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Abstract
Active hydromedusan and ctenophore Ca**-regulated photoproteins form complexes consisting of apoprotein and strongly
non-covalently bound 2-hydroperoxycoelenterazine (an oxygenated intermediate of coelenterazine). Whereas the absorption
maximum of hydromedusan photoproteins is at 460—470 nm, ctenophore photoproteins absorb at 437 nm. Finding out a physi-
cal reason for this blue shift is the main objective of this work, and, to achieve it, the whole structure of the protein—substrate
complex was optimized using a linear scaling quantum—mechanical method. Electronic excitations pertinent to the spectra
of the 2-hydroperoxy adduct of coelenterazine were simulated with time-dependent density functional theory. The dihedral
angle of 60° of the 6-(p-hydroxy)-phenyl group relative to the imidazopyrazinone core of 2-hydroperoxycoelenterazine
molecule was found to be the key factor determining the absorption of ctenophore photoproteins at 437 nm. The residues
relevant to binding of the substrate and its adopting the particular rotation were also identified.
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1 Introduction

Bioluminescence is widespread among marine inhabitants
[1, 2]. Many of these organisms generate light using coe-
lenterazine (CTZ) as a substrate in the reactions catalyzed
by various bioluminescent proteins [3, 4]. Among those,
Ca’*-regulated photoproteins represent a unique class of
coelenterazine-utilizing proteins. A photoprotein forms
an enzyme-—substrate complex consisting of a single-chain
globular protein within an internal cavity of which the per-
oxy-substituted coelenterazine, 2-hydroperoxycoelenterazine
(2HP-CTZ, Fig. 1a), is noncovalently bound [3, 5].

In contrast to the common coelenterazine-dependent
luciferases [4] in which enzymes catalyze the oxidative
decarboxylation reaction of coelenterazine, photoprotein
bioluminescence does not require molecular oxygen. Only
the binding of calcium ions to a photoprotein is necessary
to trigger the decarboxylation reaction of the 2-hydroperoxy
adduct of coelenterazine yielding a protein-bound product,
coelenteramide (CLM), in an excited state [6, 7]. Relaxa-
tion of the excited CLM to the ground state is accompa-
nied by light emission with the spectral maximum in the
range of 465-495 nm [8]. However, oxygen is still involved
in the photoprotein bioluminescence, because the active
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Conformer C1

Fig.1 Molecular structures used to calculate optical absorption
spectra: a coelenterazine (CTZ); b 2-hydroperoxycoelenterazine
(2HP-CTZ) in conformation corresponding to that in obelin crystal
structure; ¢ C1 and C2 conformers of the 2HP-CLZ; d TZ and TZ-R

photoprotein is formed from apoprotein and coelenterazine
under Ca>*-free conditions only in the presence of O, [9,
10].

The main driving force for studying bioluminescent
proteins is the use of the Ca’*-regulated photoproteins as
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artificial molecules used to determine the chromophore group; e
angles ¢; describing the rotation of the functional groups R; relative
to the chromophore R. The C, O, H, and N atoms are colored in blue,
red, grey, and violet, respectively

an analytical tool. The major application of photoproteins
primarily lies in their capability to emit light upon binding
of calcium ions. Now, they are widely applied to measure
the intracellular concentration of Ca®* under steady-state
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conditions and to study the calcium transients in the cyto-
plasm of various cells and cell organeles [11, 12].

Among bioluminescent proteins of this type, only pho-
toproteins responsible for the light emission of a variety of
marine hydromedusae are well studied [3, 5]. Cloning and
sequence analyses have been carried out for the photopro-
teins, namely, aequorin [13-15], clytin [16—19], mitrocomin
[20, 21], and obelin [22-24]. The analysis of amino acid
sequences has shown a high degree of identity (~70-60%)
of these proteins and the presence of three calcium-bind-
ing consensus sequences characteristic of the EF-hand
Ca”*-binding proteins [5, 25]. Based on this, Ca’*-regulated
photoproteins are assigned to a large family of the EF-hand
Ca”*-binding proteins [26] that includes the most numerous
and extensively studied members playing an important role
in the regulation of multiple processes in various types of
cells.

The structures of several Ca**-regulated photoproteins
in different conformational states have been determined for
aequorin, obelin, clytin, mitrocomin bound with 2HP-CTZ
[21, 27-30], obelin bound with CLM [31, 32], and apo-
aequorin and apo-obelin bound with calcium ions [33]. For
the photoprotein structure not much affected by the light-
emitting reaction [32], it was proposed that in the EF-hand
protein family, Ca?*-regulated photoproteins belong rather
to the category of Ca’* signal modulators, such as parvalbu-
min, than to Ca?* sensors, of which calmodulin is the typi-
cal and best-known representative [34]. The comparison of
spatial structures of the photoprotein before and after biolu-
minescence reaction as well as comprehensive mutagenesis
studies of the residues forming their inner cavity [35] shed
light into the role of certain residues of a substrate-binding
pocket in the catalytic reaction and emitter formation [8, 36].

