,
S W TBT
9.00.....000 2 40
0000009000 0C B 30
D [ 20
e RLLIESE X 11 1 107
0 . o

10 10#4 10 102 10" 100 10" 102
Concentration (uM)

Fig. 6 Example of an application with recombinant bioluminescent bacteria. The bacteria E. coli
TBT3 (luxAB or luxCDABE genes) were used in two ways to detect the TBT contained in paint.
a This diagram illustrates TBT detection in the paint directly using a simple device, a container
with suction pads attached. Water with the diffused TBT is sampled and used to induce the E. coli
TBT3; b the second possibility is to introduce the paint into a microtitre plate, after which the
recombinant strain, added directly, is induced or not depending on whether the paint contains TBT
or DBT (ORACA II ER Hamamastsu CCD camera); ¢ the relationship between bioluminescence
and the TBT concentration (induction ratio is the ratio between the bioluminescence with TBT
versus the background bioluminescence without TBT). A control with sea water; B paint without
TBT; C paint with TBT (27 mg kg_l) and DBT (28 mg kg_l); D empty wells; E control with TBT
in seawater (1 pM final concentration) [17, 23, 24]
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Another bioassay using a bioluminescent yeast has been developed by Kabiersch
et al. based on the interaction with a chimeric human retinoid X receptor for the
detection of TBT with a limit of detection of 60 nM [33].

6 Perspectives and Conclusions

Bioassays are widely used in ecotoxicological studies to evaluate the toxicity of
environmental samples. Because analytical procedures are time consuming and
costly, detection of metals by engineered bacteria could be useful. Moreover, these
bioassays provide information on the bioaccessibility and biodisponibility of
metals.

The environmental application of specific bioassays for the detection of MTE and
organometals is still poor due to the lack of specificity of the strains. Improvement of
the detection through development of statistical analysis is made by the induction of
a set of bacteria. The greater the sensitivity and specificity of specific bacteria are, the
better the qualification and quantification of MTE in environmental samples should
be. Genetic manipulation is also a way to enhance the specificity and sensitivity of
the bioreporter. Different methods have been applied to obtain a better detection
limit, for example, by altering the metal efflux from the cytoplasm or by reducing the
background expression in the absence of an analyte; all these aspects have been
recently reviewed by Yagur-Kroll and Belkin [71].
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Main Technological Advancements
in Bacterial Bioluminescent Biosensors
Over the Last Two Decades
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Abstract Environmental quality assessment is an extensive field of research due to
the permanent increase of the stringency imposed by the legislative framework. To
complete the wide panel of measurement methods, essentially based on physico-
chemical tools, some scientists focused on the development of alternative biological
methods such as those based on the use of bioluminescent bacteria biosensors. The
first report dedicated to the development of such biosensors dates back to 1967 and
describes an analytical system designed to address the problem of air toxicity
assessment. Nevertheless the available technologies in the photosensitive sensors
field were not mature enough and, as a result, limited biosensor development
possibilities. For about 20 years, the wide democratisation of photosensors coupled
with advances in the genetic engineering field have allowed the expansion of the
scope of possibilities of bioluminescent bacterial biosensors, allowing a significant
emergence of these biotechnologies. This chapter retraces the history of the main
technological evolutions that bacterial bioluminescent biosensors have known over
the last two decades.
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1 Introduction

A biosensor is defined according to the International Union of Pure and Applied
Chemistry as “A device that uses specific biochemical reactions mediated by iso-
lated enzymes, immunosystems, tissues, organelles or whole cells to detect
chemical compounds usually by electrical, thermal or optical signals.” They differ
from bioassays because biosensors incorporate direct spatial contact between the
biological recognition element and the transducer [1].

These systems were designed as a novel approach for environmental metrology
that would be complementary to the physicochemical methods used to evaluate the
impact of pollutants on the biology of organisms (i.e., toxicity and bioavailable
fractions). The biosensors developed over the last few decades are primarily used in
three business sectors: environmental monitoring, food processing, and the medical
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Fig. 1 Principle of a bacterial bioluminescent biosensor

industry. The benefits of these biological tools include their user-friendliness,
moderate cost, and short response time.

In this chapter, we focus only on bacterial bioluminescent biosensors (BBBs).
These biosensors are based on living bacterial cells and are particularly interesting for
the assessment of the bioavailable fraction of specific compounds and their toxico-
logical impacts [2]. A BBB consists of a bioluminescent bacterial bioelement for
recognition and a photosensitive transducer (Fig. 1). In the presence of the detected
compounds, the bacteria emit a bioluminescent signal (increase or decrease) relative
to the exposition intensity (i.e., toxicity level and concentration). This biological
signal is recorded by the photosensitive transducer and converted into a numeric
signal. Two types of bioelements are used according to the desired procedure:

e Toxicological assessment. For this purpose, the bioelements emit a significant
signal of bioluminescence. This procedure involves the use of wild biolumi-
nescent bacterial strains or strains that have been modified with a genetic
construct containing the bioluminescence operon (lux or luc) under the control
of a constitutive promoter. The decrease in bioluminescence emitted by the
bacterial cells is recorded to assess the toxicity level in the tested sample.

e Specific detection of chemical compounds. In this case, the bioelements contain
the bioluminescence operon under the control of an inducible promoter. The
bioluminescence level emitted by the bacterial cells increases significantly in the
presence of specific compounds, which allows the user to quantitate the con-
tamination of the analysed environment.

The first report of the utilisation of bioluminescent bacteria for toxicity monitoring
was the publication in 1959 by Strehler [3]. Based on this work, the first biosensor
based on immobilised wild bioluminescent bacteria (Photobacterium phosphoreum)
was developed and described in 1967 by Serat et al. [4]. This device was designed to
address the problem of air toxicity assessment. Since this first device, biosensors have
been subjected to many technological improvements. This chapter should provide a
better understanding of the main evolutions implemented in the biosensor domain.
This chapter is entirely devoted to the technical aspects and the measurement
strategies of the biosensors described in the literature over the last two decades.
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During this period, the first BBB using these bioelements (inducible bacteria)
was described by Heitzer et al. in 1994 [5]. This biosensor was developed for the
environmental online monitoring of naphthalene and salicylate in aquatic envi-
ronments. The technical characteristics are detailed below.

2 Main Architectures of a Bacterial Bioluminescent
Biosensor

Technical advances in the field of physics, particularly those concerning photo-
sensitive sensors, have greatly contributed to the development of the biosensor [6].
Indeed, the increased scope of these sensors has allowed a reduction in the cost of
these technologies and a simplification of their implementation, which has provided
access to new development perspectives.

In parallel, the scientific and technological progress in genetic engineering has
allowed the development of new detection tools such as biological probes and
bacterial bioelements [7]. In this case, a DNA insert (bioluminescent operon (lux or
luc) under the control of a constitutive or inducible promoter) is added to the
genetic heritage of the host strain (insertion of a plasmid or chromosomal modifi-
cation). This genetic modification allows the cells to change the bioluminescence
emission level in reaction to environmental stimuli (i.e., stress, toxicity, or the
presence of specific compounds).

By combining these two technological advances, Heitzer et al. [5] designed an
inducible biosensor in 1994 based on immobilised cells in direct contact with the
optical transducer: a photomultiplier (PMT) via an optical fibre to detect specific
chemicals (i.e., naphthalene and salicylate) in aquatic environments. This precursor
opened a pathway for many other innovative technologies in the field of environ-
mental monitoring using bacterial bioluminescent biosensors, as shown in Fig. 2
and described below.
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Fig. 2 Evolution of bioluminescent bacterial biosensor over the last two decades [4, 14, 15]
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2.1 Biosensors Based on Immobilised Bioluminescent
Bacteria

The immobilisation of bioluminescent cells was chosen to restrain their growth in a
defined area, to limit their release into the environment (notably due to issues with
genetically modified microorganisms), and to reuse the bioelements for as long as
possible. Several types of matrices were studied for this purpose. This aspect has
been widely treated in the literature [8—10] and is thus not addressed in this chapter.

The first strategy consisted of the immobilisation of cells in a hydrogel matrix
(a type of polymer network) on an optical fibre to ensure direct contact between the
bacteria and the photosensitive sensor. Several configurations were developed
according to the desired applications (i.e., water or gas monitoring) and the type of
optical sensors [i.e., PMT, charge-coupled device (CCD), or complementary metal
oxide semiconductor (CMOS)].

2.1.1 Type of Transducer: Photomultipliers (PMT)

The PMT technologies appeared in the 1930s [11] following the work of lams and
Salzberg [12] and Zworykin et al. [13]. These photodetectors were extremely
light-sensitive sensors that multiplied the current produced by incident light using a
succession of dynodes (electrodes responsive to signal amplification), which
enabled individual photons to be detected when the light intensity was very low.
Most biosensors using this technology function as bioluminescent sensors and are
based on the same schematic. Bioluminescent bacterial cells are placed in contact
with an optical fibre tip that is responsible for transferring the bioluminescence
emitted by the cells to the PMT. Therefore, it is possible to quantify variations in
bioluminescence intensity based on the exposition of the analysed sample.

Biological Probes Based on Cells Immobilised on the Optical Fibre Tip

The first biosensor developed by Heitzer et al. [5] was related to physicochemical
immersion probes such as dissolved oxygen sensors or pH probes. It was based on
the immobilisation of cells in a hydrogel membrane that was composed of alginate.
After the polymerisation of the hydrogel membrane with the bacteria, the probe was
placed at the extremity of an optical fibre (Fig. 3). Using this approach, control of
the immobilised cell number and the membrane thickness was facilitated; however,
this approach involves placing the bacterial membrane onto the optical fibre tip to
ensure contact between them. To overcome this additional step and allow for
miniaturisation, Polyak et al. [16] proposed an alternative method with a simplified
implementation based on the multilayer immobilisation of alginate on the optical
fibre. In this case, the optical fibre tip is immersed in several successive baths of
polymer with bacteria to form a membrane consisting of the superimposition of fine
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Fig. 3 Biosensor designed by
Heitzer et al. [5] and based on
entrapped cells on an optical
fibre tip
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layers of polymer containing bacterial cells [16, 17]. This biosensor architecture
was also used by Hakkila et al. [18] to design a multitarget biosensor based on
several specific bioelements.

Bacterial Bioluminescent Biosensors Without Direct Contact Between the
Bacteria and Transducer

The first representative of this biosensor family was described in 1967 by Serat
et al. [4] and was proposed to address the problem of air toxicity assessment. Based
on this strategy, Cheol Gil et al. [19] proposed a biosensor for the specific detection
of benzene in the atmospheric compartment. In contrast to the biosensors described
in the previous paragraph, the bacterial cells were not entrapped directly on the
optical fibre tip but were encased in a transparent support composed of
polypropylene [19] (Fig. 4a). This configuration allowed for the quick and easy
replacement of the disposable bioelements. Nevertheless, the authors stressed that
this approach was severely limited by the diffusion of gas into the hydrogel matrix.
Consequently, Gu et al. [20] and Chang et al. [21] proposed the addition of small
glass beads into a hydrogel matrix containing bacterial cells to enhance the porosity
of the matrix and facilitate gas diffusion. Using a similar strategy, Yolcubal et al.
[22] developed a biosensor with the addition of sand in place of the glass beads. For
a similar application, Valdman and Gutz [23] proposed another alternative method
based on slides (1.5 mm thick) of hydrogel that contained entrapped bacterial cells.
According to the authors, this configuration ensured a large exchange surface
between the bacteria and the analysed gas.

To address the problem of online water monitoring, Horry et al. [24] proposed a
biosensor based on a disposable card containing the entrapped bacteria. This
configuration allowed for the exposure of the cells to several successive samples
and for a rapid and simple replacement of bioelements after extended utilisation.
Moreover, because the temperature is an essential parameter of the biological
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detection process, this system integrates a temperature regulator consisting of a
heating cartridge, temperature probe, and controller (Fig. 4b).

2.1.2 Type of Transducer: CCD (Charged-Coupled Device) or CMOS
(Complementary Metal-Oxide Semiconductor)

The CCD (developed in 1969 by Willard S. Boyle and George E. Smith) and
CMOS (developed by Mendis et al. in the 1990s [25]) technologies belong to the
category of image sensors. Indeed, these technologies, which are newer than the
PMT technology, were developed to perform photographic captures and are widely
used in digital cameras. This second type of light detector was used to monitor
variations in the bioluminescence of immobilised bacteria. Nevertheless, these
technologies require specific configurations in the biosensors.
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Bacterial Bioluminescent Biosensors Based on CMOS Sensors

Though this optical technology is more recent than the CCD sensors, it has been
integrated into bacterial biosensors by Simpson et al. [26] since 1998 because they
serve as inexpensive sensors. The authors proposed a new concept for a biosensor:
the bioluminescent bioreporter integrated circuit (BBIC), in which the immobilised
bacteria are inserted into an integrated circuit that is in direct contact with the
photodetector as an electronic compound.

Bacterial Bioluminescent Biosensors Based on the CCD Camera

The strategy of these biosensors consists of measuring the bioluminescence emitted
by immobilised bacteria with a CCD camera placed above or below the immo-
bilised cells to obtain an image. The first biosensor using this optic technology was
described by Lee et al. in 2005 [27]. In this study, the inducible bioluminescent
bacteria (20 recombinant strains) were immobilised in an agar hydrogel in a
384-well plate. The plate was placed inside a light-tight box integrating the CCD
camera. In addition to this technological innovation, the authors proposed a new
strategy for toxicity assessment based on the use of several recombinant bacterial
strains, which increased the level of toxicological characterisation in the analysed
samples. In 2007, Sakaguchi et al. [28] proposed a similar biosensor based on the
use of the CCD sensor from a commercial digital camera as a bioluminescence
sensor. Here, the bacteria were immobilised inside a matrix of alginate polymer that
was deposited on the microwells of a glass slide (Fig. 5a).

To simplify the utilisation of biosensors for environmental conditions, Roda
et al. [29] designed a portable device in which cells were immobilised in an
interchangeable cartridge. Using a fibre-optic taper, the bacteria were placed in
direct contact with the cooled CCD sensor, which allowed for the precise mea-
surement of the bioluminescence signal while still allowing for the regulation of the
temperature of the bacteria.

The architecture of the biosensors described above requires replacing the support
containing the bacteria after each analysis (the disposable part) or a manual washing
step. Consequently, it is necessary to repeat all bacterial preparation operations (i.e.,
growth and immobilisation) before performing another experiment. To reduce this
technical constraint, Charrier et al. [30] proposed an online biosensor based on a
disposable card containing immobilised cells (Fig. 5b) that is continuously fed with
liquids (samples or regenerating media). During an analysis cycle, the cells are
exposed to the sample premixed with a nutrient solution. After each analysis cycle,
the bacteria are automatically regenerated with the nutrient solution prior to the next
analysis.

The biosensor designed by Tani et al. in 2004 [31] was based on the same
strategy as the biosensor designed by Charrier et al. [30]: the bacteria were
immobilised in a hydrogel matrix of agarose and fed continuously with nutrients to
allow cell regeneration after exposure to pollutants. The main difference with
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Charrier’s biosensor concerns the scale. The disposable card was replaced by a
much smaller support (a microfluidic card) manufactured in polydimethylsiloxane
(PDMS). This technological advance should allow for an increase in the bioelement
number in the same space without oversizing the biosensor.

In practice, it appears that these approaches are complex to implement for
environmental samples [32]. The multiplication of immobilised bacterial cells in
the polymer matrix tends to result in the formation of a biofilm that colonizes the
surface of the support and disrupts bioluminescence production due to nutrient
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availability and the physiological state. This microbial growth also contributes to
the release of the bioluminescent cells into the environment. Consequently, all
liquids that were in contact with the immobilised bioelements must be collected.
Moreover, the continuous feeding with nutrients promotes the growth of environ-
mental microbial flora in the biosensor. The direct consequence of this phenomenon
is the consumption of the nutrients necessary for bioluminescence production.

2.1.3 Advantages and Drawback of These Immobilised Biosensors

The use of immobilised bacteria was developed to fulfil three main requirements:
first, to assure contact between the bioluminescent bacterial cells and the photo-
sensor (PMT, CCD, or CMOS); second, to limit the release of genetically modified
bacteria into the environment; and third, to reuse the bioelements after an automatic
washing step and therefore to increase their life span. However, this approach may
be problematic for in situ applications. Indeed, immobilised bacteria are living cells
that may change over time (i.e., changes in growth and metabolic status), thereby
potentially modifying the biological response.

For “one-shot” biosensors (Fig. 5a, b), the cost of preparation for only one
analysis is relatively important in terms of time and technicality. The other
biosensors were primarily developed to perform several successive measurements
to make the preparation cost-effective (Figs. 3 and 4). Nevertheless, this configu-
ration poses problems [32]. First, it is very complicated to maintain the perfect
stability of the immobilised microorganisms that is required to ensure the repro-
ducibility of measurements during the utilisation period due to cellular growth.
Second, the risk of bacterial release into the environment is important due to the
erosion of the hydrogel membranes from the continuous exposition of the samples
(i.e., the transfer of antibiotic resistance genes to the environmental microflora).
Third, the response of the bacterial membranes is directly influenced by the pre-
vious expositions (i.e., toxicity and disturbances due to environmental microflora).
Finally, limitations in nutrient diffusion (e.g., O, and, sources of C/N/P) into the
different layers of the polymer membrane are likely to disrupt the bioluminescence
signal; this finding was highlighted by Affi et al. [33].

2.2 Bacterial Bioluminescent Biosensors Based on Free
Cells

The main interest in the development of BBBs based on free cells is the rapid
diffusion of the different analysed compounds through the liquid matrix containing
the bioelements, in contrast to biosensors with immobilised cells.
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2.2.1 Bioreactor Configuration

The first strategy described in this chapter was proposed by Gu et al. [34] in 1996.
This device was dedicated to monitoring water toxicity using wild bioluminescent
bacteria. In term of its conception, it resembles a simplified culture bioreactor
lacking a control probe (Fig. 6a). The bioluminescence monitoring was performed
with a PMT connected to the bioreactor via an optical fibre. Nevertheless, the lack
of control in this biosensor did not improve the stability of the cells.

