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XI

Preface

Bioluminescence is a spectacular natural phenomenon where light is emitted 
from a living organism due to an internal biochemical reaction. Perhaps, the most 
well-known case of bioluminescence involves the “fl ashes of light” that we observe 
on summer nights emitted by the different species of terrestrial fi refl ies. While 
this may be the most common avenue of initial exposure to bioluminescence 
for millions of people, bioluminescence is even more prevalent in a variety of 
organisms that inhabit our seas and oceans. In the early 1960s, the discovery of two 
proteins, namely, aequorin and green fl uorescent protein (GFP) from the jellyfi sh 
Aequorea victoria, by Shimomura and co-workers opened a new era in the study 
of bioluminescence. Specifi cally, this discovery spurred the interest of scientists 
to focus on the marine world, where bioluminescence is truly abundant; sunlight 
cannot penetrate effi ciently in the deep oceans, and therefore, bioluminescence 
becomes a major source of illumination. This emission of light aids marine 
organisms in mating, fetching food, and scaring predators, among other functions. 
The quest for the identifi cation of new marine bioluminescent organisms and 
for the understanding of the nature of their bioluminescence continues and is 
beautifully described and illustrated in our book in Chapter 2. There is no question 
that with the discovery of aequorin, and, later on, of the green fl uorescent protein, 
GFP, Dr. Osamu Shimomura re-invigorated the fi eld of bioluminescence. Dr. 
Shimomura reviews the history and properties of aequorin in Chapter 1. 

Although bioluminescence is common in nature, only a few photoproteins 
have been isolated and characterized. Certain properties of photoproteins such 
as superior detection sensitivity, hazard-free handling, lack of cellular toxicity, 
and low background noise have positioned them as an excellent alternative ana-
lytical reagents to radiolabels. The cloning and recombinant production of these 
proteins has provided a major thrust for their applications in a variety of fi elds. 
These applications encompass the fi elds of biochemical, analytical, medical, and 
environmental science, as well as drug discovery and diagnostics. Among the pro-
teins isolated from bioluminescent organisms, GFP and luciferases have become 
important tools in molecular and cell biology, whereas aequorin has proven to be 
an excellent label for analytical assays and intracellular calcium measurements. It 
is diffi cult to compile the enormous amount of work performed with these three 
proteins and others like obelin in a single book. Hence, we have narrowed the 
focus of our book to mainly the applications of photoproteins in bioanalysis.
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XII Preface

The choice of contributed material in this book covers a variety of topics 
related to photoproteins. The book begins with a chapter narrating the discovery 
of photoproteins and their properties. The subsequent chapters discuss the 
phylogenetic tree of bioluminescent organisms, novel luciferases, and their 
applications in biotechnology. The sections following these chapters cover 
applications of photoproteins in bioanalysis including protein-protein interactions, 
nucleic acid analysis, bioluminescence resonance energy transfer assays, in vivo 
imaging, biomedical assays, whole cell sensing, and binding assays. The book also 
discusses the applications of photoproteins in advances in instrumentation, as 
well as their incorporation into micro-total analysis systems (μ-TAS). Commercial 
sources and description of photoproteins and their substrates compiled in a 
tabular format should serve as a quick, easy-to-use guide for readers interested 
in working with these proteins.

The aim of this book is to provide the readers with an overview of the current 
state-of-the-art in photoprotein-based bioanalysis, as well as to encourage a growing 
number of investigators interested in photoproteins to explore new avenues of 
research. In that regard, it was our goal to make the content of this book stimulating 
to a broader scientifi c community.

With advances in biotechnology, the creation of designer proteins with un-
precedented properties is easier than ever before. Photoproteins will continue to 
provide an excellent scaffold for “tailor-made” proteins with applications in a variety 
of research fi elds. As bio-nanotechnology and nanoscale analysis become more 
prevalent, the demand will increase to develop techniques with high sensitivity 
that can detect biomolecules in biological and environmental samples. High 
throughput and multi-analyte detection will play an increasingly important role, 
as well. Photoproteins have a great potential to be a solution to this new challenge 
given their low detection limits and virtual lack of background interferences, 
along with their ability to supply a “palette of colors” that can be employed in 
parallel analysis. Moreover, as we voyage to uncharted regions of our oceans and 
rainforests, the relevance of photoproteins will be enhanced by the discovery of 
new proteins with unique and unknown properties.

Finally, we should mention that photoprotein research has been a focal point of 
work in our laboratories since 1994, and that this topic of study has always been 
rewarding and stimulating. Therefore, we are delighted to have the opportunity 
to assemble the work of outstanding scientists in the fi elds of photoproteins and 
bioanalysis for our book. In that regard, it is important to emphasize that com-
pletion of this book would not have been possible without the contribution from all 
of the authors and the support from our publisher, Wiley-VCH. We would like to 
extend our most sincere gratitude and appreciation to all of them, as well as to the 
granting agencies that support our work, namely the National Science Foundation, 
the National Institutes of Health, the National Institute of Environmental Health 
Sciences, and the National Aeronautics and Space Administration.

Sylvia Daunert, Lexington, June 2006
Sapna K. Deo, Indianapolis, June 2006
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1

1 

The Photoproteins

Osamu Shimomura

1.1 

Discovery of Photoprotein

In 1961, we found an unusual bioluminescent protein in the jellyfi sh Aequorea and 
named it “aequorin” after its genus name (Shimomura et al. 1962). The protein 
had the ability to emit light in aqueous solutions merely by the addition of a trace 
of Ca2+. Surprisingly, it luminesced even in the absence of oxygen. After some 
studies, we discovered that the light is emitted by an intramolecular reaction 
that takes place inside the protein molecule, and that the total light emitted is 
proportional to the amount of protein luminesced. At that time, we simply thought 
that aequorin was an exceptional protein accidentally made in nature.

In 1966, however, we found another unusual bioluminescent protein in the 
parchment tubeworm Chaetopterus (Shimomura and Johnson 1966). This protein 
emitted light when a peroxide and a trace of Fe2+ were added in the presence 
of oxygen, without the participation of any enzyme. The total light emitted was 
again proportional to the amount of the protein used. These two examples were 
clearly out of place in the classic concept of the luciferin–luciferase reaction of 
bioluminescence, wherein luciferin is customarily a relatively heat stable, diffusible 
organic substrate and luciferase is an enzyme that catalyzes the luminescent 
oxidation of a luciferin.

Considering the possible existence of many similar bioluminescent proteins 
in luminous organisms, we have introduced the new term “photoprotein” as a 
convenient, general term to designate unusual bioluminescent proteins such as 
aequorin and the Chaetopterus bioluminescent protein (Shimomura and Johnson 
1966). Thus, “photoprotein” is a general term for the bioluminescent proteins 
that occur in the light organs of luminous organisms as the major luminescent 
component and are capable of emitting light in proportion to the amount of 
protein (Shimomura 1985). The proportionality of the light emission makes a 
clear distinction between a photoprotein and a luciferase. In a luciferin–luciferase 
luminescence reaction, the total amount of light emitted is proportional to the 
amount of luciferin, not to the amount of luciferase. If a luciferin is a protein, 
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1  The Photoproteins2

Table 1.1  Photoproteins that have been isolated.

Source Name Mr Requirements 

for luminescence

Luminescence 

maximum (nm)

Protozoa

Thalassicola sp.a) Thalassicolin Ca2+ 440

Coelenterata

Aequorea aequoreab) Aequorin   21 500 Ca2+ 465

Halistaura sp.c) Halistaurin Ca2+ 470

Phialidium gregarium Phialidind), 
clytine)

  23 000
  21 600 

Ca2+

Ca2+
474

Obelia geniculata

Obelia geniculata

Obelia longissima

Obelin
Obelin
Obelin

  21 000f )

  21 000
  22 200g)

Ca2+ 475h)

485i)

495i)

Ctenophora

Mnemiopsis sp.j) Mnemiopsin-1
Mnemiopsin-2

  24 000
  27 500

Ca2+

Ca2+
485
485

Beroe ovataj) Berovin   25 000 Ca2+ 485

Annelida

Chaetopterus

variopedatusk)
120 000
184 000

Fe2+, hydro-
peroxide, and O2

455

Hamothoe lunulatal) Polynoidin 500 000 Fe2+, H2O2, 
and O2

510

Mollusca

Pholas dactylusm) Pholasin   34 600 Peroxidase or 
Fe2+, plus O2

490

Symplectoteuthis 

oualaniensisn)
Symplectin   60 000 Alkaline pH? 

and O2

470o)

Symplectoteuthis

luminosap)
  50 000 Catalase, 

H2O2, and O2

Diplopoda

Luminodesmus sequoiaq)   60 000 ATP, Mg2+, 
and O2

496

Echinodermata

Ophiopsila californicar)   45 000 H2O2 482

a) Campbell et al. 1981 j) Ward and Seliger 1974
b) Shimomora 1986b k) Shimomura and Johnson 1969
c) Shimomura et al. 1963 l) Nicolas et al. 1982
d) Levine and Ward 1982 m) Michelson 1978
e) Inouye and Tsuji 1993 n) Fujii et al. 2002
f ) Stephanson and Sutherland 1981 o) Tsuji et al. 1981
g) Illarionov et al. 1995 p) Shimomura unpublished
h) Morin and Hastings 1971 q) Shimomura 1981, 1984
i) Markova et al. 2002 r) Shimomura 1986a
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31.2  Various Types of Photoproteins Presently Known

the luciferin is a photoprotein, regardless of the existence or nonexistence of a 
specifi c luciferase.

A photoprotein could be an extraordinarily stable form of enzyme–substrate 
complex, more stable than its dissociated forms, an enzyme and a substrate. 
Because of its high stability, a photoprotein, rather than its dissociated forms, 
occurs as the primary light-emitting component in the light organs. For example, 
the light organs of the jellyfi sh Aequorea contain aequorin, which is highly stable 
in the absence of Ca2+, but its components coelenterazine and apoaequorin, both 
unstable, are hardly detectable in any part of the jellyfi sh. In the cells of luminous 
bacteria, the bacterial luciferase forms an intermediate by reacting with FMNH2 
and O2, and this intermediate emits light when a fatty aldehyde is added (Hastings 
and Gibson 1963; Hastings and Nealson 1977). However, this intermediate is 
unstable and short-lived; thus, it does not fi t the defi nition of photoprotein.

Presently, there are about 30 different types of bioluminescent systems for 
which substantial biochemical knowledge is available. About half of these types 
involve a photoprotein (Table 1.1). These photoproteins include the Ca2+-sensitive 
type from various coelenterates (aequorin, obelin, etc.); the superoxide-activation 
types from a scale worm (polynoidin) and the clam Pholas (pholasin); the H2O2-
activation type from a brittle star (Ophiopsila); and the ATP-activation type from a 
Sequoia millipede (Luminodesmus). For analytical applications, the photoproteins 
of the Ca2+-sensitive type and the superoxide-sensitive type (pholasin) have been 
utilized, and the photoprotein aequorin has been in extensive use in various 
biological studies for the past 35 years. Each of the various photoproteins are 
briefl y described in the next section, followed by a discussion on the extraction 
and purifi cation of photoproteins and a more detailed account on the photoprotein 
aequorin.

1.2 

Various Types of Photoproteins Presently Known

1.2.1 

Radiolarian (Protozoa) Photoproteins

A Ca2+-sensitive photoprotein that resembles coelenterate photoproteins was 
isolated from the radiolarian Thalassicola sp., but its properties were not investi-
gated in detail (Campbell et al. 1981). It is of interest as the only known example 
of a Ca2+-sensitive photoprotein other than the coelenterate photoproteins.

1.2.2 

Coelenterate Photoproteins

Several kinds of photoprotein, including aequorin and obelin, were isolated from 
hydrozoan jellyfi shes and hydroids. All of them emit blue light when Ca2+ is added, 
regardless of the presence or absence of oxygen. The coelenterate photoproteins 
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1  The Photoproteins4

are suitable for use in the detection and measurement of trace amounts of Ca2+, 
and aequorin has been widely used in the studies of Ca2+ in various biological 
systems, including single cells (Blinks et al. 1976; Ashley and Campbell 1979). 
The overwhelming popularity of this type of photoprotein compared with the 
other types sometimes leads to the misconception that the photoproteins are 
Ca2+-sensitive bioluminescent proteins.

Detailed studies have been made with only three kinds of photoproteins: 
aequorin obtained from Aequorea, obelin obtained from Obelia, and phialidin 
(clytin) obtained from Phialidium. Aequorin was isolated from Aequorea aequorea 
by Shimomura et al. (1962), and its purifi cation was described in several papers 
(Shimomura and Johnson 1969, 1976; Blinks et al. 1978). The recombinant 
form of aequorin has been made (Inouye et al. 1985, 1986; Prasher et al. 1985, 
1987). Obelin was isolated from Obelia geniculata (Campbell 1974) and also from 
O. australis and O. geniculata (Stephenson and Sutherland 1981). Its recombinant 
form was prepared by Illarionov et al. (2000). Phialidin was isolated from 
Phialidium gregarium by Levine and Ward (1982) and was cloned by Inouye and 
Tsuji (1993); the recombinant protein was named clytin.

All coelenterate photoproteins have a molecular weight close to 20 000. The 
concentrated solutions of purifi ed photoproteins are slightly yellowish (weak 
absorption at about 460 nm) and non-fl uorescent except for ordinary protein 
fl uorescence. After Ca2+-triggered luminescence, the solutions turn colorless and 
become fl uorescent in blue (emission max 460 nm). The intensity of the blue 
fl uorescence is dependent on the concentrations of the spent protein and Ca2+; 
however, the fl uorescence intensity is not proportional to the concentration of 
the protein (Morise et al. 1974). In the case of aequorin, the emission spectrum 
of blue fl uorescence is almost superimposable on the emission spectrum of 
Ca2+-triggered luminescence, suggesting that the blue fl uorescent chromophore 
formed in the luminescence reaction is probably the light emitter (Shimomura 
and Johnson 1970).

As a Ca2+ indicator, aequorin is useful at a concentration range of Ca2+ between 
10–7.5 M and 10–4.5 M (Blinks et al. 1978), whereas obelin is useful at a range be-
tween 10–6.5 M and 10–3.5 M under similar conditions (Stephenson and Sutherland 
1981). The Ca2+ sensitivity of phialidin is about equal to that of obelin (Shimomura 
and Shimomura 1985). It should be noted here that the Ca2+ sensitivity and certain 
other properties of aequorin, and probably of all coelenterate photoproteins, can 
be modifi ed by replacing the coelenterazine moiety of the photoprotein with its 
analogues (explained later).

The chemistry of the bioluminescence reaction of aequorin has been elucidated 
in considerable detail and will be described later in this chapter. The reaction 
mecha nisms of all hydrozoan photoproteins are believed to be essentially identical 
with that of aequorin. However, the luminescence reaction differs in luminous 
antho zoans, which are taxonomically closely related to hydrozoan. The luminous 
species of anthozoans contain a luciferin (coelenterazine) and a species-specifi c 
luci ferase instead of a photoprotein, although the presence of a small amount 
of Ca2+-sensitive photoprotein is suspected in some species, such as the sea 
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pen Ptilosarcus gurneyi and the sea cactus Cavernularia obesa (Shimomura and 
Johnson 1979b).

Spent aequorin that has been luminesced with Ca2+ can be regenerated into 
the active original form by incubation with coelenterazine in the presence of O2 
and a low concentration of 2-mercaptoethanol (Shimomura and Johnson 1975a). 
The regenerated aequorin is indistinguishable from the original aequorin in every 
aspect of its properties. The yield of the regeneration is practically 100% when the 
protein concentration is over 0.1 mg mL–1 (Shimomura and Shimomura 1981). 
Thus, a sample of aequorin can be luminesced and recharged repeatedly. The 
regeneration of spent photoprotein takes place also with obelin (Campbell et al. 
1981), as well as with halistaurin and phialidin (unpublished results).

1.2.3 

Ctenophore Photoproteins

The photoproteins mnemiopsin and berovin were isolated from Mnemiopsis sp. 
and Beroe lovata, respectively (Ward and Seliger 1974). They are Ca2+-sensitive 
photo proteins that are similar to aequorin, except that these photoproteins are 
photo sensitive. The absorption maximum of mnemiopsin-2 is 435 nm, which is 
about 20 nm shorter than that of aequorin. The photosensitivity of ctenophore 
photoproteins is strikingly different from that of aequorin. Mnemiopsin and 
berovin are extremely sensitive to light (Hastings and Morin 1968), being easily 
inactivated by a broad spectral range of light (wavelength 230–570 nm) (Ward 
and Seliger 1976). Aequorin and other hydrozoan photoproteins are not affected 
by light.

Photoinactivated mnemiopsin, as well as spent mnemiopsin after Ca2+-trig-
gered luminescence, can be regenerated into its active form by incubation with 
coelenterazine in the presence of oxygen, like aequorin; however, the regeneration 
takes place only at a narrow pH range around 9.0 (Anctil and Shimomura 
1984).

1.2.4 

Pholasin (Pholas Luciferin)

The boring clam Pholas dactylus is historically important in the fi eld of biolumi-
nescence because it was one of the two luminous species with which Dubois fi rst 
demonstrated luciferin–luciferase luminescence in 1887. Thus, the luminescence 
of Pholas was originally considered to be a luciferin–luciferase reaction involving 
Pholas luciferin and Pholas luciferase. However, Pholas luciferin is a glycoprotein 
with a molecular weight of 34 600 (Henry et al. 1973a, 1973b; Michelson 1978). 
Therefore, it is appropriate to call this luciferin a photoprotein. The name 
“pholasin” was fi rst used by Roberts et al. (1987).

The ultraviolet absorption spectrum of pholasin shows a bulge at about 325 nm, 
in addition to the protein peak at 280 nm. Pholasin emits light ( max 490 nm) in 
the presence of various substances such as Pholas luciferase, ferrous ions, H2O2, 

1.2  Various Types of Photoproteins Presently Known
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1  The Photoproteins6

peroxidase, superoxide anions, hypochlorite, and certain  other oxidants, all in 
the presence of molecular oxygen (Henry and Michelson 1970; Henry et al. 1970, 
1973a, 1973b; Müller and Campbell 1990). Thus, Pholas luciferase is clearly not 
an essential component for the luminescence of pholasin. The luminescence 
reaction of pholasin with Pholas luciferase is optimum at pH 8–9 and at an ionic 
strength of about 0.5 M, giving a quantum yield of 0.09 for pholasin (Michelson 
1978). According to Reichl et al. (2000), the addition of horseradish peroxidase 
compounds I and II to pholasin induces an intense luminescence. Moreover, the 
addition of H2O2 to a mixture of myeloperoxidase and pholasin gives an intense 
burst of light. The chromophore of pholasin is still not chemically identifi ed.

The cloning and expression of apopholasin was achieved by Dunstan et al. 
(2000), but attempts to reconstitute the recombinant apopholasin into pholasin 
by the addition of an acidic methanol extract of Pholas failed, although the 
mixture gave luminescence by the addition of sodium hypochlorite. Pholasin 
is commercially available from Knight Scientifi c, Plymouth, UK. The main 
application of pholasin is the measurement of oxygen radicals.

1.2.5 

Chaetopterus Photoprotein

The photoprotein of the parchment tubeworm Chaetopterus variopedatus purifi ed 
by chromatography has a molecular mass of approx. 120–130 kDa (Shimomura 
and Johnson 1966, 1968). The protein is amorphous when precipitated with 
ammonium sulfate, but it can be converted into a crystalline form with an increased 
molecular mass of 184 kDa by slow crystallization with ammonium sulfate. The 
photoprotein emits light in the presence of Fe2+, a peroxide, and molecular oxygen. 
As a peroxide, H2O2 can be used, but an unidentifi ed hydroperoxide existing in 
old dioxane or tetrahydrofuran was far more effective. Two kinds of additional 
activators were found to give brighter luminescence, but they were not identifi ed. 
The light emission of this photoprotein is strongly affected by the pH of the 
medium, showing a peak at pH 7.7 with a sharp decrease at both sides (50% 
decreases at pH 6.5 and pH 8.3); the light intensity is not signifi cantly infl uenced 
by the salt concentration up to 1 M when tested with NaCl. The optimum 
temperature for the luminescence intensity is 22 C. With this photoprotein, a 
concentration of Fe2+ as low as 0.1 M can be detected.

The purifi ed photoprotein is practically colorless, and its absorption spectrum 
shows, in addition to the 280-nm protein absorption peak, a very slight absorption 
in the region of 330–380 nm, although its signifi cance is unclear. A solution of 
the photoprotein is moderately blue fl uorescent, with a fl uorescence emission 
maximum at 453–455 nm and an excitation maximum at 375 nm, and these peaks 
do not signifi cantly change after the luminescence reaction. The luminescence 
spectrum of purifi ed photoprotein ( max 453–455 nm) closely matched with the 
fl uorescence emission spectrum.
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1.2.6 

Polynoidin

A membrane photoprotein isolated from the scales of the scale worm Harmothoe 

lunulata was named “polynoidin” (Nicolas et al. 1982). The purifi ed photoprotein 
(Mr 500 000) emits light in the presence of molecular oxygen ( max 510 nm) by 
the action of sodium hydrosulfi te, the xanthine–xanthine oxidase system, Fenton’s 
reagent (H2O2 plus Fe2+), or other reagents that produce superoxide radicals. The 
photoprotein luminescence was 30% brighter in phosphate buffer than in Tris 
buffer, and the luminescence response was signifi cantly increased by including 
a complexing agent such as EGTA. However, the injection of polynoidin solution 
into the mixture of H2O2 and Fe2+ failed to produce light; Fe2+ must be added last 
to initiate light emission.

The photoprotein is not fl uorescent (except for usual protein fl uorescence) after 
the bioluminescence reaction or before the reaction. The requirements for its 
luminescence reaction are similar to that of the bioluminescence systems of Pholas 

and Chaetopterus, suggesting the involvement of a common basic mechanism in 
these luminescence systems.

1.2.7 

Symplectin

The luminescent substance of the squid Symplectoteuthis oualaniensis was fi rst 
obtained in the form of insoluble particles by Tsuji et al. (1981). The suspension 
of the particles emitted light in the presence of monovalent cations such as K+, 
Rb+, Na+, Cs+, NH4

+, and Li+ (in decreasing order of effect). Molecular oxygen was 
needed for the luminescence. Divalent ions such as Ca2+ and Mg2+ did not trigger 
light emission. The light emission ( max 470 nm) was optimal in the presence of 
0.6 M KCl or NaCl and at a pH of 7.8.

The soluble form of the Symplectoteuthis photoprotein was isolated and purifi ed 
from the granular light organs of the squid and was named “symplectin” (Takahashi 
and Isobe 1994; Fujii et al 2002). The light organs were fi rst extracted with a pH 6 
buffer containing 0.4 M KCl to remove impurities, and then symplectin was 
extracted from the residue with a pH 6 buffer containing 0.6 M KCl. All solutions 
used in the experiments contained 0.25 M sucrose, 1 mM dithiothreitol, and 1 mM 
EDTA. The 0.6 M KCl extract was chromatographed by size-exclusion HPLC on 
a TSK G3000SW column. Symplectin was eluted as two major components of 
oligomers, having molecular masses of 200 kDa or more, and a minor component 
of monomer (60 kDa). All processes of extraction and purifi cation were carried 
out at 4 C. Warming up a solution of symplectin, adjusted to pH 8, to room 
temperature causes the luminescence reaction to begin, and the light emission 
lasts for hours.

A tryptic digestion of the KCl extract increased the content of the 60-kDa 
species at the expense of the two high-molecular-weight species, accompanied 
by the formation of 40-kDa and 16-kDa species. SDS-PAGE analysis of the two 

1.2  Various Types of Photoproteins Presently Known
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1  The Photoproteins8

high-molecular-weight oligomers revealed that they consist mainly of the 60-
kDa protein. The 60-kDa protein and the 40-kDa protein were fl uorescent in 
the SDS-PAGE analysis. The spent protein of symplectin after luminescence 
(aposymplectin) could be reconstituted into original symplectin by treatment with 
dehydrocoelenterazine (Isobe et al. 2002).

1.2.8 

Luminodesmus Photoprotein

This is presently the only example of a photoprotein of terrestrial origin. The 
millipede Luminodesmus sequoia (Loomis and Davenport 1951) emits light from the 
surface of its whole body continuously day and night. The photoprotein extracted 
and purifi ed from this organism emits light ( max 496 nm) when ATP and Mg2+ 
are added in the presence of molecular oxygen (Hastings and Davenport 1957; 
Shimomura 1981). Thus, the luminescence system of Luminodesmus resembles 
that of the fi refl ies in that it requires ATP and Mg2+, but it differs in that it needs 
only the photoprotein rather than the luciferin and luciferase required in the 
fi refl y system. The molecular weight of the photoprotein is 104 000, which is 
close to the molecular weight of fi refl y luciferase reported earlier (100 000) but 
larger than its newer value (62 000; Wood et al. 1984). Although it was suspected 
that the photoprotein might be a complex of a fi refl y-type luciferase and fi refl y 
luciferin, fi refl y luciferin itself was not detected in this photoprotein. Recently, 
the possible presence of a porphyrin chromophore in the photoprotein has been 
suggested, although the role of this chromophore in the light-emitting reaction 
is unclear (Shimomura 1984). Using the luminescence system of Luminodesmus, 
0.01 M ATP and 1 M Mg2+ can be detected.

1.2.9 

Ophiopsila Photoprotein

The brittle star Ophiopsila californica is abundant around Catalina Island, off 
the coast of Los Angeles (Shimomura 1986a). An animal of average size weighs 
about 3–4 g, and has fi ve arms of about 10 cm long. The purifi ed photoprotein 
luminesces in the presence of H2O2, emitting a greenish-blue light ( max 482 
nm). Molecular oxygen is probably not needed for the luminescence reaction. The 
molecular weight of Ophiopsila photoprotein is estimated to be about 45 000 by 
gel fi ltration. The absorption spectrum of a solution of the photoprotein showed 
a small peak ( max 423 nm, with a shoulder at about 450 nm) in addition to the 
280-nm protein peak. The 423-nm peak decreased slightly through the H2O2-
triggered luminescence reaction, accompanied by a slight red shift of the peak. The 
photoprotein was fl uorescent in greenish-blue (emission max 482 nm; excitation 

max 437 nm), and the fl uorescence emission spectrum exactly coincided with the 
luminescence spectrum of photoprotein in the presence of H2O2, suggesting the 
possibility that the fl uorescent chromophore might be the light emitter. However, 
the fl uorescence emission of the photoprotein did not show any detectable change 
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after the H2O2-triggered luminescence reaction; an anticipated increase in the 
482-nm fl uorescence did not occur.

1.3 

Basic Strategy of Extracting and Purifying Photoproteins

Photoproteins are usually highly reactive, unstable substances, like luciferins. 
Their luminescence activities are easily lost by spontaneous light emission and 
various other causes. In isolating active photoproteins, it is extremely important 
to pay special attention to prevent the loss of the luminescence activity. Compared 
with the isolation of luciferins, however, techniques available for isolating 
photoproteins are somewhat limited because of their protein nature.

The basic principle is to extract a photoprotein in an aqueous solution and purify 
the photoprotein by various means of protein purifi cation, all under conditions 
that prevent the luminescence and denaturation of the protein molecules. Thus, 
the luminescence system must be reversibly inhibited during the extraction 
and purifi cation of a photoprotein. The method of reversible inhibition differs 
depending on the nature and cofactor requirement of the system to be isolated. For 
example, the calcium chelator EDTA or EGTA is used to inhibit the luminescence 
of the Ca2+-sensitive photoproteins of coelenterates and ctenophores such as 
aequorin, obelin, and mnemiopsin (Shimomura et al.,1962; Campbell 1974; 
Hastings and Morin 1968; Ward and Seliger 1974). Before the discovery of the Ca2+ 

requirement, however, aequorin was extracted with a pH 4 buffer that reversibly 
inactivated the photoprotein (Shimomura et al. 1962; Shimomura 1995c). In 
the case of the luminescence systems of Chaetopterus and Pholas, the metal ion 
inhibitors 8-hydroxyquinoline and diethyldithiocarbamate, respectively, were used 
(Shimomura and Johnson 1966; Henry and Monny 1977).

The ionic strength and the pH of buffers are also important, and these conditions 
should be chosen to optimize the yield of active photoprotein. The use of acidic 
buffers, pH 5.6–5.8, was effective in suppressing spontaneous luminescence 
during the extraction of the photoproteins of euphausiids and Luminodesmus 

(Shimomura and Johnson 1967; Shimomura 1981). In the case of the membrane 
photoprotein polynoidin and the squid photoprotein symplectin, easily soluble 
impurities were all washed out and the substances that cause the luminescence 
of the photoprotein are completely removed before the solubilization of the 
photoproteins; thus, inhibitors were not needed (Nicolas et al. 1982; Fujii et al. 
2002).

1.3  Basic Strategy of Extracting and Purifying Photoproteins
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1  The Photoproteins10

1.4 

The Photoprotein Aequorin

1.4.1 

Extraction and Purifi cation of Aequorin

Aequorin is the best-known photoprotein and has been used widely in various 
applications. The fi rst step in the extraction of aequorin from the jellyfi sh Aequorea 
(average body weight 50 g) is to cut off the circumferential margin of umbrella 
that contains light organs, making about 2-mm-wide strips commonly called 
“rings”. This process is important because it eliminates about 99% of unnecessary 
body parts that do not contain aequorin. The rings can be made effi ciently by 
using specially made cutting devices (Johnson and Shimomura 1978; Blinks 
et al. 1978) or, much less effi ciently, with scissors. The rings (about 0.5 g each) 
containing light organs are kept in cold seawater. Then, about 500 rings are shaken 
vigorously by hand with cold, saturated ammonium sulfate solution containing 
50 mM EDTA (Johnson and Shimomura 1972) or with cold seawater (Blinks et al. 
1978) to dislodge the particles of light organs from the rings. Then, the rings are 
removed by fi ltering through a net of Dacron or Nylon (50–100 mesh), and the light 
organ particles suspended in the fi ltrate are collected by fi ltration on a Büchner 
funnel with the aid of some Celite. The light organ particles in the fi lter cake 
are cytolyzed and the aequorin therein is extracted by shaking with cold 50 mM 
EDTA (pH 6.5). After fi ltration, crude aequorin is precipitated by saturation with 
ammonium sulfate.

Of the two methods of shaking the rings mentioned above, using seawater 
results in much cleaner crude extracts, with a little less yield, than are obtainable 
by shaking in saturated ammonium sulfate containing EDTA. On the other hand, 
saturated ammonium sulfate strongly inhibits the luminescence response of the 
photogenic particles to mechanical stimulation such as shaking and stirring, and 
it also salts out and stabilizes aequorin, thus resulting in a better yield of aequorin 
and less effect on the isoform composition of aequorin extracted, compared with 
that obtainable by shaking in seawater.

With regard to the purifi cation of aequorin, Blinks et al. (1978) described a well-
designed method for purifying an aequorin extract that has been obtained by the 
“seawater shaking method”. The method included gel fi ltration on Sephadex G-50 
and ion-exchange chromatography on DEAE-Sephadex A-50 and QAE-Sephadex 
A-50. The ion exchangers effectively separated the green fl uorescent protein from 
aequorin. For the purifi cation of the extract obtained by the “saturated ammonium 
sulfate shaking method”, gel fi ltration on a column of Sephadex G-75 or G-100, 
using buffers containing 1 M ammonium sulfate and not containing ammonium 
sulfate, and ion-exchange chromatography on DEAE cellulose have been used 
(Johnson and Shimomura 1972; Shimomura and Johnson 1969, 1976). Aequorin 
in 1 M ammonium sulfate aggregates to a larger size (Mr > 50 000). Thus, crude 
aequorin is fi rst chromatographed on Sephadex G-100 with a low-salt buffer 
not containing ammonium sulfate, then the aequorin fraction obtained is re-
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chromatographed on the same column using a buffer containing 1 M ammonium 
sulfate to obtain purifi ed aequorin. Using Sephadex G-50 is not recommended 
in this case, at least for the initial step, because of the presence of a large amount 
of the aggregated form of impurities.

1.4.1.1 Hydrophobic Interaction Chromatography

Butyl-Sepharose 4 Fast Flow (Pharmacia) is an excellent medium for purifying 
aequorin, supplementing the methods described above. Aequorin in a buffer 
solution containing 5–10 mM EDTA and 1.8 M ammonium sulfate is adsorbed 
on the column, and then aequorin is eluted with a buffer containing decreasing 
concentrations of ammonium sulfate and 5 mM EDTA. Aequorin elutes at an 
ammonium sulfate concentration between 1 M and 0.5 M.

Because apoaequorin elutes at ammonium sulfate concentrations lower than 
0.1 M, aequorin is cleanly separated from apoaequorin. Thus, it is possible to 
prepare virtually pure samples of aequorin using a single column as follows. 
The aequorin sample is fi rst luminesced by the addition of a suffi cient amount 
of Ca2+. The spent solution, after dissolving 1 M ammonium sulfate, is adsorbed 
on a column of butyl-Sepharose 4. The apoaequorin adsorbed on the column is 
eluted with decreasing concentration of ammonium sulfate starting from 1 M; 
apoaequorin elutes at an ammonium sulfate concentration lower than 0.1 M. 
The apoaequorin eluted is regenerated with coelenterazine in the presence 
of 5 mM EDTA and 5 mM 2-mercaptoethanol (see the section 1.4.5.3). The 
solution of regenerated aequorin in 1.8 M ammonium sulfate is adsorbed on 
the same butyl-Sepharose 4 column. Aequorin adsorbed on the column is eluted 
with a decreasing concentration of ammonium sulfate, yielding highly purifi ed 
aequorin.

1.4.2 

Properties of Aequorin

Aequorin is a conjugated protein that has a relative molecular mass of appro-
xi mately 20 000–21 000 (Blinks et al. 1976), and it contains a functional chro-
mophore corresponding to roughly 2% of the total weight. A concentrated 
solution of aequorin is yellowish because of its absorption peak ( max about 
460 nm), in addition to a protein absorption peak at 280 nm (A1%,1cm 30.0; 
Shimomura 1986b). Aequorin is non-fl uorescent, except for a weak ultraviolet 
fl uorescence that is due to its protein moiety. Natural aequorin is a mixture of 
isoforms, containing more than a dozen of them, designated aequorins A, B, 
C, etc. (Blinks et al. 1976; Shimomura 1986b). The isoelectric points of these 
isoforms lie between 4.2 and 4.9 (Blinks and Harrer 1975). The solubility of 
aequorin in aqueous buffers is generally greater than 30 mg mL–1 (Shimomura 
and Johnson 1979a). Aequorin can be salted out from aqueous buffers with 
ammonium sulfate, although the salting out is not complete even after the 
complete saturation of ammonium sulfate. Usually 1–2% of aequorin remains 
in the solution.

1.4  The Photoprotein Aequorin
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One milligram of aequorin emits 4.3–5.0  1015 photons at 25 C when Ca2+ is 
added, at a quantum yield of 0.16 (Shimomura and Johnson 1969, 1970, 1979a; 
Shimomura 1986b). In the presence of an excess of Ca2+, the luminescence reaction 
of aequorin has a rate constant of 100–500 s–1 for the rise and 0.6–1.25 s–1 for the 
decay (Loschen and Chance 1971; Hastings et al. 1969).

1.4.2.1 Stability

Aequorin is always emitting a low level of luminescence, spontaneously deteriorat-
ing by itself. Thus, the information concerning its stability is important when 
aequorin is used as a calcium probe. The stability of aequorin in aqueous solutions 
containing EDTA or EGTA varies widely by temperature, pH, concentration of salts, 
and impurities. To minimize the deterioration of aequorin, it is most important 
to keep the temperature as low as possible. The half-life of aequorin in 10 mM 
EDTA, pH 6.5, is about 7 days at 25 C. At room temperature, aequorin is most 
stable in solutions containing 2 M ammonium sulfate or when it is precipitated 
from saturated ammonium sulfate. Freeze-dried aequorin is also stable, but the 
process of drying always causes a loss of luminescence activity (see below). All 
forms of aequorin are satisfactorily stable for many years at 50 C or below, but 
all deteriorate rapidly at temperatures above 30–35 C. A solution of aequorin 
should be stored frozen whenever possible because repeated freeze–thaw cycles 
do not harm aequorin activity.

1.4.2.2 Freeze-drying

A note on freeze-dried aequorin may be appropriate here, because most commer-
cial preparations of aequorin are sold in a dried form. The process of freeze-drying 
aequorin always results in some loss of luminescence activity. Therefore, aequorin 
should not be dried if a fully active aequorin is required. The loss is about 5% at 
the minimum, typically about 10%. The loss can be slightly lessened by certain 
additives; the addition of 50–100 mM KCl and some sugar (50–100 mM) in the 
buffer seems to be benefi cial. The buffer composition used for the freeze-drying 
of aequorin at the author’s laboratory is as follows: 100 mM KCl, 50 mM glucose, 
3 mM HEPES, 3 mM Bis-Tris, and 0.05 mM EDTA, pH 7.0.

1.4.3 

Specifi city to Ca2+

Several kinds of cations other than Ca2+ elicit the light emission of aequorin. 
Some lanthanide ions (such as La3+ and Y3+) trigger the luminescence of aequorin 
as effi ciently as Ca2+. In addition, Sr2+, Pb2+, and Cd2+ cause signifi cant levels of 
luminescence; Cu2+ and Co2+ give some luminescence only in slightly alkaline 
buffer. However, Be2+, Ba2+, Mn2+, Fe2+, Fe3+, and Ni2+ do not elicit any light from 
aequorin (Shimomura and Johnson 1973). In testing biological systems, however, 
aequorin is considered to be highly specifi c to Ca2+, because the occurrence of a 
signifi cant amount of metal ions other than Ca2+ is unlikely. In an in vitro test, 
all of these metal ions except Ca2+, Sr2+, and lanthanoids could be completely 
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masked by including 1 mM sodium diethyldithiocarbamate in the test solution 
(Shimomura and Johnson 1975b).

1.4.4 

Luminescence of Aequorin by Substances Other Than Divalent Cations

As already mentioned, all forms of aequorin emit photons spontaneously and 
constantly, regardless of its molecular status or environment conditions, even in 
the absence of Ca2+ or in the presence of a large excess of EDTA. The light emission 
results in a gradual deterioration of the luminescence capability of aequorin. A 
luminescence intensity of this type is quite low at 0 C, though it can be easily 
measured with a light meter. The intensity is temperature dependent and steeply 
increases with rising temperature, reaching a maximum intensity at around 60 C 
(Shimomura and Johnson 1979a). Such a temperature-dependent luminescence 
occurs with aequorin dissolved in aqueous solutions, as well as with freeze-dried 
aequorin and its suspension in a certain organic solvents, such as toluene, acetone, 
and diglyme (bis-2-methoxyethyl ether). The quantum yield of the spontaneous 
luminescence of dried aequorin, when warmed with or without an organic solvent, 
is generally in the range of 0.003–0.005, whereas that of aequorin in aqueous 
solutions is considerably less (about 0.001 at 43 C).

Aequorin also emits luminescence in the presence of thiol-modifi cation reagents 
such as p-benzoquinone, Br2, 12, N-bromosuccinimide, N-ethylmaleimide, 
iodoacetic acid, and p-hydroxymercuribenzoate (Shimomura et al. 1974). The 
luminescence is probably caused by the conformational change of the protein that 
results from the modifi cation of cysteine residues (by causing the decomposition 
of the coelenterazine peroxide moiety). The luminescence is weak but lasts for 
more than one hour. The quantum yields in this type of luminescence never 
exceed 0.02 (about 15% of Ca2+-triggered luminescence) at 23–25 C. To prevent 
this type of luminescence, any reagents that might react with an SH group should 
be avoided.

1.4.5 

Mechanism of Aequorin Luminescence and Regeneration of Aequorin

1.4.5.1 Structure of Aequorin

Aequorin is a globular protein with three “EF-hand” domains to bind Ca2+, and 
it accommodates a peroxidized coelenterazine in the central cavity of the protein 
(Head et al. 2000). The presence of a peroxy group bound to position 2 of the 
coelenterazine moiety was previously suggested (Shimomura and Johnson 1978) 
and confi rmed by 13C nuclear magnetic resonance spectroscopy (Musicki et al. 
1986). The protein conformation of aequorin is much more compact and rigid than 
that of apoaequorin, consistent with the results of the fl uorescence polarization 
studies and the papain digestion of those proteins (La and Shimomura 1982). The 
functional group, peroxidized coelenterazine, is shielded from outside solvent. 
Therefore, no reagent can react with this group without fi rst reacting with the 
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residues of the protein, and any reaction with the protein residues triggers the 
breakdown of the peroxidized coelenterazine.

1.4.5.2 Luminescence Reaction

In the case of aequorin reacting with Ca2+, a conformational change of protein takes 
place when one molecule of aequorin is bound with two Ca2+ ions (Shimomura 
1995b). The conformational change results in the cyclization of the peroxide of 
coelenterazine into the corresponding dioxetanone, which instantly decomposes 
and produces the excited state of coelenteramide and CO2 (Shimomura et al. 
1974; Shimomura and Johnson 1978). When the energy level of the excited state 
of coelenteramide falls to ground state, light is emitted. A simplifi ed mechanism 
of the luminescence reaction is illustrated in Fig. 1.1.

The spent solution of the luminescence reaction of aequorin is a mixture 
of coelenteramide, apoaequorin, and Ca2+ that forms a complex called “blue 
fl uorescent protein” (fl uorescence emission maximum about 465–470 nm). The 
dissociation constant of the complex into coelenteramide plus apoaequorin in the 
presence of 0.5 mM Ca2+ is 7  10–6 M at pH 7.4 and 25 C (Morise et al. 1974; 
based on the molecular weight of aequorin 21 000). Thus, the luminescence 

Fig. 1.1  Schematic illustration of a simpli-

fi ed mechanism of the luminescence and 

regeneration of aequorin. Aequorin (upper 

left) is a globular protein that contains 

peroxidized coelenterazine sealed in 

its central cavity and has three EF-hand 

Ca2+-binding sites on the outside. 

When the protein is bound with two Ca2+ 

ions, an intramolecular reaction starts, 

resulting in the formation of coelenteramide 

and CO2, accompanied by the emission of 

blue light ( max 460 nm) and opening of the 

protein shell (upper right). The protein part, 

apoaequorin (bottom), can be regenerated 

into the original aequorin by incubation 

with coelenterazine and molecular oxygen 

in the absence of Ca2+. In the regeneration 

reaction, addition of a low concentration 

of 2-mercaptoethanol increases the yield 

of regenerated aequorin by protecting the 

functional cysteine residues of apopro-

tein.
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reaction product of aequorin is usually blue fl uorescent, unless the concentration 
of aequorin used is too low (much less than 1 M) to form the fl uorescent complex. 
The blue fl uorescence of the complex ( max 465–470 nm) closely matches the 
bioluminescence emission of aequorin, giving a basis to the postulation that the 
fl uorescent complex is the light emitter of aequorin bioluminescence (Shimomura 
and Johnson 1970), although it now seems an oversimplifi cation considering that 
the conformation of apoaequorin continues to change for several minutes after 
the light emission.

When the light emission of aequorin is measured in low-ionic-strength buffers 
containing no inhibitor, the log–log plot of the luminescence intensity versus 
Ca2+ concentration gives a sigmoid curve having a maximum slope of about 2.0 
for its middle part (Shimomura and Johnson 1976; Shimomura and Shimomura 
1982), indicating that the binding of two Ca2+ ions to one molecule of aequorin is 
required to trigger the luminescence of aequorin.

1.4.5.3 Regeneration

Apoaequorin can be reconstituted into aequorin by incubation with coelenterazine 
in the presence of O2 and 2-mercaptoethanol, which the role of the latter 
substance is to protect the functional sulfhydryl groups of apoaequorin during 
the regeneration reaction (Shimomura and Johnson 1975a). For the regeneration 
reaction to occur, there is no need to separate coelenteramide from apoaequorin 
if the material contains it. Usually, the product of the luminescence reaction is 
incubated at 0–5 C in a pH 7.5 buffer solution containing 5 mM EDTA, 3 mM 
2-mercaptoethanol, and an excess of coelenterazine (at least 2 g mL–1 more than 
the calculated amount). The regeneration is usually 50% complete within 30 min 
and practically 100% complete after 3 h.

When the regeneration reaction of apoaequorin is carried out in the presence of 
an excess of free Ca2+, rather than in 5 mM EDTA, the result is a continuous, weak 
light emission from the reaction mixture. This weak luminescence lasts many 
hours, differing from the short, bright fl ash of the Ca2+-triggered luminescence 
of aequorin. The weak luminescence of the regeneration mixture in the presence 
of Ca2+ can be intensifi ed several times by including 0.5% diethylmalonate in the 
reaction medium (Shimomura and Shimomura 1981).

During the regeneration in the presence of Ca2+ described above, apoaequorin 
appears to be acting as an enzyme that catalyzes the luminescent oxidation of 
coelenterazine. The mechanism involved might be a simple, straightforward 
one: aequorin is fi rst formed, and then it instantly reacts with Ca2+ to emit light. 
This simple mechanism, however, has no experimental support at present; the 
regeneration reaction of aequorin in the presence of EDTA was not activated 
by diethylmalonate, suggesting either that Ca2+ is needed in the activation by 
diethylmalonate or that aequorin is not an intermediate in the luminescence 
reaction in the presence of Ca2+ (Shimomura and Shimomura 1981). Whatever 
the mechanism, apoaequorin must be a very sluggish enzyme if it is an enzyme. 
Apoaequorin has a turnover number of 1–2 per hour (Shimomura and Johnson 
1976).

1.4  The Photoprotein Aequorin
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1.4.6 

Inhibitors of Aequorin Luminescence

All thiol-modifi cation reagents cause weak, spontaneous luminescence of aequorin 
in the absence of Ca2+, as already mentioned. They are in effect inhibitors of the 
Ca2+-triggered luminescence of aequorin, because the quantum yields of aequorin 
in the luminescence caused by these reagents (~0.008) are much lower than that 
of the Ca2+-triggered luminescence of aequorin (Shimomura et al. 1974).

Bisulfi te, dithionite, and p-dimethyaminobenzaldehyde are all strongly in-
hibitory even at micromolar concentrations (Shimomura et al. 1962). It has been 
found that the functional group of aequorin, i.e., a peroxide of coelenterazine, 
decomposes without light emission when the photoprotein is treated with bisulfi te 
or dithionite, resulting in the formation of a corresponding hydroxy-coelenterazine 
or coelenterazine (Shimomura and Johnson 1978).

A number of inorganic and organic substances at high concentrations (> 50 mM) 
suppress the luminescence intensity of the Ca2+-triggered light emission. Thus, 
KCl (100–150 mM) used in physiological buffers is signifi cantly inhibitory. 
Magnesium ions are inhibitory at millimolar concentrations, probably by compet-
ing with Ca2+ (cf. Blinks et al. 1976).

EDTA and EGTA can inhibit the Ca2+-triggered luminescence of aequorin in 
two ways: (1) when free Ca2+ is removed from the reaction medium by chelation, 
the luminescence reaction is practically stopped; and (2) when the free (un-
chelated) forms of these chelators directly bind with the molecules of aequorin, 
inhibition results (Shimomura and Shimomura 1982; Ridgway and Snow 1983). 
The second type of inhibition is strong in solutions of low ionic strength and in 
the absence of other inhibitor ions such as Mg2+, but it is relatively weak in the 
presence of 0.1 M KCl (Shimomura and Shimomura 1984), presumably because 
aequorin is already inhibited by KCl. Therefore, great care must be taken if EDTA 
or EGTA is to be used in the calibration of the Ca2+ sensitivity of aequorin; this is 
especially important in the case of low-ionic-strength calcium buffers. It should 
also be noted that in usual calcium buffers, the lower the Ca2+ concentration, 
the higher the inhibitory free chelator concentration, resulting in a slope steeper 
than the true slope in the log–log plot of luminescence intensity versus Ca2+ 
concentration.

1.4.7 

Recombinant Aequorin

The cloning and expression of apoaequorin cDNA was accomplished by two 
independent groups in 1985. One of these groups analyzed the cDNA clone 
AQ440 they obtained and reported that apoaequorin is composed of 189 amino 
acid residues (Mr 21 400) with an NH2-terminal valine and a COOH-terminus 
proline (Inouye et al. 1985, 1986), which is consistent with the results of the amino 
acid sequence analysis of native aequorin reported by Charbonneau et al. (1985). 
In contrast, the other group reported that the cDNA AEQ1 they obtained contains 
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the entire protein-coding region of 196 amino acid residues, which includes seven 
additional residues attached to the N-terminus, and the apoaequorin expressed in 
Escherichia coli showed a molecular weight of 20 600 (Prasher et al. 1985, 1987). 
The recombinant aequorin of the former group did not exactly match any of 
the isoforms of natural aequorin in the HPLC mobilities and the properties of 
Ca2+-triggered luminescence (Shimomura et al. 1990). No detailed comparison 
has been made with the recombinant aequorin obtained by the latter group, 
although a brief test indicated that the recombinant aequorins from both sources 
are practically identical.

1.4.8 

Semi-synthetic Aequorins

The core cavity of the aequorin molecule can accommodate various synthetic 
analogues of coelenterazine in place of coelenterazine. The coelenterazine 
moiety in native aequorin can be replaced by a simple process. First, aequorin 
is luminesced by the addition of Ca2+, and then the apoaequorin produced 
is regenerated with an analogue of coelenterazine in the presence of EDTA, 
2-mercaptoethanol (or DTT), and molecular oxygen. The products are called semi-
synthetic aequorins and are identifi ed with an italic prefi x (see Table 1.2). Semi-
synthetic aequorins can be prepared from both native aequorin and recombinant 
aequorin, using various synthetic analogues of coelenterazine. A large number 
of coelenterazine analogues were synthesized, and about 50 kinds of semi-
synthetic aequorins have been prepared and tested (Shimomura et al. 1988, 1989, 
1990, 1993). Some semi-synthetic aequorins are signifi cantly different from the 
native type of aequorin in various properties, including spectral characteristics 
(Shimomura 1995a) and sensitivity to Ca2+, the rate of luminescence reaction, 
and the rise time of luminescence (Table 1.2). The relationship between Ca2+ 
concentration and the initial light intensity of various semi-synthetic aequorins 
is shown in Fig. 1.2.

As is apparent from the data of Table 1.2 and Fig. 1.2, the tolerance of the 
central cavity of the aequorin molecule in accommodating the coelenterazine 
moiety is surprisingly wide. The apparent limitations in the substitution of the 
coelenterazine moiety, and the changes in the Ca2+ sensitivity caused by the 
substitution, are as follows.

1. The group R1 must be aromatic. A replacement of the original p-hydroxyphenyl 
group with a group of larger size tends to decrease Ca2+ sensitivity.

2. The group R2 must be lager than the ethyl group. The replacement of the 
original phenyl group with a smaller non-aromatic group increases Ca2+ 
sensitivity.

3. The group R3 must be an OH group, and no substitution is allowed on the 
phenyl group bearing this OH.

1.4  The Photoprotein Aequorin
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Table 1.2  Selected semi-synthetic aequorins derived from recombinant aequorin 

(Shimomura et al. 1993).

No.

