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Abstract

This book chapter will comment on fluorescent reporter proteins and
nanocrystals’ applicability as fluorescent markers. Fluorescent reporter proteins in
the Drosophila model system offer a degree of specificity that allows monitoring
cellular and biochemical phenomena iz vivo, such as autophagy, mitophagy, and
changes in the redox state of cells. Titanium dioxide (TiO,) nanocrystals (NCs) have
several biological applications and emit in the ultraviolet, with doping of europium
ions can be visualized in the red luminescence. Therefore, it is possible to monitor
nanocrystals in biological systems using different emission channels. CdSe/CdS
magic-sized quantum dots (MSQDs) show high luminescence stability in biological
systems and can be bioconjugated with biological molecules. Therefore, this chapter
will show exciting results of the group using fluorescent proteins and nanocrystals
in biological systems.

Keywords: nanocrystals, fluorescent proteins, fluorescent markers, magic-sized
quantum dots, titanium dioxide

1. Introduction

Several types of tools have been developed in order to monitor biological pro-
cesses through fluorescence images. Some of these tools are the use of fluorescent
proteins and nanomaterials. This book chapter will comment in particular on green
fluorescent protein and luminescent nanocrystals.

The green fluorescent protein (GFP) of Jellyfish Aequoria victoria and fluo-
rescent homologous proteins of different colors isolated from other sea creatures
have led to the development of fluorophores that have been widely used in recent
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decades. In the biological area, fluorescent antibodies are a powerful tool for
analyzing the subcellular location of proteins of interest. In addition, a gene
encoding a fluorescent protein can be introduced into a model organism, resulting
in the expression of functional fluorescent proteins, which can then be detected by
fluorescence microscopy, flow cytometry, and other fluorescence-based methods.
Fluorescent proteins have revolutionized biological and biomedical research,

for example, it is possible to monitor the activity of a gene promoter by placing a
fluorescent protein under its control. By using this tool, the spatial and temporal
patterns of gene activation were revealed, as well as it was possible to trace the
specific fates of cell populations or even to visualize the different shapes that cells
can assume during development. Perhaps the most sophisticated area is the con-
struction of genetically modified fluorescent sensors for the detection of ions, small
molecules, and various types of enzyme activity [1-3].

One of the best and most used in vivo models to investigate biological phe-
nomena is the fruit fly. The fruit fly Drosophila melanogaster is a well-established
model organism in nanotoxicology studies [4]. Drosophila has a short life cycle, low
maintenance cost, and a considerable amount of conserved genes and physiologi-
cal mechanisms with humans [5, 6]. The complete sequencing of the Drosophila
genome combined with genetic editing techniques allows the construction of
reporter lines (for example, GFP) fused to specific genes [6]. One of the main tools
that make the fruit fly an excellent model organism is the possibility of express-
ing genes of interest in specific tissues through the UAS-GAL4 binary expression
system. This system consists of two factors: the GAL4 transcription factor fused
to the promoter region of a gene of interest and the upstream activation sequence
(UAS). GALA4 is able to bind the upstream activation sequence (UAS), activating
the transcription of a target gene linked to UAS, allowing ectopic gene expression
[6]. Thus, the use of fluorescent reporter genes under the control of the UAS-GAL4
system allows a degree of specificity necessary to monitor cellular and biochemical
phenomena iz vivo in different tissues, such as autophagy, [7] mitophagy [8], and
changes in the redox state of cells [1]. Taken together, these features are essential
for studies that evaluate the effects of xenobiotics on development, however, it can
still be improved in the nanotoxicology area, mainly in the use of reporter lines for
the elucidation of cellular mechanisms responsible for toxicity and the subcellular
localization of nanocrystals.

The development of different nanoscale materials has increased for differ-
ent applications. Titanium dioxide (TiO;) nanocrystals (NCs) have been used
in several types of cosmetics, food, and the textile industry [9, 10]. This is
because this NC has a wide variety of properties that improve materials, such as
its bioluminescence and chemical stability [11]. Bioluminescent techniques are
widely used in biomedicine for studies of drug screening, molecular markers, and
monitoring of molecular reactions, among other applications [12]. Bioluminescent
NCs, such as TiO2, present an excellent opportunity to obtain ultra-sensitive and
enhanced analyzes and images, in addition to allowing the study of biolumines-
cence [13-15]. The use of bioluminescent imaging in vivo allows the visualization
of biological processes in intact living organisms, providing abundant quantitative
space-time information beyond the reach of conventional in vitro tests and fixed
material [15].

Doping is a technique that allows the incorporation of substitutional ions into
the crystalline structure of materials, generating exciting properties [16]. TiO,
nanocrystals (NCs) with europium ions incorporated in their structure can be
visualized in red fluorescence [17]. This acquired property makes it possible to
track luminescence, thus being able to be coupled to biomolecules and drugs for
studies of effects and tracking them, for example, which can assist in the studies of
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quantitative monitoring of molecular reactions and cellular behaviors, allowing a
better understanding of the functions dynamic and complicated biological
phenomena [18, 19].

Quantum dots (QDs) of cadmium chalcogenides (CdSe, CdS, and CdTe) absorb
and emit in the visible electromagnetic spectrum, and for this reason, they are used
in several applications of biological and biomedical marking, such as fluorescent
probes, biosensors, and others. In the area of biological labeling, the great appli-
cability of QDs occurs because they present several advantages over traditional
organic fluorophores, such as a long fluorescence life span, ~ 100 times greater,
which allows to distinguish it from the background b signal, seen that autofluores-
cence has a much shorter fluorescence life; absorption and emission spectra tun-
able; high photo resistance and chemo-degradation; and high fluorescence intensity
[20-22]. However, this comparison of the fluorescence intensity of the QDs was
performed in non-aqueous solvents, with unconjugated QDs, and in non-biological
media, since the fluorescence intensity may be lower when the QDs are conjugated
and used in biological labeling experiments [23].

Ultra-small PQs (USPQs) are nanocrystals with extremely small sizes, present-
ing strong quantum confinement effects, in which most of their atoms are located
on the surface [24]. A large number of atoms on the surface and the presence of
several pendant bonds lead to changes in the properties of nanocrystals, which can
be observed in the fluorescence spectra [25].

The quantum dots of magic-sized (MSQDs) are nanocrystals with extremely
small sizes (<2 nm) and that present physical property utterly different from
traditional QDs [26]. Although MSQDs have similar properties to USQDs, including
composition and size, some fundamental properties place these QDs in different
classes. The characteristic properties of MSQDs are thermodynamically stable
structures, wide luminescence range, high size stability over time, relatively narrow
absorption spectra and/or heterogeneous (discontinuous) growth [27-31]. The
structures are thermodynamically stable; they are formed from the arrangement
of a certain number of atoms, which gives it high stability. Nguyen et al. made
theoretical predictions of different types of CdSe MSQDs structures aligned with
the literature’s experimental results [32]. The term magic size is related to a (magic)
number of atoms in the structure that makes QDs extremely stable [32]. The broad
luminescence spectrum occurs due to MSQDs having internal atomic defects
(absence or extra presence of atoms) [27, 29, 32].

The development of new alternatives for the study of biomolecules in organic
systems has grown considerably. The high specificity and sensitivity of scientific
methodologies based on fluorescence clarify biological events [33]. Fluorescent
probes based on organic dyes have been shown to identify biomolecules [34, 35].
Silva et al. demonstrated that the biocompatibility of CdSe/CdS MSQRd could
be tuned in the synthesis, [36] present high luminescence stability in biological
systems [37], can be bioconjugated with several biomolecules aiming at the most
diverse luminescent probes [38-42] and in biosensors [43, 44].

This chapter shows recent results that the group has been working with fluores-
cent reporter proteins and the applicability of nanocrystals as fluorescent markers.
Nanocrystals of pure and europium doped TiO, and CdSe/CdS (MSQDs) will be
some of the exciting tools for marking in biological systems.

2. Fluorescent proteins and nanocrystals

This section will show the group results using GFP tagged proteins and nano-
crystals’ applicability as fluorescent markers.
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2.1 Drosophila lines expressing fluorescent proteins

In 2011, Albrecht et al. established a monitoring system that allows assessing the
status of chemically defined redox species (the redox pair GSH/GSSH and H,0,)
in subcellular compartments cytosol and mitochondria iz vive. They have fused a
probe sensitive to redox changes (ro-GFP2) [45-47] to the microbial H,O, sensor
oxidant receptor peroxidase 1 (Orpl) [46]. In a reduced state, this probe exhibits
excitation around 488 nm, while upon oxidation, roGFP2 gains excitability at
405 nm and loses excitability at 488 nm. In the present work, we used one of the
transgenic Drosophila lines described by Albrecht and collaborators, called mito-
roGFP2-Orpl [1] to exemplify how iz vivo sensors can be valuable for analyzing
the redox state and to propose its use for the analysis of nanomaterials biocompat-
ibility in vivo. In Figure 1 we show different dissected larval tissues of Drosophila

300 uM
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Figure1.

