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Description

FIELD OF THE INVENTION

[0001] The present invention relates to the field of biology and chemistry and more particularly to the bioluminescent
systems.

BACKGROUND OF THE INVENTION

[0002] Bioluminescence is a process wherein living organisms emit light in the course of a biochemical reaction wherein
chemical energy transforms into light energy. Several types of bioluminescent systems have been described.
[0003] For example, the systems of a number of marine coelenterates comprising aequorin proteins have been de-
scribed (Prasher, et al., Biochem. 1987, 26:1326-1332; Tsuji et al., Photochem Photobiol, 1995 62(4):657-661). The
aequorin family also comprises obelin, halistaurin (mitrocomin), phiallidin (clytin), etc. These are photoproteins comprising
luciferin which is covalently bound thereto. In the presence of Ca2+ ions, luciferin undergoes chemical changes resulting
in the formation of a product in an excited state.
[0004] The components of the bioluminescent systems (luciferases, photoproteins, luciferins, etc.) are commonly used
reagents in a plurality of assays including diagnostic systems, quality control systems, etc. For example, aequorin and
its homologs are commonly used in studying the release and fixation of Ca2+ in biological systems; for example, during
a muscle contraction. For example, the use of the bioluminescent systems has been described in detail in Cormier, M.
L. et al., Photochem. & Photobiol. 49/4, 509-512 (1989), Smith, D. F. et al. in "Bioluminescence and Chemiluminescence:
Current Status (P. Stanley & L. Krick, eds.), John Wiley and Sons, Chichester, U.K. 1991, 529-532.
[0005] The discovery of the new components of bioluminescent systems makes it possible to broaden the spectrum
of available assays and applications.
[0006] Bioluminescence of higher fungi is commonly known. The fruiting bodies of many fungi are capable of producing
constant light which can be clearly seen by an unaided eye. Luminescence of the extracts of bioluminescent fungi was
first demonstrated in 1959 (R. L. Airth and W. D. McElroy, Light emission from extracts of luminous fungi, J. Bacteriol.,
1959, 77, 249). Light was produced in response to adding NADPH to the mixture of "cold" and "hot" extracts made of
fungal mycelia of Collybia velutipes and
[0007] Armillaria mellea.
[0008] As used herein, the term "cold extract" refers to an extract comprising the enzymes of the fungal bioluminescent
system and free from low-molecular-weight components of the system. In order to obtain the cold extract, the following
protocol may be used: wash the biomass of fungal mycelium to get rid of culture medium, then put the biomass into
sufficient amount of distilled water (1:100 - 1:200 by mass) for 15-16 hours at the temperature of 26 °C. After steeping,
collect the biomass and freeze at -20 °C. Then, thaw the biomass and rinse with distilled water a few times. Pour 0.01
M phosphate buffer (pH 7.5) over the mycelium with a mass to volume ratio of 1:10. Then, using a homogenizer, grind
and ultrasound (for example, using Ultrasonic disintegrator UD-20 (Techpan, Poland) or a similar device) on ice 5 times
for 1 minute in 1 minute intervals. Centrifugate the obtained homogenate at 30000 g for 20 minutes at 4°C.
[0009] As used herein, the term "hot extract" refers to an extract comprising the low-molecular-weight components of
the system and free from the enzymes of the fungal bioluminescent system . In order to obtain a hot extract, the following
protocol may be used: wash the biomass of fungal mycelium to get rid of culture medium, then put the biomass into
sufficient amount of distilled water (1:100 - 1:200 by mass) for 5-6 hours at the temperature of 26 °C. After steeping,
collect the biomass and heat to boiling. Then, quickly cool on ice and centrifugate at 30000 g for 20 minutes.
[0010] Studies on bioluminescence of higher fungi have led to the conclusion that bioluminescence is based on a
general two-stage process as follows: the first stage is formation of luciferin from a precursor catalyzed by a NAD(P)-H-
dependent enzyme; the second stage is oxidation of luciferin under luciferase catalysis accompanied by t the emission
of visible light (R. L. Airth, Characteristics of cell-free fungal bioluminescence, in Light and Life, ed. W. D. McElroy, B.
Glass, Johns-Hopkins Press, Baltimore, 1961, pp. 262). However, until present, the chemical nature of the components
of the bioluminescent system of higher fungi has not been established.
[0011] In 1966, Kuwabara and Wassink described luciferin emission from Omphalia flavida, but they did not provide
any data on its chemical structure (S. Kuwabara and E. C. Wassink, in Bioluminescence in Progress, ed. F. H. Johnson
and E. Y. Haneda, Princeton University Press, Princeton, 1966, p. 233). In 1970, Endo et al. isolated a fluorescent
component from Pleurotus japonicus with fluorescence emission maximum at 530 nm (which is close to the emission
maximum of fungal bioluminescence). This component was called illudin S. However, this substance did not show
bioluminescent activity (M. Endo, M. Kajiwara and K. Nakanishi, Chem. Commun., 1970, 309). Later, in 1987-1988,
Isobe et al. isolated riboflavin and lampteroflavin from the same source with the fluorescence emission maximum at 524
nm. However, these substances also did not show bioluminescent activity (M. Isobe,D.Uyakul and T.Goto, J. Biolumin.
Chemilumin., 1987, 1, 181; M. Isobe, D. Uyakul and T. Goto, Tetrahedron Lett., 1988, 44, 1169). The candidates to the
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role of luciferin have also been isolated from Mycena chlorophos (S. Hayashi ey al. 2012. Biophysics Vol. 8, pp. 111-114)
and Panellus stipticus (O. Shimomura et al. J Biolumin. Chemilumin. 1993, 8, 201-205; O. Shimomura et al Tetrahedron
1988, 44, 1597-1602, O. Shimomura Bioluminescence: Chemical Principles and Methods. CHAPTER 9 LUMINOUS
FUNGI 2006, World Scientific, Singapore). However, no evidence has been provided in regard to their participation in
bioluminescence. In 2009, Oliveira and Stevani described the isolated components of the bioluminescent systems of
several fungi species: Gerronema viridilucens, Mycena lucentipes and Mycena luxaeterna (A. G. Oliveira and C. V.
Stevani, Photochem. Photobiol. Sci., 2009, 8, 1416). They pointed out that the study on their structure was complicated
due to a low concentration and low stability of these substances. The recent works of these researchers concerning a
wide range of fungi have shown cross-reactions of "hot" and "cold" extracts of different species, thus proving a universal
mechanism and similarity of the bioluminescent systems of all kinds of higher fungi (Oliveira et al. Photochemical &
Photobiological Sciences 2012, 11 (2): 848-52, Stevani et al. Photochemistry and Photobiology, 2013, 89: 1318-1326).

SUMMARY OF THE INVENTION

[0012] The Applicants have shown that hispidin is pre-luciferin (precursor) of fungal luciferin, 3-hydroxyhispidin is the
fungal luciferin, and NAD(P)H-dependent hydroxylase (hereinafter referred to as hispidin-3-hydroxylase) is the enzyme
which transforms pre-luciferin into luciferin. This discovery unveils manifold possibilities for analysing the activity of fungal
luciferase in biological samples.
[0013] Also, the Applicants have shown that bisnoryangonin is also a precursor of luciferin, and 3-hydroxybisnoryan-
gonin is another fungal luciferin.
[0014] Thus, the present invention provides methods and reagents for detecting luciferase in biological samples. The
methods and reagents of the present invention allow for detection of fungal luciferase or functional analogs thereof.
Similar systems based on coelenterazine have been designed to detect luciferase of coelenterates in biological samples;
however, they cannot be applied to analyse luciferase of higher fungi and functional analogs thereof due to a different
bioluminescence mechanism.
[0015] The present invention provides a method for detecting luciferase in biological samples with the help of 3-
hydroxyhispidin or 3-hydroxybisnoryangonin comprising

a) addition of 3-hydroxyhispidin or 3-hydroxybisnoryangonin to the sample;
b) incubation of the reaction mixture under conditions which allow for a bioluminescent reaction;
c) detection of bioluminescence of the reaction mixture.