(Prefi x)

Structural 

modifi cation of 

coelenterazinea)

Lumines-

cence max 

(nm)

Relative 

lumi nes cence 

capacityb)

Relative intensity 

at 10–6 or 10–7 M 

Ca2+ c)

Half-total 

time(s)d)

1 None 466 1.00       1.00 M

2 (h) R1: C6H5 466 0.75     16 M

3 (f) R1: C6H4F(p) 472 0.80     20 M

4 (f2) R1: C6H3F2(m,p) 470 0.80     30 M

6 (cl) R1: C6H4Cl(p) 464 0.92       0.6 5

9 (n) R1: -naphthyl 468 0.25       0.15 5

9  (n/J)e) R1: -naphthyl 467 0.30       0.07 5

12 (cp) R2: cyclopentyl 442 0.63     28 F

13 (ch) R2: cyclohexyl 453 1.00     15 F

17 (fb) R1: C6H4F(p), 
R2: n-butyl

460 0.20 1100 2

19 (hcp) R1: C6H5, R
2: 

cyclopentyl
445 0.65   500 F

21 (hch) R1: C6H5, R
2: 

cyclohexyl
450 0.52     80 F

22 (fch) R1: C6H4F, R2: 
cyclohexyl

462 0.43     73 M

23 (m5) R4: methyl 440 0.37       2 M

24 (e) R5: CH2CH2 405, 472 0.50       6 F

26 (ef) R1: C6H4F(p), 
R5: CH2CH2

405, 470 0.35     40 F

27 (ech) R2: cyclohexyl, 
R5: CH2CH2

402, 440 0.40       8 F

Fluorescein-labeledf ) 528 1.00       2 M

R5

HH

NN

N

R3

O

R2

R1

R4

(-OH)

(-C6H4OH-p)

(-C6H5)

NN

N

R3

O

R2

R1

(-C6H4OH-p)

(-OH)
(-C6H5)

a) Only the changes from the coelenterazine structure are shown in this column. 
Those unchanged are shown in parentheses in the above structures.

b) The ratio in luminescence capacity: semi-synthetic aequorin/unmodifi ed aequorin.
c) The ratio in luminescence intensity: semi-synthetic aequorin/unmodifi ed aequorin, 

in 10–7 M Ca2+ for a value of 1 and larger and in 10–6 M Ca2+ for a value of less than 1.
d) The time required to emit 50% of the total light in 10 mM calcium acetate: F, 0.15–0.3 s; 

M, 0.4–0.8 s. The half-rise time of luminescence: F, 2–4 ms, all others, 6–20 ms.
e) Prepared from aequorin isoform J.
f ) Fluorescein was chemically bound to apoaequorin, followed by regeneration using 

unmodifi ed coelenterazine.
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1.4.8.1 e-Aequorins

e-Aequorins, containing a ligand of e-coelenterazine, show properties signifi cantly 
different from other aequorins (Shimomura et al. 1988, 1989, 1990, 1993). In 
the structure of e-coelenterazines, the 5 position of the imidazopyrazinone 
structure is bound with the  position of the 6-(p-hydroxyphenyl) group through 
an ethylene linkage, thus restraining the two ring systems into the same plane. 
The luminescence reactions of e-aequorins are fast, with a half-rise time of 2–4 ms 
and a half-total time of 0.15–0.3 s, like ch-aequorins with an 8-cyclohexylmethyl 
substituent. The luminescence spectra are bimodal, with peaks at 400–405 nm 
and 440–475 nm. The ratio of the two peaks is variable not only with the type of 
aequorin but also with the measurement conditions, such as the concentration of 
Ca2+ and pH. e-Coelenterazines scarcely luminesce in the presence of apoaequorin, 
Ca2+, and 2-mercaptoethanol in air (Shimomura 1995a).

Fig. 1.2  Relationship between Ca2+ con cen-

tration and the initial light intensity of various 

recombinant semi-synthetic aequorins 

and n-aequorin J (a semi-synthetic natural 

aequorin made from an isoform, aequorin J). 

The curve number corresponds to the 

photoprotein number used in Table 1.2. 

A photoprotein (3 g) was added to 3 mL of 

Ca2+ buffer with various pCa values (pH 7.0) 

containing 1 mM total EGTA, 100 mM KCl, 

1 mM free Mg2+, and 1 mM MOPS, at 

23–24 C. 

The data are taken from Shimomura et al. 

(1993).

1.4  The Photoprotein Aequorin
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2 

Luminous Marine Organisms

Steven H.D. Haddock

2.1 

Introduction

In the ocean, bioluminescence is found across nearly all taxa, from bacteria to 
fi sh (Fig. 2.1 and review by Herring 1987). In many senses, it is easier to name 
the few non-luminous phyla than it is to detail each luminous group. However, 
even in light of recent breakthroughs in molecular biology, we are hardly closer 
than E. Newton Harvey (1952) was to being able to explain why luminescence is 
distributed among phyla the way it is. For example, among the phytoplankton, 
many dinofl agellates are luminescent, while the silica-encapsulated diatoms are 
not. Among protists, in contrast, the calcium carbonate-shelled foraminifera are 
not luminous, while their siliceous cousins the radiolarians are. In some groups, 
such as ctenophores and siphonophores, nearly all species may be luminous, 
while other groups may have only a single luminous representative. Luminescence 
seems to be more prevalent in taxa that live in the water column and in the deep 
sea–environments well suited to communication with light. Both habitats are fairly 
transparent to blue-green wavelengths, and the deep sea is in a constant state of 
dim illumination or darkness during day and night.

Within this diverse assemblage, it is diffi cult to estimate the number of times 
that bioluminescence has independently evolved. Hastings (1983) estimates that 
this has occurred at least 30 times. This number would be heavily dependent on 
the defi nition of “independent”. For example, once bacteria become luminous, is 
it considered an independent event for fi sh to use bacterial  light in a specialized 
organ? If ostracods develop the ability to make light, is it an independent event 
for fi sh to use their substrate as the basis for their luminescence system? Several 
authors have argued that the evolution of luminescence has proceeded by co-
opting chemistries that originated for other purposes, specifi cally as mechanisms 
for reducing oxidative stress (Case et al. 1994; Labas et al. 2001; Rees et al. 1998). 
Because marine luciferins are readily available in the food chain, it would appear 
that, after the initial evolutionary events, the diversifi cation of bioluminescent 
organisms could be relatively easy and recent (Haddock et al. 2001). An organism 
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Fig. 2.1  Phylogenetic tree of bioluminescence.
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needs only to evolve the catalyst – a luciferase or photoprotein – to become 
luminous. Clearly this is not far from the truth because of the large number of 
organisms synthesizing proteins to act on a few marine luciferins (Fig. 2.2). The 
number of distinct origins becomes apparent when one views an evolutionary tree 
compiled from various molecular phylogenies, onto which the known examples 
of bioluminescence have been mapped (Fig. 2.1). Given the recent discoveries of 
luminous taxa, and assuming that each different luminescent chemistry within a 
taxonomic group represents an independent event, we can infer that luminescence 
has originated at least 40 times.

2.1.1 

Non-luminous Taxa

There are two diffi culties in assembling a list of luminous taxa that make it 
necessary to provide continual updates. First is the presence of “false-positive” 
reports. In observing bioluminescence, it is easy to be misled by iridescence and 
bright pigmentation or by the presence of microscopic contaminating organisms. 
In some cases, such as that of the brightly colored copepod Sapphirina, it is easy to 
provide an alternative explanation for false reports of luminescence. Questionable 
observations, however, are like malicious gossip: the suggestion is diffi cult to 
“disprove”, even with a large amount of evidence to the contrary (e.g., Haddock 
and Case 1995). In this chapter, sponges, bryozoans, and the salp Cyclosalpa are 
conservatively considered non-luminous despite early reports, because there have 
been no supporting observations in the last 60 years. Someday, they too may be 
convincingly demonstrated to produce light.

The opposite situation occurs when luminescence has not been observed simply 
because intact specimens are diffi cult to collect. This has been the case for a 
chaetognath, as well as for certain deep-sea doliolids (salp relatives) and pteropods 
(unpublished observations). These “false negatives” are easier to clarify than false 
positives, once the appropriate material is obtained.

The list of major marine taxa without a single known luminescent representative 
includes diatoms, foraminifera, sponges, heteropods, and mammals. Sponges 
have been variously reported as luminous, but these observations have never been 
confi rmed in detail, and given their impressive fi ltration rates, it would be diffi cult 
to exclude the possibility of contamination by accumulated plankton. Despite 
the counter-example of the heteropods (a diverse planktonic group), many other 
mollusks are highly luminous, including squids and even bivalves (Pholas). Arrow 
worms (Chaetognatha) were thought to be one of the most abundant planktonic 
groups with no luminous members until the recent discovery of bioluminescence 
in a deep-sea species (Haddock and Case 1994). Marine mammals are not known 
to be intrinsically luminous, leaving the title of largest bioluminescent organism 
to the siphonophores (see below) and squid. It has been suggested that the rare 
“megamouth” shark Megachasma is bioluminescent, but this assertion has been 
challenged on lack of evidence (Herring 1985b). Some other sharks are in fact 
luminous.
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2.1.2 

Luminous Taxa

Although there are numerous examples of the independent evolution of biolumi-
nescence, four types of luciferin are responsible for light production in the majority 
of marine phyla (Fig. 2.2). These light-emitting compounds are conserved, while 
the catalyzing proteins (either luciferases or photoproteins) are diverse and 
encoded in the genome of each luminous organism. One explanation, perhaps the 
most parsimonious, for the few types of luciferins in many phyla is that they are 
passed along through dietary links. Exogenous origins have been demonstrated 
for the existence of ostracod luciferin in the midshipman fi sh Porichthys (Warner 
and Case 1980), for the presence of coelenterazine in hydromedusae (Haddock 

et al. 2001), and for the use of dinofl agellate luciferin by krill (Dunlap et al. 1980). 
In nature, as in molecular labs, evolution appears to have targeted genes able to 
act on a few types of readily available luciferins in the food chain, leading to very 
diverse catalysts acting on a few substrates.

The survey of bioluminescent organisms that follows is organized by shared 
luciferins, not by an implied taxonomic hierarchy. The chemistries of some of the 
luminous systems mentioned here are detailed in Chapter 1 of this volume.

2.2 

Taxonomic Distribution of Bioluminescence

2.2.1 

Bacterial Luminescence

Luminous bacteria (Fig. 2.3A) such as Vibrio fi scheri produce a low, steady glow 
for hours in the presence of oxygen. In the best-studied species, transcription 
of light-producing genes is regulated by the presence of an “autoinducer” in the 
environment (Nealson and Hastings 1979). This autoinducer is produced by the 
bacteria and accumulates as the population density increases, so that a dilute 
culture will not produce appreciable light. The genetic “cassette” responsible for 
light production is now well understood (Meighen 1991), and these pathways 
have been modifi ed and manipulated to form the basis for a suite of biosensors 
that produce light in proportion to the concentration of target molecules in the 
environment (e.g., Ramanathan et al. 1997).

The production of continual light at high concentrations makes luminous 
bacteria well suited for symbiotic relationships with other organisms. It is 
sometimes assumed that these mutualisms are responsible for most marine 
luminescence, but they are actually rather uncommon. Examples are known 
mainly from the light organs of anglerfi sh (Fig. 2.6A) (Munk 1999), fl ashlight 
fi sh (Haygood and Distel 1993), and ponyfi sh (Haneda and Tsuji 1976; Wada et al. 
1999), as well as from certain species of luminous squid (Ruby and McFall-Ngai 
1992). The best-studied symbiosis is probably that of the bobtailed squid Euprymna 

2.2  Taxonomic Distribution of Bioluminescence
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Fig. 2.3  Luminous organisms (various). 

(A) Bacteria streaked on a plate; 

(B) phaeodarian radiolarian Tuscarantha luciae; 

(C) squid with light organs at tentacle tips; 

(D) pelagic nudibranch Phylliroe; 

(E) pelagic octopus Japetella; 

(F) chaetognath Caecosagitta macrocephala; 

(G) yellow luminous polychaete Tomopteris.
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scolopes and its bacterial symbiont Vibrio. A special light organ hosts a bacterial 
culture that is regularly vented into the environment. The bacterial inoculation is 
tightly regulated and controlled by the host, and this relationship has been used 
as a model for pathogenic microbial systems (Ruby and McFall-Ngai 1992).

Pyrosomes (pelagic colonial urochordates) are also suspected of producing light 
through bacterial symbioses, although this has not been clearly demonstrated. 
The most dramatic example of light produced by bacteria is found in the form of 
rare milky seas, where the surface of the water glows from horizon to horizon. 
These events occur most frequently in the Indian Ocean, and knowledge of their 
occurrence has been derived mainly from the anecdotal reports of mariners 
(Herring and Watson 1993). Recently, a satellite-based observation revealed the 
massive scale of one such event, which covered an area the size of the state of 
Connecticut and involved more than 1022 bacteria (Miller et al. 2005).

2.2.2 

Dinofl agellate Luciferin

A sailor or beachgoer who sees sparkling lights in the water at night is most 
likely witnessing the bioluminescence of dinofl agellates. These protists occupy 
a somewhat equivocal position between unicellular algae and protozoans. 
Some species are autotrophic, deriving energy from photosynthesis; others are 
heterotrophic, consuming diatoms and other plankton, and some have qualities 
of both. Some types are even parasitic and may cause severe health hazards, but 
these are not known to be luminescent. Under the right conditions – typically a 
calm period following a period of high productivity – dinofl agellate populations 
may bloom rapidly, leading to a “red tide”. The red coloration is caused by the 
absorbance of dinofl agellate pigments, and if the right species are involved, at 
night the red tide can turn blue in an intense display of luminescence. Places 
where these blooms occur frequently include the famous “bioluminescent bays” 
of Puerto Rico and Jamaica.

The tetrapyrrole luciferin of dinofl agellates is interesting because its structure 
is similar to the structure of chlorophyll (Fig. 2.2), differing mainly in the metal 
ions present (Dunlap et al. 1981; Nakamura et al. 1989). The two compounds 
may in fact be interconverted on a day–night cycle, as the cell alternates between 
photosynthesizing and luminescing. Dinofl agellates use particular luciferases, 
which have been shown through cloning to have three repeated catalytic domains 
(Bae and Hastings 1994; Liu et al. 2004). They also contain luciferin-binding 
proteins (LBPs), which regulate light production by limiting the availability of the 
luciferin and may be involved in generating their circadian cycle of light emission 
(Morse et al. 1989).

This same luciferin is employed by certain euphausiid shrimp (krill), which are 
thought to obtain their light-producing compounds from dinofl agellates in their 
diet (Dunlap et al. 1980). Krill, like many planktonic invertebrates, express their 
bioluminescence through numerous ventral photophores and likely use their light 
for counterillumination (see Section 2.3).

2.2  Taxonomic Distribution of Bioluminescence
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2.2.3 

Cypridina (Vargula) Luciferin

Ostracods (Fig. 2.5D) are small crustaceans enclosed in a clam-like chitinous 
carapace. The luciferin of Cypridina (also called Vargula) was one of the fi rst to 
be crystallized and chemically characterized (Kishi et al. 1966; Shimomura et al. 
1957). Also known as seed shrimp or fi refl eas, ostracods are the source of one 
of the most famous anecdotes about bioluminescence. During World War II, 
the Japanese army collected massive quantities of ostracods and dried them on 
tarps on the shore. These stockpiles were to be used as a chemical illumination 
system. A small handful produces a steady glow when moistened and crushed 
in the palm. Even 60 years later, these dried crustaceans, stored in jars labeled 
“Japan 1944”, will produce light when macerated. Ostracods dispense luciferin 
and luciferase into the seawater from “nozzles” near their mouth, forming discrete 
puffs of light. In some types, these puffs form a specifi c sequence of glowing or 
fl ashing dots that identify males to females of the same species (Morin 1986). This 
display, akin to that of terrestrial fi refl ies, is one of the most sophisticated uses 
of bioluminescence known to occur in the sea. The luciferase of Cypridina has 
been cloned and characterized (Thompson et al. 1989). Other types of ostracods 
use the luciferin coelenterazine (see below), emphasizing the diverse origins of 
luminescence even within a specifi c taxonomic group.

The only other organism known to use ostracod luciferin is the midshipman 
fi sh Porichthys notatus. The name “midshipman” refers to the conspicuous rows 
of photophores along its belly, which resemble the buttons of a naval uniform. 
These have been shown to act in a manner consistent with a counterillumination 
function (see below), growing brighter as downwelling light increases (Harper 
and Case 1999). Porichthys is one of the most thoroughly investigated examples 
of a dietary source of luciferin. This species is distributed along the west coast of 
the United States, but luminous ostracods are found only in the southern portion 
of the range. As a result, Porichthys collected to the north are not bioluminescent, 
but they can be made to glow if they are fed ostracods (Warner and Case 1980). 
Thus, this fi sh is dependent on its prey not only for nutrition but also for, in some 
sense, its chemical defense system.

2.2.4 

Coelenterazine

Coelenterate-type luciferin is by far the most widely distributed marine luciferin, 
found in at least seven different phyla, from protists to vertebrates. Like the 
Cypridina luciferin discussed above, coelenterazine is a nitrogen-based imidazole 
compound. While it has been detected in numerous species (Shimomura et al. 
1980; Thomson et al. 1997), its presence does not necessarily imply that it is 
responsible for light production, as it has been found in many non-luminous 
species as well (Shimomura 1987). It appears to be well represented in the food 
chain, and, as will be discussed, this may partially explain its ubiquity.
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As its name implies, this luciferin was fi rst discovered in a coelenterate –
specifi cally, the hydromedusa Aequorea. It is found in other hydrozoans (Fig. 2.4D), 
including Obelia and siphonophores (Fig. 2.4E), where it is generally used in 
conjunction with calcium-activated photoproteins. Although Aequorea and some 
other hydromedusae have green fl uorescent proteins, most hydrozoans do not. In 
most marine organisms, luminescence occurs primarily in the violet to green range 
(max: 440–505 nm). Siphonophores are unusual planktonic elongate hydrozoans, 
of which most are luminous. Only Physalia (the Portuguese man-of-war), some 
benthic species, Lychnagalma, and perhaps Physophora are not known to be 
luminous. Because certain siphonophores can reach lengths of many decameters 
(Fig. 2.4E), they are arguably the longest organisms on earth. In the genus Erenna, 
the bioluminescence appears to function in a pendant lure, attracting fi sh to 
batteries of stinging cells (Haddock et al. 2005). Such functions are not typical 
for jellies, which are thought to use bioluminescence as a defensive, distractive 
display. This lure is also unique because its light is modifi ed by surrounding 
fl uorescent material to produce an orange-red coloration.

Coelenterazine is responsible for light production in the other cnidarian 
groups as well. The anthozoan sea pansy Renilla was another early subject of 
groundbreaking science, and the chemistry of its luciferin–luciferase system was 
one of the fi rst to be examined (Hori and Cormier 1965). It has been used as a 
model system in a large range of neurological and pharmacological studies (e.g., 
Anctil 1989). In addition to a luciferase that catalyzes coelenterazine oxidation, 
Renilla has a luciferin-binding protein, analogous to that of the dinofl agellates. 
This is bound to the luciferin and regulates its accessibility to the luciferase in 
a calcium-dependent manner, thus controlling light emission somewhat like a 
photoprotein. The amino acid sequence of the LBP (Kumar et al. 1990) and the 
luciferase (Lorenz et al. 1991) of Renilla are both known. Renilla also contains a 
green fl uorescent protein that has been fully characterized but is published only 
in a patent. Other luminous octocorals include the sea pens Halipterus (Fig. 2.4C), 
Stylatula, Umbellula, and Ptilosarcus.

Another major group of anthozoans is the hexacorallia (anemones and corals), 
and a few of these are bioluminescent as well. Parazoanthus grows parasitically to 
encrust gorgonians, giving the appearance that the gorgonian itself is producing 
light. Most anemones and corals, however, while frequently laden with fl uorescent 
proteins, are not bioluminescent.

The scyphomedusae, or “true jellyfi sh”, were among the fi rst marine organisms 
in which luminescence was noticed, dating back to when Pliny reported poking 
one with a stick in the fi rst century AD. Forskål acknowledged the “night lights” of 
Pelagia when he gave it the specifi c name noctiluca in 1775, just as Linnaeus had 
done with the glowworm Lampyris noctiluca. (Given this criterion, most scyphozoa 
might be named noctiluca, as bioluminescence is common in the group.) Some 
of the most long-lasting and spectacular luminescence displays are produced 
by coronate medusae, including Periphylla and Atolla (Fig. 2.4B) (Herring 1990; 
Herring and Widder 2004). Given suffi cient stimulus, these species will begin to 
produce a frenzied display that can persist for 30 seconds or more. The luciferase 

2.2  Taxonomic Distribution of Bioluminescence
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Fig. 2.4  Luminous organisms (jellies). 

(A) Ctenophore Deiopea; 

(B) scyphomedusa Atolla (with isopod); 

(C) anthozoan sea pen Halipterus; 

(D) hydromedusa Aglantha; 

(E) siphonophore Praya. 

(Colors are from the camera strobe, not from luminescence).
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of Periphylla has been described chemically (Shimomura and Flood 1998), and 
efforts are underway to clone the gene.

Despite the prevalence of luminescence among cnidarians, two groups are not 
known to have any luminous members. These are the Stauromedusae (stalked 
jellyfi shes that attach to sea grasses) and Cubomedusae (box jellies). As with many 
phyla, it is not clear why these particular taxa would not be luminous; one is an 
example of specialization for a sessile lifestyle, and the other is a highly mobile 
pelagic predator.

Another phylum that is almost entirely luminous is the Ctenophora or “comb 
jellies” (Fig. 2.4A). These mysterious jellies propel themselves through the water 
using tiny ciliated paddles. They have been historically grouped with cnidarians 
as “coelenterates”, although their similarities are essentially due to convergence, 
and molecular work suggests that are not closely related to each other (Podar 

et al. 2001). Ctenophores, like hydrozoans, produce light using calcium-regulated 
photoproteins with coelenterazine as the luciferin. More then 90% of the genera 
in this small phylum are luminous (Haddock and Case 1995). The species 
Beroe forskalii can be stimulated into a frenzied display like that of the coronate 
scyphomedusae, while others such as Euplokamis, Mertensia, and Bathyctena can 
shoot out glowing bioluminescent particles when disturbed.

Although coelenterazine was named for the cnidarians and ctenophores 
where it was fi rst discovered, there is evidence that these groups cannot, in 
fact, produce their own luciferin (Haddock et al. 2001). They must instead 
obtain it through their diet, with crustaceans being the most likely ultimate 
source. As disturbing as this might seem to our concept of the early evolution of 
cnidarian bioluminescence, it does help to explain the tremendous diversity of 
coelenterazine-based luminescence in the sea.

Coelenterazine is widely distributed in crustaceans (Fig. 2.5A, D, E), and they 
are probably the group that synthesizes the molecule and distributes it through 
the food chain. Evidence of the synthesis of coelenterazine comes from a study 
of the decapod shrimp Systellaspis (Thomson et al. 1995), in which the presence 
of coelenterazine was assayed during the development of eggs. A related shrimp, 
Oplophorus, can disgorge great amounts of luminous fl uid, making it an excellent 
candidate for chemistry studies, and its luciferase has been cloned (Inouye et al. 
2000). External displays are seen in the deep-sea lophogastrid (formerly mysid) 
Gnathophausia. Interestingly, this species appears to have a dietary requirement 
for coelenterazine (Frank et al. 1984), underscoring the risks of overgeneralization 
in the case of bioluminescent abilities. Most crustaceans have been found to use 
a luciferase–luciferase reaction and have evolved individual luciferases to use in 
conjunction with coelenterazine. Shrimp also may use their luminescence for 
counterillumination when it is expressed through ventral photophores, and some 
of the most elegant studies of this mode of camoufl age were performed on the 
decapod Sergestes (Latz and Case 1982; Warner et al. 1979).

Under most conditions, copepods are the most numerous zooplankton in the 
sea, and they also use coelenterazine as their light-emitting molecule. Because they 
are the “bugs” of the sea, and are consumed by a diverse array of other creatures, 

2.2  Taxonomic Distribution of Bioluminescence
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Fig. 2.5  Luminous organisms (crustaceans). 

(A) Decapod shrimp Acanthephyra; 

(B) amphipod Scina; 

(C) copepod Gaussia; 

(D) ostracod Conchoecia; 

(E) krill Thysanoessa.
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they would also be an excellent source of luciferin in the food supply. Notable 
copepods are the giant (1 cm) black-pigmented Gaussia princeps (Fig. 2.5C) and the 
abundant cold-water genus Metridia. The luciferases of Gaussia, Pleuromamma, 
and Metridia have been cloned by separate groups (Markova et al. 2004; Szent-
Gyorgyi et al. 2003). The common genus Calanus is not luminescent. Copepods 
appear to use bioluminescence for defensive purposes, as several species shoot 
out luminous fl uid from special nozzles as part of their escape responses.

Although most ostracods have their own special form of luciferin described 
above, the genus Conchoecia (Fig. 2.5D) uses coelenterazine to make light (Oba 

et al. 2004). Therefore, even within this fairly small group, there are at least two 
examples of the independent evolution of bioluminescence. The luciferin of 
amphipods (Fig. 2.5B) is not yet known, but because these crustaceans often have 
symbiotic relationships with jellies, it would not be surprising to fi nd that they 
also use coelenterazine. Occasional specimens of the amphipod Cyphocaris may 
produce orange-colored luminescence, which is very rare in the sea.

Nearly all species of arrow worm, in the phylum Chaetognatha, are not luminous. 
This is surprising because their transparent morphology and planktonic life 
are characteristic of many luminous species. However, they are also suggested 
to be planktonic cousins of the non-luminous nematodes, a speciose group in 
which only occasional terrestrial species are known to be infected by luminous 
bacteria. One deep-sea species of chaetognath (Fig. 2.3F) was discovered to have 
bioluminescent granules containing coelenterazine and luciferase (Haddock and 
Case 1994). These particles are shed into the water as part of the escape response, 
leaving behind a sparkling cloud.

Radiolarians are amoeba-like protists that occur from shallow tropical waters 
to depths greater than 2500 m. There are two main types: a shallow colonial form 
called Polycystines, which insert glass spicules into their gelatinous matrix, and 
the deep-living Phaeodarians (Fig. 2.3B), which use silica to form glass capsules. 
Molecular evidence shows that these two groups are deeply divergent, and they are 
each more closely related to other non-luminous protists than to each other (Polet 
et al. 2004). Because both groups appear to use calcium-regulated photoproteins 
involving coelenterazine, this may be another example of multiple convergent 
evolution (Campbell et al. 1979). However most of the work has been done on 
Polycystine species, and therefore more in-depth investigation is required. It is 
tempting to speculate that calcareous protists, such as foraminiferans, may be 
non-luminous because they are unable to sequester calcium. The function of 
bioluminescence in these planktonic species is unknown.

Among marine organisms, some of the most complex bioluminescent displays 
are produced by cephalopods, especially squid (Fig. 2.3C). These mollusks may 
have three or more different types of photophores at different locations across the 
body of an individual. For example, many have small photophores, sometimes 
of different colors, along their ventral surface for counterillumination; large 
photophores near their eyes for warning fl ashes (and counterillumination); and 
additional light organs at the tips of their tentacles, perhaps for defense or prey 
attraction. The vampire squid, Vampyroteuthis, which is distinct enough that it 

2.2  Taxonomic Distribution of Bioluminescence
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Fig. 2.6  Luminous organisms (fi sh). 

(A) Anglerfi sh Chaenophryne; 

(B) myctophid lanternfi sh; 

(C) dragonfi sh Idiacanthus; 

(D) hatchetfi sh; 

(E) sternchaser myctophid.
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has been classifi ed between the squids and octopods, exudes coelenterazine-based 
granules from its tentacle tips (Robison et al. 2003), in addition to bearing several 
bright lights across its body. The squid Symplectoteuthis has a distinct photoprotein 
that is triggered by monovalent ions, and it uses dehydrocoelenterazine as the 
light-emitting substrate (Takahashi and Isobe 1994). Other squids may have 
bacterial symbionts as described above. Females of the midwater octopod Japetella 
(Fig. 2.3E) develop a unique ring of luminescence around their mouth, leading 
to the suggestion that this signal may be used for intraspecifi c communication 
(Herring 2000). The chemistry of this particular reaction is unknown. Another 
dramatic display of luminescence is found in the cirrate octopod Stauroteuthis. 
This deep-living species has web-like membranes connecting its arms, and along 
these arms, the suckers themselves glow (Johnsen et al. 1999).

The fi nal major group known to use coelenterazine is the bony fi shes (Fig. 2.6). 
In addition to the bacterial and Cypridina-type luciferin described above, fi sh are 
also known to have high levels of coelenterazine in their photophores and eggs, 
along with related luciferase activity (Mallefet and Shimomura 1995; Rees et al. 
1990). Fish rival squid in the variety and extent of their adaptations to produce 
light. Most of the species living in the midwater have ventral photophores, which 
may include a complex array of refl ective surfaces, lenses, and fi lters to modify the 
light signal used in counterillumination (Herring 1977). Hatchet fi sh (Fig. 2.6D), 
for example, are fl attened into a vertical plane, and their narrow silhouette is well 
covered by extensive light organs. Several kinds of fi sh have glowing (nonbacterial) 
barbels dangling from their chin or at the end of modifi ed fi n rays, apparently for 
use as lures. One of the most spectacular luminous fi sh is the black dragonfi sh 

Idiacanthus (Fig. 2.6C). In addition to an ornate barbel and luminous fi n rays, 
this stomiid fi sh has its entire upper and lower surfaces lined with extremely 
bright photophores. Lanternfi sh, or myctophids (Fig. 2.6A), have species-specifi c 
patterns of spot-like photophores along the sides of their bodies. Along with their 
blue-green photophores, a few of the loosejaw fi shes such as Malacosteus and 
Aristostomias use fi lters to produce red bioluminescence – the longest wavelength 
luminescence known from the sea (O’Day and Fernandez 1974). The luciferases 
of bony fi shes in general have not yet been characterized.

A few types of small elasmobranch sharks are also luminous, mostly in the form 
of numerous tiny photophores along their ventral surface. In an interesting twist, 
it has been suggested that they use counterillumination for offensive, rather than 
defensive, purposes. The cookie-cutter shark Isitius, in particular, preys by gouging 
disc-shaped bites from large pelagic fi sh such as tuna. Its uniform illumination 
pattern is broken by a dark patch under the throat, and this is thought to appear 
like a small fi sh, luring the predators close enough for a quick counterattack 
(Widder 1998).

2.2  Taxonomic Distribution of Bioluminescence
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2.2.5 

Other Luciferins: Known and Unknown

Although the four types of luciferin listed above can account for a large portion of 
the phylogenetic diversity of marine bioluminescence, there are several other taxa 
whose light-producing chemistries are either unique or as yet unknown. Some of 
these organisms are described below.

The bivalve Pholas, a rock-boring clam, was one of the fi rst organisms to have 
its luminescence chemistry investigated in detail (Dubois 1887). Its chemistry 
is a variation on the ones presented thus far: the luciferin is bound within a 
photoprotein, pholasin, which reacts when exposed to a luciferase or any reactive 
oxygen species. The photoprotein itself has been cloned, and its sequence is unique 
among those known (Dunstan et al. 2000).

Another mollusk that does not fi t into the categories listed above is the gastropod 
nudibranch Phylliroe (Fig. 2.3D). Gastropods are a diverse group that includes 
many benthic snails, as well as some pelagic species such as pteropods and 
heteropods. For the most part, these pelagic forms are not luminous, but Phylliroe 

and its relatives are. Again, this might be related to their diet, as they are known 
to prey upon gelatinous plankton such as hydromedusae and siphonophores. 
This makes coelenterazine the most likely luciferin to be involved, although the 
chemistry has not yet been investigated. Other interesting exceptions among the 
gastropods are the freshwater pulmonate limpet Latia, which is one of a handful 
of freshwater species known to luminesce, and the terrestrial snail Dyakia. The 
luciferin and luciferase of Latia have been examined in detail (Shimomura and 
Johnson 1968a, 1968b).

As with chaetognaths, there is another small phylum of marine worms that have 
a single known luminous member. These are the Nemertea, or ribbon worms. 
Not much has been added to the initial reports of light from the benthic species 
Emplectonema (Kanda 1939). With the large numbers of deep-sea planktonic 
nemertean species that are being discovered (Roe and Norenburg 2001), it is 
hoped that there will be additional luminous nemerteans added to the list of 
taxa.

The phylum Hemichordata includes the acorn worms, which have luminous 
larvae and adults. Recently, the chemistry of the luciferin of the enteropneust 
Ptychodera fl ava was described (Kanakubo and Isobe 2005), and it is unlike other 
known luminescence systems. When considering the functions of luminescence, 
it is important to view the entire life cycle, because many benthic organisms have 
planktonic larvae for which luminescence may serve very different roles.

Luminescence occurs in an extremely diverse subset of the segmented poly-
chaete worms. These annelids have many forms of luminescent expression, 
including rapid fl ashing, luminous “scales”, and long-duration glowing exudates. 
The odontosyllids are famous for their spawning displays, where swarms of 
females are surrounded by circling males, both emitting light. Polychaetes also 
have some of the shortest wavelength displays (< 440 nm max) from the terebellid 
Polycirrus (Huber et al. 1989), as well as the long-wavelength, gold-colored light 
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of the planktonic Tomopteris (Fig. 2.3G). The basic chemistry of some polychaetes 
has been investigated but not fully solved. Photoproteins – four to six times larger 
than coelenterate photoproteins and involving iron and peroxide rather than 
calcium – have been isolated from Chaetopterus and from the polynoid Harmothoe 
(described in Chapter 1). No photoproteins or luciferases have been cloned, and the 
luciferins of the group are unknown. Terrestrial annelids, specifi cally earthworms, 
can also produce a luminous slime, and glowing species have been found in 
Europe, North America, Australia, and New Zealand (Rota et al. 2003).

The urochordates are a small but morphologically diverse marine group that 
includes benthic tunicates, and planktonic salps, doliolids, and larvaceans. They 
generally fi lter feed by pumping large volumes of water through fi ne-mesh 
“baskets”. Although most tunicates and salps are not luminescent, there are, 
as usual, exceptions. The colonial pyrosome, mentioned above, is thought to 
use bacteria to produce light. Other planktonic salps are not confi rmed to be 
luminescent, despite the descriptor of a “luminous organ” commonly applied to 
portions of Cyclosalpa that appear bluish in white-light illumination. Doliolids are 
closely related to salps, and the most common types are not luminescent, although 
some brightly luminous deep-sea species have recently been discovered (personal 
observation). There is a single benthic tunicate, Clavelina, that was recently found 
to be luminous (Aoki et al. 1989).

Larvaceans are tadpole-shaped planktonic urochordates that build mucous 
“houses” to fi lter food from the water. During the formation of the house, 
they embed bioluminescent particles into the matrix (Galt 1978; Galt and 
Sykes 1983). These particles sparkle when the houses are disturbed. They may 
contain coelenterazine, although this is not fully demonstrated (Galt, personal 
communication). Because larvaceans may produce and discard many houses 
through the course of the day, they generate far more luminescence than their 
numbers would indicate. In the deep sea, giant larvaceans build houses with outer 
fi lters reaching a meter in diameter.

Another exclusively marine group that may seem an unlikely place in which to 
fi nd bioluminescence, because of their predominantly benthic life, is the phylum 
Echinodermata. Although sea urchins are not known to be luminous, the other 
groups all have luminescent members. Even the familiar sea stars have luminous 
species, although they are not the types one would fi nd in a tide pool. Crinoids are 
well represented in the fossil record, and their branched shape looks more like a 
coral or algae than a relative of the sea stars. Several sea cucumbers are luminous, 
including the benthic Pannychia (Herring 1985a) and the strange, deep pelagic 
(or at least bentho-pelagic) Enypiastes (Robison 1992).

Luminescence of the brittle stars (ophiuroids) is undoubtedly the most thorough-
ly examined system among the echinoderms. They have luminescent organs down 
the length of their arms, and these are thought to deter predators (Grober 1988). 
When disturbed, they can shed their arms and move quickly away or wave them 
about with a rapidly scintillating display. The pharmacology and physiological 
control of these displays has been well studied (Brehm et al. 1973; De Bremaeker 

et al. 2000; Dewael and Mallefet 2002). Surprisingly, however, little is known 
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of the chemistry. In Ophiopsila, there is a photoprotein of sorts, which may be 
activated with hydrogen peroxide (Shimomura 1986). It is diffi cult to examine 
calcium dependence because of the high levels of calcium present in the skeletal 
elements of the animals.

2.3 

Functions

There is no single role that can explain the ubiquity of bioluminescence in the 
marine environment. Producing a fl ash of light is energetically expensive, but it 
is also an extremely effective means for a small organism to communicate over 
long distances in the ocean. Some of the more widely proposed functions are 
discussed below.

2.3.1 

Startle or Distract

There are two mechanisms that have been offered to explain the function of 
dinoflagellate bioluminescence (and both are similarly applicable to other 
organisms). The fi rst is that the sudden fl ash of light startles a predator or triggers 
a rapid rejection response before the cell is ingested (Buskey et al. 1983, 1987). 
This kind of fl ash could also apply to jellies, which may be trying to minimize the 
damage caused by an encounter, or advertising their toxicity. Disruptive fl ashes are 
seen in the myctophid fi sh that have “sternchaser” organs (Fig. 2.6E) – extremely 
bright photophores near their tail that would be effective if used in combination 
with a burst of swimming. Many displays are triggered in conjunction with 
escape responses, and when these take the form of a glowing cloud or burst, it 
seems reasonable to assume that they would convey an advantage by distracting 
a predator. Clouds of luminous material are ejected from squids, a chaetognath, 
various shrimp, and searsiid fi shes.

2.3.2 

Burglar Alarm

The second proposed function for dinofl agellate bioluminescence, which can 
also apply to other abundant plankton, is that of the widely known “burglar 
alarm” hypothesis. In this scenario, grazing crustaceans, for example, will leave a 
luminous wake (the alarm) that attracts predators to them. This would then have 
an indirect effect on the fi tness of the fl ashing dinofl agellate. This hypothesis has 
garnered some experimental support (Mensinger and Case 1992) using both fi sh 
and squid as secondary predators.

A variation on this method may explain the dark pigmentation that often lines 
the gut of otherwise transparent organisms. When an organism eats luminous 
prey, it puts itself at risk of being illuminated from within, revealing itself in the 

1311vch02.indd 421311vch02.indd   42 04.07.2006 10:48:0404.07.2006   10:48:04



43

darkness. If a ctenophore, for example, can regenerate its tissue, then it would be 
worth sacrifi cing a glowing bit if that puts the predator at greater risk.

2.3.3 

Counterillumination

Many organisms, most notably shrimps, fi shes, and squids, have photo phores 
concentrated on their undersurfaces that project light which can be seen from 
below. The intensity of this light typically varies to match the average ambient 
light fi eld that is coming down from above. This luminescence, called counter-
illumination, serves to camoufl age their silhouette either by disruption or by 
blending of the shadow against the background light fi eld. This is one of the 
most clearly demonstrated functions of luminescence, by both experimental and 
inferential evidence (Latz and Case 1982; Mensinger and Case 1992; Warner et al. 
1979). Organisms that are thought to counterilluminate will control the intensity, 
angular distribution, and color of the light they are producing. Some squid even 
modulate their color to match whether they are against a backdrop of sunlight or 
moonlight (Young and Mencher 1980).

2.3.4 

Mating Displays

There are several examples of species in which the males and females have 
different photophore patterns, especially among fi sh and squid. However, the use 
of bioluminescence in mating displays has scant data to support it. Some examples 
are noted in the taxonomic treatments above, but the best-supported case is in the 
species-specifi c patterns shown by ostracods (Morin 1986). The possibility of using 
bioluminescence for sexual displays has been examined by Herring (2000).

2.3.5 

Prey Attraction

Probably the most intuitive role for bioluminescence is also the rarest. This is 
the use of bioluminescence to lure prey. Such a function has been suggested 
for anglerfi sh, with their luminous organ, and for some squids. Unfortunately, 
witnessing a capture resulting from a glowing lure is nearly impossible in the 
deep sea. Recently, another example of glowing lures was discovered in a deep-sea, 
fi sh-eating siphonophore (Haddock et al. 2005).

Clearly, bioluminescence is an important component of marine ecology. The wide 
range of luminescent organisms provides innumerable prospects for further 
experimentation and discovery.

2.3  Functions
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3 

Beetle Luciferases: 

Colorful Lights on Biological Processes and Diseases

Vadim R. Viviani and Yoshihiro Ohmiya

3.1 

Introduction

Bioluminescence, the emission of cold light by living organisms for communi-
ca tive purposes, has been extensively used to convey information of living 
processes and for bioanalytical purposes. Among the bioluminescent systems, 
the luciferin–luciferase system of fi refl ies is one of the most studied and exploited 
for bioanalytical purposes. It has been used to detect and quantify ATP in living 
cells and for microbiological purposes. More recently, the luciferase gene has 
been extensively used as a luminescent biomarker to study gene expression and 
to follow up the course of infections and cancer development in animal models, 
helping to devise new therapy strategies. New luciferases producing different 
bioluminescent colors, including red, are improving these methods and promise 
to extend the range of bioanalytical applications in the fi elds of biophotonics, 
biotechnology, medicine, and environment.

Bioluminescence results from the conversion of potential energy of chemical 
bonds in light. In such exergonic processes, molecules generally known as luci-
ferins are oxidized, through the intermediacy of peroxides, forming electronically 
excited-state products that decay and thereby emit light [1, 2]. Luciferases are 
the key enzymes catalyzing such reactions. Bioluminescence in nature is used 
for communicative purposes such as for sexual attraction [2]. For humans, 
bioluminescence is currently used as one of the most versatile and sensitive tools 
to convey information about specifi c living processes in basic research and for 
bioanalytical purposes. The luciferase genes of several bioluminescent organisms 
have been cloned, sequenced, and expressed in different cells [2]. Among them, 
the fi refl y luciferases are one of the most used systems [3, 4], being originally used 
as analytical tools to measure ATP and later as one of the most versatile reporter 
genes [5]. Many beetle luciferases producing a range of bioluminescent colors have 
been cloned and are expanding the range of applications as reporter genes [5]. 
Currently, under the keyword “luciferase” more than 120 new papers per month 
and 2000 papers per year are added to the Pubmed database, most of them about 
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applications. It would be impossible and outside the scope of this chapter to detail 
all the applications using the fi refl y luciferin–luciferase system. Therefore, we will 
give an overview of the main lines of applications of these fantastic enzymes and 
the prospects of using new luciferases in biotechnology and biomedicine.

3.2 

Beetle Luciferases

Bioluminescent beetles are found in three main families: Lampyridae (fi refl ies), 
Phengodidae (railroad worms) (Fig. 3.1), and Elateridae (click beetles). They emit a 
wide variety of bioluminescence colors using the same luciferin (Fig. 3.1): fi refl ies 
emit in the green-yellow region, click beetles in the green-orange region, and 
railroad worms in the green-red region of the spectrum [4]. The bioluminescent 
system of beetles involves the ATP-activated oxidation of a benzothiazolic luciferin 
[6] (Fig. 3.2). In the fi rst step, luciferase catalyzes the activation of d-luciferin by 
adenylation at expenses of ATP. During the second step luciferase catalyzes the 
oxidation of luciferyl adenylate, followed by departure of AMP and concomitant 
formation of a cyclic peroxide intermediate, named dioxetanone, whose cleavage 
results in excited singlet oxyluciferin and carbon dioxide. The decay of excited 
oxyluciferin generates a photon, usually in the green-yellow range of the spectrum, 
with a reported effi ciency of 88%. Three basic mechanisms have been proposed 
to explain bioluminescence color modulation by beetle luciferases: (1) nonspecifi c 
effects including the solvent effect and orientation polarizability [7, 8]; (2) specifi c 
interactions between active-site residues and oxyluciferin functional groups, 
mainly acid–base and electrostatic interactions [9]; and (3) the degree of rotational 
freedom of oxyluciferin thiazinic rings under the infl uence of active-site geometry 
[10]. The two former hypotheses are supported by experimental evidence.

Many beetle luciferases, mainly from fi refl ies, have been cloned and sequenced. 
They are polypeptides consisting of 543–550 amino acid residues with an aver-
age molecular weight of 60 kDa [11–24] and a C-terminal peroxisomal targeting 
peptide, Ser–Lys–Leu, which drives them into peroxisomes [3, 4]. They are homo-
logous to the family of AMP ligases that include fatty acid CoA synthetases, 
aromatic acid CoA synthetases, coumarate CoA synthetases, and peptidyl synthe-
tases [3, 4, 25].

The three-dimensional structure of fi refl y luciferase was solved in the absence 
of substrates [26]. It shows a main N-terminal domain bound by a hinge to a 
smaller C-terminal domain. The active site was proposed to be located in a cavity 
in the N-terminal domain facing the C-terminal domain, and two models were 
constructed [27, 28]. The C-terminal domain was found to play an essential role 
for effi cient yellow-green light emission [29]. Beetle luciferases are classifi ed in 
two functional groups: (1) the pH-sensitive fi refl y luciferases and (2) the pH-
insensitive railroad worm luciferases. Studies based on modeling, photoaffi nity, 
and site-directed mutagenesis identifi ed important residues for the catalytic 
function [30–33] and for bioluminescence color determination in fi refl y luciferases 
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[34–37], click beetles, and railroad worm luciferases [38–42]. They fall into two 
main classes: those directly involved in the active site and those that indirectly 
affect the active-site conformation. The pH-sensitive fi refl y luciferases were found 
to be especially prone to be affected by mutations outside the active site, whereas 
the pH-insensitive ones were more resistant [43].

3.3 

Bioanalytical Assays of ATP

Since the purifi cation of the Photinus pyralis fi refl y luciferase and synthesis of 
its luciferin, about 50 years ago, the luciferin–luciferase system of fi refl ies has 
been extensively used in applications involving the detection and quantifi cation 
of ATP (Table 3.1, Fig. 3.3). It is the most sensitive method available, superior to 
fl uorescence and colorimetric methods, detecting down to 0.01 fmol of ATP and 

Fig. 3.1  Beetle bioluminescence: 

(A) Phrixotrix railroadworm; 

(B) E. coli-expressing Phrixotrix railroad worm 

 green- (left) and red-emitting (right) 

 luciferases; 

(C) in vitro assay using different beetle 

 luciferases.
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Fig. 3.2  Bioluminescent reaction catalyzed by beetle luciferases.

showing the widest linear range (1 pM–1 M) [44]. Methods of ATP extraction 
depend on the sample to be analyzed, and several methods have been devised 
[45]. Kits for analysis of ATP in biological samples are available.

Fig. 3.3  Bioluminescence of beetle luciferin–luciferase system 

in the presence of different concentrations of ATP.
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Table 3.1  Analytical applications of beetle luciferases.

Major area Specifi c application Examples

ATP assays ATP assays

Hygiene Food, beverage, textile, hospital

Microbiology Bacteriuria

Biomass Seawater, water treatment plants

Cell viability Platelets, erythrocytes, 
macrophages, spermatozoids

Enzyme assays Formation Creatine kinase, oxidative 
phosphorylation, pyruvate 
kinase, adenylate kinase, 
phosphodiesterase

Degradation Hexokinase, ATPases, apyrase 
cGMP phosphodiesterase

Reporter gene Transfection

Promoter activity assays Bacteria, yeast, plants, insects, 
mammals

Biophotonic imaging/gene delivering
Pathogenic virus
Pathogenic Mycobacteria
Pathogenic bacteria
Pathogenic yeast
Tumor progression
Cell traffi cking
Transgenic expression

HIV, HSV, HTMLV
M. tuberculosis

Salmonella, Staphylococcus

Candida albicans

Glioma, human cervical carcinoma
Lymphocytes
Mice

Cytotoxicity

Biosensors
Environmental disruptors

Hg, As, naphthalenes, phenols, 
agrochemicals

3.3.1 

Biomass Estimation and Microbiological Contamination

The luciferin–luciferase system of fi refl ies was extensively used in applications 
indirectly involving ATP measurement for biomass estimation [46, 47] (Table 3.1). 
Examples are their use for microbiological contamination evaluation in several 
industries, including food, beverages, milk, and textiles. This system is being used 
in water treatment plants and in hospitals for hygiene tests. Some companies 
commercially provide specifi c kits developed for assaying the contamination of 
these products [48, 49]. Cell activation from platelets, nerve endings, muscle, and 
plasma also can be measured based on ATP [44]. The luciferin–luciferase system 
has been successfully used to monitor the continuous production of ATP by 
mitochondria and ATP release by nerve endings and platelets. Tests for analyzing 
contamination of biological fl uids and infections, among them bacteriuria, have 
been developed [50].

3.3  Bioanalytical Assays of ATP
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3.3.2 

Cytotoxicity and Cell Viability Tests

The concentration of ATP in normal living cells ranges from 1 mM to 10 mM, 
thus saturating for fi refl y luciferase. Based on the ATP content of healthy cells, 
and its depletion in dying ones, assays for cell viability (erythrocytes, platelets, 
white cells, spermatozoids, and cultured cells, etc.) have been developed [44]. The 
same principle has been applied for tests to evaluate the cytotoxicity of several 
compounds.

3.3.3 

Enzymatic Assays

The luciferin–luciferase system also has been used for assays of enzymes directly or 
indirectly involved in ATP generation and degradation [44] (Table 3.1). It has been 
used to study the direct generation of ATP in metabolic processes such as oxidative 
phosphorylation and photosynthesis, using mitochondria and chloroplasts, or to 
investigate the mechanisms of ATPases and ion pumps. An assay kit for myocardial 
infarction involving the measurement of creatine kinase MB isoenzyme, released 
from damaged myocardial cells, has been produced commercially [51].

3.4 

Luciferases as Reporter Genes

After cloning of the cDNA for fi refl y luciferase, a new range of applications 
involving the use of the luciferase gene as a reporter gene appeared. Since then, 
the fi refl y luciferase gene has been extensively used to investigate transformation 
and transfection effi ciencies in different cells, analysis of promoter activities, and 
location of gene expression, etc. [52–54]. Viral vectors such as adenovirus, HSV, 
vaccinia virus, etc., were labeled by inserting the fi refl y luciferase gene and were 
used to monitor their gene expression and dissemination in cells and tissues 
[55–58]. Regulation of gene expression of human cytomegalovirus (HCMV) and 
human immunodefi ciency virus (HIV) in individual intact HeLa cells has been 
imaged using constructs with fi refl y luciferase gene downstream of viral promoters 
[54]. The fi refl y luciferase gene has been expressed in several mammalian cell 
lines such as monkey kidney cells, Chinese hamster ovary cells, HeLa cells, and 
rat pituitary tumor cells [51–58]. A fusion protein of fi refl y luciferase–aequorin 
was used to monitor ATP and Ca+2 intracellular changes in HeLa cells [59].

3.4.1 

Dual and Multiple Reporter Assays

For practical purposes, two promoter activities, for target and control genes, must 
be analyzed, because expression of the reporter enzyme depends on conditions in 
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the cell as estimated by the expression of the control gene. The fi refl y luciferase 
is used to estimate a transcriptional activity, whereas the Renilla luciferase is 
used as an internal control for normalization of the fi refl y luciferase activity 
to minimize experimental variability caused by differences in cell viability or 
transfection effi ciency, the so-called dual-assay system (e.g., the Dual Luciferase 
Reporter Assay System; Promega, Madison, WI, USA; http://www.promega.com/
tbs/tm040/tm.html/). However, multiple transcriptions, which simultaneously 
progress in the cells, cannot be monitored in this system, since only one-gene 
transcriptional activity can be measured. Recently, in order to measure two-
gene transcriptional activities simultaneously, a tricolor reporter in vitro assay 
system was developed in which the expression of three genes can be monitored 
simultaneously by splitt ing the emissions from green-, orange-, and red-emitting 
luciferases with optical fi lters (Fig. 3.4) [60]. This system allows us to simply and 
rapidly monitor three gene expressions simultaneously (two are test reporters 
and one is an inter nal control) by using a single luminescent substrate in one 
tube (e.g., the MultiReporter Assay System -Tripluc-, TOYOBO, Osaka, Japan; 
http://www.toyobo.co.jp/seihin/xr/lifescience.html).

3.5 

Biophotonic Imaging in Animals: A Living Light on Diseases

One of the most exciting and promising applications of beetle luciferase genes 
is the real-time imaging of normal and pathogenic biological processes in living 
organisms (Fig. 3.5).

Fig. 3.4  Multicolor reporter system showing the simultaneous monitoring 

of mRORa4 dose-dependent induction of RORE-mediated (red bars) and 

mBmal1 promoter fragment-driven (orange bars) transcriptions [60].

3.5  Biophotonic Imaging in Animals: A Living Light on Diseases
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3.5.1 

Pathogen Infection in Living Models

The fi refl y luciferase gene has been transiently and stably expressed in mammalian 
organisms for a variety of purposes [52–54, 61–64]. It has been used to follow up 
bacterial infections in model animals using Streptococcus, Salmonella, and Staphylo-

coccus aureus strains and mycobacterial infections such as Mycobacterium tuber-

culosis [64–67]. Bioluminescent Candida albicans strains also have been engineered 
with the fi refl y luciferase gene to follow the course of infections in living mice 
models. Similar studies have been done using viral infections such as herpes (HSV) 
[57] and adenovirus [56]. Transgenic mice containing viral promoter fusions such 
as HTMLV have been developed and tested to study the range of tissues and cells 
that are capable of supporting viral expression. HIV infection can be followed by 
real-time imaging in mammalian cell cultures and in live animals. Assays for HIV 
using a plasmid that contains the fi refl y luciferase gene under the control of a 
viral promoter have been developed [63, 68]. Transgenic mice containing the LTR 
promoter of HIV fused to the fi refl y luciferase gene were produced as a useful 
model to study in vivo regulation of viral gene expression [69].