Drosophila lines expressing fluorescent proteins can be used as in vivo sensors of redox status. Different GAL4
drivers were used to express Mito-orp1-GFP in different Drosophila larval tissues. (A-F) The Drosophila GAL4
driver sgs3-GAL4 was used to express Mito-orp1-GFP2 in larval salivary glands. A- bright field image of a
Drosophila larval salivary gland. In (B) the Mito-orp1-GFP can be visualized in its veduced state, while in (C) a
weak signal is seen under 405 nm light. A greater magnification of the salivary gland shown in a can be seen in (D)
while in (E) the overlap of the Mito-orp1-GFP2 in its reduced (488 wm) and oxidized (405 nm) state is shown.
(G) Larval midgut showing the overlap of the Mito-orp1-GFPz2 in its veduced (488 nm) and oxidized (405 nm,)
state. The Mito-orp1-GFP2 in its veduced state is shown in (H) and (K) while the sensor oxidized fluorescence is
seen in (1) and (L). All images were acquived using ThermoFisher Scientific EVOS M7000 Imaging System.
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expressing the redox sensor mito-roGFP2-Orpl. Figure 1A shows the bright field
image of a dissected larval salivary gland, while in 3B we can see that there isa
high concentration of mito-roGFP2-Orpl in its reduced state, evidenced by green
fluorescence, and a low concentration of mito-roGFP2-Orpl in its oxidized state.
In 1D, a higher magnification image of the salivary gland in 1A is shown, while in
1E the merged image of 488 nm and 405 nm channels shows the balance between
reduced and oxidized mito-roGFP2-Orpl. In 1G, a portion of the midgut also shows
a higher concentration of reduced mito-roGFP2-Orpl. Figure 1H shows reduced
mito-roGFP2-Orpl distribution throughout the larval fat body. It is interesting to
notice that there is a clear difference in the concentration of reduced mito-roGFP2-
Orpl in cells within the same tissue, which is even more evident in the image in
greater magnification shown in 1 K. The samples in 11 and 1 L show the oxidized
mito-roGFP2-Orpl in the same larval fat body. As expected, our analysis of control
samples showed that most mito-roGFP2-Orpl proteins are in its reduced state,
exhibiting excitation around 488 nm. We are currently using this valuable tool to
analyze the effect of different nanocrystals on the redox balance in Drosophila as an
additional approach for the determination of biocompatibility iz vivo.

Figure 2 shows three different transgenic lines of Drosophila that can be used
to assist in the subcellular localization of fluorescent nanoparticles. Figure 2A-C
shows dissected tissues of the D1-GFP transgenic line (BL.66454). The D1-GFP
protein binds to chromosomes allowing the nuclei visualization. In Figure 2A we
can see a pair of larval salivary glands while Figure 2B-C shows different portions
of the larval gut. The progeny of the cross between the lineage mef2-Gal4 and
UAS-mito-GFP (BL. 8443) was used to visualize the larval muscles (Figure 2D-F).
This is because mef2-Gal4 drives Gal4 expression in muscles where it binds to the
regulatory sequence UAS-mito-GFP, which in turn regulates the expression of a

DI1-GFP

Fe——erre)
400 M

A
3R
s
GRS
] ]
> =
e e
S;ﬂ-\:\[ 200 aM
2
I\ Y-
S8
= B
s B
)
Figure 2.

The expression of fluorescent proteins in Drosophila as a tool to visualize cellular subcompartments. (A-C)
D1-GFP expression in Drosophila larval tissues. A pair of larval salivary glands is shown in a while (B) and
(C) shows different portions of the larval gut. (D-F) L3 larvae expressing Mito-GFP in muscles. (G-I) shows
salivary glands expressing LamC-GFP localization at the nuclear envelope of cells.
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mitochondrial import sequence fused to the fluorescent protein GFP, allowing the
visualization of mitochondria in the muscle tissues. Figure 2G-I shows salivary
glands of the LamC-GFP transgenic lineage (BL. 6837) which allows for the visu-
alization of the nuclear envelope of cells. In these examples, we showed 3 different
Drosophila transgenic lines in the green band (GFP) that can be used to assist in
the subcellular localization of fluorescent nanoparticles, however, it is essential to
notice that hundreds of lines are available. Data on the genome and the wide range
of reporter lines of Drosophila can be found on Flybase (https://flybase.org/).
Reporter lines of Drosophila can be purchased in collections such as Bloomington
Drosophila Stock Center (BDSC) at Indiana University. These different tools allow
the investigators to choose from a great variety of cell types, subcellular compart-
ments as well as the fluorescence band that best adapts to the nanoparticles of
interest.

2.2 Nanocrystals as luminescent markers (nanomarkers)

Figure 3 shows exciting results on pure and europium (Eu) doped TiO, NCs.
TiO, NCs absorb and emit in the ultraviolet, but when incorporating the europium
ions in its crystalline structure, by replacing some titanium ions, it shows lumines-
cence in red. The colors emitted by the pure and Eu doped TiO, NCs (Figure 3a),
and the crystalline structure in the anatase phase (Figure 3b) are illustrated. Also,
in Figure 3c, the emission spectra of these nanocrystals are observed.

In order to investigate whether TiO, and TiO,:Eu nanocrystals could be tracked
on adult Drosophila after exposure during development TiO, and TiO,:Eu nanocrys-
tals were mixed in standard Drosophila culture medium at the final concentration of
100 mM.. The larvae were carefully staged and transferred as L1 (first instar larvae)
to medium containing TiO, and TiO,:Eu. The control contained only a standard
Drosophila culture medium. The animals developed through all larval stages during
the following 3 days. At this stage, the larvae actively feed until they become pupae.
After pupal metamorphosis, the animals emerged as adults were dissected and
its abdominal fat body was analyzed through fluorescence microscopy under UV
light to analyze the TiO, bioaccumulation and under red light to detect TiO,:Eu.

All samples images were acquired using the same light intensity and exposure

time. Figure 4 shows the tracking data of TiO, and TiO,:Eu in the fat body of adult
animals after exposure during the larval stage. It is possible to observe that the fat
body spheres of the control animals (Figure 4A and C) show intrinsic fluorescence
when excited with ultraviolet light, however when the animals were exposed to TiO,
the intensity of fluorescence was significantly higher (Figure 4B and D).

In order to distinguish between intrinsic fluorescence from fat body and TiO,
fluorescence, the pixel intensity was measured and compared among all fat body
spheres of control images and TiO, treated samples. As we can observe in the
graphic in Figure 5a there was a drastic increase in fluorescence due to the presence
of TiO,. The fat body spheres of the control animals (Figure 4E and G) also showed
intrinsic fluorescence when excited with red light; however, when the animals have
exposed to TiOy:Eu the intensity of fluorescence was higher (Figure 4F and H). The
pixel intensity analysis showed that the presence of TiO,:Eu caused a significant
increase in fluorescence (Figure 5b). The observation that the NCs of TiO, and
TiO,:Eu could be detected in the fat body of newly emerged adult animals indicates
that the bioaccumulation of nanocrystals during larval development persisted until
the beginning of the adult stage. Surprisingly, we observed that animals dissected
on the second day of its emergence no longer had fat bodies fluorescent spheres
containing nanocrystals. This may indicate that one day following the emergence,
the animals were able to excrete the NC. The disappearance of nanocrystals may
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Figure 3.
(a) Photographic image of nanopowders, (b) anatase crystalline structure, (c) luminescence spectra of pure
and Eu doped TiO, NCs.

also be related to the rapid absorption of the fat body during the first days of life.
Similar results were described by Jovanovic et al. 2016, which observed that animals
that received TiO, during the larval stage did not have TiO, as adults [9].

The optical properties and illustration of CdSe/CdS are shown in Figure 6. The
aqueous solution and the illustration of the core/shell structure of CdSe/CdS MSQDs
with a surfactant are exemplified to facilitate understanding (Figure 6a, b). The
optical absorption and broad luminescence spectra are characteristics of magic-sized
quantum dots of CdSe/CdS (Figure 6c¢). In addition, one of the essential properties
of the CdSe/CdS MSQDs that allows its application in biological systems is entering
and staying inside cells. To test this capacity, we incubated a classical macrophage
cell line (RAW 264.7) with CdSe/CdS MSQDs of (200 ng/pL) and evaluated their
internalization by Flow Cytometry in different time points (1 to 60 minutes). Flow
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Figure 4.

In vivo fluorescence of TiO, and TiO,:Eu in adult Drosophila fat body. Drosophila tissues as the fat body
shows a well-known intrinsic fluorescence as observed in representative images of control animals (A) and (C)
at 405 nm E and G at 546 nm), however in the TiO, (B and D) and TiO,:Eu (F and H) treated animals it is
possible to observe a drastic increase in luminescence when compared to control. Scale bar represents s5oulM.

Cytometry is a unique methodological approach to determine cell staining as it
evaluates a considerable number of cells per second, one by one, and reports if cells
are fluorescent. Just after 1 minute, the MSQDs nearly 50% of cells were fluorescent,
and this percentual was growing to >97% after 60 minutes (Figure 6c¢, d).
Bioimaging assays are biological applications QDs since they can be biocon-
jugated with proteins, antibodies, and DNA [39, 48, 49]. In general, these tests
depend on the biocompatibility of QDs, which is obtained by functionalizing
the surface of these nanoparticles [39, 50-52]. The bioconjugation allows the
study and tracking of biomolecules in biological systems such as cell cultures
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Indirect quantification of TiO, and TiO,:Eu fluorescence. (a) Pixel intensity analysis of fat body spheres of
TiO, treated Drosophila to control fat body spheres. (b) Pixel intensity analysis of fat body spheves of TiO,:Eu
treated animals compared to control fat body spheres.

