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Coelenteramide-containing fluorescent proteins are products of bioluminescent reactions of marine coelenterates. They
are called ‘discharged photoproteins’. Their light-induced fluorescence spectra are variable, depending considerably on
external conditions. Current work studies a dependence of light-induced fluorescence spectra of discharged photopro-
teins obelin, aequorin, and clytin on excitation energy. It was demonstrated that photoexcitation to the upper electron-ex-
cited states (260-300 nm) of the discharged photoproteins initiates a fluorescence peak in the near UV region, in addi-
tion to the blue-green emission. To characterize the UV fluorescence, the light-induced fluorescence spectra of coelen-
teramide (CLM), fluorophore of the discharged photoproteins, were studied in methanol solution. Similar to photopro-
teins, the CLM spectra depended on photoexcitation energy; the additional peak (330 nm) in the near UV region was ob-
served in CLM fluorescence at higher excitation energy (260-300 nm). Quantum chemical calculations by time depend-
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Obelin ing method with B3LYP/cc-pVDZ showed that the conjugated pyrazine-phenolic fragment and benzene moiety of CLM
Aequorin molecule are responsible for the additional UV fluorescence peak. Quantum yields of CLM fluorescence in methanol
Fluorescence were 0.028 + 0.005 at 270-340 nm photoexcitation. A conclusion was made that the UV emission of CLM might con-
g’;i‘;?gon energy tribute to the UV fluorescence of the discharged photoproteins. The study develops knowledge on internal energy transfer

in biological structures — complexes of proteins with low-weight aromatic molecules.

© 2016 Published by Elsevier Ltd.

1. Introduction

Fluorescent proteins are modern and promising tools for biological
and medical investigations. They are applied as fluorescent biomark-
ers to monitor intracellular processes such as visualization of local
protein concentrations, to determine rates of biochemical processes,
growth of cell clones including pathogenic bacteria and tumors. Intra-
cellular synthesis is an important benefit of these biomarkers.

Main structural components of fluorescent proteins are aromatic
fluorophore and polypeptide. The most known representative of the
fluorescent proteins is Green Fluorescent Protein (GFP). It was iso-
lated from jellyfish Aequorea victoria by Prof. Shimomura, Nobel
Prize Laureate-2008 [1]. A lot of ‘colored’ fluorescent proteins, ho-
mologous to GFP, are known by now [2-4]. A fluorophore of
GFP-like proteins is non-external prosthetic group, a product of intra-
complex chemical transformation of three aminoacid residuals. Apart
from the GFP-like proteins, the class of fluorescent proteins also
includes coelenteramide-containing proteins, isolated from luminous
marine coelenterates — jellyfishes Aequorea [5] and Phialidium
(Clytia) [6], hydroid Obelia longissima [7], etc. A fluorophore of the
coelenteramide-containing proteins is an external molecule, coelen-
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teramide, which is non-covalently bound to a protein inside its hy-
drophobic cavity.

Coelenteramide, N-[2-benzyl-6-(4-oxocyclohexa-2.5-dien-1-yli-
dene)-1H-pyrazin-3-yl]-2-(4-hydroxyphenyl) acetamide, is a het-
eroaromatic fluorescent compound. Chemical structure of coelen-
teramide (neutral and ionized forms) is presented in Fig. 1. Aromatic
fragments that might be involved to electronic excitation are marked
here with letters F, P, and B, corresponding to phenolic, pyrazine, and
benzene rings, respectively.

Coclenteramide (CLM) is a photochemically active molecule; it is
able to be a proton donor in its electron-excited states, generating sev-
eral forms of different fluorescent state energy [8] and, hence, differ-
ent fluorescence color. Fig. 1 shows schematically the different fluo-
rescent state energies of neutral and ionized (or partly ionized) CLM
forms. Contributions of the forms to visible fluorescence spectra de-
pend on efficiency of the photochemical process (Fig. 1) and are gov-
erned by CLM microenvironment in proteins or solutions [9-14].