3.5.2 

Drug Screening

Thus, based on the above technology, the fi refl y luciferase gene has been used to 
evaluate antimicrobial activity in pathogenic strains of Mycobacterium tuberculosis 
[66] and Staphylococcus aureus and antiviral activity in HIV-infected mice [69, 70], 
helping to speed up drug screening procedures.

Fig. 3.5  Biophotonic imaging of bioluminescent mice according to Contag and Bachmann [61].
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3.5.3 

Tumor Proliferation and Regression Studies

The fi refl y luciferase gene is also being used for noninvasive assessment of tumor 
cell proliferation in animal models [71], which is helping in the development of 
new antineoplastic therapies [72]. Such procedures have been employed to study 
progression and regression of human cervical carcinoma cells in living mice. 
Tumors have been imaged by the selective expression of bioluminescence by using 
virus-carried luciferase genes linked to tissue- or tumor-specifi c promoters [73]. 
Furthermore, the tropism, migration, and infi ltration of certain mammalian cells 
such as leucocytes into tumors can be used to bioluminescently label these cells to 
reveal the location of tumors and metastases [73]. Besides being noninvasive, this 
technology allows for a sensitive detection and location of metastases during the 
initial stages of tumorigenesis, allowing us to devise new therapeutic strategies 
before the late manifestation of cancer. Perhaps in the future these bioluminescent 
technologies could be used for diagnostic and therapy evaluation purposes in 
human beings themselves.

3.5.4 

Gene Delivery and Gene Therapy

Similarly, the fi refl y luciferase gene has been used to monitor delivery, location, 
and pattern of transgene expression in gene therapy assays [52]. Through 
the use of viral and retroviral vectors, genes encoding therapeutic proteins as 
well as the luciferase markers have been introduced into mammalian cells to 
evaluate the treatment of diseases such as Parkinson’s disease, cystic fi brosis, 
and cancer.

3.5.5 

Luciferase as Biomarkers for Cell Traffi cking Studies

Transgenic mice expressing the fi refl y luciferase gene and fusion protein with 
GFP have been engineered as a source of bioluminescently labeled cells to track 
the fate of specifi c cells during transplants and to avail cell traffi cking of cells 
such as lymphocytes.

3.5.6 

Immunoassays

Biotinylated recombinant fi refl y luciferase was also used as a probe to detect 
proteins and nucleic acids in blots. A method for detecting protein A-bearing 
Staphylococcus aureus using biotinylated luciferase has been developed: this method 
is more sensitive and rapid than conventional colorimetric assays, detecting down 
to 1 pg ml–1 of protein A [74]. A fusion protein of protein A and the fi refl y luciferase 
gene was constructed and successfully used in sensitive dot and Western blotting 

3.5  Biophotonic Imaging in Animals: A Living Light on Diseases
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assays, detecting down to 5 pg of -fetoprotein [75]. Firefl y luciferase gives results 
comparable to alkaline phosphatase.

3.6 

Biophotonic Imaging in Plants

The fi refl y luciferase gene has been used as a reporter gene in transgenic plants 
with the aim of studying gene expression under stress conditions, infection, and 
circadian control studies [76, 77].

3.7 

Biosensors: Sensing the Environment

Firefl y luciferase-engineered bacteria, cyanobacteria, yeast, algae, plants, and 
multicellular animals have been successfully used as whole-cell biosensors [78–84]. 
Because fi refl y luciferase depends on ATP, its bioluminescent signal can be 
conveniently linked to the energetic status of the cell. In the simplest cases these 
cells can be directly used in general toxicity tests. More sophisticated bioassays 
for specifi c toxic agents have been constructed by fusion of a luciferase gene 
to a stress-inducible transducer, the luminescence being directly related to the 
degree of activation, detecting down to ppm amounts of these compounds. The 
latter are exemplifi ed by whole-cell biosensors for heavy metals such as mercury 
and arsenic, phenols, agrochemicals, hormones [84], and other environmental 
disruptors. They can also be used as reporter genes to monitor the bioavailability 
of nutrients such a nitrogen and iron.

3.8 

Novel Luciferases: Different Colors for Different Occasions

Until recently, only fi refl y luciferases had been used for bioanalytical purposes. 
However, they produce only yellow-green light under physiological conditions 
and have the drawback of being pH sensitive, reducing the effi ciency of signal 
detection for most applications. Red luciferase mutants were produced by 
genetic engineering, and some of them are currently in use for applicative 
purposes. However, their spectrum is not very red-shifted and furthermore is 
very broad [36, 85–87]. Click beetle luciferases, despite producing a wider range 
of bioluminescence colors and being pH insensitive, have not acquired the same 
level of popularity as fi refl y luciferases. More recently, our group has cloned several 
beetle luciferases from railroad worms, click beetles [19, 21, 22], and fi refl ies [24, 
43]. Among them, the Phrixotrix hirtus railroad worm luciferase is the only true 
red-emitting luciferase, displaying a very narrow spectrum [19] (Fig. 3.6). The 
luciferase from the click beetle Pyrearinus termitilluminans, besides displaying 
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the most blue-shifted spectrum among beetle luciferases, is also relatively 
thermostable (Fig. 3.6). Furthermore, our laboratories succeeded in engineering 
beetle luciferases producing a wide range of colors varying from green to red 
(Fig. 3.5) [40–42]. Recently, Nakajima et al. succeeded in expressing red luciferase 
in mammalian cells [89]. For these reasons, red-emitting luciferase is assuming 
important new applications in multicolor reporter systems for bacterial and 
mammalian cells [89, 90]. Red-emitting luciferase has further potential to be used 
in pigmented biological samples where the luminescent signal of fi refl y luciferases 
is considerably decreased. A photodetection system using interference fi lters 
has been developed to monitor the bioluminescent signal of distinct luciferases 
simultaneously in multicolor reporter assays. Thermostable mutants were 
produced by random and site-directed mutagenesis [91–93]. Recently, Photinus 
fi refl y luciferase that is stable at 60 °C was developed by Promega.

Cloning of new luciferases with different properties and their engineering 
can expand their range of applications. For example, the engineering of these 
luciferases to produce more red-shifted and more blue-shifted emitting enzymes 
is underway. Theoretically, based solely on the chemical structure of beetle d-
luciferin, it is possible to extend the bioluminescence color up to 638 nm for the 
red end of the spectrum and to 530 nm for the blue end. However, combinatorial 
chemistry can further expand these limits. For example, luciferin analogues 
producing blue- and red-shifted colors have been developed already [94, 95]. 
The use of blue-shifted luciferases with orange and red fl uorescent proteins can 
expand the use of the BRET system to beetle luciferases. The development of new 
and more sensitive photodetecting systems promises to bring bioluminescence 
technology to routine laboratory and biomedical activities.

Fig. 3.6  Bioluminescence spectra of recombinant beetle luciferases 

cloned and engineered by our laboratories [19, 21, 42].

(A) Pyrearinus termitilluminans; 

(B) Phrixotrix mutant yellow-emitting luciferase; 

(C and D) Phrixotrix mutant orange-emitting luciferases; 

(E) Phrixotrix hirtus red-emitting luciferase.

3.8  Novel Luciferases: Different Colors for Different Occasions
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4 

Split Luciferase Systems for Detecting Protein–Protein 

Interactions in Mammalian Cells Based on Protein Splicing 

and Protein Complementation

Yoshio Umezawa

4.1 

Introduction

Protein–protein interactions (PPIs) are known to play key roles in structural and 
functional organization of living cells. Many unsolved problems currently studied 
in molecular biology and biochemistry are related to PPIs. Identifi cation of these 
interactions and characterization of their physiological signifi cance constitute one 
of the main goals of current research in different biological fi elds [1–4].

The yeast two-hybrid system has been extremely useful for detecting and 
identifying PPIs in vivo [5, 6], where a library of proteins is screened for interaction 
with a “bait” protein. The two-hybrid method, a standard functional assay, facilitates 
the identifi cation of PPIs and has been proposed as a method for the generation 
of protein interaction maps [7–9]. This approach allows rapid detection of protein-
binding partners, including the relevant interacting domains, and immediately 
provides the gene that encodes the identifi ed interacting proteins; there are, 
however, cases where this is not applicable. For example, in cases where a set of 
detectable protein interactions are those occurring in the nucleus, in proximity to 
the reporter gene, this method is not useful for the study of membrane proteins. 
Moreover, if one of the proteins is a transcriptional activator, it may itself induce 
transcription of the reporter gene. Conceptually, the biological information 
generated by two-hybrid analysis is often questioned because of the inherent 
artifi cial nature of the assay. Nonetheless, numerous previously unknown protein 
interactions have been identifi ed using this yeast two-hybrid system.

To overcome the limitations of the yeast two-hybrid assay, various permutations 
of the two-hybrid method have been described, including the split-ubiquitin 
system (USPS) [10–12], the SOS recruitment system [13–15], dihydrofolate 
reductase complementation [16, 17], -galactosidase complementation [18], and 
the G-protein fusion system [19]. These systems are well suited for assaying 
interactions between cytoplasm- and membrane-proximal proteins, but they 
can be utilized only in appropriately engineered cells and/or are prone to false-
positive signals.
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4  Split Luciferase Systems for Detecting Protein–Protein Interactions in Mammalian Cells66

Fluorescence ratio imaging has also been used to study protein interactions in 
living cells [20]. The detection mechanisms are based on the fl uorescence reso-
nance energy transfer (FRET) that occurs when donor and acceptor fl uorophores 
are in suffi cient proximity (< 10 nm) and an appropriate relative orientation. 
The use of FRET has allowed us to detect protein interactions or conformational 
changes in real time in living cells, or to analyze the distances between the two 
proteins as a molecular ruler. However, it is limited by the requirement that 
the fl uorescent labels on the interacting proteins be suffi ciently close to permit 
effi cient energy transfer. Also, the labeled proteins need to be introduced into 
the cells at relatively high concentrations. Clearly, a method that would allow a 
direct examination of molecular interactions with fewer size constraints, at the 
site where they occur within a eukaryotic cell, would be advantageous.

Recently, we developed a protein splicing-based split green fl uorescent protein 
(GFP) system for the analysis of interactions between soluble proteins that pro-
vides an alternative method for the in vivo analysis of protein interactions [21]. The 
protein splicing is a post-translational processing event involving precise excision 
of an internal protein segment, the intein, from a primary translation product with 
concomitant ligation of the fl anking sequences, the exteins (external proteins) [22]. 
The N- and C-terminal halves of intein, derived from Saccharomyces cerevisiae, are 
fused to split the N- and C-terminal halves of enhanced GFP, respectively, and 
each is connected to the interacting protein pairs of interest. In this system, PPIs 
facilitated the protein splicing in trans and the two exteins of split EGFP were 
ligated to yield the EGFP fl uorophore, which was detected in vivo in E. coli cells 
by fl uorescence. This system has the advantage that neither reporter genes nor 
substrates for enzymes are needed, in contrast to the earlier methods. For wider 
applications of this method, detection of protein–protein interactions in mam-
malian cells is naturally targeted. However, it appears that the available detection 
limit of the method has yet to be improved for its use in mammalian cells.

4.2 

Protein Splicing-based Split Firefl y Luciferase System [23]

Here we describe a protein splicing-based split luciferase to monitor protein–
protein interactions in mammalian cells, using an intein of DnaE derived from 
the cyanobacterium Synechocystis sp. strain PCC6803. The DnaE intein was 
selected among several known inteins because it has the natural splicing ability 
to ligate accompanying proteins in trans. This principle is shown in Fig. 4.1. The 
Ssp DnaE intein is a naturally split intein, composed of 123 amino acid residues 
in the N-terminal half and 36 amino acid residues in the C-terminal half, which 
possesses an ability to ligate N- and C-exteins [24]. The amino terminus of DnaE 
is fused to the N-terminal half of the luciferase enzyme and the carboxy terminus 
of DnaE to the rest of the luciferase. Each of these fusion proteins is linked to a 
protein of interest (protein A) and its target protein (protein B). When interaction 
occurs between the two proteins, the N- and C-termini of DnaE are brought in 
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close proximity and undergo correct folding, which induces a splicing event. The 
N- and C-terminal fragments of the split luciferase thereby directly link to each 
other by a peptide bond. The matured luciferase thus formed creates its active 
center to emit light, which can be detected by a luminometer. The extent of the 
protein–protein interaction can be evaluated by measuring the magnitude of 
luminescence intensity originating from the formation of luciferase. By thus 
using characteristic features of luciferase for highly sensitive detection together 
with DnaE for high splicing effi ciency, we demonstrated that the sensitivity of this 
method is much improved compared to the earlier split EGFP method, and PPIs 
triggered by outer-membrane signals became detectable in mammalian cells.

Fig. 4.1  (A) Principle for the present protein 

splicing-based split luciferase enzyme 

system. The N-terminal half of DnaE 

(N_DnaE) and the C-terminal half of DnaE 

(C_DnaE) are connected with the N-terminal 

half of luciferase (1–437 amino acids; green) 

and the C-terminal half of luciferase 

(438–544 amino acids; yellow), respectively. 

Interacted protein A and protein B are 

linked to opposite ends of those DnaE. 

Interaction between protein A and protein 

B accelerates the folding of N_DnaE and 

C_DnaE, and protein splicing results. The N- 

and C-terminal halves of luciferase are linked 

together by a normal peptide bond to recover 

its enzymatic activity. 

(B) 3D structure of fi refl y luciferase. 

N- and C-terminal halves of the enzymes are 

shown as green and yellow, respectively. 

This fi gure was generated using Rasmol [23].
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4.2.1 

Split Luciferase Works as a Probe for Protein Interaction

To examine whether some particular PPIs in eukaryotic cells facilitate the splicing 
event to yield matured luciferase, phosphorylation of IRS-1 and its target SH2N 
domain derived from phosphatidyl inositol 3-kinase, both of which are involved 
in physiologically relevant insulin signaling, was chosen as a known protein 
interaction pair [25]. After the CHO-HIR cells were transiently co-transfected with 
pIRES-DSL(Y/S) and pRL-TK vectors, the cells were stimulated with 1.0  10–7 M 
insulin for 72 h, 3 h, or with the same concentration of insulin for 5 min, followed 
by replacing the insulin solution with FCS-free medium without insulin for 
175 min. The results are shown in Table 4.1. When CHO-HIR cells were stimu-
lated by insulin for 72 h, 3 h and 5 min, the magnitudes of the normalized 
luciferase activities were 1.0, 0.73, and 0.17, respectively. Upon stimulation with 
FCS-free medium in the absence of insulin, the magnitude of the background 
luminescent intensity was 0.15, which was nearly identical to that obtained with 
the 5-min treatment of insulin.

The fi refl y luciferase activity obtained with the stimulation of insulin for more 
than 3 h was found to be four times higher than the background signal. This 
increase in the kinase activity is explained by the phosphorylated Y941 peptide, 
generated by the kinase reaction of the insulin receptor and selectively bound to 
SH2N, which facilitated folding and splicing in trans of DnaE inteins; as a result, 
the two external regions of the N- and C-terminals of luciferase were ligated to 
recover its activity. To confi rm this, the effects of a point mutation on the splicing 
effi ciency were examined by comparing the Y941 peptide and its mutant. The 
phosphorylation site of the 941 tyrosine residue in the Y941 peptide was replaced 
by an Ala residue that was not subjected to phosphorylation by the insulin receptor. 
The results are shown in Table 4.2. Upon expression of the Y941 mutant in CHO-
HIR cells, the magnitude of the normalized luminescence intensity was the same 
as the background level, demonstrating that phosphorylation of Y941 peptide is 
indispensable for producing the luciferase enzyme by the splicing reaction.

Table 4.1  Time-dependent increases in protein-splicing events upon addition of insulin.

Time RLU

Insulin (100 nM) Insulin (0 M)

5 min 0.17 ± 0.10 –

  3 h 0.73 ± 0.26 0.15 ± 0.04

72 h 1.00 ± 0.28 –

CHO-HIR cells were cultured in 6-well plates and were transfected with 2 g 
of the plasmid pIRESDSL(Y/S) and 0.02 g of the control plasmid pRL-TK. 
After incubation for 45 h, the cells were stimulated with 100 nM of insulin 
for the indicated time at 37 °C. RLU; relative luminescence intensity per 
unit protein expression.
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It has been shown that the kinase activity of the insulin receptor increases 
within a minute after insulin binds to its receptor [26]; therefore, upon stimulation 
with insulin for 5 min, the Y941 peptide was expected to be phosphorylated by 
the insulin receptor. However, the magnitude of the luminescence intensity 
upon stimulation with insulin for 5 min was almost the same as the background 
signal. This result probably occurred because the folding and splicing reaction 
of DnaE inteins did not proceed far enough to produce fi refl y luciferase and thus 
its luminescence could not be detected, even though the phosphorylated Y941 
peptide bound to the SH2N domain. In contrast, upon treatment with insulin 
for 3 h, the magnitude of luminescence intensity increased greatly relative to the 
background signal. These results demonstrate that a reaction time of 3 h needed 
for the protein splicing to occur was enough to discriminate from the background 
signal the luminescence activity generated by protein interactions.

The background luminescence intensity of 0.15 seems relatively high in 
comparison to the one obtained in the case of untransfected CHO-HIR cells. It 
is well known that a naturally split Ssp DnaE intein has the trans-splicing ability 
to ligate its exteins [24, 27, 28]. This implies that the splicing reaction of the two 
intein halves in the absence of insulin stimulation was partly, but not completely, 
induced by the association of the intein fragments. The partial association of DnaE 
inteins may trigger the splicing event that causes the relatively high background 
signals. The fact that the background signal in the case of the Y941 peptide was 
almost the same as the one for the Y941A mutant (Table 4.2) suggests that the 
nonspecifi c phosphorylation of the Y941 peptide negligibly contributed to the 
background signal.

To show the feasibility of quantitative detection of the insulin-induced protein 
interaction in CHO-HIR cells, luminescence from fi refl y luciferase was evaluated 
as to its insulin concentration dependence. After the CHO-HIR cells were 
transiently co-transfected with pIRES-DSL(Y/S) and pRL-TK vectors, the cells 
were stimulated with various concentrations of insulin for 30 min, and thereafter 
each cell lysate was subjected to the luminescence measurements. The results are 
shown in Fig. 4.2. The magnitude of the luminescence intensity increased with an 
increasing concentration of insulin from 1.0 10–10 M to 1.0  10–6 M. At insulin 
concentration levels lower than 1.0  10–11 M, no change in the luminescence 
was observed.

Table 4.2  Effect of a point mutation in Y941 peptide on protein splicing.

RLU

Insulin (100 nM) Insulin (0 M)

Y941 peptide 0.50 ± 0.95 0.11 ± 0.04

Y941 A mutant 0.16 ± 0.05 0.15 ± 0.05

CHO-HIR cells were cultured in 6-well plates and were transfected with 
2 g of pIRES-DSL(Y/S) or its mutant together with 0.02 g of pRL-TK. 
After incubation for 45 h, the cells were stimulated with or without 100 nM 
of insulin for 3 h and measured their luminescence.

4.2  Protein Splicing-based Split Firefl y Luciferase System
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The relationship between the logarithmic insulin concentration and the 
magnitude of luminescence intensities was not sigmoidal. It has been shown 
that typical kinase assays of kinase activity of insulin receptor with [ -32P]ATP and 
synthetic substrates such as random copolymers of poly(Glu : Tyr)(4 : 1) consist of 
insulin-dependent 32P incorporation into the substrates [29–31] . This discrepancy 
may be due to the difference in the detection methods for the phosphorylated 
substrates. In the present method, the detection of the phosphorylated Y941 was 
performed using the splicing reaction of split luciferase, of which complicated 
kinetics in the living cells might have caused this non-sigmoidal relationship 
between the insulin concentration and the observed luciferase activity. The exact 
reason for this, however, remains to be worked out.

Recently, this splicing-based split luciferase system for detecting PPIs was 
applied for imaging a particular PPI in living mice [32]. The reconstituted fi refl y 
luciferase can emit a broadband near to infrared, which is tissue transparent. 
A PPI of two strongly interacting proteins, My-D and Id, was imaged in cells 
implanted into a particular portion of living mice. M-pD and Id are members of 
the helix-loop-helix family of nuclear proteins.

4.3 

Split Renilla Luciferase Complementation System [33]

For spatial and quantitative kinetic analysis of PPIs in living mammalian cells, 
we have developed a split Renilla luciferase complementation method. The split 
Renilla luciferase complementation method relies on the spontaneous emission of 

Fig. 4.2  Insulin concentration dependence 

on relative luminescence unit (RLU). 

CHO-HIR cells were cultured in 6-well 

plates and were transfected with 2 μg of the 

plasmid pIRES-DSL(Y/S) and 0.02 ng of the 

control plasmid pRL-TK. After incubation for 

45 h, the cells were stimulated with insulin 

for 3 h at 37 C. The concentration of insulin 

ranged from 1.0  10–13 M to 1.0  10–7 M 

[23].
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luminescence upon PPI-induced complementation of the split Renilla luciferase, 
with the cell membrane-permeable substrate coelenterazine. Consequently, 
unlike conventional complement enzymes that lead to stable diffusive fl uorescent 
products [34–38], this split Renilla luciferase complementation readout is capable 
of locating the PPIs with emission of bioluminescence only at the sites and time 
of their occurrence in living cells.

To date, Renilla luciferase is one of the major reporter proteins that have been 
used for optical imaging studies in living cells and rodents. This enzyme, which 
was cloned and sequenced by Lorentz [39], is a monomeric photoprotein with 
a molecular weight of 36 kDa, half the molecular weight of fi refl y luciferase, 
and is easily expressed within mammalian cells. The crystal structure of Renilla 
luciferase is not known, but it is known that its N-terminal and several cysteine 
residues are important for its luminescence activity [40, 41]. In contrast to fi refl y 
luciferase [32], the enzymatic reaction of Renilla luciferase does not require ATP. 
To add to these advantages of Renilla luciferase, its substrate coelenterazine is 
known to penetrate through the mammalian cell membrane and rapidly diffuse 
throughout the cytosol [42, 43]. Renilla luciferase catalyzes the oxidation by O2 of 
coelenterazine to its excited-state product (oxycoelenterazine monoanion) to emit 
luminescence with a broadband (ca. 400–630 nm) covering a tissue-transparent 
near-infrared region (Fig. 4.3).

The principle of the present split Renilla luciferase complementation strategy is 
shown in Fig. 4.3. To monitor the interaction between two proteins A and B, the 
N-terminal half of the split Renilla luciferase is fused to protein A, and protein B is 
fused to the C-terminal half. Interaction between protein A and protein B and the 
consequent juxtapositioning of the split Renilla luciferase simultaneously lead to 
formation of the complement Renilla luciferase, thereby spontaneously emitting 
bioluminescence with its membrane-permeable substrate, coelenterazine, in situ 
in living mammalian cells.

Fig. 4.3  A schematic diagram of the 

complementation strategy based on 

split Renilla luciferase. The split Renilla 

luciferase complementation method for 

locating PPIs relies on the spontaneous 

emission of luminescence upon PPI-induced 

complementation of the split Renilla 

luciferase, with a cell membrane-permeable 

substrate, coelenterazine, in situ in living 

mammalian cells [23].

4.3  Split Renilla Luciferase Complementation System
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We now will validate this split Renilla luciferase complementation strategy for 
its use in visualizing a known PPI between the Y941 peptide and the N-terminal 
SH2 domain (SH2n) upon protein phosphorylation in living Chinese hamster 
ovary cells overexpressing with human insulin receptors (CHO-HIR) [23, 44, 45] 
(see above). The 941 tyrosine residue in the Y941 peptide derived from insulin 
receptor substrate-1 (IRS-1) is phosphorylated by the insulin receptor upon insulin 
stimulation and is dephosphorylated by a protein tyrosine phosphatase [45, 46]. 
The SH2n from the p85 subunit (p85330–429) of phosphatidylinositol 3-kinase binds 
with the phosphorylated 941 tyrosine residue within the IRS-1 [47–49] (see above). 
The two proteins, the N-terminal half of the split Renilla luciferase to connect to 
the Y941 and SH2n to connect to the C-terminal half, were expressed in the cells. 
The interaction between the Y941 and the SH2n upon insulin stimulation leads 
to the complementation of Renilla luciferase.

4.3.1 

Time Course of the Interaction Between Y941 and SH2n

The time course of interaction between Y941 and SH2n observed with sRL91 is 
shown in Fig. 4.4a. The luminescence intensities increased within 5 min after 
insulin stimulation and gradually decreased afterward. This time dependence of 
the interaction is due to tyrosine phosphorylation and dephosphorylation, which 
is in good agreement with the immunoblot analysis of anti-phosphotyrosine 
antibody shown in Fig. 4.4b. The results indicate that the luminescence activity 
of sRL91 directly refl ects the ongoing PPI in living cells.

4.3.2 

Location of the Interaction Between Y941 and SH2n

Spontaneous emission of luminescence by a particular PPI-induced complemen-
ta tion of the split Renilla luciferase together with its membrane-permeable 
substrate, coelenterazine, allows noninvasive imaging of the sites and time of its 
occurrence in living cells. The PPI between Y941 and SH2n in the CHO-HIR cells 
expressing sRL91 was thereby imaged with and without insulin stimulation as 
shown in Fig. 4.5a. Upon 100-nM insulin stimulation, luminescence emitted by 
complement Renilla luciferase increased only near the plasma membrane, whereas 
such bright contrast was not observed in the absence of insulin. This indicates that 
with insulin stimulation, the interaction between Y941 and SH2n occurred near 
the plasma membrane in the cytosol. The CHO-HIR cells expressing full-length 
Renilla luciferase (hRL124C/A) emitted luminescence uniformly throughout the 
cells with its substrate coelenterazine (Fig. 4.5b), which precludes the possibility 
that the result in Fig. 4.5a is due to an excessive accumulation of coelenterazine 
in and right below the plasma membrane.

The split Renilla luciferase complementation method was thus developed for 
spatial and kinetic analysis of PPIs in living mammalian cells. This split Renilla 
luciferase complementation readout was shown to work for locating a PPI between 
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Fig. 4.4  (a) Time course of the luminescence 

upon sRL91 complementation. The cells 

expressing sRL91 were incubated in the 

culture medium supplemented with 

100 nM or 10 pM insulin for 1 min, 5 min, 

10 min, 30 min, and 60 min at 37 C. 

The luminescence of these cells was 

immediately assessed. (b) Immunoblot 

analysis of tyrosine phosphorylation and 

dephosphorylation on Y941 in sRL91. The 

cells expressing sRL91 were incubated in the 

culture medium supplemented with 100 nM 

insulin for 1 min, 5 min, 10 min, 30 min, and 

60 min at 37 C. The whole cell lysates were 

immunoprecipitated with anti-myc antibody. 

The immunoblot analysis was made using 

anti-phosphotyrosine antibody and anti-myc 

antibody [33].

the tyrosine-phosphorylated peptide (Y941) of IRS-1 and the SH2 domain of PI3K 
in insulin signal transduction in living CHO-HIR cells. It was thereby found 
that the insulin-stimulated interaction occurred near the plasma membrane in 
the cytosol. Unlike diffusive products involved in other complement enzyme 
systems [5–9], the present bioluminescence readout by PPI-induced formation of 
the complement Renilla luciferase promises to locate PPIs at the sites and time 
of their occurrence, thereby allowing spatial and kinetic analysis of PPIs in vivo 
in living cells and organisms.

4.3  Split Renilla Luciferase Complementation System
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5 

Photoproteins in Nucleic Acid Analysis

Theodore K. Christopoulos, Penelope C. Ioannou, and Monique Verhaegen

5.1 

Hybridization Assays

The highly specifi c and strong interaction between two complementary nucleic 
acid strands forms the basis for the development of hybridization assays. 
Nucleic acid hybridization has become a fundamental analytical technique for 
the detection and quantifi cation of specifi c DNA or RNA sequences and is used 
extensively in research and diagnostics in laboratories. Major areas of application 
of hybridization assays include the detection of nucleic acid sequences that are 
related to neoplastic disease; the detection and/or determination of various 
pathogens in clinical, environmental, and food samples; the detection of muta-
tions associated with disease; the analysis of chromosomal rearrangements 
associated with neoplasias; the detection of genetically modifi ed organisms; and 
DNA fi ngerprinting.

DNA or RNA probes labeled with radioisotopes (32P, 35S or 3H) in combination 
with autoradiography dominated the fi eld of hybridization assays for more 
than two decades. The classical methodology for nucleic acid analysis includes 
electrophoretic separation, transfer to a suitable membrane (Southern or Northern 
transfer), and hybridization with radioactive probes. However, the health hazards 
and problems associated with the stability, use, and disposal of radioisotopes and 
the long exposure times (hours to days) required for detection by autoradiography 
have placed limitations on the routine use of hybridization assays. In recent years, 
nucleic acid analysis by hybridization has undergone a transition from radioactive 
labels to non-radioactive alternatives, which was driven by the need to improve 
detectability and facilitate automation and high-throughput analysis while avoiding 
the aforementioned limitations.

Bioluminometric hybridization assays [1–4] that use photoproteins as reporters 
offer higher detectability and wider dynamic range than spectrophotometric and 
fl uorometric methods. This is due to the fact that in bioluminescence the excited 
species is formed during the course of a chemical reaction (an oxidation reaction). 
Consequently, bioluminometric measurements do not require excitation light, 
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5  Photoproteins in Nucleic Acid Analysis78

thereby avoiding the problems arising from the scattering of excitation radiation, 
fl uorescence from other components of the sample, and photobleaching.

The photoprotein aequorin is an excellent reporter molecule because it can be 
detected down to the 10–18 mole level (1 atto mol) by the simple addition of excess 
Ca2+. Furthermore, the reaction is completed within 3 s, a signifi cant advantage 
over enzyme reporters (such as alkaline phosphatase) that require long incubation 
times.

The applications of hybridization assays that use a photoprotein as a reporter 
focus on the determination of nucleic acid sequences amplifi ed by the polymerase 
chain reaction (PCR) or other exponential amplifi cation techniques [5, 6]. PCR is 
a powerful technique for the in vitro exponential amplifi cation of specifi c DNA 
sequences to levels that are several orders of magnitude higher than those in the 
starting material. PCR entails denaturation of the sample DNA, hybridization 
(annealing) of two oligodeoxynucleotide primers that fl ank the region of interest, 
and polymerization using a thermostable DNA polymerase. After repetitive cycles 
of denaturation, primer annealing, and enzymic extension, the DNA segment 
defi ned by the two primers is selectively amplifi ed. Exponential amplifi cation 
of specifi c RNA sequences can be achieved by fi rst generating a complementary 
copy of DNA with reverse transcriptase.

Figure 5.1 presents general hybridization assay confi gurations for detection/
quantifi cation of nucleic acid sequences in a high-throughput format using 
photoproteins as reporters. In the fi rst approach (“immobilized target” assay), 
the target DNA or RNA is immobilized on the appropriate solid surface (e.g., 
a microtiter well or beads), the one strand is removed by treating with NaOH, 
and the immobilized strand is hybridized with a specifi c probe that is linked to 
the photoprotein. In the second method (“immobilized probe” confi guration), 
the target DNA is denatured and hybridized with a probe that is immobilized 
on the solid surface. The hybridized target is then linked with the photoprotein 
reporter. In the third confi guration (“sandwich-type” assay), the target DNA is 
denatured and allowed to hybridize with two probes. One probe is immobilized 
on the solid surface and the other is linked with the photoprotein reporter. The 

Fig. 5.1  Confi gurations of hybridization assays that use bioluminescent proteins as reporters.
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795.1  Hybridization Assays

third confi guration offers higher specifi city because two probes must hybridize 
in order to get a signal. The detectability of the hybridization assay is determined 
mainly by two factors: the detectability of the reporter molecule and the nonspecifi c 
binding of the detection reagents to the solid phase.

The immobilization of the target in the “immobilized target” assay is usually 
based on the strong and specifi c interaction between biotin and (strept)avidin. 
Polystyrene microtiter wells and polystyrene beads (including magnetic beads) 
are easily coated with (strept)avidin. The target DNA may be labeled through 
the polymerase chain reaction by using a primer biotinylated at the 5  end or 
by incorporating biotin-modifi ed dNTPs. Alternatively, the target DNA may be 
labeled with a hapten (e.g., digoxigenin) through PCR and captured by an anti-
hapten antibody that is immobilized on the solid phase. Capture of the target DNA 
by a streptavidin-coated surface, however, offers the advantage that the binding 
withstands the NaOH treatment used for the removal of one strand. When an 
antibody is used for capture, the target is fi rst heat-denatured and then added to 
the well.

The immobilization of the probe on the solid surface may also be accomplished 
by using the biotin/streptavidin or the hapten/anti-hapten antibody interaction. 
Oligonucleotide probes can be labeled with biotin or a hapten either during 
synthesis or by using the enzyme terminal deoxynucleotidyl transferase, a DNA 
polymerase that adds dNTPs and modifi ed dNTPs to the 3  end of any DNA 
molecule without the need of a template. Alternatively, the probe can be attached 
(chemically) to bovine serum albumin (BSA) and the conjugate used for coating of 
the polystyrene surface by physical adsorption. The probe also may be immobilized 
by covalent attachment to the solid surface.

The linking of a photoprotein to the hybrids is carried out either by direct covalent 
attachment of the photoprotein to the probe or by noncovalent bridging (with the 
probe or the target sequence) through biotin–streptavidin or hapten–antibody 
interaction as described above.

The detectabilities achieved with the above bioluminometric hybridization 
assays are in the low pmol range of target DNA (concentration of target DNA 
in the well), whereas fl uorescent labels offer detectabilities in the nmol range. 
As a consequence, fewer PCR cycles are required for bioluminometric detection 
of the amplifi cation product, and the possibility of sample contamination from 
amplifi ed DNA is much lower.

The detectability of the aequorin-based bioluminometric hybridization assays 
can be enhanced by introducing (enzymically) multiple aequorin labels per DNA 
hybrid [7]. Heat-denatured DNA target is hybridized in microtiter wells with 
an immobilized capture probe and a digoxigenin-labeled detection probe. The 
hybrids react with anti-digoxigenin antibody conjugated to horseradish peroxidase. 
Peroxidase catalyzes the oxidation of a digoxigenin–tyramine conjugate by H2O2, 
resulting in the attachment of multiple digoxigenin moieties to the solid phase 
through the tyramine group, whereas the digoxigenin remains exposed. Aequorin-
labeled anti-digoxigenin antibody is then allowed to bind to the immobilized 
haptens. The bound aequorin is determined by adding excess Ca2+. The enzyme 
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amplifi cation improves the detectability about 8–10 times compared to the assay 
that does not involve a peroxidase amplifi cation step.

5.2 

Quantitative Polymerase Chain Reaction

The exponential increase of the amplifi cation product during PCR poses serious 
diffi culties in the application of PCR as a quantitative method for determination 
of the starting quantity of target DNA. Quantifi cation requires the establishment 
of a reproducible relationship between the analytical signal obtained from the 
amplifi cation product and the number of target DNA molecules in the sample 
prior to amplifi cation. The amount (P) of product accumulated after n cycles of 
exponential amplifi cation is given by the equation

P = T (1 + E)n,

where T is the initial amount of target DNA and E is the average effi ciency 
of the reaction for each cycle. The theoretical value of E is 1, i.e., the product 
doubles in each cycle. In reality, however, E has a smaller value depending on the 
reaction conditions and the nature of the sample. Variations in factors such as 
the concentration of polymerase, primers, dNTPs, Mg2+, and cycling parameters 
(temperatures and times) affect the effi ciency of amplifi cation. In addition, the 
incorporation of primers into undesirable products leads to a decrease in the 
PCR yield. Furthermore, as the PCR enters a plateau phase at a high number 
of cycles (depending on the amount of starting template), there is a decrease in 
PCR effi ciency, as a result of substrate saturation of the DNA polymerase and 
competition between strand reannealing and primer binding, as the concentration 
of amplifi ed DNA increases.

A consequence of the exponential amplifi cation is that small reaction-to-reaction 
variations in the effi ciency have a profound effect on the quantity of the PCR 
product. For instance, a 5% decrease in E, from 1 to 0.95, results in a 50% decrease 
of the product (for n = 25).

One approach to quantitative PCR (QPCR) entails the co-amplifi cation, in 
the same tube, of the target DNA sequence with a competitive synthetic DNA 
internal standard (DNA competitor) that closely resembles the target DNA [6, 8]. 
The internal standard (IS) uses the same primers as the target DNA and contains 
an insertion or deletion large enough to allow separation from the target by 
gel electrophoresis. Each sample is titrated with the IS. This is accomplished 
by adding increasing and known amounts of the IS to aliquots of the sample 
containing a constant amount of target DNA followed by PCR and electrophoresis. 
The equivalence point is determined either by inspection of the gel (same band 
intensities for target and IS) or, more accurately, by densitometric analysis, which 
should take into account the effect of the length of the DNA on the intensity of 
the bands. The use of an IS allows for compensation of the fl uctuations of the 
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amplifi cation effi ciency. Also, any PCR inhibitors present in the sample will equally 
affect the amplifi cation of target DNA and IS so that the ratio of the amounts of 
their PCR products gives the ratio of the initial amounts of the two sequences in 
the sample. The main disadvantage of competitive PCR is the low throughput, 
which is a result of the multiple amplifi cation reactions required for titration of 
each sample, followed by gel electrophoresis and densitometry.

Another approach to QPCR is based on the continuous monitoring of product 
accumulation by a homogeneous fl uorometric hybridization assay (real-time PCR) 
with detectability at the nanomolar range. The cycle at which the fl uorescence 
signal attains a certain preset threshold value is inversely related to the starting 
amount of target DNA. The amplifi cation products are measured at the beginning 
of the exponential phase [6, 9]. Quantifi cation is based on external calibration 
curves constructed by serial dilutions of the target. Real-time PCR methods do 
not employ internal standards because a DNA competitor would suppress the 
yield of amplifi ed target to levels that may be undetectable [10].

The high detectability (in the low pmol concentrations) of bioluminometric 
hybridization assays that employ photoproteins as reporters allows accurate 
and precise determination of the PCR products of target and competitor DNA, 
despite the suppression of amplifi cation caused by their competition for the same 
primer set. This enables quantifi cation of the target sequence without the need 
for titration of each sample with various quantities of competitor. Instead, the 
target DNA is co-amplifi ed with a constant amount of competitor. Furthermore, 
bioluminometric hybridization assays of the PCR products are performed 
in microtiter wells, thus ensuring simplicity and high throughput. A typical 
hybridization assay confi guration used in bioluminometric quantitative PCR 
[11, 12] is shown in Fig. 5.2. The microtiter wells are coated with a BSA–(dT)30 
conjugate. The oligonucleotide probes consist of a segment complementary to 

Fig. 5.2  Assay confi guration for bioluminometric quantitative 

competitive polymerase chain reaction. 

BSA: bovine serum albumin; B: biotin; SA: streptavidin; Aeq: aequorin.

5.2  Quantitative Polymerase Chain Reaction
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the target or internal standard and a poly(dA) tail. The probes hybridize to both 
the biotinylated denatured PCR product and the immobilized (dT)30 strands. A 
streptavidin–aequorin conjugate is used for determination of the captured hybrids. 
The ratio of the signals for target and internal standard is a linear function of the 
number of DNA molecules in the sample. The overall procedure including PCR 
and hybridization is complete in 2.5 h. Coating of the wells with BSA–(dT)30 
provides a universal solid phase for capturing both the target and IS.

Real-time PCR offers simplicity and automation but requires specialized and 
expensive equipment and reagents. The photoprotein-based quantitative PCR 
methods are endpoint assays (post-PCR detection) that use DNA competitors 
and are performed in a high-throughput format. The cost of the reagents and 
equipment are considerably lower than real-time PCR.

Contrary to competitive quantitative PCR methods that are based on electro-
phoretic separation of the amplifi cation products, in bioluminometric quantitative 
PCR methods the DNA competitor is identical in size to the target sequence but 
is distinguishable by hybridization because it differs in a short (usually 20–25 bp) 
internal segment. DNA competitors may be prepared either by using appropriate 
vectors and standard cloning procedures or by faster and simpler approaches that 
employ PCR as a synthetic tool. The latter employs the target DNA sequence as 
a starting template and generates two short and overlapping DNA fragments 
through PCR. Subsequently, the two fragments are subjected to a PCR-like 
joining reaction to create the sequence of the DNA competitor. The procedure is 
illustrated in Fig. 5.3.

PCR-A and PCR-B are performed using primer sets a1, a2, and b1, b2. The 
downstream primer a2 and the upstream primer b1 carry extensions at the 5  end 
that are complementary to each other and represent the new sequence that will 
be introduced into the DNA competitor. PCR-A gives a product that is identical to 
the left part of the target sequence and carries a new extension downstream. The 
product of PCR-B is homologous to the right part of the target DNA and carries, 
upstream, a new extension. Upon mixing, denaturation, and annealing of products 
A and B, two new types of hybrids are formed. Subsequently, DNA polymerase 
uses the one strand as a primer and the other as a template and synthesizes DNA 
in the 5  to 3  direction only. Thus, only one of the hybrids is extended and provides 
the sequence of the internal standard.

In the case of RNA determination, the use of RNA competitors is advantageous 
compared to DNA competitors because they allow compensation for any variation 

Fig. 5.3  Outline of the reactions used for the synthesis of a DNA internal standard 

(competitor) for quantitative PCR. Reprinted with permission from ref. 12.
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in the effi ciency of both the reverse transcription and the polymerase chain reac-
tion. The RNA competitor is prepared by fi rst synthesizing a DNA internal standard 
as described above and then introducing the T7 promoter. This is accomplished 
by subjecting the DNA competitor to PCR amplifi cation using a primer with a T7 
promoter sequence at its 5  end. The DNA fragment is transcribed, in vitro, by T7 
RNA polymerase to produce the RNA competitor [13].

Automation and throughput of quantitative PCR can be further enhanced by 
exploiting the variation in the kinetics of light emission from bio(chemi)lumi-
nes cent reactions, thus allowing the development of dual hybridization assays 
for determination of target DNA/RNA and DNA/RNA competitor in the same 
reaction vessel (e.g., microtiter well) [11]. A rapid fl ash of light is generated from 
the aequorin reaction with a decay half-life of about 1 s, whereas a much slower 
emission (glow-type) that lasts from minutes to hours is produced by enzyme-
catalyzed chemiluminescent reactions. Figure 5.4 presents the confi guration of a 
dual-analyte assay for target and competitor that uses both aequorin and alkaline 
phosphatase as reporters. The two biotinylated PCR products from target DNA 
and IS are captured on a single microtiter well coated with streptavidin. The 
non-biotinylated strand is dissociated with NaOH and removed by washing. The 
immobilized single-stranded target DNA and IS hybridize simultaneously with 
their corresponding probes. The target- and IS-specifi c probes are labeled with 
the haptens digoxigenin and fl uorescein, respectively. A solution containing 
aequorin-labeled anti-digoxigenin antibody and alkaline phosphatase-labeled anti-
fl uorescein antibody is added to the well and allowed to bind to the corresponding 
haptens. The excess of reagents is removed and the aequorin reaction is triggered 
with Ca2+. The signal from the aequorin reaction is integrated for 3 s, followed by 
the addition of a chemiluminogenic substrate (CSPD) for ALP. The ALP reaction 

Fig. 5.4  Principle of quantitative competitive PCR based on a dual-analyte 

bio(chemi)luminometric assay for target and competitor (internal standard). 

SA: streptavidin; B: biotin; IS: internal standard; D: digoxigenin; 

F: fl uorescein; Aeq: aequorin; ALP: alkaline phosphatase.

5.2  Quantitative Polymerase Chain Reaction
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is allowed to proceed for 20 min followed by integration of the signal for 10 s. 
The ratio of the luminescence values for aequorin and ALP reactions is a linear 
function of the initial amount of the DNA (or RNA) in the sample prior to PCR. 
The linear range extends from 430 to 315 000 target DNA molecules and depends 
on the number of PCR cycles and the amount of DNA IS.

Besides facilitating high-throughput and automation, bioluminometric quanti-
ta tive PCR methods eliminate a series of drawbacks of electrophoretic methods 
(including slab gel electrophoresis and capillary electrophoresis). For example, 
contrary to electrophoresis, hybridization methods provide sequence confi rmation. 
In addition, it has been reported that PCR effi ciency is inversely related to the size 
of the DNA [14]. This might create problems with electrophoretic methods that 
depend on size differences. The bioluminometric QPCR, however, employs an IS 
of a size identical to the target sequence. Finally, because of the high homology of 
the target and IS sequences, their co-amplifi cation in the same reaction mixture 
leads to the formation of heteroduplexes, comprising a strand from the target DNA 
and a strand from the IS. The heteroduplexes usually migrate in a different way 
than the target and IS, causing errors in the determination of the amplifi cation 
products, especially if they cannot be resolved from homoduplexes. Heteroduplex 
formation also may interfere with the digestion of the DNA in those QPCR 
methods that use competitors differing from the target sequence by a restriction 
site followed by electrophoresis of the digestion products. Heteroduplex formation 
is not a concern for the photoprotein-based QPCR methods described above, 
because they all rely on the denaturation of the amplifi ed DNA and quantifi cation 
of only one strand (the immobilized one).

5.3 

Genotyping of Single-nucleotide Polymorphisms

Single-nucleotide polymorphisms (SNPs) can change gene function through 
amino acid substitution, modifi cation of gene expression, or alteration of splicing. 
In recent years SNPs have emerged as a new generation of markers for disease 
susceptibility, prognosis, and response to therapy [15, 16]. The development of 
DNA microarray technology has enabled genome-wide studies of SNPs and 
correlation with various diseases. This technology, however, is designed to 
analyze thousands of polymorphisms from only a few samples (one sample per 
chip) by hybridization of the interrogated DNA to the probes of the microarray. 
Consequently, the DNA microarray is a valuable technique for establishing which 
SNPs are strongly associated with certain phenotypes, but it is not suitable for the 
screening of large numbers of samples. In the clinical laboratory, however, a small 
number of SNPs for each disease will be analyzed on a routine basis, and the results 
from disease-related genes or genes encoding drug-metabolizing enzymes will be 
utilized for disease prevention or for the design of effective therapeutic strategies. 
In this context, photoproteins may serve as reporters for high-throughput SNP 
genotyping performed in microtiter wells [17, 18].
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The general procedure for SNP genotyping includes (1) the isolation of genomic 
DNA; (2) amplifi cation, by PCR or other exponential amplifi cation techniques, 
using primers fl anking the locus of interest; (3) a genotyping reaction and; 
(4) detection of the products. The most commonly used genotyping reactions are 
the oligonucleotide ligation and the primer extension. The photoprotein aequorin 
has been used as a reporter in both genotyping reactions.

Figure 5.5 presents the confi guration of a dual-analyte assay that combines fl ash- 
and glow-type reactions for the detection of the products of the oligonucleotide 
ligation reaction. The discrimination by DNA ligase against mismatches at the 
ligation site in two adjacently hybridized oligonucleotides (probes) is the basis for 
genotyping of SNPs by oligonucleotide ligation. The ligation methods make use of 
two recognition events between oligonucleotides and their targets, thus allowing 
these methods the required specifi city for allele-specifi c SNP detection. Following 
PCR amplifi cation, the DNA is denatured and hybridized simultaneously with 
three probes. Probes N and M are labeled at the 5  end with biotin and digoxigenin, 
respectively. The last nucleotide at the 3  end of N and M is specifi c for the normal 
and mutant allele, respectively. Probes N and M hybridize to the target DNA at a 
position adjacent to probe C. Upon perfect complementarity, a thermostable ligase 
joins the adjacent probes, giving two possible products depending on the allele 
that is present in the sample. If the normal allele is present, then biotinylated N-C 
is formed. Digoxigenin-labeled M-C is formed when the mutant allele is present. 
Probe C contains at the 3  end an extension (about 17 nucleotides) that is irrelevant 

Fig. 5.5  Genotyping of SNPs by the oligonucleotide ligation reaction 

using the photoprotein aequorin and alkaline phosphatase as reporters. 

B: biotin; N: normal; M: mutant; C: common; SA: streptavidin; D: digoxigenin.

Reprinted with permission from ref. 17.

5.3  Genotyping of Single-nucleotide Polymorphisms
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to the target and enables the capture of the ligation products. Ligation products 
are heat-denatured and captured on the surface of a microtiter well through 
hybridization with an immobilized oligonucleotide that is complementary to the 
characteristic extension of the C probe. Aequorin-labeled streptavidin is added 
for detection of the N-C (normal allele) and ALP–anti-digoxigenin conjugate 
is used for detection of the mutant allele (M-C). The ratio of the luminescence 
signals obtained from aequorin and ALP gives the genotype for each sample. The 
microtiter well assay format is highly automatable and enables high-throughput 
genotyping of a large number of samples.

The principle of a bioluminometric assay that is based on a primer extension 
(PEXT) genotyping reaction and uses aequorin as a reporter is illustrated in 
Fig. 5.6. The distinction between the genotypes is based on the high accuracy of 
nucleotide incorporation by DNA polymerase. Two PEXT reactions are performed 
for each locus. Two allele-specifi c primers that hybridize with the target DNA 
adjacent to the mutation and have, at the 3  end, a nucleotide complementary to the 
allelic variant are used in PEXT reactions. Only the primer with a perfectly matched 
3  end is extended by a thermostable DNA polymerase. Biotin is incorporated 
in the extended primer through the use of biotin-dUTP along with the dNTPs. 
Both genotyping primers N and M have at their 5  end a (dA)30 segment to enable 
affi nity capture of extension products onto microtiter wells coated with a bovine 
serum albumin (BSA)-(dT)30 conjugate. Prior to the bioluminometric assay, PEXT 

Fig. 5.6  Genotyping of SNPs by the primer extension (PEXT) assay 

using the photoprotein aequorin as a reporter. N: normal; M: mutant; 

B: biotin; SA: streptavidin; Aeq: aequorin; BSA: bovine serum albumin.

Reprinted with permission from ref. 18.
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products are heat-denatured to ensure separation of the extended strand of the 
genotyping primer from any biotinylated strands generated from extension of PCR 
primers. This denaturation step eliminates the need for purifi cation of amplifi ed 
fragments from unincorporated PCR primers. If primer extension has occurred, 
then the product carries incorporated biotin moieties that are detected by adding 
a streptavidin–aequorin conjugate. The PEXT reaction is completed in 10 min 
and the detection of the products takes less than 40 min.

The methods described above have been applied to the genotyping of the beta 
globin gene and the mannose-binding lectin gene.

5.4 

Conjugation of Aequorin to Oligodeoxynucleotide Probes

A crucial step in the development of methods for detection and/or quantifi cation 
of DNA/RNA is the linking between the recognition molecule (complementary 
DNA probe) and the reporter molecule (photoprotein). This linkage is carried 
out “directly” by chemical conjugation or “indirectly”. In the indirect approach, 
a ligand (e.g., biotin or a hapten) is attached to the DNA probe and the hybrids 
are detected via a specifi c binding protein (streptavidin or an antibody), which is 
conjugated or complexed to the photoprotein. The advantage of the direct labeling 
approach lies in the fact that it eliminates an incubation step and a washing step, 
thus reducing considerably the assay time. The chemical attachment of aequorin 
to DNA is accomplished through primary amino groups or sulfhydryl groups of 
the photoprotein employing homo- or heterobifunctional cross-linking reagents 
[1, 19, 20]. Two conjugation strategies of aequorin to oligonucleotide probes 
are outlined in Fig. 5.7. The oligonucleotide probe is modifi ed with an -NH2 
group at the 5  end. The fi rst reaction scheme involves activation of the probe 
by reacting with a large excess of the homobifunctional cross-linking reagent 
bis(sulfosuccinimidyl)suberate (BS3) in order to avoid formation of dimers. The 
derivatized oligo carries a free succinimide group for subsequent reaction with 
-NH2 groups of aequorin.