Following this work, in 1999, Gu et al. [35] developed a multichannel version of
this biosensor [36, 37]. This biosensor consisted of two successive minibioreactors:
the first was specifically dedicated to maintaining the bacterial cells in a stable state
and allowed a continuous supply to the second reactor, which corresponded to the
analytical part of the biosensor. The stability of the bacterial cells is not guaranteed

Sample
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Medium outlet

Medium containing
bacteria (58 ml)

«—— Water jacket

. ) Temperature
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Glass window Magnetic stirrer
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ﬁd— Cell slurry
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' ~ «—— Porous membrane

Fig. 6 Examples of biosensor’s architecture based on free cells. a Gu et al. [34]; b Ikariyama et al.
[39]
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due to the lack of a control probe. However, with this new architecture the bacterial
cells are continuously renewed in the analytical reactor. Consequently, the influence
of previous expositions is limited.

To compensate for this lack of microbial monitoring (i.e., physiological state,
available dissolved oxygen, and temperature), Horry et al. [38] proposed a
monoreactor biosensor including a micro-probe set to measure pH, temperature,
dissolved oxygen, and cellular density. This addition significantly improved the
monitoring of the physiological status of the bacterial cells in the reactor but added
greater complexity in its conception. The samples are directly injected into the
bioreactor in this biosensor and create a risk of disrupting the bacterial cells and
modifying their reactions in the next analysis.

The association of these two technologies (i.e., the multireactor concept of Gu
and Gil [36] and the controlled bioreactor proposed by Horry et al. [38]) represents
an interesting compromise that allows the reliable monitoring of toxicity by bio-
luminescent bacteria. Nevertheless, the implementation of these bioreactors remains
complex; consequently, they are only barely transferable to in situ monitoring
applications.

2.2.2 Probe Configurations

The biosensor proposed by Ikariyama et al. in 1997 [39] was similar to the
biosensor based on immobilised cells developed by Heitzer et al. (Cf. previous
section), with the exception of the cell hold mode. The cells were maintained in the
liquid phase in this biosensor, which allowed for the rapid transfer of the analysed
compounds from sample to bacteria for quicker analysis. For this purpose, the
bacteria are directly entrapped on the optical fibre tip with a porous membrane (e.g.,
a dialysis membrane or polycarbonate film) that is held in place on the optical fibre
using an o-ring (Fig. 6b).

In the context of the development of a portable micro total analysis system
(Lab-On-Chip), Rabner et al. [40] designed a microbiosensor using microfluidic
technologies to ensure the mixture of cells with the sample and to contribute to the
bioluminescence measurement.

2.3 Bacterial Bioluminescent Biosensors Based
on Freeze-Dried Cells

To transfer this technology to industry applications, it was essential to propose a
“plug and play” strategy without a requirement for bacterial cultivation, an
immobilisation procedure, or any other microbial preparation steps. Consequently,
several scientists evaluated the conservation of microorganisms for long-term use.
Among the conservation methods of microorganisms usually used, freeze-drying
seemed to be a pertinent compromise.
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However, the implementation of this storage mode of cells requires a supple-
mentary step of preparation that consists of dehydrating the biological cells in
sublimation conditions with water (=50 °C or-85 °C) and under very low pressure
(near 0.05 mbar). Protected from light, humidity, and oxidation, the lyophilised
cells are stable and can be stored for a long period of time without evolution.

The first listed bacterial biosensor based on freeze-dried cells was proposed by
Choi and Gu in 2002 [41]. This portable biosensor consisted of three parts: a glass
vial containing the freeze-dried bacteria, a compact lightproof chamber, and a
luminometer (optical fibre and PMT; Fig. 7). With this configuration, the user’s
operations were reduced to rehydrating the cells 30 min prior to performing the
analysis, adding the samples, and reading the bacterial bioluminescence; no addi-
tional preparation was required.

To allow the high-throughput screening of water toxicity, Cho et al. [42]
developed an automated continuous toxicity test system in which the bacteria were
freeze-dried in 384-well microplates. All of the manual steps performed in the
biosensor of Choi and Gu were replaced by a robotic arm. For the sake of sim-
plification of the bioluminescence measure, Jouanneau et al. [32] exchanged the
PMT with a less expensive means: a CCD camera coupled with picture analysis
software. This evolution greatly simplified the technical aspects of the use of
biosensors. Indeed, the CCD camera can simultaneously capture the biolumines-
cence produced in each well. Consequently, moving the photosensor from well to
well (as with the robotic arm in the system of Cho et al. [42]) is not required.

Yagur-Kroll et al. [43] reported the development of a microfluidic biosensor for
assessing general or specific toxicity in which the bioluminescent bacteria are
freeze-dried directly onto a disposable microcard made of porous aluminium oxide.
This card retains the cells, and its high porosity allows undisturbed access to both
the sample and the nutrients.



114 S. Jouanneau et al.

3 Conclusion

Since the first application of bacterial bioluminescence as a toxicity marker in 1959
[3], many innovations in the domain of biosensors have allowed for the develop-
ment of robust devices dedicated to environmental monitoring.

The main technological applications of bioluminescent bacterial biosensors were
described in this chapter. These biosensors are based on three main strategies for
cellular confinement (i.e., free, immobilised, or freeze-dried cells) and induce
technological constraints that are specific to their architectures. Nevertheless, several
technological advances were proposed for each strategy, always with the objective
of the improvement of their use (i.e., simplification, robustness, and reproducibility).

However, a trend seems to be emerging in which the biosensors based on free
cells or immobilised cells will not be transferable to industry. Indeed, their complex
implementation may inhibit their use in real environmental monitoring applications.
Conversely, the trend of using BBBs based on freeze-dried cells, similar to the
strategy of the last published system proposed by Yagur-Kroll et al. [43], need to be
developed. This strategy greatly simplifies the use of biosensors for everybody
(including novices) and allows for the long-term conservation of bioelements
without functional alterations.
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Let There Be Light! Bioluminescent
Imaging to Study Bacterial Pathogenesis
in Live Animals and Plants

Issmat 1. Kassem, Gary A. Splitter, Sally Miller
and Gireesh Rajashekara

Abstract Bioluminescence imaging (BLI) of bacteria was primarily designed to
permit real-time, sensitive, and noninvasive monitoring of the progression of
infection in live animals. Generally, BLI relies on the construction of bacterial
strains that possess the lux operon. The lux operon is composed of a set of genes that
encode the luciferase enzyme and its cognate substrate, which interact to produce
light—a phenomenon that is referred to as bioluminescence. Bioluminescence
emitted by the bacteria can then be detected and imaged within a living host using
sensitive charge-coupled device (CCD) cameras. In comparison to traditional host-
pathogen studies, BLI offers the opportunity for extended monitoring of infected
animals without resorting to euthanasia and extensive tissue processing at each time
point. Therefore, BLI can reduce the number of animals required to generate
meaningful data, while significantly contributing to the understanding of patho-
genesis in the host and, subsequently, the development and evaluation of adequate
vaccines and therapeutics. BLI is also useful in characterizing the interactions of
pathogens with plants and the para-host environment. In this chapter, we demon-
strate the broad application of BLI for studying bacterial pathogens in different
niches. Furthermore, we will specifically focus on the use of BLI to characterize the
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following: (1) the pathogenesis of Brucella melitensis in mice (animal host), and
(2) the progression of infection of Clavibacter michiganensis subsp. michiganensis
in tomatoes (plant host). These studies will provide an overview of the wide potential
of BLI and its role in enhancing the study of unique—and sometimes difficult-to-
characterize—bacterial pathogens.

Keywords Bioluminescence imaging -« Lux operon - Brucella - Clavibacter -
Pathogenesis «+ Animal model - Plant infections
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1 A Beacon of Light: Origins and Applications
of Bioluminescence

It has been long known that certain species of bacteria and other organisms can be
naturally bioluminescent, which is generally defined as the ability to emit light via
intrinsic or symbiotic biochemical reactions [76, 77]. Although more than 700
species have systems for bioluminescence, this phenomenon is more widely
encountered in marine organisms, including planktonic bacteria [77]. The spread of
bioluminescence ability across many species strongly suggests that this phenome-
non might pose certain evolutionary advantages. These may include direct benefits,
such as the attraction of suitable mates, luring prey, camouflage, and within species
communication, among others. They also collectively contribute to the appeal of
establishing a symbiotic relationship between higher organisms, such as squid and
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angler fish, and bioluminescent bacteria [76, 77]. The latter usually occur as
intestinal flora or are contained in specialized organs that play a role in the regu-
lation of light production [76]. Therefore, the ability for bioluminescence is selected
and coveted in certain niches, promoting the survival of the light-emitting symbi-
onts. This is further facilitated by the assumption that the ability to generate bio-
luminescence in bacteria, while obviously energy consuming, might not be
necessarily genetically overtaxing. For example, Photorhabdus luminescens, a
naturally bioluminescent bacterium and a pathogen of nematodes, possesses a lux
operon, which encodes for one of the best-studied bioluminescence systems in
bacteria [23, 32]. This operon includes five genes (luxCDABE) that are deemed to
be essential genetic requirements for generating light. Specifically, /uxAB encodes
the a-subunit (40 kDa) and B-subunit (35 kDa) of the luciferase, a heterodimeric
oxidative enzyme that serves as a catalyst for the light production reaction [23, 76].
The luxCD and luxE (luxC encodes the acyl-reductase, luxD encodes an acyl-
transferase, and /uxE encodes the protein required for acyl-protein synthetase) are
involved in the production of a fatty acid reductase complex that facilitates the
biosynthesis of a long-chain fatty aldehyde, luciferin [23, 32]. In the presence of
oxygen, lucifern (RCHO) and a reduced form of a flavin mononucleotide (FMNH,)
are oxidized by luciferase, leading to the production of blue/green light, or biolu-
minescence [16, 47]:

FMNH, + RCHO + 0, M@ oy |+ RCOOH + HL0 + light

Luciferase systems have been used in reporter gene assays, insertional muta-
genesis studies, bacteria detection in a variety of matrices, including food, sensing
environmental contaminants, tumor imaging, gene expression, and imaging of
bacterial infections in live animals [3, 76]. These applications were facilitated by
unique intrinsic properties. For instance, luciferases possess significantly shorter
half-lives than fluorescent proteins, such as the green fluorescent protein (GFP) [2,
13]. Notably, the half-life of the luciferase of P. luminescens can be as low as
46 min after introducing destabilization signals into the enzyme [2]. Furthermore,
fluorescent proteins such as the GFP undergo postranslational maturation, which
can require several hours [73, 75]. Fluorescent proteins also undergo photoble-
aching and are associated with a high autofluorescence background inherent to
biological samples, while the energetics of luciferase systems allow for enhanced
tissue penetration in live animals [60, 73, 76]. Therefore, luciferase systems allow
for superior, improved dynamic assessment of expression and are generally con-
sidered to be more efficient and less labor-intensive compared to other systems.
Alternatively, certain applications of bioluminescence, such as imaging bacterial
infections in live animals, may be complicated by the properties of light propa-
gation through tissues that reduce the intensity of light due to scattering and photon
diffusion [3].
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To bypass these limitations, bioluminescence imaging (BLI) in animal models
may require sophisticated equipment to process light signals and capture images.
Furthermore, luciferase-dependent light production requires oxygen, which may be
a disadvantage in severely oxygen-limited environments and when studying strictly
anaerobic bacteria [3]. However, strategies exist to bypass the latter limitation, such
as exposing samples to oxygen before quantifying bioluminescence, while the
system can be used inversely to assess the development of an anaerobic environ-
ment [3]. Also, in studies concerning bioluminescent bacteria, the detection limit
may be a limiting factor. In live animals, 10° and 10° bioluminescent bacteria can
be detected, which is influenced by the properties of the infected organ and pig-
mentation [30, 55, 78]. The detection limit also depends on the sensitivity of the
instrumentation/imaging system used to quantify the light signal [3]. However, as
technology advances, it is predicted that the detection limit will become more
sensitive. Regardless, because luciferase-dependent bioluminescence requires both
adenosine triphosphate and oxygen, only living organisms produce light; coupled
with the short half-life of luciferase, this reduces errors in the assessment of col-
onization and/or growth dynamics of a bioluminescent pathogen. Certainly, this
was successfully demonstrated by engineering bioluminescence into many impor-
tant pathogens, such as Escherichia coli O157:H7, Staphylococcus aureus, and
Pseudomonas aeruginosa [24, 58, 71].

Although the regulation of bioluminescence in certain bacteria is still not fully
understood, advances in characterizing the lux operon and cognate enzymes along
with the relative simplicity of the minimum genetic requirements for light pro-
duction highlight the vast biotechnological potential associated with harnessing the
bioluminescence phenomenon. However, while BLI of live animals has been
receiving considerable attention, the use of this technology in studying plant—
bacterial interactions is still evolving. To demonstrate some of the applications
associated with BLI, this chapter focuses on the use of bioluminescence to study
bacterial pathogens in both a live animal model and a plant system. Therefore, we
partition this chapter into two major sections dedicated to detailed examples of the
application of BLI in each of the aforementioned hosts.

2 The Light Within: Bioluminescence as a Tool to Study
Host-Pathogen Interactions in Live Animal Models

Live animal models are generally accepted as crucial for studying the interactions of
a bacterial pathogen with a host, including assessment of disease symptoms, host
immunological responses, and bacterial pathogenesis, as well as the efficacy of new
medications and interventions, such as the use of antibiotic treatments and vaccine
development. Therefore, animal models play an integral part in the advancement of
the fields of microbiology and infectious diseases. Working with certain animal
models can be labor-intensive and expensive, while ethical and humane concerns
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are always of paramount importance when experimenting on sentient organisms.
Subsequently, live animal model studies are always subjected to reduction and
refinement to reduce the unnecessary suffering of animals and maximize the yield
and statistical significance of generated data.

Historically, investigations of infections in animal models have been com-
pounded by “endpoint” measurements, which occur after euthanizing animals to
harvest selected tissues and quantify associated bacterial colony forming units and/
or perform histopathological or immunological analysis [11]. This approach is
temporally limited, allowing neither monitoring of the progression of infection
throughout the entire life cycle of the pathogen, nor a proper illustration of the role
of the host’s immunity in maintaining the infection. This is especially true in the
cases where pathogens can cause persistent, as well as acute infections [11].
Furthermore, endpoint experiments mandate the use of numerous animals to gen-
erate reliable data and account for variability between individual hosts. The
localization of the pathogen to previously unexpected host organs/tissues and
cognate interactions can go unnoticed due to the selective sampling of tissues [11].
For example, using a sensitive imaging method (discussed later), it was found that
Brucella melitensis can replicate in the salivary glands of IRF-1""and wild-type
C57BL/6 mice, which was previously an unknown tissue preference [55]. Simi-
larly, Listeria monocytogenes, previously believed to be mainly an intracellular
pathogen, was found to replicate extracellularly and asymptomatically in the mouse
gallbladder, which provided new insight into the location of this pathogen in
potential human carriers [34]. Furthermore, in cases where the affected organ is not
known, end-point sampling must be widely inclusive of different tissues, which can
be resource and labor intensive. Taken together, the aforementioned observations
strongly indicate the need for advanced methods that transcend the limitations of
endpoint studies of bacterial infections in live animal models.

A method of interest is BLI, which can facilitate noninvasive, sensitive, and real-
time monitoring of bacteria in disparate niches, including hosts and the para-host
environment [11, 33]. BLI relies on bacteria that have been genetically engineered
to carry the lux operon and emit light [16]. Subsequently, the introduction of the
bioluminescent pathogen into the host can be monitored using a highly sensitive
charged-coupled device (CCD) camera, which permits following infection in real
time in live animals. Therefore, BLI allows assessment of the following: (1) tem-
poral and spatial dissemination pattern of the bacterial pathogen within the host, (2)
different dissemination patterns between virulent and nonvirulent or mutant strains,
(3) location of the bacteria in chronically infected animals, (4) level of persistence
and duration of colonization in an animal, (5) progression of infection in different
hosts, including immunologically compromised individuals, and (6) impact of
interventions such as antibiotic treatment and vaccines on the bacterial colonization
of the host. Subsequently, BLI provides crucial insight into the mechanisms of
bacterial pathogenesis and host response, improving our understanding of host—
pathogen interactions and allowing a thorough and noninvasive assessment of
infection progression and persistence, as well as designing efficient interventions
using live animals.
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These virtues of BLI have been successfully used to study the pathogenesis of a
plethora of microorganisms (see [3] for a list of microorganisms used for noninvasive
imaging). However, here we highlight the use of BLI to study the pathogenesis of B.
melitensis, for the following reasons: (1) Brucella infections are generally difficult to
study, (2) BLI provided crucial and novel insights into the pathogenesis of this
bacterium in a live animal model, and (3) the studies using bioluminescent Brucella
provide an ideal summary for the aforementioned virtues of BLIL

3 Use of Bioluminescence Imaging to Evaluate
the Pathogenesis of Brucella melitensis in a Live Animal
Model

3.1 Brucella and Brucellosis in Brief

Brucella spp. are Gram-negative facultative intracellular bacteria that can cause
disease in humans and animals. In animals, Brucella can cause orchitis, abortions,
or the birth of severely debilitated offspring; however, the disease has few other
clinical manifestations. These pathogens can be transmitted via infected milk,
placenta, or aerosol, while they can survive and persist intracellularly in macro-
phages and placental cells. Brucella infections in humans are chronic and are
acquired by direct contact, including inhalation, or consumption of contaminated
animal products [25].

Human brucellosis is prevalent in underdeveloped countries and is associated
with several acute symptoms, including undulating fever, malaise, sweats,
arthralgia, lower back pain, splenomegaly, osteoarticular involvement, cervical
lymphadenitis, hepatomegaly, genitourinary involvement, and cholecystitis [31,
81]. The severity of brucellosis and the properties of the etiologic agent, mainly
aerosolization and infection of different hosts, have raised fears of using brucellae in
bioterrorism. It has been predicted that the aerosolization of brucellae in a suburb of
a major city can result in severe health and economic repercussions, including an
estimated cost of $477.7 million per 100,000 people exposed [39]. Therefore,
brucellosis is a significant disease that is also considered to be a contributor to the
perpetuation of poverty [46].

Despite the importance of the disease, until recently little was known about the
pathogenesis of B. melitensis, the species that is frequently associated with bru-
cellosis. Although brucellosis can be studied in mouse models, much remains
unknown regarding the dissemination and tissue localization of B. melitensis.
However, the recent application of BLI to monitor the pathogen in real time in a
living animal has provided answers to important questions regarding host—pathogen
interactions that were either difficult to address or could not be addressed using
classical experimental approaches. Specifically, BLI of Brucella infections in live
animals can be used to investigate the following important questions:
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1. What is the dissemination pattern of virulent B. melitensis and how does the
dissemination pattern differ with nonvirulent or mutant bacteria?