[0016] 3-hydroxybisnoryangonin is a functional analog of 3-hydroxyhispidin. In preferred embodiments, 3-hydroxyhis-
pidin or 3-hydroxybisnoryangonin are added to the sample to a final concentration of 0.03 to 30 mM or, normally 1 to 5
mM. For example, 2.4 mM. In preferred embodiments, 3-hydroxyhispidin or 3-hydroxybisnoryangonin are added to the
sample in a buffer solution with a pH range of 6.0 to 9.8, normally 6.5 to 9.0, for example, 7.0 to 8.0. The mixture often
contains reagents which increase the solubility of 3-hydroxyhispidin or of 3-hydroxybisnoryangonin in water; as for
example, detergents, such as Triton X-100 or nonylphenoxypolyethoxyethanol.
[0017] Also, the reaction mixture may contain components which stabilize and protect luciferase from inhibitive effect
of trace amounts of heavy-metal ions, and from degradation caused by proteases. For example, the reaction mixture
may contain dithiothreitol (DTT), beta-mercaptoethanol and/or EDTA. Also, the reaction mixture may contain protease
inhibitors; for example, phenylacetic acid or oxalic acid.
[0018] The present invention also provides a method for detecting both luciferase and hispidin-3-hydroxylase in bio-
logical samples with the help of hispidin or bisnoryangonin which includes:

a) addition of hispidin or bisnoryangonin and NAD(P)H to the sample;
b) incubation of the reaction mixture under conditions which allow for a bioluminescent reaction;
c) detection of bioluminescence of the reaction mixture.

[0019] Bisnoryangonin is a functional analog of hispidin. In preferred embodiments, hispidin or bisnoryangonin are
added to the sample to a final concentration of 0.03 to 30 mM, more often 1 to 5 mM; for example, 2.4 mM. In preferred
embodiments, hispidin or bisnoryangonin are added to the sample in a buffer solution with a pH range of 6.0 to 9.8,
more often 6.5 to 9.0; for example, 7.2 to 8.0. The mixture often contains reagents which increase the solubility of hispidin
or of bisnoryangonin in water; as for example, detergents, such as Triton X-100 or nonylphenoxypolyethoxyethanol.
[0020] NADPH or NADH are also added to the reaction mixture (at a final concentration of at least 20 mM; for example,
1-3 mM) preferably in a buffer solution with a pH range of 6.0 to 9.8 or, more often 6.5 to 9.0; for example, 7.2 to 8.0.
[0021] Also, the reaction mixture may contain components which stabilize and protect bioluminescent system enzymes
from inhibitive effect of trace amounts of heavy-metal ions, and from degradation caused by proteases. For example,
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the reaction mixture may contain DTT, beta-mercaptoethanol and/or EDTA. Also, the reaction mixture may contain
protease inhibitors; for example, phenylacetic acid or oxalic acid.
[0022] The present disclosure also provides reagents and kits, not being part of the invention, for detecting luciferase
in biological samples, which include 3-hydroxyhispidin (or 3-hydroxybisnoryangonin) or hispidin (or bisnoryangonin) and
NAD(P)H.

BRIEF DESCRIPTION OF FIGURES

[0023]

Fig. 1 shows the chemical structure of double bond stereoisomers of 3-hydroxyhispidin.
Fig. 2 shows the chemical structure of double bond stereoisomers of 3-hydroxybisnoryangonin.
Fig. 3 shows the chemical structure of reduced forms of nicotinamide adenine dinucleotide phosphate (NADPH)
and nicotinamide adenine dinucleotide (NADH).
Fig. 4 shows the chemical structure of double bond stereoisomers of hispidin.
Fig. 5 shows the chemical structure of double bond stereoisomers of bisnoryangonin.
Fig. 6 illustrates the hydroxylation process of hispidin and functional analogs thereof at position 3 of the pyrone ring
under the influence of hispidin-3-hydroxylase in the presence of NAD(P)H.
Fig. 7 illustrates the result of bioluminescence measuring.
Fig. 8 illustrates the result of reversed-phase HPLC of the hot extract from the fruiting bodies of Ph. squarrosa.
Fig. 9 shows HRMS spectrum of hispidin isolated from N. nambi.
Fig. 10 shows the results of HPLC of the reaction mixture demonstrating NADPH-independent luminescence.
Fig. 11 shows UV-vis spectrum of luciferin isolated from the reaction mixture demonstrating NADPH-independent
luminescence.
Fig. 12 shows 1H NMR spectrum of luciferin isolated from the reaction mixture demonstrating NADPH-independent
luminescence (ppm -. part per million).
Fig. 13 shows a typical result of detection of luminescence of biological samples from fungi after adding 3-hydrox-
yhispidin.
Fig. 14 shows a typical result of detection of luminescence of biological samples from fungi after adding hispidin
and NADPH.
Fig. 15 shows the dependence of the maximal bioluminescence of a biological sample on a concentration of hispidin
in the reaction mixture.
Fig. 16 shows the dependence of the maximal bioluminescence of a biological sample on a concentration of Triton
X-100 detergent in the reaction mixture.
Fig. 17 shows the dependence of the maximal bioluminescence of a biological sample on the concentration of the
buffer components in the reaction mixture.
Fig. 18 shows the dependence of the maximal bioluminescence of a biological sample on the concentration of
NADPH in the reaction mixture.
Fig. 19 shows the dependence of the maximal bioluminescence of a biological sample on a concentration of DTT
in the reaction mixture.

DETAILED DESCRIPTION

[0024] As mentioned above, the present invention provides methods for detecting luciferase activity in biological
samples.
[0025] More particularly, the present invention provides a method for detecting luciferase in a biological sample with
the help of 3-hydroxyhispidin or 3-hydroxybisnoryangonin. The method includes:

a) addition of 3-hydroxyhispidin or 3-hydroxybisnoryangonin to the sample;

b) incubation of the obtained reaction mixture under conditions which allow for bioluminescent reaction;

c) detection of bioluminescence of the reaction mixture.

[0026] The present invention further provides a method for detecting luciferase and hispidin-3-hydroxylase in a bio-
logical sample with the help of hispidin or bisnoryangonin. The method includes:

a) addition of hispidin or bisnoryangonin and NAD(P)H to the sample;
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b) incubation of the obtained reaction mixture under conditions which allow for bioluminescent reaction;
c) detecting bioluminescence of the reaction mixture.

[0027] The reagents and kits for implementing the methods of this invention are also provided.
[0028] The subject invention is further described below.