The second strategy entails the introduction of protected sulfhydryl groups 
to aequorin with N-succinimidyl-S-acetylthioacetate (SATA). The amino group 
of the DNA probe is converted to a maleimide group by reacting with the 
heterobifunctional cross-linker sulfosuccinimidyl 4-[N-maleimidomethyl]-cyclo-
hexane-1-carboxylate (sulfo-SMCC). The SATA-modifi ed photoprotein is then 
mixed with the maleimide-oligo and the conjugation reaction is initiated by the 
addition of hydroxylamine to deprotect the sulfhydryl group.

A successful conjugation procedure, besides maintaining the functionalities 
of the photoprotein and the DNA probe, requires the removal of the unreacted 
DNA probe which otherwise competes with the aequorin–DNA conjugate for 
hybridization to the target sequence and deteriorates the performance of the 
hybridization assays. The removal of the probe is usually accomplished by 
laborious chromatographic procedures followed by concentration steps.

5.4  Conjugation of Aequorin to Oligodeoxynucleotide Probes
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In order to facilitate both the purifi cation of recombinant aequorin from crude 
bacterial cultures and the preparation of aequorin conjugates, a suitable plasmid 
was constructed [21] in which a hexahistidine-coding sequence was fused upstream 
of the apoaequorin cDNA (Fig. 5.8). The (His)6-apoaequorin fusion protein was 
overexpressed in E. coli under the control of the tac promoter. The inclusion bodies 
were solubilized by treating with 6 M urea, and the (His)6-apoaequorin was purifi ed 
in a single step by immobilized metal-ion affi nity chromatography using a Ni2+-
nitrilotriacetate agarose column. Proper refolding of the photoprotein was achieved 

Fig. 5.7  Outline of two strategies used for conjugation of the photoprotein 

aequorin to oligonucleotide probes. Reprinted with permission from ref. 20.

Fig. 5.8  Structure of the plasmid used for bacterial overexpression of 

recombinant hexahistidine–aequorin fusion protein.
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by slow removal of urea using a gradient of 6–0 M. The fusion protein was eluted 
by imidazole and used for preparation of conjugates with DNA probes. Following 
the conjugation reactions described above, the (His)6-apoaequorin was captured on 
a Ni2+-nitrilotriacetate agarose column, the unreacted probe was washed away, and 
the conjugate was eluted as above. The presence of free aequorin in the conjugate 
solution does not interfere with the hybridization assay.

5.5 

Development of New Recombinant Bioluminescent Reporters

The investigation and exploitation of new bioluminescent proteins as reporters in 
nucleic acid analysis (as well as in other applications) is an active area of research. 
The process of development and evaluation of new bioluminescent reporters 
involves the following steps:

1. isolation and cloning of the cDNA encoding the bioluminescent protein,
2. construction of suitable vectors for large-scale expression of the protein in a 

heterologous system (e.g., bacteria),
3. development of a purifi cation method for the protein, and
4. linking of the bioluminescent protein to a DNA probe in order to prepare a 

recognition and detection reagent for nucleic acid analysis.

The luciferase of the marine copepod Gaussia princeps (Gaussia luciferase, GL) 
is a typical example of this process [22, 23]. GL is a single polypeptide chain of 
185 amino acids (MW 19 900) and catalyzes the oxidative decarboxylation of 
coelenterazine to produce coelenteramide and light (470 nm). The cloning of the 
cDNA of GL was accomplished recently. In order to facilitate the purifi cation of 
the protein and its subsequent use as a reporter in hybridization assays, a suitable 
vector was constructed (Fig. 5.9) that drives the expression of in vivo biotinylated 
GL in E. coli. The plasmid contains the sequence coding for the biotin acceptor 
peptide (bap) from Propionibacterium shermanii transcarboxylase positioned 
downstream of the tac promoter and a ribosome-binding site (RBS). The structure 

Fig. 5.9  Structure of the plasmid used for overexpression of in vivo 

biotinylated Gaussia luciferase in bacteria.

5.5  Development of New Recombinant Bioluminescent Reporters
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of the biotin domain of P. shermanii transcarboxylase is very similar to that of 
E. coli acetyl-CoA carboxylase, which is the physiological substrate of biotin protein 
ligase (BPL), the enzyme that is responsible for the in vivo biotinylation of bap 
at a unique site. The GL cDNA is positioned downstream of bap. Consequently, 
the expressed fusion is an in vivo biotinylated bap–GL sequence. Because the 
endogenous activity of BPL was found to be low, the gene birA, which codes for 
BPL, was also introduced in the same plasmid, thus achieving overexpression of 
both the BPL and the bap–GL fusion.

The in vivo biotinylated bap–GL was purifi ed from the crude cellular extract 
by affi nity chromatography using a monomeric avidin resin. Monomeric avidin 
has a much lower affi nity for biotin (kd = 10–7) than tetrameric avidin (kd = 10–15), 
thereby allowing the binding of biotinylated GL and subsequent elution with free 
biotin. Moreover, biotinylation facilitates the linking of GL to streptavidin, avoiding 
chemical conjugation that may inactivate the protein. The complex of streptavidin 
(SA) and biotinylated GL (BGL) is prepared by precise optimization of the BGL:
SA molar ratio. If BGL is present in excess, then the four biotin-binding sites of 
SA become saturated. If there is an excess of SA, then free SA competes with 
the SA-BGL complex for binding to the biotinylated hybrids on the well. The fact 
that a single biotin moiety is attached to the protein outside of the GL sequence 
is advantageous over chemical biotinylation methods that may alter functional 
groups of the luciferase. A typical (model) hybridization assay (Fig. 5.10) involves 
denaturation of a biotinylated DNA target and hybridization with an immobilized 
specifi c probe. The hybrids are detected by the addition of the SA-BGL complex. 
Coelenterazine is then added as a substrate. BGL is detectable down to 1 amol 
following light emission integration for 20 s, with linearity extending over 5 
orders of magnitude. The hybridization assay has a linearity range of 1.6–800 pM 
of target DNA.

Fig. 5.10  Model hybridization assay using Gaussia luciferase as a reporter. 

B: biotin; SA: streptavidin; GLuc: Gaussia luciferase; D: digoxigenin.
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5.6 

Signal Amplifi cation by in Vitro Expression of DNA Reporters Encoding 

Bioluminescent Proteins

Cell-free expression of DNA fragments entails transcription of DNA to RNA 
followed by translation of RNA to protein. Several RNA molecules are synthesized 
from each DNA template during transcription, and more than one protein 
molecule is generated from each transcript. As a consequence, gene expression 
forms the basis of a signal amplifi cation system. The detectability is further 
improved if the DNA template encodes a bioluminescent protein. Contrary to 
previously described hybridization assays in which only one reporter molecule 
is linked to the hybrid, a photoprotein-coding DNA fragment upon expression 
generates multiple bioluminescent molecules in solution [24–27].

DNA templates were engineered that contain all necessary elements to enable 
in vitro expression in wheat germ- or rabbit reticulocyte-coupled (one-step) 
trans cription–translation systems under the control of the bacteriophage T7 
RNA polymerase. The DNA template contains a T7 promoter, the cDNA of the 
bioluminescent protein, and a (dA/dT)30 extension that enhances translation 
effi ciency by facilitating translation initiation. When apoaequorin cDNA is 
used as a template, coelenterazine is added to the expression mixture to enable 
the formation of fully functional aequorin. The in vitro expression reaction 
typically proceeds for 90 min and then Ca2+ is added to trigger light emission. 
The wheat germ extract is preferred for expression of aequorin because the 
rabbit reticulocyte extract absorbs a signifi cant portion of the emitted light. 
In vitro expression experiments have shown that although the transcription–
translation process consists of a series of complex and not completely understood 
reactions that require the concerted action of numerous factors (RNA polymerase, 
initiation, elongation and termination factors, ribosomal subunits, aminoacyl-
tRNA synthetases, etc.), the fi nal outcome is a simple and reproducible linear 
relationship between the bioluminescence signal and the amount of the DNA 
template. As low as 5  103 molecules of aequorin DNA are detectable and the 
linearity extends up to 108 molecules. For application to hybridization assays, the 
DNA template (reporter) must be linked to a specifi c probe. This is carried out by 
tailing the template with dATP using terminal deoxynucleotidyl transferase. The 
probe is tailed with dTTP. In a typical expression hybridization assay confi guration 
(Fig. 5.11), biotinylated target DNA is captured on streptavidin-coated wells 
and, after removal of one strand by NaOH, is hybridized with the probe. The 
poly(dA)-tailed expressible DNA fragment is then hybridized to the poly(dT) tail 
of the probe. The transcription–translation “cocktail” is then added (one step) 
followed by a 90-min incubation during which the photoprotein is synthesized 
from the immobilized DNA template. These studies [24–27] showed for the fi rst 
time data from in vitro expression of immobilized DNA templates. Alternatively, 
an unlabeled target DNA can be sandwiched between an immobilized probe and 
a poly(dT) probe followed by the addition of the expressible DNA fragment and 
in vitro expression. The linear range of these hybridization assays extends from 

5.6  Signal Amplifi cation by in Vitro Expression of DNA Reporters Encoding Bioluminescent Proteins
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0.25 amol to 1500 amol target DNA. The above assays demonstrate that DNA, 
besides its wide use as a recognition molecule (probe), can also serve as a signal-
generating molecule (reporter) providing an effective means for the generation 
of multiple aequorin molecules in solution (more than 150 molecules of the 
photoprotein per DNA template).

Luciferases, although highly detectable, have found only limited use as labels 
in DNA hybridization assays because of their signifi cant loss of activity upon 
conjugation to other molecules. A distinct advantage, however, of using the 
luciferase-coding DNA as a reporter instead of the enzyme itself is that inactivation 
problems are avoided because the synthesized luciferase remains free in solution. 
The cDNA of fi refl y luciferase (FL, MW = 62 000) and Renilla luciferase (RL, 
MW = 36 000) have been used as reporters in expression hybridization assays. 
Furthermore, a microtiter well–based hybridization assay that allows simultaneous 
determination of two target DNA sequences has been developed [27]. The target 
DNAs were heat-denatured and hybridized with specifi c capture and detection 
probes. The capture probes were immobilized by physical absorption in the form 
of conjugates with bovine serum albumin. One detection probe was biotinylated 
and the other was tailed with dTTP. The hybrids were reacted with a mixture of 
SA-FL DNA complex and poly(dA)-tailed RL DNA. Subsequently, the transcription–
translation mixture was added to initiate expression of the two immobilized 
reporter DNAs. It was shown that although the two DNA templates used the same 
promoter and shared the same transcription and translation machinery, they were 
expressed independently, i.e., the expression of one template does not affect the 
expression of the other in a large range of concentrations. Furthermore, the two 
luciferases (FL and RL) were co-determined in the expression mixture by a dual 
assay, exploiting the fact that the presence of Mg2+ is necessary for the activity of 
FL but is not required for RL. Thus, following expression, the substrate of FL was 
added (containing luciferin, ATP, and Mg2+) and the luminescence was measured 
for 30 s. The FL reaction then was stopped by the addition of EDTA, the substrate 
of RL was injected, and the luminescence was measured for 10 s.

Fig. 5.11  Representative hybridization assay using, as a reporter, 

a DNA template encoding the photoprotein aequorin.
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5.7 

Conclusions

Bioluminescent reporters can be detected within a few seconds at the atto mol 
level using simple instrumentation. This is the basis for their application as non-
radioactive reporters in nucleic acid analysis by hybridization with detectabilities in 
the low pmol range of target DNA. This is more than a 100-fold improvement over 
current hybridization assays that use fl uorescent labels. In addition, photoproteins 
can be combined with glow-type chemiluminogenic reactions for the development 
of dual-analyte hybridization assays. The hybridization assays can be performed in 
microtiter wells, thus enabling automation and high-throughput analysis. Major 
application fi elds include the detection and determination of PCR products and 
the genotyping of single-nucleotide polymorphisms. One of the most important 
applications of photoprotein reporters is in the development of high-throughput 
quantitative competitive PCR methods that use synthetic DNA or RNA internal 
standards (competitors).
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6 

Bioluminescence Resonance Energy Transfer in Bioanalysis

Suresh Shrestha and Sapna K. Deo

6.1 

Introduction

Nonradiative transfer of energy from a donor molecule to an acceptor molecule 
resulting from dipole–dipole coupling is termed resonance energy transfer (RET). 
When the donor molecule is a fl uorescent probe, it is known as fl uorescence 
resonance energy transfer (Fig. 6.1) [1]. Bioluminescence resonance energy 
transfer (BRET) is a phenomenon in which resonant energy is transferred from 
a bioluminescent donor protein to a fl uorescent acceptor, which, in turn, emits 
light at its characteristic wavelength of emission (Fig. 6.1) [2]. 

BRET is a naturally occurring phenomenon observed in marine organisms 
such as the jellyfi sh Aequorea victoria and the sea pansy Renilla reniformis [3–5]. 
A pair of bio luminescent proteins and fl uorescent proteins responsible for this 
phenomenon has been isolated from these organisms. In the jellyfi sh, this pair 
consists of the bioluminescent protein aequorin and the green fl uorescent protein 
(GFP). The BRET pair in the sea pansy includes the bioluminescent protein Renilla 

luciferase (RLuc) and GFP. 
This transfer of energy in marine organisms leads to an increase in the 

quantum effi ciency of light emission [5]. Initial attempts to reproduce this 
BRET phenomenon in vitro using isolated aequorin and GFP in solution were 
unsuccessful. 

However, BRET could be achieved upon co-adsorption of high concentration 
of these two proteins on a solid surface or if the two proteins were genetically 
conjugated.
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6.2 

BRET Principle, Effi ciency, and Instrumentation

The effi ciency of BRET is dependent upon factors such as spectral properties, 
relative distance, and orientation of donor and acceptor molecules [6, 7]. BRET 
normally occurs when the distance between the donor and the acceptor is within 
100 Å, and the effi ciency of BRET is inversely related to the distance to the sixth 
power. The rate of energy transfer is given by Förster’s equation,

kT = (1/ d) (R0/R)6,

where kT is the rate of energy transfer, d is the fl uorescence lifetime of the donor 
in the absence of the acceptor, R0 is the Förster critical radius at which 50% of 
the excitation energy is transferred to the acceptor, and R is the distance between 
the centers of the donor and acceptor chromophores. Thus, the relative location 
between the donor molecule and the acceptor is critical for an effi cient energy 
transfer.

Fig. 6.1  Schematic representation of FRET and BRET.
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In addition to the distance, when designing fusion proteins for BRET assays, 
consideration should be given to the relative orientation of the donor and acceptor 
molecules. There should be suffi cient fl exibility between the donor and the 
acceptor in a fusion protein. It is necessary that the spectrum of donor emission 
and acceptor excitation overlap signifi cantly in order to achieve a BRET of high 
effi ciency (Fig. 6.2). Spectral resolution is lost if the donor and acceptor emission 
spectrum overlap, resulting in a low signal-to-noise ratio.

Luminescence and fl uorescence measurements are performed in many la bo-
ra tories routinely. Therefore, there is interest in developing instruments that 
allow sensitive and easy detection of light from emission-based methods. A 
large number of instruments capable of high-throughput measurements have 
been developed in recent years. These instruments are capable of working with 
traditional sample volumes, such as 96-well plate readers, as well as with low 
sample volumes, which are based on 384-well and 1536-well plates [6]. Some of 
these instruments have the ability to perform measurement in multiple modes 
such as absorbance, fl uorescence, luminescence, fl uorescence polarization, and 
anisotropy [6]. Typically, BRET measurements are performed by using either a 
microtiter plate reader or a scanning spectroscopy-type of instrument. In microtiter 
plate readers, the light is collected using fi ber optics and a fi lter wheel that allows 
selection of emission from the fl uorophore, which is kept in the path of the light. 
A highly sensitive PMT is used as a detector. Careful consideration should be 
given while selecting the bandpass fi lter, such that the signal corresponding to the 
donor emission is not collected. To overcome this drawback, some companies have 
made available BRET-optimized fi lters that allow longer bandpass for excitation 
and smaller bandpass for fl uorophore emission measurement [6].

Fig. 6.2  Emission spectrum of Rluc (solid line) and excitation and 

emission spectrum of YFP (dotted line). The spectral overlap between 

the emission of RLuc and the excitation of YFP is evident from the spectra. 

Adapted from Ref. [25]. Reprinted with permission from Elsevier Science.
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6.3 

Comparison of BRET and FRET

Fluorescence resonance energy transfer (FRET), in which both the donor and 
acceptor molecules are fl uorescent proteins or chemical probes, is a very popular 
biochemical technique employed in a variety of applications [8]. Several FRET 
pairs have been well studied and allow for a range of selection in terms of 
fl uorescence excitation–emission wavelengths. In FRET studies, there is no need 
for addition of substrate to generate a signal. High signal levels can be achieved 
by selecting suitable fl uorescent probes. In addition, because of the availability 
of extensive literature in this fi eld, FRET has become a method of choice for 
many applications such as drug screening [9], in vivo biochemical analysis [10], 
receptor activation studies [11], metabolic screening [12], protein folding, [13] etc. 
In recent times, BRET has slowly gained in popularity over FRET. The former 
has several advantages as well as some limitations when compared to FRET. The 
main advantage of BRET over FRET is that it does not require an excitation source 
and therefore is a better option for analysis of cells that are damaged by excitation 
light or are photoresponsive. The problem of photobleaching of fl uorophores, 
as in the case of FRET, is avoided when employing BRET. In addition, the 
contribution of cell autofl uorescence to the background becomes insignifi cant 
when the cells are assayed using BRET. While spectral separation between donor 
and acceptor excitation is needed in FRET to avoid problems with the possibility 
of exciting both the fl uorophores, this problem is eliminated in BRET because 
the light emission from the donor occurs as a result of a chemical reaction. It 
should be noted that BRET biosensing systems can be designed by employing 
molecular biology tools, such as gene fusion, to create protein chimeras where 
both the donor and the acceptor molecule are part of the same protein molecules 
[6]. In these cases, a fusion protein is constructed using molecular biology tools 
such that the bioluminescent donor is fused to one of the termini of the protein 
under study. At the other terminus the fl uorescent protein is genetically fused. 
This also allows measurement of expression levels of donor and acceptor fusion 
partners in a BRET pair independently, in contrast to FRET, where the acceptor 
can get excited to some extent with donor excitation. This is especially true in 
cases where green fl uorescent protein (GFP) mutants are employed as FRET 
pairs. The knowledge of relative levels of expression of the fusion partner allows 
for a proper comparison between all the experiments performed, which in turn 
allows for the examination of other factors that may affect the background and 
thus the protein expression levels. 

A major disadvantage of BRET over FRET is that the BRET signal can be weak. 
This can be overcome by using highly sensitive instruments in conjunction 
with the integration over a long period of time of the BRET signal generated as 
a result of the assay. There is no question that BRET is a powerful technique; 
however, to date only a few BRET donors have been identifi ed and characterized. 
Unfortunately, this limits the choice of acceptors and the wide applicability of 
the method.
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6.4 

Examples of BRET Donor–Acceptor Pairs

Renilla luciferase (RLuc) was originally isolated from the anthozoan coelenterate 
Renilla reniformis [4, 14]. It catalyzes the oxidative decarboxylation of the substrate 
coelenterazine to produce coelenteramide and light (wavelength maxima 480 nm) 
(Fig. 6.3). Renilla luciferase has been used as a reporter gene for studying in vitro 
and in vivo gene regulation. Native coelenterazine is the natural substrate for Rluc; 
however, it can also utilize analogues of coelenterazine as substrates yielding 
different properties in terms of emission wavelength and quantum effi ciency. 
RLuc has a broad bioluminescence emission spectra with a peak around 480 nm. 
It was the fi rst reported bioluminescence energy donor in a BRET application. 
RLuc was chosen because of the similarity of its emission spectrum with the cyan 
mutant of GFP (CFP) routinely employed in FRET pairs with the yellow mutant 
of GFP (YFP). The emission spectrum overlap between RLuc and YFP is poor 
[6], and hence other substrates of RLuc are now employed that allow the effi cient 
transfer of energy with other mutants of GFP. A few examples of these substrates 
are given in Table 6.1.

Another BRET pair that has found a good number of applications in bioanalysis 
is that of aequorin and GFP. Aequorin, a bioluminescent photoprotein consisting 
of an apoprotein, the chromophore coelenterazine, and bound oxygen, undergoes 
a conformational change in the presence of calcium. This leads to oxidation of 
coelenterazine to coelenteramide, resulting in an excited-state coelenteramide. 

Fig. 6.3  The sea pansy Renilla reniformis adapted from 

(http://www.jaxshells.org/1113bb.htm) and a schematic showing 

the bioluminescence reaction of Renilla luciferase.

6.4  Examples of BRET Donor–Acceptor Pairs
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This excited-state coelenteramide relaxes to ground state with a concomitant 
emission of light at 469 nm and release of CO2. The bioluminescence emission 
spectrum of aequorin is broad (approximately 430–500 nm), allowing an overlap 
with the excitation spectrum of EGFP (wavelength maximum at 489 nm). The 
gene for aequorin has been known and cloned for many years, and thus it is a 
natural one for use in BRET applications [15, 16].

Firefl y luciferase has also been employed in one study as a BRET donor [10]. 
Its emission spectrum is in the range of 560–580 nm [17]. The red fl uorescent 
protein isolated from the Discosoma species, which has an excitation maximum 
of 553 nm, is a suitable acceptor when fi refl y luciferase is employed as a donor. 
Firefl y luciferase has a higher quantum yield than Rluc; hence, when employed 
in conjunction with a suitable acceptor, it can potentially yield higher sensitivity in 
the detection of target analytes. Chromophore maturation in the red fl uorescent 
protein is slow, which limits its application. The cloning of monomeric red 
fl uorescent protein with faster maturation may help overcome this problem.

In an alternative strategy, a bioluminescence energy transfer from aequorin to 
synthetic fl uorophores has been demonstrated (Fig. 6.4) [18]. In this work, the 
photoprotein aequorin was modifi ed by attaching fl uorophores through a unique 
cysteine introduced site-specifi cally on the protein. The fl uorophores were selected 
such that the excitation spectrum of the fl uorophore overlapped with the emission 
spectrum of aequorin. Upon addition of calcium, the emitted bioluminescence 
of aequorin was transferred to the fl uorophore, leading to the excitation of the 
fl uorophore and subsequent emission at the characteristic wavelength of the 
fl uorophore. These modifi ed proteins were termed “artifi cial jellyfi sh” because 
of their similarity to the naturally occurring phenomenon in the marine jellyfi sh 
Aequorea aequorea in which under certain conditions (i.e., deep dark waters or cold 
waters) energy transfer from aequorin to GFP occurs [19]. The strategy developed 
here allows for the construction of bioluminescent labels with different emission 
maxima by selecting different fl uorophores for applications in the simultaneous 
detection of multiple analytes. By examining the X-ray crystal structure of the 
protein, four different sites were evaluated for introduction of the unique cysteine 

Table 6.1  Examples of BRET pairs and their spectral characteristics.

Donor Substrate Donor 

emission 

(λ, nm)

Acceptor Acceptor

excitation/

Emission 

(λ, nm)

RLuc Coelenterazine 420–530 EYFP 513/527

RLuc Coelenterazine h 420–530 Topaz 514/527

RLuc Coelenterazine 
DeepBlueC

385–420 GFP 405/510

Aequorin Coelenterazine 430–500 GFP 489/510

Firefl y luciferase d-luciferin 560–580 Red fl uorescent protein 553/583
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residue. In this study, two fl uorophores, IANBD ester ( ex= 478 nm, em= 536 nm) 
and Lucifer yellow ( ex = 428 nm, em= 531 nm) with differing emission maxima 
were attached individually to the aequorin mutants through the sulfhydryl group 
of the cysteine molecule. Two of the fl uorophore-labeled mutants showed a peak 
corresponding to fl uorophore emission, indicating resonance energy transfer 
from aequorin to the fl uorophore.

Fig. 6.4  Schematic representation of 

bioluminescence energy transfer from 

the protein aequorin to the fl uorophore 

(reprinted from Ref. [18]). 

(a) Representation of the three-dimensional 

structure of aequorin with the fl uorophore 

bound to the protein. (b) Typical spectra 

showing the bioluminescence emission curve 

and the emission from the fl uorophore. 

(c) Photographs of different color jellyfi sh. 

Reprinted with kind permission from 

Springer Science and Business Media.

6.4  Examples of BRET Donor–Acceptor Pairs
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6.5 

Applications of BRET in Bioanalysis

6.5.1 

Homogeneous Assays

BRET technology has found applications in the development of homogeneous 
assays for the detection of biomolecules. These homogeneous assays present 
advantages over traditional heterogeneous assays because they are simple 
and fast, involve single-step analysis (there are no separation steps), and are 
amenable to automation and incorporation into miniaturized microfl uidics 
systems. In addition, BRET reporters are proteinaceous in nature, which allows 
for their genetic manipulation (i.e., gene fusion, mutagenesis, etc.) and direct 
in vivo analysis. In that regard, Campbell et al. developed detection methods for 
proteases using aequorin as a donor and GFP as an acceptor in a BRET-type assay 
[20]. These fusion proteins were called rainbow proteins because their emission 
profi le changed as a result of energy transfer in the presence of the analyte of 
interest. These rainbow proteins had an emission spectrum identical to that of 
GFP and a quantum yield corresponding to free aequorin. A linker length of at 
least six amino acids was needed to allow energy transfer from aequorin to GFP. 
Linkers shorter than six amino acids showed no energy transfer, whereas the 
effi ciency of transfer increased with longer linkers up to a linker length of 50 
amino acids. Two proteases namely, -thrombin and caspase-3, were employed 
as model proteases in this study. Caspase-3 is an intracellular protease involved 
in apoptosis. -Thrombin is an extracellular protease involved in the blood 
coagulation cascade. Fusion proteins were engineered with aequorin as the energy 
donor and GFP as the acceptor, with a protease linker recognition site between 
the donor and acceptor parts of the fusion protein molecule. A recognition site, 
DEVD, was employed for caspase-3 detection, and LVPRGS was used as the 
recognition site for -thrombin. In the absence of proteases, addition of calcium 
triggered bioluminescence emission from aequorin, which was transferred to GFP, 
yielding spectra corresponding to that of GFP. Upon addition of the protease, it 
cleaved the fusion protein at the recognition site, yielding bioluminescence spectra 
corresponding to that of the aequorin. Analysis of proteolytically cleaved fragments 
showed that the ratio of green to blue light indicated the extent of proteolysis. The 
effect of protease on energy transfer was found to be dependent on dose and time. 

-Thrombin (3.2–13.2 units mL–1) showed a change from 2 to 4 units in the ratio 
of light emission (500/450 nm). Caspase-3 activity could be detected from 500 to 
5000 units mL–1. The rainbow protein for caspase-3 showed that the recognition 
site employed in the study (DEVD) could not distinguish between caspase-3 and 
caspase-9. However, these caspases could be distinguished using specifi c inhibitors 
of each of the proteases. These rainbow proteins could be employed as in vitro 

and in vivo indicators of protease activity. Furthermore, these rainbow proteins 
could be targeted to different organelles by engineering targeting signal peptides 
on these proteins. For example, the rainbow protein for caspase-3 was employed 
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in the endoplasmic reticulum (ER) to study apoptosis induced by ER stress. The 
target event to be studied triggered by caspase-3 was imaged using a camera that 
could image four different colors simultaneously (Photek, East Sussex, United 
Kingdom, 512  512 pixels, at 60 Hz).

In another study, Mouland et al. developed a BRET-based assay to measure the 
activity of human immunodefi ciency virus type 1 (HIV-1) protease in vivo [21]. 
In this work, the HIV-1 Gag-p2/Gag-p7 (p2/p7) protease recognition site was 
inserted between a human codon-optimized GFP and RLuc. This gene fusion 
(RLuc-p2/p7-GFP) was co-expressed with an HIV-1 codon-optimized protease. 
Expression of the hRLuc-p2/p7-hGFP alone generated a BRET signal resulting 
from energy transfer from RLuc to GFP, indicating that the protease recognition 
site was not cleaved (Fig. 6.5). In the presence of HIV-1 protease, a signifi cant 
reduction in the BRET signal was observed as a consequence of the cleavage caused 
by the protease on the fusion protein (see Fig. 6.5). Upon addition of inhibitors of 
HIV-1 protease such as saquinavir or amprenavir, the cleavage was blocked, thus 

Fig. 6.5  Schematic of the HIV-1 protease 

assay based on BRET. In the absence of 

protease, energy transfer occurs from RLuc 

to GFP. In the presence of the protease, 

it cleaves at the recognition site, separating 

RLuc and GFP, which prevents transfer of 

energy. Adapted from Ref. [21] and reprinted 

with permission from Elsevier B. V.

6.5  Applications of BRET in Bioanalysis
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resulting in the generation of BRET emission. This assay was further validated 
by co-expressing the HIV-1 auxiliary protein Vif, which inhibits cleavage at the 
HIV-1 protease recognition site p2/p7 when overexpressed. In this study, the 
generation of BRET signal was observed in a dose-dependent manner. This BRET 
assay for the detection of protease can be adapted to high-throughput screening 
of inhibitors of protease activity because it is a one-step assay performed in a 
homogeneous manner. The technology developed is noninvasive since the fusion 
protein between Rluc–protease recognition site–GFP can be genetically encoded 
for production in the cell, and assays can be performed in vivo, making it suitable 
for the identifi cation of bioactive inhibitory molecules.

Calcium is a regulator of several intracellular processes; therefore, its measure-
ment is of great biological signifi cance. Many different methods of calcium 
detection have been developed. These methods are mostly based on calcium-
sensitive fl uorophore probes, microelectrodes, FRET assays, etc. Brulet et al. 
utilized aequorin’s sensitivity toward calcium in order to develop a BRET-based 
assay for the determination of calcium in single neuroblastoma cells (Fig. 6.6) 
[22]. In nature and under certain conditions, the jellyfi sh Aequorea victoria emits 
green fl uorescence in addition to bioluminescence alone. This phenomenon 
occurs when there is a stimulus that triggers the release of a bolus of calcium 
within the photocyte cells in the umbrella of the jellyfi sh that contain the two 
photoproteins native to the jellyfi sh, namely aequorin and the green fl uorescence 
protein. Green fl uorescence is observed because of a radiationless energy transfer 
event from aequorin to GFP. On the basis of this observation, a fusion protein 
between aequorin and GFP was constructed by fusing the C-terminus of GFP to 
the N-terminus of aequorin. Different linker lengths of 5–50 amino acids were 
engineered between these two proteins. The fusion proteins were then transiently 
transfected into neuronal cells. Using an intensifi ed CCD camera, photon emission 
was monitored after the addition of a calcium solution. A signal integration time of 
1 s was enough to record the fl uorescence signal emitted by GFP. When aequorin 
was expressed alone or when co-expressed with the free GFP, no signal could be 
observed. The aequorin–GFP fusion protein showed improved calcium-triggered 
bioluminescent activity compared to aequorin alone. This is attributed to increased 
stability of the fusion protein. This fused reporter protein should allow calcium 
monitoring in cellular (Fig. 6.6) and subcellular compartments [22].

In another study, an immunoassay for the determination of an antigen from 
hen egg lysozyme was developed by Nagamune et al. based on BRET technology 
[23]. For that, two fusion proteins, an antibody heavy-chain fragment (VH)-RLuc, 
and an antibody light-chain fragment, (VL)-enhanced yellow fl uorescent protein 
(EYFP), were constructed. Upon addition of the antigen, a re-association of the 
antibody’s variable domains occurred in an antigen concentration-dependent 
manner, resulting in the generation of a BRET signal (Fig. 6.7). The BRET signal 
was monitored in the form of luminescence ratio I525/I 475. An increase in the 
luminescence ratio was observed with increasing antigen concentration. The assay 
was performed in a single step with a range of detection spanning from 0.1 to 
10 g mL–1 of hen egg lysozyme.

1311vch06.indd 1041311vch06.indd   104 30.06.2006 22:02:4730.06.2006   22:02:47



105

Fig. 6.6  Photographical images of neuro 2A cells showing calcium-induced 

bioluminescence (reprinted from Ref. [22]). Background is collected 

before addition of calcium. Reprinted with permission from PNAS.

Fig. 6.7  Schematic representation of a 

homogeneous immunoassay based on 

energy transfer (adapted from Ref. [23]). 

In the absence of antigen, the two fusion 

proteins remain separated. 

Addition of antigen leads to hetero dimeri-
zation of antibody chains, leading to energy 

transfer from Rluc to EYFP. 

Reprinted with permission from Academic 

Press.

A BRET-based competitive assay for the detection of biotin was also developed 
by Adamczyk et al., using aequorin as a donor molecule and a dye quencher as 
the acceptor [24]. For that purpose, conjugates of avidin, which binds biotin with 
high specifi city and affi nity, were prepared containing the covalently attached dyes 
QSY-7 ( max 560 nm) and dabcyl ( max 470 nm). These dyes were chosen because 

6.5  Applications of BRET in Bioanalysis
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of the overlap between their absorption spectra and the emission of aequorin 
(430–500 nm). Conjugates were prepared using different ratios of avidin to dye. 
When avidin conjugates were added to biotinylated aequorin, a quenching in 
the bioluminescence of aequorin was observed. A maximum quenching value of 
51% and 28% was obtained for QSY-7 and dabcyl-avidin conjugates, respectively. 
Quenching effi ciency was shown to be dependent on the label-to-avidin ratio, as 
well as on the concentration of the avidin conjugate. A dose–response curve was 
generated by setting up a competition between free biotin and biotin conjugated 
to aequorin. Using the dose–response curve obtained, a biotin concentration as 
low as 0.1 nM could be detected.

In another study by Vinokurov et al., a BRET assay was developed for the 
detection of biotin using aequorin and EGFP as a BRET pair [25]. As part of this 
work, fusion proteins between aequorin and streptavidin (SAV) and between EGFP 
and the biotin carboxyl carrier protein (BCCP) were prepared. The spectral shape 
and intensity of the aequorin–SAV and EGFP–BCCP were found to be slightly 
different when compared to the spectra obtained with native aequorin and EGFP. 
Nevertheless, a suffi cient spectral overlap existed for BRET to occur. As expected, 
when SAV–aequorin and EGFP–BCCP fusion proteins were mixed, a decrease in 
bioluminescence intensity at 470 nm and an increase in EGFP emission at 510 nm 
were observed. The maximum luminescence ratio (I510/I450) of 3.5 was obtained 
at saturating concentrations of EGFP–BCCP. Free biotin was shown to inhibit 
BRET in a dose-dependent manner due to its competition with EGFP–BCCP for 
the binding to SAV–aequorin. A dose–response curve was generated by monitoring 
the luminescence ratio at different biotin concentrations. Using this dose–response 
curve, a detection limit of 120 pM for biotin was obtained. The assay was performed 
using ratiometric dual-color measurement. This method is advantageous over 
others published in the literature because it demonstrates that for a given molar 
ratio of Aeq–SAV and EGFP–BCCP, the measured luminescence ratio is not 
dependent upon the amount of sample injected to generate bioluminescence. In 
addition, by using the luminescent ratio the method also overcomes the generation 
of potential errors resulting from partial deactivation of aequorin luminescence 
or from other natural or sample-related fl uctuations.

6.5.2 

Protein–Protein Interactions and High-throughput Screening

BRET technology has become a very useful tool in the study of protein–protein 
interactions. In this method, the donor and acceptor proteins are genetically 
fused to proteins of interest. Co-expression of these fusion proteins in cells allows 
real-time monitoring of protein–protein interactions in a quantitative manner. 
When proteins of interest interact with each other, energy transfer from a donor 
bioluminescent protein to an acceptor fl uorescent protein can occur, yielding a 
BRET signal. The BRET signal depends upon the strength and stability of protein–
protein interactions. In addition, the signal depends on the relative orientation, 
spectral properties, distance, and ratio of donor/acceptor molecules. Several 
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accounts describing the use of BRET technology in the study of protein–protein 
interactions have been reported. In addition, several detailed reviews on this 
topic have been published [26–31]. Therefore, application of BRET technology in 
studying protein–protein interactions will not be discussed in this chapter.

Another aspect of studying protein–protein interactions is its usefulness in 
screening for agonists or antagonists of these interactions, making this technology 
especially useful in drug discovery. This is of potential interest to pharmaceutical, 
biotech, and chemical companies that are involved in identifying drug molecules 
that affect protein–protein interactions. For example, this method has been applied 
in the screening of agonist-induced interactions between G protein-coupled 
receptors (GPCRs) and -arrestins. In general, GPCR and -arrestin are tagged 
with energy donor and acceptor molecules. Activation of GPCR by an agonist leads 
to phosphorylation of GPCR and subsequent interaction with -arrestin, which 
is monitored by energy transfer. This approach has been employed by several 
pharmaceutical companies to identify new drugs that act upon this biochemical 
signaling pathway. Reviews on the use of BRET technology in drug screening at 
the GPCR receptor have been published [32, 33].

BRET technology is also useful in the determination of the kinetics of agonist-
induced changes in interactions between receptors. For example, when agonists 
of thyrotropin-releasing hormone receptors were studied, an increase in BRET 
was observed, reaching a maximum in 20 min [34]. In another study, BRET 
between cholecystokinin receptors in the presence of agonists decreased after 
only 2 min [35]. Such studies can provide information about the kinetic profi le of 
interactions, but in this case, data are collected at predetermined time intervals. 
Alternatively, real-time monitoring of interactions can be performed, provided that 
the substrate of the BRET donor receptor molecule is stable. Coelenterazine h, 
which is a substrate for Rluc, is not stable and allows real-time measurement only 
up to 10 min. Another substrate for RLuc introduced by Promega, EnduRen, is a 
protected form of coelenterazine h that is metabolized by endogenous esterases 
to free substrate, which allows monitoring of BRET for several hours.

BRET technology has been employed in the development of a screening assay 
for estrogen-like compounds [36]. The assay is based on the homodimerization 
of the estrogen receptor (ER ) upon binding of an estrogen-like compound. In 
this study, the ER -receptor monomer was genetically fused to either Renilla 

luciferase (RLuc) or enhanced yellow fl uorescent protein (EYFP). Dimerization of 
the ER -receptor in the presence of estrogen-like compounds caused RLuc and 
EYFP to come in close proximity, leading to energy transfer. Using purifi ed fusion 
proteins, an in vitro BRET assay was developed employing 17- -estradiol as the lead 
compound. This was followed by demonstrating the application of this assay for in 

vivo screening of estrogen-like compounds. To achieve that, the two fusion proteins 
(ER -RLuc and ER -EYFP) were co-expressed in live HepG2 cells. The assay was 
performed in a typical 96-well microplate format with a 30-min incubation time. 
This assay demonstrated a detection limit of 1 nM of 17- -estradiol (Fig. 6.8). 
This method may fi nd applications in the screening of environmental pollutants 
that act like xenoestrogens. Some examples of xenoestrogens include pollutants 

6.5  Applications of BRET in Bioanalysis
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such as dioxins and polychlorinated biphenyls that bind to estrogen receptors and 
disrupt endocrine function [37].

A major problem with BRET-based protein interaction studies performed in 

vivo is that if protein expression is high, then it can lead to random collision 
of BRET donor and BRET acceptor fusion proteins, thereby causing a BRET 
emission that is not related to the detection of the target molecule. This can give 
a false indication of protein–protein interaction events that, in reality, are not 
occurring. This was observed by Mercier et al. in a study where dimerization of 

2-adrenergic (AR) receptor was monitored using BRET. The BRET data generated 
corresponded to different expression levels of the fusion proteins 2-AR-Rluc and 

2-AR-GFP. It was observed that for a total concentration of protein between 1.4 
and 26.3 pmol mg–1 of protein, the BRET signal did not increase [38]. However, at 
protein expression levels higher than 26.3 pmol mg–1, an enhancement in BRET 
signal was observed. This was attributed to random collision between 2-AR-
Rluc and 2-AR-GFP. Therefore, when in vivo BRET assays are designed, careful 
consideration should be given to the protein expression levels and the potential 
for nonspecifi c energy transfer.

6.6 

Conclusions

In conclusion, BRET technology offers advantages in terms of sensitivity and 
suitability for cellular analysis. Careful experimental design and development 
of new instrumentation should aid in the improvement of this technology. 
Instruments that allow in situ real-time imaging and high-throughput measure-
ment capabilities are needed. Advances in the identifi cation and characterization of 
new organisms that are bioluminescent will increase the availability of additional 
donor and acceptor proteins. This should result in systems with enhanced spectral 
separation and higher quantum yields. In addition, bioluminescent substrates that 

Fig. 6.8  Dose–response curve generated for estradiol by plotting 

the BRET ratio against the concentration of analyte. 

Reprinted from Ref. [36] with permission from ACS.
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have better stability are still desired. These advances in BRET technology should 
expand its applications in mainstream bioanalysis. It is envisioned that BRET 
technology, along with complementary technologies such as high-throughput 
mass spectrometry, could potentially transform the fi eld of receptor interaction 
research. A unique feature of BRET lies in the fact that it allows for the in vivo study 
of organelle-specifi c protein interactions. In addition, drug discovery programs 
are incorporating BRET assays into their drug screening processes, which should 
open new areas of research.
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7 

Photoproteins as in Vivo Indicators of Biological Function

Rajesh Shinde, Hui Zhao, and Christopher H. Contag

7.1 

Overview

A number of whole-body imaging techniques have been developed for the in vivo 
study of mammalian biology. Optical imaging methods are particularly well suited 
for the study of small animal models, and the use of light-emitting enzymes as 
reporters of biological activity has become one of the cornerstone technologies 
for studying biology and pharmacology in rodent models. This approach has been 
signifi cantly advanced by continued development of modifi ed genes encoding 
photoproteins, coupled with advances in detection technologies that have improved 
the sensitivity and quality of the experimental data obtained noninvasively from 
laboratory animals.

Proteins with optical signatures that are bioluminescent or fl uorescent have 
been used for nearly a decade in biological assays and in cells. Imaging experience 
gained from cultured cells has led to the application of reporter genes in living 
animals. Optical techniques such as fl uorescence and bioluminescence imaging 
have been utilized in a wide range of animal models for studying oncology, stem 
cell biology, and infectious diseases. In general, noninvasive imaging reduces the 
number of animals needed for a given experiment while providing a rapid means 
of accurate quantifi cation of biological processes. The use of photoproteins as in 

vivo reporters further enhances these approaches by enabling sensitive detection 
with relatively inexpensive instrumentation and an ease of use that permits 
fi ne temporal resolution. This is in contrast to the traditional approach where 
spatiotemporal information is obtained by sacrifi cing a statistically signifi cant 
number of animals for each time point and the temporal information for individual 
animals is lost.

In order to develop effective imaging modalities with molecular reporters, 
consideration should be given to (1) selection of the appropriate probe for assaying 
the targeted cellular or molecular process throughout the entire study, (2) the 
sensitivity of detection of small changes in cell function and/or distribution, and 
(3) the effects of the reporter on the biological process itself. These approaches can 
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be enriched through modifi cations to the exogenous molecules that impart unique 
distinct optical signatures on products of reporter genes when expressed in specifi c 
cells and tissue types. Several new reporter systems based on photoproteins try to 
overcome these issues. Advances in optical detection technologies over the past 
decade have allowed for assessment of low levels of light emission from cells and 
tissues in animals. This coupled with advances in reconstruction algorithms and 
development of reporter molecules has helped target specifi c molecular events.

Studies that incorporate noninvasive animal imaging techniques to investigate 
questions in biology and advance development of new pharmaceuticals have 
increased dramatically in the last decade. In this chapter, we discuss the different 
methods of using photoproteins for in vivo imaging of biology in small animals, 
the effects of optical properties of tissues in imaging, and examples of where 
these approaches have shed light on biology. We also look at possible future 
developments in the biochemistry of bioluminescent reporter proteins and their 
substrates used for in vivo imaging. This includes the development of activable 
substrates for protease sensors and sensors of other enzymatic activities. These 
imaging methods have attained signifi cance in biomedical research and drug 
development, and additional developments will increase their utility and versatility 
[1–6].

7.2 

Probes Used for in Vivo Bioluminescence Imaging

In vivo bioluminescence imaging (BLI) is a powerful tool that can be used to study 
biological events temporally and noninvasively in live animals. Biological entities 
such as bacteria, tumors, or other cells or genes are labeled with bioluminescent 
reporters and light is detected externally using a highly sensitive cooled charged-
couple device (CCD) camera [7]. As a bioluminescent probe, used in in vitro and 
in vivo assays, luciferase can generate visible light by oxidation of an enzyme-
specifi c substrate in the presence of oxygen and, usually, ATP as a source of energy. 
Luciferase has the advantages of rapid turnover and an inherently low background, 
giving real-time detection and near absence of endogenous light from mammalian 
cells and tissues and leading to a low signal-to-noise ratio (SNR) [8].

Luciferase enzymes have been found in many species, including bacteria, 
marine crustaceans, fi sh, and insects [9]. However, only a subset of luciferase-
substrate combinations have been characterized and utilized as in vivo reporter 
genes, including those from fi refl y, click beetle, and Renilla. Luciferases from 
fi refl y and click beetle use d-luciferin as a substrate, while Renilla luciferase uses 
coelenterazine as a substrate. Luciferase genes have been modifi ed in many aspects 
to optimize its applications in BLI. Codon usage was optimized for use of these 
reporter genes in mammalian cells, and any peroxisome-targeting sequences were 
removed [10]. More recently, potential binding sites for mammalian transcription 
factors have been eliminated from some of these genes [10]. These modifi cations 
have resulted in signifi cantly higher levels of transcription in mammalian cells 
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Fig. 7.1  Transmission of bioluminescent 

signals through mammalian tissues. Spectral 

scanning was performed on three mouse 

models – tumor cells under the skin, tumor 

cells in the lungs and liver transfections 

using four different bioluminescent markers: 

Renilla luciferase (hRluc), fi refl y luciferase 

(Fluc), and the green (CBGr68) and red 

(Cb red) luciferases from the click beetle 

(Promega Corp., Madison WI). 

(A) Example of the liver model showing the 

20-nm windows that were used to obtain the 

plots in panel B. 

(B) Spectral data were plotted over the 

hemoglobin absorption spectrum (gray). 

These data reveal that light greater than 

600 nm (red) is transmitted through 

mammalian tissues more effi ciently than 

shorter wavelengths of light (blue) 

(adapted from ref. 14).
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in culture as well as in animals. On the other hand, site-directed mutagenesis 
and chimerization of different luciferase genes have been performed, and various 
colors were obtained from amino acid substitutions [11, 12].

Bioluminescence images of live animals are a diffuse projection at the body 
surface from bioluminescent sources that can be located deep inside the body. 
Only light that escapes the absorbing and scattering environment of mammalian 
tissues can be detected externally. Rice et al. have demonstrated that, consistent 
with the optical properties of mammalian tissue, luciferases with emission in the 
red to near-infrared range (> 600 nm) may have higher transmission effi ciency 
through tissue than those of shorter wavelengths [13]. Light in the blue and green 
region of the spectrum (500–600 nm) is strongly absorbed by macromolecules such 
as hemoglobin, melanin, and other pigments [13]. This was further confi rmed 
recently by Zhao et al., who evaluated four luciferases that emit with peaks across 
the visible region in three different animal models using spectral imaging [14] 
(Fig. 7.1). The infl uence of tissue on detection and spectral profi les was studied by 
comparing light emission from the models with the sources located at different 
depths in the body [14]. Each of the four luciferases studied (fi refl y, click beetle 
green, click beetle red, and Renilla luciferase) has unique emission spectra. They 
observed that the spectra of fi refl y luciferase were red-shifted at 37 °C relative 
to emission at room temperature. The spectra of the other luciferases were not 
affected by changes in temperature, but the activity of the click beetle luciferases 
was increased at 37 °C relative to 25 °C.

The infl uence of tissue is largely due to strong hemoglobin absorption of 
light in the visible region of the spectrum (Fig. 7.1). The spectra in the absence 
of tissue (cell culture) revealed emission in the blue and green regions, as did 
spectra at superfi cial sites in the body (subcutaneous). In contrast, transmission 
from bioluminescent sources located at deep tissue sites, lung and liver, was 
differentially attenuated, with the red region dominating the spectra [14]. 
Luciferases with a higher proportion of light emitted above 600 nm, such as those 
from fi refl y and the red variant of the click beetle enzyme, demonstrated greater 
tissue penetration.

7.3 

Probes Used for in Vivo Fluorescence Imaging

In vivo fl uorescence imaging involves labeling cells with coding sequences 
for fl uorescent proteins or addition of exogenous dyes that fl uoresce. As with 
luciferase, a coding sequence for a fl uorescent reporter (e.g., green fl uorescent 
protein, GFP) can be fused to a gene’s regulatory region and the expression 
patterns studied in cells or animals [15]. A fl uorescent dye-binding domain 
can be incorporated into cells or tissues such that an exogenously added dye 
fl uoresces only after binding to this domain [16]. Alternatively, fl uorescence 
reporter gene–substrate combinations have been created from enzymes that are 
typically used with chromogenic substrates. For example, beta-lactamase or beta-
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galactosidase has been used to convert an exogenously added, non-fl uorescent 
substrate into a fl uorescent derivative and shift the wavelength of a fl uorescent 
substrate emission [17, 18]. The light output per molecule of reporter proteins in 
the fi rst two strategies is usually lower than that of enzymatically produced signals 
because a single enzyme can catalyze many substrate molecules, resulting in 
amplifi cation. Enzymes that process fl uorescent substrates may generate a greater 
photon output per molecule of reporter protein, providing signifi cant signals for 
in vivo fl uorescence imaging.

Fluorescence requires an external light source for illuminating the fl uorophores, 
and a majority of reporters with fl uorescent signals require excitation in the blue-
green region of the visible spectrum where tissue absorption of light is high. Many 
fl uorophores also emit light in this wavelength range. There can be substantial 
background in fl uorescence imaging resulting from a variety of endogenous 
molecules such as hemoglobin and cytochromes, leading to low SNR [15, 18]. 
To improve SNR, Weissleder et al. have used biocompatible autoquenched near-
infrared (NIR) fl uorescent compounds to target specifi cally to cells or tissues. 
These compounds can be activated by tumor-specifi c proteases for cathepsins B 
and H and emit a signal above 600 nm [19–21]. The dyes are tethered to peptides 
and change their emission properties upon cleavage of this tethered peptide chain. 
The peptide sequence can be selected for specifi city for desired proteases. This 
is an effective strategy that is gaining currency for molecular imaging because 
it allows for targeting specifi c molecules and can be easily adapted for studying 
pro-drugs.

7.4 

Detection Technologies

Advances in detector technologies have greatly expanded in vivo imaging capa-
bilities, with many of these advances occurring in charge-coupled device (CCD) 
cameras and their confi gurations for in vivo imaging. CCD cameras come in 
various architectures, including intensifi ed and cooled CCDs [22]. Intensifi ed 
detectors use photocathodes to convert captured photons to electrons that are 
then amplifi ed and converted back to photons using a phosphor screen, and these 
photons are fi nally detected on the CCD. Photocathodes have defi ned spectral 
sensitivity to regions of the light spectrum and tend to be blue sensitive. Amplifi ed 
systems that utilize bialkali photocathodes work optimally in the blue-green region 
and lack sensitivity for detection of wavelengths over 600 nm. Photocathodes 
made of gallium arsenide extend the spectral range of the intensifi ers into the 
red and may be suitable for some in vivo applications. Cooled CCDs are designed 
to reduce noise by cooling. Cooling to –120 °C greatly enhances the SNR of the 
detector while retaining its spectral sensitivity. Unfortunately, cooling below 
–120 °C can also reduce the ability to read the chip, and current designs do not 
offer any additional advantages. Many new features have been implanted into 
imaging systems that use CCD camera detectors, and these have served to advance 
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molecular imaging applications available to biologists interested in studying in vivo 
processes. Advances such as installation of a series of band-pass fi lters into these 
systems have enabled in vivo spectral imaging and allowed depth information to 
be determined based on the differential transmission of blue vs. red light. Spectral 
unmixing algorithms and tunable fi lters are being applied to in vivo imaging and 
provide extraordinary images of bright fl uorescent markers [23]. The challenge for 
spectral imaging approaches is the limited signals that are available from inside 
living animals and the effi ciency of fi lters that are used.