2. Where does B. melitensis remain in a chronically infected animal?

3. What is the level of persistence, duration, and location of live attenuated
Brucella vaccines in an animal?

4. Can antibiotic treatment be monitored to distinguish recovery or relapse?

Using BLI to address these questions has provided insights into the mechanisms
of Brucella pathogenesis and improved our understanding of vaccine development
against this hazardous pathogen. In the next section, we discuss the construction of
bioluminescent B. melitensis and demonstrate the virtues of deploying BLI for
studying host—pathogen interaction events in living mice in real time.

3.2 Construction and Selection of Bioluminescent Brucella
Strains

To construct bioluminescent strains (Fig. 1), electrocompetent B. melitensis were
prepared using pure isolates that were grown in 10 ml Brucella broth to achieve an
ODgqp (optical density at 600 nm) of 0.5-0.7. The cultures were chilled on ice for
10 min, and the pellets were collected by centrifugation (5 min at 5,000 g). This was
followed by washing the cells twice with sterile deionized water, and the pellets
were then resuspended in water to 1/50th of the original volume. 50 ul of the
competent cells were mixed with 4 pl of 7-kb linear DNA fragments containing the
EZ::TN-lux. The DNA fragments were produced by digesting the 10-kb plasmid
(pUWGR4), which was constructed using a promoterless luxCDABE operon that
was inserted into the transposon vector EZ::TN pMod-3 (R6Kyori/MCS) [55]. The
latter was modified to carry a kanamycin resistance gene (Kan®™) marker [55]. It
should be noted that the luciferase of P. luminescence was selected for the con-
struction of bioluminescent strains because of its thermostability and optimum
activity at mammalian body temperatures [23, 45, 69].

The cell-transposome mixture was subjected to electroportation (2.5 kV, 25 pF,
and 200 Q) in cuvettes that were prechilled on ice. Following electroporation, the
cells were suspended in Super Optimal Broth containing glucose and incubated,
shaking for 7 h. The suspension was spread onto Brucella agar plates supplemented
with kanamycin (50 pg/ml), which were incubated at 37 °C under 5 % CO, for 5-7
days. The resulting colonies were screened for bioluminescence using the In Vivo
Imaging System (IVIS; Xenogen), a dark imaging chamber supplied with a highly
sensitive CCD camera.

Bioluminescent colonies were streak purified and grown in Brucella broth
containing kanamycin to quantify the amount of bioluminescence using the IVIS
machine. Strains with the highest bioluminescence were selected for mice infection
studies [54, 55]. It is important to note that this approach results in the insertion of
the promoterless lux operon in the genome of B. melitensis. As such, the intensity of
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Fig. 1 Schematic representation for the construction and selection of bioluminescent Brucella
strains used to infect mice. Bioluminescent strains were obtained using a modified EZ:: TN
transposon containing a promoterless /ux operon that was inserted into the genome of Brucella.
The strains were then isolated and screened for bioluminescence using the IVIS, an in vivo
imaging system (Xenogen Corporation, USA). Selected strains that constitutively expressed a
strong bioluminescent signal were used to infect mice [56]

bioluminescence will be regulated by an indigenous bacterial promoter, which can
vary in the type (constitutive vs. inducible) and strength of cognate expression.
Therefore, screening of the lux-transformed colonies to select for the strongest and
most stable bioluminescence is crucial for downstream applications. It is also
important to map the insertion site of the /ux operon in the genome of the bacterium
and determine that growth phenotypes, physiology, and virulence of the resulting
bioluminescent strains are not impaired compared to the parental strain. For this
purpose, the infection properties of bioluminescent and wild-type strains were
compared in mice.

It was found that, like the B. melitensis 16M (wild-type) strain, the strongly
bioluminescent strain, GR023 [1 x 107 colony-forming units (CFU) injected intra-
peritoneally], resulted in the death of the immunocompromised IRF-1"" mice within
10 days [54, 55]. This was important because the lifespan of these mice is affected by
the virulence and the density of the Brucella strain used in infection [41, 42].
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For example, using a higher inoculum of a virulent Brucella strain for infection
(1 x 10° CFU vs. 5 x 10° CFU) reduced the survival of these mice to 21 days as
compared to 28 days [55]. Subsequently, the IRF-1""" mice are adequate for com-
paring the virulence of the Brucella strains [41, 42]. Furthermore, CFU of GR023
quantified from liver and spleen samples of the moribund mice were comparable to
those of 16M and the strains resulted in similar histopathological changes in these
tissues [55]. Therefore, the virulence of the bioluminescent strain (GR023) selected
for animal studies was not compromised.

3.3 Knowledge Garnered From the Use of Bioluminescence
to Study Brucella in a Live Animal Model

Selected bioluminescent B. melitensis was introduced into mice, including IRF-17/
~, BALB/c, and C57BL/6, which are the most common mouse strains used to study
the pathogenesis of Brucella. The infected mice were then monitored using the IVIS
system to detect and quantify bioluminescent signals. To confirm that the locali-
zation of the bioluminescent signal was actually indicative of the occurrence of the
bacterial strains, organs were harvested as appropriate to quantify bacterial CFU
numbers. The isolated bacteria were also imaged to confirm that they were biolu-
minescent. After confirmation, it was apparent that the CFU counts correlated
strongly with photon counts in infected mice. The BLI detection limit in the mice
ranged between 100 and 1,000 bacteria and was dependent on the location of the
area of interest; that is, the detection limit was optimal near the surface and declined
in deeper organs [54-56].

3.3.1 BLI for Monitoring the Localization of Bioluminescent
B. melitensis in Mice

Using the conditions and parameters listed above, bioluminescent B. melitensis was
readily detected in the inguinal lymph nodes, spleen, liver, testes, and the osteoar-
ticular and submandibular regions of infected mice (Fig. 2), suggesting a systemic
spread of the pathogen [55]. These observations indicated that the localization of the
pathogen in mice organs was similar to that reported in humans. For example, pre-
vious reports showed that B. melitensis is frequently detected in the testes of infected
humans and domestic animals [43, 44], where it may be associated with orchitis.

B. melitensis was localized at early stages to the oral cavity, where it occurred in
salivary glands [55]. Bioluminescent signals were detected in the oral cavity of
mice, regardless of whether the pathogen was introduced via intranasal, oral, or
even intraperitoneal infections (Fig. 3) (unpublished data). Because oral ingestion is
an important route of exposure in humans and animals, early localization to the oral
niche may constitute a precursor for adaptation to the host, instigating cellular
events such as the expression of genes that promote survival and virulence [55].
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Fig. 2 Localization of
bioluminescent virulent B.
melitensis strain GR023 in
C57BL/6 mice. The B.
melitensis strain GR023

(1 x 107 CFU) was introduced
into the lower peritoneal
cavity and infection was
monitored for 28 days.

A large number of bacteria
were present in the oral cavity
at days 3-14 postinfection
(DPI). The numbers in the
lower right of each panel
indicate the DPI. The rainbow
scale represents approximate
photon counts [55]
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BLI also revealed that mice infected in the lower peritoneal cavity revealed
bioluminescent signals in the tail, coccygeal vertebrae, and joints of the feet (Fig. 4)
[55; unpublished data]. Furthermore, bioluminescent bacteria were detected in the
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Fig. 3 BLI at 24 h of IRF-17"" mice infected with B. melitensis GR023 (1 x 10" CFU) via the
nose, mouth, conjunctiva or intraperitoneal cavity. The rainbow scale represents approximate
photon counts (unpublished data)

Fig. 4 BLI of the tail and feet of BALB/c mice infected with bioluminescent virulent B. melitensis
strain GR023 (1 x 10° CFU). The bioluminescent strain GR023 was introduced at the lower
peritoneal cavity. The bioluminescent signal is clearly localized to the segments of coccygeal
vertebrae as well as the joints of the feet. The rainbow scale represents approximate photon counts
[55; unpublished data]
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region of the heart of similarly infected mice (unpublished data). These observa-
tions are notable because chronic brucellosis in humans is associated with multiple
symptoms including orchitis, osteoarthritis, spondylitis, and endocarditis [12, 81].

In humans, Brucella in the blood is removed by cells in the liver, spleen, and
bone marrow, whereas chronic brucellosis rarely results in suppurative disease of
the liver and spleen [74]. In C57BL/6 mice, bioluminescence was detected in the
liver and spleen, the primary organs for Brucella replication. While the signal
persisted in the liver of these mice up to 21 days postinfection, bioluminescence
was not detected in the spleen at day 14. However, processing spleen samples at
day 14 yielded 4.8 x 10° Brucella CFU. This was explained by the presence of a
capsular sheath that might interfere with light detection, rendering the spleen less
sensitive to BLI [55].

Furthermore, immunocompromised IRF-1"""mice that were inoculated intra-
peritoneally with 1 x 10" CFU of bioluminescent Brucella died at 7-10 days
postinfection. Usually at day 7 postinfection, bioluminescence was detected
throughout these mice, which was followed by death within the following 24 h.
Liver and spleen samples from the moribund mice were infected with greater than
10° Brucella CFU.

Taken together, these observations suggest the following:

1. BLI of mice infected with bioluminescent B. melitensis represents an adequate
model for assessing both acute and chronic Brucella infections.

2. Brucella infection progression and tissue localization dynamics can be moni-
tored in real time in the host.

3. The ability to image the whole body of the same infected mouse across time is
crucial to assess the protean nature of Brucella infections.

4. BLI revealed that Brucella can replicate in the salivary glands of IRF-1"" and
wild-type C57BL/6 mice, which was previously unknown and may possibly
facilitate initial amplification and subsequent spread of the pathogen.

5. Localization of Brucella to the joints at later stages, beyond 28 days postin-
fection, may provide a model to understand chronic brucellosis in humans.

3.3.2 Use of BLI to Identify B. melitensis Virulence Factors
and Evaluate Vaccine Candidates

During the screening of different bioluminescent Brucella that were generated by
transposon insertion, in one strain, GRO19, the lux operon was inserted in virB4,
which encodes an ATPase [55]. The VirB type IV secretory system (T4SS) con-
tributes to the survival of Brucella in macrophages and plays a role in the estab-
lishment and maintenance of persistent infections in mice [14, 22, 35, 50, 66].
Subsequently, the use of GRO19 in mice infection studies would generate further
important insights regarding the role of VirB in the virulence of Brucella. This was
also feasible because GR019 exhibited strong bioluminescence in vivo [55].
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BLI of IRF-1""" mice infected with GRO19 demonstrated that the impairment of
virB4 resulted in less extensive signals, but the initial systemic spread of the
pathogen was comparable to that of other strains. Specifically, GRO19 was detected
in several locations, including the livers, spleens, and testes by day 3 [54, 55].
However, daily monitoring showed that by day 4, the bioluminescent signal of
GRO19 in the host decreased in most tissues. Quantification of Brucella CFU in
livers and spleens corroborated the BLI data, while these tissues did not exhibit
detectable histologic changes [54, 55]. Although no signal associated with the virB4
mutant was detected in the tail at any time, a weak bioluminescence was observed,
mainly in the feet and submandibular area by day 24 [55]. As compared to the
bioluminescence trends in IRF-1"" mice, BLI showed that the spread of the virB4
mutant in C57BL/6 mice was also systemic. However, the bacterial strain was
cleared earlier, with almost no bioluminescence detected by day 7 postinfection.
Therefore, BLI showed that the virB4 mutant could still disseminate and persist in
the host for days prior to immune elimination. Taken together, data collected using
BLI confirmed the importance the VirB type IV secretory system in the localization
and persistence of Brucella [55, 56].

As importantly, transposon dependent [ux insertion and subsequent BLI imaging
of the bioluminescent variant strains in IRF-1""" mice might constitute an efficient
system for the identification of bacterial genes involved in virulence and persistence
in the host. This conclusion was further confirmed in another study that deployed
bioluminescent Brucella variant strains to study the role of a TIR domain con-
taining protein, TcpB (also termed Btpl), of B. melitensis during infection in mice
[53]. BLI revealed that TcpB was required for the initial growth and spread of B.
melitensis in vivo [53]. In conclusion, BLI of bioluminescent B. melitensis mutants
facilitates the identification in real time of genes contributing to in vivo dissemi-
nation, persistence, and localization of this pathogen.

A subsequent and readily apparent outcome of the use of BLI is the identification
of Brucella strains that were attenuated in mice. This is of peremptory importance
because attenuated strains constitute potential vaccine candidates. For this purpose,
Rajashekara et al. [54] identified and evaluated bioluminescent strains with muta-
tion in the virB4, galE, and BMEI1090-BMEI1091, respectively. In addition to its
properties listed above, the virB4 mutant was attenuated in macrophage cultures,
while the bioluminescent strains GR024 (gal/E mutant) and the GR026 (BMEI1090-
BMEII09] mutant) were not attenuated in macrophages, but their dissemination
in vivo was highly limited [54].

Interestingly, BLI confirmed the results of Rajashekara et al. [54], demonstrating
that prior vaccination of IRF-1~"" mice with these mutants limited the dissemination
of the bioluminescent virulent GR023, possibly enhancing host immunity and
ensuring the survival of these mice that typically die from virulent Brucella
infections (Fig. 5). Taken together, these findings confirm that BLI allows the
assessment of host—pathogen interactions to develop and evaluate potential
vaccines.

Also of interest is the possibility for the construction of bioluminescent variants
of current vaccine strains, such as B. melitensis Rev. 1, and Brucella abortus RB51
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Fig. 5 BLI of IRF-17"" mice
that were vaccinated and
challenged with the virulent
B. melitensis strain GR023.
The mice were immunized
with an attenuated mutant
strain of B. melitensis. After
6 weeks, the mice were then
challenged with the
bioluminescent GR023. Note
the minimal dissemination of
virulent bacteria following
challenge. Numbers under
each image represent the day
of infection after the
challenge. The rainbow scale
represents the approximate
photon counts [54]
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and strain 19. This would provide useful information regarding how current vac-
cines persist and disseminate in the mouse as benchmarks for alternative vaccine
development. The evaluation of vaccine dissemination, persistence in vivo, and
cognate levels of immunity pose a question that has been poorly addressed in
Brucella vaccine development. This is of paramount relevance because highly
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attenuated Brucella vaccines that are rapidly cleared fail to provide protection,
whereas Brucella vaccines that are still virulent and persist in the host appear to
provide higher levels of protection.

3.3.3 Use of BLI to Evaluate the Role of Erythritol in Brucella
Infections

Erythritol, a four-carbon sugar, is produced in the reproductive tract by several
domestic ruminant animals, including goats, cows, and pigs [18]. The sugar is
preferentially used by Brucella spp. and it has been used to explain the localization
and accumulation of Brucella in tissues [67]. Specifically, the presence of the sugar
in the third trimester of pregnancy is associated with high localization (10" bac-
teria/gram of tissue) of Brucella to the placenta [1], leading to abortion [59].

Interestingly, using the bioluminescent virulent B. melitensis strain GR023, it
was observed that B. melitensis localizes to sites within the mouse where erythritol
was artificially introduced [52]. This was confirmed by also introducing glucose as
a control, which did not result in preferential localization of the pathogen. The
reasons and mechanisms for the localization of Brucella to sites containing eryth-
ritol are not well characterized, but they may include preferentially active processes
in the bacterium (i.e. a chemotactic system to erythritol), placental neovasculari-
zation, or an increased level of replication upon reaching the site of erythritol.
However, microarray analysis of bacteria grown either with or without erythritol
showed the upregulation of two major virulence pathways, namely the type IV VirB
secretion system and flagellar proteins, suggesting a role for erythritol in facilitating
Brucella virulence [52]. Further analysis revealed that erythritol impacted the
bacterium intracellularly, because B. melitensis was unable to replicate within
macrophages in the presence of the sugar [52]. However, this inhibition appeared to
encourage the bacteria to replicate extracellularly, which was an unexpected insight
into the pathogenesis of Brucella.

Taken together, these findings highlight possible immediate advantages associ-
ated with using BLI for the following: (1) to design a model system to study the
pathogenesis of Brucella abortion, and (2) to identify host factors that may influ-
ence Brucella localization and infections. The latter can also be used for inter-
vention and the design of alternative therapeutics.

3.3.4 Summary of BLI Analysis of Bioluminescent B. melitensis in Mice

The advantages of using BLI to study Brucella in mice included the following:

1. Monitoring infections in the intact animal, which provides a more complete
evaluation of dissemination, persistence, and localization of Brucella compared
to conventional methods. For example, previously mutant bacteria were typi-
cally assessed by CFU quantification from the spleen or liver.
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2. Tracing the localization and tissue preference during acute and chronic infec-
tions. Furthermore, the BLI approach accounts for the protean nature of Brucella
(i.e., osetoarticular, cardiac, or testicular involvement).

3. Monitoring the kinetics of dissemination and localization within the host using
the same mouse. This allowed temporal assessment of infection, which
accounted also for host-dependent variability. The approach reduced the number
of mice needed for statistical analysis as opposed to using a separate mouse for
each time point.

4. Identification of attenuated Brucella strains that can be used in vaccine

development.

. Identification of Brucella genes involved in pathogenesis.

6. Identification of host factors involved in Brucella localization and virulence.

|9}

4 Using Bioluminescence Imaging to Study
the Pathogenesis of Clavibacter michiganensis
subsp. michiganensis

4.1 BLI and the Study of Bacterial Pathogen—Plant
Interactions

Challenging plants with a pathogen is not constrained by the same ethical limita-
tions encountered during the study of infections in animal models. Although BLI
offers the advantage of reducing the number and, subsequently, the suffering of
infected animals, the latter is not a factor in the experimentation on plant—pathogen
interactions. However, other advantages, such as reducing labor by processing
fewer plant samples, better temporal analysis of localization, limiting host vari-
ability, identification of pathogen and host factors that contribute to virulence and
disease development, and identification of plant traits that result in resistance to
infection, also apply to BLI of plant—pathogen interactions. BLI can also be useful
in investigating the internalization and transmission of the pathogen between plants
as well as tracing the source of the infection, which may include contaminated
grafts, seeds, and soils.

The luxCDABE genes have been used on multiple occasions to generate bio-
luminescent beneficial and pathogenic bacteria for plant studies, which have
included the following:

1. The assessment of differential gene expression of bacteria during interaction
with the plant

Identification of genetic loci involved in pathogenesis

Monitoring internalization and localization of bacteria in plant tissues
Analysis of plant susceptibility (symptom development)

Tracing the source and spread of contamination [5, 8, 9, 15, 20, 26, 37, 51, 63,
64, 79, 80].