BIOLOGICAL SAMPLES

[0029] Implementation of methods of the present invention provides the appearance of luminescence of a reaction
mixture containing a biological sample, when the sample contains luciferase which employs 3-hydroxyhispidin or a
functional analog thereof (i.e., 3-hydroxybisnoryangonin) as substrate (i. e. luciferin). For example, such luciferase can
be found in higher fungi which are capable of bioluminescence.
[0030] The investigated sample may also contain hispidin-3-hydroxylase which is capable of transforming hispidin or
a functional analog thereof into substrate for luciferase. For example, higher fungi capable of bioluminescence contain
hispidin-3-hydroxylase.
[0031] Biological samples may be obtained using various techniques known in biology and comprise samples of
tissues, cells, extracts, homogenates, protein mixtures of various degrees of purification, etc. As for example, biological
samples can be obtained from higher fungi.
[0032] Biological samples may also contain isolated components (luciferase or luciferase and hispidin-3-hydroxylase)
of bioluminescent systems of higher fungi or their functional analogs.
[0033] As used herein the term "isolated" is meant to describe a component that is an environment different from that
in which the component naturally occurs. For example, the corresponding component is obtained in substantial purity.
The "substantial purity" means that the protein is at least about 20 % pure, often at least 30 % pure, normally 50 % pure,
or at least 90 % pure.
[0034] In order to isolate proteins, any normal techniques for protein purification may be used; for example, the ones
which are described in Guide to Protein Purification, (Deuthser ed.) (Academic Press, 1990). For example, the original
source may be used for lysate or cold extract preparation, which are then purified using HPLC, size exclusion chroma-
tography, gel electrophoresis, affinity chromatography, etc. Protein preparations may be tested for the presence of active
luciferase or a complex of luciferase and hispidin-3-hydroxylase using the methods of the present invention.
[0035] Biological samples may also express recombinant luciferase or luciferase and hispidin-3-hydroxylase or their
functional mutants. Nucleic acid sequences used for expression of the said proteins may be obtained from natural
sources (as for example, from higher fungi) or synthesized. Currently, a number of methods are established that allow
to clone genes encoding proteins with known activity. Such methods have been partially described in Maniatis, T., et al.
(Molecular Cloning--A Laboratory Manual Cold Spring Harbor Laboratory, Cold Spring Harbor, N.Y. 1982) and Newman
and Campagnoni (Neuromethods, v. 16, 1990, pp 13-48). For example, an expression library in appropriate host cells
may be prepared and tested for luciferase activity. Or, protein may be isolated from cold extract to determine its partial
amino acid sequence, and then, an appropriate cDNA from cDNA sample from a higher fungus may be cloned. Nucleic
acid sequences must be inserted into an expression cassette. The expression cassette may exist as an extrachromosomal
element or may be integrated into the genome of the cell as a result of introduction of said expression cassette into the
cell. In the expression cassette, subject nucleic acids operably linked to a regulatory sequence that can include promoters,
enhancers, terminators, operators, repressors and inducers. After introducing the expression cassette into a cell, a
functional protein may be formed therein. For expression, any convenient expression system may be used, including,
for example, bacterial, yeast, insect, amphibian, or mammalian systems. Methods for preparing expression cassettes
or systems capable of expressing the desired product are known for a person skilled in the art. Cell lines that stably
express luciferase or luciferase and hispidin-3-hydroxylase can be selected by the methods known in the art known in
the art (e.g. co-transfection with a selectable marker such as dhfr, gpt, neomycin, hygromycin allows the identification
and isolation of the transfected cells that contain the gene integrated into a genome). The above-described expression
systems can be used in prokaryotic or eukaryotic hosts. Host-cells such as E. coli, B. subtilis, S. cerevisiae, insect cells
in combination with baculovirus vectors, or cells of a higher organism such as vertebrates, e.g., COS 7 cells, HEK 293,
CHO, Xenopus oocytes, etc., may be used for production of the protein.
[0036] Also, functional mutants of natural proteins can be expressed. As used in the present description, the term
"functional" in regard to luciferase means that the said protein is capable of using 3-hydroxyhispidin or its double bond
cis-isomer as luciferin. As used in the present description, the term "functional" in regard to hispidin-3-hydroxylase means
that the mutant protein is capable of transforming hispidin or bisnoryangonin into 3-hydroxyhispidin or 3-hydroxybisnory-
angonin, correspondingly, in the presence of NAD(P)H and atmospheric oxygen.
[0037] As used in the present description, the term "mutant" refers to the protein which is obtained by adding and/or
deleting and/or replacing at least one amino acid residue within the native protein or at the N- and/or C-terminus of a
protein. As used in the present description, the term "mutant" refers to the nucleic acid molecule which encodes the
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mutant protein. Besides, the term "mutant" refers to any shorter or longer variant of an appropriate protein or a nucleic acid.
[0038] The modifications, additions or deletions can be introduced by any method known in the art (see for example
Gustin et al., Biotechniques (1993) 14: 22; Barany, Gene (1985) 37: 111-123; and Colicelli et al., Mol. Gen. Genet.
(1985) 199:537-539, Sambrook et al., Molecular Cloning: A Laboratory Manual, (1989), CSH Press, pp. 15.3-15.108)
including error-prone PCR, shuffling, oligonucleotide-directed mutagenesis, assembly PCR, sexual PCR mutagenesis,
in vivo mutagenesis, cassette mutagenesis, recursive ensemble mutagenesis, exponential ensemble mutagenesis, site-
directed mutagenesis, random mutagenesis, gene reassembly, gene site saturated mutagenesis (GSSM), synthetic
ligation reassembly (SLR), or a combination thereof. The modifications, additions or deletions may be also introduced
by a method comprising recombination, recursive sequence recombination, phosphothioate- modified DNA mutagenesis,
uracil-containing template mutagenesis, gapped duplex mutagenesis, point mismatch repair mutagenesis, repair-defi-
cient host strain mutagenesis, chemical mutagenesis, radiogenic mutagenesis, deletion mutagenesis, restriction-selec-
tion mutagenesis, restriction-purification mutagenesis, artificial gene synthesis, ensemble mutagenesis, chimeric nucleic
acid multimer creation and a combination thereof..
[0039] A reference to a nucleotide sequence which "encodes" polypeptide means that such polypeptide is produced
from a nucleotide sequence during mRNA translation and transcription. For this, both a coding strand, which is identical
to mRNA and commonly used in the sequence listing, and a complementary strand, which is used as a template during
transcription, can be specified. It will be appreciated by those having skill in the art that the term also includes any
degenerated nucleotide sequences that encode the same polypeptides. "Nucleotide sequences encoding polypeptide"
include sequences which contain introns.

Reagents for detecting luciferase activity

[0040] The methods of the present invention are based on the use of 3-hydroxyhispidin or its functional analog 3-
hydroxybisnoryangonin for detecting luciferase activity in biological samples.
[0041] As used in the present description, the term "3-hydroxyhispidin" refers to (E)-6-(3,4-dihydroxystyryl)-3,4-dihy-
droxy-2H-pyran-2-one. Since the substance tends to isomerize in a solution and forms equilibrium mixtures of double
bond cis- and trans-isomers, the term "3-hydroxyhispidin", for the purposes of the present invention, also relates to the
double bond cis-isomer thereof (Z)-6-(3,4-dihydroxystyryl)-3,4-dihydroxy-2H-pyran-2-one. The chemical structures of
the trans-isomer of 3-hydroxyhispidin and its double bond cis-isomer are shown in Fig. 1.
[0042] 3-hydroxyhispidin shows stability during chromatography in a water-acetonitrile mixture with addition of formic
acid (the final concentration is 0.1 %) during one day. Lyophilized substrate is kept at -20°C with no activity loss for no
less than 30 days, often no less than 60 days, normally no less than a year.
[0043] 3-hydroxyhispidin is readily soluble in aprotic solvents (DMSO, acetonitrile, acetone, etc.) and moderately
soluble in water.
[0044] 3-hydroxyhispidin is stable within a wide range of temperatures; for example, it can sustain short-term boiling
in a water solution.
[0045] 3-hydroxybisnoryangonin, which is a functional analog of 3-hydroxyhispidin, may also be used.
[0046] As used in the present description, the term "3-hydroxybisnoryangonin" refers to (E)-3,4-dihydroxy-6-(4-hy-
droxystyryl)-3,4-dihydroxy-2H-pyran-2-one. Since the substance tends to isomerize in a solution and forms equilibrium
mixtures of double bond cis- and trans-isomers, the term "3-hydroxybisnoryangonin", for the purposes of the present
invention, also relates to the double bond cis-isomer thereof (Z)-3,4-dihydroxy-6-(4-hydroxystyryl)-2H-pyran-2-one. The
chemical structures of 3-hydroxybisnoryangonin trans-isomer and a double bond cis-isomer thereof are shown in Fig. 2.
[0047] 3-hydroxyhispidin and 3-hydroxybisnoryangonin can be obtained by enzymatic synthesis from hispidin or bis-
noryangonin, correspondingly, in the presence of hispidin-3-hydroxylase, NADPH (or NADH) and atmospheric oxygen.
[0048] The following conditions are preferred for the synthesis: the pH is within the range of 6.5 to 9.0, the NAD(P)H
concentration is 1-20 mM; as for example, 10 mM. The reaction mixture may contain components which stabilize and
protect hispidin-3-hydroxylase from inhibitive effect of trace amounts of heavy-metal ions, and from degradation caused
by proteases. For example, the reaction mixture may contain DTT, beta-mercaptoethanol and/or EDTA. The reaction
mixture may further contain protease inhibitors. The reaction mixture may further contain detergents, such as Triton X-
100 or nonylphenoxypolyethoxyethanol. The reaction mixture may further contain admixtures of DMSO, acetonitrile and
other solvents. An example of conditions for enzymatic synthesis is shown in the experimental section below.
[0049] The obtained substances may be isolated from the reaction mixture by extraction using the following solvents:
water, alcohol, acetonitrile, DMSO or the mixtures thereof, or non-water-miscible solvents: ethyl acetate, chloroform,
dichloromethane and others, with subsequent liquid chromatography separation of the obtained extract or without such
separation. The detailed description of one of the possible schemes to isolate 3-hydroxyhispidin is given in the experi-
mental section below.
[0050] Alternatively, 3-hydroxyhispidin and 3-hydroxybisnoryangonin can be obtained by chemical synthesis.
[0051] 3-hydroxyhispidin and 3-hydroxybisnoryangonin are soluble in water, a buffer solution, DMSO, alcohol, ace-
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tonitrile or a mixture thereof. The obtained solution can be diluted to a working concentration by water, buffer solution
and 0.01 -1 % formic acid solution. The appropriate buffer solutions include a phosphate buffer, Tris HCI, HEPES and
others, commonly used within the pH range of 6.0 to 9.8, normally 6.5 to 9.0, as a rule 7.0 to 8.0. In preferred embodiments,
the reagents which increase water solubility of 3-hydroxyhispidin and 3-hydroxybisnoryangonin are added to the mixture.
They include, for example, detergents, such as Triton X-100 or nonylphenoxypolyethoxyethanol.
[0052] The term "working concentration" is used herein to define the concentrations of the solution which is added to
the biological sample.
[0053] In case the biological sample contains luciferase and hispidin-3-hydroxylase, the luciferin precursor (e.g. hispidin
or its functional analog bisnoryangonin) together with NAD(P)H are used to detect them.
[0054] In the presence of NAD(P)H, hispidin-3-hydroxylase hydroxylases hispidin and bisnoryangonin at position 3 of
the pyrone ring, as shown in Fig. 6. 3-hydroxyhispidin and 3-hydroxybisnoryangonin serve as substrates for luciferase.
[0055] As used in the present description, the term "NAD(P)H" means the reduced form of nicotinamide adenine
dinucleotide phosphate (NADPH) or the reduced form of nicotinamide adenine dinucleotide (NADH). The structures of
nicotinamide adenine dinucleotide phosphate and nicotinamide adenine dinucleotide are shown in Fig. 3.
[0056] Hispidin (or (E)-6-(3,4-dihydroxystyryl)-4-hydroxy-2H-pyran-2-one) is a well-known compound which relates to
the group of styrylpyrones isolated from a number of fungi and plants (Beckert et al. Phytochemistry, VoL 44, No. 2, pp.
275-283, 1997; In-Kyoung Lee and Bong-Sik Yun The Journal of Antibiotics (2011) 64, 349-359). Since the substance
tends to isomerize in solution and forms equilibrium mixtures of double bond cis- and trans-isomers, the term "hispidin",
for the purposes of the present invention, also relates to the double bond cis-isomer thereof (Z)-6-(3,4-dihydroxystyryl)-
4-hydroxy-2H-pyran-2-one. The chemical structures of the double bond trans- and cis-isomers of hispidin are shown in
Fig. 4.
[0057] Bisnoryangonin, which is a functional analog of hispidin, may also be used.
[0058] As used herein, the term "bisnoryangonin" refers to (E)-4-hydroxy-6-(4-hydroxystyryl)-2H-pyran-2-one. Since
the substance tends to isomerize in a solution and forms equilibrium mixtures of double bond cis- and trans-isomers,
the term "bisnoryangonin", for the purposes of the present invention, also relates to the double bond cis-isomer thereof
(Z)-4-hydroxy-6-(4-hydroxystyryl)-2H-pyran-2-one. The chemical structures of the double bond trans- and cis-isomers
of bisnoryangonin are shown in Fig. 5.
[0059] Hispidin and bisnoryangonin can be dissolved in water, buffer solution, DMSO, alcohol, acetonitrile or the
mixture thereof. The obtained solution can be diluted to a working concentration using water, buffer solution or 0.01 -1
% formic acid solution. The appropriate buffer solutions include a phosphate buffer, Tris HCI, HEPES and others,
commonly used within the pH range of 6.0 to 9.8, normally 6.5 to 9.0, as a rule 7.0 to 8.0. In preferred embodiments,
the reagents which increase water solubility of 3-hydroxyhispidin and 3-hydroxybisnoryangonin are added to the mixture;
for example, detergents, such as Triton X-100 or nonylphenoxypolyethoxyethanol. In preferred embodiments, the rea-
gents which increase water solubility of hispidin and bisnoryangonin are added to the mixture; for example, detergents,
such as Triton X-100 or nonylphenoxypolyethoxyethanol.