The bright bioluminescence of ctenophores also occurs
due to Ca**-regulated photoproteins [3]. Although many of
their properties are very similar to those of hydromedusan
photoproteins, there are still important differences [37]. The
ctenophore photoproteins are extremely sensitive to light;
they lose bioluminescence activity upon exposure to light
over the entire spectral range [38, 39], including visible
region. The bioluminescent capability of these photoproteins
can be restored only by their incubation with coelenterazine
in the dark at an alkaline pH in the presence of oxygen [39].

Cloning of cDNAs encoding these photoproteins
[40—42] has revealed considerable differences in amino acid
sequences of ctenophore and hydromedusan photoproteins
[41]. At the same time, similar to hydromedusan photopro-
teins, ctenophore proteins also contain three canonical EF-
hand Ca“-binding sites [41]. The structure of any cteno-
phore photoprotein bound to oxygenated coelenterazine has
not yet been determined, and only the tertiary structures of
apo-berovin bound with Ca** or Mg?* ions [43, 44] and
apo-mnemiopsin loaded by Cd?" ions [45] are available now.

It is important to note that the spatial structures reveal a
common scaffold in ctenophore and hydromedusan photo-
proteins despite their low amino acid sequence identity [37].

Even though the spatial structures of hydromedusan and
ctenophore photoproteins are very similar in shape and
geometry of their substrate-binding cavities, their interi-
ors feature large differences. The key amino acid residues,
considered to be important for stabilizing the 2-hydroper-
oxy adduct of coelenterazine and for emitter formation in
hydromedusan photoproteins [8, 36], in ctenophore photo-
proteins are replaced by the residues with very different side
chains. This suggests that the amino acids involved in the
light emission of ctenophore photoproteins completely differ
from those of hydromedusan photoproteins [46].

To identify the key residues that may be involved in bio-
luminescence reactions, two structural models of ctenophore
photoprotein with an embedded 2-hydroperoxy adduct of
coelenterazine have been built. Because the structure of
these photoproteins apparently undergoes insignificant
changes during bioluminescence reactions [37], similar to
hydromedusan photoproteins, this approach is plausible. The
main difference in these models is the manner of stabiliza-
tion of the oxygenated coelenterazine within the photopro-
tein cavity. In the first structural model for berovin, the oxy-
genated coelenterazine is bound in the form of a 2-peroxy
anion adduct which is stabilized via the Coulomb interaction
with the positively charged Arg41 guanidinium group that
is paired with OH group of Tyr204 [46]. Another structural
model has 2-hydroperoxycoelenterazine as a coelenterazine
derivative bound within substrate-binding site of ctenophore
photoprotein similar to hydromedusan photoproteins [47].
According to this model, the OH group of Tyr204 is close
enough to the 2-hydroperoxy group of coelenterazine to form
a hydrogen bond, while the guanidinium group of Arg41
forms a hydrogen bond with the OH group of Tyr204 and
the carboxylic group of Asp158. Based on these findings,
it has been inferred [47] that the Tyr204—Arg41-Asp158
triad carries out the function similar to the Trp—His—Tyr
triad in hydromedusan photoproteins, where the tyrosine OH
group stabilizes the 2-hydroperoxy group of coelenterazine
[8]. However, there is some contradiction with the results
obtained for a berovin mutant with a replacement of Tyr204
by Phe that completely retains its bioluminescent activity
relative to the wild type berovin [43, 46]. Since this Tyr
interacts with the 2-hydroperoxy group, its substitution has
to affect the bioluminescence. The substitution of Tyr to
Phe in hydromedusan photoproteins, for example, which per-
forms a similar function results in a significant decrease of
the bioluminescence activity of mutated photoproteins [48].
Both models look quite plausible, but both do not clarify
features of ctenophore photoproteins such as a sensitivity
to light of the active photoprotein complex and absorption
spectrum in the visible region.
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The absorption spectra of ctenophore photoproteins
differ from hydromedusan photoproteins spectra. While
hydromedusan photoproteins absorb light with a maximum
at 460-470 nm [3, 10], the absorption maximum of cteno-
phore photoproteins is at 437 nm [39] which is very close
to that of coelenterazine in methanol (4,,,, =435 nm [3])
(Fig. S1). Considering that the photoprotein absorption in
the visible region is determined by the bound 2-hydroperoxy
adduct of coelenterazine [3, 5], this distinction can be attrib-
uted to the difference in the structure of the bound substrate
and its amino acid environment within the substrate cavity.

In this study, the effects of geometry, solvents, and sub-
stituents on the absorption spectral properties of coelent-
erazine and its 2-hydroperoxy adduct, as well as the impact
of amino acid environment on the absorption spectrum of
2-hydroperoxycoelenterazine embedded into the internal
cavity of berovin, are explored with time-dependent density
functional theory (TD-DFT).

2 Experimental
2.1 Computational details

The calculation scheme to investigate the optical properties
of the active photoprotein substrate is shown in Fig. 1. To
select an appropriate method, the electronic excitation for
the main peak in the absorption spectrum of a CTZ molecule
was calculated using a set of functionals of DFT and two
solvation models (Fig. 1a; Table 1). The CTZ was chosen
as its absorption spectrum in methanol is known (4,,,, in the
visible region is at 435 nm) [3]. Then, the selected calcula-
tion method was applied to investigate the optical properties
of a 2HP-CTZ molecule.