One approach to deal with the loss of photons resulting from scattering 
and absorption has been developed in the fi eld of intravital microscopy, where 
dorsal skin-fold window chambers are employed and microscopes are used to 
directly examine normal tissues and tumors [24–26]. In this technique, tissues of 
interest, which are labeled with fl uorescent dyes or photoproteins, are surgically 
implanted into a skin pocket and observed with fl uorescence microscopes. Recent 
developments in this technique involve high-speed intravital multiphoton laser 
scanning microscopy to enhance the depth of tissue that can be interrogated 
and to accurately project three-dimensional structures [26]. Though this method 
produces high-resolution images of tumor growth, vascularity, and immune cell 
migration, whole-body images cannot be obtained because photon detection is 
restricted to the transparent window [26–29]. A commonly used approach in 
intravital microscopy is to label cells or tissues with fl uorophores that are then 
injected into the animal [30, 31]. A potential drawback of this approach is that 
upon cell division, the detectable emission signal reduces, thus limiting temporal 
measurements to early time points. A way around this is to encode cells with genes 
for photoproteins, such as GFP [32–35].

7.5 

Current Applications

Optical methods that can detect exogenously administered photoproteins non-
invasively permit serial studies over long time periods and interrogation of all 
sites in the body. These nondestructive approaches are well suited for metastasis 
models and other models where the location of the reporter could be at any number 
of sites in the body. Among these methods, bioluminescent reporters obviate the 
need for an external light source, and the absence of autoluminescence offers a 
tremendous SNR that enables very sensitive detection of biological processes. In 
this section, biological applications of optical imaging using photoproteins will 
be discussed.

7.5.1 

Oncology

The study of cancer biology and animal models of malignancy has benefi ted signi-
fi cantly from advances in in vivo imaging of small animals. Bioluminescent and 
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Fig. 7.2  Imaging therapeutic 

responses. Constitutive expression 

of photoproteins in tumor cells 

enables noninvasive measures of 

tumor burden and assessment of 

response to the therapies. Here, two 

chemotherapies (5 fl uorouracil [5 FU] 

and cisplatin) were tested using 

labeled human cervical carcinoma 

cells as xenografts in scid mice. 

The cells were labeled by expression 

of fi refl y luciferase and the images 

were taken using a Hamamatsu 

C2400 intensifi ed CCD camera. 

Adapted from Ref. [5].
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fl uorescent reporters have been used in a variety of mouse models of human cancer 
and have included xenograft, allograft, spontaneous-transgenic, and orthotopic 
models. Imaging tools that can noninvasively quantify the spatiotemporal changes 
throughout the disease course have proven invaluable for refi ning the study of 
cancer biology and for accelerating the assessment of therapeutic outcome for 
experimental therapies. Imaging enables real-time ana lysis of tumor burden for 
lesions from cells implanted orthotopically, intraperitoneally, intravenously, or 
intracranially, similar to how calipers are used for subcutaneous models. Moreover, 
the reporters can be introduced into tumors such that their expression and activity 
are linked to biological processes; thus, the in vivo assays can go beyond mere 
measures of tumor burden. Such models would otherwise be diffi cult to monitor 
without sacrifi cing the animal, and analyses of these animal models are becoming 
more refi ned through imaging [36–40].

Noninvasive imaging techniques reduce the number of animals that need to 
be sacrifi ced and provide a more accurate quantifi cation of the growth kinetics. 
Numerous papers in the past few years have demonstrated the potential of 
bioluminescence and fl uorescence optical imaging techniques in tumor growth 
and metastasis [4, 5, 34, 41, 42]. In vivo bioluminescence imaging for the purpose 
of visualizing the kinetics of tumor clearance from living animals in response to 
novel cell therapies was fi rst demonstrated in 1999 (Fig. 7.2) [5]. In this paper the 
authors evaluated both conventional chemotherapies and immune cell therapy that 
used cytokine-induced killer (CIK) cells, a tumoricidal population of cells that are 
enriched from primary cells. The spatiotemporal distribution of bioluminescent 
human-derived tumor cells in immunodefi cient mice was observed and their 
response to therapy measured. In the absence of therapy, there were increases 
in the signal intensities indicating increased tumor burden. Mandl et al. used 
a multimodality imaging approach to reveal spatiotemporal patterns of tumor 
cell loss and annexin V uptake, as an indication of extent of apoptosis. Annexin 
V is being investigated as a marker of therapeutic effi cacy [43]. Weissleder et al. 
developed techniques that used biocompatible near-infrared fl uorescence probes to 
image tumors in living animals [44]. These methods indicate that optical methods 
will provide excellent tools for the study of in vivo biology and that photoproteins 
will be a signifi cant component of these approaches.

7.5.2 

Infectious Disease

Decades of studies on pathogens have enhanced our understanding of their 
virulence properties and of the host cell response to microbial insults. Many of 
these studies have been conducted in cell culture or animal models where the 
readout is illness and death. Indeed, these studies form the fi rst stage of any 
meaningful investigation, but they may not provide clues to the complex interplay 
between the pathogens and host cells and tissues in intact biological systems. 
Information is usually obtained by using laboratory animals wherein the host 
is infected with the pathogen and the information on the disease is assessed 
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by external analyses on biopsy or postmortem samples. Unfortunately, such 
techniques do not provide the opportunity for real-time analyses and often lead 
to data being obtained from single points in time. To generate data with temporal 
information, a statistically signifi cant number of animals need to be sacrifi ced for 
each time point, and even then the time course information in individual animals 
is lost. In vivo imaging techniques have revolutionized the approach towards 
research in infectious diseases.

7.5.3 

Bacterial Infections

The Lux operons from bioluminescent bacteria are ideal for labeling bacterial 
pathogens, as they encode all the genes involved in light production [45] and 
appear to be compatible with microbial physiology. The fi ve lux genes on the 
Photorhabdus luminescens operon (luxA-E) are suffi cient for a bioluminescence 
signal. These genes encode the heterodimeric luciferase (Lux A and B) and the 
enzymes for substrate biosynthesis (Lux C, D, and E), which eliminate the need 
for exogenous supply of substrate in cell cultures and animals [46–48]. Contag and 
coworkers provided the fi rst demonstration of BLI for the investigation of bacterial 
pathogens in living hosts [7]. A Salmonella typhimurium infection model was used 
to monitor disease progression in living mice using BLI. Three different strains 
of the bacteria were used to infect the mice, via the oral route, each expressing 
the lux genes from a plasmid. Bioluminescent signals were detected in the mice 
throughout the entire course of the infection, and they correlated well with the 
bacterial burden, which was measured using standard culture methods for colony-
forming units.

Imaging has utility in the study of opportunistic infections that can take place 
in the complex immunosuppressive environment of cancer therapies. Myelotoxic 
treatments for oncological diseases are complicated by neutropenia, which 
renders patients susceptible to infections. BitMansour et al. used a labeled strain 
of P. aeruginosa that constitutively expressed a bacterial luciferase to demonstrate 
that lineage-restricted progenitors such as common myeloid progenitors (CMP) 
and granulocyte myeloid progenitors (GMP) protected mice from lethal doses of 
the pathogens [49]. Hematopoietic stem cells and CMP/GMP subpopulations of 
the HSCs were isolated and transplanted into irradiated host mice. They were 
then infected with lethal doses of the gram-negative bacteria P. aeruginosa. The 
intensity of the bioluminescent signal correlated with clinically apparent illness 
and survival of the mice. BLI offers the opportunity to study various parameters 
of immune reconstitution and the protection that they offer to transplant patients. 
In addition, infections often occur as a result of complex interactions between 
tissues and artifi cial surfaces that are implanted clinically. It is necessary to develop 
models that approximate these conditions, and developing imaging markers will 
refi ne and accelerate the analysis of these models.

Artifi cial surfaces provide an ideal substrate for bacterial colonization. A 
number of medical practices involve implantation of diverse prosthetic devices. 

7.5  Current Applications
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The colonization of these devices leads to formation of biofi lms of microbes that 
are diffi cult to treat because of their increased resistance to host defenses and 
exogenous therapies. Kadurugamuwa et al. developed a rapid and continuous 
method for monitoring the effi cacy of antibacterial agents used against such 
pathogens [50]. They developed a mouse model of chronic biofi lm infection by 
using bioluminescence imaging of the bacterium Staphylococcus aureus, which 
was modifi ed using a gram-positive adapted lux operon. Traditional methods 
for predicting the outcome of in vivo antibiotic treatments against microbial 
biofi lms have involved culture methods that suffer from sampling limitations and 
time delays in data acquisition. As such, they may not be very predictive of the 
therapeutic outcome [51, 52]. These techniques traditionally lack a nondestructive 
and reproducible monitoring system that could assess antibiotic effi cacy. Imaging 
enables temporal analysis of the same animal throughout the duration of the study. 
Using BLI, the authors were able to evaluate antibacterial effects and re-growth 
of the bacterial biofi lm in living animals.

Recently, Hardy et al. used BLI to demonstrate that the bacterium Listeria 

monocytogenes can replicate in the murine gall bladder and that the replication is 
extracellular and intraluminal [53]. The spatiotemporal distribution of L. mono-

cytogenes in infected BALB/c mice was revealed using BLI (Fig. 7.3), and further 
study provided evidence that the bacterium grew extracellularly in the lumen of 
the gall bladder. This location and method of growth were not previously reported 
for this organism, and as such this is an excellent example of what noninvasive 
assays can reveal about pathogenesis. Whole-body analysis was the only method 
by which this would be revealed, since the timing of colonizing the gall bladder 
was not inherently obvious and more labor-intensive assays could have been 
unable to provide the temporal resolution to reveal this location of replication. 
The signifi cance of this observation is that replication of Listeria in the gall bladder 
could constitute a considerable source of infection in the human population.

Fig. 7.3  Monitoring persistent infection 

of Listeria in vivo. The lux operon from 

Photorhabdus luminescens was modifi ed for 

expression in gram-positive bacteria and 

used to label a reduced-virulence strain of 

Listeria. After intravenous inoculation of this 

strain into BALB/c mice, persistence was 

observed in the gall bladder. 

This is a previously undescribed tissue 

site of infection that could have been 

identifi ed only by using imaging. 

Adapted from Ref. [53].
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7.5.4 

Viral Infections

Cook and Griffi n applied BLI to monitor Sindbis virus (SV) infection in mice [54]. 
Earlier studies had suggested that SV enters the brain by replicating in cerebral 
capillary endothelial cells, but subsequent studies suggested otherwise. Other 
viruses that also cause encephalitis can enter the central nervous system (CNS) 
by retrograde axonal transport from the olfactory epithelium or peripheral sites of 
replication. In the case of SV, the simultaneous presence of a high amount of virus 
in the blood at the time of CNS entry complicates the analysis. BLI post peripheral 
inoculation showed signifi cant replication in the lower spinal cords, nose, and 
brains of different animals, as well as in the abdominal regions of some animals. 
The authors were able to support the hypothesis that the SV entered the CNS by 
fi rst replicating in the nasal neuroepithelium and then spread through the blood 
to the olfactory epithelium prior to retrograde transport to the brain.

7.5.5 

Viral-mediated Gene Transfer

Reporter genes have been used to monitor gene transfer and translation of this 
approach to animal models, and whole-body analysis offers the opportunity to 
localize and quantify transfer methods. Lipshutz et al. reported noninvasive 
BLI measurements of viral-mediated gene therapy using an adeno-associated 
viral vector (AAV) [55]. This study revealed that intraperitoneal injection of viral 
vectors resulted primarily in transduction of cells lining the peritoneal wall and 
not the liver.

Adams et al. used BLI to demonstrate metastasis of prostate cancer by employing 
a prostate-specifi c adenovirus vector, AdPSE-BC-luc [56]. Endocrine therapy is 
the current treatment for prostate cancer. It involves androgen ablation, but the 
disease typically relapses within 18–36 months. Viral-mediated gene therapy 
is a potential alternative to existing treatments. Strong constitutive promoters 
such as cytomegalovirus (CMV) have high expression but lack specifi city. Hence, 
enhancing the specifi city of such constructs can offer additional advantages. 
In this study, the authors developed a viral construct driven by an enhanced 
prostate-specifi c antigen (PSA) promoter. The construct was 20-fold more active 
than the native PSA promoter and exhibited enhanced specifi city and restricted 
expression. The virally mediated gene therapy concept was tested in scid mice 
that were implanted with several human prostate cancer models (LAPC series). 
They observed that their vector transduced the xenografts. Using BLI, it was also 
possible to track the tumors as they progressed from androgen dependence to 
androgen independence. They also showed that the AdPSE-BC-luc vector could 
be used as a tool to interrogate endogenous androgen receptor pathway.

7.5  Current Applications
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7.5.6 

Cell Biology

Developing an understanding of cellular and molecular biology is increasingly 
driven by our ability to visualize and quantify molecular events in living animals. 
A high spatiotemporal resolution is required for such studies, and in vivo bio-
luminescence and fl uorescence imaging provide the necessary tools to biologists. 
For instance, cell migration is important in the development of an effective 
immune response to foreign antigens. For decades, immune cell migra tion has 
been studied without a good experimental tool for in vivo studies. Blood and tissue 
samples were collected from test subjects and analyzed by fl ow cyto metry and 
histology techniques at certain time intervals after an immunologic event had 
been started. Neither approach could provide spatiotemporal information of these 
events. Recently, BLI has been used for elucidating the spatiotemporal traffi cking 
patterns of lymphocytes in living animals [42, 57–60]. In these studies the kinetics 
of cell migration was apparent, and the function of these cells for tumor cell killing 
and migration to sites of autoimmune destruction was revealed.

Murugan et al. developed a bioluminescence imaging strategy to image 
protein–protein interactions in living mice using the split reporter technique 
[61]. Protein–protein interactions are important for describing many cellular 
processes. The authors adapted the split reporter protein approach to demonstrate 
the interaction between MyoD and Id, two members of the helix-loop-helix (HLH) 
family of nuclear proteins. MyoD is a myogenic regulatory protein that is expressed 
in the skeletal muscle. Id is a negative regulator of myogenic differentiation that 
can associate with, among others, MyoD. In the split reporter technique, a reporter 
gene such as the fi refl y luciferase is separated into N-terminus and C-terminus 
halves. Each of these halves is attached to two proteins whose interactions are under 
study. In one methodology, interaction between the two proteins reconstitutes 
the complete luciferase enzyme activity that can be imaged in cells and mice. In 
another approach, the interaction between the two proteins mediates the splicing 
of the N- and C-termini of the luciferase, which is then reconstituted to give an 
active luciferase enzyme. In another study, the authors used this technique to 
evaluate heterodimerization of the human proteins FRB and FKBP12 mediated by 
rapamycin [62]. They used synthetic Renilla luciferase protein fragment-assisted 
complementation to assess the heterodimerization of the two proteins. The system 
could be titrated by changing the concentration of the interacting molecules in 
cells and living mice, which is very essential in preclinical drug screening and 
validation processes. Hence, the development of this technique can lead to the 
possibility of screening agonists and antagonists of protein–protein interactions 
in cancer models and appraising the effi cacy of small pharmaceutical molecules 
with all the pharmacokinetic issues.
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7.5.7 

Stem Cell Biology

Stem cell biology is a rapidly developing fi eld that has recently been aided by 
whole imaging of photoprotein expression [63]. Hematopoietic reconstitution 
from hematopoietic stem cells (HSC) has previously been observed by fl ow 
cytometric measurements of the bone marrow. For these studies animals need 
to be sacrifi ced to harvest the bone marrow cells. Although the reconstitution 
could be assessed with peripheral blood, the localization of stem cells remained 
a diffi cult problem. With photoproteins, such as GFP and luciferase, it has 
become possible to measure engraftment levels and the relative contribution of 
the donor HSCs to various hematopoietic lineages. Recently, Crooks et al. used 
BLI to quantitate different levels of chimerism of human donor cells within the 
marrow space that provided a dynamic profi le of engraftment and proliferation in 
live recipient animals [64]. They showed that late-term engraftment predominated 
when purifi ed CD34+CD38– cells were transplanted. Lentiviral vectors were used 
to transfer the luciferase reporter into human HSCs that were then imaged using 
BLI, thus providing a dynamic profi le of progenitor and HSC engraftment. Kim 
et al. imaged recruitment of neural progenitor stem cells (NPC) to ischemic infarcts 
in murine models using BLI. They transfected a clonal multipotent murine neural 
precursor cell line to stably express luciferase and GFP [65]. Their work could 
potentially lead to novel therapy for ischemic damage and replace dead neurons 
and supporting tissue.

Studies have shown improved functional outcome after stroke using stem 
cell therapy and fetal graft transplants [66, 67]. Stem cells migrate to sites 
of cerebral pathology, including stroke and numerous other central nervous 
system pathologies. Current methods of studying stem cell mobility involve 
largely histological experiments. Approaches using labeling of these cells with 
magnetic particles, isotopes, or gadolinium chelates have not been successful 
[68–72]. It is diffi cult to quantify and observe the proliferation of the stem cells 
because the markers are degraded, diluted, or excreted as cells divide. Kim et al. 
found that NPCs migrated to an ischemic lesion as compared to control animals 
without infarcts [73]. Using imaging, they also demonstrated that both methods 
of administration of the cells, intraparenchymal or intraventricular, yielded the 
same results.

BLI also identifi ed heterogeneous differences that otherwise would not be 
identifi ed. In a study by Cao et al., a transgenic donor mouse was described where 
all of the cells in the body could potentially express luciferase [74]. This donor 
animal provided a uniformity of integration site and more uniform expression than 
would be expected from retroviral transduction. Using stem cells isolated from this 
donor line, Cao et al. used BLI to reveal, in real time, the early events and dynamics 
of hematopoietic reconstitution in living animals. They imaged the engraftment 
from single luciferase-labeled HSCs in irradiated recipients (Fig. 7.4). Discrete 
foci of these transplanted HSCs were found in the spleen and bone marrow at a 
frequency that correlated with the bone marrow compartment size.

7.5  Current Applications
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7.6 

Protease Sensors

Proteases are key enzymes that are implicated in a number of cardiovascular, 
oncological, neurodegenerative, and infl ammatory diseases. For instance, in 
cancer, proteases are thought to be involved in the invasion, metastasis, and 
angiogenesis of tumor cells [75]. Cancer treatments are being sought that target 
these proteases and inhibit their activity. For example, matrix metalloproteases 
(MMP) and cathepsins have been found to enable malignant cells to cross the 
basement membrane and digest the extracellular matrix (ECM), thus leading to 
metastasis. Unfortunately, development of drugs that target these proteases has 
been handicapped by a lack of proper in vivo imaging techniques.

Fig. 7.4  Visualizing hematopoiesis from 

single hematopoietic stem cells (HSCs). 

Single luc+ or luc+ and GFP+ KTLS HSCs 

were injected intravenously into lethally 

irradiated FVB recipients along with 

unlabelled 3  105 stem cell-depleted BM 

cells as a radioprotective population. 

Animals were imaged daily and initial foci 

were observed at 12 d post transplant. 

In one of the two animals, the single-labeled 

cell participated fully in hematopoiesis 

(upper), and in the other limited participa-

tion was observed. 

Adapted from Ref. [74].
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Bioluminescence and fl uorescence imaging will become useful tools for these 
studies. Weissleder et al. fi rst demonstrated the use of near-infrared fl uorescent 
dyes as probes for tumors in living animals [44]. They used biocompatible, optically 
quenched, near-infrared fl uorescence (NIRF) imaging probes with which tumor-
specifi c proteases such as cathepsin B, -D, -H, -L, trypsin, and other hydrolases 
were assayed. When cysteine protease inhibitors (for proteases cathepsin B, -H, 
and -L) were added, they inhibited all signal from the NIRF probes. Protease-
activable NIRF probes have been developed to study endogenous proteases 
implicated in cancer and cardiovascular diseases [44, 76]. These NIRF probes 
offer higher signal because of the lower absorption by hemoglobin and tissue, 
and because of low autofl uorescence from nontarget tissue. The role of cathepsin 
B as a protease involved in infl ammatory response and atherosclerotic plaque 
rupture has been demonstrated using such NIRF probes [76]. More recently, 
Shah and Weissleder et al. demonstrated the use of NIRF probes for detecting 
HIV-1 proteases in human glioblastoma cells [77]. The cells were infected with a 
human simplex virus amplicon vector (HSV) expressing HIV-1. The HIV protease 
belongs to a family of aspartic acid proteases and specifi cally cleaves VSQNYPIV 
and other related peptide sequences. The HIV-1PR protease was virally delivered 
to glioblastoma tumors in mice and assayed using the NIRF probes. The in vivo 
imaging modality also allowed for assessing the therapeutic effects of the HIV-
1PR protease inhibitor indinavir.

Laxman et al. developed a recombinant luciferase reporter that had attenuated 
activity levels in mammalian cells but showed increased levels of activity under 
apoptotic conditions [78]. This was achieved by silencing the activity of the reporter 
molecule via fusion with an estrogen receptor (ER) regulatory domain. A caspase-3-
specifi c cleavage site, DEVD, was inserted between the luciferase and ER domain. 
Caspase-3 is the protease that is activated by numerous cells during apoptosis. 
Thus, mammalian cells expressing this construct emitted light as a result of higher 
luciferase activity only during apoptosis. The protease assay was used to assay D54 
human glioma cells that were stably transfected to produce the construct. The 
cells were implanted into athymic nude mice. Apoptosis was induced in the D54 
cells by the tumor necrosis factor -related apoptosis-inducing ligand (TRAIL). 
Using a different strategy, Luker et al. fused ubiquitin and luciferase (Ub-Luc) 
for imaging the activity of the 26S proteasome [79]. Using this probe, they could 
image proteasome activity, because the proteasome degraded the activity of Ub-
Luc. In vivo imaging of the proteasome activity was shown by implanting cells that 
expressed Ub-Luc and wild-type luciferase. The effi cacy of the proteasome inhibitor 
bortezomib could also be determined by this approach. Thus, this technique could 
become a powerful method for monitoring the therapeutic effi ciency of small-
molecule drugs rapidly and noninvasively.

7.6  Protease Sensors
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7.7 

Conclusions

Developments in in vivo imaging in the past decade have made it possible to 
visualize various aspects of cell biology in living animals. It is now also possible 
to study a wide spectrum of diseases in physiologically relevant settings, including 
oncology, cardiovascular diseases, and infectious diseases. Developments in the 
design of novel reporters for enzymatic activity have helped to better target markers 
in tumors and other diseases. Use of in vivo imaging techniques in animal models 
has the potential to greatly enhance the process of validating pharmacokinetic and 
pharmacodynamic models and assessing drug candidates.
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8 

Photoproteins as Reporters in Whole-cell Sensing

Jessika Feliciano, Patrizia Pasini, Sapna K. Deo, and Sylvia Daunert

8.1 

Introduction

Reporter genes code for proteins that produce a detectable signal, which can 
be differentiated in a mixture of endogenous intra- or extracellular proteins 
[1, 2]. They have found applications in studies of transcription control, gene 
expression, cell-signaling mechanisms, drug target discovery, cell-based analyte 
biosensing, and environmental monitoring of specifi c microorganisms [3], 
among others. Photoproteins can serve as reporters in two different ways: via 
genetically engineered systems that are selective toward specifi c analytes or by 
using a constitutively bioluminescent/fl uorescent cell line that measures overall 
toxicity. This chapter will focus on the applications of photoproteins as reporters 
in genetically engineered whole-cell sensing systems.

8.1.1 

Biosensors Using Intact Cells

A biosensor combines a biological component (the sensing element), which is 
responsible for the selectivity of the device, with a detection system (the transducer) 
for measuring the reaction of the biological component with the substance (analyte) 
being monitored. The biological component can be an enzyme, an antibody, a 
receptor, or whole cells, while the biological reaction that is monitored can be 
the activity of an enzyme, the binding of an analyte to an antibody or receptor, 
the induction of gene expression within cells, or even cell death [4, 5]. A number 
of detection systems have been employed to monitor these biological events, 
including electrochemical, optical, and piezoelectric systems [6, 7].

There are a number of advantages in using intact microorganisms, rather than 
isolated biological components, in biosensors. Microorganisms are usually more 
tolerant of assay conditions that would be detrimental to an isolated enzyme or 
protein. Because microorganisms have mechanisms that help them regulate 
their internal environment, they are also more tolerant of suboptimal pH and 
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temperatures than purifi ed enzymes and are less likely to be inhibited by solutes 
in the sample being assayed. Microorganisms are cheaper to use in biosensors 
because the active biological component does not have to be isolated and unlimited 
quantities can be prepared relatively inexpensively [8–10].

Because an analyte, such as a pollutant, must be taken up by the microorganism 
before a response is produced, using intact microorganisms can provide informa-
tion about the bioavailability of the analyte. Classical analytical methods of 
detection cannot distinguish between bioavailable pollutants from those that are 
unavailable. In that regard, sensing systems using intact cells complement the 
more conventional sensors where isolated biological components are being used. 
These systems may provide physiologically relevant data and give an indication 
of the bioavailability of a pollutant, which is especially important when decisions 
regarding remediation of contaminated environments have to be made [9]. While 
only the bioavailable amount can be obtained, cell-based biosensors are preferred 
over other biological biosensors because one can acquire other types of information 
such as toxicity, mutagenicity, and pharmacological activity.

Because of all these characteristics, cell-based biosensing systems have found 
applications in biotechnology, pharmacology, molecular biology, and clinical and 
environmental chemistry. Among the advances over the years is the constant wish 
to improve the systems. Improved high-throughput assays for gene function, 
automation to enhance screening and capacity, and miniaturization to reduce 
costs have been developed. Systems for the correction of changes in signal that 
are due to the physiological state of the cell have also been developed. For a good 
review on how the bioreporter design can be improved by mutagenizing the 
sensing and the regulatory proteins involved, readers are encouraged to review 
Ref. [9].

Several reviews have been written on cell-based biosensors, including by our 
group in 2000 [10]. This chapter will present a general view of the photoproteins 
with an emphasis on their application specifi cally to bacterial whole-cell sensing 
systems. The most advanced technology from our 2000 review will be high lighted, 
as well as advances in reporter gene technology in cell-based assays since then.

8.1.2 

Reporter Genes in Genetically Engineered Whole-cell Sensors

Genetically engineered whole-cell sensing systems can be developed by coupling a 
sensing element, which recognizes the analyte and confers selectivity to the system, 
with a reporter gene, which produces the detectable signal and determines the 
sensitivity of the system. In this chapter whole-cell sensors that employ receptors as 
sensing elements will not be discussed. Such biosensing systems are usually based 
on eukaryotic cells, either yeast or mammalian cells, and are routinely used in drug 
screening assays and for the environmental detection of dioxin- and estrogen-like 
compounds [11–13]. Instead, we will focus on inducible operon-based whole-cell 
sensors, in which the sensing element is composed of regulatory proteins that are 
capable of molecular recognition and promoter regions (O/P) of DNA.
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In a whole-cell sensing system, the regulatory protein controls the transcription 
of the fused genes. When the target analyte is present, the regulatory protein is 
capable of recognizing the analyte and will unbind itself from the operator/pro mo-
ter region, causing transcription to occur. Thus, when the induction takes place in 
the presence of the target analyte, the reporter gene is co-expressed along with the 
other genes of the operon. Consequently, the concentration of the inducer can be 
quantifi ed by measuring the signal generated by the reporter protein (Fig. 8.1).

When a reporter is being selected, one has to take into consideration which type 
of application the reporter is needed for, including how sensitive the assay should 
be, in what concentration range one needs to detect, and the nature of the target 
analyte. In the case of sensitivity, when the reporter gene codes for an enzyme, 
internal amplifi cation cascades can be used to increase the sensitivity of the device. 
The stability of the reporter plays a very important role as well. For instance, green 
fl uorescent protein variants that are unstable have different half-lives and are more 
appropriate for kinetic studies than the red fl uorescent protein, which takes days 
to maturate. A good reporter should be environmentally safe, easy to use, highly 
sensitive, relatively small in size (for inclusion in the vector), and nontoxic, so 
that expression is related only to the gene under study and not to overall toxicity 
(biologically inert and benign). Additionally, the reporter should produce a wide 
dynamic response, its signal should be distinguishable over background, and 
the expressed product should be enough so that it can be detected directly or 
indirectly. Table 8.1 summarizes the advantages and disadvantages of the reporter 
photoproteins. Details about specifi cs on each of the reporter proteins have been 
the subject of reviews elsewhere and will not be discussed here. The following 
section covers the specifi c characteristics of each photoprotein when used as a 
reporter in a cell-based assay.

Fig. 8.1  Schematic representation of a whole-cell sensing system 

based on reporter genes.
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8.2 

The Luciferases

Bioluminescence is the term used to describe the light produced by chemical 
excitation within living organisms. In many cases light emission is based on 
luciferase-mediated oxidation reactions. Luciferase is a generic name for an 
enzyme that catalyzes a light-emitting reaction [14]. Luciferases can be found in 
both terrestrial and aquatic organisms, including bacteria, algae, fungi, jellyfi sh, 
insects, shrimps, squids, and fi refl ies [15]. The most widely used luciferase 
genes in reporter gene assays are the bacterial luciferase genes (lux genes of 
terrestrial Photorhabdus luminescens and marine Vibrio harveyi bacteria) and the 
eukaryotic luc and ruc genes from fi refl y (Photinus pyralis) and sea pansy (Renilla 

reniformis).

Table 8.1  Advantages and disadvantages of photoproteins in whole-cell sensing applications.

Reporter protein Advantages Disadvantages

Bacterial 
luciferase

High sensitivity. Does not 
require addition of a substrate. 
No endogenous activity in 
mammalian cells. No light 
source requirement.

Heat labile and therefore of 
limited use in mammalian cells.
Narrow linear range.

Firefl y luciferase High sensitivity. Broad linear 
range. No endogenous activity in 
mammalian cells. High quantum 
yield. Spectral variants. 

Requires addition of a 
substrate. Requires an aerobic 
environment and ATP. Requires 
addition of solubilizers for the 
substrate to permeate the cell. 
Flash-type emission.

Sea pansy 
luciferase

No endogenous activity in 
bacterial and mammalian cells. 
No light source requirement. 
Its substrate, coelenterazine, 
is membrane permeable.

Requires addition of a substrate. 

Aequorin High sensitivity. No endogenous 
activity in mammalian cells. 
No light source requirement. 
Detection down to subattomole 
levels.

Requires addition of a substrate 
and the presence of Ca2+. 
Flash-type emission.

Green 
fl uorescent 
protein

Autofl uorescent and thus 
does not require addition of a 
substrate or cofactors. Spectral 
variants. No endogenous 
homologues in most systems. 
Stable at biological pH.

Moderate sensitivity (no signal 
amplifi cation).
Requires post-translational 
modifi cation. Background 
fl uorescence from biological 
systems may interfere. 
Potential cytotoxicity in some cell 
types.
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8.2.1 

Bacterial Luciferases

Bacterial luciferases have found applications in gene transfer and expression, pro-
moter analysis, gene delivery, imaging of gene expression [16], drug discovery and 
signaling pathways, etc. However, because they are heat-labile dimeric pro teins, 
their applications in mammalian cell-based systems have been limited [1].

Bacterial luciferase catalyzes the oxidation of a reduced fl avin mononucleotide 
(FMNH2) and a long-chain aldehyde to FMN and the corresponding long-
chain carboxylic acid, emitting light at 490 nm (Table 8.2). The blue-green light 
produced in this reaction has a quantum yield between 0.05 and 0.15 [17]. The 
lux genes from bacteria luciferases have been isolated and extensively employed 
in the construction of bioreporters. They are fi ve genes that are organized in 
the luxCDABE operon: luxA and luxB code for the  and  subunits of bacterial 
luciferase, while luxC, luxD, and luxE code for the synthesis enzymes for the long-
chain aldehyde substrate. These fi ve genes are conserved in all bacterial species 
identifi ed to date. Depending on the combination of the genes employed, different 
types of bioluminescent sensing systems can be developed [18].

Table 8.2  Chemical reactions involving photoproteins.

Reporter protein Catalyzed reaction

Bacterial luciferase FMNH2 + R-CHO + O2  FMN + H2O + RCOOH + h  
(490 nm)

Firefl y luciferase Firefl y luciferin + O2 + ATP  oxyluciferin + AMP + Pi + h  
(550–575 nm)

Renilla luciferase Renilla luciferase + Coelenterazine + O2  coelenteramide + CO2 + h  
(482 nm)

Aequorin Coelenterazine + O2 + Ca2+  coelenteramide + CO2 + h  
(469 nm)

Green fl uorescent 
protein

Post-translational formation of an internal chromophore

8.2.1.1 luxAB Bioreporters

These bioreporters contain only the luxA and luxB genes, which are suffi cient for 
generating the bioluminescent signal; however, because the genes that code for 
the production of the substrate are not present, the substrate must be supplied 
to the cell. Typically, decanal is added at some point during the assay. This 
system has the advantage that one can control the moment when the reaction is 
triggered and the measurement be taken right after, dramatically reducing the 
basal bioluminescence resulting from “leaky” promoters. Various luxAB sensing 
systems have been developed in bacterial, yeast, insect, nematode, plant, and 
mammalian cell sensing systems. Nevertheless, the addition of a substrate makes it 
impractical for deployable applications, and platforms for biosensors have utilized 

8.2  The Luciferases
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the entire luxCDABE cassette instead because expression of all fi ve genes has the 
advantage of not requiring addition of a substrate.

8.2.1.2 luxCDABE Bioreporters

These bioreporters contain the full lux operon cassette, thereby allowing for 
a completely independent bioluminescent system that requires no external 
addition of a substrate. In this biosensing system, the bioreporter is exposed to 
the target analyte and a quantitative change in bioluminescence is detected, often 
within an hour. The rapidity of the assay, its ease of use, and the substrate-free 
characteristic of this system make luxCDABE bioreporters ideal for real-time, 
online, fi eld, and high-throughput applications. For that reason, luxCDABE-based 
bacterial luciferases are the most widely used photoproteins in whole-cell sensing 
applications. They have been incorporated into a diverse range of platforms 
and have found applications in environmental and clinical applications, among 
others.

8.2.1.3  Naturally Luminescent Bioreporters

One of the earliest applications of bacterial luciferase as a reporter was in the 
Microtox assay [19, 20]. This assay relies on the changes in light production of 
the natural luminescence of Photobacterium phosphoreum and is used to measure 
overall toxicity. Similarly, toxin-sensitive cells can be used in biosensors for the 
nonspecifi c detection of toxins. When the cells are exposed to critical amounts 
of toxins, either the metabolic activity of the cells decreases or the cells die. In 
either case, as the concentration of toxins in the environment increases there is 
a corresponding decrease in the signal produced by a reporter protein expressed 
constitutively within the cells. It should be noted that this type of biosensor will 
respond to any type of substance that is toxic to the cells. Based on this principle, 
biosensors have been developed for determining the biotoxicity of a sample 
[21, 22].

8.2.2 

Eukaryotic Luciferases

8.2.2.1 Firefl y Luciferase

Firefl y luciferase, encoded by the luc gene, was fi rst isolated from the North 
American fi refl y Photinus pyralis [23, 24]. The structure of this luciferase is different 
from that of bacterial luciferase, and the resulting bioluminescent reaction exhibits 
other characteristics as well. The oxygen-dependent bioluminescent reaction 
converts the substrate luciferin to oxyluciferin based on energy transfer from ATP 
to the substrate to yield AMP, carbon dioxide, and light in the 550–575 nm range. 
The bioluminescence produced by fi refl y luciferase is characterized by a peak 
after 300 ms, after which it exhibits decay. This decay is produced by the product 
oxyluciferin, which associates with the enzyme and inhibits light production. 
This can be overcome by addition of coenzyme A in the reaction mix, which will 
render dissociation of oxyluciferin from the enzyme and prolong emission over 
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several minutes [23, 24]. The bioluminescence resulting from fi refl y luciferase 
exhibits the highest quantum yield known for a bioluminescent reaction (0.88, 
which is about 10 times larger than that of bacterial luciferase) [1]. Like bacterial 
luciferase, mammalian organisms do not exhibit endogenous fi refl y luciferase 
activity. However, the genes required to synthesize the substrate (luciferin) are 
not present; thus, addition of an exogenous substrate is always required for 
bioluminescence to occur. There has been controversy in this matter because 
the substrate cannot be permeated into the cell [25]. The addition of solubilizers 
such as DMSO has been required to facilitate entry into the cell. An interesting 
feature of some eukaryotic luciferases is that they can exhibit light in different 
wavelengths, ranging from 547 nm to 593 nm [26]. This characteristic has been 
employed only in colony detection on the same plate, but it can be further exploited 
in multi-analyte detection by fusing each mutant to a different regulatory gene. 
Firefl y luciferase has found applications in whole-cell sensing systems for the 
detection of heavy metals and aromatic organics. Its high sensitivity (subattomole 
level) and broad dynamic range (eight orders of magnitude) make this reporter a 
favorite in mammalian cell-based sensing systems.

8.2.2.2 Sea Pansy Luciferase

The sea pansy Renilla reniformis is a coelenterate that, unlike other bioluminescent 
organisms, emits a bright green light. In vivo, Renilla luciferase oxidizes its 
substrate coelenterazine, and after energy transfer to the green fl uorescent 
protein, light is emitted at 509 nm. In vitro, it is represented by the Rluc gene and 
produces a blue light of 482 nm [27]. Like other luciferases, Renilla luciferase has 
no endogenous activity in bacteria and thus can fi nd applications in bacteria-based 
sensing systems. Studies have shown a sensitivity and detection range similar 
to the fi refl y luciferase. Despite its major advantage over fi refl y luciferase that 
coelenterazine is membrane permeable, it has limited applications in analytical 
chemistry. This is probably due to a fl ash half-life of several seconds. The main 
application of this eukaryotic luciferase has been in combination with fi refl y 
luciferase, in a dual luciferase-based reporter system [28]. Here, both eukaryotic 
luciferases show a linear response to the target analyte: fi ve orders of magnitude 
for Renilla luciferase and seven orders of magnitude for fi refl y luciferase. In both 
cases, substrate addition makes it impractical for fi eld applications.

8.3 

Aequorin

Aequorin is a calcium-binding photoprotein isolated from the jellyfi sh Aequorea 

victoria. This protein is comprised of three components: apoaequorin (the 
precursor of the photoprotein aequorin), a coelenterazine chromophore, and 
molecular oxygen [29]. Within the protein, it contains three Ca2+-binding sites 
that, once occupied, cause the protein to undergo a conformational change, which 
in turn triggers the oxidation of coelenterazine to a highly unstable intermediate, 

8.3  Aequorin
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coelenteramide. Like Renilla luciferase, it catalyzes the oxidation of coelenterazine 
to yield a fl ash blue light of 469 nm that lasts fi ve seconds. This fl ash-type light 
emission is accompanied by the release of CO2, has a quantum yield between 
0.15 and 0.20, and requires a Ca2+ concentration of 0.1–10 M to induce light 
emission [30]. To date, aequorin is one of the most extensively studied calcium-
binding photoproteins. It can be regenerated by dialyzing with EDTA to remove 
Ca2+ and adding fresh coelenterazine.

Among the advantages of using aequorin in reporter gene assays are its high 
sensitivity and low background. Aequorin can be detected at subattomole levels 
and is not toxic to various types of cells [31]. Furthermore, a complete absence 
of endogenous aequorin in mammalian cells can fi nd applications in this type 
of cell-based sensing systems. Despite these advantages, aequorin is not a 
popular reporter in cell-based assays. This is probably due to its fl ash-type light 
emission (lasting less than fi ve seconds), which requires a luminometer that can 
initiate and detect the reaction rapidly. In addition, the exogenous requirement 
of coelenterazine makes this impractical for out-of-the-laboratory applications. 
Currently, there are two ways of assessing aequorin bioluminescence: detection of 
aequorin itself or detection of the luminescence triggered by the addition of Ca2+ 
as the product of the signaling cascade. The latter is more commonly used.

Aequorin is widely used as a label in immunoassays and in nucleic acid probe 
assays, and, because it is a Ca2+-binding protein, it is used to monitor intracellular 
levels of free calcium in both prokaryotes and eukaryotes. However, to our 
knowledge there is only one application in cell-based sensing assays. Rider et al. 
developed the CANARY (Cellular Analysis and Notifi cation of Antigen Risks 
and Yields) assay for the detection of pathogenic bacteria and viruses [32, 33]. 
In this assay, B cells were genetically engineered to express membrane-form 
antibodies and apoaequorin. The cells were patterned on glass substrates using 
photolithography and packed into a fl ow chamber of a microfabricated device. 
Once the antigen binds, an intracellular signaling cascade is triggered, causing 
the release of Ca2+ and the activation of the luminescent reaction of aequorin. 
Detection of pathogenic bacteria and viruses was achieved in less than 1 min 
with high specifi city and sensitivity. An advantage of this assay is that it can be 
engineered for any target analyte and can be specifi c to antigens of different 
pathogens.

8.4 

Fluorescent Proteins

Fluorescent proteins absorb light at a certain maximum wavelength and emit it at 
a different maximum wavelength, normally a higher one. The green fl uorescent 
protein (GFP) is by far the most popular fl uorescent reporter protein in whole 
cell-based assays. GFP variants and the red fl uorescent protein (DsRed) also have 
found applications in this fi eld. Spectral properties of fl uorescent proteins are 
reported in Table 8.3.
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Table 8.3  Excitation and emission maxima of fl uorescent photoproteins.

Reporter protein Excitation

λmax (nm)

Emission

λmax (nm)

Green fl uorescent protein (GFP) 395 509

Enhanced green fl uorescent protein (EGFP) 488 509

Green fl uorescent protein UV (GFPuv) 395 509

Blue fl uorescent protein (BFP/EBFP) 380 440

Cyan fl uorescent protein (CFP/ECFP) 433 475

Yellow fl uorescent protein (YFP/EYFP) 513 527

Red fl uorescent protein (DsRed) 558 583

8.4.1 

Green Fluorescent Protein

The green fl uorescent protein, encoded by the gfp gene, has been isolated and 
cloned from the jellyfi sh Aequorea victoria. In vivo the role of GFP is to shift the blue 
bioluminescence of aequorin to green fl uorescence by means of a radiationless 
energy transfer from aequorin to GFP [34]. The wild-type GFP has an excitation 
maximum at 395 nm, with a minor peak at 475 nm, and an emission maximum 
at 509 nm with a small shoulder at 540 nm [35].

The main advantage of GFP as a reporter protein is that it does not require the 
addition of exogenous substrates or cofactors to produce light; therefore, its use 
is not limited by the accessibility of substrates [1]. Detection of GFP requires only 
irradiation by light, which makes GFP the reporter of choice for in situ detection of 
ana lytes. Induced bacteria expressing GFP can be detected at a single-cell level by 
using techniques such as epifl uorescence microscopy, fl ow cytometry, or con focal 
laser scanning microscopy [36]. GFP is a very stable protein, which is advantageous 
because long-lasting GFP produced from weak promoters or under con ditions of 
low metabolic activity can accumulate in the biosensor cells over time. GFP can be 
easily expressed in a wide range of organisms, in particular bacteria. This enabled 
extensive mutational studies of the native protein and the functions of individual 
amino acids, with the fi nal goal of altering GFP stability and spectral properties 
(Fig. 8.2). Variants with improved fl uorescence intensity, thermo stability, and 
chromophore folding have been obtained. Shifts within the excitation and emission 
spectra have also been achieved, thus making available mutants such as the blue, 
cyan, and yellow variants that can be used for multi-analyte detection purposes 
[37]. Different strategies have been used to generate variants with shorter half-lives 
that are suitable for time-dependent induction studies [38].

Limitations to the use of GFP as a reporter include lower detectability compared 
to other reporter systems. This is due in part to lack of the amplifi cation step 
occurring with enzyme reaction-based reporters. Additionally, despite the absence 
of endogenous GFP homologues in most target organisms, the sensitivity of GFP 
may be compromised by the presence of other fl uorescent molecules found in 

8.4  Fluorescent Proteins
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biological systems, which increase background signal [2]. The need for O2 for 
folding and maturation also limits application to aerobic conditions.

Overall, GFP has unique characteristics that have led to its successful application 
as a reporter for various analytes [10, 38].

8.4.2 

Red Fluorescent Protein

The dsRed gene encodes a red fl uorescent protein (DsRed) with homology to 
GFP. The red fl uorescent protein has been cloned from coral Discosoma sp. 
[39]. It has an excitation peak at 558 nm and an emission peak at 583 nm. These 
spectral properties are suitable for its use as a reporter protein. In fact, cellular 
autofl uorescence is supposed to be lower at longer wavelengths, which should 
result in lower background signal with DsRed as compared to GFP [40]. However, 
the use of DsRed as a reporter is somewhat limited by the fact that it has a 
maturation period of several hours to days [41].

In one study the performance of dsRed was compared to that of other reporter 
genes (gfp, luc, and luxCDABE) in identical constructs in which the reporter genes 
were inserted under the control of mercury-responsive regulatory units (mer) 
[42]. As expected, both fl uorescent proteins gave a slow response, with DsRed 
being much slower than GFP. DsRed was expected to give better sensitivity than 
GFP because of lower autofl uorescence; however, that did not happen with the 
mer–dsRed construct used in the study.

8.5 

Multiplexing

Many of these reporters have been used in combination. Multiple reporter genes 
are commonly utilized to provide multi-analyte detection or as viability control. 
Various combinations have been employed, including using different spectral 
variants of the same photoprotein and using a combination of a fl uorescent 
photoprotein and bioluminescent one either within the same construct in the 

Fig. 8.2  Expression of fl uorescent reporter proteins in E. coli. 

Reprinted in part from Ref. [10] with permission from the American Chemical Society.
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same cell [43, 44], within separate constructs within the same cell, or in different 
cell lines [45, 46]. For instance, the click beetle has four different luciferases 
that produce bioluminescence emission at different emission maxima (548 nm, 
560 nm, 578 nm, and 590 nm) [26, 47]. If their emission spectra do not overlap, 
the genes encoding the 548-nm and 590-nm emission could be used in a dual-
detection system. Not only would detection of more than one analyte be feasible, 
but also the assay would provide a much simpler system because only one substrate 
would be required. When using bioluminescent photoproteins, the signals are 
simultaneously generated and independently measured because of either different 
kinetics (half-life) or different emission spectrum. In contrast, the fl uorescent 
photoproteins have to be independently excited and/or measured because of 
different excitation and emission spectra.

We developed a dual-analyte sensing system for the simultaneous detection of 
-lactose and l-arabinose as model analytes. Two variants of the green fl uorescent 

protein, BFP2 and GFPuv, were used as the signal-generating reporter proteins. 
The cells were excited at a given wavelength, and emission for the two reporters 
was collected at wavelengths characteristic of each reporter. The fl uorescence 
emission thus obtained could be correlated with the amount of sugars present in 
the sample. The system proved to be highly selective for the two analytes [48]. Dual-
reporter reagents using Renilla and fi refl y luciferase reporters are commercially 
available. For viability control, we developed a fl uorescent dual-reporter system 
that utilizes two fl uorescent proteins with different emission spectra (GFPuv 
and YFP) within the same genetic construct. One of the fl uorescent proteins 
was used for the analytical signal, while the other was the internal reference of 
general cell viability. Consequently, any environmental conditions that resulted 
in a nonspecifi c effect on the analytical signal could be corrected. Such a system 
with internal response correction is useful for environmental samples whose 
complex matrices can affect cell viability [49].

8.6 

Applications

Luciferases are the most widely used of the reporter proteins in whole-cell sensing 
systems. Unlike fl uorescent photoproteins, there is no light scattering from other 
components in the mixture, as well as no background emission from the media 
because the media itself is not luminescent. This low background expression 
along with the enzymatic nature and high quantum effi ciency of bioluminescent 
reactions account for the higher and faster detectability of bioluminescence 
when compared to fl uorescence. Because luminometers do not contain a light 
source, whole-cell sensing systems based on bioluminescence, specifically 
bacterial luciferases, have been more widely used in real-sample analysis and fi eld 
applications. The small number of instrument components required has made 
possible the construction of cheaper and more compact devices that are suitable 
for portability in contrast to fl uorescence devices.

8.6  Applications
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8.6.1 

Stress Factors and Genotoxicants

Recombinant bacterial whole-cell sensing systems for the detection of general 
stress, oxidative stress, and genotoxic compounds have been developed. In these 
systems, reporter genes are fused to promoters of different stress-response 
regulons, which are activated by a broad range of compounds. A panel of these 
bacterial strains is usually employed in environmental monitoring studies [50]. 
Numerous bacterial strains have been developed that are able to respond to 
different stressful conditions with the production of a reporter photoprotein. 
Selected examples of such strains are reported in Table 8.4.

Table 8.4  Whole-cell sensing systems using photoproteins as reporters 

able to respond to different stress factors.

Stress inducer Promoter Stress response Reporter genes References

Protein damage GrpE Heat shock luxCDABE 44, 51–56

Oxidative damage KatG Hydrogen 
peroxide

luxCDABE 43, 52–54, 56, 57

Oxidative damage MicF Superoxide luxCDABE 52

Membrane synthesis FabA Fatty acid 
synthesis

luxCDABE 51–57

DNA damage RecA SOS luxCDABE gfpuv 43, 51–55, 57–60

8.6.2 

Environmental Pollutants

A variety of bacterial whole-cell sensing systems based on the promoter–reporter 
gene concept have been developed for the specifi c or selective detection of single 
pollutants or classes of pollutants. Many microorganisms have evolved the ability 
to survive in suboptimal conditions, including contaminated environments. Such 
ability usually relies on genetically encoded resistance systems. In the presence 
of toxic compounds such as heavy metals and metalloids, particular bacteria 
can synthesize specifi c proteins that confer resistance to those substances. The 
mechanisms of resistance vary. Some microorganisms develop effl ux pumps, 
loss-of-uptake systems, or chemical detoxifi cation systems [61, 62]. Other bacterial 
strains living in contaminated sites can degrade organic xenobiotics and utilize 
them as carbon and energy sources [63]. Many of these resistance pathways are 
inducible, meaning that protein synthesis occurs only as required by the presence 
of given compounds, which makes their use possible for analytical purposes. The 
gene sequences of numerous regulatory systems have been cloned and plasmid 
reporter vectors have been constructed that feature the regulatory sequence in gene 
fusion with a reporter gene. The pioneering work of Sayler and coworkers, who 
constructed a whole cell-based sensing system for the detection of naphthalene and 
salicylate [64], prompted the development of a plethora of constructs responsive to 
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organic and inorganic pollutants and including different reporter genes. A number 
of these constructs, along with the application of whole cell-based biosensors to 
different environmental samples, have been presented and discussed in recent 
reviews [65, 66]. Many whole-cell sensing systems for the detection of metals and 
metalloids have been developed, while smaller numbers of biosensing systems 
for organic pollutants are available. In Table 8.5 we list inorganic and organic 
analytes for which whole cell-based biosensors have been developed, along with 
the regulatory units and reporter genes used. Whole-cell sensing systems are 
suitable for the detection of metabolites that are formed along the pollutants 
degradation pathways. As an example, a whole-cell biosensor for the detection of 

Table 8.5  Whole-cell sensing systems using photoproteins as reporters 

for the detection of environmental inorganic and organic analytes.

Analyte Reporter genes Regulatory unit References

Arsenite, arsenate, antimonite luc

luxAB

gfp

gfpuv

ars 67–71

Cadmium, lead luc

luxAB

cad 72

Cadmium, lead, zinc luc

luxCDABE

rs-GFP

znt 73, 74

Chromate luxCDABE chr 75

Copper luxCDABE copA 73, 76, 77

Iron gfp pvd 78

Mercury, organomercurials luc

luxAB

luxCDABE

gfp

mer 79–84

Nickel luxCDABE cnr 85

Silver luxCDABE copA 77

Alkanes luxAB alk 86

Aromatic compounds luxCDABE sep 87

Benzene, toluene, ethylbenzene, 
xylene (BTEX)

luc

gfp

luxCDABE

xyl

tbu

tod

88–90

Naphtalene, salicylate luxCDABE nah 91

Phenolic compounds luxCDABE

luxAB

mop

dmp

92

 Polychlorinated biphenyls luxCDABE bph 93

 Nitrate gfp nar 94, 95

 Phosphate luxCDABE pho 96

8.6  Applications
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hydroxylated polychlorinated biphenyls in biological and environmental samples 
is currently under development in our laboratory. Although whole-cell sensing 
systems have been mainly developed for environmental monitoring purposes, 
detection of biologically relevant molecules, such as sugars, has benefi ted from 
the analytical performance of reporter gene-based whole-cell biosensors [48, 97, 
98]. Whole-cell sensing systems for the detection of quorum-sensing signaling 
molecules and antibiotics have been also developed. These are described in more 
detail in the following sections of this chapter.