Conditions for developing bioluminescent signal

[0060] Formation of bioluminescence depends on the amount and integrity of luciferase or luciferase and hispidin-3-
hydroxylase in biological samples.
[0061] Signal formation is effected by the pH of the reaction mixture. Bioluminescent signal formation occurs within
the pH range of 6.0 to 9.8, normally 6.5 to 9.0, preferably 7.0 to 8.0. To maintain the pH, any standard buffer solutions
for the given pH range can be used, including a phosphate buffer, HEPES, Tris HCI. In preferred embodiments, the
molar concentration of a buffer solution does not exceed 2, as for example, the molar concentration does not exceed 1,
more often it is within the range of 0.05 to 0.4, normally 0.1 to 0.2.
[0062] Also, for the purposes of the present invention, the reaction mixtures may contain components which stabilize
and protect bioluminescent system enzymes from inhibitive effect of trace amounts of heavy-metal ions, and from
degradation caused by proteases.
[0063] For example, the reaction mixture may contain DTT at a concentration of no more than 20 mM, more often at
a concentration of 0.1 to 8 mM, preferably at a concentration of 0.1 to 4 mM.
[0064] The reaction mixture may also contain beta-mercaptoethanol and/or EDTA at a final concentration of 0 to 5 mM.
[0065] For example, the reaction mixture may contain 0.1 to 2 mM DTT and 0.1 to 1 mM EDTA.
[0066] The reaction mixture may further contain protease inhibitors; for example, phenylacetic acid or oxalic acid at
standard concentrations.
[0067] For the purposes of the present invention, 3-hydroxyhispidin or 3-hydroxybisnoryangonin is added to the bio-
logical sample to a final concentration of 0.03 to 30 mM, more often 1 to 5 mM.
[0068] In some embodiments, a reagent mixture comprising a buffer solution, components which stabilize and protect
bioluminescent system enzymes from inhibitive effect of trace amounts of heavy-metal ions, and from degradation
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caused by proteases, and 3-hydroxyhispidin is added. In other embodiments, a buffer solution, components which
stabilize and protect bioluminescent system enzymes from inhibitive effect of trace amounts of heavy-metal ions, and
from degradation caused by proteases are added to the sample in the first place, and then, a 3-hydroxyhispidin solution
is added.
[0069] For the purposes of the present invention, hispidin or bisnoryangonin is added to the biological sample at a
final concentration of 0.03 - 30 mM, more often 1 to 5 mM, for example, 2.4 mM.
[0070] NAD(P)H is added to the biological sample together with hispidin, or before or after the addition hispidin or
bisnoryangonin at a final concentration 0.01 to 10 mM, more often 0.4 - 2 mM, normally 1 mM.
[0071] In some embodiments, a reagent mixture is added to the sample, which includes a buffer solution, components
which stabilize and protect bioluminescent system enzymes from inhibitive effect of trace amounts of heavy-metal ions,
and from degradation caused by proteases, NAD(P)H and hispidin or bisnoryangonin.
[0072] For example, 100 ml mixture containing 0.1 M phosphate buffer, pH 7.5, 0.1 mM DTT, 2.4 mM hispidin, 0.01 %
Triton X-100, 0.4 mM NAD(P)H is added to the sample (1-5 ml).
[0073] In some embodiments, two reagent mixtures are sequentially added to the sample, one of which contains
NAD(P)H, and the other contains hispidin or bisnoryangonin.
[0074] For example, 100 ml mixture containing 0.1 M phosphate buffer, pH 7.5, 0.1 mM DTT, 2.4 mM mg hispidin (or
bisnoryangonin), 0.01 % Triton X-100 is added to the sample in the first place, and then, 4 ml 10 mM NAD(P)H water
solution is added to the sample (1-5 ml) to initiate the reaction.
[0075] In some embodiments, 100 ml mixture containing 0.1 M phosphate buffer, pH 7.5, 0.1 mM DTT, 0.4 mM mg
NAD(P)H is added to the sample (1-5 ml) in the first place, and then 4 ml 64 mM aqueous solution of hispidin or bisnory-
angonin in an aqueous solution containing 0.01 % Triton X-100 and 0.1 % formic acid.
[0076] Depending on the solvent used for preparing the solution of hispidin, 3-hydroxyhispidin or the functional analogs
thereof, the reaction mixture may contain small amounts of solvents used.
[0077] The reaction mixture may also contain detergents, such as Triton X-100 or nonylphenoxypolyethoxyethanol.
In preferred embodiments, the concentration of detergents in the reaction mixture does not exceed 0.2 %, more often
0.1 %, optimally 0.06 %.
[0078] The examples of measuring luciferase activity in the biological samples additionally containing hispidin-3-
hydroxylase are given in the experimental section below.
[0079] Also, the reaction mixture may contain bovine serum albumin (BSA) or other proteins at concentrations not
exceeding 2 %, more often not exceeding 1 %, optimally not exceeding 0.5 %. BSA is used if the concentration of the
biological sample is extremely low; in such a case, BSA serves as a protein stabiliser.
[0080] The bioluminescent signal develops in a wide range of temperatures, from 0 to 40 °C, optimally at 20-25 °C.
[0081] Formation of the luminescent signal starts immediately after reaction initiation, when the above mentioned key
reagents are added for detecting luciferase activity. Intensity of luminescence increases over time after reaction initiation,
as a rule, within 5 to 30 minutes, for example, within 10 minutes. Then, exponential decay takes place, the speed of
which is determined by enzyme activity and original substrate concentrations. Under certain conditions, when the con-
centrations of the substrates are high, enzyme activities are low, and the reaction temperature is lowered, the reaction
may be observed for 24 hours or more.