First CLM-containing fluorescent protein was isolated and stud-
ied by Prof. Shimomura, simultaneously with GFP. It was called as
‘Blue Fluorescent Protein’ [5]. As opposed to GFP, the CLM-contain-
ing fluorescent proteins are not widely applied in biomedical research,
and their potential as colored biomarkers is undervalued now. The
CLM-containing fluorescent proteins are products of bioluminescent
reactions of coelenterates. In these reactions, ‘photoproteins’ (com-
plexes of polypeptides with 2-hydroperoxycoelenterazine) are recon-
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Fig. 1. Scheme of photophysical and photochemical processes in coelenteramide and coelenteramide-containing fluorescent proteins.

structed (‘discharged’) by addition of Ca** resulting in light emitting.
This is why the CLM-containing proteins are called ‘discharged pho-
toproteins’, and this term is commonly used in scientific literature.

Since the bioluminescence of photoproteins is Ca® "_dependent, it
is initiated in biological liquids under physiological calcium concen-
trations. This is a basis for medico-biological application of the pho-
toprotein bioluminescence in different types of diagnostics: for moni-
toring the Ca® " content, protein location in cells and tissues, and oth-
ers. Additionally, bioluminescence of photoproteins is used as an in-
tracellular marker [15,16]. These are reasons for intensive investiga-
tions of the photoprotein bioluminescence mechanism. Biolumines-
cence of photoprotein obelin from hydroid Obelia longissima is inten-
sively studied now [7,17-19]. Genetically modified forms of obelin
with different bioluminescence color have been developed [20]. Ac-
tivity of upper electron-excited states of the enzyme-bound CLM in
the obelin bioluminescence reaction has been demonstrated experi-
mentally [21]; similarity to the excitation processes of other luminous
organisms (bacteria and fireflies) has been discussed [21,22].

The product of bioluminescent reaction of obelin, ‘discharged
obelin’, CLM-containing protein, is under theoretical [9-14] and ex-
perimental [17,18] investigation now. Time-resolved fluorescence ex-
periments were conducted in [23] to determine fluorescence charac-
teristics of neutral and ionized forms of discharged obelin. Compo-
nents of complex photoluminescent spectra of discharged obelin and
aequorin were studied and attributed to the different forms of CLM
[24]; changes of spectral composition were analyzed under variation
of calcium concentration [25], exposure to higher temperature [26,27]
and exogenous compounds [28-30].

In [26,30], fluorescence spectra of discharged obelin measured un-
der different excitation energies were analyzed. It was found that the
spectra depend on the excitation wavelengths: higher energy excita-
tion (260-300 nm) initiated fluorescence not only in the visible spec-
tral region, but in the near UV region, too. Origination of this fluores-
cence is a question of special interest. It is known that low-conjugated
aromatic structures can be responsible for the near UV fluorescence.
In the discharged photoproteins, these might be aromatic fragments of
aminoacid residues, as well as CLM aromatic fragments.

Previously [31], Eremeeva and coworkers studied UV fluores-
cence of photoproteins obelin and aequorin (protein-bound coelenter-

azine), as well as their apo-proteins. However, the UV fluorescence of
the discharged photoproteins (protein-bound coelenteramide, products
of the bioluminescent reactions of obelin or aequorin) has not been
studied yet.

Current work aimed at characterization of UV fluorescence of dis-
charged photoproteins and determination of moieties that might be re-
sponsible for the UV light emitting. Light-induced fluorescence spec-
tra of three discharged photoproteins (obelin, aequorin, and clytin) at
different excitation wavelengths were studied. Fluorescence spectra
of CLM, fluorophore model for CLM-containing proteins, were mea-
sured in methanol and analyzed. Quantum chemical calculations elu-
cidated peculiarities of absorption and emission spectra of CLM in
methanol, and revealed molecular fragments responsible for the UV
fluorescence.

2. Materials and Methods
2.1. Chemicals

Coclenteramide was obtained from NanoLight, USA; methanol,
EDTA from Sigma-Aldrich, Germany; Tris from Fluka (Buchs,
Switzerland). Recombinant photoproteins obelin, aequorin and clytin
were produced at Photobiology Lab, IBP SB RAS, Krasnoyarsk, Rus-
sia. To obtain the discharged photoproteins, bioluminescent reactions
was triggered by CaCl, in solutions of aequorin (2 » 10 ® M), obelin
(10> M), and clytin (8 » 10> M) in 0.02 M Tris buffer and 0.005 M
EDTA.