Nk L
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For example, bioluminescent strains were used to examine the root colonization
of maize and lettuce with Rhizobium leguminosarum biovar phaseoli [5].
Furthermore, bioluminescent strains were constructed to study the movement and
distribution of phytopathogenic Xanthomonas campestris pathovars and Pseudo-
monas spp. in host plants [8, 26, 51, 63]. Fukui et al. [26] used a bioluminescent
strain of X. campestris pv. dieffenbachiae to study the relationship between
symptom development and the site of infection in the leaves of anthurium.

Taken together, these studies confirm the breadth of possible applications as well
as the advantages of using bioluminescence to study plant—bacterial interactions. In
the next section, we further demonstrate the usefulness of BLI by discussing
insights garnered from using this technology to analyze an economically significant
and notoriously difficult-to-control plant pathogen, C. michiganensis subsp.
michiganensis.

4.2 Clavibacter michiganensis subsp. michiganensis in Brief

Clavibacter michiganensis subsp. michiganensis (Cmm) is a rod-shaped, Gram-
positive, aerobic actinomycete that causes bacterial canker in tomato plants [27,
68]. The disease is characterized by impaired water transport that results in plant
wilting, stunting, and death [27, 36]. The “window of vulnerability” during which
tomato plants are highly susceptible to Cmm has been described as the time from
transplanting to first fruit set [62]. Plants infected after that time develop symptoms
but the yield is not reduced, despite the fact that bacterial titers in the plant may be
high. Plants infected with Cmm late in the production cycle may also remain
asymptomatic, which contributes to the production of contaminated seeds [21, 57].
The latter is an important route for disseminating the pathogen over long distances.

Cmm colonizes the lumen of xylem vessels [4, 6, 48] through which it reaches
and colonizes seeds; it may also colonize seeds through lesions on fruits [70].
Seedlings originating from infected seeds are often symptomless; however, they
may harbor latent infections or carry the pathogen epiphytically [28, 65, 72].
Studies showed that seedlings grown from artificially and naturally infested seeds
harbored Cmm, ranging from 10* to 10® CFU/seedling and 10° to 10* CFU/g
shoots, respectively [65, 72]. Therefore, infected seeds or transplants constitute a
major source of Cmm introduction and subsequent outbreaks of bacterial canker in
tomato production [7, 21, 28, 68]. Cmm is spread mechanically from plant to plant
by numerous routes, including contaminated tools during grafting operations and
crop work (tying, pruning, etc.), transfer of guttation fluids from infected plants
[61], and water.

Bacterial canker was first reported in 1909 in greenhouses in the state of
Michigan (USA); however, since then the disease has been observed in tomato
production areas around the world [19]. The aforementioned properties of Cmm
infections suggest that cognate diseases can be devastating for the crop, resulting in
severe economic losses [49, 68]. Bacterial canker is widely considered the most
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important disease of greenhouse-produced tomatoes, and Cmm is a quarantine
pathogen in Europe. Bacterial canker causes up to 80 % yield loss due to the wilting
and death of plants, lesions on fruits, and reduced photosynthetic capacity, fruit set,
and size [49, 68, 80].

The control of Cmm is challenging. Even a low Cmm transmission rate (0.01 %)
from seed to seedling can cause a disease epidemic under favorable conditions [7],
while highly canker-resistant commercial tomato cultivars and adequate bacteri-
cides are not currently available [36]. Therefore, in field tomatoes, controlling
bacterial canker largely relies on producing pathogen-free seeds and transplants,
although these tactics are not fully deployed and outbreaks continue to occur [36,
80]. Once introduced in greenhouse tomato production systems, bacterial canker
can only be managed by removal of diseased and asymptomatic neighboring plants,
quarantine of areas from which diseased plants were removed, and strict and
extensive sanitation practices.

Mechanisms of virulence and pathogenicity of Cmm in tomato have been
reviewed recently [17]. Briefly, Cmm carries two circular plasmids, pCM1 and
pCM2, both of which are required for full symptom development. These plasmids
carry the genes celA and pat-1, which encode an endo-B-1,4-glucanase and a serine
protease, respectively. Strains cured of both plasmids replicate in tomato plants as
endophytes but do not cause symptoms. The functions that allow Cmm infection
and colonization of its tomato host, resulting in subsequent symptom expression,
are encoded by genes on the Cmm chromosome.

Recently, BLI was applied to assess colonization dynamics of this pathogen. It
was thought that the merits of BLI would help to shed light on the dynamics of seed
to seedling transmission of Cmm and its localization in the plant in real time. Here,
we discuss the generation of bioluminescent Cmm and findings garnered from the
use of BLI to monitor this pathogen.

4.3 Construction of Bioluminescent C. michiganensis subsp.
michiganensis Strains

The generation of bioluminescent Cmm was facilitated by a highly efficient trans-
poson mutagenesis system that was described by Kirchner et al. [40]. This system
uses Tn/409 and was modified to insert the P. luminescens lux operon into the
genome of Cmm [79]. The construction and screening of bioluminescent Cmm is
described in brief in the next section.

4.3.1 Construction of Plasmids Carrying the lux Operon
Three different vectors were constructed to insert the lux operon into Cmm. Spe-

cifically, a promoter-less lux operon (luxABCDE) in a vector pXen5 (Xenogen
Corporation, USA) was modified by adding a Gram-positive bacterial ribosome
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binding site (AGGAGG) upstream of each lux gene for optimal expression in
Gram-positive bacteria [24]. To construct pXX1, the modified /ux operon and a
kanamycin resistance gene from pXen5 were amplified, enzymatically digested, and
ligated into a similarly digested Tn5 transposon construction vector, pMod 3
(Epicentre, USA). The vector pXX1 carries an EZ::TN{lux-kan) cassette, which is
flanked by the Tn5 transposon mosaic ends.

Another vector was constructed by deploying inverse polymerase chain reaction
(PCR) on the Tn/409 transposon vector pKGT452Cp [40] to amplify all but the
region for the [ux insertion. The inverse PCR product was digested and ligated to
the similarly digested lux operon from pXen5, generating pXX2 (chlorampheni-
col resistance gene::luxABCDE::'Tn1409). A similar vector, pXX3, was designed
using a nonmodified (Gram-negative) promoterless /ux operon and carries chlor-
amphenicol resistance gene::luxCDABE::Tn1409. The three vectors (pXX1, pXX2,
and pXX3) were cloned in E. coli DH50 and propagated in the dam- and dcm-
deficient E. coli strain, ER2925, because the use of unmethylated DNA improves
transformation efficiency in Cmm [40].

4.3.2 Mutagenesis and Isolation of Bioluminescent
C. michiganensis subsp. michiganensis

Bioluminescent Cmm strains were successfully generated using pXX2, the suicide
vector containing the modified transposon Tn/409 (Fig. 6a). In brief, electrocom-
petent cells were prepared by growing Cmm to ODgyg of 0.5-0.7 in TBY broth
(Tryptone broth with yeast) at room temperature. The cells were then pretreated
with 2.5 % glycine for 2 h, harvested, and washed three times with sterile ice-cold
distilled water and twice with 10 % glycerol. The pellets were then resuspended in
15 % glycerol to 1/250 of the original volume. Transformation was achieved by
mixing 100 pl of electrocompetent Cmm cells with 2 pl of the EZ::TN transposome
complex or 1 pl (1 pg) of the plasmid pXX2, and electroporation (2.5 kV; 25 puF;
600 Q) was performed in 0.2-cm cuvettes. The cells were then mixed with 0.4 ml of
SB (Super Broth) medium and incubated with shaking (140 rpm) for 3 h at 28 °C.
The transformed cells were spread onto SB agar plates containing chloramphenicol
and incubated for 4-7 days at 28 °C. The resulting colonies were recovered and
streaked onto NBY (Nutrient broth-yeast extract broth) agar plates containing
antibiotics and screened for bioluminescence using the IVIS (Fig. 6b).

The insertion of Tn/409 in the genome of Cmm is random [40], and the
mutagenesis might affect virulence genes and the pathogenesis of the biolumines-
cent strain. Furthermore, the promoterless /ux operon may be inserted downstream
of promoters of different expression levels, which in turn would affect the strength
of the bioluminescent signal. Subsequently, it is important to screen the biolumi-
nescent Cmm colonies and choose the most suitable strain. One strain (BL-Cmm17)
possessed strong and constitutive bioluminescent expression and growth and
virulence properties that were similar to the wild-type strain (C290). Furthermore,
BL-Cmm17 retained antibiotic resistance and bioluminescence, even after five
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Fig. 6 a Map of the Tn/409 transposon vector, pXX2, which was used to generate the
bioluminescent Clavibacter michiganensis subsp. michiganensis strain, BL-Cmml7. Amp
ampicillin resistance gene; cmx chloramphenicol resistance gene; tmpA transposase 1S7409; IRR
right inverted repeat; IRL left inverted repeat; and ORI origin of replication. The arrows indicate
locations of the primers (Xu3F and 3 R) used for sequencing. b Bioluminescent colonies detected
after the insertion of pXX2 into the genome of Clavibacter. Screening colonies for biolumines-
cence was performed using the IVIS machine [79]

rounds of nonselective growth for approximately 50 generations, indicating that the
lux insertion was stable. Based on the stability of the integrated lux operon and its
constitutive expression, as well as the wild-type-like growth and virulence prop-
erties of BL-Cmm17, it was concluded that the /ux operon was inserted downstream
of a strong promoter without apparently or negatively affecting any housekeeping
or essential virulence genes. Hence, BL-Cmm17 was selected for BLI analysis of
Cmm infections [79].

4.4 Knowledge Garnered from the Use of Bioluminescence
to Study C. michiganensis subsp. michiganensis
in Tomato Plants and Seeds

BLI was applied to monitor the colonization of Cmm in germinating tomato seeds.
For this purpose, healthy tomato seeds were soaked in a solution containing
BL-Cmm17 (108 CFU/ml) for 5 min under vacuum. The infected seeds were then
air-dried and placed on water agar (1 %) in a square petri dish (10 by 10 cm, with a
13-mm grid) and incubated at 25 °C in the dark [79]. Daily monitoring over 5 days
showed bioluminescence on the seed coats. Signals were also observed on some
of the radicles that punctured the seed coats on day 3 postinoculation (DPI).
As germination progressed, bioluminescence was detected on the hypocotyls and
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cotyledons. The latter locations and the seed coats harbored stronger signals than
those on the radicles. These observations were confirmed by quantification of Cmm
CFU in germinating seeds.

Specifically, up to 6 and 5 logs of bacteria were detected on the seed coats during
the first 3 days postinoculation and on day 5, respectively, while carefully dissected
and aseptically collected hypocotyls, cotyledons, and radicles contained an average
of 4.5-5.4 logs of bacteria at day 5 [79]. Therefore, BLI revealed that BL-Cmm17
aggregated on the hypocotyls and cotyledons of the seedlings. This is an important
observation considering that the epiphytic Cmm can easily be spread through irri-
gation and leaf-to-leaf contact, a significant route of transmission in greenhouse
transplant production where the density of seedlings is very high [80]. BLI revealed
that the localization in germinating seeds was possibly optimal for the spread of
Cmm and the onset of future infections. These conclusions are supported by other
studies that reported early canker symptoms on the cotyledons and stems, while
Cmm populations were associated with tomato leaves [4, 29, 68].

Xu et al. [80] used BLI to monitor Cmm colonization of tomato seedlings 5, 10,
15, and 20 days postinoculation under different relative humidity (RH) treatments
(83 £ 5 % designated high RH vs. 45 + 12 % as low RH). Roots were similarly
analyzed, imaged every 5 days postinoculation after sacrificing one randomly
selected seedling per replicate per treatment. BLI showed that strong biolumines-
cence appeared in the cotyledon petioles at 5 DPI (Fig. 7). Signals observed in
stems indicated the initiation of stem colonization, which was obvious at day
10 DPI in seedlings maintained in both low and high RH. At the same time, light
was detected in the petioles of the first and second true leaves in tomato seedlings
under high RH. The bioluminescent signals quickly spread to both roots and shoots.

At 15 DPI, bioluminescence was observed in lower leaves of tomato seedlings
under low RH and in all leaves of seedlings under high RH. However, signals were
detected throughout the entire seedling at 20 DPI regardless of the RH treatment.
This corresponded with slight wilting of the first true leaf of seedlings maintained
under high RH, while wilting was more obvious in leaves of seedlings under both
low and high RH by 20 DPI. Notably, higher bioluminescence was observed at the
nodes in stems as compared to internodes, while in individual leaves, the strongest
signals appeared in the petiole nearest the main stem at 20 DPI.

These results highlight the invasive nature of Cmm. Combining BLI with
identification of symptoms showed the rapid onset of infections in seedlings. At
20 DPI, BLI showed that the seedling was almost completely colonized down to the
roots. Therefore, rapid colonization of seedlings indicates that control of this dis-
ease must focus at the level of the seeds; however, it would be interesting to use
BLI and bioluminescent Cmm to assess possible bactericides during the course of
infection. Taken together, these studies highlight the usefulness of BLI to monitor
Cmm in real time during the life cycle of the infected plant and under different
environmental conditions.
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Fig. 7 BLI of the localization of the bioluminescent Clavibacter michiganensis subsp. michigan-
ensis strain BL-Cmm17 in tomato seedlings under low and high relative humidity (RH). The days
postinoculation (DPI) are represented on the top of each panel. Control seedlings (CK) that were
inoculated with only water are also imaged at 20 DPI using the IVIS machine. The arrows point to
strong bioluminescent signals at the nodes. The rainbow scale represents light intensity [80]
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5 The Promise of Light, Video Vidi Visum: Conclusions
and Prospect

A first landmark for the application of BLI in bacterial pathogenesis was the use of
a non-attenuated bioluminescent Salmonella typhimurium to monitor disease pro-
gression in mice [10]. Since then, BLI has become a significant tool for studying a
plethora of significant bacterial pathogens in live animal models. This successful,
real-time, and noninvasive application in many instances has provided superior
insights to temporal and spatial localization of pathogens, pathogenesis, infections,
host responses, and therapeutic interventions as compared to the conventional time-
of-death (end-point) analysis. It is perhaps the greatest virtue of BLI that the
aforementioned advances occur while minimizing the numbers and suffering of
animals, reducing and focusing labor, and enhancing our understanding of infec-
tious diseases. With the advancement of detection technology and molecular
methodology, in general, we predict that BLI will be more widely adopted by
researchers in infectious diseases.

However, there are still many hurdles that BLI technology needs to surpass in
order to become more useful. For example, the use of large animal models is limited
by the size of the imaging system as well as the sensitivity of light detection of the
CCD camera. The latter is relevant because the depth of the infected tissue in the host
is an obvious limiting factor. There is also the issue of the compatibility of the
available or popular /ux systems with different bacterial pathogens [3]. It is already
known that the bioluminescence associated with the /ux operon requires oxygen,
which impedes the application of BLI to study anaerobic pathogens or survival in
oxygen-limited environments. Another question is also the ability to generate bio-
luminescent strains of metabolically fastidious and genetically difficult to manipulate
bacterial pathogens. For example, our experimentation with the use of the lux system
from P. luminescens in Campylobacter jejuni, a fastidious and microaerobic food-
borne bacterial pathogen, resulted in bioluminescent strains [38]. However, the
cognate bioluminescent signals were not consistently detected in chicks, the animal
model for C. jejuni, or piglets even after enrichment or aeration of harvested organs
(Kassem and Rajahsekara, unpublished data). This may have been due to multiple
factors, including pathogen physiology, unsuitability of the lux system, and/or the
mutagenesis approach used to generate the bioluminescent strains.

The shortcomings and the successes described here can also be generally applied
to BLI of bacterial pathogens in the plant host. However, BLI in these hosts can be
severely compounded by natural plant phosphorescence, which could overwhelm
light signals from the bioluminescent bacteria [80]. This can be addressed by a
simple approach: incubation of plants in the dark for 10 min quenches the back-
ground phosphorescence [80]. Alternatively, special modules can be inserted into
the IVIS to eliminate the background.

In conclusion, BLI is a promising tool that can yield novel and significant
insights into bacterial pathogen—host interactions. Future advancements will
enhance its sensitivity and applicability to meet the demands of an important field.
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1 Introduction

During the last three decades, the field of biotechnology experienced an increase in

the

demand for the ultrasensitive detection of biomolecules both in ex vivo as well

as in vivo applications, pointing out a need for novel molecular reporters capable
of providing high sensitivity and low detection limits for analytical systems [1, 2].
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The search for signaling molecules to meet this demand led to the discovery of
luminescent proteins such as green fluorescent protein (GFP). The identification,
isolation, and cloning of GFP was an important milestone in biotechnology as
recognized by the award of the 2008 Nobel Prize in Chemistry to Shimomura,
Tsien, and Chalfie for discovering and enabling the use of GFP in biological
applications [3, 4]. The use of GFP as a molecular reporter allowed scientists to
image and monitor in vivo cellular and molecular processes for the first time [5].
Although fluorescent proteins such as GFP have been used as molecular reporters in
several analytical applications, as with any other fluorescent reporter, GFP needs to
be excited by an external source to emit light. The external excitation causes
emission of light not only from GFP, but also from other fluorescent molecules in
the environment, thus causing the production of a background signal that com-
promises the sensitivity of the detection afforded by GFP. Other factors that limit
the sensitivity of fluorescence-based detection systems include photobleaching,
phototoxicity, and autofluorescence [5, 6].

Bioluminescence, the phenomenon wherein light is emitted by living organisms
(Fig. 1) [7] and its use in biotechnology as a detection system has emerged as a
powerful alternative to fluorescence. Bioluminescence occurs in a wide variety of
organisms, from simple one-cell bacteria and sea squirts to octopodes and fireflies,
where it is employed for an equally wide variety of purposes, from luring prey and
attracting mates, to use as a decoy and stealth shield [6, 8—14]. The emission of light
in all bioluminescent organisms is of a biochemical nature and involves a reaction
that is catalyzed either by an enzyme or a bioluminescent protein. Examples of such
proteins found in nature include bacterial or firefly luciferase, clytin, obelin, and
aequorin [2, 4, 15-18]. Aequorin, a photoprotein found in bioluminescent jellyfish,
is active at physiological pH, nontoxic, environmentally harmless, and has been
cloned for expression in bacteria, plants, and animals. It has been widely used in
calcium detection for decades, and is the reporter of choice in high-throughput
assays for GPCRs, ion channels, and tyrosine kinase receptors [19-25]. Given the
wealth of the body of work in the last 20 years with bioluminescence, herein we
limit our discussion to the most recent impact of aequorin on signal detection,
including monitoring calcium fluctuations in living cells, the detection of small
molecules via aequorin chimeras, and in vivo imaging.