Bioluminescence detection

[0082] The methods of the present invention include the detection of bioluminescence which is produced in the luci-
ferase-containing biological sample after the appearance of luciferin therein.
[0083] Bioluminescence may be detected by the methods known by those skilled in the art, more particularly, using
visual screening or a luminometer, photometer, fluorimeter, digital camera or sensitive film. The quantitative characteristic
may be determined as the maximum luminescence intensity, which is attained in 5 to 30 minutes after bioluminescent
reaction initiation, or by luminescence growth rate within the interval of up to 30 minutes after bioluminescent reaction
initiation; for example, within the interval of 5, 10, 20, 30, 60 or more seconds after reaction initiation.
[0084] In preferred embodiments, the measured luminescence is represented by long-lasting light emission rather
than light flashes. In preferred embodiments, luminescence intensity depends on the activity of the bioluminescent
system enzymes present in the sample, initial substrate concentrations and reaction mixture temperature and normally
ranges from 10 kV/s to 10 million kV/s, more often 100 to 100 000 kV/s.
[0085] Luminescence intensity depends on the reagents used. For example, in accordance with the method of the
present invention, the maximum intensity of sample luminescence is approximately 10 times lower in case of the addition
of bisnoryangonin as compared to using hispidin. Also, the maximum intensity of sample luminescence is two or three
times lower when NADH is added as compared to adding NADPH.
[0086] The reaction lasts no less than 30 minutes after initiation, more often 30 to 60 minutes, sometimes (depending
on the conditions) hours or even days.
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Methods of use

[0087] The methods and reagents of the present invention find use in a wide spectrum of in vivo and in vitro biolumi-
nescent assays.
[0088] More particularly, the methods and reagents of the present invention may be used for detecting active compo-
nents of the bioluminescent system of higher fungi in the process of purification thereof.
[0089] Also, methods and reagents of the present invention may be used for detecting functional analogs of the
enzymes of the fungal bioluminescent system in biological samples.
[0090] Also, the methods and reagents of the present invention may be used for detecting activity of recombinant
luciferase or luciferase and hispidin-3-hydroxylase in host cells.
[0091] In some embodiments, luciferase-coding nucleic acid should be obtained for the application. The obtained
nucleic acid should be inserted into an expression cassette which provides short-term and long-term expression of this
nucleic acid in host cells. The expression cassette may contain elements which provide address delivery of the construct
to the cells or cell compartments of interest, or be a part of the particles which provide address delivery. After transfection
of cells with an expression cassette (as for example, as part of an expression vector) and after the time required for
expression product to develop in cells, the luciferase activity within the cells and in cell lysate may be detected.
[0092] In some embodiments, nucleic acids which encode luciferase and hispidin-3-hydroxylase should be obtained
for the application. The obtained nucleic acid should be inserted into the expression cassettes which provide short-term
and long-term expression of this nucleic acid in host cells; for example, under the promoters of interest. The expression
cassettes may contain elements which provide address delivery of the construct to the cells or cell compartments of
interest, or be a part of the particles which provide address delivery. After transfection of cells with an expression cassette
(as for example, as part of an expression vector) and after the time required for expression product to develop in cells,
simultaneous presence of luciferase and hispidin-3-hydroxylase within the cells and in cell lysate may be detected.

Kits

[0093] Also disclosed are kits for use in practicing one or more of the above-described applications.
[0094] In some embodiments, kits typically include 3-hydroxyhispidin and/or 3-hydroxybisnoryangonin, preferably with
a buffer solution for dissolving the said substrate and/or addition thereof to the biological samples. 3-hydroxyhispidin
and/or 3-hydroxybisnoryangonin may exist in a dissolved state in an appropriate storage medium, such as a DMSO,
water or buffer solution with a detergent, normally in an appropriate container. Alternatively, 3-hydroxyhispidin and/or
3-hydroxybisnoryangonin may be included in a kit in a lyophilized state.
[0095] In other embodiments, kits typically include hispidin and/or bisnoryangonin, preferably with a buffer solution for
dissolving the said substrate and/or addition thereof to the biological samples. In preferred embodiments, kits also
comprise NAD(P)H, preferably with a buffer solution for dissolving the said substrate and/or addition thereof to the
biological samples.
[0096] In addition to the above components, the subject kits will further include instructions for practicing the subject
methods. These instructions may be present in the subject kits in a variety of forms, one or more of which may be present
in the kit (e.g. a hard copy or a digital copy in the form of a text and/or image file).
[0097] The following example is offered by way of illustration and not by way of limitation.

EXAMPLES

Example 1. Detecting luciferin precursor in fruiting bodies of higher fungi

[0098] The mycelium of a number of bioluminescent fungi was used for preparing hot extracts: Neonothopanus nambi
was collected in the forests of southern Vietnam, Mycena citricolor was collected from ATCC #12578, Panellus stipticus
was collected in Ottawa (Canada), Armillaria borealis was collected near Krasnoyarsk (Russia). The mycelium of Ne-
onothopanus nambi was grown in a medium which contains potato broth at a concentration of 200 g/L and sucrose at
a concentration of 20 g/l for 5 days at 24 °C with constant mixing at 160-180 rpm. The mycelium of other fungi was grown
in a medium which contains potato broth at a concentration of 200 g/l and glucose at a concentration of 20 g/L, under
similar conditions: A.borealis for 12 days at 24°C, P.stipticus for 5-7 days at 24°C and M. citricolor for 5-7 days at 27°C.
[0099] Also, fruiting bodies of a number of non-bioluminescent fungi collected in a forest nearby Krasnoyarsk were
used for preparing hot extracts: Pholiota squarrosa, Tricholoma sp., Phellinus sp., Russula foetens and Clitocybe sp. In
each case, to prepare the hot extracts, 10 g of a fruiting body or mycelium was put in 30 ml of distilled water, then, it
was homogenized and heated till boiling in a microwave oven. Thereafter, the extracts were quickly cooled on ice and
centrifuged at 20000 g for 20 minutes at 4°C. The supernatant was separated using 40 mL of ethyl acetate, then, it was
concentrated on a rotary evaporator and diluted with 200 ml of 30% DMSO containing 0.1% formic acid.
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[0100] The obtained extracts were tested in a bioluminescent test described by Oliveira and Stevani (Photochem.
Photobiol. Sci., 2009, 8, 1416) using a cold extract from Neonothopanus nambi.
[0101] In order to obtain a cold extract, the mycelium was washed to get rid of culture medium, then, it was put into a
200-fold amount of distilled water for 15 hours at 26°C. Thereafter, the mycelium was separated from water by centrif-
ugation, then, it was homogenized on ice in 10 volumes of 0.2 M phosphate buffer, pH 7.5 and sonicated on ice for 10
minutes using Ultrasonic disintegrator UD-20. The homogenate was centrifuged at 30000 g at 4°C for 20 minutes. The
obtained cold extract was stored at -20°C.
[0102] 500 ml of the following components were mixed for a bioluminescent test: 25 mL of cold extract, 2 mL of hot
extract, 442 mL 0.2 M phosphate buffer, pH 7.5, 1 mL 1 M DTT and 10 mL 1% Triton X-100. The bioluminescent reaction
was initiated in a Glomax 20/20 (Promega, USA) luminometer cuvette by adding 20 mL 20 mM NADPH. Luminescence
was measured at 23 6 1°C. The typical results of measurements are shown in Fig. 7. The luciferin precursor was detected
in the fruiting bodies of all non-bioluminescent fungi at a concentration significantly greater than that in the mycelium of
bioluminescent fungi.