2.2. Registration of Absorption and Fluorescence Spectra

Light-induced fluorescence spectra of discharged photoproteins
were recorded within 290-600 nm under 260—400 nm photoexcita-
tion at 20 °C, pH 7.0, as soon as the bioluminescent reactions ceased.
The absorption and fluorescence spectra of coelenteramide were regis-
tered in methanol solutions, 2.2 - 10~ ® M. The absorption spectra were
measured within 250400 nm by UVIKON 943 Double Beam UV/
Vis spectrophotometer (Kontron Instruments, Italy); the fluorescence
spectra were recorded by Fluorolog 3 spectrofluorimeter (HORIBA
Jobin Yvon, USA). Fluorescence spectra were cleaned
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from dispersive component (i.e. Rayleigh scattering), with the scatter
intensity proportional to n [32].

Quantum yield of CLM fluorescence (¢¢;,,) in methanol was cal-
culated as:

dcrm = ds Lo As/ s Acms 1)

with g, being a fluorescence quantum yield of standard solution of
POPOP (1,4-bis (5-phenyloxazol-2-yl) benzene), 0.75 [33]. The I,
I, Acpyp and A, are integral fluorescence intensities (/) and optic den-
sities (4) at excitation wavelengths for CLM and standard solutions

().

2.3. Quantum-Chemical Calculations

Calculations were carried out using density functional theory
(DFT) within B3LYP functional [34,35] with cc-pVDZ [36] basis by
GAMESS [37] package (version Dec. 2014) in both gas phase and
methanol solution. To simulate the methanol environment, two models
were used: a “simple” Polarized Continuum Model (PCM) [38] and an
alternative correction Solvation Model based on Density (SMD) [39].
Since the application of both models resulted in a few nanometer dif-
ference in absorption and fluorescence spectra (Supplement, Table S1)
only, a conclusion could be made on equivalence of the models un-
der the chosen conditions. The results for SMD are presented below
in Section 3. The absorption and emission spectra of coelenteramide
molecule appeared to be substantially dependent on excitation type
(NONEQ flag in GAMESS, noneq = .t. is appropriate for vertical ex-
citations [40], and .f. for adiabatic). The calculation was made for both
vertical SMD and adiabatic SMD* excitations. The differences up to
7 nm and 15 nm contribute to the preference of SMD* for absorption
and emission, respectively (Supplement, Table S1).

The CLM structure from photoprotein obelin (PDB code 1S36)
was chosen as a starting geometry for the calculations to provide a
comparison with protein-bound coelenteramide. Ground state geome-
try of coelenteramide was fully optimized in a gas phase and by SMD
using B3LYP/cc-pVDZ. From the ground equilibrium geometries, ab-
sorption spectrum calculations were performed by the time-depen-
dent (TD) DFT [41] procedure (TD // Gas phase or SMD or SMD*
//B3LYP/cc-pVDZ). The excited state geometries of coelenteramide
were optimized using the B3LYP/cc-pVDZ in gas phase, SMD, and

Initial geometry from X-Ray

Geometry optimization

Gas phase
of ground state

PCM or SMD

A 4
Equilibrium geometry

Calculation
of absorption spectra, TD

SMD*. The emission energies for these geometries were obtained by
TD-DFT (Fig. 2). The Cartesian coordinates of all optimized equi-
librium structures are presented in Supplement. Geometries of the
ground and excited states differ slightly (Supplement, Fig. S1).

The Coulomb-attenuated hybrid exchange-correlation functional
(CAM-B3LYP) [42] was applied because it describes well structures
with the charge transfer excited states. The geometry of ground and
exciting states was optimized using SMD*//CAM-B3LYP/cc-pVDZ
to get the coelenteramide absorption and emission spectra by
TD-DFT. However, CAM-B3LYP showed worse results as compared
to B3LYP (Supplement, Table S1, Fig. S2). The same situation was
observed in [9] where the CAM-B3LYP and in [12] where the B3LYP
were used. Furthermore, the “lambda diagnostic” [43] is a criterion for
separating valence states from charge transfer and Rydberg states. A
small value of lambda signifies a long-range excitation; a large value
of lambda signifies a short-range excitation. The local excitations have
arelatively large overlap, 0.45 < lambda < 0.89, indicating that the oc-
cupied and virtual orbitals involved in the excitation occupy similar
regions of space. This is to be expected for local excitations, where
the degree of charge redistribution is small. Our lambda diagnostic re-
sults in 0.65 <lambda < 0.75 for all calculations. This indicates that
the charge transfer does not play a significant role for coelenteramide
molecule in absorption and emission processes.