Aequorin consists of a calcium-binding apoprotein that endows the protein with
its structural characteristics, and an external organic luciferin, coelenterazine. The
photoprotein also has four highly conserved EF-hands where calcium ions bind.
The emission of light requires that coelenterazine become complexed with the
apoaequorin to form the holoprotein and the binding of calcium ions. This binding
triggers a change in conformation that results in an internal reaction ultimately
leading to the emission of light. Thus, both calcium and coelenterazine are needed
for the emission of bioluminescent signal.

The aequorin apoprotein is 189 amino acids long and has four EF-hands con-
sisting of a helix—turn—helix motif. Three of the EF-hands are capable of binding
calcium ions and often bind cooperatively; that is, the first binding of one of the
EF-hands to calcium facilitates the binding of the next. The four EF-hands surround
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Aequorin Green Fluorescent Protein Firefly Luciferase

Fig. 1 Bioluminescent organisms and their proteins. The wavelength of emission of the protein
determines the colors of the bioluminescent emission observed in the organisms. Crystal Jelly
(Aequorea victoria): Copyright Sierra Blakely. Big Dipper Firefly (Photinus pyralis): Copyright
Terry Priest. (Aequorin PDB Code: 1EJ3, GFP PDB Code: 1EMA, Luciferase PDB Code: 1LCI
using DSViewer 3.5)

a hydrophobic pocket that contains three Tyr—His—Trp stabilizing triads that bind to
the incorporated coelenterazine chromophore via a series of H-bonds [26-28].
When incorporated into the hydrophobic pocket of the apoaequorin and in the
presence of an oxygen molecule, coelenterazine forms a hydroperoxide that is
stabilized by the Tyr184 on the “tail” on the C-terminus, an amino acid located in
one of three key Tyr-His-Trp triads within the pocket, producing an excited
coelenterazine-2-hydroperoxide [29, 30]. Upon binding of calcium, the interhelical
angles change, disrupting the hydrogen-binding network and the stabilization of the
peroxide (Fig. 2). This causes the complex to destabilize, thus driving a bio-
chemical reaction that results in the generation of coelenteramide and CO, as
reaction products and emission of a blue flash of light at 469 nm [7, 31]. The
replacement of coelenteramide with fresh coelenterazine by diffusion is limited and
lengthy in time and, therefore, it should be noted that the signal produced is
dependent on the amount of aequorin, not the amount of coelenterazine.

The EF-hand binding motif endows aequorin with a high affinity for calcium ion
binding; indeed, the K4 = 0.2-5 uM. The high affinity of aequorin to calcium and
generation of a bioluminescent signal in response to calcium binding formed the
basis for the development of biosensing systems for calcium detection [32, 33].
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Fig. 2 Coelenterazine is shown in the hydrophobic pocket of aequorin. The hydrogen bond
between the covalently bound oxygen molecule and neighboring tyrosine at position 184 is shown
with a dashed black line. Oxygen atoms are in red, nitrogen atoms are in dark blue, and calcium
ions are in green (Aequorin PDB Code: 1EJ3; Aequorin and Ca”* PDB Code: 1SL8)

2 Aequorin in Calcium Detection

Calcium ions are abundant in cells and serve a critical role as activators of second
messengers in development, metabolism, proliferation, and cell death. Although the
calcium signaling pathways are complex and tailored to a cell’s requirements, the
function can be divided into two parts, the ON mechanism when calcium is released
from internal stores into the cytoplasm, and the OFF mechanism, when calcium is
removed from the cytoplasm and the resting state is restored. Disruption of calcium
signaling is linked to a variety of severe health conditions, including neurode-
generation and heart disease [34—37]. Furthermore, the G-coupled protein receptor
(GPCR), a major pharmaceutical target accounting for roughly 50 % of all phar-
maceuticals on the market, releases calcium stores from the endoplasmic reticulum
upon activation, setting off a chain of events within the cell, inhibiting or accel-
erating cellular processes through predetermined signaling pathways [38]. GPCRs
can be found all throughout the body and are therapeutic targets in areas such as
obesity, inflammation, pain, cardiac dysfunction, and cancer [39].

The intrinsic ability of aequorin to bind tightly to calcium led to the development
of calcium detection systems within a few years of the photoprotein’s initial dis-
covery and characterization [40, 41]. Aequorin’s ability to function as a highly
sensitive calcium biosensor resulted in enabling technologies such as high-
throughput drug screening for pharmaceuticals that target receptors and junctions
that permit the exchange of calcium ions, such as GCPRs [42, 43] and connexin 43
(Cx43, GJA1) gap junctions, an emerging target for developmental disorders, and
cardio and neuropathy [44]. The genetic manipulation of aequorin has yielded
highly selective and sensitive in vivo calcium tracking systems, such as those
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facilitated by aequorin fusion proteins, including aequorin fusions that can be
consistently localized in specific cellular regions. This has allowed for the precise
detection and determination of calcium changes in these targeted areas of interest,
free from interference from the rest of the cell. Moreover, several aequorin—
fluorescent protein fusions have been produced where the bioluminescence reso-
nance energy transfer (BRET) between the aequorin and the fluorescent protein can
be utilized to visualize and/or measure simultaneous calcium concentrations in
different organelles, which allows for detailed information on intracellular calcium
flux under certain conditions [45, 46]. Such measurements have provided insight on
the functions of both healthy cells and those used as models of pathogenic systems
wherever calcium plays a role.

2.1 Engineering Aequorin for Wide Applications
in Calcium Detection

The importance of calcium as a signaling molecule during cell function can be seen
in the sheer number of studies on that subject, far too many to list herein, and is a
frequent topic of reviews [34, 47-51]. Optimization of the use of aequorin in
in vivo calcium determination led to the investigation of the effect of calcium ions
on the emission of aequorin’s bioluminescence. Specifically, studies were under-
taken to elucidate and understand the mechanism by which aequorin binds calcium
through its four EF-hand motifs.

The amino acids may be coordinated with the calcium ion via the side-chain,
backbone carbonyl (Y ), or through hydrogen binding with a water molecule (X ).

Calcium binding proteins with the EF-hand motif are highly conserved in
structure and found in diverse organisms, from prokaryotic to eukaryotic forms of
life, including humans [52, 53]. The binding of this motif to calcium ions is con-
trolled by electrostatic and thermodynamic forces that favor binding to calcium over
other common small ions, such as potassium, cadmium, or magnesium, commonly
present in biological samples [53-56].

The “turn” in the helix—turn—helix structure of the EF-hand is a short alpha-helix
section where the calcium ion is bound in a bipyramidal conformation by six amino
acids contained in a highly conserved twelve amino acid long peptide sequence
(Table 1) [57]. The six amino acids interact with the calcium ion via H-bonds and
are labeled according to their position along a three-dimensional X-, Y-, or Z-axis
(Fig. 3), + (upstream) or — (downstream), of a glycine at position 6 that is in the
center of the six amino acid sequence.

The binding of the calcium ion to one or more EF-hands causes a change in the
angles of the helices that is determined by the interaction with nearby hands and
amino acid sequence unique to each member of the family of calcium binding
proteins [53]. It was found that of the four EF-hands in aequorin, three are capable
of calcium binding EF-I, EF-III, and EF-IV, each with different affinities. Typically,
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Aspl119

Alal23

Fig. 3 Calcium coordinated within the EF-III hand of wild-type aequorin. Oxygen atoms are in
red, nitrogen atoms are in deep blue, the calcium ion is in green, and the water molecule is in light
blue. The coordinating bonds are shown by the black lines (calcium in aequorin PDB Code: 1SL8)

the bioluminescence is triggered by the binding of two calcium ions, one each to
EF-I and EF-III. The fourth hand, EF-II, is not capable of calcium binding.

Studies have been conducted to determine the exact affinity of each individual
binding EF-hand to calcium and how they interact with each other through the
H-bond network [58]. The calcium binding capability of the EF-hands can be
disrupted completely by removing a large nonpolar residue between two polar
nonbinding amino acids, therefore creating an H-bond that holds the hand in place
and prevents the conformational change [58, 59]. A study conducted by Tricoire
et al. on the calcium affinity of the individual EF-hands by performing amino acid
substitutions within the conserved sequence determined that the EF-I hand had a
lower calcium affinity than EF-III and the deformed EF-IV [60]. The high affinity of
the EF-III hand relative to the other EF-hands is believed to be directly related
to the sequence of amino acid residues in EF-III, most notably their proximity to
Tyr184, which contributes to the stabilization of the peroxide bound form of
coelenterazine prior to light emission.

2.1.1 Engineering Low-Affinity Aequorin for Detection of Calcium
in Organelles

Rational design followed by genetic engineering of aequorin to alter the binding
affinity of the photoprotein to calcium can lead to mutants with calcium insensi-
tivity. Specifically, these mutants can be created by simply replacing one of the
negatively charged residues in the calcium-binding loop of an EF-hand. This type
of genetic engineering and modification of aequorin can serve to increase the range
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of calcium detection by preparing aequorin variants with tailored binding charac-
teristics suitable for organelles that contain a high calcium concentration. Cytosolic
calcium levels are typically in the 0.5-10 uM range, suitable for wild-type aequorin,
but the higher levels in the endoplasmic reticulum (ER), mitochondria, peroxi-
somes, and Golgi apparatus require a lower sensitivity, up to millimolar values [61].
Therefore, the investigation of the role of calcium in the function of comparatively
calcium-rich organelles requires just such aequorin with a lower calcium sensitivity.

As previously mentioned, the EF-III hand has a binding loop that binds calcium
with the strongest affinity (Aspl17-Glul28), making this loop of particular interest
to engineer low-affinity aequorin. Replacement of the highly conserved negatively
charged Aspl19 at the +Y position on the EF-III binding loop with the neutral
amino acid alanine decreased the binding affinity of the EF-III hand by around
50-fold compared to the wild-type aequorin [62]. The calcium affinity was further
reduced by introducing a second point mutation at position 28 (Asn-Leu) yielding
an aequorin with a Ky in the mM range [59]. This low-affinity aequorin was
developed specifically for the comparatively high levels of calcium found in the
mitochondria, which would trigger the bioluminescent emission of the wild-type
aequorin too prematurely for signal acquisition by the instruments used in that
specific study. This low sensitivity aequorin was applied in transfected HeLa cells,
and as a result of its low affinity to the calcium ions, it has reported calcium levels at
millimolar concentrations during the highest levels of calcium uptake in mito-
chondria [63].

2.1.2 Engineering Aequorin Chimeras Targeted to Specific Regions
within the Cell: Cancer and Beyond

Although aequorin with engineered affinities can be readily introduced to cells,
aequorin will diffuse through the cell unless modified by an additional peptide
sequence to target a specific region within the cell [25]. Without these additional
modifications, the bioluminescent signal does not report calcium from only the
region of interest, but also from other parts of the cell where the unmodified
aequorin has diffused, generating noise. Calcium is universal in cells, however,
each cell type utilizes calcium in a unique manner, requiring an understanding of
the flux of calcium in each cell type and each subcellular region. For example, the
calcium levels of the mitochondria are critical to maintaining healthy cell function
and preventing cell death, and apoptotic and necrotic cell death is often accom-
panied by calcium overload [64]. Of particular interest is the role of calcium in
apoptosis and cancer. Therefore, the movement of calcium between the mito-
chondria, the endoplasmic reticulum, which stores calcium and is associated with
downstream pathophysiology when its stores of calcium are depleted, the cytosol,
which uses calcium as a ubiquitous messenger, and other cellular regions have been
repeatedly studied as technologies have improved [65].

A mitochondria targeted aequorin chimera with a mitochondrial presequence
(mtAEQ) was first developed to demonstrate directly the relationship between



158 K. Grinstead et al.

agonist stimulated elevations of cytosolic calcium on mitochondrial calcium levels
[66]. Transfected HeLa cells and bovine adrenal medulla chromaffin cells were both
transfected with mtAEQ to provide information on the relationship between cal-
cium concentrations and the opening of the mitochondrial permeability transition
pore (PTP), the presence of which is associated with neurodegeneration and an
important target for the treatment of traumatic brain injury and stroke [67, 68]. The
D119A mutant aequorin (mutAEQ) developed by Montero et al. was fused to a
signal sequence to target the ER. By combining mtAEQ, endoplasmic reticulum
targeted aequorin (erAEQ), and cytosolic aequorin (cytAEQ), the role of the
promyelocytic leukemia (PML) tumor suppressor, a nuclear protein, in apoptosis
was found to be connected to calcium signaling in all three subcellular regions [69].
Another focus of targeted chimeras is to the caveolar microdomain, invaginations in
the plasma membrane of some vertebrate cells that contain calcium responsive
proteins such as GPCRs, receptor tyrosine kinases, and caveolin proteins.
A chimera consisting of mutAEQ was fused to caveolin (Cavl-Aeq) and expressed
in HeLa cells to investigate the role of the mostly cytosolic enzyme sphingosine
kinase 1 (SK1), an oncogenic protein and potential predictive biomarker of cancer
patient outcomes, in controlling calcium in the microdomain and its relation to cell
differentiation, motility, and apoptosis [70, 71].

Further studies using mtAEQ and erAEQ have been on the role of calcium
signaling in the tumor suppression mechanism of the phosphatase and tensin
homologue (PTEN), that is not only linked to cancers such as prostate, breast,
thyroid, and central nervous system (CNS) cancers, but possibly autism and learning
disabilities [72—74]. These chimeras were utilized again to identify a new calcium
uptake channel in the mitochondria dubbed the mitochondrial calcium uniporter
(MCU), and further investigate the critical role of calcium movements between
mitochondria and the endoplasmic reticulum in apoptosis [75-77]. The mtAEQ was
used again to investigate the MCU, which can bind calcium with nanomolar affinity
and is a potential therapeutic target, and the physiological role of mitochondrial
calcium. Primary mouse embryonic fibroblasts (MEF) were infected with an aden-
ovirus encoding mtAEQ to monitor changes in calcium levels following histamine
stimulation, revealing that MCU /~ knockout mice display markedly reduced cal-
cium fluxes in the mitochondria. The lack of MCU expression was accompanied by
an impairment in the ability of the knockout mice to do strenuous work and the
failure of the heart to respond to the immunosuppressant cyclosporine A, which
targets PTP, although not changes in the magnitude of cell death, suggesting that
calcium-independent pathways emerge in the absence of the MCU [78-80].

Additional studies conducted focusing on research areas other than cancer using
several targeted aequorin chimeras, cytAEQ, mtAEQ, erAEQ, and Golgi targeted
aequorin (GoAEQ), revealed MgCl, could be used to restore the cytosolic and
mitochondrial calcium levels in patients with the genetic dermatological condition
Hailey—Hailey disease (HHD), which has symptoms attributed to a defective cal-
cium pump [81]. An aequorin mutant fused to calsequestrin was used to target the
sarcoplamic reticulum (srAEQ), the equivalent to the ER in muscle cells, and
demonstrated the heterogeneous distribution of calcium in the region and the
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influence of calcium dysregulation on different phenotypes of malignant hyper-
thermia, a rare, heritable, potentially fatal condition triggered by anesthesia [82, 83].
In 2011, Giorgi et al. developed a new type of high-throughput method of studying
GPCRs and tyrosine kinase receptors by combing aequorin chimeras and multiwell
plate readers [84], providing a new improved method for the study of GPCRs and
the development of GPCR targeting pharmaceuticals.

2.1.3 Aequorin—Fluorescent Protein Fusions for BRET
and BRET-Based Multiplex Calcium Imaging in Cells

Aequorin and GFP combine to create a naturally occurring BRET reaction in the
Aequorea victoria jellyfish, in which aequorin is the donor and GFP is the acceptor
[85]. By fusing aequorin to GFP and GFP derived fluorescent proteins, a catalog of
colors becomes available to provide bioluminescent imaging of calcium in multiple
subcellular regions simultaneously that can be distinguished by emission wave-
length [86].

Venus (YFP), RFP, mOrange, and tandem-dimer Tomato (tdTomato, tdTa) have
all been fused to aequorin for applications in in vivo imaging (Fig. 4). Fusions of
GFP-AEQ have been expressed in neurons incorporating a recombinant Sindbis
virus for the quantitative detection of calcium transients in a single layer of neurons
derived from brain slices [88], in the neurons of optically transparent transgenic

Aequorea victoria Discosoma sp.
Green Fluorescent
Protein mOrange
509 nm 562 nm
. Venus mRFP
Aequorin
472 nm 528 nm 586 nm

Fig. 4 Aequorin and select fluorescent proteins available for BRET. Aequorin, GFP, and the GFP
derivative Venus have their origins in the Hydromedusa Aequorea victoria. The red fluorescent
protein DsRed is native to the coral Discosoma sp. and is the protein from which a series of
fluorescent proteins, including mOrange and mRFP, are derived. (Aequorin PDB Code: 1EJ3,
GFP PDB Code: 1IEMA; Venus PDB Code: IMYW; mOrange PDB Code: 2H50; mRFP PDB
Code: 2VAD) [87]
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zebrafish larva [89], and in the neurons of transgenic mice with several organelle
targeted GFP—AEQ fusions [90], providing insights into communication between
neurons, and their role in the larger network. Monomeric red fluorescent protein
(mRFP) is a GFP mutant that can be used with aequorin for BRET and paired with
AEQ-GFP for monitoring calcium in two different organelles simultaneously. By
combining a GFP fusion targeting the cytosol and a mRFP fusion targeting the
nucleus in human embryonic kidney (HEK-293) cells, both sections could be
visualized and the signals can be differentiated by color [91]. Recently, effort has
been put into the development of aequorin-based bioluminescent signals with a
greater red-shift for application in deep tissue imaging. Despite the fusion of
aequorin to red fluorescent proteins before, insufficient signal intensity due to poor
energy transfer during BRET has prevented these chimeras from being adopted in
place of other signaling molecules [92]. A recently described aequorin chimera,
Redquorin, a tandem dimer with aequorin and tdTomato, displayed BRET at about
73 % of the maximum energy transfer efficiency, at 575 nm [93]. This Redquorin
was applied to track transient calcium changes in HEK-293 cells and developing
transfected zebrafish embryos.