Example 2. Determining structure of luciferin precursor of higher fungi

[0103] The hot extract of the fruiting bodies of Ph. squarrosa obtained as described in Example 1 was used for reversed-
phase HPLC which allowed identifying six different fractions: 1-6 (Fig. 8).
[0104] All the 6 fractions showed activity in the bioluminescent test in the presence of the cold extract from Neonot-
hopanus nambi, as described in Example 1. The maximum luminescence of fractions 1-6 was 24000, 80, 6670, 40,
1300 and 1000 correspondingly (a signal-to-noise ratio of the luminometer, the values were normalised against optical
density at 360 nm).
[0105] Besides, rechromatography of the obtained fractions showed that fraction pairs (1, 3) and (5, 6) were hispidin
and bisnoryangonin forming equilibrium mixtures of double bond cis- and trans-isomers of these substances (Fig. 4, 5).
[0106] All the six fractions underwent rechromatography and were used for obtaining NMR spectra: 1H, 2D DQF-
COSY, 2D 1H-13C HSQC and 2D 1H-13C HMBC. These data, in combination with HRMS (high-resolution mass spectra)
made it possible to determine the chemical structures of the substances. The spectra of compounds (1, 3) and (5, 6)
were totally identical and contained two sets of signals corresponding to hispidin and its double bond cis-isomer (1, 3)
and bisnoryangonin and its double bond cis-isomer (5, 6). Compound 2 was identified as a hispidin homodimer (3.3-
bishispidinyl) and compound 4 was identified as a heterodimer of hispidin and bisnoryangonin (3-bisnoryangonyl-14-
hispidin).
[0107] The structural identity of compounds 1, 3, 5, 6 with the said substances was confirmed by comparing their
chromatograms and spectra with the chromatograms and spectra of commercially available hispidin (Sigma, USA) and
synthetic bisnoryangonin. Thus, the coincidence of the chromatographic retention times of compounds 1, 3 and the
retention times or commercially available hispidin and its isomer was observed, and the correspondence of the chro-
matographic retention times of compounds 5, 6 with the retention times or synthetic bisnoryangonin and its cis-isomer
was observed. Also, the coincidence of the chemical shifts in 1H and 13C in NMR spectra for substances 1, 3 with those
of commercially available hispidin and its cis-isomer was observed, and the coincidence of chemical shifts in 1H and
13C in NMR spectra for substances 5, 6 with those of commercially available synthetic bisnoryangonin and its cis-isomer
was detected. The tables of chemical shifts of substances 1, 3, 5, 6 are given in Table 1.

Table 1. Chemical shifts of compounds 1, 3 in DMSO-d6 and 5, 6 in acetone-d6. Atom numbering is as per Fig. 4 and 5.

Atom trans-hispidin (1) cis-hispidin (3) trans-bisnoryangonin (5) cis-bisnoryangonin (6)

δH δC δH δC δH δC δH δC

2 162.82 162.82 162.85 162.85

3 5.23 (s) 89.50 5.22 (s) 88.69 5.38 (d, 1.9 
Hz)

89.83 5.37 (d, 1.9 
Hz)

90.2

4 169.85 169.56 169.92 169.50

5 6.13 (s) 101.3 6.07 (s) 102.64 6.14 (d, 1.9 
Hz)

100.11 6.11 (d, 1.9 
Hz)

101.52

6 160.35 160.35 160.32 160.32

7 6.67 (d, 16 
Hz)

116.91 5.98 (d, 
12 Hz)

118.33 6.75 (d, 16 
Hz)

116.67 6.045 (d, 
12Hz)

118.38
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[0108] In order to confirm the role of hispidin as a luciferin precursor in luminous fungi, hispidin was isolated from the
luminous mycelium of N. nambi. The preliminary experiments showed that soaking of the mycelium in distilled water for
one night results in a sudden increase in activity of hot and cold extracts (up to 250 and 140 times, correspondingly).
The preparation of a hot extract obtained from this soaked mycelium of N. nambi followed by HPLC resulted in isolation
of two compounds with retention times and UV-spectra identical to those of trans-hispidin and a double bond cis-isomer
thereof. Besides, these two compounds showed tautomerization, specific bioluminescent activity and HRMS (Fig. 9)
identical to those of trans-hispidin and a cis-isomer thereof obtained from the fruiting bodies of Ph. squarrosa.
[0109] Overall, 0.5 mg of the tautomer mixture of hispidin and a cis-isomer thereof were separated from 10 g of mycelium.
[0110] The presence of hispidin and a cis-isomer thereof was further confirmed by chromatography of the hot extracts
of different bioluminescent fungi obtained as shown in Example 1.

Example 3. Synthesis, purification and identification of luciferin of higher fungi

[0111] A -35 kDa fraction containing partially purified preparation of NADPH-dependent enzyme of the fungal biolu-
minescent system was obtained from the cold extract of N. nambi obtained as described in Example 2 by chromatography
using Superdex 75 (Sigma-Aldrich, USA). Also, a luminescence-capable microsomal fraction (a fraction of protein com-
ponents with molecular weights over 200 kDa) of the cold extract was obtained. Synthetic hispidin (Sigma-Aldrich, USA)
was incubated with a -35 kDa fraction in the presence of NADPH. The reaction mixture comprised 5 mL 0.2 M phosphate
buffer (pH 7.5), 200 mL 0.1 M DTT, 200 mL 0.65 mM hispidin aqueous solution with 0.1 % formic acid and 0.1 % Triton
X-100, 5 ml of -35 kDa fraction, 1 mL 10 mM NADPH aqueous solution.
[0112] 1 mL reaction mixture aliquots were added to the microsomal fraction of the cold extract of N. nambi every 5
minutes, and NADPH-independent luminescence of luciferase with a substrate thereof (luciferin) was observed. HPLC
analysis showed that after initiation of the incubation at room temperature, a new compound, whose concentration
reached maximum after 35 minutes of incubation, was produced and accumulated in the reaction mixture (Fig. 10).
[0113] The reaction was terminated by acidification to pH 2.0 by adding 150 mL of concentrated hydrochloric acid,
centrifuged at 30000 G for 15 minutes and concentrated using the columns of Diapak-S16 (BioChemMak S&T, Russia).
The columns were washed with 10 mM HCI containing 3 % MeCN and eluted with 2 mL 75 % MeCN aqueous solution.
The eluate was concentrated to the volume of 50 mL by vacuum centrifugation. The obtained solution was dissolved in
50 mL of DMSO and used for reversed-phase chromatography using a semi-preparative column ZORBAX Eclipse XDB-
C18 (9.4 mm x 250 mm, Agilent, USA). 0.1 % formic acid (pH 2.8) was used as solvent A, and acetonitrile was used as
solvent B. The gradient program of 5-40% solvent B was used for 25 minutes. The chromatography temperature was
25°C, the flow rate was 3 mL/min. Absorption was registered at 210, 230, 250, 270, 290, 310, 330 and 360 nm. The
peak which appeared after 17.2 minutes of chromatography was collected. As a result, 19 mg of luciferin was produced
from 32 mg of hispidin.
[0114] The UV-vis spectrum of the isolated luciferin was substantially identical to that of hispidin (Fig. 11), 1H NMR
spectrum showed an identical pattern of protons in luciferin and hispidin; however, there was no signal corresponding
to hispidin H-3 (Fig. 12). HRMS of luciferin showed the presence of a molecular ion with mass-to-charge (m/z) ratio of

(continued)

Atom trans-hispidin (1) cis-hispidin (3) trans-bisnoryangonin (5) cis-bisnoryangonin (6)

8 7.12 (d, 16 
Hz)

134.81 6.63 (d, 
12 Hz)

137.13 7.35 (d, 16 
Hz)

134.64 6.76 (d, 12 
Hz)

136.67

9 127.26 127.07 127.28 127.09

10 7.03 (d, 2.0 
Hz)

114.47 6.87 (d, 
2.0 Hz)

116.93 7.55 (d, 8.6 
Hz)

129.22 7.43 (d, 8.6 
Hz)

131.25

11 145.95 145.20 6.91 (d, 8.6 
Hz)

115.83 6.84 (d, 8.6 
Hz)

115.04

12 147.88 146.63 158.95 158.14

13 6.77 (d, 8.1 
Hz)

116.16 6.70 (d, 
8.1 Hz)

115.64 6.91 (d, 8.6 
Hz)

115.83 6.84 (d, 8.6 
Hz)

115.04

14 6.95 (dd, 
8.1;2.0 Hz)

120.73 6.78 (dd, 
8.1;2.0 

Hz)

121.82 7.55 (d, 8.6 
Hz)

129.22 7.43 (d, 8.6 
Hz)

131.25



EP 3 263 713 B1

13

5

10

15

20

25

30

35

40

45

50

55

263.0572 corresponding to the empirical formula of C13H11O6
+ (the calculated m/z is 263.0550). This made it possible

to unambiguously identify the isolated luciferin as 3-hydroxylated hispidin, the structure of which is shown in Fig. 1, to
determine the nature of NADPH-dependent reaction of luciferin synthesis from hispidin as hydroxylation, and to determine
the nature of NADPH-dependent enzyme of the fungal bioluminescent system as hispidin-3-hydroxylase.