The overall scheme of quantum chemical calculations of coelen-
teramide molecule by B3LYP/cc-pVDZ method is presented in Fig. 2.

3. Results and Discussion

3.1. Fluorescence Spectra of Discharged Photoproteins at Different
Photoexcitation Energies

Fluorescence spectra of discharged photoproteins were recorded at
different excitation energies. Fig. 3 presents examples of these spectra
at two photoexcitation wavelengths, 350 nm (A) and 280 nm (B).

The 350 nm photoexcitation initiates photoprotein's fluorescence
in the visible region, Fig. 3A. In our previous studies [24-30], the vis-
ible spectra of discharged photoproteins had been approximated by
a set of Gauss components. The components were found in “violet”
(400-423 nm) and “blue-green” (506-566 nm) regions, and attributed
to neutral and ionized forms of protein-bound CLM, respectively, Fig.
1.

Absorption spectra
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W
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Fig. 2. Scheme of quantum chemical calculations of coelenteramide molecule by B3LYP/cc-pVDZ approach.
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Fig. 3. Fluorescence spectra of discharged photoproteins: 1 — aequorin (2« 10~ 6 M), 2
— obelin (1075 M), 3 —clytin (8 « 10~ 5 M), at 350 nm (A) and 280 nm (B) photoexcita-
tion.

Fig. 3B shows that UV photoexcitation (280 nm) initiates addi-
tional fluorescence peaks in the near UV region for all three dis-
charged photoproteins. This type of UV-A fluorescence is usually at-
tributed to spatially isolated low-conjugated aromatic moieties. In the
protein-coelenteramide complex, it might include contributions of aro-
matic amino acid residues and CLM moieties.
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To elucidate a nature of the UV component in the fluorescence
of discharged photoproteins, fluorescence spectra of CLM molecule
were studied at the different excitation wavelengths, and quan-
tum-chemical calculations were applied to reveal involvement of coe-
lenteramide aromatic fragments to its UV fluorescence.

3.2. Spectral Properties of Coelenteramide

Light-induced fluorescence spectra of CLM in methanol solution
(2.2-1076 M) were registered within 290-600 nm; excitation wave-
lengths varied from 260 to 400 nm. The 3D fluorescence spectra
are presented in Fig. 4. Since the dissociation of phenolic group in
methanol (pK, =14 [44]) results in a significant predomination of
CLM neutral form over its ionized form (Fig. 1), the 3D spectra in Fig.
4 were attributed to the fluorescence of CLM neutral form.

Fig. 4 demonstrates that the CLM emission spectra depend on ex-
citation energy: the excitation to the lowest electron-excited states
(310-400 nm) initiates fluorescence in visible region with 420 nm
maximum, while the excitation to the upper electron-excited states
(260-300 nm) initiates the additional emission in UV-A region with
330 nm maximum.

Quantum yield of the CLM fluorescence in methanol at
270-340 nm photoexcitation was calculated according to Eq. (1). Its
value appeared to be independent on excitation wavelength, being
0.028 + 0.005. The quantum yield is close to that determined earlier
[45] as 0.02 (methanol, 355 nm photoexcitation). Fluorescence quan-
tum yield of discharged obelin is 0.17 as reported in [46].

Theoretical absorption (Fig. 5A) and emission (Fig. 5B) spectra in
vacuum and methanol were calculated and compared to the experi-
mental ones.

Fig. 5A shows that experimental and theoretical absorption CLM
spectra in methanol are close: their maxima are 277, 294, and 332 nm
vs. 264, 295, and 332 nm for experiments vs. calculations. The max-
ima coincide with those determined earlier in [45]. On the contrary,
experimental and theoretical fluorescence CLM spectra diverged:
their maxima are 330 and 420 nm vs. 318 and 397 nm, respectively
(Fig. 5B). This discrepancy between the predicted and experimental
values follows from inferiority of the theoretical model, which does
not consider the solvent explicitly.