(a)

Absorbance
Fluorescence

Infrared

Wavelength (nm)
(d) 100
(e) 5 e
180 -] CdSe/CdS
MSQDs o 80
Q=
> @
‘,Ea: 60- i W ®
2g o
Sz 40+
2«
€ 20-
|n° w' 10’ 103 0 ? T T T LI T
CdSe/Cds MSQDs No MsaDs 1 3 10 15 60
L | ]
[ o nasqos " time (minutes)

B 74300 (50 min. 200ng/uL)

Figure 6.

(a) Photographic image of solution, (b) illustration of CdSe/CdS MSQDs, (c) optical absorption/luminescence
spectra of CdSe/CdS MSQDs (d, e) incorporation of MSQDs by RAW 264.7. The intracellular location was
determined by flow cytometry after incubation of CdSe/CdS MSQDs (200 ng/uL) with RAW 264.7 cell

line (1x10"4/mL) at different time points. Cells were washed in saline solution before acquisition to exclude
extracellular MSQDs. At least 5000 events were acquired in a FacsCalibur flow cytometer.

and laboratory animals [53, 54]. The versatility of QDs associated with maltose-
binding protein for intracellular delivery of the drug beta-cyclodextrin [55].
Other studies have used the quantum dots for iz vivo multiphoton biologic
imaging. Kwon et al. conjugated iron selenide QDs with monoclonal human
epidermal growth factor receptor 2 antibodies to study xenograft breast tumor
model in mice [56].

The tracking and study of biomolecules labeled with QDs in vitro and in vivo
is a reality in several areas, allowing us to analyze the location and distribution
of bioconjugate in biological systems. Silva et al. demonstrated that the CdSe/
CdS MSQDs could be bioconjugated with several biomolecules aiming at the most
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Figure 7.

Fluorescence microscopy images showing the tracking of BaltPLA, in myoblast culture. (A) Cell control
(myoblasts only); (B) myoblasts treated with MSQDs (200 ng/uL) for 18 h; (C) myoblasts treated with
MSQDs (200 ng/uL)-BaltPLA, (100 ng/uL) for 18 h. scale 50 pm.

diverse luminescent probes [38-42] in biosensors [43, 44]. Dias et al. labeled a
phospholipase A2 isolated from Bothrops alternatus snake venom with CdSe/CdS
MSQDs to track it in myoblast culture, making it possible to identify the bioconju-
gate on the surface of the plasma membrane and in the nuclear region [39]. Figure 7
corroborates these data since it is possible to observe fluorescence markings only in
myoblasts treated with the bioconjugate MSQDs-BaltPla2.

3. Conclusion

In this chapter, we have shown that fluorescent reporter proteins in the
Drosophila model system are excellent tools to monitor cellular and biochemical
phenomena in vivo, such as changes in the redox state of cells, as well asare a
valuable tools to assist in the subcellular localization of fluorescent nanoparticles.
We also showed that TiO, and Eu doped TiO, NCs fluorescence could be detected
in adult animals following exposure during development. Intracellular location of
CdSe/CdS MSQDs in RAW 264.7 cell line and tracking of BaltPLA, bioconjugated
in myoblast culture. Therefore, the use of fluorescent proteins and nanocrystals
in vivo are exciting tools as they provide abundant qualitative and quantitative
data and allow the visualization of biological processes in intact cells and living
organisms.
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Chapter

Design of Coelenterazine
Analogue to Reveal
Bioluminescent Reaction of
Human Serum Albumin

Ryo Nishihara, Kazuki Niwa, Tatsunosuke Tomita
and Ryoji Kurita

Abstract

This chapter describes the design of an imidazopyrazinone-type luciferin named
as HuLumino1 by us and investigation of its luminescence properties. This luciferin
was designed to generate bioluminescence by human serum albumin (HSA) rather
than by luciferase derived from luminous organisms. HuLuminol was developed by
modifying a methoxy-terminated alkyl chain to the C-6 position and eliminating a
benzyl group at the C-8 position of coelenterazine. To clarify the basis of light
emission by HSA, the detailed kinetic properties of the HuLuminol/HSA pair were
investigated using a calibrated luminometer. The enzymatic oxidation of
HuLuminol was observed only in the presence of HSA. Results of HSA quantifica-
tion experiments using HuLuminol agreed with less than 5% differences with those
of enzyme-linked immunosorbent assays, suggesting HuLuminol could be used for
quantitative analysis of HSA levels in serum samples without any pretreatments.
These results demonstrate the advantages of the coelenterazine analogue as a bio-
luminescence reagent to detect non-labeled proteins, which generally do not func-
tion as enzymes.

Keywords: Bioluminescence, Coelenterazine, Luciferin, Luciferase, Human serum
albumin, Quantum yield, Enzyme-linked immunosorbent assay

1. Introduction

Luminous organisms, such as fireflies, Gaussia princeps, Oplophorus gracilirostris,
and sea pansy Renilla reniformis, generate bioluminescence (BL), which is the light
emission in the absence of external energy sources [1, 2]. In the core of BL, an
enzymatic reaction occurs involving a bioluminescent substrate (luciferin) and
enzyme (luciferase). In general, the enzymatic luminescence reaction proceeds
between a specific luciferin-luciferase pair to allow for highly sensitive and specific
detection/imaging of diverse molecular events in living subjects [2-4].

However, in some cases, bioluminescent or chemiluminescent substrates may
induce enzymatic luminescence activity of non-bioluminescence enzymes. For
example, CycLuc2, a synthetic analog of firefly luciferin, can be catalyzed to emit
light by long-chain fatty acid acyl-CoA synthetase found in non-luminous insects

1 IntechOpen
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[5-7]. In addition, the heme-containing enzyme myeloperoxidase, which is abun-
dantly expressed in neutrophils and monocytes, can catalyze the luminescence
reaction of xenobiotic luminol [8, 9]. These reports suggested that the introduction
of appropriate exogenous luminescent substrates reveals luminous activity of non-
bioluminescence enzymes, which can significantly differ from the conventional
function of the enzyme and has potential for use in quantitative analysis of enzymes
without any labeling procedures, including transgene introduction of luciferase
from luminous organisms. Here, we describe the design and bioluminescence char-
acterization of a luciferin analogue which was selectively catalyzed to exhibit bio-
luminescence by human serum albumin (HSA) [10]. Serum albumins perform
various physiological functions; they maintain colloid osmotic blood pressure and
transport several exogenous and endogenous molecules. However, they are not
categorized in the list of EC number, indicating they are not considered typical
enzymes. The bioluminescence system of HSA with the luciferin analogue synthe-
sized by us is novel and different from the conventional luciferin-luciferase reaction
systems.

2. Design of coelenterazine analogue
2.1 Coelenterazine analogue with HSA-specific bioluminescence

Most luciferases from luminous marine organisms use coelenterazine (CTZ) as
their luciferin to form coelenteramide in an excited state, with emission ranging
from blue to green at approximately 400-500 nm (Figure 1) [11, 12]. CTZ is
oxidized by bovine serum albumin (BSA) in addition to luciferase, and this has been
considered as nonspecific reaction mainly occurs because of a simple luminescence
reaction that requires only an oxygen molecule [1] (Figure 1).

The emission ability of CTZ is derived from the imidazopyrazinone ring, and the
chemical structure of sidechains at the C-2, C-6, and C-8 position of the
imidazopyrazinone core significantly affect enzyme recognition. For example,
Cypridina luciferase oxidizes only Cypridina luciferin, which contains a basic gua-
nidine moiety at the C-8 position of the imidazopyrazinone ring, not CTZ
(Figure 2) [13]. A mutant Oplophorus luciferase (NanoLuc) uses furimazine rather
than CTZ, and is known as a versatile reporter of BL (Figure 2) [14]. Thus, each
bioluminescence probe has been individually developed with an imidazopyrazinone
analogue that is suitable for the geometry of the active site in the pocket of mutant
luciferase. We also reported that RLuc8.6-535SG, a mutant R. reniformis luciferase,
utilizes BottleBlue2.3 (BBlue2.3), a CTZA that can permeate the cell membrane and
emits bright visible luminescence suitable for deep-tissue imaging of cancer cells
in vivo (Figure 3a) [15].

To clarify the potential enzymatic luminescence activity of human proteins, we
focused on HSA, which accounts for approximately 65% of serum proteins in the
human body [16]. This abundant protein is involved in a wide variety of

o, 2 0
NH OH

NN N

sfi 1= Luciferase, O, e + €O,
N > N
H +hv
HO' HO

Coelenterazine (CTZ) Coelenteramide (CTMD)

Figure 1.
Chemical reaction of coelenterazine (CTZ)-dependent bioluminescence. The imidazopyrazinone structure and
modifiable substituent are highlighted in ved and blue, respectively.
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Figure 3.
Chemical structuves of coelenterazine analogues (CTZAs) upon (a) C-2 and/or C-6 substitution.
(b) Luminescence intensities obtained with serum albumin (0.1 mg/mL).

physiological functions, such as maintaining osmotic pressure, buffering blood pH
levels, and carrying ligands including hormones, amino acids, and fatty acids

[17, 18]. In addition, HSA and some ligand complexes often possess enzymatic
activities, such as Kemp elimination and hydrolysis of esters because of their unique
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ability to bind small hydrophobic molecules in some cavities; however, the potential
enzymatic activities remain unclear [17, 19].