Example 4. Using 3-hydroxyhispidin for detecting luciferase in biological samples

[0115] 3-hydroxyhispidin was obtained as described in Example 3. The microsomal fractions of the cold extracts of
Neonothopanus nambi, Mycena citricolor, Panellus stipticus and Armillaria borealis were used as biological samples.
The cold extracts were obtained as described in Example 2. The microsomal fractions were obtained as described in
Example 3.
[0116] 10 mg of 3-hydroxyhispidin were dissolved in 1 mL 50 % water-acetonitrile mixture containing 0.1% formic acid.
[0117] During the experiment, in each case, the background luminescence of the microsomal fraction was measured
in the first place, and then, at 0.7 and 1.55 minutes, 3-hydroxyhispidin solution aliquots were added, which contained
0.006 ng and 0.16 ng of luciferin, correspondingly.
[0118] In all cases, biological sample luminescence was detected; the typical result is shown in Fig. 13.

Example 5. Using hispidin for detecting luciferase and hispidin-3-hydroxylase in biological samples

[0119] Commercially available hispidin (Sigma-Aldrich, USA) was used for detecting luciferase and hispidin-3-hydrox-
ylase in the cold extracts obtained from the mycelia of Neonothopanus nambi, Mycena citricolor, Panellus stipticus, and
Armillaria borealis as described in Example 1.
[0120] Hispidin was dissolved in DMSO to a final concentration of 8 mg/ml (32 mM). Then, the obtained concentrated
solution was diluted 500-fold by aqueous solution containing 0.1 % Triton X-100 and 0.1% formic acid. Hispidin concen-
tration in the obtained working solution was 64 mM.
[0121] The reaction mixture in Glomax 20/20 cuvette (Promega, USA) comprised: 100 mL 0.2 M phosphate buffer, pH
7.5, comprising 0.1 mM DTT and 0.1 mM EDTA, 1-5 mL of fungal extract, 4 mL 64 mM hispidin solution. The luminescent
reaction was initiated by adding 4 mL 10 mM NADPH. Until adding NADPH, the reaction mixture did not produce detectable
luminescence.
[0122] Luminescence was detected in all cases, its intensity reached maximum value (Imax) in 5 to 30 minutes after
reaction initiation. The typical result of the experiment is shown in Fig. 14.
[0123] In a different experiment, the same samples were tested for the presence of luciferase and hispidin-3-hydrox-
ylase activities as described above with the exception that NADH was used (instead of NADPH). In this case, lumines-
cence was 2-3 times lower than when using NADPH.
[0124] The effect of hispidin concentration on the efficiency of luminescence of the biological samples was studied.
[0125] The concentrated hispidin solution was used to produce dilutions of 1/50, 1/500, 1/5000, 1/50000 in an aqueous
solution with 0.1% Triton X-100 and 0.1% formic acid.
[0126] The reaction mixture in the bioluminometer cuvette comprised: 100 mL 0.1 M phosphate buffer, pH 7.5, containing
0.1 mM DTT, 4 mL of the cold extract of N. nambi, 1-5 mL of hispidin dilutions. The bioluminescent reaction was activated
by adding 4 mL 10 mM NADPH. Bioluminescence was measured at 25 °C. Fig. 15 shows the dependence of the maximum
bioluminescence of the sample from hispidin concentration in the reaction mixture. The optimal hispidin concentration
in the reaction mixture is 2.5 mM; detectable luminescence was observed when the reaction mixture contained hispidin
at a concentration of 0.002 mM and more, and at a concentration of hispidin of more than 5 mM the inhibition of the
luminescent reaction was observed, which was probably connected with substrate inhibition.
[0127] The effect of detergent concentration on the efficiency of luminescence of the biological samples was studied.
[0128] The reaction mixture in the bioluminometer cuvette comprised: 100 mL 0.1 M phosphate buffer, pH 7.5, com-
prising 0.1 mM DTT , 4 mL of the cold extract of N. nambi, 4 mL 64 mM hispidin solution and various amounts of Triton
X-100 detergent. The bioluminescent reaction was activated by adding 4 mL 10 mM NADPH. Fig. 16 shows Imax
dependence on detergent concentration. The optimal detergent concentration in the reaction mixture was determined
as 0.015 to 0.03%. The maximum detergent concentration at which bioluminescence was observed was 0.5%.
[0129] The effect of molar concentration of the buffer solution on the efficiency of luminescence of the biological
samples was studied.
[0130] The reaction mixture in the bioluminometer cuvette comprised: 100 mL of phosphate buffer of various molar
concentrations, pH 7.5, comprising 0.1 mM DTT, 4 mL of the cold extract of N. nambi, 4 mL 64 mM hispidin solution. The
bioluminescent reaction was activated by adding 4 mL 10 mM NADPH. Bioluminescence was measured at 25°C. Fig.
17 shows Imax dependence on a molar concentration of the buffer solution. In this experiment, the optimal molar
concentration of the buffer solution was 0.05 to 0.2 M. Detectable bioluminescence is observed at 1 mM and lower;
luminescence intensity in water, without adding a buffer, was 25 % of the maximum value.
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[0131] The effect of pH of the buffer solution on the efficiency of luminescence of the biological samples was studied.
The reaction was implemented as described above using 0.1 M Tris HCI and a phosphate buffer. According to the data
obtained, luminescence of the biological sample can be detected within the pH range of 6.0 to 9.8; optimally, the pH of
buffer solutions should be within the range of 7.0 to 9.5.
[0132] The effect of NADPH concentration on the efficiency of luminescence of the biological samples was studied.
[0133] The reaction mixture in the bioluminometer cuvette comprised: 100 mL 0.1 M phosphate buffer, pH 7.5, com-
prising 0.1 mM DTT, 4 mL of the cold extract of N. nambi, 4 mL 64 mM hispidin solution. The bioluminescent reaction
was activated by adding various amounts of NADPH. Fig. 18 shows Imax dependence on NADPH concentration. The
minimum NADPH concentration which provided detectable bioluminescence was 20 mM.
[0134] The effect of DTT concentration on the efficiency of luminescence of the biological samples was studied.
[0135] The reaction mixture in the bioluminometer cuvette comprised: 100 mL 0.1 M phosphate buffer, pH 7.5, com-
prising various concentrations of DTT, 4 mL of the cold extract of N. nambi, 4 mL 64 mM hispidin solution. The biolumi-
nescent reaction was activated by adding 4 mL 10 mM NADPH. Fig. 19 shows Imax dependence on DTT concentration.
The optimal DTT concentration in the reaction mixture was 0.5 to 3 mM. The maximum DTT concentration which provided
bioluminescence was 10 mM.

Claims

1. A method for detecting luciferase in biological samples comprising

a) adding 3-hydroxyhispidin or 3-hydroxybisnoryangonin to the sample;
b) incubating the obtained reaction mixture under conditions which allow for bioluminescence;
c) detecting bioluminescence of the reaction mixture.

2. A method for detecting luciferase in the presence of hispidin-3-hydroxylase in biological samples comprising

a) adding hispidin or bisnoryangonin and NAD(P)H to the sample;
b) incubating the obtained reaction mixture under conditions which allow for bioluminescence;
c) detecting bioluminescence of the reaction mixture.

3. Use of 3-hydroxyhispidin or 3-hydroxybisnoryangonin as a substrate for luciferase.

4. Use of 3-hydroxyhispidin or 3-hydroxybisnoryangonin for detecting luminescence in a biological sample, wherein
the biological sample contains luciferase.

5. Use of hispidin or bisnoryangonin for detecting luminescence in a biological sample, wherein the biological sample
contains luciferase and hispidin-3-hydroxylase.

6. Use of 3-hydroxyhispidin or 3-hydroxybisnoryangonin for detecting luciferase activity in a biological sample, wherein
the biological sample contains luciferase.

7. Use of hispidin or bisnoryangonin for detecting luciferase activity in a biological sample, wherein the biological
sample contains luciferase and hispidin-3-hydroxylase.