8.6.3 

Quorum-sensing Signaling Molecules

Quorum sensing is a phenomenon that enables certain bacteria to communicate 
with each other by producing and responding to secreted signaling molecules 
in proportion to cell density [99]. This process allows a population of bacteria 
to regulate expression of specialized genes in response to changes in its size. 
When cell population reaches a critical size, certain genes are expressed, hence 
the term quorum sensing. This phenomenon is responsible for many processes, 
including expression and secretion of virulence factors, formation of biofi lms, 
competence, conjugation, antibiotic production, motility, sporulation, symbiosis, 
and bioluminescence [99]. Several quorum-sensing regulatory systems have 
been identifi ed so far. The best-characterized are those of the LuxI/LuxR type 
found in most gram-negative bacteria. These quorum-sensing circuits use N-
acyl-homoserine lactones (AHLs) as signaling molecules and contain regulatory 
proteins with homology to the regulatory proteins LuxI and LuxR, which control 
bioluminescence in the marine bacterium Vibrio fi scheri [100]. The gene sequences 
of some of these regulatory systems have been cloned and inserted in plasmid 
reporter vectors, thus allowing the development of whole-cell sensing systems for 
the detection of quorum-sensing signaling molecules.

Whole cell-based sensors that contain the luxCDABE cassette as a reporter in 
gene fusion with quorum-sensing regulatory sequences have been employed to 
study structure-activity relationships of AHLs [101]. Such biosensing systems have 
limits of detection in the nanomolar range. They have been applied successfully 
to the study of AHLs in sputum of cystic fi brosis patients with bacterial lung 
infections [102]. Whole-cell sensing systems may also represent a tool to identify 
AHL-producing bacteria by detecting AHLs in their cell-free culture supernatants. 
Using this approach, it has been shown that Porphyromonas gingivalis, a gram-
negative bacterium implicated in the etiology of human periodontal disease, 
actually regulates the production of virulence factors by quorum sensing but does 
not utilize AHL-mediated systems [103]. In another study, it has been reported 
that plant growth-promoting Pseudomonas putida produces cyclic dipeptides that 
potentially cross talk with the LuxI/LuxR quorum-sensing system [104]. In general, 
these biosensors can be used as a preliminary screening tool to identify active 
samples, which can be then subjected to mass spectrometric and NMR analysis 
in order to determine the chemical identity of individual molecules.
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Recently, the molecular mechanisms of bacterial quorum sensing have been 
proposed as new drug target. In fact, the pharmacological inhibition of quorum 
sensing for the treatment of bacterial infections may be an alternative to traditional 
antibiotic treatments, whose therapeutic effi cacy is currently decreasing as a 
result of the occurrence of multiple antibiotic-resistant pathogenic bacteria 
[105]. Although physical-chemical methods for the detection of AHLs have been 
developed [106], detailed investigations of quorum-sensing inhibition by methods 
such as HPLC, GC-MS, or TLC are not practical for routine screening. Whole-cell 
sensing systems are capable of easily, rapidly, and inexpensively investigating large 
numbers of compounds and thus are suitable for high-throughput screening of 
quorum-sensing inhibitors as potential antimicrobial drugs.

A GFP-based whole-cell sensing system was developed to perform single-cell 
analysis and online studies of AHL-mediated communication among bacteria 
[107]. In this application, a gfp mutant that encodes a protein with a relatively 
short half-life was used in order to monitor variations in AHL concentrations in 
real time. Such a biosensor represents a powerful tool for in vivo studies of cell 
communication and for in vivo effi cacy studies of quorum-sensing inhibitors. 
Indeed, it has been used to detect the production of AHLs from Pseudomonas 

aeruginosa in a mouse infection model [108]. A similar biosensor allowed detection 
of AHL production in laboratory-based P. aeruginosa biofi lms and showed the 
ability of a synthetic compound to penetrate microcolonies and block quorum-
sensing signaling in most biofi lm cells [109]. GFP-based whole-cell sensing 
systems combined with fl ow cytometry analysis have been successfully employed 
for in situ detection of AHLs in soil [110].

8.6.4 

Antibiotics

Antibiotics belonging to the tetracycline family are extensively used in the therapy 
and prophylactic control of bacterial infections in human and veterinary medicine 
and as food additives for growth promotion in the farming industry. Intensive use 
of tetracyclines has led to widespread antibiotic resistance in bacterial species. 
The resistance mechanism genes are located in plasmids that can be effi ciently 
transferred from one strain to another. In addition to the development of drug-
resistant pathogens, the use of tetracycline has been associated with problems such 
as unacceptable levels of drug residues in food products for human consumption 
and release of drugs into the environment. Control of usage in animal farming 
is possible by monitoring antibiotic residues in different biological samples. Con-
ventional methods for the detection of tetracycline residues include microbial in-
hibition tests, immunoassays, and chromatographic methods. Recently, whole-cell 
sensing systems have been proposed as a sensitive, simple, fast, and inexpensive 
method for measuring tetracyclines in biological fl uids and food samples [111].

A bioluminescent bacterial strain containing the bacterial luciferase operon 
luxCDABE under the control of the tetracycline-responsive element, which is part 
of the regulation unit of the tetracycline resistance factor, has been developed. 

8.6  Applications
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It allows for the specifi c detection of different clinically relevant tetracyclines, 
with limits of detection at picomole levels and an induction time of 90 min [112]. 
Moreover, freeze-dried cells can detect tetracyclines as sensitively as freshly 
cultivated cells, thus envisioning the possibility of on-site use. The developed 
whole-cell sensing system has been tested on different biological samples. It 
has proved to be suitable to screen veterinary serum samples for tetracycline 
residues in real time [113] and to detect tetracyclines in raw bovine milk samples 
below the offi cial limits set by the European Union and the U.S. Food and Drug 
Administration [114]. The biosensing strain was also applied to the detection 
of traces of tetracyclines in fi sh, after simple sample preparation. In this case, 
tetracycline residues were detected below offi cial limits, and the results correlated 
with those obtained by conventional HPLC [115].

In another study, a GFP-based whole-cell sensor system for in situ detection 
of tetracyclines was developed. The biosensor was used for qualitative detection 
of oxytetracycline production by the bacterium Streptomyces rimosus in soil 
microcosms [116]. The tetracycline-induced GFP-producing biosensor cells were 
detected by using fl ow cytometry and fl uorescence-activated cell-sorting (FACS) 
analysis. This study showed the biosensor potential for microbial ecology studies. 
The same sensor strain was employed in a separate study for in vivo detection 
and quantifi cation of tetracyclines in rat intestine [117]. Bioavailable tetracycline 
concentration within the bacterial growth habitat of the intestine proved to be 
proportional to the intake concentration, but signifi cantly lower. This fi nding, 
made possible by the use of the whole-cell sensing system, may help to clarify 
and optimize antimicrobial therapy in the intestinal environment.

8.7 

Technological Advances

An emerging trend of research in luminescent whole-cell biosensors is moving 
toward integration of the bacterial reporter strain into the appropriate detection 
device. This goal is achieved mainly by immobilizing the cells onto optical fi ber 
tips. Different immobilization methods that utilize membranes or alginate, solid 
agar, and sol-gel matrices have been developed and optimized. The obtained 
fi ber-optic, whole-cell sensors have been proposed as self-contained, disposable 
biomonitoring devices for environmental analysis [59, 118–121]. When coupled to 
a portable photon-counting system, they allow performance of measurements in 
the fi eld. Additionally, the use of multiple fi bers enables multiple detection [122]. 
An interesting application of optical fi ber led to the development of a high-density 
cell assay platform [123]. Here, fl uorescent reporter cells were placed into ordered 
microwell arrays that were fabricated on an optical imaging fi ber. Fluorescence 
signals from individual cells were detected and spatially located using an imaging 
detector. The main advantage of this cell array technology is the simultaneous 
analysis of multiple responses from a large number of different strains, thus 
showing potential for high-throughput screening applications.
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A different approach to integration is the implementation of chip-based systems. 
An example of a whole-cell biochip is the bioluminescent bioreporter inte grated 
circuit (BBIC), in which recombinant bioreporter cells are interfaced with an inte-
grated circuit. In this application, the cells are either immobilized or encapsulated 
to integrate them into the circuit. Alternatively, a fl ow system is employed to bring 
the cell bioreporters in proximity with the photodiode-containing chip of a micro-
luminometer optimized for very low-level luminescence detection [124, 125].

Further developments in whole-cell sensing aim toward system miniaturization, 
with consequent implementation of high-density assay platforms, including 
96- and 384-well microtiter plates, microarrays, and microfl uidics devices. The 
main advantage of these analytical formats is that they allow for high-throughput 
screening of samples. Not only can large numbers of samples be analyzed, but also 
large amounts of information from each sample can be assessed simultaneously 
and in a relatively short time. Additionally, miniaturized systems allow decreased 
reagent consumption, sample volume, and analysis time.

Several whole cell-based assay systems that use multi-well platforms have been 
developed. Reporter cells can be suspended in culture media within the wells [126], 
immobilized in agar matrices at the bottom of single wells [127], or encapsulated 
in sol-gel matrices that form thick silicate fi lms [128]. The main advantage of 
immobilized cells is that, while maintaining the analytical characteristics of free 
cells, they can be used under continuous fl ow conditions for on-line monitoring 
and as multiple-use sensing elements. In that regard, the optimization of 
deposition and immobilization techniques can contribute signifi cantly to the 
advancement of whole-cell sensing technology [129]. An example of whole-cell 
microarray is the Lux-Array, which includes hundreds of E. coli reporter strains, 
high-density printed to membranes on agar plates [130]. The system was developed 
for genome-wide transcriptional analysis by fusing a collection of E. coli functional 
promoters to a reporter gene. However, it shows the potential for assembling 
an array of reporter-sensing strains to be used for analytical purposes. Recently, 
we took advantage of microfl uidics to develop a miniaturized whole cell-based 
sensing system [71]. A recombinant reporter strain for the detection of arsenite/
antimonite was adapted to a microcentrifugal microfl uidics platform in the shape 
of a compact disk. Centrifugal force controlled valving, reagent fl ow, and mixing 
and drove fl uids through microfabricated channels and reservoirs. The force was 
generated by a motor that spun the disk at programmed velocities. Fluorescence 
from the reporter was detected using a fi ber-optic probe. Despite miniaturization, 
the biosensing system retained its analytical performance and was able to perform 
quantitative analysis within short response times. Moreover, the developed system 
has the potential for portability and applicability in the fi eld.
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9 

Luminescent Proteins in Binding Assays

Aldo Roda, Massimo Guardigli, Elisa Michelini, Mara Mirasoli, and Patrizia Pasini

9.1 

Introduction

Unraveling the mechanisms of natural phenomena occurring in various marine 
and terrestrial organisms and resulting in light production has provided exciting 
new tools in biosciences. The study of such mechanisms has moved from curiosity 
towards such fascinating phenomena to their effective application in analytical 
chemistry. Various bioluminescent or fl uorescent proteins have been isolated 
from luminescent organisms, and the corresponding genes have been cloned. 
In addition, mutational studies have provided a number of luminescent proteins 
with improved spectral characteristics or emission at different colors.

Bioluminescent and fl uorescent proteins allow for the development of ultra-
sensitive binding assays, thanks to their high detectability and to the availability of 
highly sensitive light detection instruments. Bioluminescent proteins are referred 
to with the general term “luciferases”. They are the key enzymes that catalyze 
bioluminescent reactions, which involve oxidation of a substrate generically 
known as luciferin. The reaction yields a singlet-excited intermediate that decays 
with photon emission. Because the enzyme active site provides a reaction 
microenvironment that is favorable to radiative decay of the excited intermediate 
product, the bioluminescent reaction is characterized by a very high quantum 
yield (0.88 for the reaction of fi refl y luciferase, which is the highest reported for 
a biological reaction). 

Among luciferases, calcium-activated photoproteins, such as aequorin from 
Aequorea victoria or obelin from Obelia longissima, can be defi ned as proteins that 
emit light without turnover. Indeed, the product of the reaction is not released 
from the active site, where it remains tightly bound, preventing turnover of the 
reaction. Fluorescent proteins emit light as a result of photoexcitation. At present, 
a number of fl uorescent proteins are available for applications in biosciences. 
Along with the green fl uorescent protein (GFP), originally isolated from A. victoria, 
natural or mutated variants are available that display interesting features such as 
improved photophysical properties, emission at different colors, or photoactivation 
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properties. Relevant properties of common luminescent proteins are gathered in 
Table 9.1.

Luminescent proteins have been employed as labels in different types of 
binding assays, including protein–protein and protein–ligand interaction assays, 
immunoassays, biotin–avidin-based assays, and nucleic acid hybridization assays. 
The principles of binding assays involving luminescent proteins are depicted in 
Fig. 9.1 and 9.2.

Besides their fl uorescent or bioluminescent properties, a further reason for the 
increasing use of luminescent proteins in binding assays derives from the recent 
advancements in biotechnology. The availability of cDNA encoding these proteins 
and the possibility of expressing them in bacterial systems has allowed for their 
production in virtually unlimited amounts. Furthermore, fusion proteins obtained 
by genetic in-frame fusion of a luminescent protein to a target protein have enabled 
a number of revolutionary applications. Such bifunctional molecules have the 
interesting feature of conjugating luminescence with the target protein properties. 
Interestingly, the same approach can be used to obtain in vivo biotinylated 
luminescence proteins by fusion with a suitable biotin acceptor peptide. Gene 
fusion presents several advantages when compared with conventional chemical 
conjugation approaches. Indeed, it provides bifunctional conjugates uniform in 
their stoichiometry and in the position of luminescent protein attachment. In 
addition, such conjugates are readily available in virtually unlimited amounts after 
gene expression of the fusion gene, usually in bacteria, and protein purifi cation. 
In addition, the luminescence activity of the label, which is often partially lost 
upon chemical conjugation, is usually retained upon protein fusion.

In the following, the most recent and innovative applications of luminescent 
proteins in binding assays will be described.

Table 9.1  Emission properties of luminescent proteins.

Origin Emission wavelength (nm)

Fluorescent proteins

GFP Aequorea victoria 509 (absorption at 395 nm)

EB(lue)FP GFP mutant 440 (absorption at 380 nm)

EG(reen)FP GFP mutant 508 (absorption at 489 nm)

EC(yan)FP GFP mutant 477 (absorption at 434 nm)

EY(ellow)FP GFP mutant 527 (absorption at 514 nm)

RFP Discosoma striata 583 (absorption at 558 nm)

Photoproteins

Aequorin Aequorea victoria 465 (Ca2+-triggered emission) 

Obelin Obelia longissima 485 (Ca2+-triggered emission) 

Luciferases

Bacterial luciferases Vibrio spp., Photorabdus spp. 489 

Firefl y luciferase Photinus pyralis 562 

Renilla luciferase Renilla reniformis 470 

1311vch09.indd 1561311vch09.indd   156 04.07.2006 10:43:1304.07.2006   10:43:13



1579.1  Introduction

Fig. 9.1  Use of luminescent proteins as labels in binding assays.

Fig. 9.2  Resonance energy transfer (RET)-based binding assays 

involving luminescent proteins. In FRET assays both the donor and 

the acceptor are fl uorescent proteins, while in BRET assays the donor 

and the acceptor are bioluminescent and fl uorescent proteins, 

respectively.
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9.2 

Protein–Protein and Protein–Ligand Interaction Assays

Luminescent proteins have been used extensively in the development of binding 
assays involving proteins, which have allowed us to obtain insights into many 
important biological processes.

9.2.1 

FRET and BRET Techniques

Most of these assays involve resonance energy transfer (RET) techniques. RET is a 
short-range, nonradiative energy transfer between donor and acceptor molecules 
that takes place only if the two species are in close proximity (< 10 nm) to each 
other. RET systems are therefore “spectroscopic rulers” that are suitable for 
monitoring interactions between two partners, provided that each component 
of the donor–acceptor couple is linked to one partner. The same strategy can be 
used to detect protein conformation changes if donor and acceptor are fused at 
the target protein terminals.

In the case of fl uorescence RET (FRET), both the donor and the acceptor are 
fl uorescent molecules, whereas in bioluminescence RET (BRET) a bioluminescent 
molecule acts as the energy donor. FRET and, more recently, BRET are the methods 
of choice for imaging protein association inside living cells. In addition, RET 
processes can be evaluated using microtiter plate readers, thus allowing for the 
development of FRET- and BRET-based quantitative assays.

FRET methods can be broadly classifi ed as intensity-based and decay kinetics-
based methods. Intensity-based methods rely on the measurement of either the 
acceptor fl uorescence or the acceptor:donor fl uorescence intensity ratio. However, 
they are not suitable for detecting low-level protein–protein interactions because 
their sensitivity is reduced by several factors (e.g., sample autofl uorescence and 
overlap between donor and acceptor emission). Such problems have been partially 
overcome by other FRET technologies, such as time-resolved FRET (TR-FRET), 
in which the donor is a lanthanide chelate with long-lived fl uorescence. Decay 
kinetics-based FRET methods rely on the measurement of the kinetics of the 
light emission. In fl uorescence lifetime imaging microscopy (FLIM), the decrease 
in the donor fl uorescence lifetime that is due to FRET is measured, providing 
a reliable, donor concentration-independent estimation of FRET effi ciency. 
Because the fl uorescence lifetimes of donors are in the pico- or nanosecond 
range, even extremely rapid interactions can be monitored. In addition, unlike 
intensity-based FRET, FLIM measures can be also performed with spectrally 
similar fl uorophores.

The BRET process occurs naturally in some marine organisms, such as the sea 
pansy Renilla reniformis and the jellyfi sh Aequorea victoria. In both cases the green 
fl uorescent protein (GFP) is the acceptor, while Renilla luciferase (Rluc) or aequorin 
is the donor, respectively. BRET possesses some advantages in comparison with 
FRET because it avoids the problems associated with illumination. Therefore, 
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it can be used even in photoresponsive cells or in cell types with signifi cant 
autofl uorescence. A further advantage of BRET is its higher sensitivity, which 
allows protein–protein interactions to be measured at low protein concentration, 
thus reducing nonspecifi c association phenomena of the target proteins. Because 
BRET assays are essentially intensity-based assays, spectral separation of donor 
and acceptor emissions is required.

9.2.2 

FRET and BRET Applications

The great variety of available fl uorescent and bioluminescent proteins emitting 
at different colors and the possibility to produce genetic in-frame fusions have 
had a great impact on FRET applications (which were originally based on 
organic fl uorophores) and made BRET possible. Further advancements came as 
a result of the availability of improved substrates for bioluminescent proteins. 
For example, Packard has developed a BRET technology (BRET2) based on a 
proprie tary coelenterazine substrate and a GFP mutant that provides a large 
spectral shift between Rluc and GFP emission, thus allowing for more reliable 
BRET measurement (Dionne et al. 2002). The performance of FRET assays has 
also been signifi cantly improved by new FRET techniques, such as two-photon 
excitation FRET and time-correlated single photon-counting FRET, which was 
made possible by the availability of more sensitive imaging devices and ultrafast 
light detection systems.

In recent years, an increasing number of studies have employed FRET and 
BRET techniques based on luminescent proteins, both in vitro and in vivo in intact 
cells (Eidne et al. 2002; Boute et al. 2002). In addition to those described in the 
following paragraphs, selected recent FRET and BRET binding assays involving 
luminescent proteins are reported in Table 9.2.

FRET assays can involve either a donor–acceptor couple of fl uorescent proteins 
or a fl uorescent protein, usually acting as the energy donor, and an organic 
fl uorophore. FRET between enhanced yellow fl uorescent protein (EYFP) and 
enhanced cyan fl uorescent protein (ECFP) was used to study receptor–arrestin 
interactions (Kraft et al. 2001). FRET allowed detection of a rapid, time-dependent 
interaction between EYFP-tagged -arrestin 2 and ECFP-tagged receptor 5, while 
co-immuno precipitation techniques showed interaction only after 30 min of ligand 
stimula tion. This result clearly demonstrates the superiority of RET methods for 
the assessment of protein–protein interactions.

FRET has been used to study homodimerization of the hY(1), hY(2), and hY(5) 
neuropeptide Y (NPY) receptors, which belong to the large family of G protein-
coupled receptors, in living cells. Fusion proteins of NPY receptors and GFP or 
its spectral cyan, yellow, and red variants (CFP, YFP, and RFP, respectively) were 
generated and used as FRET pairs in either FRET fl uorescence microscopy or 
fl uorescence spectroscopy. Both techniques clearly showed that all the receptor 
subtypes are able to form homodimers and that dimers constitute a signifi cant 
fraction of the receptors (Dinger et al. 2003).

9.2  Protein–Protein and Protein–Ligand Interaction Assays
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The YFP-RFP donor–acceptor FRET couple has been employed to study 
the dimerization of the human thyrotropin (TSH) receptor (Latif et al. 2001). 
Observation of FRET between receptors differently tagged with the GFP variants 
provided evidence for the close proximity of individual receptor molecules, 
according to previous studies demonstrating the presence of receptor dimers and 
oligomers in thyroid tissue.

The mechanisms underlying the human immunodefi ciency virus’s (HIV) 
inhibitory activity of the chemokine stromal cell-derived factor 1 (SDF-1) were 
investigated. This chemokine, which binds to the CXC chemokine receptor 4 
(CXCR4), is able to inhibit infection of CD4+ cells by HIV strains through binding 
to cell-surface heparan sulfate proteoglycans (HSPGs). Using FRET between an 

Table 9.2  Additional selected BRET and FRET binding assays reported in the literature.

Type of binding interaction RET process Reference

Association of neuropeptide Y Y4 receptor BRET (BRET2) Berglund et al. 
2003

Heterodimerization of -opioid receptor (MOR1) 
and substance P receptor (NK1)

BRET 
(Rluc-GFP)

Pfeiffer et al. 2003

Homo-oligomerization of leukotriene C4 synthase BRET (BRET2) Svartz et al. 2003

Oligomerization of adenosine A2A and dopamine 
D2 receptors

BRET (BRET2) Kamiya et al. 2003

Conformational change of protein B (PKT)/Akt 
resulting from lipid binding

FRET (GFP-YFP) Calleja et al. 2003

Dimerization of CXCR4 receptor BRET (BRET2) Babcock et al. 
2003

Homo- and heterodimerization of oxytocin and 
vasopressin V1a and V2 receptors

BRET (Rluc-EYFP) Terrillon et al. 
2003

Interaction between insulin receptor and protein 
tyrosine-phosphatase 1B

BRET (Rluc-YFP) Boute et al. 2003

Oligomerization of transcriptional intermediary 
factor 1 regulators

BRET (Rluc-GFP) Germain-Desprez 
et al. 2003

Homodimerization of herpes simplex virus 
thymidine kinase (TK) monomers

FRET (CFP-YFP) Tramier et al. 
2002

Oligomerization of human thyrotropin receptor 
(TSHR)

FRET (EGFP-Cy3) Latif et al. 2002

Interaction between the heart-specifi c FHL2 protein 
and the DNA-binding nuclear protein hNP220 

FRET (BFP-GFP) Ng et al. 2002

Dimerization and ligand-induced conformational 
changes of melatonin receptors

BRET (Rluc-YFP) Ayoub et al. 2002

Homo- and heterodimerization of G protein-
coupled receptors

BRET (Rluc-EYFP, 
BRET2)

Ramsay et al. 
2002

Oligomerization between adenosine A(1) and 
P2Y(1) receptors

BRET (BRET2) Yoshioka et al. 
2002
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enhanced green fl uorescent protein (EGFP)-tagged CXCR4 and a Texas Red-
labeled SDF-1 measured by laser confocal microscopy, the concomitant binding 
of SDF-1 to CXCR4 and cell-surface HSPGs was demonstrated. This binding may 
increase the local concentration of the chemokine in the surrounding environment 
of CXCR4, thus promoting its HIV-inhibitory activity (Valenzuela-Fernandez 
et al. 2001).

Signal transducer and activator of transcription 3 (Stat3) dimerization was 
studied by live-cell fl uorescence spectroscopy and imaging microscopy combined 
with FRET. Stat3 fusion proteins with CFP and YFP were constructed and 
expressed in live cells. Fusion proteins showed functionality and intracellular 
distribution similar to wild-type Stat3, and FRET studies demonstrated the 
existence of Stat3 dimers. Visualization of the FRET signals also allowed insights 
into the spatiotemporal dynamics of Stat3 signal transduction (Kretzschmar et al. 
2004).

The association and disassociation of heterotrimeric G proteins were monitored 
in living cells by tagging the G 2 and G  proteins with CFP and YFP. Data from 
emission spectra were used to detect the FRET fl uorescence and to determine 
kinetics and dose–response curves of bound ligand and analogues. Extending G-
protein FRET to other G proteins should enable direct in situ mechanistic studies 
and applications, such as drug screening and identifying ligands of G protein-
coupled receptors (Janetopoulos and Devreotes 2002).

An improved decay kinetics-based FRET method has been employed to study 
the association of the  and 1 subunits of the human cardiac sodium channel 
(Biskup et al. 2004). FRET measurements performed using a mode-locked laser, a 
confocal microscope, and a streak camera demonstrated that the subunits, which 
were labeled with YFP and CFP, associate in the endoplasmic reticulum before 
they reach the plasma membrane. This approach has been described as superior to 
other decay kinetics-based methods because the fl uorescence spectra and lifetimes 
of both donor and acceptor can be measured simultaneously, allowing distinction 
between FRET and other donor emission-quenching processes.

FRET has also been applied to fl ow cytometry for the development of cell-sorting 
assays (He et al. 2003). CFP and YFP were fused to the FUSE-binding protein 
(FBP)-interacting repressor and to the binding domain of FBP, respectively, and 
these tagged proteins were used to detect FRET in viable cells by fl ow cytometry. 
FRET between the interacting species was easily detected, suggesting that FRET 
could represent a generally available fl ow cytometry technique.

BRET was applied for the fi rst time in 1999 for the study of the interactions 
between the circadian clock genes KaiA and KaiB of a cyanobacterium (Xu et al. 
1999), showing the usefulness of this methodology over standard techniques for 
identifying protein interactions. From that time, the number of BRET applications 
reported in the literature, which mainly employed Rluc as the bioluminescent 
donor, has rapidly increased.

BRET and TR-FRET were used to study the oligomerization of the human 
-opioid receptor. Both approaches allowed the detection of homo-oligomers, 

whose formation was infl uenced by neither agonist nor inverse agonist ligands. 

9.2  Protein–Protein and Protein–Ligand Interaction Assays
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Hetero-oligomers between co-expressed human -opioid receptor and human -
adrenoreceptor were also studied. Interestingly, heterodimerization was detected 
by BRET, using the Rluc-EYFP BRET couple, but not by TR-FRET, and the extent 
of heterodimerization was increased in the presence of receptor agonists. The 
lack of observation of heterodimerization by TR-FRET has been attributed to the 
lower sensitivity of the technique or, alternatively, to the intracellular localization 
of the heterodimers, which in this case could not be detected by TR-FRET (McVey 
et al. 2001).

BRET has been extensively applied for the study of G protein-coupled receptor 
(GPCR) oligomerization in living cells, which is emerging as crucial aspect of 
GPCR function. BRET was shown to be a more powerful tool for studying GPCR 
oligomerization than standard co-immunoprecipitation methods, which are 
often limited by the formation of artifactual aggregates (Cheng and Miller 2001), 
and demonstrated that that GPCRs exist as either homo- or hetero-oligomeric 
complexes (Angers et al. 2001). It was also used to study GPCR receptor– -arrestin 
interactions involved in receptor desensitization and traffi cking in mammalian 
cells. Because of the highly hydrophobic nature and cellular localization of GPCRs, 
BRET presented signifi cant advantages in comparison with other techniques 
(e.g., co-immunoprecipitation and yeast two-hybrid screening) for measuring 
protein–protein interactions (Kroeger and Eidne 2004).

BRET techniques also allow the real-time monitoring of ligand–receptor 
interactions. BRET from Rluc to YFP was used to study the interaction between 
a G protein-coupled receptor kinase (GRK2) and the human oxytocin receptor 
(OTR) in living cells (Hasbi et al. 2004). While previous attempts to demonstrate 
involvement of GRK have failed, the real-time BRET assay clearly showed the 
GRK2–OTR interactions and also offered insights into the dynamics of the 
process.

BRET- and FRET-based binding assays represent a powerful tool in drug dis-
covery because they could permit homogeneous high-throughput screening assays. 
BRET is particularly suitable for these assays, because the FRET background signal 
that is due to sample autofl uorescence is diffi cult to eliminate in non-imaging 
methods, such as in microtiter plate format assays.

BRET was used to monitor in vitro the activation state of the insulin receptor. 
Fusion proteins in which the human insulin receptor is fused to either Rluc or 
EYFP were expressed in HEK293 cells. Spontaneous in vivo dimer formation 
through disulfi de bonds led to functional insulin receptors that, upon insulin 
binding, underwent conformational changes detectable by BRET. The procedure 
allowed for rapid determination of the activation state of the receptor, and it 
could be used in the search for new molecules with insulin-like activity (Boute 
et al. 2001).
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9.2.3 

Other Detection Principles

Fluorescent proteins can be directly used to monitor protein–protein association 
processes or conformation changes that are due to ligand binding. Fluorescent 
cellular sensors expressing YFP fused to the ligand-binding domains of estrogen, 
androgen, and glucocorticoid receptors were developed by Muddana and Peterson 
(2003). The fusion proteins were tethered through a short linker and expressed in 
Saccharomyces cerevisiae yeast cells. A dose-dependent fl uorescence enhancement 
was observed in the presence of steroid receptor ligands. The correlation with the 
known relative receptor-binding affi nity values of the compounds suggested that 
the fl uorescence enhancement was due to ligand-induced receptor dimerization, 
perhaps through stabilization of YFP protein folding. These fl uorescent cellular 
sensors could represent a novel, high-throughput method to identify and analyze 
ligands of nuclear hormone receptors.

Fluorescence anisotropy decay microscopy was used to determine, in individual 
living cells, the spatial and temporal monomer–dimer distribution of GFP-tagged 
herpes simplex virus thymidine kinase (TK). Measurement of the rotational 
time of the proteins by confocal microscopy and a time-correlated single photon-
counting technique allowed the determination of their oligomeric state in both 
the cytoplasm and the nucleus. It was demonstrated that tagged TK was initially 
produced in a monomeric state and then formed dimers that grew into aggregates. 
Picosecond time-resolved fl uorescence anisotropy microscopy was thus proposed 
as a promising technique for obtaining structural information on proteins in living 
cells, even in the case of low protein expression levels (Gautier et al. 2001).

9.3 

Antibody-based Binding Assays

Several binding assays take advantage of the high specifi city and avidity of 
antigen–antibody binding. Among these, immunoassays are the method of 
choice for the direct, sensitive, and specifi c quantifi cation in complex matrices of 
analytes of clinical, pharmacological, environmental, or alimentary interest. What 
makes immunoassays very appealing is their rapidity, as well as the possibility of 
automation and high-throughput analyses. In addition, immunohistochemical 
methods are widely employed for the sensitive and specifi c localization of analytes 
in tissue sections or cells.

Various highly detectable labels have been used in the development of immuno-
assays, radioisotopes being the fi rst example. However, safety and disposal 
issues, as well as limited shelf life, have prompted the search for alternative 
labels. Nowadays, enzymes are the most commonly used labels, thanks to signal 
amplifi cation deriving from substrate turnover. This, together with the availability 
of chemiluminescent substrates, allowed reaching the highest detectability, which 
is similar or even higher than that obtained with radioisotopes. Among enzymes 

9.3  Antibody-based Binding Assays
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that can be detected using a chemiluminescent substrate, horseradish peroxidase 
(HRP) is extensively used, and the recent cloning and heterologous expression 
of its gene is opening new exciting applications in biosciences (Grigorenko et al. 
2001). The most popular substrate for HRP, based on the H2O2–luminol–enhancer 
system, even if highly optimized, still presents a relatively low quantum yield, 
on the order of 0.01. Bioluminescence and fl uorescence should provide superior 
detectability because they are characterized by much higher luminescence 
quantum yields. The various approaches used to employ luminescent proteins in 
antibody-based binding assays will be discussed in the following section.

9.3.1 

Chemical Conjugation

Chemical conjugation of the protein label with either the analyte or the binder 
(e.g., antibody or protein A) is traditionally used in order to obtain tracers suitable 
for developing bioluminescent or fl uorescent immunoassays. This rather simple 
approach takes advantage of the presence of reactive groups (usually primary 
amino or sulfhydryl groups) on the protein molecule. Various ultrasensitive assays 
have been developed with this strategy, using photoproteins (Erikaku et al. 1991; 
Stults et al. 1992; Zatta 1996; Mirasoli et al. 2002; Desai et al. 2002) and GFP 
(Deo and Daunert 2001a) as labels. In order to provide signal amplifi cation, and 
thus a potential increase in assay sensitivity, streptavidin-biotinylated luciferase 
complexes were used (Valdivieso-Garcia et al. 2003). Alternatively, the effi ciency 
of the analyte chemical conjugation to obelin was increased by introducing 
additional sulfhydryl groups into the obelin sequence, with the use of Traut’s 
reagent (2-iminothiolane). This approach allowed development of a competitive 
immunoassay for thyroxin and a sandwich immunoassay for thyrotropin, both 
characterized by a sensitivity comparable with that obtained using radioisotope 
labels. However, it required careful experimental optimization to avoid excessive 
obelin conjugation and, consequently, a decrease in its bioluminescent activity 
(Frank et al. 2004).

To circumvent low reproducibility and label inactivation drawbacks, site-
directed chemical conjugation has been proposed. In particular, aequorin mutants 
containing a single cysteine residue have been produced and used to obtain one-
to-one thyroxine–aequorin homogeneous conjugates that allowed development of 
immunoassays for thyroxine with detection limits on the order of 10–12 M, which 
is three orders of magnitude lower than that reported for commercially available 
immunoassays (Lewis and Daunert 2001).

Because luciferase is most often inactivated by the chemical reactions involved in 
direct labeling of antigens or binding molecules, gene-fusion strategies have been 
used to exploit its high detectability in binding assay development. Alternatively, 
the luciferase reaction was coupled with a second enzymatic reaction. This allowed 
the use of the coupled enzyme as a conjugated label, followed by fi refl y luciferase 
addition in solution. For example, luciferin derivatives available as a substrate for 
fi refl y luciferase only upon activation by a specifi c enzymatic reaction have been 
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synthesized (Miska and Geiger 1988). Alternatively, the fi refl y luciferase reaction 
was coupled with an enzymatic reaction producing ATP, such as those catalyzed 
by acetate kinase or pyruvate phosphate dikinase (Maeda 2003).

9.3.2 

Gene Fusion

A new approach for producing tracers suitable for the development of fl uorescent 
or bioluminescent immunoassays takes advantage of the possibility to produce 
genetic in-frame fusions of a target protein (either the analyte or a binding protein) 
with the bioluminescent label.

Several fusions of binding and luminescent proteins have been produced and 
proposed as universal reagents for immunoassays or immunohistochemistry 
techniques. In particular, a fusion protein between protein A and GFP has been 
proposed as a reagent for Western blotting (Aoki et al. 1996). Alternatively, the 
IgG-binding domain of protein A (ZZ) was fused to obelin and utilized for 
developing quantitative assays of rabbit, mouse, and human IgGs, with the 
same sensitivity obtained with commercially available protein A–HRP conjugate 
(Frank et al. 1996). With a similar strategy, GFP was fused to the single-chain 
antibody variable fragment of antibodies of interest, such as the antibody specifi c 
for hepatitis B surface antigen (Casey et al. 2000), for the E6 protein of human 
papillomavirus type 16 (Schwalbach et al. 2000), or for the herbicide picloram 
(Kim et al. 2002). In all cases the fusion protein retained both binding and 
luminescence properties and was suitable for developing sensitive and rapid 
antibody-based assays. An alternative approach consists of engineering the GFP 
amino acid sequence by inserting antibody-binding loops into surface-exposed 
loops at one end of the GFP molecule. The resulting so-called fl uorobody works 
as a binding protein with intrinsic fl uorescence characteristics (Zeytun et al. 
2003). A fusion protein between streptavidin and luciferase from Pyrophorus 

plagiophthalamus was produced in an insect cell line using the baculovirus system 
and was used in both sandwich- and competitive-type immunoassays (Karp 
et al. 1996). An identical cloning strategy was used to obtain a fusion protein 
between streptavidin and GFP, which was successfully used for identifi cation 
of biotinylated antibodies in living or fi xed cells by fl uorescence microscopy, 
proving that GFP is an excellent marker for histochemical applications. However, 
in the microtiter plate format the GFP–streptavidin fusion exhibited much lower 
detectability than the luciferase–streptavidin fusion. The binding domain from 
a human hyaluronan-binding protein was fused to Renilla reniformis luciferase, 
and the fusion protein was used to develop an assay for hyaluronan (Chang et al. 
2003). An emerging number of luciferases from marine and terrestrial organisms 
are fi nding their way to biotechnological applications. Different types of fusion 
proteins between eukaryotic luciferases and binding molecules, along with their 
possible applications, have been discussed (Karp and Oker-Blom 1999). As an 
example, an in vivo biotinylated fi refl y luciferase was constructed by gene fusion 
of a thermostable mutant of the Luciola lateralis luciferase with a biotin acceptor 

9.3  Antibody-based Binding Assays
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peptide (Tatsumi et al. 1996). This construct, which retains luciferase activity 
and is able to bind to streptavidin, is an extremely versatile bioluminescent label, 
and it has been applied to the development of various immunoassays (Seto et al. 
2001a, 2001b).

The gene-fusion approach has also been used to obtain bioluminescent tracers, 
where a bioluminescent protein is fused to a protein analyte. Using this approach, 
ultrasensitive competitive immunoassays have been developed for various analytes, 
such as a model octapeptide (Ramanathan et al. 1998), the mammalian opioid 
leucine–enkephalin peptide (Deo and Daunert 2001b), and protein C (Desai et al. 
2001). These works demonstrate the versatility of aequorin in such a strategy, since 
the target analyte can be fused at either the aequorin N-terminal or the C-terminal. 
In addition, the antibody-binding region of a large protein can be fused to aequorin, 
rather than the whole protein, thus avoiding problems usually encountered when 
expressing large eukaryotic proteins in bacteria (Desai et al. 2001). The methods 
developed using such aequorin-based tracers were shown to be more sensitive 
than immunoassays based on conventional enzyme- or fl uorescence-based assays. 
With a similar strategy, an analyte–obelin fusion protein was used to develop an 
immunoassay for a model octapeptide (Matveev et al. 1999).

9.3.3 

Dual-analyte Assays

The possibility of assaying more than one analyte in one assay is particularly 
appealing in analytical chemistry, though still not very often reported. A dual-
analyte competitive binding assay using tandem flash luminescence from 
the photoprotein aequorin and an acridinium-9-carboxamide label has been 
described. The assay allowed quantifi cation of two analytes in one tube, by 
sequential triggering and measuring of the two luminescent reactions. The assay, 
which requires very short measurement times, is amenable for high-throughput 
screening (Adamczyk et al. 2002). A competitive fl uorescence immunoassay that 
allowed quantifi cation of two model peptide analytes in one well was developed 
by using two mutants of GFP emitting at different wavelengths as labels. Each 
peptide was genetically fused to either red-shifted GFP (rsGFP) or blue fl uorescent 
protein (BFP), and the conjugates were used to develop an assay in which the 
peptides could be independently measured in one well, with detection limits on 
the order of 10–9 M to 10–10 M (Lewis and Daunert 1999). Because of the great 
variety of available fl uorescent and bioluminescent proteins, further advances in 
this fi eld are expected.

9.3.4 

Expression Immunoassays

Use of enzyme labels is successful in the development of immunoassays because 
they allow signal amplifi cation as a result of their high substrate turnover. 
Expression immunoassays take advantage of commercially available cell-free 
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transcription–translation systems to introduce a further amplifi cation system in 
the assay. In particular, an enzyme-coding DNA fragment, which also contains 
control elements for the transcription–translation process, is used as a label, 
instead of the protein itself. The amplifi cation factor obtained by using this 
approach is potentially very high because, theoretically, several mRNA molecules 
are generated from each DNA molecule during the transcription–translation 
process, and, similarly, several protein molecules are generated from each mRNA 
molecule. Subsequently, the enzyme is detected by adding the suitable substrate. 
Various expression immunoassays have been developed using a fi refl y luciferase-
coding DNA sequence that, in addition to luciferase high detectability, offers the 
advantage of being composed of a single and relatively short (550-amino-acid) 
polypeptide chain, which enhances its in vitro expression effi ciency. As an example, 
an immunoassay for anti-thyrotropin immunoglobulins characterized by a limit 
of detection of 5  104 molecules per well (White et al. 2000) and a sandwich 
immunoassay for prostate-specifi c antigen characterized by a limit of detection 
of 30 ng L–1 (Chiu and Christopoulos 1999) have been developed. In order to 
circumvent diffi culties encountered when linking the antibody to the reporter 
gene, a bifunctional cross-linking molecule was recently produced. The linker 
molecule consists of (strept)avidin bound to a poly(dA) oligonucleotide, which is 
able to bind both to a biotinylated antibody and to a poly(dT) sequence properly 
enzymatically added to the reporter gene (Tannous et al. 2002).

9.3.5 

BRET-based Immunoassays

The possibility of fusing a binding with a luminescent protein has been exploited 
for developing FRET- and BRET-based immunoassays. An example is the develop-
ment of open sandwich fl uorescent immunoassays, where the antibody heavy-
chain and light-chain fragments are fused to FRET or BRET partners. The assay is 
based on the RET phenomenon observed upon antigen-dependent re-association 
of antibody variable domains. Using this strategy, a FRET-based assay (Arai et al. 
2000) and a BRET-based assay for egg lysozyme (Arai et al. 2001) were developed. 
However, the authors observed that such an interesting and innovative approach 
is not always guaranteed to work. For example, when the epitopes recognized by 
the couple of antibody fragments are quite far from one another on the analyte 
molecule, a situation in which FRET or BRET partners are not close enough 
for energy transfer, even after antibody variable domain association, may occur. 
For this reason, the authors further developed the method by fusing an artifi cial 
dimerization motif of leucine zippers at the C-terminal of FRET partners. These 
additional dimerization motifs were able to bring FRET partners in close proximity 
upon antigen–antibody reactions, thus enhancing FRET effi ciency. Using this 
strategy, a homogeneous sandwich immunoassay for a rather large molecule, 
such as human serum albumin, was developed (Ohiro et al. 2002).

9.3  Antibody-based Binding Assays
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9.4 

Biotin–Avidin Binding Assays

Biotin (vitamin H) is a vitamin found in tissue and blood that binds to the 
glycoprotein avidin, which contains four identical binding sites for biotin. Biotin 
and its binding protein avidin have been used extensively in the development of 
a variety of bioanalytical techniques that take advantage of the extremely high 
affi nity (ka  1015 M–1) between the two biomolecules. Biotin has also been selected 
as a model analyte to develop binding assays in order to explore the possibility of 
applying luminescent proteins as labels for the determination of given analytes in 
competitive binding assay formats. These assays are based upon the competition 
between free biotin in a sample and the biotin–label conjugate for the binding 
sites on avidin (Lewis and Daunert 2000).

A biotin–aequorin conjugate was produced by conventional chemical con juga-
tion methods and used to develop both a homogeneous and a heterogeneous assay 
for biotin. The homogeneous assay relied on the inhibition of the signal from the 
biotin–aequorin conjugate upon binding with avidin. The degree of inhibition 
was inversely proportional to the free biotin concentration, and a detection limit 
for biotin of 1  10–14 M was achieved (Witkowski et al. 1994). Alternatively, the 
heterogeneous assay employed a solid phase of avidin-coated microspheres to 
separate the bound and free biotin-aequorin conjugate, which permitted lowering 
the detection limit to 1  10–15 M (Feltus et al. 1997). Such a low detection limit, 
corresponding to 100 zmol of biotin in the sample, allowed for miniaturization of 
the assay. A homogeneous competitive binding assay for the detection of biotin 
in microfabricated picoliter vials using biotinylated recombinant aequorin was 
developed. 

The results showed that detection limits on the order of 10–14 mol of biotin were 
possible (Grosvenor et al. 2000). A binding assay for avidin in picoliter-volume 
vials in which avidin could be detected at femtomole levels was also described 
(Crofcheck et al. 1997). These binding assays based on picoliter volumes have 
potential applications in different fi elds, such as microanalysis and single-cell 
analysis, in which the amount of sample is limited. In addition, the small volumes 
allow for instantaneous mixing of the reagents, thus rendering these miniaturized 
assays suitable for high-throughput screening of biopharmaceuticals and potential 
drugs synthesized by combinatorial methods. The detection of biotin in individual 
cells using a BL competitive binding assay was reported. An aequorin–biotin 
conjugate, free biotin, and avidin were microinjected into sea urchin oocytes, and 
then the resulting bioluminescence within the oocyte upon triggering of aequorin 
was measured by a photomultiplier tube-based microscope photometry system. 
The method allowed for the detection of approximately 20 amol of biotin inside 
individual oocytes (Feltus et al. 2001). Recombinant GFP and its mutant enhanced 
GFP (EGFP) have been used as labels in heterogeneous and homogeneous 
competitive binding assays for biotin, respectively. Detection limits on the order 
of 10–8 M and 10–9 M were obtained (Hernandez and Daunert 1998; Deo and 
Daunert 2001a).

1311vch09.indd 1681311vch09.indd   168 04.07.2006 10:43:1604.07.2006   10:43:16



169

Homogeneous binding assays for biotin were recently developed using lumi-
nes cent proteins as labels and BRET as the measurement technique. Biotinylated 
aequorin and a quencher dye conjugated to avidin were used as the two partners 
of the BRET pair. When biotin bound to avidin, bioluminescence from aequorin 
was transferred to the chemical dye, which was selected on the basis of its ability 
to quench the BL emission. A water-soluble biotin derivative or a biotinylated 
protein was used as a model analyte to develop homogeneous competitive 
assays. In both cases dose–response curves showing an inverse relationship 
between percent bioluminescence quenching and analyte concentration were 
generated, thus demonstrating the feasibility of assays based on this BRET format. 
Furthermore, the approach is quite general because biotin–avidin could be replaced 
with a different pair, e.g., hapten–antibody, and other quencher dyes could be 
used (Adamczyk et al. 2001). Fusions of aequorin with streptavidin (SAV) and 
enhanced green fl uorescent protein (EGFP) with biotin carboxyl carrier protein 
(BCCP) were obtained after expression of the corresponding genes in Escherichia 

coli cells. Association of SAV–aequorin and BCCP–EGFP was followed by BRET 
between aequorin (donor) and EGFP (acceptor). It was shown that free biotin 
inhibited BRET in a dose-dependent manner because of its competition with 
BCCP-EGFP for binding to SAV–aequorin. The distinctive feature of this assay 
is the use of protein fusions that provide bifunctionally active conjugates that are 
uniform in their stoichiometry and in the point of reporter protein attachment 
and that are readily available after expression of the corresponding genes in E. coli 
and purifi cation. This represents an advantage with respect to methods that use 
the chemical conjugation of biotin and avidin with donor and acceptor, since 
chemical modifi cations are often diffi cult to reproduce; in addition, in the case of 
aequorin particular precautions should be taken while biotinylating and storing 
the conjugate to avoid loss of BL activity (Gorokhovatsky et al. 2003).

9.5 

Nucleic Acid Hybridization Assays

The analysis of specifi c nucleic acid sequences by hybridization is a fast-growing 
area of laboratory medicine. These methods are based on the specifi c hybridization 
of a suitably labeled oligonucleotide probe with a target nucleic acid sequence, 
followed by the hybrid detection and quantifi cation. Luminescent proteins 
are becoming more and more popular as labels because luminescence-based 
hybridization assays are amenable to automation and offer higher detectability 
over conventional spectrophotometric ones.

A microtiter well-based hybridization assay using aequorin as a detection 
molecule has been developed. The target DNA was hybridized simultaneously 
with a digoxigenin (dig)-labeled capture probe and a biotinylated detection probe. 
The hybrids were immobilized onto the wells through dig–anti-dig interaction and 
were detected by aequorin covalently attached to streptavidin or by complexes of 
biotinylated aequorin with streptavidin. Linearity of response in the range from 
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5 amol to 10 fmol of target DNA was shown. The method was combined with 
reverse transcriptase polymerase chain reaction (RT-PCR) and applied to the 
determination of the mRNA for prostate-specifi c antigen (PSA) that was detected 
from a single cell in the presence of 106 cells not expressing PSA. The method 
proved to be very fast, since the detection of aequorin is practically instantaneous 
as compared to the long incubation times required for the detection of enzyme-
labeled probes (Galvan and Christopoulos 1996).

An aequorin-based immunoassay combined with RT-PCR for quantitating 
cytokine mRNA has been developed. In this system the hybridized duplex was 
captured onto a streptavidin-coated microtiter plate and quantitated by anti-dig 
antibody conjugated with aequorin. The method detected as low as 40 amol of 
amplifi ed cytokine products, corresponding to 500 copies of template when 27 
PCR cycles were used (Xiao et al. 1996). The same capture and detection format, 
in combination with RT-PCR, was exploited for investigating the induction of 
human cytokine expression in peripheral blood mononuclear cells. A statistically 
signifi cant increase in cDNA for several cytokines in stimulated cells compared 
to unstimulated cells was demonstrated. The BL method exhibited signifi cant 
advantages when compared with radioactive methods, such as the ability to 
quantitate amplicons in a PCR cycle range where linear detection is more robust 
and to analyze products in an automated, open-architecture microtiter plate format 
(Actor et al. 1998).

Hybridization assays that use luminescent proteins as labels have been 
successfully coupled to PCR, in order to quantify the amplifi cation product in 
a more accurate manner. A dual-analyte luminescence hybridization assay for 
quantitative PCR has been developed. This method allowed the simultaneous 
determination of both amplifi ed target DNA and internal standard (IS) in the 
same reaction vessel. Biotinylated PCR products from target DNA and IS were 
captured on a single microtiter well coated with streptavidin. The amplifi ed 
target DNA was hybridized with a dig-labeled specifi c probe, and the hybrids 
were detected by anti-dig antibody labeled with aequorin. The amplifi ed IS DNA 
was hybridized in the same well with a fl uorescein-labeled specifi c probe, and 
the hybrids were detected by anti-fl uorescein antibody labeled with AP. The ratio 
of the luminescence values obtained from the target DNA and IS amplifi cation 
products was linearly related to the number of target DNA molecules present 
in the sample prior to amplifi cation, over a range of 430 to 315 000 target DNA 
molecules (Verhaegen and Christopoulos 1998).

Novel hybridization assay confi gurations based on in vitro expression of DNA 
reporter molecules have been proposed. In vitro expression of DNA consists of 
the cell-free transcription of DNA to mRNA followed by translation of the mRNA 
into protein. In one study a system was described that involved simultaneous 
hybridization of the single-stranded target DNA with a biotinylated capture probe, 
immobilized on streptavidin-coated microtiter wells, and a dATP-tailed detection 
probe. The hybrids were reacted with dTTP-tailed fi refl y luciferase-coding DNA 
fragments followed by in vitro expression of the DNA on the solid phase. Several 
enzyme molecules per molecule of enzyme-coding DNA label were generated in 
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solution, thus providing signal amplifi cation (Laios et al. 1998). Another study 
described a similar confi guration that used a DNA label encoding apoaequorin. 
After in vitro expression, apoaequorin was converted to active aequorin and each 
DNA label was estimated to produce 156 aequorin molecules. A detection limit as 
low as 0.25 amol of target DNA was achieved, with a linear range over four orders 
of magnitude (White and Christopoulos 1999). The signifi cance of this approach 
lies in the use of DNA in hybridization assays as a signal-generating molecule 
(reporter), rather than solely as a recognition molecule, which forms the basis of 
a highly sensitive analytical system for binding assays.

A different strategy to enhance the sensitivity of aequorin-based hybridization 
assays relied on the introduction of multiple aequorin labels per DNA hybrid, 
through enzyme amplifi cation. After simultaneous hybridization of the target 
DNA with a biotinylated capture probe and a dig-labeled detection probe, the 
hybrids were reacted with anti-dig antibody labeled with HRP. Peroxidase catalyzed 
the oxidation of digoxigenin–tyramine by H2O2, with the production of tyrosyl 
radicals that reacted with the tyrosine residues of the streptavidin immobilized 
on the surface of the microtiter wells, forming protein-bound dityrosine. This 
resulted in the covalent attachment of multiple dig moieties to the solid phase that 
were detected by aequorin-labeled anti-dig antibody. An eightfold improvement 
in detectability was observed with the enzyme amplifi cation as compared to an 
assay that used only aequorin-labeled anti-dig antibody, resulting in the detection 
of as low as 1 amol per well of target DNA (Laios et al. 2001).