First, to obtain a rational luciferin with an imidazopyrazinone core for HSA-
specific BL, we assayed CTZ and previously reported 18 CTZAs named as Bottle
Blue (BBlue), where the p-hydroxy phenyl group at the C-6 position of CTZ was
modified by alkylation (Figure 3), with serum albumins (fatty acid free HSA and
BSA). In this chapter, except for in Section 2.2, luminescence measurements were
performed using luminometers (GloMax20/20 Luminometer or GloMax Explorer
Multimode Microplate Reader) manufactured by Promega (Madison, WI, USA).
Next, BBlue2.3, a CTZA with a methoxy-terminated alkyl linker chain of three
methylene units at the C-6 position, exhibited the brightest emission, which pro-
duced 16.6-fold higher luminescence when combined with HSA (i.e. BBlue2.3/HSA
pair) compared to that of the CTZ/HSA pair (Figure 3).

Based on these results, we predicted that elimination of the benzyl group at the
C-8 position of BBlue2.3 would relieve its steric hindrance with key amino acids in
the substrate binding site of HSA and enhance the enzymatic luminescence reaction
of HSA. We then designed and synthesized a novel CTZA, named as Human
Luminophore 1 (HuLuminol) based on the synthetic procedures of BBlue2.3 [15]
and an array of 5 CTZAs containing known analogues [20] to investigate the effect
of substitution at the C-2, C-6, and C-8 positions of CTZ on serum albumin-
dependent luminescence (Figure 4b—d). Moreover, the luminescence of

(a) Analogue with C-2,6 and 8 substituent (b) This work: HSA-specific substitution

N_N N\N N‘N
sl 8 IWE (:.1B’
ﬁ N H H

DeepBlueC BBlue2.3 HuLuminol

(c) Analogue with C-2 and 6 substituent (d) Analogue with C-2 or C-6 substitution

J@n wr J@f?( @,(r

CTZA-1 CTZA-2 CTZA-3 CTZA-4 CTZA-5 (MCLA)
(e) (f)

25 r 40 - i
§ O Autoluminescence § ==Huluminol +H3A
=] 235 ~—HulLumino1
S0 | ®0.1 mg/mL HSA g
S = 30
% m | mg/mL HSA *

15 | 0.1 mg/mL BSA 2

m1 mg/mL BSA

Bioluminescence [photon]

Total Bioluminescence [RLU/min]

\spo {:9 % 350 450 550 650
o ¥ Wavelength [nm
006‘? & S O&yyo&cf., gth [nm]

Figure 4.

Chemical structures of coelenterazine analogues (CTZAs) upon (a) C-2, C-6, and C-8 substitutions, (b) HSA-
specific substitution, (c) C-2 and C-6 substitution, and (d) C-2 or C-6 substitution. (e) Luminescence from
serum albumins (0.1 or 1 mg/mL) treated with the indicated substrate (10 uM); error bars represent the
standard deviations of three measurements. (f) Bioluminescence spectra of HuLumino1 in the presence or
absence of HSA.
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commercially available CTZAs (DeepBlueC and MCLA) was compared with the
synthesized CTZAs when fatty acid free HSA and BSA were added (Figure 4e).
Although the autoluminescence levels in PB buffer of HuLuminol was similar to
that of CTZ, only HuLumino1 displayed significantly enhanced luminescence
dependent on HSA (but not BSA containing fatty acid) concentrations, as indicated
by the 14.1-fold higher emission compared with that of the BBlue2.3/HSA pair.
Furthermore, the luminescence intensity of the HuLuminol/HSA pair was found to
be 718-fold higher than that of the CTZ/BSA pair, which has been reported to
produce luminescence [11, 12]. The HuLumino1/HSA pair exhibited flash-type
luminescence with a peak wavelength of 432 nm. (Figure 4f). Unexpectedly,
HuLuminol selectively activated HSA by recognizing the subtle conformational
difference in the substrate binding site, although the overall sequence homology
between HSA and BSA is 75.6%.

These results suggest “luciferase” activity of HSA catalyzes the enzymatic lumi-
nescence reaction of CTZAs to produce “bioluminescence”.

2.2 Quantitative evaluation of luminescence intensity

To characterize the enzymatic luminescence reaction with HSA, the biolumi-
nescence intensity of CTZAs and HSA pairs was quantitatively evaluated. Biolumi-
nescence intensity is generally determined by several reaction factors including the
bioluminescence quantum yield (¢g; ) of luciferin, turnover number (k.,), and
active luciferase concentration. Kinetic parameters were determined using a
custom-built luminometer with a photomultiplier tube (PMT) (H11890-01; Hama-
matsu Photonics, Japan), and its absolute responsibility for total number of emitted
photons in the instrument was calibrated for luminescence spectrum of each
luciferin-luciferase pair [21, 22]. The absolute responsibility of the luminometer for
the CTZ-utilizing bioluminescent system was determined as described previously
[21]. The g, values were calculated from the total number of emitted photons and
total number of reacted luciferin molecules. To integrate all photons derived from
the enzymatic reaction, the number of photons was monitored using the
luminometer from before initiating the reaction to until the reaction was completed.
The reaction was initiating by injection of fatty acid-free HSA PB solution (100 ug/
mL or 10 mg/mL) into the preinstalled luciferin PB solution (20 nM) in the
luminometer.

The Michaelis—-Menten constant (K,,) of luciferin was calculated from
Lineweaver-Burk plots constructed using a standard method. The catalytic constant
(kcat), which is the turnover number of the reaction for luciferin by a single
luciferase molecule per second, was calculated from the ¢g; value and maximum
velocity (Vmax) determined from the Lineweaver-Burk plots.

The apparent K,,, of the HuLuminol/HSA pair was 4.3 uM, which was compara-
ble to that of the NanoLuc system [23]. In contrast, the k., value of the NanoLuc
system was 294-fold higher than that of the HuLumino1/HSA pair, and the catalytic
efficiency of the luminescence reaction by HSA was lower than that of conventional
luciferase [24]. However, in the luminescence system with HSA, HuLuminol
displayed a slightly higher K., value than CTZA-1, but its k.,: value was approxi-
mately 3-fold higher (Table 1), resulting in 4.2-fold stronger light emission than
that of CTZA-1 (Figure 4e). For luciferin with high enzyme affinity (e.g., CTZA
—1), oxyluciferin, a product of the BL reaction, appears to competitively inhibit the
luminescence reaction [25]. Moreover, HuLuminol showed an enzyme affinity and
bioluminescence quantum yield (¢g; ) of more than 5- and 100-fold higher than
those of CTZ, respectively. The detailed luminescent profiles suggest that the
structural properties of the alkyl linker chain modified at the C-6 position of the
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Pair P’ [x1075] Kun"[uM] keat[s ]
CTZ/HSA 0.32 £+ 0.03 253 +52 275+ 0.3
HuLuminol/HSA 309+ 3.1 428 +1.24 0.30 + 0.06
CTZA-4/HSA 422 4+9.1 2.46 + 0.40 0.11 £ 0.09

““Errors represent standard error of the mean values for triplicate experiments.

Michaelis-Menten constant (K,,,) values were determined by Lineweaver-Burk plots via measurements of initial rates
of light emission over a range 0.5 to 20 uM.

“Turnover rate (K.,,) values were calculated by dividing maximum velocity (V,,..) by the @g;. The V. were
determined by Lineweaver-Burk plots.

Table 1.
Luminescent profiles of CTZ and its analogues with HSA.

imidazopyrazinone core contribute to the efficient HSA-catalyzed emission reac-
tion. Although the catalytic efficiency of HuLumino1l/HSA is much lower than that
of the NanoLuc system, HuLuminol is a luciferin that is relatively more suitable for
HSA than other existing luminescent substrates.

2.3 Enzymatic reaction site of HSA

The crystal structure of HSA, with binding to a variety of drugs, clarified the two
principal drug binding sites in different subdomains (site 1 in subdomain IIA and site
2 in subdomain IITA) [26, 27]. To investigate the luminescent reaction site between
HSA and HuLuminol, a competitive assay was conducted with two site-specific HSA
drugs (warfarin-sitel and ibuprofen-site2) [27]. Fatty acid free HSA PB solution was
pre-treated with the drugs (0-100 M) to fill binding site 1 or 2 before adding
HuLuminol. The luminescence of HuLuminol was negligibly low in the presence of
HSA-ibuprofen complex (Figure 5a). In contrast, HuLuminol exhibited efficient
luminescence with the HSA-warfarin complex, indicating that HuLuminol selectivity
binds to the site 2 cavity of HSA. In detailed analysis of the inhibitory kinetics,
Lineweaver-Burk plots displayed that ibuprofen competitively inhibited the binding
of HuLuminol to HSA (K; of ibuprofen was 6.3 nM) (Figure 5b). Therefore, the
enzymatic reaction site of HuLuminol was experimentally determined to be binding
site 2. Next, docking simulation with the Molecular Operating Environment software
package was carried out to predict the binding poses. The simulation displayed the
specific binding of HuLuminol to the hydrophobic cavity of site 2 by interacting with
several amino acids including R410, K414, and L453 (Figure 5c—e). Particularly,
R410, a key amino acid residue in the esterase activity of HSA [17], is also involved in
the luminescence reaction (Figure 5e).

Next, to investigate the effect of the steric structure of HSA on luminescence,
HSA pretreated with 10 M guanidine hydrochloride, a reagent commonly used to
induce denaturation of the a-helix structure of proteins [28], was prepared, and the
luminescence of HuLuminol was extremely low in the presence of denatured HSA
(data not shown). Therefore, the enzymatic reaction of HuLumino 1 depends on the
microenvironment and steric structure such as binding site 2 constructed by the
folding structure of HSA. These results suggest that emission of HuLuminol/HSA is
not a non-specific chemiluminescence commonly found in other
imidazopyrazinone compounds.