Fluorescence maximum of CLM in visible region (420 nm, Fig.
5B) can be compared to that of the neutral form in protein-bound

Intensity, a.u

(B)

Fig. 4. Fluorescence of coelenteramide in methanol, C=2.2 - 10~ ® M. View (A) - 3D fluorescence spectra; view (B) — rotation of A through 1807
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Fig. 5. Experimental and theoretical absorption (A) and fluorescence (B) spectra of coe-
lenteramide. Cgy,,=2.2-10° * M, methanol. Calculations were provided for gas phase
and methanol by SMD*//TD//B3LYP/cc-pVDZ. Theoretical spectra were simulated by
Gaussian convolution with full width at half maximum: absorption spectra of 15 nm,
fluorescence spectra of 30 nm.

CLM (Fig. 1). As mentioned before, the neutral form of discharged
photoproteins was found in “violet” (400-423 nm) region of their flu-
orescence spectra [24-30].

Under higher energy excitation (280 nm, Fig. 5B), the near UV-A
peak (330 nm) is observed, similar to the photoprotein fluorescence
(Fig. 3B).

A description of electron transitions in CLM molecule and mole-
cular CLM orbitals involved to the fluorescence process are given in
Fig. 6. (Scheme for absorption process is presented in Supplement Fig.
S3). This figure shows that long-wavelength (397 nm) peak is formed
by election transition between LUMO and HOMO. Short-wavelength
peak with 318 maximum is complex; it involves three transitions from
LUMO + 1 to: HOMO, HOMO-2, and HOMO-3, Fig. 6.

The short-wavelength fluorescent peak of free CLM (318 nm in
the predicted model and 330 nm in the experiment, Fig. 5B) as well
as its electron transitions (Fig. 6) have been described here for the
first time. Previous studies [9,13] considered only visible CLM fluo-
rescence. They found that the visible fluorescence is a combination of
emissions of neutral and ionized CLM forms, with the former involv-
ing electronic transitions LUMO — HOMO and LUMO — HOMO-1,
and the latter involving electronic transitions LUMO — HOMO and
LUMO + 1 — HOMO. All molecular orbitals involved to the elec-
tron transitions are localized at pyrazine, phenolic, and benzene frag-
ments of CLM molecule (Fig. 6). These fragments are marked with
letters P, F, and B in Fig. 1. It is probable that analogous elec-

LUMO

318 nm

397 nm
B
&
&4

Fig. 6. Scheme of coelenteramide electron transitions and molecular orbitals involved
to fluorescence. Calculation by SMD*//TD//B3LYP/cc-pVDZ.

tron transitions contribute to UV fluorescence of the discharged pho-
toproteins, Fig. 3B.

4. Conclusions

We have demonstrated that photoexcitation to upper electron-ex-
cited states of CLM-containing fluorescent proteins (discharged pho-
toproteins obelin, aequorin, and clytin) initiates emission in the near
UV region, additionally to the visible blue-green fluorescence. We
have found that the neutral form of CLM, fluorophore of the proteins,
might contribute to this UV fluorescence. Experimental and theoreti-
cal studies have been carried out to characterize the UV fluorescence
of CLM. It is probable that not only the neutral CLM form, but also
the ionized CLM form, along with low-conjugated aromatic structures
of the protein aminoacid residuals, might contribute to the UV fluo-
rescence of discharged photoproteins.

This work can serve as a basis for further investigations of pro-
tein-coelenteramide interactions in the fluorescence proteins. In gen-
eral, this study contributes to knowledge on internal energy trans-
fer in biological structures — complexes of proteins with low-weight
aromatic molecules. Energy migration involving upper electron-ex-
cited states in biological processes is a question of special interest. In
our previous studies, we have discussed and experimentally proved
involvement of upper electron-excited states of fluorophores to bio-
luminescent reactions of coelenterates [21] and bacteria [22,47,48].
Current study connects fluorescent activity of upper electron-excited
states with structural peculiarities of low-weight biological molecules,
free and protein-bound.

Hence, the study contributes to understanding of energy conver-
sion processes in biological complexes. This field might be prospec-
tive for development of new biomaterials with specific thermo-regu-
lative properties. Another possibility is to consider the described fluo-
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rophore for activatable fluorescence. The aromatic hydroxyl group can
be converted into an ester (or ether) masking fluorescence. The cleav-
age by an appropriate enzyme or active species (reactive oxygen or ni-
trogen species) would restore fluorescence [49].