8. The use according to any of claims 3 to 7, wherein luciferase is recombinant luciferase.

9. The use according to any of claims 3 to 8, wherein the biological sample comprises a tissue or cells.

Patentansprüche

1. Verfahren zum Nachweis von Luciferase in biologischen Proben, umfassend

a) das Hinzufügen von 3-Hydroxyhispidin oder 3-Hydroxybisnoryangonin zur Probe;
b) das Inkubieren des erhaltenen Reaktionsgemisches unter Bedingungen, welche Biolumineszenz ermögli-
chen;
c) das Nachweisen von Biolumineszenz des Reaktionsgemisches.
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2. Verfahren zum Nachweis von Luciferase in der Gegenwart von Hispidin-3-hydroxylase in biologischen Proben,
umfassend

a) das Hinzufügen von Hispidin oder Bisnoryangonin und NAD(P)H zur Probe;
b) das Inkubieren des erhaltenen Reaktionsgemisches unter Bedingungen, welche Biolumineszenz ermögli-
chen;
c) das Nachweisen von Biolumineszenz des Reaktionsgemisches.

3. Verwendung von 3-Hydroxyhispidin oder 3-Hydroxybisnoryangonin als Substrat für Luciferase.

4. Verwendung von 3-Hydroxyhispidin oder 3-Hydroxybisnoryangonin zum Nachweis von Lumineszenz in einer bio-
logischen Probe, wobei die biologische Probe Luciferase enthält.

5. Verwendung von Hispidin oder Bisnoryangonin zum Nachweis von Lumineszenz in einer biologischen Probe, wobei
die biologische Probe Luciferase und Hispidin-3-hydroxylase enthält.

6. Verwendung von 3-Hydroxyhispidin oder 3-Hydroxybisnoryangonin zum Nachweis von Luciferase-Aktivität in einer
biologischen Probe, wobei die biologische Probe Luciferase enthält.

7. Verwendung von Hispidin oder Bisnoryangonin zum Nachweis von Luciferase-Aktivität in einer biologischen Probe,
wobei die biologische Probe Luciferase und Hispidin-3-hydroxylase enthält.

8. Verwendung nach einem der Ansprüche 3 bis 7, wobei Luciferase rekombinante Luciferase ist.

9. Verwendung nach einem der Ansprüche 3 bis 8, wobei die biologische Probe ein Gewebe oder Zellen enthält.

Revendications

1. Procédé de détection de la luciférase dans des échantillons biologiques, comprenant :

a) l’ajout de 3-hydroxyhispidine ou de 3-hydroxybisnoryangonine à l’échantillon ;
b) l’incubation du mélange réactionnel obtenu dans des conditions qui permettent la bioluminescence ;
c) la détection de la bioluminescence du mélange réactionnel.

2. Procédé de détection de la luciférase en présence d’hispidine-3-hydroxylase dans des échantillons biologiques,
comprenant :

a) l’ajout d’hispidine ou de bisnoryangonine et de NAD(P)H à l’échantillon ;
b) l’incubation du mélange réactionnel obtenu dans des conditions qui permettent la bioluminescence ;
c) la détection de la bioluminescence du mélange réactionnel.

3. Utilisation de la 3-hydroxyhispidine ou de la 3-hydroxybisnoryangonine comme substrat de la luciférase.

4. Utilisation de la 3-hydroxyhispidine ou de la 3-hydroxybisnoryangonine pour la détection d’une luminescence dans
un échantillon biologique, dans laquelle l’échantillon biologique contient de la luciférase.

5. Utilisation de l’hispidine ou de la bisnoryangonine pour la détection d’une luminescence dans un échantillon biolo-
gique, dans laquelle l’échantillon biologique contient de la luciférase et de l’hispidine-3-hydroxylase.

6. Utilisation de la 3-hydroxyhispidine ou de la 3-hydroxybisnoryangonine pour la détection d’une activité luciférase
dans un échantillon biologique, dans laquelle l’échantillon biologique contient de la luciférase.

7. Utilisation de l’hispidine ou de la bisnoryangonine pour la détection d’une activité luciférase dans un échantillon
biologique, dans laquelle l’échantillon biologique contient de la luciférase et de l’hispidine-3-hydroxylase.

8. Utilisation selon l’une quelconque des revendications 3 à 7, dans laquelle la luciférase est une luciférase recombi-
nante.
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9. Utilisation selon l’une quelconque des revendications 3 à 8, dans laquelle l’échantillon biologique comprend un tissu
ou des cellules.



EP 3 263 713 B1

17



EP 3 263 713 B1

18



EP 3 263 713 B1

19



EP 3 263 713 B1

20



EP 3 263 713 B1

21



EP 3 263 713 B1

22



EP 3 263 713 B1

23



EP 3 263 713 B1

24



EP 3 263 713 B1

25



EP 3 263 713 B1

26



EP 3 263 713 B1

27

REFERENCES CITED IN THE DESCRIPTION

This list of references cited by the applicant is for the reader’s convenience only. It does not form part of the European
patent document. Even though great care has been taken in compiling the references, errors or omissions cannot be
excluded and the EPO disclaims all liability in this regard.

Non-patent literature cited in the description

• PRASHER et al. Biochem., 1987, vol. 26, 1326-1332
[0003]

• TSUJI et al. Photochem Photobiol, 1995, vol. 62 (4),
657-661 [0003]

• CORMIER, M. L. et al. Photochem. & Photobiol.,
1989, vol. 49 (4), 509-512 [0004]

• SMITH, D. F. et al. Bioluminescence and Chemilu-
minescence: Current Status. John Wiley and Sons,
1991, 529-532 [0004]

• R. L. AIRTH ; W. D. MCELROY. Light emission from
extracts of luminous fungi. J. Bacteriol., 1959, vol. 77,
249 [0006]

• Characteristics of cell-free fungal bioluminescence.
R. L. AIRTH. Light and Life. Johns-Hopkins Press,
1961, 262 [0010]

• S. KUWABARA ; E. C. WASSINK. Bioluminescence
in Progress. Princeton University Press, 1966, 233
[0011]

• M. ENDO ; M. KAJIWARA ; K. NAKANISHI. Chem.
Commun., 1970, vol. 309 [0011]

• M. ISOBE ; D.UYAKUL ; T.GOTO. J. Biolumin.
Chemilumin., 1987, vol. 1, 181 [0011]

• M. ISOBE ; D. UYAKUL ; T. GOTO. Tetrahedron
Lett., 1988, vol. 44, 1169 [0011]

• S. HAYASHI. Biophysics, 2012, vol. 8, 111-114
[0011]

• O. SHIMOMURA et al. J Biolumin. Chemilumin.,
1993, vol. 8, 201-205 [0011]

• O. SHIMOMURA et al. Tetrahedron, 1988, vol. 44,
1597-1602 [0011]

• Bioluminescence: Chemical Principles and Methods.
O. SHIMOMURA. LUMINOUS FUNGI. World Scien-
tific, 2006 [0011]

• A. G. OLIVEIRA ; C. V. STEVANI. Photochem. Pho-
tobiol. Sci., 2009, vol. 8, 1416 [0011]

• OLIVEIRA et al. Photochemical & Photobiological
Sciences, 2012, vol. 11 (2), 848-52 [0011]

• STEVANI et al. Photochemistry and Photobiology,
2013, vol. 89, 1318-1326 [0011]

• Guide to Protein Purification. Academic Press, 1990
[0034]

• MANIATIS, T. et al. Molecular Cloning--A Laboratory
Manual. Cold Spring Harbor Laboratory, 1982 [0035]

• NEWMAN ; CAMPAGNONI. Neuromethods, 1990,
vol. 16, 13-48 [0035]

• GUSTIN et al. Biotechniques, 1993, vol. 14, 22
[0038]

• BARANY. Gene, 1985, vol. 37, 111-123 [0038]
• COLICELLI et al. Mol. Gen. Genet., 1985, vol. 199,

537-539 [0038]
• SAMBROOK et al. Molecular Cloning: A Laboratory

Manual. CSH Press, 1989, 15.3-15.108 [0038]
• BECKERT et al. Phytochemistry, 1997, vol. 44 (2),

275-283 [0056]
• IN-KYOUNG LEE ; BONG-SIK YUN. The Journal of

Antibiotics, 2011, vol. 64, 349-359 [0056]
• OLIVEIRA ; STEVANI. Photochem. Photobiol. Sci.,

2009, vol. 8, 1416 [0100]


	BIB
	DES