2.4 Bioluminescent assay for HSA

Low levels of HSA in the serum (<35 mg/mL) are biomarkers of several diseases
such as malnutrition, cirrhosis, and chronic hepatitis [29]. In hospitals, HSA is
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Figure 5.

(a) Luminescence response in the presence (1) vs. absence (1,) of the binding drug concentration (0-100 puM).
(b) Lineweaver-Burk plot indicating competitive inhibition by ibuprofen. V, is defined as the luminescence
intensity over the initial 30 s and [S] is the substrate concentration. The concentrations of ibuprofen were 1 nM
(square) and 5 nM (triangle). Open circles indicate negative controls with no ibuprofen. (c¢) Ligand-binding
site 2 of HSA with HuLumino1 as posed by the molecular operating environment software (d) magnified view
of binding site 2. The ligand binding site in the blue vegion indicates the presence of the hydrophobic
environment. (e) Predicted interaction between HuLumino1 and HSA.

evaluated using the colorimetric bromocresol green assay or ELISA. Both can pro-
vide a reliable assessment of albumin but require sample preparation and processing
time (e.g. 3 h for ELISA) [30]. Therefore, an assay for the simple, accurate and
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rapid detection of HSA in the serum should be developed for clinical diagnosis. We
demonstrated that the BL assay can be used to evaluate HSA based on the enzymatic
luminescence reaction of HuLuminol. Regarding the selectivity of the reaction of
HuLuminol, no reactivity with other proteins (BSA, f-galactosidase,f-lactoglobu-
lin, catalase, a-chymotrypsinogen, hemoglobin, human IgG, porcine lipase, papain,
pepsin, trypsin, y-globulin, carbonic anhydrase, concanavalin A, glucosidase, his-
tone, myoglobin, and RNase, 0.1 mg/mL) was observed, and only HSA led to
distinct luminescence enhancement (Figure 6a). Although the coexistence of most
proteins did not affect the enzymatic reaction of the HSA/Hulumino1 pair, a slight
decrease in luminescence was observed in the presence of some proteins (data not
shown). This indicates that HuLuminol nonspecifically binds to other proteins but
does not exhibit BL. Hence, HuLuminol can be used to detect HSA without inter-
ference from other proteins, as it exhibited excellent selectivity for HSA even in a
complicated biological system. The luminescence of HuLuminol was enhanced in
an HSA concentration-dependent manner and exhibited a constant intensity at HSA
concentrations above 10 mg/mL (Figure 6b). A linear increase in luminescence,
within the spiked HSA concentration range of 0-0.1 mg/mL in PBS-diluted serum,
resulted in a detection limit of 8.6 pg/mL for HSA, which was comparable to the
standard detection limit of HSA in physiological systems (Figure 6c) [31].

Finally, two HSA assays, including our developed BL-based assay and ELISA,
were performed to evaluate human serum from male AB plasma. The HSA levels
calculated with HuLuminol agreed well with those estimated by ELISA within 5%
error. The spike and recovery tests also showed results within the margin of 7%

(a)

: 1: HSA 2: BSA 3: fi-galactosidase 4: -lactoglobulin 5: Catalase

x 10000000

25 6: a-chymotripsinogen 7: Hemoglobin 8: Human IgG 9: Lipase 10: Papain
11: Pepsin 12: Trypsin 13: y-globulin 14: Carbonic anhydrase 15: Concanavalin A
20 W 16: Glucosidase 17: Histone 18: Myoglobin 19: RNase
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Figure 6.

(a) Variation in luminescence of HuLumino1 (10 uM) in the presence of proteins (0.1 mg/mL); error bars
represent the standard deviations of three measurements. (b) Luminescence intensity of HuLumino1 (20 uM)
containing various concentrations of HSA (o—17 mg/mL) in PBS and (c) HSA (0-17 mg/mL) in PBS-diluted
plasma (100-fold, pH 7.4).
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Amount of HSA added HSA (mg/mL) determined by HSA (mg/mL) Recovery
(mg/mL) developed method® determined by ELISA

0 39.0 £31 41.0 £ 3.6 95.2

1 445+£0.5 ND 106.1
2.5 452+ 0.5 ND 104.1

ND: Not Determined.
“Conditions: HuLuminol (20 uM) in PBS-diluted serum (1000-fold, 10 mM, pH 7.4).

Table 2.
Assay of HSA in human serum.

error (Table 2). Therefore, the BL-based HSA assay showed analytical capability
with high sensitivity and could detect HSA within 10 min including the sample
preparation and measurement times. In addition, we detected the expression of
recombinant HSA in living COS-1 cells (data not shown), indicating that
HuLuminol can be used in molecular biology studies and in biomedical
applications.

We designed and synthesized the first luciferin (HuLuminol), an analogue with
C-6 and C-8 modification of CTZ, which exhibited bioluminescence with HSA.
HuLumino1 rapidly detected HSA with high sensitivity and specificity, even in real
human plasma containing various interfering biomolecules. Detailed kinetic inves-
tigation of the enzymatic reaction clarified the enzyme recognition of HuLuminol
from HSA drug binding site 2, resulting a highly selective reaction and revealing a
reaction with both native HSA and recombinant HSA expressed in COS-1 cells.
Therefore, the BL-based assay with HuLuminol, either used alone or coupled with
ELISA, can be used for the early diagnosis of HSA-related diseases, enabling accu-
rate and rapid detection of HSA in serum samples without pre-treatment. The
information obtained through detailed investigation of the HuLumino1/HSA pair
may be extended to protein assays based on a luminescent reaction without
genetically engineered luciferases.
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Chapter

Near-Infrared Luciferin Analogs
for In Vivo Optical Imaging

Ryohei Saito-Moriya, Rika Obata and Shojiro A. Maki

Abstract

The firefly bioluminescence reaction has been exploited for iz vivo optical imaging
in life sciences. To develop highly sensitive bioluminescence imaging technology,
many researchers have synthesized luciferin analogs and luciferase mutants. This
chapter first discusses synthetic luciferin analogs and their structure-activity rela-
tionships at the luminescence wavelength of the firefly bioluminescence reaction. We
then discuss the development of luciferin analogs that produce near-infrared (NIR)
light. Since NIR light is highly permeable for biological tissues, NIR luciferin analogs
might sensitively detect signals from deep biological tissues such as the brain and
lungs. Finally, we introduce two NIR luciferin analogs (TokeOni and seMpai) and
anewly developed bioluminescence imaging system (AkaBLI). TokeOni can detect
single-cell signals in mouse tissue and luminescence signals from marmoset brain,
whereas seMpai can detect breast cancer micro-metastasis. Both reagents are valid for
in vivo bioluminescence imaging with high sensitivity.

Keywords: Firefly bioluminescence, Bioluminescence imaging, Structure-activity
relationships, Multicolor, Near-infrared light

1. Introduction

In Japan, watching the light of fireflies has been a summer tradition for over one
thousand years. Modern fireflies are known to glow yellow-green, but in ancient
times they emitted a dark green luminescence, as confirmed by recent molecular
biology techniques [1]. The detailed mechanism of firefly bioluminescence is
described in previous chapters. This chapter focuses on synthetic substrates of
firefly luciferase, which are employed in firefly bioluminescence imaging (BLI).

In recent biological research, BLI technology has observed biological events iz
vivo [2-8]. For example, in cancer research, BLI has been applied to real-time moni-
toring of gene expression, cell numbers, and other biological events in transgenic
mouse models [9-16]. Our group has developed firefly substrate analogs for use in
these research fields.

The firefly bioluminescence reaction proceeds via the oxidation of D-luciferin
(1, LH2, Figure 1) catalyzed by firefly luciferase (Fluc) in the presence of adenosine
triphosphate (ATP), Mg”* and O, by a two-step reaction. In the first step, LH2 is
adenylated with ATP, and is then oxidized by O,, forming excited-state oxyluciferin
that relaxes to the ground state with yellow-green light emission (4.5 = 560 nm)
[17-19]. However, yellow-green light is not able to easily penetrate biological tissues
[20], and is useful only for imaging shallow tissues such as subcutaneous tissues. To
detect signals from deep tissues such as brain and lung [21], near-infrared (NIR)

1 IntechOpen
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Figure 1.
Structuves of D-luciferin (1, LH2) and aminoluciferin (2).

light should be used, as it is highly permeable to biological tissues [20] and is suit-
able for in vivo deep tissue imaging [21]. Recently, many synthetic luciferin analogs
have been reported. Our group has synthesized various luciferin analogs and com-
pared them with 1. By studying the structure-activity relationships of these analogs
and Photinus pyralis (Ppy) luciferase, we have developed luciferin analogs that
produce wide-spectrum light (from blue to red), along with NIR luciferin analogs
(AkaLumine, TokeOni, seMpai) for BLI. Our different analogs are described in this
chapter.

2. Luciferin analogs of firefly luciferase

Many researchers have synthesized luciferin analogs, and different substrates
reacted with luciferases exhibit different luminescence activities [22-24]. Most
luciferin analogs are formed by modifying the benzothiazole moiety of 1. Analogs
of 1 were first synthesized by White et al. in 1966. They showed that aminoluciferin
(2, Figure 1), in which the hydroxyl group of benzothiazole is replaced with an
amino group, can function as a substrate of Fluc and emit red bioluminescence [25].