Acknowledgements

This work was supported by the state budget allocated to the fun-
damental research at the Russian Academy of Sciences (project No
01201351504); the Russian Foundation for Basic Research, Grant No
15-43-04377-sibir; and Russian president's grant NSh-7559.2016.2.

Appendix A. Supplementary data

Supplementary data to this article can be found online at http://dx.
doi.org/10.1016/j.jphotobiol.2016.07.004.

References

[1] O. Shimomura, M. Chalfie, S. Kain, In Green Fluorescent Protein, Wiley-Liss,
New York, 1998.

[2] M. Zimmer, Green fluorescent protein (GFP): applications, structure, and re-
lated photophysical behavior, Chem. Rev. 102 (2002) 759-781.

[3] Y.A.Labas, N.G. Gurskaya, Y.G. Yanushevich, A.F. Fradkov, K.A. Lukyanov,
S.A. Lukyanov, M.V. Matz, Diversity and evolution of the green fluorescent
protein family, PNAS USA 99 (2002) 4256-4261.

[4] O.V. Stepanenko, V.V. Verkhusha, I.M. Kuznetsova, V.N. Uversky, K.K. Tur-
overov, Fluorescent proteins as biomarkers and biosensors: throwing color
lights on molecular and cellular processes, Curr. Protein Pept. Sc. 9 (4) (2008)
338-369.

[5] O. Shimomura, F.H. Johnson, Chemical nature of bioluminescence systems in
coelenterates, Proc. Natl. Acad. Sci. U.S.A. 72 (4) (1975) 1546-1549.

[6] L.D.Levine, W.W. Ward, Isolation and characterization of a photoprotein
“phialidin” and a spectrally unique green-fluorescent protein from the biolumi-
nescent jellyfish Phialidium gregarium, Comp. Biochem. Physiol. 72 (1982)
77-85.

[7]1 E.S. Vysotski, V.S. Bondar, V.N. Letunov, Extraction and purification of
obelin, the Ca? “_dependent photoprotein from the hydroid Obelia longissima,
Biokhimiya 54 (1989) 965-973.

[8] O. Shimomura, K. Teranishi, Light-emitters involved in the luminescence of
coelenterazine, Luminescence 15 (2000) 51-58.

[9] C.Min, Z. Li, A. Ren, L. Zou, J. Guo, J.D. Goddard, The fluorescent properties
of coelenteramide, a substrate of aequorin and obelin, J. Photochem. Photobiol.
A-Chem. 251 (2013) 182-188.

[10] S.-F. Chen, N. Ferre, Y.J. Liu, QM/MM study on the light emitters of acquorin
chemiluminescence, bioluminescence, and fluorescence: a general understand-
ing of the bioluminescence of several marine organisms, Chem.-Eur.

J. 19 (2013) 8466-8472.

[11] S.-F. Chen, L. Navizet, D. Roca-Sanjua, R. Lindh, Y.-J. Liu, N. Ferre, Chemilu-
minescence of coelenterazine and fluorescence of coelenteramide: a systematic
theoretical study, J. Chem. Theory Comput. 8 (2012) 2796-2807.

[12] Z.-Sh. Li, L.-Y. Zou, Ch.-G. Min, A.-M. Ren, The effect of micro-environment
on luminescence of aequorin: the role of amino acids and explicit water mole-
cules on spectroscopic properties of coelenteramide, J. Photochem. Photobiol.
B-Biol. 127 (2013) 94-99.

[13] Z.-S.Li, X. Zhao, L.-Y. Zou, A.-M. Ren, The dynamics simulation and quan-
tum calculation investigation about luminescence mechanism of coelenteramide,
Photochem. Photobiol. 89 (2013) 849-855.

[14] F.N. Tomilin, L.U. Antipina, E.S. Vysotski, S.G. Ovchinnikov, LI. Gitelzon,
Fluorescence of calcium-discharged obelin: the structure and molecular mecha-
nism of emitter formation, Dokl. Biochem. Biophys. 422 (2008) 279-284.

[15] L.A.Frank, Ca® “-Regulated photoproteins: effective immunoassay reporters,
Sensors 10 (2010) (11287-1130).

[16] V.V.Krasitskaya, L.P. Burakova, I.A. Pyshnaya, L.A. Frank, Bioluminescent
reporters for identification of gene allelic variants, Russ. J. Bioorg.

Chem. 38 (2012) 298-305.