2.1.4 Imaging Calcium in Whole Animals In Vivo

In comparison to calcium signaling in cells, imaging calcium in whole animals
focuses calcium signaling across whole structures. Using a transgenic model,
Cheung et al. were able to detect two distinct periods in the temporal characteristics
of calcium signaling during the differentiation of slow muscle cells (SMCs) within
forming skeletal muscles by combining aequorin expression and an a-actin
promoter [94]. Calcium movements in whole animals have been tracked with
AEQ-GFP fusions [95]. In 2007, Martin et al. developed a transgenic line of
Drosophila that expressed AEQ—GFP in mushroom bodies (MBs) associated with
learning and memory, and in the central complex (CC), deep within the brain [96].
By combining photon counting with continuous readings over several hours, the
unique calcium response to cholinergic transmission in these neural structures was
identified by whole brain imaging. Furthermore, dunce mutant flies, which expe-
rience impaired learning and memory, were shown to have a reduced delayed
secondary calcium rise in response to nicotine stimulation compared to non-dunce
Drosophila. This delayed response was reduced by thapsigargin, which depletes the
calcium levels of the ER, suggesting the calcium response of the MB involves the
ER compartment. Therefore, bioluminescence imaging can be used to link calcium
signaling and functional mapping in the fruit fly brain. The noninvasive biolumi-
nescence of imaging of nonanesthetized transgenic mice was also accomplished
with AEQ-GFP [97]. Whole-body imaging of calcium was performed using
mitochondria targeting AEQ-GFP fusion on both freely moving mice and those
experiencing kainic acid-induced epileptic seizures. Additionally, whole body
recordings were made of newborn mice to correlate mitochondrial calcium levels to
the behavioral components of the sleep/wake cycle.
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3 Engineering of Aequorin with Improved Emission
Characteristics for Bioluminescent Detection
and Imaging

As previously mentioned, the bioluminescence of proteins such as aequorin allows
the achievement of low detection limits by eliminating the need for external
excitation that can trigger fluorescence in molecules present in samples other than
the analyte of interest. This makes aequorin especially well-suited to detection in
samples with low concentrations of the analyte or in miniaturized analytical plat-
forms, such as the lab-on-a-chip [6, 98], and the small volumes used in some
high-throughput assays [99]. Until recently, aequorin had a significant drawback as
a reporter molecule: a lack of diversity in emission color compared to fluorescent
proteins. By expanding the colors of aequorin available, it can be applied in mul-
tianalyte studies such as multiplexed single-well analysis.

3.1 Rational Mutagenesis and Random Mutagenesis

Studies of the amino acid sequence of aequorin prior to the publication of the X-ray
crystal structure showed the presence of the amino acids cysteine, histidine, proline,
and tryptophan, which are not usually associated with calcium binding proteins
[100], and these positions were subsequently selected for rational mutagenesis via
substitutions with other amino acids to determine their effect on aequorin’s biolu-
minescent activity. The global replacement of all the cysteine residues with the
structurally similar serine resulted in a cysteine-free aequorin with increased
luminescence [101].

Site-directed mutagenesis of aequorin focusing on histidine, proline, and trypto-
phan amino acids revealed the influence of these amino acids on the spectral char-
acteristics of the protein [28, 101-105]. Replacing histidine, proline, or tryptophan
with amino acids of similar properties gave insight on not only which positions
affected the oxidation of coelenterazine, but provided target locations for the rational
site-directed mutagenesis of aequorin for the purpose of altering its emission char-
acteristics [106]. Once the X-ray crystal structure of aequorin was determined, it
revealed a 600-A hydrophobic pocket that provided new residues of interest that
interact with coelenterazine via stabilizing hydrogen bonds or by the n—r stacking of
benzene rings, in particular three separate Tyr—His—Trp triads that included some
positions that had already been studied, providing further evidence of their impor-
tance to aequorin’s bioluminescence emission characteristics (Fig. 5) [30].

Rational site-directed mutagenesis focused on altering the H-bonds of these
triads and the bulkiness of the amino acid side-chains within the active site to alter
the hydrophobic and n—m interactions of the coelenterazine so as to change the
specific activity, wavelength of emission, and bioluminescent half-life without
losing activity [107]. Tyrosine and phenylalanine, in particular, have been shown to
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Fig. 5 The nine amino acids
that form the three stabilizing
Tyr—His—Trp triads are shown
bracketing the hydroperoxide
form of coelenterazine. The
protein has been edited for
clarity. Top The hydrogen
bound between the
hydroperoxide and the
tyrosine at position 184 is a
dashed white line (aequorin
PDB Code: 1EJ3). Bottom
The triads and their
interactions with
coelenterazine, water, and
each other. Triads are grouped
by color, the H-bonds are
dashed, and other bonds are
in dots
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influence the alteration of the wavelength of emission. The wavelength of emission
of aequorin is determined by the electronic conjugation of the m-electrons on the
aromatic ring associated with the Tyr82—His16-Trp86 triad stabilizing (C6) and the
central imidazopyrazinone, as determined by the torsional angle between the two
rings and also the rotational freedom between the two sections along the c-bond
[30, 108, 109].

In addition to the rational design of mutants by the site-directed mutagenesis of
chosen sites, random mutagenesis can be used to determine the effects of cumulative
mutations not apparent ab initio. The previously aforementioned studies in Sect. 2
into the role of each amino acid on the calcium-binding EF-hands utilized random
mutagenesis to generate thermostable mutants of aequorin and investigate the decay
kinetics of several mutants, and confirmed a constant quantum yield with an inverse
relationship and peak bioluminescent intensity [58, 110]. Furthermore, these studies
suggested the decay rate of the bioluminescence of aequorin contained both fast and
slow kinetics influenced by all three binding EF-hands, and that calcium binding
to one hand was sufficient to trigger slow rate luminescence. In 2014, random
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mutagenesis was utilized to increase further the number of thermostable aequorin
mutants available, including a quadruple mutant that maintained 75 % of its bio-
luminescent activity after 72 h at 37 °C [111].

3.2 The Incorporation of Nonnatural Amino Acids
into Aequorin for the Development of Mutants
Jor Multiplex Detection

An inherent drawback of the mutagenesis of aequorin is that alteration of the
peptide sequence frequently results in considerable or even, in some cases, total loss
of bioluminescence activity [107, 112]. The finite number of canonical amino acids
available that can be incorporated without loss of activity has limited the number of
active mutants which can be created and restricted the applications of aequorin.
Attempts to expand the catalogue of aequorin has resulted in applying techniques to
add nonnatural amino acids to the aequorin sequence to increase the number of
amino acids past the canonical number [113]. Schultz et al. pioneered the incor-
poration of nonnatural amino acids into proteins by using amber codon suppression
[114].

Schultz and collaborators cleverly took advantage of the fact that the TAG stop
codon is never used for methionine incorporation in Escherichia coli, thus allowing
the TAG codon to be used for the incorporation of nonnatural amino acids through
“amber suppression”. By creating a transfer RNA (tRNA) and transfer tRNA
synthetase (tRNAse) that charges a specific nonnatural amino acid and targets the
TAG codon during translation, that nonnatural amino can be incorporated such that
the resultant protein either has incorporated the chosen nonnatural amino acid or is
truncated when the TAG is read as a stop codon in its absence [115-117]. By
transforming a cell line with a plasmid containing the tRNA/tRNAse and a plasmid
containing the aequorin with TAG codon at the position for the incorporation of the
nonnatural amino acid, we were able to prepare several aequorin mutants containing
nonnatural amino acids [112].

The tyrosine at position 82 that stabilizes (C6) in cysteine-free aequorin has
been substituted with four nonnatural amino acids p-aminophenylalanine,
p-bromophenylalanine, p-iodophenylalanine, and p-methoxyphenylalanine, which
were then combined with various coelenterazine analogues (Fig. 6) [112]. Each of
the mutants displayed altered spectral characteristics compared to wild-type
aequorin, creating a catalogue of semi-synthetic aequorins with a range of peak
emission wavelengths spanning 72 nm. The red-shifts in the wavelength of the peak
bioluminescence emission of the aequorin incorporating p-aminophenylalanine and
p-methoxyphenylalanine were consistently of 8-10 nm independent of the coe-
lenterazine analogue incorporated.
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Fig. 6 Schematic of the incorporation of nonnatural amino acids into aequorin and subsequent
pairing with a coelenterazine analogue. The phenylalanine analogue, p-methoxyphenylalanine
(PheMethoxy) was incorporated into aequorin (indigo) using a TAG codon (gray). A His6x TAG
was included at the N-terminus for purification (turquoise). The pDULE contains a unique
p-methoxyphenylalanine targeting tRNA/tRNAse that incorporates the nonnatural amino acid at
the UAG codon in RNA (aequorin with coelenterazine i PDB Code: 1UHI)

3.3 Applications of Engineered Aequorin in In Vitro Assays
Jor Clinical, Pharmaceutical, and Environmental
Detection and Analysis

Aequorin, including the cysteine-free aequorin, has been used in a large number of
assays, including binding and whole-cell assays due to the natural low detection
limits of aequorin and safety and ease of use compared to alternative labels such as
radioactive labels [118, 119]. The increased versatility of aequorin made possible by
recent genetic engineering has increased the number of aequorin-based assays even
further to cover a range of applications in clinical, pharmaceutical, and environ-
mental detection and analysis. Target genes, proteins, metabolic small molecules,
and environmental pollutants are all focuses of aequorin-based bioluminescent
assays.

3.3.1 Aequorin-Based Molecular Switches and Applications
in the Detection of Clinically Relevant Molecules

The genetic manipulation of aequorin expands beyond point mutations to include
splitting the aequorin. Aequorin can be split into two fragments, causing total activity
loss, then be reassembled to regain its bioluminescent activity [120]. This reassembly
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(

Coelenterazine

Target

“on”

Fig. 7 Schematic of a molecular switch demonstrating its “on/off” states. The molecular switch
was prepared by genetically splicing aequorin into two fragments and inserting the gene of a
hinge-motion binding protein in between the spliced aequorin. In the absence of the ligand, the
spliced aequorin cannot reassemble to emit light. Upon binding to its ligand, the hinge-motion
binding protein changes conformation, bringing together the two fragments of aequorin, and thus,
allowing the aequorin to reassemble and emit light in the presence of coelenterazine and calcium

is facilitated either by spontaneous assembly, close contact, or with the aid of
additional protein or proteins. Molecular switches are fusion proteins that reassemble
the fragments by means of a binding protein that, upon binding of the analyte,
undergoes a conformational change that brings the two halves together [121-123].
These two orientations are referred to as “off” and “on” (Fig. 7). Molecular switches
can also reverse the “on” and “off” positions, so that luminescence is present without
the analyte, but absent when the analyte is bound. Although most genetically fused
aequorin and recognition elements are fused in tandem at the aequorins N or
C-terminus, molecular switches insert the recognition protein between the two
fragments of the split aequorin. Upon the binding of the analyte by the recognition
protein the two separated aequorin fragments are brought together to restore the
signal, resulting in “on/off”” protein conformations. The opposite orientations, with
the aequorin fragments together in the “on” position in the absence of the analyte and
separated in the “off” position during binding, are also possible. Aequorin-based
molecular switches include detectors for glucose using glucose binding protein,
important secondary messenger cAMP, and sulfates, a small ionic molecule linked to
autism [120, 124, 125].

3.3.2 Aequorin in Homogeneous and Competitive Hydrophobic
Assays for Clinical and Environmental Applications

As with molecular switches, homogeneous assays do not require the immobilization
and subsequent incubation and washing steps of the DNA and immunoassays. The
process is streamlined by the presence of the analyte itself causing a detectable
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change, such as effecting the signal intensity. Homogeneous assays using aequorin
include those detecting the activation of GPCRs [42], biotin, and cortisol
[126, 127]. In 2012, the Daunert lab produced a bioluminescence inhibition assay
based on the competitive binding of the coelenterazine and the analyte in the
hydrophobic core of aequorin for the detection of hydroxylated polychlorinated
biphenyls (OH-PCBs), a class of contaminants and suspected endocrine disruptor
[128].

3.3.3 DNA Hybridization Probes Employing Aequorin as the Label
for Clinical Diagnostics

Another application is the sensitive and rapid detection of DNA associated with
illnesses such as cancer [129], and pathogens, including HIV and Chlamydia [130-
132]. DNA hybridization assays utilizing aequorin are able to detect target DNA
down to 0.25 attomoles [133]. A DNA hybridization assay for the detection of the
deadliest form of malaria, Plasmodium falciparum, was able to detect down to
3 pg/uL, and could be adapted to multiplex analysis [134]. A quantitative PCR
(qPCR) method for the diagnosis of another pathogen, the fungus Aspergillus, the
cause of invasive pulmonary aspergillosis (IPA) used aequorin as an internal
amplification control (IAC). The assay was able to detect Aspergillus DNA at a
gPCR cutoff of 13 fg of Aspergillus genomic DNA and was able to detect the DNA
in 76.9 % of subjects showing proven or probable IPA [135]. DNA and RNA
hybridization assays are based on a labeled DNA or RNA sequence complementary
to another immobilized sequence. Aequorin-based detection can be combined with
microfluidic platforms to achieve the detection of single nucleotide polymorphism
(SNPs) at the attomolar level in real-time [136]. A dual-analyte bio/
chemiluminescent method for the detection of both the normal and mutant allele
products of the primer extension reaction (PEXT) was developed by Christopoulos
et al. [137, 138]. Primers containing mutant deoxyuridine triphosphate (dUTP)
labeled with biotin and digoxigenin are added to PCR-amplified DNA fragments to
genotype the section of interest to begin the detection of SNPs. The reaction
products are captured using microtiter well-plates containing immobilized oligo
(dT) strands, then incubated with streptavidin—aequorin and antidigoxigenin—alka-
line phosphatase (ALP) conjugates for bioluminescent and chemiluminescent
detection. This method proved effective for quantitative PCR, digoxigenin and
prostate-specific antigens, and transgenes and SNPs. High-throughput methods for
SNP detection using aequorin have also been developed to look for a pair of gene
mutations in the toll-like receptor (TLR)-4 gene, to aid in the study of the role of
these SNPs in their associated diseases [139].
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3.3.4 Recent Applications of Aequorin in Immunoassays
for the Detection and Quantitative Analysis of Clinically
Relevant Molecules

Immunoassays are sensitive binding assays that use antibodies or other recognition
peptides as the recognition elements for the analyte. When aequorin is used in
conjunction with these recognition elements using either chemical conjugation or
genetic fusion highly sensitive assays can be developed. Aequorin has been
genetically fused to fab fragments while maintaining both the binding affinity of the
antibody and the bioluminescence of aequorin for sensitive assays [140-142]. It can
also be chemically conjugated to produce aequorin—antibody pairs for assays for the
detection of several biologically relevant molecules down to attomole levels.
Aequorin is a common reporter in immunoassays and has been covered in reviews
before, therefore, this section only covers the most significant as well as the most
recent developments [143—-145].

Aequorin can be combined with other reporters, such as luciferase, to create assays
with more than one type of reporter [146]. Assays for the dual detection of prostatic
acid phosphatase (PAP), prostate specific antigen (PSA), and a-fetoprotein (AFP),
were developed with aequorin-linked antibody fragments showing minimum detec-
tion limits of 9.4 x 102! mol per assay [147]. Alternatively, aequorin can be linked to
the analyte instead. In the second approach, the labeled analyte then competes with the
unlabeled analyte present in the sample for the limited number of antibody binding
sites available on one of the many optional platforms (e.g., microtiter plates, poly-
styrene beads, magnetic microsphere, and paper strips). ELISA-type assays of this
cover arange of biologically significant molecules, such as neurotransmitters, protein
¢, noted stress-related molecule cortisol, and cardiac-relevant molecules in a dual
assay detecting angiotensin II and 6-keto-prostaglandin-F1-alpha using aequorin with
two different coelenterazine analogues, providing detection limits as low as 1 pg/mL
[20, 22, 148-150]. A third approach is to use an intermediary molecule to connect the
antibody and aequorin. For example, aequorin and the selected antibody can be
randomly or site-specifically modified to allow for linking to molecules that contain a
streptavidin or a biotin, providing a means of linking the two proteins by a strepta-
vidin—biotin bond. Immunoassays that use biotinylated aequorin have been used to
detect analytes at levels as low as 0.02 ng/mL [144, 151, 152].

3.3.5 Whole-Cell Assays Employing Aequorin as a Reporter
for the Detection of Pathogens, Antibodies, and the Detection
and Analysis of the Toxicity of Environmental Pollutants

Unlike other systems, whole-cell assays, or whole-cell biosensors, only report on
bioavailable portions of a target sample, making them especially suited to the
detection of pollutants and quantification of the toxic cumulative effect that pol-
lutants have on living organisms. Whole-cell assays often link the expression of
aequorin to the presence of a target analyte that enters the cell [153, 154]. Fungal
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lines can also be used to express aequorin in response to analytes. A short-term
toxicity whole-cell assay using Aspergillus awamori was designed to sense chro-
mium and zinc ions and the phenolic polar narcotic 3,5-DCP [155]. Whole-cell
sensors have also been developed for detection of pollutants such as toluene and
related compounds [156].

For detection of biological molecules, Rider et al. created a programmable form
of whole-cell biosensors by using B lymphocytes. Pathogen-specific B cell lines
generated from M12g3R (IgM+) B cell lines that consistently express cytosolic
aequorin were transfected with plasmids containing antibodies with variable regions
specific for the pathogens [157]. These whole-cell biosensors were able to dis-
criminate between pathogenic and nonpathogenic E. coli strains. A more recent
assay using aequorin for the detection of biological analytes was developed by
Araki et al. for the detection of thyroid-stimulating antibodies (TSAb), the cause of
hyperthyroidism in the autoimmune disorder Graves’ disease. The TSAb aequorin
assay can be conducted in 4 h without sterile conditions and was positive in 98.9 %
of untreated Graves’ disease patients, making it more sensitive than conventional
assays [158].

Cells containing the assays can be immobilized on platforms such as optical fibers
or encapsulated into sol-gels, or used with microfluidic platforms to create
high-throughput arrays [159]. The reagents of whole-cell assays can also be stored
for the long term using methods as simple as freezing, and more complex techniques
such as encapsulation within biocompatible polymers and sporulation [160—-163].