2.1 Development of luciferin analogs based on LH2

As mentioned above, many luciferin analogs are prepared by modifying the
benzothiazole moiety of 1 [22-24]. For instance, N-cycloaminoluciferins
(2a—f, Figure 2A) are prepared by cyclizing the NH, of 2. These analogs were
reported by two independent groups, who synthesized them by different routes
[26, 27] (Figure 2B-C). When reacted with Fluc, 2a—f show longer wavelengths
than 1, probably reflecting the electron donation effect of cycloamine substitutes.
Comparing the bioluminescence activities and emission wavelengths of analogs
2e and 2f on Fluc and Fluc mutant luciferase R218K, it was found that 2e/Fluc
and 2f/R218K produced light at 604 and 614 nm, respectively, whereas 2e/R218K
and 2f/Fluc produced no light [26]. The interaction between the active site of
luciferase and the substrate is very critical, indicating that the structures of both
reactants play essential controlling roles in luminescence activity.

Miller et al. synthesized CycLucl (7a, Figure 3) by fusing N-cycloalikylation of
2 with benzothiazole [28]. Analog 7a exhibited a longer luminescence wavelength
on Fluc (599 nm) than 1 on Fluc, and was emitted more intensely than1ina
Photuris pennsylvanica firefly luciferase mutant (Ultra-Glo). The BLI of 7a detects
the signals from deep organs such as brains and lungs [21, 29]. Li et al. synthesized
CybLuc (7b, Figure 3) by substituting the hydroxy group of 2 with a cycloamino
group. Analog 7b produced light at 603 nm and its BLI detected the signals from
mouse brain [30].

Iwano et al. developed luciferin analogs 8a—g (Figure 4A) by substituting the
benzothiazole moiety of 1 with a simple benzene ring and extended n-conjugations
[31]. Olefins were extended by the Wittig reaction from 10c—d and 12e-f as starting
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materials. In this synthesis, hydrolysis was stepwise followed by condensation
with D-Cys(STrt)-OMe, thiazoline cyclization, and methyl ester deprotection
(Figure 4B). The obtained analogs 8a—f produced luminescent colors over a wide
range (blue to red) [31]. Among these, AkaLumine (8e), which produces light at
675 nm, is a leading compound for NIR luciferin analogs, as described in Section
2.2. Later, analog 8e was used as a reagent for BLI. In the same paper, 3-hydroxyl
analog 8g (Figure 4A) was also synthesized, but this analog produced no light
[31]. Therefore, the position of the OH substituent is critical in the firefly
bioluminescence reaction.

In contrast, the thiazoline site is rarely modified. Conley et al. synthesized
a seleno-aminoluciferin analog 13a (Figure 5A) in which the S of the thia-
zoline ring of 2 was replaced with Se [32], and Ioka et al. synthesized O- or
C- substituted analogs 13b—c (Figure 5A) [33]. Analog 13a, which produced
light at 600 nm, was synthesized by the cyclization reaction of selenocysteine
(Figure 5B) [32]. Analog 13b was obtained by synthesizing an amide 16b syn-
thesizing an amide from D-serine, cyclizing it with diethylaminosulfur trifluo-
ride (DAST), and hydrolyzing it with Amano lipase (Figure 5C). Analog 13c
was prepared by coupling with bromothiazole 19 and pyrrolidione carboxylate
21 to form glutamate-linked benzothiazole 16¢, and cyclizing 16¢ with trifluo-
roacetic acid (TFA) (Figure 5D). Interestingly, 13c produces light at 547 nm,
whereas 13b is non-bioluminescence [33] but shows chemiluminescent ability.
This result indicates that the thiazoline of 1 is an essential moiety for recogniz-
ing the activity site in luciferase.
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2.2 Structure-activity relationships for developing NIR luciferin analogs

Based on these structure-activity relationships, additional luciferin analogs
have been designed and synthesized for NIR light production. For example,
Anderson et al. synthesized iLH2 (22, Figure 6) by inserting an olefin into the
structure of 1. Analog 22 produced NIR light at 706 nm [34]. However, the lucifer-
ase used at that time was a mutant (S284T), and the luminescence wavelength on
Fluc was 670 nm. The same authors developed an iz vivo dual-imaging technique
that combines 1 and 22 with two different luciferases. This system can potentially
observe new biological events by tracking two processes simultaneously [35].

Hall et al. synthesized NH,-NpLH2 (23, Figure 6) by extended conjugation of

2. Analog 23 produced no light with Fluc, but its luminescence wavelength was
extended to 743 nm by reaction with CBR2, a mutant luciferase of click beetles
(Pyrophorus plagiophthalamus) [36]. All of these studies achieved long-wavelength
emissions from mutant luciferases, but their luminescence activity is much lower
than that of combinations of 1 and wild type Ppy luciferase.
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Meanwhile, Maki’s group has developed a number of analogs based on the struc-
ture of 8e, which are expected to produce NIR light. Miura et al. formed a mother
skeleton by a coupling reaction, and thus synthesized biphenyl analogs 24a—c
(Figure7 and 8A) [37]. Analog 24a produced light at 675 nm, but the luminescence
intensity was weak. Although its conjugation was more extended than in 8e, the
luminescence wavelength of 24a did not change as that of 8e (675 nm). This result
suggests that the biphenyl moiety rotates and reduces the fluorescent intensity.

Kiyama et al. synthesized cyclic amino analogs of 8e (25a-d, Figure 7) [38]
from 4-fluorobenzaldehyde 32 as the starting material. They replaced the F group
with various secondary amines, and conducted the Horner-Wadsworth-Emmons
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reaction, condensation and cyclization to obtain the final compounds 25a-d
(Figure 8B). Despite containing an electron-donating amino group, 25a-d pro-
duced luminescence at almost the same wavelengths (656-667 nm) as 8e (668 nm).
However, the luminescence intensity of 25a was approximately four times stronger
than that of 8e. The fluorescence quantum yields of 8e and these cyclic amino
analogs 25a—d were almost identical, suggesting that the luminescence intensity
largely depends on the reactivity with luciferase.

The luminescent wavelength can be lengthened not only by extending the
n-conjugations and introducing an electron donate substituent, but also by intro-
ducing an allyl group. Kitada et al. synthesized allyl analogs 26a-b (Figure 7) by
introducing allyl groups into 8c, 8e and naphthol analogs 27a-d (Figure 7). The
analogs were introduced by two routes: Pd-catalyzed Stille coupling (Figure 8C)
and Claisen rearrangement (Figure 8D) [39]. Although these analogs delivered
very low luminescence intensities, their wavelength shift was long (approxi-
mately 15-35 nm). As the allyl group itself does not affect the n-conjugations of
the substrate structure, it was considered that induce fitting was occurred at the
luciferase active site and stabilized the substrate metabolite to lower energy state
conformation. To develop a long-wavelength, Kitada et al. synthesized NIR analog
(28 in Figure 7) by introduced both an electron-donating NMe, and an allyl group.
When reacted with Fluc, 28 produced NIR light at a sufficiently long-wavelength
(705 nm), but the luminescence intensity was only 1.3% of that of 8e. Although the
allyl group extends the luminescent wavelength, it greatly reduces the luminescence
intensity, which is a major disadvantage.

The aromatic ring site has also been targeted in the development of potential
NIR emitters. Saito et al. synthesized three analogs 29a—c (Figure 7) in which the

6



Near-Infrared Luciferin Analogs for In Vivo Optical Imaging
DOI: http://dx.doi.org/10.5772/intechopen.96760

A o
R? p——
AT = AOHOK, T 2
30a: R'= NMe,, R? = B(OH), 31a: R= NMe,
31b: R = NO,
o 31c: R=0OH
30b: R'=NO,, RZ = stojé
B
o o
/@/‘LH . /@Ar' —,  25ad
F R
32 33a:R= (v 336: R=(_
O —
33c:R= \_y  33d:R=9_ N
>
C
\ o] \ O —_—
KN@—I(H N @4“ —=._  26a-b
34 4
35
D
COOH COOAIlyl R2
HO HO' OG —™ TBSO OG —_— 273—(’
R“
36 I
37 38a:R' = H,R?=CN
38b: R' = Allyl, R2 = CN
38c: R = H, R2 = CHO
38d: R' = Allyl, R2 = CHO
Figure 8.
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aromatic ring of 8e was replaced with an N-heteroaromatic ring [40]. Interestingly,
the luminescence wavelengths of three analogs depended on the positions and
numbers of their N atoms; 29a produced red light at 645 nm, seMpai (29b) produced
NIR light at 675 nm, and 29¢ produced orange light at 625 nm. This result highlights
the importance of interactions between the luciferase active site and the N atoms

of the heterocycle. Although the luminescence wavelength of all three analogs were
shorter than 700 nm, the wavelength was changed with a single atom, suggesting that
interaction with the luciferase active site is an important part of molecular design.

3. Solubility enhancement of TokeOni and seMpai (29b) for sensitive
in vivo imaging

As mentioned in the previous section, our research group has developed
multicolor luciferin analogs for in vivo imaging. The luminescence activities of
AkaLumine (8e) and seMpai (29b) are potentially suitable for BLI. Therefore,
the usefulness of these analogs as reagents for iz vivo BLI was evaluated in further
animal experiments.
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3.1 Development of AkaBLI (TokeOniand AkaLuc)

Prior to administering the reagent into the animal models, we increased the aqueous
solubility of 8e (which is inherently low) and developed an HCl salt of 8e, AkaLumine-
HCI (Tokeoni) [21]. In ultrapure water, the solubility of TokeOni was 40 mM,
approximately 20 times higher than that of 8e (2 mM). Therefore, TokeOni enable
to administered to experimental animals with a smaller solution volume and higher
concentration than 8e. TokeOni/Fluc BLI was performed with significantly higher
sensitivity than LH2/Fluc and CycLucl/Fluc in the lungs [21] and brain [41] of mice.
However, as the iz vitro luminescence intensity of TokeOni/Fluc was lower than that of
LH2/Fluc, it must be improved before imaging large animals such as marmosets.