Biotinylated aequorin complexed with streptavidin can be used as a reporter 
molecule in hybridization assays to detect target DNA either labeled with biotin 
through PCR or hybridized with biotin-labeled probe, as well as in immunoassays 
in combination with biotinylated antibodies. In order to avoid the inconvenience 
of chemical cross-linking, bacterial expression of in vivo-biotinylated aequorin was 
carried out. The entire process was completed in less than two days, and it was 
calculated that 1 L of bacterial culture provided enough biotinylated aequorin for 
300 000 hybridization assays (Verhaegen and Christopoulos 2002a).

A new conjugation strategy based on the use of recombinant aequorin fused 
to a hexahistidine tag was recently proposed to obtain aequorin–oligonucleotide 
conjugates. Affi nity capture-facilitated purifi cation of the conjugates enabled the 
rapid and effective removal of the unreacted oligonucleotide. The conjugates 
were applied to the development of rapid bioluminometric hybridization assays 
that exhibited a dynamic range of 2–2000 pmol L–1 of target DNA (Glynou et al. 
2003).

Recently, the potential of Gaussia princeps luciferase (GLuc) as a new label for 
DNA hybridization has been examined. Because luciferases are inactivated upon 
conjugation to other biomolecules, such as DNA probes or antibodies, their use 
as labels is limited. To overcome inactivation problems, a bacterial overexpression 
system that produces in vivo-biotinylated GLuc has been designed. Purifi ed GLuc 
activity was maintained, allowing enzyme detection down to 1 amol. Biotinylated 
GLuc was complexed with streptavidin and used as a detection reagent in a 
microtiter well-based DNA hybridization assay, in which an analytical range 
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of 1.6–800 pmol L–1 of target DNA was shown (Verhaegen and Christopoulos 
2002b).

The difference in light emission kinetics between the Ca2+-triggered BL 
reaction of aequorin and the alkaline phosphatase (AP)-catalyzed CL hydrolysis 
of dioxetane-based substrates has been exploited for the analysis of both alleles of 
biallelic polymorphisms in a single microtiter well. Genomic DNA isolated from 
blood was fi rst subjected to PCR. Then a single-oligonucleotide ligation reaction 
employing two allele-specifi c probes, labeled with biotin and digoxigenin, and a 
common probe carrying a characteristic tail was performed. The ligation product 
was captured in the microtiter well by hybridization of the tail with an immobilized 
complementary oligonucleotide. The products were detected by adding a mixture 
of streptavidin–aequorin complex and anti-dig–alkaline phosphatase conjugate. 
The ratio of the luminescence signals obtained from AP and aequorin gave the 
genotype of each sample (Tannous et al. 2003).

9.6 

Other Binding Assays

A different type of binding assay that exploits mutants of the EGFP was developed 
for the detection of bacterial endotoxin, or lipopolysaccharide (LPS). EGFP variants 
containing binding sites for LPS and lipid A (LA), the bioactive component of LPS, 
were obtained by virtual mutagenesis. DNA mutant constructs were expressed in 
COS-1 cells. LPS or LA binding to the EGFP mutant proteins caused concentration-
dependent fl uorescence quenching. Thus, the EGFP mutant can represent the 
basis of a novel fl uorescent biosensor for bacterial endotoxin (Goh et al. 2002a). 
In another study it was demonstrated that the EGFP mutant can specifi cally tag 
gram-negative bacteria such as Escherichia coli and Pseudomonas aeruginosa in 
contaminated environmental water samples. This dual function in detecting both 
free endotoxin and live gram-negative bacteria extends the potential of this novel 
fl uorescent biosensor (Goh et al. 2002b).

GFP mutants were designed, created, and characterized after identifying 
potential metal-binding sites on the surface of GFP. These metal-binding mutants 
of GFP exhibit fl uorescence quenching at lower transition metal ion concentrations 
than those of the wild-type protein, thus representing a new class of luminescent 
protein-based metal sensors (Richmond et al. 2000).

9.7 

Concluding Remarks

The naturally occurring luminescent proteins aequorin, obelin, GFP, luciferases, 
and their mutants have proved to be highly effective labels in the development of 
different types of binding assays, including protein–protein and protein–ligand 
interaction assays, immunoassays, biotin–avidin-based assays, and nucleic acid 
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hybridization assays. These proteins can be detected down to very low levels, 
thus allowing ultrasensitive detection of the target analytes. This also enables the 
analysis of small-volume samples, which leads to the development of miniaturized 
and high-throughput assays. Further advantages include the opportunities to 
produce fusion proteins and to genetically engineer the native proteins to emit 
luminescence signals at different wavelengths or with higher effi ciency. These 
features, along with the discovery of new luminescent proteins, allow for their 
use as labels in the simultaneous array detection of several biomolecules in a 
given sample, as well as for the development of improved FRET- and BRET-based 
assays.
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10 

Luminescent Proteins: Applications in Microfl uidics 

and Miniaturized Analytical Systems

Emre Dikici, Laura Rowe, Elizabeth A. Moschou, Anna Rothert, Sapna K. Deo, and 

Sylvia Daunert

10.1 

Miniaturization and Microfl uidics

The need for fast, accurate, and low-cost analytical methods for the high-through-
put analysis of complex and low-volume samples is fueling up advancements 
in the area of microfl uidic devices. Great efforts have been made toward the 
miniaturization of conventional bench-top analytical techniques into microfl uidic 
“chip”-based formats [1]. These microfl uidic chips are based on architectures of 
microreservoirs and microchannels (Fig. 10.1) with very small dimensions, which 
range from tens to hundreds of micrometers, approximating the thickness of 
a human hair [2]. Small aliquots of sample, on the order of microliters or even 
smaller, are forced to fl ow through the microfl uidic architecture and participate 
in analytical processes carried out in the microscale [3]. The fl uid physics at the 
microscale offers some unique advantages as compared to that at the macroscale. 
These advantages include faster mass transport and much higher surface-to-
volume ratios [4]. Microfl uidic devices utilize these unique characteristics, which 
arise from performing sample analysis in miniature, to offer the additional 
advantages of low reagent consumption, low waste production, a decrease in the 
cost and time of the analysis, and the capability of increasing the throughput and 
automating the processes of sample analysis [5, 6].

Along with the miniaturization of various analytical techniques, each separate 
into a microfl uidic format, signifi cant efforts are also currently being made 
toward the integration of multiple analytical procedures into a single chip [7]. 
The microfl uidic architecture, which is the basic element of microfl uidic devices, 
can be carefully designed to combine microfl uidic features for various analytical 
methods so that the analytical processes can be performed sequentially on the 
same microfl uidic platform [8]. These microfl uidic devices, the so-called micro-
total-analysis systems ( TAS), or lab-on-a-chip [9], are able to perform multiple 
analytical procedures, such as sample pretreatment, reaction, separation, and 
analyte detection, sequentially on a single chip. Ideally, these sophisticated 
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devices should be capable of automation, thereby increasing the throughput of 
routine sample analysis, as well as specially designed to meet the needs of specifi c 
applications. Additionally, the small physical dimensions of the microfl uidic 
devices offer the advantage of portability, which makes them suitable for use in 
fi eld analysis of complex real samples.

Microfl uidic devices can be made out of a large variety of materials, including 
glass, silicon, or polymeric materials such as poly(dimethylsiloxane) (PDMS), or 
they can be hybrids composed of different materials [10, 11]. A variety of methods 
can be used for the fabrication of microfl uidic devices, including wet and dry 
etching, photolithography, soft and hot embossing, injection molding, laser 
ablation, and CNC machining [12, 13]. The development of the microfl uidic devices 
can be based on either the direct microfabrication of the chip, such as with laser 
ablation of the microfl uidic architecture on the glass or poly(methylmethacrylate) 
(PMMA) chip, or the fabrication of a master molding device. In the latter case, 
the negative of the microfl uidic pattern is fabricated on the master. For instance, 
the pattern can be made on a photoresist on a silicon substrate, and the multiple 
chips can then be manufactured by replica molding, i.e., by casting the polymer 
precursor (such as PDMS) onto the master and removing the polymerized chip 
[14]. The ability of the latter technique to fabricate microfl uidic chips with high 
speed, along with the selection of appropriate low-cost materials such as polymeric 
materials, reduces the cost of fabrication of the chips and allows the production 
of disposable microfl uidic devices.

The principle of operation of microfl uidic devices is based on the manipulation 
of fl uids through a microfl uidic architecture. The microfl uidic architecture 
is composed of microfl uidic features arranged on a desired pattern. These 
microfl uidic features may be simple, such as microreservoirs and microchannels, 
or more complex. More complex features include microvalves for stopping and 
starting the fl ow of the fl uid; mixing devices for the effi cient mixing of the fl uids; 
fi ltration, separation, and fractionation devices; and many others, depending on 
the need of each specifi c application (Fig. 10.2) [15].

Fig. 10.1  Image of microfl uidic architectures composed 

of miniature microreservoirs and microchannels.
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The propulsion of the fl uids through the microfl uidic architectures can be 
accomplished by utilizing various methods based on different physical parameters. 
One of the most popular methods of controlling the fl ow of fl uids in microfl uidics 
is based on electrokinetic control generated by the application of an electric fi eld 
[16]. In this case, the fl ow of fl uid is controlled by switching the voltages on and 
off, thus preventing the need for valves and allowing the use of simple microfl uidic 
structures. The limitations associated with this method include the need for 
multiple power supplies or multiple switches to accommodate frequent voltage 
changes. A more important limitation to this technique is the dependence of the 
electrokinetic fl ow on the ionic strength and pH of the fl uids. Another commonly 
used method for fl uid propulsion is pressure-driven fl ow generated by pressure 
differences [17]. This is a generic method of fl uid propulsion that is compatible with 
a wide range of solvents and a series of microfl uidic materials. A disadvantage of 
pressure-driven fl ow is that it generates parabolic fl ow profi les, which can result in 
sample dispersion [18]. Other less-utilized methods of fl uid manipulation include 
thermal- [19], magnetic- [20], and capillary action-driven [21] methods.

Another promising method of fl uid propulsion utilizes the centrifugal force 
that arises by spinning the microfl uidic platform with the help of a rotating 
motor. The microfl uidic devices utilized with this fl uid propulsion method have 
the form of a compact disk (CD) [22]. Each CD can incorporate multiple identical 

Fig. 10.2  Microfl uidic architecture incorporating various microfl uidic 

features, such as microreservoirs (1), microchannels (2), microvalves (3), 

and a mixing device (4).
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microfl uidic networks or an assortment of different structures, offering the ability 
for high-throughput analysis of multiple samples with the simple spinning of 
the CD (Fig. 10.3) [23, 24]. Additionally, the fl uid fl ow is not affected by matrix 
effects of the samples when centrifugal microfl uidics pumping is used [25]. All 
the samples experience the same conditions throughout the identical microfl uidic 
architectures on the CD, resulting in reproducible results for multiple sample 
analysis [26, 27]. Furthermore, the small weight and size dimensions of the CDs 
offer the advantage of portability, and they can be made out of low-cost polymeric 
materials for the fabrication of disposable microfl uidic devices. Another advantage 
of the CDs is the fact that, besides offering the ability for integrating multiple 
analytical processes, they are also amenable to on-chip product isolation and 
analyte detection [28], allowing the development of complete and automated 
analytical microdevices [29].

The detection methods that are more commonly used with the microfl uidic 
platforms include electrochemical detection [30], which has the capability of being 
compact and entirely integrated on the chip; mass spectrometry [31], a powerful 
technique for the detection of large biological molecules or fragments thereof; and 
optical detection [32], with fl uorescence being the most popular detection method 
used in microfl uidics. The wide range of fl uorescence applications results from 
the high sensitivity of the method, which is desirable for the analysis of miniature 
samples, and its on-chip analyte detection ability [33, 34].

The area of microfl uidics is continuously advancing, and microfl uidic chips 
are fi nding a wide range of applications in many fi elds, including clinical [35] 
and forensic analysis [36], high-throughput screening [37], drug discovery [38], 
and genomic [39] and proteomic analysis [40, 41]. Many bench-top analytical 
techniques have been successfully miniaturized and integrated on microfl uidic 
chips, such as various separation techniques including chromatography [42, 43], 
electrophoresis [44–46], and isoelectric focusing [47]; polymerase chain reaction 
[48]; sequencing [49]; cell handling [50]; and chemical [51], enzymatic [52], or 

Fig. 10.3  Image of CD microfl uidic architectures, for the 

simultaneous analysis of 20 samples by a single spin of the CD.
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immunoassay reactions [53–55]. In addition, great efforts have been made recently 
regarding the adaptation of various sample pretreatment methods on microfl uidic 
devices, such as sample fi ltration, dialysis, pre-concentration, and derivatization 
[56]. The aspiration is to integrate the sample pretreatment processes along with 
the sample analysis methods on a single microfl uidic chip. Ideally, these lab-on-
a-chip devices will be sophisticated enough to perform all the steps required for 
the complete analysis of a complex real sample autonomously.

One of the most promising and signifi cant fi elds of sample analysis integrated 
onto microfl uidic devices is the fi eld of microfl uidic assays. A wide variety of 
microfl uidic detection schemes have been employed so far, including enzymes 
[57, 58], ion-selective membranes [59], supramolecules [60], nanoparticles [61], 
binding proteins [62] and whole cells [63–65]. In this chapter, we will mainly 
focus on photoprotein-based assays integrated on the miniaturized microfl uidic 
platforms.

10.2 

Photoproteins and Applications in Miniaturized Detection Systems

The term “photoprotein” refers to a protein that participates directly in the light-
emitting reaction of a living organism. Additionally, a photoprotein is capable of 
emitting light of an intensity proportional to the amount of the protein present and 
is not an unstable, transient intermediate of an enzyme-substrate reaction. Worms, 
insects, bacteria, crustaceans, fi refl ies, fungi, and fi sh are among the luminescent 
organisms that incorporate approximately 30 different bioluminescence systems 
[66]. In some of these organisms light is emitted in a glow-type kinetics, whereas 
in others light is emitted in the form of a rapid fl ash, lasting for approximately 
10 s. These fl ash-type light emissions can occur from a change in pH, the 
addition of molecular oxygen, or the binding to calcium ions. Seven Ca2+-binding 
photoproteins have been isolated: thalassicolin, aequorin, mitrocomin, clytin, 
obelin, mnemiopsin, and berovin. Four of these proteins have been sequenced 
and cloned, and obelin and aequorin have been used extensively as labels in the 
development of various in vitro binding assays and in vivo cell studies [67].

Luciferase is an enzyme that emits a glow-type bioluminescence when the 
substrate luciferin is added. Luciferase has been widely used in a variety of 
bioanalytical applications. Several luciferases that exhibit different luminescent 
properties have been isolated from various organisms and are attractive tools for the 
development of multi-analyte detection systems. Another interesting luminescent 
protein, the green fl uorescent protein (GFP), has become one of the most popular 
biochemical tools in analysis today. The isolation and large-scale purifi cation 
of these proteins have been milestones in analytical and biological chemistry. 
Because of their high sensitivity, ease of use, adaptability to miniaturization, and 
biological safety, they have been gaining popularity in many aspects of today’s 
research. Applications of these photoproteins in miniaturized analytical systems 
are discussed in the following sections of this chapter.

10.2  Photoproteins and Applications in Miniaturized Detection Systems
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10.2.1 

Green Fluorescent Protein

The green fl uorescent protein (GFP) is a naturally occurring fl uorescent protein 
that is isolated from the jellyfi sh Aequorea victoria and some other marine 
organisms [68]. The role of GFP in nature is to shift the blue bioluminescence 
emitted by aequorin into the green region. Such a shift improves the quantum 
effi ciency and penetration of light through water and reduces light scattering. 
GFP from Aequorea victoria is a 238-amino-acid protein, with a molecular weight 
of approximately 27 000 Da. The X-ray crystal structure of the protein reveals an 
11-stranded  barrel with a central  helix (Fig. 10.4). GFP consists of an internal 
chromophore, 4-(p-hydroxybenzylidene)-imidazolidone-5-one, which is post-
translationally formed from the amino acids Ser 65-Tyr 66-Gly 67 [69]. Several 
studies involving mutations of the wild-type GFP produced GFP mutants with 
improved brightness, stability, effi ciency of folding, and chromophore formation. 
These studies also produced GFPs with different emission spectra, so that there 
are now several GFP colors to choose from [70]. The general bioluminescent 
properties of these mutants are listed in Table 10.1.

As can be seen from Table 10.1, the blue light of BFP can excite EGFP; therefore, 
this pair has been used in fl uorescence resonance energy transfer (FRET) assays. 
The major advantage of GFP is that it does not require any additional cofactors 
or substrates for fl uorescence emission. GFP is relatively nontoxic to the cells 
and is easily imaged and quantifi ed. It is stable in environments of pH 5–12, 
in the presence of proteases and oxidants, and at temperatures as high as 65 ºC 
[71]. Additionally, it can be used to genetically engineer fusion proteins, without 
affecting the function and the localization of its fusion partner, because of its 
small size. For these reasons, GFP has been extensively used as a reporter in 
studies of cellular dynamics and cell traffi cking, in intact tissue studies, and as a 
reporter in both homogenous and cell-based assays [72–93]. Moreover, GFP has 

Fig. 10.4  X-ray crystal structure of GFP.
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been used in high-throughput drug screening, for the evaluation of viral vectors 
in gene therapy, for biological pest control, and for monitoring genetically altered 
microorganisms in bioremediation processes [73].

10.2.1.1 GFP in Miniaturized Microfl uidic-based Assays

Because of the inherent advantages of GFP, this fl uorescent protein has been 
successfully employed in numerous small-volume assays, including microassays 
integrated onto microfl uidic platforms. One such example includes the develop-
ment of a microfl uidic assay employing the GFP mutant GFPuv for the detection 
of arsenite and antimonite [74]. In this work, a whole-cell assay was developed 
incorporating the gene for the reporter protein GFPuv. For that, a plasmid that 
encoded the gene for GFPuv was constructed and transformed into the bacteria 
E. coli. The GFPuv gene was placed under the control of the promoter for ArsR. In 
the absence of arsenic or antimonite, the ArsR protein binds to the ars promoter 
sequence and blocks the transcription of GFPuv. However, in the presence of 
arsenite or antimonite, arsenite or antimonite will bind to the ArsR protein and 
cause a conformational change, which dissociates the ArsR protein from the ars 
promoter sequence. Transcription and translation can then occur, which leads to 
the production of GFPuv and the generation of a fl uorescence signal. The intensity 
of the GFPuv fl uorescence signal was correlated to the concentration of antimonite 
or arsenite present in the sample. This assay was adapted to a CD microfl uidic 
platform, which employed the microfl uidic architecture presented in Fig. 10.2. 
The experimental procedure included the loading of 15 μL of cell aliquot, which 
contained the plasmid pSD10, on the CD, along with 15 μL of arsenite and 
antimonite samples in varying concentrations. The simple spinning of the CD 
at 1000 rpm resulted in the effi cient mixing of the cell reagent with the arsenite/
antimonite samples and the emission of the GFPuv fl uorescence signal. The CD 
microfl uidic platform was optically transparent, which allowed on-chip detection 
of the fl uorescence signal using a fi ber optic fl uorometer. This approach provided 

Table 10.1  Bioluminescent properties of various GFP mutants.

Mutant Mutations Excitation 

wavelength 

(nm)

Emission 

wavelength 

(nm)

Quantum 

yield

Wild type – 395 (470) 509 0.77

EGFP 
(enhanced green fl uorescent protein)

S65T 484 510 0.70

BFP 
(blue fl uorescent protein)

Y66H, 
Y145F

380 440 0.20

YFP 
(yellow fl uorescent protein)

S65G, V68L, 
S72A, T203Y

512 (498) 529 0.63

CFP 
(cyan fl uorescent protein)

T66W 439 (453) 476 (501) 0.24

10.2  Photoproteins and Applications in Miniaturized Detection Systems
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a fast, simple, sensitive, and selective method for the detection of arsenite and 
antimonite, with detection limits on the order of 1  10–6 M. Given the fast assay 
time, low reagent consumption, and ability to do parallel analysis, this method may 
potentially be employed for high-throughput detection of important pollutants. 
Furthermore, the CD microfl uidic platforms offer the additional advantage of 
portability, which is desirable for on-site monitoring of target pollutants.

Another mutant of GFP, the enhanced GFP (EGFP), has been employed for 
the high-throughput screening of calmodulin antagonists in a microtiter plate 
and a CD microfl uidic platform [70, 75]. A class-selective homogeneous assay 
for the detection of phenothiazine-type antidepressants has been developed. 
Phenothiazine drugs are known to bind the Ca2+-binding protein calmodulin 
effectively, inhibiting the interaction of calmodulin with other peptides or proteins 
in various biological pathways. A fusion protein of calmodulin (CaM) and EGFP 
was fi rst genetically constructed. The conformational change of calmodulin, upon 
binding to the phenothiazine class of drugs, alters the fl uorescence properties 
of the fused EGFP, and these changes can be correlated to the concentration of 
the drug present in the sample. The comparison of the assay performance using 
the two different measurement platforms, the microtiter plate, and the CD micro-
fl uidic platform is presented in Table 10.2.

The microassay integrated on the CD microfl uidic platform was proven to be an 
effi cient method for the screening of phenothiazine drugs, offering a signifi cant 
decrease in the sample volume used and in the analysis time of the microassay. 
The utilization of a CD, incorporating multiple microfl uidic architectures, makes 
this platform suitable for high-throughput drug screening. Additionally, the 
authors successfully established the ability to dry biological reagents directly on 
the CD and later reconstitute them, without deterioration of the performance of 
the assay. For this reconstitution assay, 12 μL of the protein solution was loaded in 
a microreservoir of the CD and allowed to dry for 3.5 h under humidity-controlled 
conditions. An aliquot of 12 μL of water was later added to the reservoir containing 
the dried protein, allowing the protein to reconstitute within the timeframe of 
5 min. The assay utilizing the dried and later reconstituted protein solution 
exhibited comparable performance with the assay employing the liquid protein 
reagent. This work demonstrated the ability to develop a microfl uidic platform 
that can be stored with the required reagent incorporated into its microstructures. 
Such reagent storage advances can be utilized for the development of microfl uidic 
systems that can be stored and be ready to use as dictated by the needs of the 
specifi c application.

Table 10.2  Performance of phenothiazine drug detection assays 

using two measurement platforms.

Detection limit Assay volume Analysis time 

Microtiter plate 4.0  10–5 M 100–300 L 15 min

CD microfl uidic platform 7.4  10–4 M   25 L   5 min
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The ability to image the fl uorescence of GFP in assays in vitro and in vivo has 
further expanded the applications of this protein as a reporter. Yu et al. employed 
GFP to demonstrate solid-phase extraction by using a highly porous monolithic 
column within the microchannel of a microchip [76]. The monolith, composed of 
poly(butyl methacrylate-co-ethylene dimethacrylate), was used to extract the protein 
from a 18.5-nmol L–1 GFP solution, which was pumped through the monolith with 
a fl ow rate of 3 μL min–1. The protein that was loaded on the monolith was eluted 
with a 1 : 1 water:acetonitrile mixture, resulting in a 1000-fold more concentrated 
GFP solution. Similar experiments for the preconcentration of proteins, which 
employed different polymers, were also successfully performed employing GFP 
as the model protein [77]. Lee et al. demonstrated the isoelectric focusing (IEF) 
of EGFP and BSA in a 1.2-cm-long microchannel (100 μm in width and 40 μm in 
depth). The estimated pI values of both EGFP and BSA were in good agreement 
with the known values of the two proteins [78, 79]. GFP was also used as a 
visualization protein on a microchip that was designed to detect protein–protein 
interactions. In this work, Gibbons and coworkers employed a 6 His-tagged GFP 
in order to visualize the interaction of 6 His-GFP with an anti-6 His antibody. 
Because the anti-6 His antibody is not fl uorescent, it cannot be detected with a 
laser-induced fl uorescence (LIF) detector. But the interaction of the anti-6 His 
antibody with 6 His-GFP on a microfl uidic device allows the measurement of 
the former with LIF [80].

The fl uorescent protein EGFP has been used as a model protein for the 
evaluation of the performance of chromatographic separation media integrated 
on a CD microfl uidic platform [81]. The separation media developed were 
methacrylate-based monolithic columns with selected physical characteristics 
and chemical functionalities that generated ion-exchange [78] and affi nity [82] 
interactions for the successful binding and elution of the target protein. The 
CD employed was a closed-channel device with a microfl uidic architecture that 
allowed the chromatographic separation on a monolith and the subsequent 
isolation and detection of the purifi ed protein in a detection chamber. The CD 
microfl uidic device (Fig. 10.5) was made of the optically transparent PDMS 
(poly(dimethylsiloxane)), which allowed for the fl uorometric determination of the 
isolated protein directly on the CD platform. The ion-exchange interaction and 
elution of 4 L of 3  10–6 M EGFP, the concentration of 40 L of 3  10–7 M EGFP, 
and the affi nity purifi cation of 4 L of 3  10–6 M of fused protein FLAG–EGFP 
from lysed cells have been performed effi ciently on the CD, each in a timeframe 
of less than 5 min.

GFP has also been used as a label in a microfl uidic cell sorter. In this device, 
Quake and coworkers sorted E. coli HB101 cells that expressed GFP [83]. The 
cell sorting was carried out by the introduction of different ratios of wild-type 
GFP-expressing E. coli HB101 cells into the microfl uidic device, and the mobility 
of the cells in the microchannel using electrokinetic propulsion. Laser-induced 
fl uorescence emission was used to monitor the fl ow direction from the waste 
reservoir to the collection reservoir. After sorting, the cells were collected and 
streaked onto a LB-agar plate for colony counting. By using this method, an 
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enrichment of 30-fold was achieved. The throughput of the system is only 20 cells 
per second, which is a considerably slower throughput than that of conventional 
fl uorescence-activated cell sorter (FACS) instruments. However, it is expected 
that with the ability to manufacture parallel systems, the throughput of this GFP 
microfl uidic cell sorter could be increased considerably.

Li et al. demonstrated real-time fl uorescence measurements that indicated 
cellular changes in single Jurkat T yeast cells. Yeast cells were transported and 
retained in special U-shaped microstructures on a glass microfl uidic chip, which 
could retain the cells while allowing the liquid to pass. The inhibitory protein I B, 
which is involved in the NF- B signaling pathway in yeast cells, was fused to EGFP 
and expressed in Jurkat T yeast cells. The cellular degradation of the inhibitory I B 
protein was subsequently monitored within a single cell by measuring the decrease 
of the EGFP fl uorescence signal. This work demonstrated that microfl uidic chips 
can successfully facilitate the monitoring of cellular changes of biological cells at 
the single-cell level [84].

Fluorescence resonance energy transfer (FRET) has been widely used to 
study protein–protein and protein–ligand interactions [85–87]. Interactions at 
the subcellular level can also be monitored by employing FRET analysis using 
a fl uorescence microscope [88, 89]. Only a few FRET-based assays adapted to 
microfl uidic platforms have been reported [90–94]. One example of a FRET-
based microfl uidic assay is the DNA mutation assay developed by Wabuyele and 
colleagues [111]. They used FRET detection integrated on a microfl uidic platform 
for the development of a molecular beacon assay, which was used to detect a 
point mutation in unamplifi ed genomic DNA. The point mutation is located in 
the kRAS oncogene, and this mutation is highly correlated to colorectal cancer. 

Fig. 10.5  CD microfl uidic platform 

containing fi ve microfl uidic architectures 

for the preconcentration and purifi cation of 

EGFP. Each microfl uidic architecture 

contains a microreservoir (L) for loading 

the sample solution, a microreservoir (C) 

incorporating the microcolumn, a frac tio-

nation device (F), the microreservoir for 

storage of the waste solutions (W), and the 

detection chamber (D) for the isolation and 

fl uorometric detection of the purifi ed protein 

EGFP on the CD.
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Allele-specifi c primers carrying donor/acceptor fl uorescent dyes (Cy5/Cy5.5) would 
link together only when the primers fl anked the kRAS oncogene mutation. This 
ligation reaction occurred in a microfl uidic chip and resulted in a detectable FRET 
signal that was monitored with a near-IR single-molecule fl uorescence detection 
system. Although GFP and its red-shifted mutants have not yet been used in FRET 
microfl uidics platforms, they have been extensively used as FRET pairs, and it is 
therefore likely that they will be used in various FRET microfl uidic protocols in 
the future [95–99]. The FRET-based approach coupled with miniaturized systems 
will have direct applications in the HTS of pharmaceuticals and other biologically 
active compounds.

As can be seen from the examples above, because of its unique properties, GFP 
has become a versatile tool in biological, analytical, and microfl uidic applications. 
Mutants of GFP with different emission characteristics should further expand the 
range of applications of GFP in miniaturized analytical platforms and in array 
detection methodologies.

10.2.2 

Luciferase

Luciferase is a bioluminescent protein that exists in diverse organisms such as 
bacteria, insects, and marine coelenterates. Because these systems have evolved 
independently, homology is not typically observed among the luciferase genes 
from different groups. Therefore, the most commonly used luciferase genes are 
distinguishable based on the bioluminescent organism from which they have 
been isolated, using the abbreviations lux (bacterial), luc (fi refl y), and Rluc (sea 
pansy Renilla) [100].

As a result of their inherent differences, different luciferases have advantages 
in different types of reporter gene-based sensing and screening applications. 
The bacterial luciferases are useful in measuring and analyzing prokaryotic gene 
transcription but have limited use in mammalian cells because they are generally 
heat-labile, dimeric proteins. Firefl y luciferase has high sensitivity and a broad 
dynamic range, making it a popular reporter gene for use in mammalian cell 
systems. Because the substrate for fi refl y luciferase is not naturally membrane 
permeable, the cells used in these assays originally have to be lysed before the 
substrate, luciferin, can be added. This complication has been resolved through the 
use of fi refl y luciferin esters that are membrane permeable and photolysable. The 
luciferase from the bioluminescent sea pansy Renilla reniformis has recently found 
more applications in reporter gene assays. Much like the photoproteins aequorin 
and obelin, the Renilla luciferase catalyzes the oxidation of a coelenterazine 
substrate. Unlike the fi refl y luciferin, coelenterazine is membrane permeable, 
and therefore, this system has inherent advantages in whole-cell reporter gene 
applications [101].

10.2  Photoproteins and Applications in Miniaturized Detection Systems

1311vch10.indd 1891311vch10.indd   189 30.06.2006 22:03:3830.06.2006   22:03:38



10  Luminescent Proteins: Applications in Microfl uidics and Miniaturized Analytical Systems190

10.2.2.1 Luciferase in Miniaturized Microfl uidic-based Assays

Several of the luciferase reporter gene assays developed so far demonstrate 
characteristics that make them suitable for miniaturization and incorporation 
onto high-throughput screening microfl uidic devices. However, there have been 
only a few reports of the successful integration of luciferase-based assays onto 
miniaturized analytical systems. Such examples include the utilization of luciferase 
in miniaturized 384- and 1536-well plate formats for the screening of drugs. 
Luciferase reporter gene assays on 384-well plate platforms have been developed 
for the measurement of Tp53 response to anticancer drugs [102] and the screening 
of compounds that inhibit the replication of the West Nile virus [103]. Additionally, 
successful small-volume, high-throughput analyses have been achieved with 
1536-well plates for the identifi cation of inhibitors of bacterial protein synthesis 
[104], as well as in the detection of compounds that inhibit luciferase expression 
in a mammalian cell-based reporter gene assay [105]. These screening systems 
utilize volumes of 2–3 L that are dispensed using an automated system, thereby 
reducing the consumption of often costly reagents. The increased well density of 
the 1536-well plate microtiter platform allows for more rapid screening of a larger 
number of compounds. The luciferase reporter is ideal for these miniaturized 
screens because its high sensitivity enables detection even when it is present in 
very minute amounts.

ATP and ATP-conjugated metabolites have been detected with a microfl uidics-
based luciferase system using 10 μL aliquots of sample [106]. The microfl uidic 
device developed was based on a closed-channel PDMS substrate that contained a 
Y-shaped microfl uidic architecture. The mixing of the sample with the luciferase 
was accomplished at the end of the stem of the Y microfl uidic network. The 
resulting bioluminescent signal was able to determine the ATP levels down to a 
0.2-μM concentration. This signal was observed within 30 s after the introduction 
of the sample onto the microfl uidic platform. The microfl uidic chip developed 
was used for the determination of ATP levels in cell lysates, as well as for the 
determination of the concentration of galactose, an ATP-conjugated metabolite, 
in urine samples.

Tani’s group has developed a microfl uidic system for the detection of muta-
genicity based on a whole-cell bioassay employing the bioluminescent reporter 
protein luciferase [107]. This system employed mutagen-sensitive E. coli sensor 
strains. In the presence of mutagens these sensor strains expressed luciferase, 
thereby producing a bioluminescent signal. These cells were immobilized on a 
microfl uidic chip by entrapment in an agarose gel, which was formed in situ on 
the device. The microfl uidic chip developed was based on a silicon substrate that 
contained multiple 700-μm2 microwells with a volume of 0.25 μL each. These 
microwells were used for the immobilization of the cells. The microfl uidic device 
was completed by sandwiching the silicone substrate between two PDMS layers. 
Each PDMS layer contained a series of microchannels (700 μm wide and 200 μm 
deep, volume of 3 μL), which, after assembling the device, interconnected the 
microwells of the chip. The microchannels were fi lled with various concentrations 
of the genotoxic substances tested, and after 1 h incubation the bioluminescence 
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triggered by the introduction of luciferin and ATP was used for the determination 
of the levels of these mutagens. The ability to immobize a series of sensor bacteria 
on different microwells on the same microfl uidic chip can allow for the high-
throughput screening of various substances, such as environmental pollutants 
and drugs.

Emneus and coworkers developed another microfl uidic system that utilizes 
the expression of luciferase for the real-time and high-throughput screening of 
ligands for transmembrane receptors. In this work, genetically modifi ed HeLa 
cells, incorporating the highly effi cient reporter system HFF11, were immobilized 
on a silicon microfl uidic chip. The design of the chip contained 28 parallel V 
grooves, with each groove being 10 mm long, 100 μm-wide, and 71 μm-deep and 
having a total volume of 1.9 μL [108]. The introduction of an aliquot of 2 μL of 
a transmembrane receptor ligand on the chip with the immobilized HeLa cells 
initiates a series of intracellular reactions, leading to the expression of luciferase. 
Following the injection of luciferin and ATP, the bioluminescence signal emitted 
from luciferase was used for the determination of the transmembrane receptor 
ligands. The expression of luciferase on the microfl uidic chip was detected 30 min 
after stimulation with the ligand, which is a much shorter analysis time than the 
6 h required for the analogous microtiter plate assay. Additionally, the microfl uidic 
system developed was able to perform real-time and continuous monitoring of 
dynamic cellular events for a period up to 30 h.

These early successes using various luciferases as reporters in highly minia tu-
rized systems will likely serve as a model for future applications of bioluminescent 
proteins. The ability to incorporate these proteins into miniaturized assays using 
microfl uidics systems provides the possibility of automating several steps in the 
process and therefore creating assays and screening systems that are rapid and 
highly effi cient.

10.2.3 

Aequorin

Aequorin is a bioluminescent photoprotein isolated from the same jellyfi sh as 
GFP, Aequorea victoria. Aequorin is composed of apoaequorin, a chromophoric 
unit, coelenterazine, and molecular oxygen. The binding of Ca2+ to aequorin results 
in a conformational change that causes the protein to behave as an oxygenase 
towards coelenterazine. Coelenterazine is oxidized to an excited coelenteramide, 
and the relaxation of this coelenteramide to its ground state is accomplished 
by the emission of 469-nm light and CO2 [109, 110]. The quantum yield of the 
photoprotein in the light-emitting reaction is between 0.15 and 0.20 [111].

Aequorin has been used extensively as a label in the past years, most notably for 
the detection of calcium concentrations in vivo, and as a label in immunoassays 
and DNA hybridization assays. Aequorin has been utilized in these analytical 
applications because of the inherent advantages it has as a label. Some of these 
advantages include that aequorin is active at physiological pH, is nontoxic to 
cells, does not require an excitation light source, and can be successfully cloned 
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and expressed in orthogonal species and cell types [112]. Moreover, aequorin 
is an extremely sensitive reporter. As opposed to fl uorescence, there is a low 
background level of bioluminescence in most biological fl uids [113]. This low 
background noise makes aequorin more sensitive than fl uorescent labels, such 
as GFP, when biological fl uids are analyzed. Such sensitivity makes aequorin an 
attractive reporter for miniaturized microfl uidics platforms, whose small sample 
volumes require labels with very low detection limits. The implementation of 
aequorin-based immunoassays and DNA hybridization assays in miniaturized 
and microfl uidic platforms will be discussed in the next section.

10.2.3.1 Aequorin in Miniaturized Microfl uidic-based Assays

Homogeneous assays are often preferred for miniaturization, since their protocols 
are simpler and faster than those of heterogeneous assays. In homogeneous 
assays all the necessary reagents are present in solution, and the concentration of 
an analyte can be determined in one step. Homogeneous assays eliminate time-
consuming and error-introducing incubation and washing steps. They also provide 
a directly measurable signal without the need for separation procedures. Moreover, 
because homogeneous assays are simpler, they are preferred in clinical use because 
there is no need for highly trained personnel to perform them [114].

Homogeneous assays have been developed for biotin [115, 116], digoxin [117], 
G protein-coupled receptors [118], and protease activity [119] using aequorin. 
Moreover, Grosevnor et al. reported the development of a biotin assay that can 
be performed using picoliter volumes [115], with the small volume of sample 
still retaining a low detection limit (10–14 mol biotin). For that purpose, picoliter 
vials were created by laser-ablating glass cover slips until a vial volume of 350 pL 
per well was formed. Figure 10.6 shows a scanning electron microscopic image 
of the picoliter vials.

In this assay a biotin–aequorin conjugate was employed. It was determined that 
the biotin component of the biotin–aequorin conjugate binds tightly to the protein 
avidin and that increasing amounts of avidin bound to the conjugate result in a 
dose-dependent decrease in the conjugate’s bioluminescent signal.

Fig. 10.6  SEM image of picoliter vials. 

The volume of each vial is approximately 350 pL.
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For this homogenous biotin assay, varying amounts of biotin were incubated 
with a constant amount of free avidin in the picoliter vials 5 min prior to injecting 
a constant amount of the biotin–aequorin conjugate. The free avidin would bind 
with the biotin in the sample, reducing the amount of avidin available to bind 
with the conjugate. Therefore, increasing concentrations of free biotin in solution 
corresponded to an increase in bioluminescence following the addition of a Ca2+-
containing buffer. Given the small sample volume employed in the picoliter vials, 
this homogeneous biotin assay could potentially be adapted to a miniaturized 
microfl uidic platform.

The DNA hybridization assay is an additional bench-top analytical technique 
that is being incorporated onto miniaturized microfl uidic platforms [120]. DNA 
hybridization assays utilize, and are used to detect, specifi c DNA sequences that 
are unique to individual pathogens or genetic diseases. Hybridization assays 
take advantage of the specifi c interactions and bonding between one string of 
nucleotides and a complementary nucleotide sequence. The complementary 
nucleotide sequence competes with an identical complementary sequence that has 
been conjugated to a detectable label. Enzymes, fl uorophores, and bioluminescent 
proteins have all been incorporated into various DNA hybridization assay 
designs.

Recently, Jia and colleagues employed aequorin in one such DNA hybridization 
assay using a miniaturized microfl uidics platform [121]. In this assay single-
stranded DNA probes were fi rst immobilized in the hybridization column of a 
microfl uidics fl ow cell (Fig. 10.6). The disposable, polydimethylsiloxane (PDMS), 
fl ow cells were replicated from a master mold designed using lithography 
techniques. Four individual fl ow cells were aligned on a single compact disc 
platform. This CD platform utilizes centrifugal force to manipulate the reagents in 
the fl ow cells. Changing the angular velocity of the spinning CD allows sequential 
release of reagents from subsequent chambers (Fig. 10.7) and allows for the fi ne-
tuning of fl ow rates.

Biotinylated DNA target strands that were complementary to the immobilized 
DNA probe strands were located in the sample chamber (Fig. 10.7). This bio-

Fig. 10.7  Design of the fl ow cell: 

1. Hybridization column. 

2. Sample chamber. 

3. Blocking buffer chamber. 

4. Wash buffer chamber.

5. Streptavidin–aequorin conjugate chamber.
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tinylated DNA was pushed into the hybridization column by spinning the CD at a 
specifi c velocity (500 rpm). The complementary biotinylated DNA became bound 
to the immobilized DNA in the hybridization column, and excess, unbound DNA 
was removed with subsequent washing steps.

Next, streptavidin–aequorin conjugates were released into the hybridization 
column (Fig. 10.7) by spinning the CD at 1000 rpm. The streptavidin component 
of the streptavidin–aequorin conjugates binds tightly to the biotinylated target 
DNA, and the aequorin produces a bioluminescent signal following the addition 
of a Ca2+-containing buffer. The bioluminescent light signal detected was found 
to be proportional to the concentration of biotinylated target DNA present in a 
sample, as shown in the following dose–response curve in Fig. 10.8.

This microfl uidics aequorin-based hybridization assay was able to detect 
the presence of the complementary target DNA down to 1-pM concentrations. 
This detection limit is two orders of magnitude lower than the corresponding 
fl uorescence hybridization assay performed with a fl uorogenic substrate.

The implementation of aequorin onto miniaturized microfl uidic platforms has 
to date been very limited. To our knowledge, the aforementioned DNA hybridi za-
tion assay is the only case in which aequorin has been employed in a miniaturized 
microfl uidics device. However, the sensitivity, versatility, and widespread use of 
aequorin in assay development suggest that it may be utilized more and more as 
miniaturization and microfl uidics technologies advance.

Fig. 10.8  Dose–response curve for 

the microfl uidic, aequorin-based DNA 

hybridization assay. Flow and passive 

indicates the assay performed with fl uids 

fl owing via centrifugal force (fl ow) and 

fl uid being allowed to simply remain in the 

hybridization column for 3 min without fl ow 

conditions (passive).
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10.3 

Future Perspectives

There are a number of photoproteins in addition to those described in this 
chapter that have been discovered and characterized. The examples include 
obelin, mitrocomin, clytin, red fl uorescent proteins, etc. Among these, obelin, 
mitrocomin, and clytin are calcium-binding photoproteins similar to aequorin in 
that they consist of apoprotein, coelenterazine, and molecular oxygen. Applications 
of obelin as a label in bioanalysis have been established previously, but it has not 
yet been employed in miniaturized systems. Red fl uorescent proteins isolated 
from a variety of organisms are structurally very similar to GFP but have red-
shifted excitation and emission maxima when compared to GFP. This property 
should allow easy analysis in biological samples because of the low background 
signal in the red region of the spectrum. The proteins described here and the new 
proteins that are continually being discovered should provide a large arsenal for 
the development of bioanalysis methods and their applications in miniaturized 
microfl uidic systems.

Research into miniaturized, microfl uidic technology amenable to automation 
has grown rapidly during the past decade and shows no indication of plateau-
ing. High-through put screening during drug development and portable on-site 
analytical devices are two important applications of miniaturized microfl uidic 
platforms. This trend towards miniaturization is driven both by the increased speed 
and reproducibility automation confers to experiments and by the considerable 
expense of biomaterials and reagents that is reduced with small volumes. 
Miniaturization is not without drawbacks, however. One of those drawbacks is 
the necessity of incorporating extremely sensitive labels with detection limits 
low enough to be discriminated from noise in such small sample volumes. 
Luminescent proteins, such as GFP, luciferase, and aequorin, are suffi ciently 
sensitive to have been successfully employed as reporters in multiple miniaturized 
microfl uidic systems, as hence reviewed. The versatility, biological safety, and 
sensitivity of these luminescent proteins give them the potential to become an 
even more prominent label in future miniaturized microfl uidic technologies.
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11 

Advances in Instrumentation for Detecting Low-level 

Bioluminescence and Fluorescence

Eric Karplus

11.1 

Introduction

Many experimental methods in biological and biochemical research involve 
the use of bioluminescent and/or fl uorescent reporter systems. There continue 
to be advances in high-sensitivity, low-noise light detection technology, and it 
can be a daunting task to determine which technology is best for a particular 
application.

When selecting a detection technology, there are important factors such as 
cost and quality of support that deserve careful consideration. However, it is 
also important to be able to consider as objectively as possible how well the 
different technologies will perform from a quantitative perspective. Some of the 
fundamental limits of detection will be considered, and some considerations 
for effectively detecting low-level fl uorescent and bioluminescent signals will be 
discussed.

11.2 

Low Light Levels

Visible light is a form of energy that can be observed by the human eye. It has 
been observed that visible light energy occurs in discrete units, and these units 
are called photons. Photons can be theoretically treated as particles having an 
energy E proportional to their wavelength  as follows:

E = h c / ,

where h is Planck’s constant and c is the speed of light in a vacuum. The human 
eye perceives light of different wavelengths as different colors as shown in 
Table 11.1, which is provided as an approximate reference. Perception of a color 
by the human eye is not guaranteed to be a reliable indication of the wavelengths 
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present in the light observed for two main reasons. First, different people may 
perceive the same wavelength as a slightly different color. In addition, different 
combinations of different intensities of light at different wavelengths can be 
perceived by the human eye as equivalent colors. Such light combinations are 
called metamers, and these can be differentiated only by using wavelength-
sensitive instrumenta tion.

Because light interacts with solid materials in wavelength-dependent ways, it is 
possible to construct wavelength-dependent optical systems that perform import-
ant functions in scientifi c research. One important characteristic of materials used 
for optical components is transmission effi ciency, which will be discussed in more 
detail below. Careful engineering of the transmission characteristics of materials 
can be used to construct interference fi lters that allow only certain wavelengths 
of light to pass through.

Another important characteristic of materials used for optical components is 
wavelength-dependent index of refraction, which indicates how fast light travels 
inside the material. This characteristic can result in problems such as chromatic 
aberrations in lenses, but it can also be used to advantage in components such as 
prisms when wavelength-dependent behavior is of interest. Another method of 
separating light based on its wavelength is to use a diffraction grating consisting 
of small slits spaced very close together that reflect light at a wavelength-
dependent angle. Diffraction gratings are commonly used in spectrographs and 
monochromators to process light based on its wavelength.

It has been observed that certain materials will absorb energy in the form of light 
at one wavelength and then reemit slightly less energy in the form of visible light at 
a longer (redder) wavelength. This phenomenon is known as fl uorescence. A wide 
range of biological and biochemical methods take advantage of the fl uorescence 
process to enable detection of biological and biochemical activity at a molecular 
level. The presence of inherent fl uorescence, often called autofl uorescence, in 
a number of biological and biochemical materials can limit the usefulness of 
fl uorescence methods in certain situations.

In bioluminescent reactions, a chemical reaction spontaneously emits energy 
in the form of visible light. Some very useful reporters have been developed that 

Table 11.1  Approximate relationships between perceived color and wavelength.

Color Wavelength

Violet 380–435 nm

Blue 435–500 nm

Cyan 500–520 nm

Green 520–565 nm

Yellow 565–590 nm

Orange 590–625 nm

Red 625–740 nm
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cause energy in the form of visible light to be emitted when certain biological or 
biochemical reactions take place. Inherent luminescence, or autoluminescence, is 
extremely rare; therefore, bioluminescent methods are often a good choice when 
it is important to have a low background signal.

Both luminescent and fl uorescent methods are fi nding increased applications in 
living cells as well as in in vitro environments. Proper use of fl uorescent methods 
requires a careful consideration of how to properly excite the fl uorescent molecules 
being investigated. Issues of fl uorescence illumination are beyond the scope of 
this presentation, which focuses on optimization of the detection of the emitted 
light. Block diagrams of the components involved in detecting visible light emitted 
when using bioluminescent and fl uorescent methods are shown in Fig. 11.1.

The lowest level of light that can be detected is a single photon. In practice, 
detection systems are less than 100% effi cient, so a sample must produce more 
than one photon in order to guarantee that the emitted light can be reliably 
detected. For example, if a detection system is 5% effi cient, then a sample must 
emit 20 photons in order for just one of them to be detected. Furthermore, 
practical detection systems are affected by various noise sources that cannot 
be distinguished from a true signal; thus, the output of a detection system 
always consists of an inseparable combination of signal and noise. In addition, 
when luminescent and/or fl uorescent reporters are used to make quantitative 
measurements relating to biological or biochemical systems, it is necessary to have 
statistically signifi cant measurements of the amount of detected light in order 
to make reliable statements about the amount of light emitted by the sample. 
Ultimately it is best to have a sample that emits as much light as possible and a 
detection system that has the highest detection effi ciency and lowest noise possible. 
Issues affecting the design and implementation of such systems are considered 
in the balance of this chapter.

Fig. 11.1  Block diagrams of components involved in low-light-level 

(a) bioluminescence and (b) fl uorescence detection.
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11.3 

Methods of Coupling the Signal to the Detector

An important aspect of experimental design is the optical system used to collect 
light from the sample and direct it to the detector. The four general categories for 
optical systems shown in Fig. 11.2 will be considered: (1) proximity focused, (2) 
microscope objective, (3) macro lens, and (4) fi ber optic. In some cases the physical 
constraints of the sample force selection of a certain confi guration. Key aspects 
of each confi guration will be introduced, and a discussion of how to evaluate the 
performance of an optical system will be considered next.

11.3.1 

Proximity Focusing

In a proximity-focused system, the object is placed as close as possible to the 
detector’s photosensitive layer. This system requires no, or only minimal, optical 
elements, but it precludes any magnifi cation or reduction of the image and 
generally results in an out-of-focus image because of the thickness of the sample 
and the presence of a protective layer of glass or other material over the active 
area of most detectors, both vacuum based and solid state.

Proximity focusing is usually the most effi cient method for coupling bio lumi-
nescent samples to a non-imaging detector such as a photomultiplier tube. It is 
usually not an effective method for coupling light into cooled detectors because of 
the large distance between the photosensitive layer of the detector and the outside 
surface of the input window of the detector’s cooling chamber (see Fig. 11.11).

Fig. 11.2  Four general categories of optical systems used for 

low-light-level bioluminescence and fl uorescence detection.
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11.3.2 

Microscope Objectives

Microscope objectives are generally used when the sample is smaller than the 
detector’s photosensitive layer and/or there is a need to see features of the 
sample that are smaller than the spatial resolution of the detector would normally 
allow. For example, the smallest pixels on most scientifi c-grade charge-coupled 
devices (CCDs) are around 6 microns, which allow reliable imaging of features 
about 12 microns or larger. A 20  microscope objective will nominally project 
0.3 microns of the sample onto one 6-micron pixel of the CCD, so the limiting 
resolution factor will no longer be the resolution of the detector but instead will 
be the diffraction limits of the light and the other optical elements being used in 
the image path.

Microscope objectives usually bear markings that indicate numerical aperture 
and magnifi cation, and the impact of these specifi cations on the performance of 
an optical system will be discussed below. Microscope objectives are located close 
to the sample, and the physical working distance between the front surface of the 
objective and the focal plane where the sample must be placed can be extremely 
small, especially for high-magnifi cation, high-numerical-aperture objectives. The 
physical thickness of a sample or the thickness of a glass element through which 
it must be viewed can preclude the use of certain microscope objectives because 
of working distance limitations.

11.3.3 

Macro Lenses

Macro lenses are generally used when the sample is larger than the detector’s 
photosensitive layer, e.g., with imaging gels or live animals such as rats or mice. 
Another situation when macro lenses are helpful is when a single detector is being 
used to detect light from regions that are spread out widely in space, e.g., when 
detecting simultaneous light emissions from multi-well plates.

Macro lenses usually bear markings that indicate F/stop, which is inversely 
proportional to numerical aperture. The impact of this specifi cation on the 
performance of an optical system will be discussed below.

Macro lenses are located close to the detector and far from the sample. There 
are a variety of standard “lens mount” specifi cations such as C-mount, CS-mount, 
F-mount, etc. These specifi cations determine the diameter of the lens elements that 
can be used as well as the optical distance between the mounting fl ange surface and 
the photosensitive layer of the detector (see Fig. 11.11). Cooled detectors normally 
have a cooling chamber that requires an insulating window several millimeters 
in front of the photosensitive layer of the detector. This reduces the free distance 
behind the lens mount fl ange and can preclude the use of certain macro lenses 
that have lens elements that protrude too far behind the mounting fl ange.