4 In Vivo Detection and Imaging with Aequorin
and Aequorin Chimeras

In vivo detection has even greater challenges than in vitro studies using biological
samples. Biological tissue has an optical window that narrows the range of
wavelengths available for reporters to between 650 and 950 nm [164, 165], and
tissue penetration depth is limited to between 1 and 2 cm [166]. Although several
options exist that do not require a luminescent signal, such as radiolabels,
near-infrared quantum dots, and near-infrared fluorescing carbon nanotubes, all of
these have the risk of toxicity to living organisms, and in the case of carbon
nanotubes, damage even from accidental inhalation [167-169].

In vivo detection with aequorin has been applied only in a limited capacity due
to the problems associated with native aequorin emission wavelength in the blue
region. As mentioned in Sect. 2, aequorin has recently been paired with fluorescent
proteins with red emission wavelengths capable of being transmitted through the
blood with minimal absorption. This opens the door for applications of aequorin in
deep tissue in vivo by addressing the signal absorption currently preventing broader
applications of aequorin in this area of detection [170]. Some examples of using
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aequorin chimeras such as using aequorin conjugated to a designed ankyrin repeat
protein (DARPIn) targeting vascular endothelial growth factor A has been used for
imaging age-related macular degeneration in mice [171].

5 Conclusions and Future Perspectives

Although the broad application of aequorin does not have the same long history of
other luminescent proteins such as GFP, the impact of aequorin is being felt as it
finds increasing use in the field of biotechnology. Aequorin’s affinity for calcium,
tunable emission characteristics, ability to function as a bioluminescent label at
ultralow concentrations and volumes, temperature stability, and adaptability towards
its incorporation into different analytical platforms has made it a valuable tool in a
variety of fields, not just in research, but also in translational and clinical medicine.

Calcium is an important part of intracellular signaling, and calcium signaling
pathways have a wide variety of properties across cell types that require their own
reviews to cover in detail [34]. Among other roles, calcium plays a key role in
regulating cell growth and apoptosis and the dysregulation of calcium is linked to
several cancers and is of concern in a number of illnesses and disorders, from
dermatological conditions to Alzheimer’s [172, 173]. Moreover, calcium is the
second messenger released by GPCRs, the target of over 50 % of all pharmaceu-
ticals, and assays used for high-throughput screening of GPCR-targeting pharma-
ceuticals use aequorin [43]. The highly sensitive calcium detection and tracking
provided by aequorin has been a key part of the investigation of calcium in both
these areas, providing continuing advancements in both clinical research and
pharmaceutical development.

The bioluminescent signal of aequorin can also be used to detect and quantify a
wide variety of small molecules, proteins, and genes, by linking the aequorin to the
targeting molecule. The versatility of aequorin covers applications in clinical,
pharmaceutical, and environmental assays, and is increasingly being exploited for
use in imaging. Aequorin does not suffer from the background fluorescence of GFP,
the special handling and disposal of radio labels, or the lack of imaging at the
molecular level of MRI, and as red-shifted aequorin becomes available, the
applications of aequorin in deep tissue will become broader.

Aequorin has already been used in assays that take a variety of approaches to the
detection and quantification of analytes in vitro and been successfully utilized for
in vivo imaging and the real-time monitoring of cellular processes. As new tech-
niques emerge for the genetic engineering of proteins as well as a more complete
understanding of the role of each part of the complexed protein in its sensitivity and
emission characteristics, aequorin will reach its full potential as a photoprotein for
cellular signal detection.
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Abstract Genetically engineered bacterial whole-cell biosensors are powerful
tools that take advantage of bacterial proteins and pathways to allow for detection
of a specific analyte. These biosensors have been employed for a broad range of
applications, including the detection of bacterial quorum-sensing molecules
(QSMs). Bacterial QSMs are the small molecules bacteria use for population
density-dependent communication, a process referred to as quorum sensing (QS).
Various research groups have investigated the presence of QSMs, including N-acyl
homoserine lactones (AHLSs) and autoinducer-2 (AI-2), in physiological samples in
attempts to enhance our knowledge of the role of bacteria and QS in disease states.
Continued studies in these fields may allow for improved patient care and thera-
peutics based upon QSMs. Furthermore, bacterial whole-cell biosensors have elu-
cidated the roles of some antibiotics as QS agonists and antagonists.
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1 Introduction

Quorum sensing (QS) is the population-dependent exchange of small chemical
signaling molecules that allow bacteria to monitor their population density and
regulate gene expression accordingly. The phenomenon was first described in the
early 1970s with the microorganism Vibrio harveyi, which employs QS to control
the emission of light (bioluminescence) [1, 2]. Traditionally, these signaling
molecules have been classified into two subgroups: N-acyl homoserine lactones
(AHLs, Fig. 1), which are used by Gram-negative bacteria, and oligopeptides,
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which are used by Gram-positive bacteria. In recent years, however, it has been
found that quorum-sensing molecules (QSMs) are not limited to only these two
subgroups, with the discovery of pseudomonas quinolone signal (PQS), autoin-
ducer 2 (AI-2, Fig. 1), and autoinducer 3 (AI-3), among others; interestingly, some
of these molecules, such as AI-2, can appear in both Gram-positive and Gram-
negative bacteria [3, 4]. QSMs are estimated to influence 4—10 % of the bacterial
genome and 20 % of the proteome, regulating myriad genes ranging from factors
responsible for bacterial virulence to genes involved in basic metabolic processes
[5]. For example, QSMs allow bacteria to communicate with each other to form
biofilms, an extracellular matrix system that helps protect the bacteria: most bacteria
reside in these three-dimensional matrix systems rather than existing in the
planktonic form [6]. In order for bacteria to be able to respond to QSMs,
quorum-sensing systems comprise recognition/regulatory proteins that are able to
bind to the QSMs and regulate gene expression, as well as synthases which allow
for production of QSMs. Table 1 provides examples of quorum-sensing organisms,
their regulatory proteins, and QSMs.

Previously, studies on QS and the mechanism of action of the QSMs mostly
relied on the native bacteria and examining growth rates and up- or down-regulation
of specific genes. Although these methods would give qualitative information about
the effects of QSMs on the microorganisms, the amount of quantitative information
was limited. With the identification of QS regulatory proteins and their promoter
binding regions, genetically engineered whole-cell bacterial biosensors (also called

0] (0]
o _J M o _J J\/H\
“N “N

Ce-HSL C12-HSL
N-Hexanoyl- N-Dodecanoyl-
L-homoserine lactone L-homoserine lactone Autoinducer-2

Fig. 1 Chemical structures of N-hexanoyl-L-homoserine lactone, N-dodecanoyl-L-homoserine
lactone, and autoinducer-2 (boron form) QSMs

Table 1 Organisms and their QSMs that have been utilized in whole-cell biosensors

Organism QSM Synthase Receptor/regulator
Pseudomonas aeruginosa C4-HSL RhlII RhIR
3-0XO-C12-HSL Lasl LasR, QscR
HHQ, PQS PgsA PgsR
Vibrio fischeri 3-0x0-C6-HSL LuxI LuxR
Al-2 AinS AinR
CAI-1 LuxS LuxP
Agrobacterium tumefaciens 3-oxo0-C8-HSL Tral TraR
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biosensing systems) have emerged as tools for detection of QSMs and under-
standing of the quorum-sensing mechanism [7]. These biosensing systems generate
a detectable response under certain conditions, often times dose-dependent upon
recognition of a specific analyte of interest. Whole-cell bacterial biosensors employ
bacteria that have been genetically modified to contain a biological recognition
agent coupled with a reporter. This genetic modification generally occurs in two
ways: insertion of a genetically engineered plasmid and/or modification of the
bacterial genome.

Developing a plasmid for use in a biosensing system allows for customization of
a sensor depending upon the need, thus there is a large degree of variability. Several
key elements that are required and/or commonly employed include genes for: a
reporter protein, promoter region, antibiotic resistance, and over expression of the
regulatory protein. The reporter plays a large role in the sensitivity of the biosensor,
because it is the recognition agent for the assay. The reporter protein(s) selected for
bacterial whole-cell biosensors are generally ones that can be detected optically, via
an instrument or the naked eye (bioluminescence, chemiluminescence, fluores-
cence, and colorimetry), or electrochemically. Table 2 contains a list of a few
common reporters, along with their detection methods and some advantages and
disadvantages. The promoter region determines the production of the reporter
protein, as well as playing a role in the specificity and selectivity of the system, thus
it should be selected based upon the analyte of interest for the sensor. Including
antibiotic resistance under a constitutive promoter allows for easy selection of
bacteria expressing the plasmid, thus preventing the loss of plasmid as the bacterial
culture grows. Overexpression of a regulatory protein increases the sensor’s ability

Table 2 Commonly used reporter proteins for bacterial whole-cell-based sensing systems

Gene Protein Detection Method Advantages Disadvantages
lux Bacterial Bioluminescence Ease of Heat lability,
luciferase measurement, oxygen
rapid response requirement
luc Firefly Bioluminescence High sensitivity, Exogenous
luciferase no heat lability substrate
requirement,
oxygen
requirement
gfp Green Fluorescence No substrate Low sensitivity,
fluorescent requirement broad
protein absorption
(jellyfish) spectra
lacZ B- Chemiluminescence, Wide variety of Exogenous
Galactosidase bioluminescence, detection substrate
(E. coli) fluorescence, methods, requirement
colorimetry, detection by
electrochemistry naked eye

Adapted from Raut et al. [7]
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to detect the analyte of interest: the more protein you have, the higher its chances of
encountering the analyte. Once a plasmid has been genetically engineered, it is a
relatively simple task to insert the DNA into electro- or chemically competent
bacterial cells, thus creating a whole-cell bacterial biosensor.

In addition to genetically engineering a plasmid to employ in a whole-cell
biosensor, it is possible to modify the bacterial genome to exploit the original
organism itself as a whole-cell biosensor. Many bacterial strains generate QSMs
through various synthesis pathways, thus modifications can be made to bacterial
genomes to prevent the generation of and/or the response to QSMs. One such
example is the V. harveyi strain BB170; native V. harveyi activates its biolumi-
nescence in response to AHLs and AI-2 and can produce these QSMs. The BB170
strain was genetically modified to have its AHL detection pathway, as well as its
ability to synthesize AHLs and AI-2, blocked. Thus BB170 was successfully
engineered to only generate bioluminescence in response to exogenous Al-2,
allowing it to function as a biosensing system.

Regardless of the method used to develop the sensing system, bacterial
whole-cell biosensors are categorized into two general types based upon whether
expression of the reporter protein is inducible or constitutive. Inducible expression
systems employ cells that have been genetically modified to contain an inducible
promoter fused to a reporter gene. In the absence of the analyte (inducer), the
reporter gene is expressed at low basal levels, determining the “blank™ level of the
system. When the analyte (inducer) is present, the reporter gene is expressed in a
dose-dependent manner within a certain range of concentrations, allowing for a
standard curve to serve as a control for sample measurements. Reporter gene
expression can be negatively or positively regulated, defined by how the analyte—
protein complex interacts with the gene promoter. In negative regulation (Fig. 2a),
the regulatory protein is bound to the operator/promoter region, thus preventing
reporter and other downstream gene expression. The analyte can bind the regulatory
protein, causing the complex to be released from the promoter region and allowing
for gene expression to occur. In positive regulation (Fig. 2b), the unbound regu-
latory protein complexes with the analyte and this complex can then bind to the
operator/promoter region to activate reporter gene expression.

In contrast to inducible expression, constitutive expression systems are based
upon generation of high basal levels of reporter expression (Fig. 2¢). This approach
is primarily employed in bacterial whole-cell biosensors as a measure of toxicity:
however, nonspecific increased toxicity leads to cell death, reducing the amount of
reporter protein and thus the overall signal. Therefore overall toxicity can be
recorded, although it does not provide specific information about the nature and
mode of action of the toxic agent(s) that is (are) killing the cells.

Bacterial whole-cell biosensors possess several advantages that have increased
their popularity in recent years: they are relatively easy and inexpensive to prepare
and store, are robust with a tendency to be stable to environmental changes such as
pH or temperature fluctuations, can be engineered for multiplexing by using dif-
ferent recognition—reporter pairs, and can be integrated into various platforms
allowing for high-throughput or on-site detection. In addition, regulatory proteins



186 G. O’Connor et al.




Whole-Cell Biosensors as Tools for the Detection of Quorum-Sensing Molecules ... 187

<« Fig. 2 Whole-cell-based biosensing system types. a In positive regulation of reporter gene
expression, the regulatory protein is bound to the operon, preventing expression of the reporter
gene. The analyte enters the cell and binds the regulatory protein, allowing for reporter gene
expression. b In negative regulation of reporter gene expression, the analyte enters the cell and
binds the regulatory protein. This analyte-regulatory protein complex can bind the operon and
allow for expression of the reporter gene. ¢ In constitutive expression, the reporter gene is
constantly expressed

may prove difficult to express and purify, thus whole-cell biosensors provide an
alternative route to investigating interactions with these proteins. Interestingly,
bacterial whole-cell-based biosensors can provide physiologically relevant data and
evaluate the bioavailability of the analyte of interest, inasmuch as the target
chemical must be ingested by the cells in order to trigger a response. However, this
requirement can also prove to be a limitation, as the bacteria rely primarily on
diffusion, and thus may lack specific transport channels that may be necessary for
the uptake of certain analytes.

2 QSMs in Physiological Samples via Bacterial
Whole-Cell-Based Biosensing Systems

2.1 AHL Detection

Studies have shown that bacterial AHLs, such as 3-oxo-dodecanoyl-homserine
lactone (3-0x0-C12-HSL), not only regulate bacterial virulence but can also stimulate
cells important for inflammation and immune defense in the host [8]. It has been
demonstrated that in burn wound mouse models infected with QS deficient bacterial
strains, there was no production of mRNA for pro-inflammatory cytokines IL-6,
TNFa, CGB, and TGFp [9]. The opportunistic pathogen Pseudomonas aeruginosa,
which employs QS to regulate virulence factor production and biofilm formation,
plays an important role in chronic wounds, which are a large burden to the health
system worldwide; P. aeruginosa is estimated to be present in up to 80 % of chronic
wound cases. In addition, when P. aeruginosa is present, wounds are more severe
and heal at a slower rate, which is thought to be caused by cell-to-cell communication
with gram-positive bacteria, including Staphylococcus aureus [10-12].

The implications of bacteria in a variety of disorders have prompted researchers
to investigate the role of QS in certain disease states by detecting QSMs in phys-
iological samples. In an effort to elucidate the roles of QSMs in their natural
environments, physico-chemical methods have been devised for their detection,
including but not limited to high-performance liquid chromatography (HPLC),
reversed phase HPLC mass spectrometry (RP-HPLC-MS), ultra-high-resolution
mass spectrometry, and gas chromatography mass spectrometry (GC-MS) [13-15].
Additionally, work by Campagna et al. [16] and May et al. [17] has led to liquid
chromatography—tandem mass spectrometry (LC-MS/MS) detection methods for
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Table 3 An overview of bacterial whole-cell-based biosensors employed for detection of AHLs
in physiological samples

Plasmid(s) Sensor | Bacterial Detects Promoter | Reporter
name strain
pSB401 E. Coli Short-chain AHLs | luxRI LuxCDABE
pSB1075 E. Coli Long-chain AHLs | lasRI LuxCDABE
pECP61.5 P. aeruginosa | Short-chain AHLs | rhiA LacZ
pKDT17 P. aeruginosa | Long-chain AHLs |lasB LacZ
pCF218, pMV26 | A136 A. tumefaciens | Short- and traRG LacZ
long-chain AHLs
pSB406 E. Coli Short chain-AHLs | rhIRI LuxCDABE
CV026 | C. violaceum Short chain-AHLs | luxI- Violacein
box-like
VIRO7 | C. violaceum Long chain-AHLs | cviR Violacein

Al-2 and AHLs in biologically relevant samples. Unfortunately, these methods
require extensive sample extraction and/or preparation, large amounts of trained
technician time, and expensive instrumentation, thus limiting their utility. Therefore
we explore some of the findings from utilizing bacterial whole-cell-based biosen-
sors for QSMs in physiological samples. The sensors employed for AHL detection
are listed in Table 3. Please note, for the experiments and sensors described in the
Table 3, short chain AHLs refer to AHLs with carbon chains of seven or less
carbons, whereas long-chain AHLs refer to AHLs with carbon chains of eight or
more carbons.

2.1.1 Cystic Fibrosis (CF)

Cystic fibrosis (CF) is an autosomal recessive genetic disorder that primarily affects
the lungs, as well as the pancreas, liver, and intestine. Common symptoms include
infertility, poor growth, sinus infections, and lung infections that lead to difficulty
breathing. Although a large number of bacteria have been indicated to play a role in
CF, the pathogenesis has yet to be fully elucidated [18]. Studies have shown that
P. aeruginosa forms thick biofilms within the lungs of CF patients and uses QS
extensively to modulate both biofilm formation and maturation [19, 20]. Of these
bacteria, P. aeruginosa and Burkholderia cepacia, which are known to colonize the
lungs of CF patients, both use AHL-dependent QS regulation [21].

In a study by Middleton et al. [22], sputum samples were collected from stable
CF patients, extracted, and then analyzed by employing two E. coli whole-cell-
based sensors bearing plasmids pSB401 and pSB1075, to detect short- and
long-chain AHLs, respectively. For sputum samples colonized with P. aeruginosa,
71 % contained short-chain AHLs and 61 % contained long-chain AHLs (n = 42).
Correspondingly, for sputum samples colonized with B. cepacia, 87 % contained
short-chain AHLs and 50 % contained long-chain AHLs (n = 8). Another study
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published the same year by Erickson et al. [23] further confirmed the presence of
AHLs in sputum samples from CF patients. Whole-cell sensors based on
P. aeruginosa carrying plasmids pECP61.5 and pKDT17 were utilized to detect
short- and long-chain AHLs, respectively. Short-chain AHLs were found in 26 % of
the patient sputum samples and long-chain AHLs were found in 78 % of the
samples (n = 29). This finding is in contrast to the results of Middleton et al. [22],
however there are several possible explanations: small numbers of different patients
were assessed, different sample processing/extraction methods were used, and
different sensing systems, both the bacterial strains and the plasmids employed,
were used. Unfortunately, the small number of patients assayed, the variability of
the patient disease status, and the lack of an established range of AHLs in sputum,
do not allow for conclusions to be drawn on how and if AHL levels fluctuate in CF
patient samples.