Accordingly, Iwano et al. developed a mutant luciferase Akaluc specialized for
TokeOni. They developed the artificial bioluminescence system AkaBLI, which
combines TokeOni with Akaluc [42] (a mutation of 28 amino acid residues on
Ppy luciferase). The AkaBLI luminescence intensity was approximately 10-fold
higher in cells (in vitro), 52-fold higher in mouse lungs (in vivo), and 1400-fold
higher in mouse brain tissue (in vivo) than LH2/Fluc luminescence intensity. In
addition, AkaBLI detected single-cell signals from mouse lung and to quantified
1-10 cells. For large animal imaging, the authors inserted the Akaluc gene into an
adeno-associated virus (AAV) vector, and introduced the recombinant AVV into
the striatal neurons of marmosets. AkaBLI achieved video-rate real-time imaging of
marmoset brains.

3.2 BLI with seMpai

seMpai (29b) was developed to improve two weak points in TokeOni: neutral pH
and disturbance by hepatic background signals. As TokeOni is acidic [43], it may cause
acidosis when injected; moreover, TokeOni detects the hepatic background signals,
which are not detected by LH2 [43, 44]. Due to the effect of N atom, seMpai was suf-
ficiently soluble for administration to experimental animals and 69 mM was dissolved
in phosphate buffered saline (pH 7.4) [40]. In Fluc-expressing lung cancer model
mice, the sensitivities of seMpai and TokeOni were not significantly different [40],
but seMpai detected no hepatic background signals and seMpai BLI detected breast
cancer micro-metastasis [43]. When repeated with TokeOni and LH2, this experiment
was unsuccessful. Although seMpai/Fluc was less sensitive than AkaBLI for single-cell
imaging, its imaging sensitivity could be improved mutant luciferases such as Akaluc.

Fukuchi et al. monitored the expression of brain-derived neurotrophic factor
(BDNF) in Bdnf-luc transgenic mice with LH2, TokeOni, and seMpai [45]. TokeOni
achieved the most sensitive BLI, and seMpai and LH2 were comparable. The result
probably reflects the different abilities of the compounds to penetrate the blood-
brain-barrier. This result also indicates the necessary of evaluating the imaging
reagent in terms of both its luminescence activity and pharmacokinetics.

Additionally, biocompatibility such as cytotoxicity of TokeOni and seMpai has
not been reported yet. No acute toxicity or adverse side effects were observed in
mice when these compounds were administered at a concentration of 33 mM [40],
however, preliminary experiments are recommended when using new analogs, not
limited to TokeOni and seMpai.

4. Conclusion

By investigating the structure-activity relationship of luciferin analogs,
researchers have developed various methods for tuning the luminescence
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wavelengths of these analogs. However, the intensity of the luminescence is poorly
controlled. If the luminescence intensity and structure—activity relationships could
be to associated by a predictable law, we could synthesize new luciferin analogs
with high luminescence intensity, and further develop an imaging technology with
greater usefulness than conventional technologies.

For a practical imaging technology, both the luminescent substrate/enzyme
activity and the pharmacokinetics are very important. Improving the various prop-
erties of the substrates and enzymes will enhance the sensitivity of bioluminescence
imaging.
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Chapter

Imaging Promoter Assay of
Adenylyl Cyclase A Gene in
Dictyostelium discoideum during
Fruiting Body Formation by
Dual-Color Bioluminescence
Microscopy

Taro Hayashi, Katsunori Ogoh and Hivobumi Suzuki

Abstract

Cyclic adenosine monophosphate (cAMP), which is derived from adenosine
triphosphate through adenylyl cyclase A (acaA), acts as an intracellular secondary
messenger and an extracellular chemotactic substance in important biological pro-
cesses. In the social amoebae Dictyostelium discoideum, cAMP mediates cell aggrega-
tion, development, and differentiation to spore and stalk cells during fruiting body
formation. The acaA gene is transcribed under the control of three different alterna-
tive promoters. This study aimed to develop a promoter assay for acaA in D. discoi-
deum using bioluminescence microscopy. Here, we inserted green- and red-emitting
luciferase genes into downstream of promoter regions 1 and 3, respectively. Promoter
activities were visualized by bioluminescence microscopy. We confirmed the dif-
ferential expression of acaA under the control of promoters 1 and 3 at the different
stages of D. discoideum development. We also demonstrated the application of dual-
color bioluminescence imaging in the development of an imaging promoter assay.

Keywords: Dictyostelium discoideum, adenylyl cyclase A promoter, dual-color
luciferase, bioluminescence microscopy, imaging promoter assay, fruiting body
formation

1. Introduction

Gene expression and regulation are essential processes in cellular proliferation
and differentiation and are involved in morphogenesis and embryogenesis. The social
amoebae Dictyostelium discoideum is known to have a simple life cycle, short genera-
tion time, and small genome size. Thus, it is a model organism that is often used in
research on morphogenesis, especially the formation of fruiting bodies from amoeba
cell aggregation. This cell aggregation is mediated by extracellular cyclic adenosine
monophosphate (cAMP) [1]. Then, cAMP is secreted from the tip of the cell mound
for prestalk and prespore cell migration [2]. High concentrations of extracellular
cAMP are required for prestalk and prespore cell differentiation [3, 4] and spore
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formation [5]. Thus, cAMP plays an important role in Dictyostelium discoideum
development. Its synthesis is catalyzed by adenylyl cyclases A, B, and G, which are
encoded by the genes acaA, acrA, and acgA, respectively [6, 7].

Adenylyl cyclase A is considered a development-specific enzyme [8, 9].
Galardi-Castilla et al. [10] characterized the promoter region of the acaA gene in
Dictyostelium discoideum Ax4 cells by histochemistry using a lacZ/X-Gal staining
system, p-galactosidase reporter system, quantitative RT-PCR, and iz situ hybrid-
ization. The acaA gene is transcribed under the control of three different alternative
promoters: promoter 1 (distal region), promoter 2 (intermediate region), and pro-
moter 3 (proximal region). Promoter 1 is active during the cell aggregation stage,
and promoters 2 and 3 are active in the mound, slug, and fruiting body stages [10].

Promoter assays using histochemical techniques are quite cumbersome, as the sam-
ples have to be fixed, stained, and observed over time sequentially for each promoter.
For this purpose, many samples must be prepared. On the other hand, a promoter assay
using bioluminescence microscopy can be used to obtain time-lapse image data from
a single experiment using one sample. This method is often used in the study of clock
genes [11-13] and developmental biology [14-16]. In this chapter, we applied biolumi-
nescence microscopy and used two luciferases in the development of an acaA promoter
assay that can monitor acaA promoters 1 and 3 simultaneously during Dictyostelium
discoideum development, and compared the result with those of histochemistry and
p-galactosidase reporter system [10]. We also demonstrated the advantages of this
promoter assay and discussed the perspectives that need further consideration.

2. Materials and methods
2.1 Dictyostelium discoideum

Under the National BioResource Project (NBRP), the National Institute of
Advanced Industrial Science and Technology (AIST) in Japan provided the
Dictyostelium discoideum strain Ax2 (NBRP ID: S00001). The Ax2 cells were cultured
in SM/5 medium on a 1.4% agar plate at 21°C with Klebsiella aerogenes bacterial cells
(provided by Prof. H. Kuwayama, Tsukuba University, Japan) as feed.

2.2 Firefly luciferase gene

Green- and red-emitting luciferases were used for the dual-color biolumi-
nescence promoter assay. The green-emitting luciferase gene Luci spl was cloned
from Luciola sp. collected in the Belum forest, State Park, Malaysia. Luci spl was
modified and optimized for mammalian cell expression. Variant 1 of Luci sp1 [17]
(DNA Data Bank of Japan [DDBJ] accession no. LC632706) was used for the green
vector construction. The red-emitting luciferase gene Psa (wild-type) was cloned
from Pristolycus sagulatus collected in Tokyo, Japan. Psa (Wildtype) was modified
and optimized for mammalian cell expression as Psa [18] (DDBJ accession no.
LC495933). This luciferase gene was used for the red vector construction and was
also deposited in the RIKEN BioResource Research Center (BRC), Tsukuba, Japan
(BRC catalog no. RDB14361).

2.3 Construction of adenylyl cyclase A reporter vector

The Dictyostelium extrachromosomal expression vectors pDM304 (NBRP
ID: G90008) and pDM358 (NBRP ID: G90009) were provided by Tsukuba
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University under the NBRP and were used in the construction of two acaA
reporter vectors involving promoters 1 and 3. The actin 15 promoter (Xhol/Bglll
restriction sites) of the pDM358 and pDM304 vectors was replaced with pro-
moters 1and 3 of acaA, respectively. The promoter regions were amplified

using PCR from Dictyostelium discoideum Ax2 genomic DNA using the primer
sets for promoter 1 (5'-GCctcgagCTTGATGAGTGGCCCAAAACC-3’ and
5'-GCagatct ATTTTTAAAGATCCAAGAATTCG-3') and promoter 3
(5'-GCctcgagACCTCACTTCATAAATATATCTTTG-3' and 5'-GCagatct
TTTTTAATAATTTTTTAATATTATTAC-3') [10]. Variant 1 of Luci sp1 (green) and
Psa (red) luciferase genes, including the Dictyostelium Kozak sequence (AAAA)
before the start codon, was inserted into downstream of the promoter in the
pDM358 and pDM304 vectors, respectively, via the Spel/HindIlI restriction sites.
These vectors contained the actin 8 terminator.