[17] E.S. Vysotski, S.V. Markova, L.A. Frank, Calcium-regulated photoproteins of
marine coelenterates, Mol. Biol. 40 (2006) 355-367.

[18] P.V.Natashin, W. Ding, E.V. Eremeeva, S.V. Markova, J. Lee, E.S. Vysotski,
7.-J. Liu, Structures of the Ca’ *_regulated photoprotein obelin Y138F mutant
before and after bioluminescence support the catalytic function of a water mole-
cule in the reaction, Acta Crystallogr. Sect. D-Biol. Crystallogr. 70 (2014)
720-732.

[19]

[20]

(21]

[22]

(23]

[24]

[25]

[26]

[27]

(28]

[29]

[30]

(31]

[32]

[33]

[34]

[35]

[36]

(371

[38]

[39]

[40]
[41]

[42]

[43]

[44]

E.V. Eremeeva, S.V. Markova, W.J.H. van Berkel, E.S. Vysotski, Role of key
residues of obelin in coelenterazine binding and conversion into 2-hydroperoxy
adduct, J. Photochem. Photobiol. B-Biol. 127 (2013) 133-139.

N.P. Malikova, G.A. Stepanyuk, L.A. Frank, S.V. Markova, E.S. Vysotski, J.
Lee, Spectral tuning of obelin bioluminescence by mutations of Trp92, FEBS
Lett. 554 (2003) 184-188.

N.V. Belogurova, N.S. Kudryasheva, R.R. Alieva, Activity of upper elec-
tron-excited states in bioluminescence of coelenterates, J. Mol.

Struct. 924-926 (2009) 148-152.

E.V. Nemtseva, N.S. Kudryasheva, The mechanism of electronic excitation in
bacterial bioluminescent reaction, Uspekhi Khimii 76 (2007) 101-102.

B. van Oort, E.V. Eremeeva, R.B. Koehorst, et al., Picosecond fluorescence re-
laxation spectroscopy of the calcium-discharged photoproteins acquorin and
obelin, Biochemistry 48 (2009) 10486—10491.

N.V. Belogurova, N.S. Kudryasheva, R.R. Alieva, A.G. Sizykh, Spectral com-
ponents of bioluminescence of aequorin and obelin, J. Photochem. Photobiol.
B-Biol. 92 (2008) 117-122.

N. Belogurova, N. Kudryasheva, Discharged photoprotein obelin: fluorescence
peculiarities, J. Photochem. Photobiol. B-Biol. 101 (2010) 103-108.

R.R. Alieva, N.V. Belogurova, A.S. Petrova, N.S. Kudryasheva, Fluorescence
properties of Ca’ *.independent discharged obelin and its application prospect,
Anal. Bioanal. Chem. 405 (2013) 3351-3358.

R.R. Alieva, N.V. Belogurova, A.S. Petrova, N.S. Kudryasheva, Thermoinacti-
vated photoprotein obelin: fluorescence peculiarities, Luminescence 27 (2012)
96.

R.R. Alieva, N.V. Belogurova, A.S. Petrova, N.S. Kudryasheva, Effects of alco-
hols on the fluorescence of Ca® *-discharged photoprotein obelin, Lumines-
cence 29 (2014) 57-58.

A.S. Petrova, R.R. Alieva, N.V. Belogurova, L.S. Tirranen, N.S. Kudryasheva,
Variation of spectral characteristics of coelenteramide-containing fluorescent
protein from Obelia longissima under exposure to DMSO, Russ. Phys. J. 59 (4)
(2016) 87-92.

R.R. Alieva, N.V. Belogurova, A.S. Petrova, N.S. Kudryasheva, Effects of alco-
hols on fluorescence intensity and color of a discharged-obelin-based bio-
marker, Anal. Bioanal. Chem. 406 (2014) 2965-2974.

E.V. Eremeeva, S.V. Markova, A.H. Westphal, A.J.W.G. Visser, W.J.H. van
Berkel, E.S. Vysotski, The intrinsic fluorescence of apo-obelin and apo-ae-
quorin and use of its quenching to characterize coelenterazine binding, FEBS
Lett. 583 (2009) 1939-1944.

J.R. Lakowicz, Principles of Fluorescence Spectroscopy, Springer Science &
Business Media, New York, USA, 2006.