These works were followed by Chambers et al. [24], which focused on identi-
fying a broad range of AHLs within mucopurulent respiratory secretions from CF
patients undergoing lung transplantation. Agrobacterium tumefaciens-based
whole-cell sensor A136 was employed, which contains dual plasmids pCF218 and
pMV26, allowing for detection of both short- and long-chain AHLs. Mucopurulent
material was extracted, separated by reversed-phase fast pressure liquid chro-
matography (FPLC), and then analyzed by sensor A136. By combining the
whole-cell-based sensor with FPLC, AHLs were found in 69 % of patient samples,
with seven unique AHLs being identified. These studies have helped to establish
bacterial whole-cell-based biosensors as important tools for QSM detection, as well
as have provided researchers a focal point for further discoveries to improve the
lives and care of patients with CF.

2.1.2 Inflammatory Bowel Disease (IBD)

IBD is an autoimmune disorder that is characterized by a group of chronic
inflammatory conditions of the gastrointestinal tract (GI), commonly causing severe
abdominal pain, vomiting, diarrhea, rectal bleeding, and weight loss. IBD can be
further classified based upon the symptoms and the extent of the inflammation
within the GI tract, with Crohn’s and Ulcerative Colitis being the two principal
types. IBD is thought to be caused in genetically predisposed individuals by an
overly aggressive immune response to commensal bacteria [25] thus research in
this field has focused on the gut microbiome. The human gut is host to a broad
range of bacteria, and although QS has been demonstrated for a limited number of
intestinal bacteria, mainly pathogens, it is likely that a wide variety of enteric
microorganisms, including commensal bacteria, communicate with each other and
the host by means of QSMs.

Studies have shown that the bacteria of the gut play a role in IBD etiology, thus
investigating QSMs in individuals may grant a greater understanding of the disease.
To this end, work by Kumari et al. [15, 26] has led to the development and
optimization of E. coli based whole-cell sensing systems, bearing plasmids pSB406
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and pSB1075 [27], for quantitative detection of short- and long-chain AHLs
(Fig. 3a, b), respectively, in human samples such as saliva and stool. By focusing
on saliva and stool samples, this allows for a detection method that is completely
non-invasive to patients. It is important to note that these methods do not require
sample extraction or extensive sample preparation; simple centrifugation or dilution
in water is all that is necessary to prepare samples. Additionally, these optimized
systems allow for nanomolar limits of detection in physiological matrices, which
makes these systems relevant, due to nanomolar levels of QSMs being necessary to
initiate cellular communication [7]. Saliva from IBD and healthy individuals were
assayed, revealing greatly varying levels of AHLs across individuals that were
consistent for each individual for a period of time. Furthermore, stool samples from
newborns admitted to a Neonatal Intensive Care Unit (NICU) also contained
varying levels of AHLs. These results revealed for the first time that QSMs can be
detected in human saliva and stool. These findings are of added interest, because it
is well known that QSMs such as AHLs are subject to degradation by environ-
mental factors, such as pH and temperature, and may be degraded by enzymes
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Fig. 3 Dose response curves generated for N-hexanoyl-DL-homoserine lactone (red) and
N-dodecanoyl-DL-homoserine lactone (blue) on E. coli whole-cell-based biosensor harboring
plasmid a pSB406 or b pSB1075, indicating the selectivity of each sensor for short or long chain
AHLs (adapted from Kumari et al. [26]). ¢ Dose response curves of AI-2 generated in water
(black), 1:100 (v/v) diluted saliva (red), and 1:750 (w/v) stool (blue) with the V. harveyi BB170
sensor, indicating optimized sample dilutions for use with the sensor. d Saliva from IBD patients
(red) and healthy controls (blue) were then diluted and assayed with the sensor, n = 3 (adapted
from Raut et al. [30])
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present in the gut [28, 29]. If a correlation can be established between the health of
individuals and the levels of QSMs found in their samples, QSMs may develop into
a biomarker for IBD, as well as other bacterial disorders. Current studies in the
Daunert laboratory are in progress in which physiological samples from IBD
patients, as well as matched controls, are being analyzed for their QSM levels, in
order to investigate such correlation with disease status.

2.1.3 Hospital-Acquired Urinary Tract Infections (UTI)

Nosocomial infections (NI), commonly known as hospital-acquired infections,
include multiple types of fungal and bacterial infections that are aggravated by the
weakened resistance of patients. With P. aeruginosa known as a common link among
many types of NI, multiple groups have worked to characterize the AHL profile of
this microorganism during infection [31-33]. Gupta et al. examined the role of QSMs
for their ability to induce pro- and anti-inflammatory renal cytokines and inflam-
mation in an experimental urinary tract infection (UTI) model [34]. Their results
suggested that deficiency for production of QSMs in mutant strains of P. aeruginosa
resulted in non-stimulation of a pro-inflammatory response. Kumar et al. [31]
employed sensors pKDT17, A136, CV026, and pECP61.5 to detect a broad range of
AHLs: long-chain, both long- and short-chain, short-chain, and short-chain,
respectively. Analysis of P. aeruginosa isolates from catheter-associated UTI found
AHL molecules of varying types in all samples, indicating that the virulence factors
activated may vary between UTIs. These findings were verified in work by
Lakshmana Gowda et al. [33], who applied sensors pKDT17 and A136, not only to
UTI isolates, but to other nosocomial infection P. aeruginosa isolates as well.
However, work by Senturk et al. [32], which utilized sensors CV026 and VIR07 for
detection of short- and long-chain AHLs, respectively, revealed another side to
P. aeruginosa infection; although the diversity of AHLs seen previously was
detected in most UTI isolates, 7 % contained no detectable levels of AHLs. Sequence
analysis revealed mutations within genes crucial to the AHL pathway; lasl, lasR,
rhlR, and rhil. The authors hypothesized that these findings signify that
P. aeruginosa possess additional virulence pathways that are independent of AHLs.
Continued analysis of QSM levels in UTI isolates may help to elucidate the mech-
anism of P. aeruginosa infection, allowing for greater patient care and treatment.

2.1.4 Paper Strip Detection of Quorum-Sensing Molecules

The previously mentioned research on AHL detection has been focused on assays
performed in the laboratory, however, when developing sensors that may have
relevance for diagnostics or environmental detection, it is important to utilize a type
of sensor and detection method which can be portable, that is, applied in a bedside
or field kit. Whole-cell biosensors are ideal candidates due to their ability to
withstand a range of environmental conditions, requirement of minimal or no
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sample pretreatment, easy and rapid detection, and cost-effectiveness, to name a few
[35, 36]. Due to the prevalence of QS in the pathogenesis of bacteria-related dis-
orders, developing a fast, reliable, visual detection method for bacterial signaling
molecules is of great interest. Work has been done to sense AHLs visually without
instrumentation; however, these methods have shortcomings such as being
time-consuming and not allowing detection in a dose-dependent manner [37]. To
overcome these shortcomings, Struss et al. [38] designed a whole-cell biosensor
that was amenable to paper strip incorporation for the semi-quantitative detection of
bacterial quorum-signaling molecules. This whole-cell-based biosensor employed
E. coli cells harbouring plasmid pSD908, which detects long-chain AHLs and
contains the reporter gene lacZ, encoding P-galactosidase. B-galactosidase activity
can be determined using a variety of substrates and, depending on the chosen
substrate, detection of the analytical signal can be fluorescent, chemiluminescent,
electrochemical, or colorimetric [26]. The E. coli cells harboring plasmid pSD908
were immobilized on the filter-paper-based strips by suspending the cells in a
drying protectant solution and applying the suspension directly to filter-paper strips
to allow them to dry via a liquid-drying method. This approach was used to help in
the long-term preservation of cells. After the cells were dried on the filter-paper
strips, they could then be immersed in liquid samples for detection of AHLs. After
the sample immersion step, the strips were incubated in an 5-bromo-4-chloro-
3-indolyl-B-D-galactoside (X-gal) solution to develop a blue color. The intensity of
the blue color increased with an increasing concentration of AHL, thus allowing
semi-quantitative naked-eye evaluation (Fig. 4a). The paper strip sensor was
employed for detection of AHLs in saliva and AHL levels were found in both
healthy and diseased individuals (Fig. 4b), mirroring previous findings and proving
the paper strip sensor’s ability to detect AHLs in physiological samples. It is
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Fig. 4 a Dose-response data in buffer using filter-paper-based strips. The color intensity increases
with increasing concentration of AHL. b Detection of AHLs in healthy patients (/-5) and a patient
with Crohn’s Disease (6). Reproduced with copyright permission from Struss et al. [38]
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important to note that the assay was also performed at room temperature (RT),
which demonstrates the applicability of the system for point-of-care diagnostics and
field applications. Additionally, the paper strip sensors were found to be stable for
at least three months at 4 °C without loss of analytical characteristics. Thus con-
tinued work with this and other bacterial whole-cell-based biosensors may allow for
commercially available point-of-care and field tests for QSMs.

2.2 AI-2 Detection

In recent years, a group of molecules referred to as autoinducer-2 (AI-2) have been
found in both Gram-positive and Gram-negative bacteria [39]. This finding is of
great importance, as this indicates AI-2 molecules are used for interspecies com-
munication. The production of these molecules from their common precursor,
4,5-dihydroxy-2,3-pentanedione (DPD), is catalyzed by the LuxS enzyme. In the
organism V. harveyi, the AI-2 diffuses out of and into the cell and binds to a
periplasmic binding protein, LuxP. This binding event starts a cascade of
phosphorylation/dephosphorylation events and leads to the expression of luciferase
for the production of light [40].

2.2.1 Inflammatory Bowel Disease (IBD)

As mentioned previously, AHLs are currently being investigated as a potential
biomarker for IBD. As part of this research, Kumari et al. [26] and Raut et al. [30]
hypothesized that monitoring the QSMs in physiological samples over time can
give an idea of the amount of bacteria present, inflammation, and the progress of the
disease. Specifically, as part of determining QSM profiles in patients, the inter-
species communication molecule Al-2, which encompasses both Gram-negative
and Gram-positive bacteria, could prove an ideal non-invasive biomarker for gas-
trointestinal disease.

Vibrio harveyi strain BB170 has been genetically modified to respond only to
AI-2. Previously, this strain had only been used as a bioassay to screen cell cultures
and identify bacteria able to produce AI-2. Raut et al. [30] developed and optimized a
biosensing system based on V. harveyi BB170 and applied it for the quantitative
detection of AI-2 in saliva, stool, and intestinal samples from IBD patients (Fig. 3c, d).
As with their previous AHL research, a focus was placed on developing a
non-invasive assay that did not require extensive sample preparation or extraction.
With a similar process of simple centrifugation and dilution of samples in water, stool
and saliva samples could be assayed for AI-2. Stool samples from IBD patients were
then analyzed and found to exhibit considerably varied levels of AI-2. The authors
hypothesized that these variations may reflect perturbations in the microflora of the
inflamed intestines [41, 42]. AI-2 was also detectable in saliva samples from IBD
patients via the BB170 biosensor in nanomolar concentrations, which correlates well
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with the levels of AI-2 previously detected in human saliva via LC-MS/MS
(244-965 nM) [16]. Thus continued work with the universal signaling molecule AI-2
may help us better understand and diagnose IBD.

3 Quorum-Sensing Agonists and Antagonists

As our knowledge of QSMs and their potential roles as biomarkers of disease states
has expanded, interest has focused on molecules that interfere with the quorum-
sensing network, either by acting as agonists or antagonists [43]. By blocking or
mimicking the native quorum-sensing molecule’s signal, more insight can be
gained in the quorum-sensing molecular mechanism and it may be possible to
interfere effectively with QS and modify the behavior of bacteria. These studies
typically demonstrated that compounds analogous to the cognate quorum-sensing
molecule (i.e. having a lactone ring but varying tail lengths, oxidation states, or
saturation levels) induced weak to moderate gene expression [44]. Whole-cell
biosensors have proven to be valuable tools to elucidate effects of structurally
similar and dissimilar molecules on QS.

3.1 Antibiotics

Antibiotics are employed all over the world for the treatment and prevention of
bacterial infection, however, their mechanisms of action are not fully elucidated. To
this end, researchers have investigated the effects of antibiotics on QS pathways.
Previous reports demonstrate that the antibiotic azithromycin was able to interfere
with the regulation of the quorum-sensing network of P. aeruginosa, inhibiting
virulence factors and biofilm formation [45]. These studies, however, only inves-
tigated the behavior changes of the native cells, such as motility and biofilm for-
mation, but did little to investigate the mechanism of action of the antibiotic on the
quorum-sensing system. To better understand how antibiotics are able to interact
with the quorum-sensing network and screen for antibiotics that are able to interfere
with QS, Struss et al. employed E. coli whole-cell biosensors harboring plasmids
pSB406 and pSB1075 for the detection of short- and long-chain AHLs, respectively
[26, 46]. The authors investigated three antibiotics that were commonly used in the
treatment of IBD: ciprofloxacin, metronidazole, and tinidazole. Azithromycin was
used as a control, in addition to exogenous AHL addition, as it has previously been
shown to act as a quorum-sensing agonist/antagonist [47—49].

As expected, azithromycin was able to induce a dose-dependent response in both
the pSB406- and pSB1075-based whole-cell sensors. Furthermore, this response
occurred in both the presence and absence of exogenous cognate AHL. The
antibiotics tested were also able to activate the systems in both whole-cell sensors,
both in the presence and absence of the cognate AHL; however, the similarly
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structured tinidazole and metronidazole activated the pSB1075 sensor to a greater
extent than the pSB406 system. It is important to note that when the authors
performed the studies with the whole-cell biosensor, they normalized all of the
results to cell viability. This was to ensure that the changes observed were due to
the interaction of the compound with the regulatory protein and not other inter-
actions with the other components in the cells or due to a decrease in signal due to a
decrease in the number of live cells. Another important result to note is that the
concentrations of antibiotic that initiated an agonistic response were clinically
relevant and included the peak plasma concentrations of the antibiotics.

The authors point out that their results are in contrast to previous studies reported
for ciprofloxacin [50]. However, the previous studies were performed in
P. aeruginosa PAOLI cells whereas the current study was performed using E. coli
cells. This is an important demonstration of how whole-cell biosensors can allow
studying the effects of molecules on a specific protein/promoter system, and in the
native cells the effect could be due to other cell components. This was proven by a
study showing that azithromycin did not directly affect the expression of QS-related
genes, but decreased AHL production by lowering expression of genes upstream to
the synthase ones [45].

Whole-cell biosensors are powerful tools, specifically for quorum-sensing reg-
ulatory proteins that are difficult to purify and elucidate the structure. The ligand
binding domain (LBD) of LasR was isolated and a crystal structure was solved [51].
A study was performed to screen antibiotics for inhibitory QS activity. Specifically,
azithromycin and ciprofloxacin were docked against the LBD of LasR. It was
shown that these antibiotics do not bind to the AHL binding site of LasR but rather
to a different site [50]. By using a whole-cell biosensor, it was shown that although
these molecules may not be binding to the LBD, they still bind in such a way that
they can cause a conformational change and allow for LasR binding to its promoter
region.

4 Conclusions and Future Perspectives

QS is communication between bacteria that allows for the regulation of genes
which control certain behaviors such as formation of biofilms, expression of vir-
ulence factors, allows for mobility, and bioluminescence, to name a few. This
intricate network of cellular communication is dictated by signaling molecules and
their associated regulatory proteins. Although there have been continued efforts to
develop QSM sensors using regulatory proteins [52], due to the difficulty to express
and purify these regulatory proteins, whole-cell biosensors are important to assist in
the understanding of the mechanism of QS. Many QS bacteria are implicated in
diseases, therefore the studies we have discussed in this chapter have been per-
formed to understand the QS and how it is involved in the disease state. Diagnosis
and treatment of a disease are paramount, however, there are instances that could
potentially be prevented altogether with proper methods of detection: annually,
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approximately 48 million people in the United States experience a foodborne ill-
ness, resulting in approximately 3000 deaths and an annual cost of illness estimated
between US$51-77 billion [53]. Many of the agents involved in causing food borne
illness are bacteria [54], with multiple studies having linked QSMs to food spoilage
and activation of virulence factors [55]. By focusing on development and opti-
mization of bacterial whole-cell-based biosensing systems for QSMs in foods, it
may prove possible to prevent many cases of illness, as well as provide better
diagnosis and treatment of severe cases.

Interspecies communication is a growing field of investigation as it plays an
important role in large microbial communities. Work has been completed to detect
AHLs in ecosystems where a range of bacteria would be present, such as in soil and
the rhizosphere [56, 57]. As previously described, certain autoinducer molecules,
such as AI-2, are used for interspecies communication. However, continued
investigation of QSMs and QS networks is necessary as some organisms such as
Salmonella, Shigella and E. coli cannot synthesize their own AHLs, yet these
bacteria are able to communicate with other bacteria. It is hypothesized that this
communication is facilitated via a receptor-like protein (SdiA) with amino acid
sequences that are homologous to LuxR-type activators [58, 59]. The strain of
E. coli, EHEC, which results in acute hemorrhagic diarrhea and can cause hemo-
Iytic uremic syndrome, appears to produce a thus far unidentified autoinducer
termed AI-3. Clarke et al. identified the E. coli protein QseC that directly binds both
AI-3 and epinephrine/norepinephrine [60]. This was one of the first studies
demonstrating that mammalian signaling hormones can be detected by bacteria.
AI-3 is thought to activate genes that are involved in intestinal colonization. Other
organisms that produce AI-3 are Shigella, Salmonella, Klebsiella, Enterobacter and
Citrobacter. Little is known about how these molecules interact with various
quorum-sensing systems, thus whole-cell biosensors could lend insight about which
regulatory proteins are important for this interspecies communication and the
mechanism of action of these molecules.

Furthermore, QS has been implicated in interkingdom communication. In a novel
3-D co-culture model of epithelial cells and immune cells (monocytes/macrophages)
it could be shown that the epithelial cells degrade the P. aeruginosa QSM
3-0x0-C12-HSL. This protective effect by the epithelial cells is thought to be caused
through enzymatic degradation of these QSMs by the epithelial cells [61]. This study
demonstrated that QSMs are sensed not only by bacteria, but also by eukaryocytes.
Additionally, QSMs have been shown to cause an inflammatory response [8], which
make them an attractive target for therapeutic interventions. Thus by continuing to
employ bacterial whole-cell-based biosensors, research may be able to elucidate
further how our bodies interact with our biome and affect disease.

Research employing bacterial whole-cell biosensors has proved great insight into
the quorum-sensing mechanism. With these tools, it is possible to evaluate mole-
cules and determine which chemical characteristics are important to agonize or
antagonize quorum-sensing systems. This information will strongly impact the
future of treatment for many of the diseases where QS is implicated, as well as
broaden our knowledge of bacterial communication.
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