2.4 Transformation and fruiting body formation

The Ax2 cells were co-transfected with the two constructed vectors by electro-
poration using a MicroPulser (Bio-Rad, California, USA) according to the protocol
for Dictyostelium. The transformant cells were selected using hygromycin (50 mg/mL)
and neomycin (10 mg/mL) in HL5 medium.

Millicell Cell Culture Insert PICM ORG50 (Merck, Darmstadt, Germany) was
placed onto a 35-mm glass bottom dish, and 1.2 mL of D buffer (saline solution for
Dictyostelium) containing 3 mM D-luciferin potassium salt (Promega, Wisconsin,
USA) was added to the basolateral side of the glass bottom dish. The transformant
cells were seeded onto the inside of the cell culture insert above the membrane and
cultured at room temperature (21°C), facilitating the development of the mound,
slug, and fruiting body.

2.5 Bioluminescence microscopy

The bioluminescence images of the cells were captured using an LV200 biolumi-
nescence microscope (Olympus, Tokyo, Japan) [19, 20] equipped with a UCPLFLN
20XPH objective lens (Olympus) and an ImagEM C9100-13 EM-CCD camera
(Hamamatsu Photonics, Shizuoka, Japan). The activities of acaA promoters 1 and
3 were visualized using BA495-540GFP (Olympus) and 610ALP (Omega, New
Jersey, USA) emission filters, respectively, at an exposure time of 30 s for 24 h at
90s intervals. In addition, bright-field images were captured at an exposure time
of 200 ms using the same capture sequence as that of the bioluminescence images.
The time course of luminescence intensity was analyzed using TiLIA, a time-lapse
image analysis software [21].

2.6 Fluorescence microscopy

The autofluorescence images of the cells were captured using an IX83 inverted
microscope (Olympus) equipped with a U-HGLGPS excitation light source (output
level 100 with ND25 filter), a U-FGFP mirror unit, and a DP74 color CCD camera.
A UCPFLN 10XPH objective lens was used for mound and slug observations, and
a UCPFLN 4xPH objective lens was used for fruiting body observation. Exposure
time was 500 ms for all experiments.

The irradiation power of the excitation light was measured at 480 nm using a
PM100D optical power meter (Thorlabs, New Jersey, USA) with an S170C sensor
probe for microscopy.
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3. Results and discussion

Bright-field and bioluminescence images of the activities of promoters 1 and 3
are shown in Figure 1. According to the bright-field image, the amoeba cells began
to aggregate after 10 h of seeding (Figure 1A) and formed the mound (Figure 1D),
slug, and fruiting body (Figure 1F) after 16, 18, and 20 h, respectively. The image of
the slug is not shown in Figure 1, since the moving slug disappeared from the field
of view. In the case of Figure 1, the slug stage was extremely short and the fruiting
body formation occurred immediately from the mound.

According to the bioluminescence image, promoter 1 activity was observed in
single amoeba cells. It increased gradually (Figure 1A-C) and peaked at the mound

BFI

BLI
Promoter 1

BLI
Promoter 3

BLI
Promoter 1

BLI
Promoter 3

Figure 1.

Bright-field images (BFI) and bioluminescence images (BLI) veflecting the activities of promoters 1 and 3
at10h (A), 12 h (B), 14 h (C), 16 h (D), 18 h (E), 20 h (F), 22 h (G), and 24 h (H) after seeding ameba
cells. Regions of intevest 1 and 2 (ROI-1 and ROI-2) weve assigned to cover the process from cell aggregation to
fruiting body formation and are marked as circles on the BFI. Scale bar: 500 mm.
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stage after 16 h (Figure 1D). Then, it decreased during fruiting body formation
(Figure 1E-G) and eventually disappeared (Figure 1H). On the other hand,
promoter 3 activity increased during the cell aggregation stage (Figure 1C), peaked
during the fruiting body stage (Figure 1F), and then decreased (Figure 1G and H).
Thereafter, the activity of the stalk cells disappeared. Histochemical detection of
promoter activity using a lacZ/X-Gal staining system [10] showed that promoter 1
activity was detected in the cell aggregation and early mound stages, but was not
detected after the slug stage. On the other hand, promoter 3 activity was detected
in the early mound, slug, and spore stages. This activity was particularly strong in
the upper cup of the spores. The two methods yielded almost the same results, but
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——— Promoter 1
20000 = Promoter 3
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Time (hours)
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25000 ==
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20000 = Promoter 3

15000

10000

Relative Luminescence Intensity

5000
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Figure 2.
Time course of luminescence intensity veflecting the activities of promoters 1 and 3 in ROI-1 (A) and ROI-2 (B).
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promoter 3 activity was detected earlier by bioluminescence imaging than by histo-
chemical detection at the cell aggregation stage after 14 h (Figure 1C). However, the
resolution of the images obtained by histochemical detection was superior to that
by bioluminescence imaging.

To show the time course of the promoter activities, two regions of interest
(ROI) (ROI-1 and ROI-2) were assigned to cover the process from cell aggregation
to fruiting body formation, as shown in Figure 1. Figure 2 shows the time course
of luminescence intensity reflecting the activities of promoters 1 and 3 in ROI-1
(Figure 2A) and ROI-2 (Figure 2B) using 961 time-lapse images captured at 90s
intervals for 24 h. The intensity of promoter 1 activity increased after 13 h, peaked
after 16 h, decreased, and disappeared after 24 h in ROI-1 and ROI-2. On the other
hand, the intensity of promoter 3 activity increased to the same timing as that
of promoter 1 after 13 h, but peaked after around 20-22 h. Then, the intensity
decreased gradually in ROI-2, but rapidly decreased and recovered in ROI-1. Since
the measurement of the intensities involves live imaging, the discrepancy may be
caused by the movement of the spores in the ROI during fruiting body formation.
The measurement of the time courses of the activities of promoters 1 and 3 by
bioluminescence imaging and by a p-galactosidase reporter system [10] showed
similar results.

The results of the promoter assay using bioluminescence microscopy were the
same as those of the promoter assays using histochemistry and p-galactosidase,
confirming the convenience of this imaging promoter assay for Dictyostelium stud-
ies. Moreover, the imaging promoter assay enabled the spatiotemporal information
of promoter activity to be obtained sequentially in a single experiment. Based on
the result, detailed analysis of promoter activity can be performed efficiently by
histochemical or immunofluorescence microscopy. However, several experiments
are required for each measurement in histochemical and p-galactosidase promoter
assays. Multiple promoters can also be analyzed using multicolor luciferases, but the
number of promoters evaluated is limited to the number of luciferases of different
colors. Moreover, there are some concerns regarding the use of multicolor lucif-
erases in bioluminescence microscopy as follows. Figure 3 shows the normalized
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Figure 3.
Normalized luminescence spectra of luciferases (variant 1 of Luci sp1 and Psa) expressed in HeLa cells in the
transpavent vange of the emission filters, BP480-540GFP and 610ALP.
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luminescence spectra of the luciferases (variant 1 of Luci sp1 and Psa) in the trans-
parent range of the emission filter for each luciferase channel. The luciferases were
expressed in HeLa cells [17, 18]. In the transparent range of the 610ALP filter, cross
talk between the two spectra was observed between 610 and 700 nm. To prevent
spectral cross talk, a spectral unmixing operation must be done, as is performed in
fluorescence microscopy [22]. Nakajima et al. [23] demonstrated the unmixing of
tri-colored bioluminescence for a luciferase promoter assay using one color to nor-
malize the activity of two genes. In addition to the number of promoters to evaluate,
we need one more color luciferase to normalize different promoter activities.

One of the advantages of bioluminescence microscopy is that it is not affected by
autofluorescence background. Figure 4 shows the bright-field and autofluorescence
images of the mound, slug, and fruiting body stages of Dictyostelium discoideum
development captured by fluorescence microscopy with a mirror unit for green
fluorescent protein (GFP). Autofluorescence from the upper tip of the mound,
the periphery of the slug body, and the spore and stalk of the fruiting body was
observed. Therefore, the imaging conditions used GFP as a reporter require optimi-
zation of the excitation intensity, etc.

BFI AFI

Figure 4.

Bright-field images (BFI) and autofluorescence images (AFI) of the mound (A), slug (B), and fruiting body
(C) stages of Dictyostelium discoideum development. Exposure time was 500 ms, and excitation light power
was 0.8 mW for the mound and slug stages and 1.0 mW for the fruiting body stage. Scale bar: 100 mm for A and
B and 200 mm for C.
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4. Conclusion

The imaging promoter assay of the acaA promoters 1 and 3 by bioluminescence
microscopy and the histochemical and p-galactosidase promoter assays yielded
similar results in the evaluation acaA promoter activity in the different stages
of Dictyostelium discoideum development. Moreover, we found that obtaining an
overall picture of promoter activity spatiotemporally during the entire developmen-
tal process is possible with the bioluminescence imaging promoter assay. However,
spectral unmixing is required to effectively normalize the different promoter activi-
ties. We also found that the imaging promoter assay is not significantly affected by
autofluorescence.
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