S.A. El-Daly, S.A. El-Azim, F.M. Elmekawey, B.Y. Elbaradei, S.A. Shama,
AM. Asiri, Photophysical parameters, excitation energy transfer, and photore-
activity of 1,4-bis(5-phenyl-2-oxazolyl)benzene (POPOP) laser dye, Int. J. Pho-
toenergy 458126 (2012) http://dx.doi.org/10.1155/2012/458126.

A.D. Becke, Density-functional thermochemistry. The role of exact exchange, J.
Chem. Phys. 98 (1993) 5648-5652.

C. Lee, W. Yang, R.G. Parr, Development of the colle-salvetti correlation-en-
ergy formula into a functional of the electron density, Phys. Rev. 37 (1988)
785-789.

K.L. Schuchardt, B.T. Didier, T. Elsethagen, L. Sun, V. Gurumoorthi, J. Chase,
J. Li, T.L. Windus, Basis set exchange: a community database for computational
sciences, J. Chem. Inf. Model. 47 (3) (2007) 1045-1052.

M.W. Schmidt, K.K. Baldridge, J.A. Boatz, S.T. Elbert, M.S. Gordon, J.H.
Jensen, S. Koseki, N. Matsunaga, K.A. Nguyen, S.J. Su, T.L. Windus, M.
Dupuis, J.A. Montgomery, General atomic and molecular electronic structure
system, J. Comput. Chem. 14 (1993) 1347-1363.

J. Tomasi, B. Mennucci, R. Cammi, Quantum mechanical continuum solvation
models, Chem. Rev. 105 (2005) 2999-3094.

A.V. Marenich, C.J. Cramer, D.G. Truhlar, Universal solution model based on
solute electron density and on a continuum model of the solvent defined by the
bulk dielectric constant and atomic surface tensions, J. Phys. Chem.

B 113 (2009) 6378-6396.

M. Cossi, V. Barone, Time-dependent density functional theory for molecules in
liquid solutions, J. Chem. Phys. 115 (2001) 4708-4717.

E. Runge, E.K.U. Gross, Density-functional theory for time-dependent systems,
Phys. Rev. Lett. 52 (1984) 997-1000.

T. Yanai, D.P. Tew, N.C. Handy, A new hybrid exchange-correlation functional
using the Coulomb-attenuating method (CAM-B3LYP), Chem. Phys.

Lett. 393 (2004) 51-57.

M.J.G. Peach, P. Benfield, T. Helgaker, D.J. Tozer, Excitation energies in den-
sity functional theory: an evaluation and a diagnostic test, J. Chem.

Phys. 128 (2008) 1-8.

K. Roya, P.L.A. Popelier, Predicti ve QSPR modeling of the acidic dissociation
constant (pKa) of phenols in different solvents, J. Phys. Org. Chem. 22 (2009)
186-196.



[45]

[46]

[47]

Journal of Photochemistry & Photobiology, B: Biology xxx (2016) Xxxx-Xxx

R. Saito, T. Hirano, H. Niwa, M. Ohashi, Solvent and substituent effects on the
fluorescent properties of coelenteramide analogues, J. Chem. Soc., Perkin
Trans. 2 (1997) 1711-1716.

S.V. Markova, E.S. Vysotski, J. Lee, in: J.F. Case, et al. (Eds.), Obelin Hyper-
expression in E. coli, Purification and Characterization, In Bioluminescence &
Chemiluminescence, World Scientific Publishing Company, Singapore, 2001,
pp. 115-118.

N.S. Kudryasheva, P.I. Belobrov, V.A. Kratasyuk, D.N. Shigorin, Electron ex-
cited-states in bioluminescence, Dokl. Akad. Nauk SSSR 321 (1991)

837-841 (in Russian).

(48]

[49]

N.S. Kudryasheva, E.V. Nemtseva, A.G. Sizykh, V.A. Kratasyuk, A.J.W.G.
Visser, Estimation of energy of the upper electron-excited states of the bacterial
bioluminescent emitter, J. Photochem. Photobiol. B-Biol. 68 (2002) 88-92.
M.G. Chiorazzo, N.B. Bloch, A.V. Popov, E.J. Delikatny, Synthesis and evalua-
tion of cytosolic phospholipase A(2) activatable fluorophores for cancer imag-
ing, Bioconjug. Chem. 26 (2015) 2360-2370.