11.3  Methods of Coupling the Signal to the Detector
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11.3.4 

Fiber Optics

Fiber optics are constructed by coating a core material having an index of refraction 
N1 with a clad material having a lower index of refraction N2. The interface between 
these two materials defi nes a surface that will refl ect light incident at or below a 
critical angle defi ned as

Acrit = sin–1 {[(N1)
2 – (N2)

2]½} (1)

Any light entering the core material with an angle of incidence that is smaller 
than the critical angle at the input surface will be refl ected at the core–clad interface, 
resulting in the core–clad assembly functioning as a “light pipe”. A schematic of 
a typical single fi ber optic element is shown in Fig. 11.3. In situations where a 
sample does not need to be imaged, a proximity-focused fi ber optic (i.e., placing the 
sample as close as possible to the input surface of a fi ber optic and the detector as 
close as possible to the output surface of the fi ber optic) is often the most effi cient 
way to collect light from the sample and couple it to the detector.

Multiple fi ber optic elements can be fused together to form an “image conduit”. 
The cladding material occupies part of the surface area of such a fused bundle, 
so the overall transmission of the bundle is lower (typically 30–40% lower) than 
the transmission of an equivalent lens optic. However, the numerical aperture 
at the input surface of the bundle can approach 1.0. As discussed below, this 
high numerical aperture can provide a tremendous light-gathering benefi t in 
applications where the sample can be proximity focused onto the input surface 
of the bundle.

In certain detector structures discussed below, a fused bundle can be directly 
integrated into the detector structure to achieve extremely high-numerical-aperture 
light collection. Fused fi ber optic bundles can also be tapered to accomplish 
magnifi cation or reduction, typically by a factor of up to three. However, this scale 
change occurs at the expense of a proportional reduction in numerical aperture, 
which is not always an acceptable tradeoff.

Fig. 11.3  Schematic of a fi ber optic.
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11.4 

Evaluating the Performance of an Optical System

Important considerations regarding the performance of the optical system include 
numerical aperture, transmission effi ciency, and magnifi cation. Additional 
considerations such as spatial resolution and distortion correction will not be 
treated extensively here.

11.4.1 

Numerical Aperture

The light collection effi ciency of an optical system is largely determined by a 
quantity known as numerical aperture. The numerical aperture of an optic is 
described as

NA = n sin  (2)

where n is the index of refraction of the media between the sample and the optic 
(nair = 1.0, nwater = 1.3, noil = 1.51) and  is the angular aperture of the system, 
measured as the half-angle included by a cone with its apex at the sample and its 
base at the perimeter of the fi rst surface of the collection optic when the sample 
is in the location at which it will be observed. A schematic of this is shown in 
Fig. 11.4.

The numerical aperture of an optic can be used to determine the percentage of 
total light that can be collected from a point source that is emitting uniformly in all 
directions. Considering the schematic in Fig. 11.4, the light emitted from a point 

Fig. 11.4  Schematic showing the spatial interpretation of numerical aperture.

11.4  Evaluating the Performance of an Optical System
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source at the center of the sphere S will be distributed evenly across the surface 
of the sphere. The area of the sphere that is intercepted by the optic is projected 
onto an area Ap, optic. The projected area can be computed as follows:

2
2 2 2

p,optic
0 0

d (cos ) sin d 2 sinA R R= =∫ ∫
 

(3)

The maximum projected surface area on the optic side hemisphere of the 
spherical surface S occurs when  = 90 degrees:

Ahemisphere = 2  R2 (4)

If we accept that the source is radiating uniformly in all directions, only half 
of the total light emitted propagates into the optic side hemisphere. Thus, the 
fraction of the total emitted light that is collected by the optic, Qoptic, is given by 
half of the ratio of these two areas:

Qoptic = (Ap, optic / Ahemisphere) / 2 = (2  R2 sin2  / 2  R2) / 2 = sin2  / 2 (5)

From this it can be seen that an optic’s collection effi ciency for a luminous point 
source is proportional to the square of the optic’s numerical aperture. Substituting 
in the defi nition for numerical aperture from Eq. (2) when the index of refraction 
is 1.0 (for air) gives

Qoptic = NA2 / 2 (6)

The impact of numerical aperture on overall collection effi ciency is signifi cant, 
and when very low levels of light are being detected, it is always important to 
seek the highest possible numerical aperture optics that will meet the other 
requirements of the system. The only exception to this is when the numerical 
aperture of the sample is fi xed and known and can be oriented properly relative 
to the detector. In cases such as this, it is not helpful to have a collection system 
with a numerical aperture higher than the numerical aperture of the sample.

A graph of the percentage of light collected by an optic in air as a function of 
numerical aperture from a point source emitting uniformly in all directions is 
shown in Fig. 11.5.

Microscope objectives usually have the numerical aperture printed directly on 
the side after the magnifi cation (e.g., 10  / 0.25 means a numerical aperture of 
0.25). In practice, the highest angular aperture that can be readily achieved with 
a microscope objective is around 72 degrees, giving practical numerical aperture 
limits as shown in Table 11.2.

Most macro lenses are characterized by a quantity known as f/number, which is 
the ratio of the diameter of the lens d to the focal length of the lens f. This quantity 
can also be expressed as a function of numerical aperture as follows:

f/number = d / f = 1 / (2  NA) (7)
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Low f/number (high NA) lenses are called “fast” because they gather a lot of light, 
requiring a shorter exposure time to form a bright image. High f/number (low 
NA) lenses are called “slow” because they gather less light and require a longer 
exposure time to form a bright image. In practice, most of the fastest commercially 
available macro lenses have an f/number of 1.0. Some inexpensive aspheric macro 
lenses with an f/number as low as 0.8 are available, but these lenses may introduce 
geometric distortion that can cause trouble in certain imaging applications.

Numerical aperture also determines the depth of field, which describes 
the thickness of the section of the sample that appears to be in focus. High-
numerical-aperture (low f/number, or fast) lenses have a smaller depth of fi eld 
than low-numerical-aperture (high f/number, or slow) lenses. Depth of fi eld can 
be defi ned in a variety of ways, but the following proportionality relationship is 
generally expressed:

Fig. 11.5  Percentage of total light collected by an optic in air as a function 

of numerical aperture in the case of a uniformly emitting point source, 

showing practical limits for some common optical systems.

Table 11.2  Practical numerical aperture limits for microscope objectives.

Media NA limit

Air 0.95

Water 1.26

Oil 1.44

11.4  Evaluating the Performance of an Optical System
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DOF ~ 1 / NA ~ f/number (8)

Numerical aperture also determines the resolving power of a lens. There are 
a variety of methods for assessing resolving power, but all generally express the 
following proportionality relationship:

d ~  / NA ~   f/number (9)

where d represents the minimum size of the object that can be discerned,  is the 
wavelength of the light being used to observe the sample, and NA is the numerical 
aperture of the optics being used. The general principle is that the best resolving 
power comes from using the shortest wavelength light and the highest numerical 
aperture lens.

From the above it appears that higher numerical apertures are always more 
desirable, but in practice there may be a tradeoff in signal-to-noise ratio. For 
example, in the case of microscope objectives, higher numerical apertures are 
normally available only with higher magnifi cation lenses, so the increased signal 
is spread out over a larger area of the detector. As will be discussed below, this 
increases the amount of dark noise that is superimposed on the true signal, 
reducing the effective signal-to-noise ratio.

11.4.2 

Transmission Effi ciency

Transmission effi ciency indicates how much light is lost because of refl ections 
at optical surfaces and absorption within the lens elements. Most high-quality 
commercial lenses use antirefl ection coatings on the surfaces to minimize 
refl ective losses. Most lens materials also transmit well in the 390–700 nm visible 
light spectrum. However, because the transmission effi ciency of the total optical 
system is the product of the independent transmission effi ciencies of each optical 
element, it is best to minimize the number of optical elements in the system. For 
example, if each surface of a lens loses 0.1% to refl ection and absorbs 0.2% of 
the light passing through the interior of the lens, then the overall transmission 
effi ciency of the single lens element is

T = 99.9%  99.8%  99.9% = 99.6%.

In a typical microscope objective, there may be eight individual lens elements. 
If we assign the above transmission to each element, the overall transmission of 
the objective will be

T = (99.6%) ^ 8 = 96.8%.

This transmission percentage is quite high, but it also makes very optimistic 
assumptions about the transmission effi ciency of each lens element. In practice, 
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many objectives have overall transmission effi ciencies that are better than 90% 
in the range of 400–700 nm. When comparing a variety of otherwise equivalent 
objectives for an application, transmission efficiency should be taken into 
consideration.

11.4.3 

Magnifi cation

Optical systems with higher magnification tend to have higher numerical 
apertures, while optical systems with greater reduction (i.e., increased fi eld 
of view) tend to have lower numerical apertures. However, choosing a higher 
magnifi cation optic to achieve a higher numerical aperture is not always a sound 
approach. Even though more light is collected, it is spread out over a larger area, 
affecting the apparent brightness of the image:

Bluminescence ~ NA2 / M2 (10)

Consider the difference between a 5  / 0.25 NA lens and a 20  / 0.75 NA lens. 
From Eq. (6) this lens should collect (0.75)2 / (0.25)2 = 9 times more light; however, 
this light will be spread out over a 16-times larger area, resulting in an image 
that is 9/16 = 56% as “bright”. Figure 11.6 shows brightness as a function of 
magnifi cation in a luminescence detection confi guration for some of the brightest 
commercially available microscope objectives.

In non-imaging applications, this reduction in brightness is of no consequence 
provided the detector is large enough to collect all of the light that the optics project 
from the sample. However, in imaging applications, the reduction in brightness 
causes a corresponding decrease in the signal-to-noise ratio. This decrease results 
because the dark noise that is superimposed on the signal is proportional to the 
area over which the signal occurs, so if the same signal is spread out over a larger 
area, it will have correspondingly more noise superimposed on it. An example of 
the impact of brightness on signal to noise is given below.

In fl uorescence detection confi gurations, represented generally in Fig. 11.1b, 
the excitation light source usually includes optical elements. In cases such as 
epifl uorescence microscopy, where the excitation and detection systems share 
some optical elements, it is necessary to optimize the optical elements from 
the perspective of the excitation source requirements as well as the detector 
requirements. 

For example, if the fl uorescence excitation light is in the ultraviolet range (e.g., 
< 390 nm), there can be a benefi t from selecting lenses made from quartz or 
other materials that transmit well at short wavelengths. Because epi-illumination 
optics use the microscope as a condenser to collect light from the illuminator, 
the brightness of the image in fl uorescence detection confi gurations is related to 
numerical aperture and magnifi cation as follows:

Bfl uorescence ~ NA4 / M2 (11)

11.4  Evaluating the Performance of an Optical System
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In all imaging applications, the distortion introduced by the optical elements 
should also be considered. As mentioned previously, aspherical macro lenses often 
have very high numerical apertures, but they also tend to introduce distortions 
in images. Sometimes this is an acceptable tradeoff because of the increase in 
signal collected.

11.5 

Detector Technologies

Most light detector technologies can be grouped into two main categories: vacuum 
based and solid state. Schematics of these two main categories are presented in 
Fig. 11.7.

Vacuum-based light detectors utilize a photocathode, a thin layer of photo sensi-
tive material deposited on a solid surface internal to the vacuum, to convert incident 
photons into free photoelectrons in the photosensitive material. By applying an 
electric fi eld across the vacuum enclosure, the free photoelectrons in the thin 
layer can be harvested into the vacuum and collected on an electrode at the other 
end of the fi eld. The electrical signal collected on the electrode corresponds to the 
optical signal on the photosensitive material, thus forming an optical detector. Most 

Fig. 11.6  Brightness as a function of magnifi cation for luminescence detec-

tion with some of the brightest commercially available microscope objectives.

1311vch11.indd 2101311vch11.indd   210 30.06.2006 22:03:5030.06.2006   22:03:50



211

vacuum-based detectors have internal amplifi cation mechanisms that multiply 
a single electron liberated from the photocathode deposit layer into a bundle of 
electrons that arrives on the output anode. Common examples of vacuum-based 
detectors are photomultiplier tubes and image intensifi ers. In photomultipliers, 
the amplifi cation mechanism is usually a series of metal plates or other structures 
called dynodes. In image intensifi ers, the amplifi cation mechanism is usually a 
stack of one or more microchannel plates. Image intensifi ers normally have an 
anode consisting of a phosphor material coated on a fi ber optic faceplate. When 
the bundle of electrons from the microchannel plate stack is accelerated into the 
phosphor, it produces a bright spot as the energy in the electrons is converted back 
into photons. This light can then be viewed with the human eye, as is common 
in night vision systems or with a solid-state detector such as a CCD camera, as is 
common for intensifi ed CCD detectors.

In solid-state light detectors, the incident photons are converted into photo-
electrons that move within the atomic structure of a solid material rather than 

Fig. 11.7  (a) Vacuum-based detector structure (b) solid-state detector.

11.5  Detector Technologies
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within a vacuum enclosure. A common solid-state detector that has no internal gain 
is the photodiode, which provides direct current readout that is proportional to the 
number of electrons generated in the absorption layer of the device. A variation 
on this device called an avalanche photodiode has an internal gain mechanism 
that multiplies a single electron produced in the absorption layer into a bundle 
of electrons that is extracted from the output of the device.

A common solid-state detector used for imaging applications is called a charge-
coupled device (CCD) camera. Two important versions of CCDs are illustrated in 
Fig. 11.8. These devices consist of an array of special electron storage areas called 
pixels fabricated on a monolithic substrate. Photoelectrons migrate from the 
absorption layer into the pixel wells during an integration period, and the array 
is periodically read out to determine how many photoelectrons were collected in 
each pixel. The readout process involves shifting charge laterally across the device 
to a readout channel and then serially down the readout channel to an output 
amplifi er. For scientifi c grade CCDs, the effi ciency of moving charge from one 
pixel to the next and then out the readout channel is high enough to make losses 
inconsequential.

Fig. 11.8  Conceptual illustration of (a) a front-illuminated CCD and 

(b) a back-illuminated CCD.
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The input signal must be blocked during the readout cycle so that it does not 
smear on top of the collected image during readout. This results in unavoidable 
dead time for the detector, which can be a signifi cant problem in applications 
where dynamics of a low-light-level signal are being studied.

The main difference between the two CCD structures shown in Fig. 11.8 
is which side of the substrate is used to convert photons into electrons. The 
front-illuminated structure is easier to fabricate and thus has a lower cost, but 
some of the light is inevitably blocked by the gate structures that are needed to 
accomplish the charge transfer process. This loss is eliminated by etching the 
back of the substrate so that there is only a thin layer behind the pixel wells. 
Then the unobstructed back side of the device can be used to convert photons 
into electrons that are stored in the pixel wells. The quantum effi ciency of such 
devices can exceed 90% over a fairly broad range of the visible light spectrum. 
A signifi cant economic drawback of these devices is that the fabrication process 
has a low yield, primarily because the etching process needs to be uniform and the 
resulting thinned device is extremely fragile. However, there have been marked 
improvements in performance and reductions in cost as the demand for back-
illuminated CCDs has increased.

An important category of recently developed solid-state detectors is known 
as electron-multiplying CCDs (EM-CCDs). These devices have a special built-
in electron-multiplying structure called a gain register inserted between the 
readout channel and the readout amplifi er. The gain register performs very low 
noise amplifi cation of the photoelectrons stored in each pixel. This feature can 
remove the limitation of read noise that prevents traditional CCDs from being 
used in some important low-light-level applications. The combination of a back 
illuminated CCD with an electron-multiplying readout amplifi er can provide some 
of the best performance available for low-light-level detection; however, there are 
situations where vacuum-based detectors still provide a superior result, and not 
just because of cost.

A cousin of CCD detectors that deserves recognition is CMOS imaging sensors, 
which are array detectors similar to CCDs, but the fabrication and readout process 
is different. To date, CMOS imagers have had too much intrinsic dark noise for 
effective use in low-light-level detection.

A third category of light detector devices has been developing in recent years as 
well. It consists of a solid-state detector sealed inside a vacuum enclosure. In this 
confi guration, a photocathode is used to convert photons into electrons, and the 
electrons are then accelerated towards the solid-state device. Some gain is realized 
by bombardment, when the electron strikes the solid-state device and produces 
many free electrons as its energy is absorbed. Additional gain can be realized 
either intrinsically in the solid-state structure (e.g., when the solid-state device is an 
avalanche photodiode) or more commonly in the readout amplifi er, when the solid-
state device is a CCD or CMOS imaging sensor. Some commercial products based 
on these structures are beginning to emerge. Their main benefi t for low-light-level 
detection is the ability to use the low noise of a photocathode while achieving better 
spatial resolution than a comparable vacuum-only device would afford.

11.5  Detector Technologies
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11.6 

Selecting the Right Detector

Table 11.3 presents some broad generalizations about the differences between 
vacuum-based and solid-state detectors. Solid-state devices have earned the repu-
tation of being superior to vacuum-based devices, but there are notable exceptions 
to this situation. Vacuum-based detectors usually have a much lower cost per unit 
of active area than comparable solid-state detectors. In addition, certain types of 
photocathodes can achieve a lower noise level per unit area than even the best-
cooled solid-state devices. However, the high sensitivity, high spatial resolution, 
compact size, simple power requirements, and overall robust performance of 
solid-state detectors make them a better choice for many applications.

Table 11.3  General distinctions between vacuum-based and solid-state detectors.

Vacuum based Solid state

Cost per unit of active area Lower Higher

Noise per unit area Lower Low

Sensitivity Lower Higher

Spatial resolution Lower Higher

Detector volume Larger Smaller

Power consumption Higher Lower

Effective detector selection involves much more than a cursory consideration 
of generalizations. Within the two broad categories of detectors, there are many 
different products offered by several different vendors, often with a variety of 
claims about notable aspects of performance capabilities. It is important for a 
prospective customer to be able to assess the accuracy of such claims as well as 
their relevance to the application under consideration.

11.7 

Detector Sensitivity

An important characteristic of a visible light detector is its wavelength-dependent 
response. There are many different ways that vendors report the wavelength-
dependent response of the detectors they offer. Direct comparison of detectors 
can be done only after the methodologies have been examined carefully. Even if a 
published response curve is taken to be truly representative of a certain aspect of 
the detector’s performance, it may not directly indicate the relationship between 
input and output. A notable example of this is with vacuum-based detectors such as 
photomultipliers and image intensifi ers, where the sensitivity of the photocathode 
is often reported without indicating how much of the photocathode signal becomes 
real output signal. In addition, response curves published in product literature 
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are usually only representative of typical performance and are not a guarantee of 
actual performance.

In order to compare different detector options, it is usually necessary to use 
each detector’s published response curve to generate a “true response” curve 
that expresses the probability that a single photon with a given wavelength will 
be detected as a signal. Detection quantum effi ciency (DQE) is a parameter that 
expresses the probability that an incident photon will be converted into a free 
electron inside the device, as shown in Fig. 11.7. Some vendors report a QE value 
in relative units, which is often a sign that the DQE is not very good. This is 
common for front-illuminated CCDs that have gate structures covering part of the 
active area and, in some cases, dead space in between each pixel to achieve other 
useful features. Relative QE values are not meaningful for comparison of different 
detector options unless the relative values can be converted into DQE values.

It is a common practice for scientifi c grade CCD manufacturers to report 
absolute QE values, and usually these values are equivalent to the DQE of the 
device. Many vacuum-based device manufacturers also report QE in absolute 
units, but they are often vague about whether it represents photocathode QE 
(more common) or detection QE (very uncommon). Because not all electrons 
liberated from the photocathode result in output signal, it is important to make 
sure that the fi gures being considered for comparison with the performance of 
solid-state devices represent DQE. Some typical response curves for a variety 
of detectors are shown in Fig. 11.9. It is important to recognize that while the 

Fig. 11.9  Examples of DQE response curves with markers showing peak 

emission wavelengths for two traditional bioluminescent reporters.

11.7  Detector Sensitivity
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data shown in Fig. 11.9 represent some of the best-published characteristics of 
real detectors, not all products from all vendors will perform according to the 
characteristics shown.

It is important to realize that very few biological and biochemical reporters 
emit light at a single wavelength. Normally the emission is spread over a range 
of tens of nanometers full width at half maximum (FWHM). For example, 
aequorin and fi refl y luciferase have a FWHM of around 70 nm. It is a good 
fi rst-order approximation to evaluate detector response at the peak wavelength, 
but if the peak falls on a steep edge of the response curve, it can be critical to 
more carefully evaluate the impact of the range of emission wavelengths on the 
detected signal.

11.8 

Detector Noise

As mentioned previously, the output of a detection system always consists of an 
inseparable combination of signal and noise. It is possible to make a measurement 
of the average noise level of a detector and subtract this average noise level from 
each measurement to estimate the net true signal. However, a signal cannot be 
reliably detected unless it is suffi ciently strong relative to the noise level, so it is 
important for the noise level of a detector to be as low as possible.

Noise is a concern for both vacuum-based and solid-state detectors. In vacuum-
based and hybrid-style detectors that have internal gain, the primary source of 
noise that must be taken into consideration is spuriously generated electrons 
in the photocathode material. These are electrons that become free inside the 
photocathode when there is no light incident on it. Thus, this noise is often 
called “dark noise” or “dark signal”, because it represents the response of the 
device when it is in the complete dark. Some photocathode materials have a dark 
noise response that exhibits strong temperature dependence; therefore, there can 
be a signifi cant benefi t to cooling the photocathode material. The temperature 
dependence is typically exponential, so even a small amount of cooling can provide 
a tremendous benefi t.

In solid-state detectors, there are two main types of noise that can cause trouble 
for low-light-level detection. The fi rst is dark noise, which results from spuriously 
generated electrons that collect in the pixel wells even when there is no incident 
light. This dark noise has a variety of sources within the CCD structure. Ultimately, 
it exhibits exponential temperature dependence, and thus cooling the detector 
can be a tremendous benefi t. An important method for reducing dark noise in 
CCDs by several orders of magnitude is called inverted-mode operation (IMO) or 
multiphase pinning (MPP). This method involves reverse biasing certain parts of 
the device structure during signal collection. These biases cannot be maintained 
during the readout cycle, and in some cases the contribution of dark noise from 
the readout cycle can be signifi cant, even when the dark noise from the signal 
collection period is low.
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Another kind of noise that can affect a solid-state detector is readout noise, 
which is introduced by the readout amplifi er. Generally this noise can be reduced 
by cooling the readout amplifi er and slowing down the readout process. However, 
the lowest read noises that have been achieved using these methods require very 
slow readout on the order of 20 000 pixels per second, which means it will take 
about 13 seconds of dead time to read out a 512  512 array. In addition, the noise 
level even at this low speed is still in the range of three electrons per pixel (rms), 
which can overwhelm even a modest amount of other dark noise sources. One 
approach that can be helpful is to bin together adjacent pixels, which reduces the 
impact of the read noise on the overall signal-to-noise ratio but also decreases the 
effective spatial resolution of the detector. A better solution to this problem has 
been achieved by electron-multiplying CCD technology, which can amplify the 
electrons in each pixel by a nearly noiseless gain of up to 1000 before sending the 
signal to the readout amplifi er. With this technology, the read noise of even an 
uncooled readout amplifi er operating at high speed can be easily overcome.

Another noise source that affects low-light-level detectors is cosmic rays, a 
name given to naturally occurring high-energy particles that are periodically 
absorbed by the detector material, usually producing thousands of free electrons 
in a very small space over a very short period of time. Cosmic rays are thought to 
arise from a variety of sources, and to date there are no known technologies for 
shielding detectors from this type of radiation. In many vacuum-based detectors 
it is possible to screen out such high-energy events by monitoring the energy level 
of each detected photon event. However, in a traditional CCD, it is not possible to 
directly distinguish free electrons produced by a cosmic ray from free electrons 
produced by visible light.

Fortunately, the fl ux of cosmic rays is relatively low, and the probability of one 
being intercepted by a detector is also relatively low, on the order of one to two 
events per minute per square centimeter. Because of the infrequency of these 
events, and because they deposit a very high amount of energy in a very small 
area over a very short period of time, such events normally appear as very small, 
intense, bright spots superimposed on a much lower intensity image. A variety 
of image-processing methods have been developed to identify cosmic ray spots in 
the image and estimate the “true” signal based on the signal level in surrounding 
pixels. In practice, cosmic ray noise is usually noticeable only in very low-light-level 
imaging with solid-state detectors when observation occurs over a continuous 
period of several minutes.

Based on the above discussion, the limiting factor for both vacuum-based and 
solid-state detectors is ultimately the dark noise-generated electrons that look the 
same as photoelectrons in the device. In order to make comparisons between 
different detectors, it is important to normalize the dark noise specifi cation by the 
unit area it covers, since the signal from a sample will be spread out over a fi xed 
area on the detector regardless of the pixel size. For example, a noise specifi cation 
of 0.005 electrons per pixel per second in a 24-micron square pixel is actually lower 
than a noise specifi cation of 0.0035 electrons per pixel per second in a 16-micron 
square pixel (8.7 events s–1 mm–2 for the former vs. 14 events s–1 mm–2 for the 

11.8  Detector Noise
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latter). A graph of common dark noise characteristics as a function of temperature 
for a variety of detectors is shown in Fig. 11.10.

As can be seen clearly from Fig. 11.10, there can be a tremendous benefi t 
from cooling many types of detectors. It is important to recognize that while the 
data shown in Fig. 11.10 represent some of the best-published characteristics 
for real detectors, not all products from all vendors will perform according to 
the characteristics shown. For example, EMCCDs from different vendors will 
not all have the same specifi cation for dark noise per unit area at –70 C. When 
evaluating detector options for an application, it is important to obtain accurate 
detector performance data for each of the detectors being considered.

There are two additional considerations worth noting when a detector is to be 
cooled. One is that the cooling system will almost always require mounting the 
detector inside a sealed chamber in order to keep moisture from condensing on 
the cooled surfaces of the detector. This requires the use of an input window on 
the cooling chamber, which attenuates the input signal as a result of refl ections at 
the window surfaces and the transmission characteristics of the window material. 
Thus, it is best to use only one highly transmitting, antirefl ection-coated window 
on the cooling chamber and have no protective window over the detector inside the 
cooling chamber. The cooling-system approach shown in Fig. 11.11b also prevents 
the use of a proximity-focused optical system and decreases the useable physical 
distance behind the mounting fl ange of the detector housing to from D1 to D2, as 
shown in Fig. 11.11b, which can preclude the use of certain macro lenses.

Fig. 11.10  Examples of dark noise as a function of temperature for selected detectors.
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Fig. 11.11  (a) Uncooled and (b) cooled detector enclosures.

11.8  Detector Noise
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Another consideration when a detector is cooled is that the quantum effi ciency 
of the detector is normally temperature dependent. For most common visible light 
detectors, quantum effi ciency at wavelengths above 700 nm decreases, sometimes 
rapidly, as temperature decreases. At wavelengths below 700 nm there is often a 
slight increase in quantum effi ciency as temperature decreases. If a detector is 
to be cooled, it is important to make sure that the detection quantum effi ciency 
curve that is used to evaluate the detector’s performance has been obtained at, or 
corrected to account for, the intended operation temperature.

11.9 

Statistics of Photon Counting

As mentioned previously, visible light occurs in discrete units called photons. The 
smallest detectable amount of light is a single photon. In many situations, only a 
very small number of the total photons emitted from a biological or biochemical 
process are reported as signal by the detector being used. This is due to the limited 
ability of the optical system to relay the emitted light to the detector (see Fig. 11.4) 
and because of the limited ability of the detector to convert incident light into true 
signal (see Fig. 11.9).

Because low-level light detection involves counting discrete photon events, it is 
important to consider how counting statistics apply. This can be a very complex 
subject, and only a simple example will be considered here for illustration. 
Consider a situation where a 100-micron diameter spherical sample of aequorin 
with peak emission at 470 nm emits 1000 photons over a period of 100 seconds. 
For convenience, assume that these photons are emitted uniformly throughout 
space and time. If this sample is viewed with a 10  / 0.5 NA lens having 97% 
transmission effi ciency, then the number of photons reaching the detector will 
be

number of photons emitted  collection effi ciency  transmission effi ciency 
= 1000  12.5%  97% = 121 photons.

If these photons are incident on a bialkali photocathode operating at room 
temperature (20 ºC), then the number of detected photons should be

number of photons incident on the detector  detection quantum effi ciency 
= 121  6.8% = 8 photons.

Surprisingly, this is less than 1% of the total signal! When it comes to counting 
eight photons in a row, even if the distribution is uniform through time and space, 
there is a fi nite probability that all eight detected photons will have been emitted 
in such a way that they land on the detector and are reported one after the other. 
If the signal is emitted at 10 photons per second and eight of them are detected 
in a row, they will be collected in a period of 0.08 seconds. If this signal of eight 
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photons in 0.8 seconds is detected and then corrected for the 0.8% overall effi ciency 
of the system, the data would suggest that the emission rate was 1250 photons per 
second over a 0.8-s period rather than 10 photons per second over a 100-s period. 
This extreme case is presented to illustrate why the issue of counting statistics 
is important. It is necessary to know something about the statistical variation of 
an observed signal before statements can be made about how representative the 
measured signal is of the true process.

In many cases it is suffi cient to assume a Gaussian process that has a Poisson 
distribution of the form

P(x) = ( x / x!) e–  (12)

where  is the average value of a set of measurements and P(x) is the probability 
that the measured value will be equal to x. It is possible to defi ne a value called 
a standard deviation,

=  (13)

such that there is a 68% probability that any given measurement x will fall in the 
range of  ±  and a 95% probability that it will fall in the range of  ± 2 .

Applying Eqs. (12) and (13) to the previous example of eight detected photons 
gives a standard deviation of 8 2.8= =  photons, so the measured signal can 
be reported as 8 ± 2.8 photons (±35%) with 68% certainty or as 8 ± 5.6 photons 
(±70%) with 95% certainty.

11.10 

Summary

The uncertainties in the above example are quite high because of the small number 
of photons detected. In summary, some illustrations of how the measurement 
might be improved will be presented.

One option would be to use a higher numerical aperture objective, such as a 
40  / 0.95 NA lens with 97% transmission, which would direct a larger number 
of emitted photons to the detector:

number of photons emitted  collection effi ciency  transmission effi ciency 
= 1000  45%  97% = 438 photons,

number of photons incident on the detector  detection quantum effi ciency 
= 438  6.8% 
= 30 photons 30=  = 5.5 photons 
= 30 ± 5.5 photons (±18%) with 68% certainty 
= 30 ± 11 photons (±37%) with 95% certainty.

11.10  Summary
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Another option would be to use a higher effi ciency detector such as a back-
illuminated electron-multiplying CCD. In this case, the number of detected 
photons should be

number of photons incident on the detector  detection quantum effi ciency 
= 121  84% 
= 102 photons 102=  = 10 photons 
= 102 ± 10 photons (±10%) with 68% certainty 
= 102 ± 20 photons (±20%) with 95% certainty.

Even though these uncertainties may be more acceptable, there is still no 
guarantee that the detected signal will be discernable over the dark noise of the 
detector. In order to calculate the dark noise of the detector, it is necessary to know 
how much area of the detector is covered by the image of the sample. In the case 
of a 10  objective, a 100-micron diameter sample will be projected onto a 1-mm 
diameter circle on the detector having a 0.79-mm2 area. For a bialkali detector, the 
amount of dark signal generated over the 100-s period in this circle will be

dark signal (counts mm–2 s–1)  image area  time 
= 0.062 counts mm–2 s–1  0.79 mm2  100 s = 5 photons.

For a back-illuminated electron-multiplying CCD operating at –90 ºC, the 
amount of dark signal generated would be

dark signal (counts mm–2 s–1)  image area  time 
= 0.78 counts mm–2 s–1  0.79 mm2  100 s = 61 photons.

In the case of a 40  lens, the signal is projected onto a 4-mm diameter circle 
having an area of 12.6 mm2, so the amount of noise generated in the region 
covered by the sample will be 16  higher, while the signal increase that is due to 
a larger NA will be only 3.6  higher.

A good way to assess whether the signal can be discerned over the noise is to 
calculate the signal-to-noise ratio (S/N). Generally an S/N of 3 or more is desirable, 
although it is possible to make some useful observations with signals having lower 
S/N. The S/N expectations for the example above are shown in Table 11.4.

Table 11.4  Summary of S/N results for an example application.

Lens Bialkali photocathode

T = 20 ºC

Back-illuminated EM-CCD

T = –90 ºC

10  / 0.5 NA 8/5 = 1.6
(±35%) with 68% certainty

102/61 = 1.7
(±10%) with 68% certainty

40  / 0.95 NA 30/78 = 0.4
(±18%) with 68% certainty

368/940 = 0.4
(±5%) with 68% certainty
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In this situation it appears that the best selection is a back-illuminated electron-
multiplying CCD operating at –90 ºC, as this will give the best S/N and best 
statistical certainty for the measurement.

There are many issues that must be taken into consideration that may limit the 
range of confi gurations worth considering. For example, a 40  objective is not a 
reasonable option for a sample larger than about 200 microns, as the projected 
image may not land on the physical detector unless it is a large-format detector. 
On the other hand, a 10  objective is generally not very useful for viewing samples 
with 10-micron features.

Other issues affecting detector selection include cost of equipment, software 
capabilities, and level of support available from the vendor. Ultimately, it may be 
necessary to settle for less than optimal signal-to-noise performance in order to 
accomplish the intended research. However, even in such situations it is best to 
select equipment that will optimize the signal-to-noise ratio and maximize the 
statistical certainty of the measurements being made.
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Sylvia Daunert

Aequorin

Protein Description/Properties Applications Commercial sources

Recombinant aequorin Emission max 469 nm
Detection limit: 
1  10–18 M

Calcium 
detection, 
label in 
immunoassays

Senseomics
www.senseomics.com
MP Biomedical
www.mpbio.com
Invitrogen
www.invitrogen.com
LUX Biotechnology
www.luxbiotech.com
Chemicon
www.chemicon.com

ChemFLASH™ 
Streptavidin Conjugate 
Pack

Aequorin conjugated 
with streptavidin

Detection of 
biotinylated 
target

Chemicon
www.chemicon.com

DemoLite™ Plate 
(fl ash luminescence 
test plate)

Serial dilutions of 
lyophilized aequorin

Demonstration 
of instrument 
linearity

Chemicon
www.chemicon.com

Universal Amplicon 
Detection AssayChem 
FLASH™ AquaLite™

Contains anti-FITC 
monoclonal antibody 
conjugated to 
aequorin

Detection of 
amplifi ed DNA

Chemicon
www.chemicon.com

XpressPack™ 
Luminescent Ampli-
fi cation Detection 
System, required 
for luminescent 
XpressPack™

Contains streptavidin 
conjugated to 
aequorin

Detection of 
amplifi ed DNA

Chemicon
www.chemicon.com
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Protein Description/Properties Applications Commercial sources

Aequorin biotin Aequorin conjugated 
with biotin

Avidin-binding 
immunoassays

Senseomics
www.senseomics.com
MP Biomedical
www.mpbio.com

Aquamax-Cortisol Aequorin conjugated 
with cortisol

Cortisol 
detection

Senseomics
www.senseomics.com

Aquamax-Digoxin Aequorin conjugated 
with digoxigenin

Digoxin 
detection

Senseomics
www.senseomics.com

Aquamax-6-keto-
prostaglandin F1

Aequorin conjugated 
with 6-keto 
prostaglandin F1

Detection 
of 6-keto 
prostaglandin 

Senseomics
www.senseomics.com

Aquamax–HIV 
protease substrate

Genetically 
engineered fusion 
protein between 
aequorin and HIV-1 
protease substrate

Sensing HIV-1 
protease and its 
drug inhibitors

Senseomics
www.senseomics.com

Aquamax-Leu-
Enkephalin

Genetically engineered 
fusion protein 
between aequorin and 
Leu-enkephalin

Leu-enkephalin 
detection

Senseomics
www.senseomics.com

Aequorin–Protein C 
conjugate

Aequorin conjugated 
with protein C

Detection of 
infl ammatory 
marker protein 
C

Senseomics
www.senseomics.com

Aequorin anti-
salmonella conjugate

Genetically engineered 
fusion protein 
between aequorin and 
anti-salmonella ScFv

Salmonella 
detection

Senseomics
www.senseomics.com

Obelin

Protein Description/Properties Applications Commercial sources

Obelin Emission max 470 nm Label Metachem
www.metachem.com
Assay Designs 
www.assaydesigns.com

Obelin humanized 
photoprotein in 
PCRScript

Emission max 470 nm Obelin 
expression in 
mammalian 
cells

Lux Biotechnologies
www.luxbiotech.com

Obelin native photo-
protein in pUC19 
vector

Emission max 470 nm Obelin 
expression in 
bacterial cells

Lux Biotechnologies
www.luxbiotech.com
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Protein Description/Properties Applications Commercial sources

Obelin GxM IgG Recombinant obelin 
conjugated to goat 
anti-mouse IgG
Emission max 470 nm

Immunoassay Metachem
www.metachem.com

Obelin GxR IgG Recombinant obelin 
conjugated to goat 
anti-rabbit IgG
Emission max 470 nm

Immunoassay Metachem
www.metachem.com
Assay Designs 
www.assaydesigns.com

Obelin biotin Obelin conjugated 
with biotin Emission 

max 470 nm

Avidin detection Metachem
www.metachem.com
Assay Designs 
www.assaydesigns.com

Luciferases

Protein Description/Properties Applications Commercial sources

Luciferase reporter 
assay kit

Kit includes fi refl y 
luciferase substrate 
and cell lysis buffer

Detection 
of luciferase 
activity

BD Biosciences
www.bdbiosciences.com 

Gaussia princeps 
luciferase

Spectral peak 
at 480 nm

Reporter LUX Biotechnologies
www.luxbiotech.com
Nanolight Technolgoy
www.nanolight.com

p-UC19, pcDNA3 Vectors of Gaussia 

princeps luciferase, 
Renilla luciferase, 
and Pleuromamma

Reporter LUX Biotechnologies
www.luxbiotech.com

Biotinylated luciferase 2  brighter than 
normal luciferase

Sensitive 
detection of 
avidin conju-
gated to pro-
teins, DNA, etc.

LUX Biotechnologies
www.luxbiotech.com

Renilla luciferase Spectral peak 
at 480 nm

Reporter LUX Biotechnologies
www.luxbiotech.com

Pleuromamma 
luciferase

Spectral peak 
at 495 nm

Reporter LUX Biotechnologies
www.luxbiotech.com

Humanized Gaussia 
luciferase

Sodium-dependent 
expression in 
mammalian cells

Reporter Nanolight Technology
www.nanolight.com

QuantiLum® 
recombinant luciferase

2.0  1010 light units 
per mg protein

Reporter Promega
www.promega.com

Sodium and potassium 
salt d-luciferin

99% pure Luciferase 
substrate

BD Biosciences 
www.bdbiosciences.com
Gold Biotechnology Inc.
Goldbio.com
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Aequorea and Anthozoa Fluorescent Proteins

Protein Description/Properties Applications Commercial sources

Ds-Red Express Excitation max 556 nm
Emission max 586 nm

Reporter Clontech
www.clontech.com

DsRed2 Excitation max 563 nm
Emission max 582 nm

Reporter Clontech
www.clontech.com
Evrogen
www.evrogen.com

DsRed 
Monomer

Excitation max 557 nm
Emission max 579 nm

Reporter Clontech
www.clontech.com

AsRed2 Excitation max 588 nm
Emission max 618 nm

Reporter Clontech
www.clontech.com

HcRed1 Excitation max 584 nm
Emission max 610 nm

Reporter Clontech
www.clontech.com

JRed Excitation max 584 nm
Emission max 610 nm

Reporter Evrogen
www.evrogen.com

KFP-Red Excitation max 580 nm
Emission max 600 nm

Reporter Evrogen
www.evrogen.com

GFP (wt) Excitation max 395, 488 nm
Emission max 509 nm
Quantum yield 80%

Reporter Biotek
www.biotek.com
Clontech
www.clontech.com
Invitrogen
www.invitrogen.com

EGFP Red-shifted excitation spectra;
4–35  brighter than GFP (wt) 
when excited at 488 nm;
Excitation max 488 nm
Emission max 507 nm
Quantum yield 60%

Reporter Biotek
www.biotek.com
Clontech
www.clontech.com
Invitrogen
www.invitrogen.com
Promega
www.promega.com

EYFP Excitation max 513 nm
Emission max 527 nm
Quantum yield 40%

Reporter Biotek
www.biotek.com
Invitrogen
www.invitrogen.com

ECFP Excitation max 433,453 nm
Emission max 475,501 nm
Quantum yield 61%

Reporter Biotek
www.biotek.com
Invitrogen
www.invitrogen.com

GFPuv 18  brighter than wt-GFP
Excitation max 395 nm
Emission max 509 nm

Reporter Biotek
www.biotek.com
Clontech
www.clontech.com

AcGFP Excitation max 475 nm
Emission max 505 nm

Reporter Clontech
www.clontech.com
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Coelenteraziness

Analogue Description/Properties Applications Commercial sources

Coelenterazine native

N

N

N
H

O

OH

HO

Emission max 466 nm
Relative luminescent 
capacity 1.00a)

Relative intensity 1b)

Half-rise time 6–30 sc)

Aequorin 
chromophore

Anaspec
www.anaspec.com
Biotium
www.biotium.com
Biosynth
www.biosynth.com
Lux Biotechnologies
www.luxbiotech.com
Sigma
www.sigmaaldrich.com
Promega
www.promega.com
Chemicon
www.chemicon.com
Nanolight
www.nanolight.com
Invitrogen
www.invitrogen.com 

Coelenterazine cp

N

N

N
H

O

HO

OH

Emission max 442 nm
Relative luminescent 
capacity 0.95
Relative intensity 15
Half-rise time 2–5 s

Analogue with 
properties in-
cluding a 15-fold 
increase in the 
luminescence 
intensity 
and quicker 
response time

Anaspec
www.anaspec.com
Biotium
www.biotium.com
Sigma
www.sigmaaldrich.com
Promega
www.promega.com
Invitrogen
www.invitrogen.com

Coelenterazine e

N

N

N
H

O

HO

OH

Emission max 405, 
465 nm
Relative luminescent 
capacity 0.50
Relative intensity 4
Half-rise time 0.15–
0.30 s

Analogue with 
properties 
including a 
7-fold increase 
in luminescence 
intensity 
and quicker 
response

Biotium
www.biotium.com
Biosynth
www.biosynth.com

Coelenterazine f

N

N

N
H

O

F

HO

Emission max 472 nm
Relative luminescent 
capacity 0.80
Relative intensity 18
Half-rise time 6–30 s

Analogue with 
properties 
including a 
20-fold increase 
in luminescence 
intensity and 
an 8-nm longer 
emission 
maximum

Anaspec
www.anaspec.com
Biotium
www.biotium.com
Sigma
www.sigma-aldrich.com
Invitrogen
www.invitrogen.com
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Analogue Description/Properties Applications Commercial sources

Coelenterazine fcp

N

N

N
H

O

HO

F

Emission max 452 nm
Relative luminescent 
capacity 0.57
Relative intensity 135
Half-rise time 0.4–
0.8 s

Analogue with 
properties 
including a 
135-fold increase 
in luminescence 
intensity

Biotium
www.biotium.com
Sigma
www.sigma-aldrich.com
Promega
www.promega.com

Coelenterazine h

N

N

N
H

O

HO

Emission max 475 nm
Relative luminescent 
capacity 0.82
Relative intensity 10
Half-rise time 6–30 s

Analogue with 
properties 
including a 
10-fold increase 
in luminescence 
intensity

Anaspec
www.anaspec.com
Biotium
www.biotium.com
Biosynth
www.biosynth.com
Lux Biotechnologies
www.luxbiotech.com
Sigma
www.sigma-aldrich.com
Nanolight
www.nanolight.com
Invitrogen
www.invitrogen.com

Coelenterazine i

N

N

N
H

O

I

HO

Emission max 476 nm
Relative luminescent 
capacity 0.70
Relative intensity 0.03
Half-rise time 8 s

Analogue with 
properties 
including 
the slowest 
response time 
and displays 
the capacity of 
3% of native 
luminescence

Biotium
www.biotium.com
Sigma
www.sigma-aldrich.com

Coelenterazine ip

N

N

N
H

O

HO

OH

Emission max 441 nm
Relative luminescent 
capacity 0.54
Relative intensity 47
Half-rise time 1 s

Analogue with 
properties 
including a 
50-fold increase 
in luminescence 
intensity slower 
response time 
than the native.

Biotium
www.biotium.com
Sigma
www.sigma-aldrich.com

Coelenterazine hcp

N

N

N
H

O

HO

Emission max 444 nm
Relative luminescent 
capacity 0.67
Relative intensity 190
Half-rise time 2–5 s

Analogue with 
properties 
including a 
190-fold increase 
in luminescence 
intensity 
and quicker 
response.

Anaspec
www.anaspec.com
Biotium
www.biotium.com
Sigma
www.sigma-aldrich.com
Promega
www.promega.com
Invitrogen
www.invitrogen.com
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Analogue Description/Properties Applications Commercial sources

Coelenterazine n

N

N

N
H

O

HO

Emission max 467 nm
Relative luminescent 
capacity 0.26
Relative intensity 0.01
Half-rise time 6–30 s

Analogue with 
properties 
including the 
lowest cence 
intensity and a 
slow response 
time.

Anaspec
www.anaspec.com
Biotium
www.biotium.com
Sigma
www.sigma-aldrich.com
Invitrogen
www.invitrogen.com

a) Relative luminescence capacity = total time-integrated emission 
of aequorin in saturating Ca2+ relative to native aequorin = 1.0.

b) Relative intensity = ratio of the luminescence of aequorin reconstituted 
with coelenterazine analogue relative to native aequorin.

c) Half-rise time = time for the luminescence signal to reach 50% of the 
maximum after addition of 1 mM Ca2+ to a standard of aequorin 
reconstituted with the coelenterazine analogue of interest. 
(http://probes.invitrogen.com/handbook/tables/0356.html).

Luminometers

Luminometer Description/Properties Commercial sources

Veritas™ Microplate 
Luminometer w/Single 
Reagent Injector

Detection limit: 3  10–21 moles 
luciferase
Platform: 96-well microplate

Promega
www.promega.com

Veritas™ Microplate 
Luminometer w/Dual 
Reagent Injectors

Detection limit: 3  10–21 moles 
luciferase
Platform: 96-well microplate

Promega
www.promega.com

BD Monolight 3096 
Microplate Luminometer

Sensitivity: < 50 amol ATP
Wavelength: 300–650 nm

BD Biosciences
www.bdbiosciences.com

Luminoskan Ascent, one 
dispenser 
100–240 V

Sensitivity: < 1 fmol ATP
Platform: 96- and 384-well plates

Thermo Electron 
Corporation
www.thermo.com

Fluoroskan Ascent FL Sensitivity: 5 fmol ATP
Platform: 96- and 384-well plates
Absorbance, fl uorescence, and 
luminescence detection

Thermo Electron 
Corporation
www.thermo.com

LMax II 384 
Luminometer

Wavelength: 380–630 nm
Sensitivity: < 20 amol ATP per well
Platform: 96- and 384-well 
microplates

Molecular Devices
www.moleculardevices.com

FB12 – Single Tube 
Luminometer

Wavelength: 300–600 nm
Sensitivity: Better than 1000 
molecules fi refl y luciferase
Platform: Various formats

Berthold Detection 
Systems GmbH
www.berthold-ds.com
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Luminometer Description/Properties Commercial sources

Sirius – Single Tube 
Luminometer

Wavelength: 300–600 nm
Sensitivity: better than 1000 
molecules fi refl y luciferase

Berthold Detection 
Systems GmbH
www.berthold-ds.com

Smart line TL Wavelength: 370–630 nm
Up to two sample injectors

Berthold Detection 
Systems GmbH
www.berthold-ds.com

LUMIstar Optima Wavelength: 290–700 nm
Sensitivity: 5  10–19 mole per well 
recombinant aequorin
Platform: up to 384-well plate
Absorbance, fl uorescence, 
luminescence detection

BMG LABTECH
www.bmglabtech.com

Chameleon: Multilabel 
Microplate Reader

Wavelength: 230–900 nm
Platform: 6- to 384-well
Two injectors
Luminescence, fl uorescence 
detection

Bioscan, Inc.
www.bioscan.com

MLX  Microplate 
Luminometer

Sensitivity: Alkaline phosphatase 
(10–21 moles)
Dynamic range: 0.0008–10,000 
RLU

Dynex Technologies, Inc.
www.dynextechnologies.com

Microbeta Jet Microtiter plate luminescence 
reader

PerkinElmer
www.perkinelmer.com

MPL1 Luminometer Spectral range: 300–650 nm
Sensitivity: 1 fmole ATP
Platform: 96-well microplate

Zylux
www.zylux.com

MPL2 Luminometer Spectral range: 300–650 nm
Sensitivity: better than 1000 
molecules of luciferase
Platform: 96-well microplate

Zylux
www.zylux.com

Orion I Luminometer Spectral range: 300–630 nm
Sensitivity: 20 attomole ATP
Platform: 96-well microplate

Zylux
www.zylux.com

Spectro System 
Luminometer

Spectral range: 400–700 nm
Platform: up to 384-well

www.sciencewares.com
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Fluorometers

Fluorometer Description/Properties Commercial Sources

Gemini XS 
Spectrofl uoro-
meter

Excitation wavelength: 250–850 nm
Emission wavelength: 360–850 nm
Detection limit: 3 fmol/well FITC
Platform: 6-, 12-, 24-, 48-, 96-, and 384-well
Dual monochromators

Molecular Devices
www.moleculardevices.com

Cary Eclipse Monochromator based
Microtiter plate adaptor, fi ber optic adaptor
Flash xenon lamp

Varian Inc.
www.varianinc.com

FluoroMax-3 Monochromator based
Detection in cuvette
UV-Vis: near IR range
Xenon-arc lamp

Horiba Jovin Yvon
www.jyinc.com

Fluorolog-3 Monochromator based
Detection in microtiter plates, fi ber optic
UV-Vis: IR range
Xenon lamp

Horiba Jovin Yvon
www.jyinc.com

RF-5301 Monochromator-based
Detection in cuvette
Wavelength range 200–900 nm
Xenon lamp
High sensitivity, high throughput

Shimadzu
www.ssi.shimadzu.com

RF-1501 Monochromator based
Detection in cuvette
Wavelength range 200–900 nm
Xenon lamp
Compact, small sample size

Shimadzu
www.ssi.shimadzu.com

ND 3300 
Fluorospectro-
meter

Emission wavelength: 400–750 nm
Platform: Droplet measurement pedestal
Measurement of fl uorophores, dyes, 
quantum dots

Nanodrop
www.nanodrop.com
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Portable Luminometers

Recently, many exciting advancements have been made in the fi eld of bio-
luminescence and chemiluminescence detection. Practical fi eld applications with 
portable luminometers are innovative methods of applying chemistry knowledge 
to everyday life. These small, portable, and battery-powered instruments are 
packaged with all the necessary equipment and reagents in a convenient travel 
suitcase, and they provide an innovative solution to a myriad of problems. For 
example, they can measure levels of somatic and microbial ATP on surfaces, thus 
providing an instant assessment of general cleanliness in the area. Consequently, 
this type of luminometer is useful in settings where hygiene is essential, such as 
food-preparation areas.

The applications for this device are endless: it can also be used in water-treatment 
facilities, healthcare centers, and in the manufacturing of paper. Many user-friendly 
features enhance BioTrace’s portable luminometer, the Uni-Lite NG. Not only does 
it have an internal self-calibration device and a special docking station, but also 
the software can be upgraded remotely. This upgrading process saves much lost 
time attributed to mailing the instrument to its manufacturer, having the system 
upgraded, and waiting for its return.

Just a few years ago, a scant number of companies offered portable lumino-
meters. However, nowadays this instrument has become mainstream. Currently, 
companies such as BioFix, Hygiena International, EG&G Berthold, CheckLight, 
Bio-Orbit, and Biotrace Ltd. manufacture this device. For more information, please 
see the websites below.

http://www.biotrace.co.uk/
https://macherey-nagel.com/web%5CMN-WEB-TestenKatalog.nsf/WebE/
LUMINOMETER
http://www.hygiena.net/
http://www.berthold-us.com/
http://www.checklight.co.il/
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