The conformation of 2HP-CTZ in the crystal structure
of obelin (PDB code 1QV0) was taken as a starting point
to optimize the geometry (Fig. 1b). The hydrogen of the
peroxide group in 2HP-CTZ is capable of adopting trans
(C1) and cis (C2) conformations (Fig. 1c¢), which can have

different spectral properties, because the peroxide is close
to the chromophore (Table 2) and can form a hydrogen bond
with it. Therefore, an effect of the peroxide conformations of
the peroxide group on the optical properties of the 2HP-CTZ
molecule was studied.

The peroxide conformation which gives the best over-
lap of calculated and experimental absorption spectra of
2HP-CTZ in the visible range (4,,,, =460-470 nm [3, 10],
Table 2) was selected. For the group of atoms playing the
key role in the electronic excitation (chromophore group) to
be identified, the TZ and TZ-R model molecules (Fig. 1d,
Fig. S2) were designed, and the influence of the rotation of
each substituent on the spectral properties of the 2HP-CTZ
molecule was studied (Fig. le).

TD-DFT calculations for vertical excitations were per-
formed to simulate the CTZ absorption spectra in methanol
using SMD for describing solvent effects [49] with the same
dielectric constant € in both ground and excited states. To
find the best DFT functional, the spectral characteristics of
CTZ were calculated using CAM-B3LYP, PBEO, M06-2X,
and M08-SO functionals (Table 1). Some calculations were
repeated with a larger basis set aug-cc-pVDZ including the
diffuse functions. B3ALYP/SMD/cc-pVDZ gives the best
agreement with the experimentally determined absorption
maximum (4,,,, =435 nm [3]). Taking into account that the
results for the larger basis set are essentially the same as

Table 2 Absorption wavelengths 4, (nm) and oscillator strengths f;,
(arb. units) for the S;— S excitations in 2HP-CTZ conformers calcu-
lated at BALYP/SMD/cc-pVDZ level of theory

Conformer® Gas phase A, Methanol A, Water A (fyps)

(faba) (f;ibs)
Cl1 473 (0.021)° 485 (0.032) 486 (0.032)
C2 480 (0.022) 493 (0.027) 494 (0.028)

See Fig. 1c

YExperimental absorption maximum of 2HP-CTZ bound within obe-
lin is at 460-470 nm [3, 10]

Table 1 S,— S, excitations in CTZ (Fig. 1b) in methanol calculated with several DFT functionals

B3LYP CAM-B3LYP PBEO MO06-2X MO08-SO

PCM SMD PCM SMD PCM SMD PCM SMD PCM  SMD
A 430 (447) 435 (439) 405 (407) 407 (403) 442 434 415 409 415 410
E 2.76 2.77) 2.77 (2.82) 3.06 (3.05) 2.84 (2.84) 2.81 2.85 2.99 3.03 2.99 3.03
f 0.171(0.191)  0.179 (0.218)  0.262(0.291)  0.179(0.323)  0.168  0.179 0223 0255 0238 0271
A 0.751 (0.748) 0750 (0.752) 0744 (0.738)  0.745(0.743) 0748  0.751 0742 0747 0739  0.742

Aaps (NM) is the absorption wavelength, f (arb. units) is the oscillator strength, E is the absorption energy (eV), and A is a parameter describing
the physical characteristics of the excitation [59]. Calculations were performed with cc-pVDZ basis set (aug-cc-pVDZ in parentheses). PCM and
SMD were selected as solvent models to account solvation effect in methanol. The experimental absorption maximum of CTZ in methanol is

435 nm
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for cc-pVDZ, the latter was chosen (Table 1), because it is
smaller.

The molecular structure of 2HP-CTZ was optimized
using DFT at the B3LYP/cc-pVDZ level implemented in
GAMESS [50, 51]. The electronic excitations for absorp-
tion spectra were calculated with TD-DFT at the optimized
ground singlet state. For 2HP-CTZ, calculations were per-
formed in the gas phase (¢ =0), methanol (e =33), and water
(¢=178). The initial structure of 2HP-CTZ was taken from
the crystal structure of obelin (PDB code 1QVO0, Fig. 1b).
The results of calculations are summarized in Tables 1 and
2. As an outcome of these validation tests, BALYP/cc-pVDZ
and conformer C1 were chosen.

By closely inspecting the structures of photoproteins, one
can speculate that the spectral properties may be related to
several dihedral angles. To study the dependence of proper-
ties on these angles, the structures of 2HP-CTZ was reopti-
mized while fixing the angles of 6-(p-hydroxy)-phenyl (R)),
8-benzyl (R,), and 2-(p-hydroxy)-benzyl (R;) substituents
around the pyrazine group (R) to a range of desired val-
ues and optimizing other degrees of freedom at the level of
B3LYP/cc-pVDZ (Fig. le).

Since the molecular structure of any of the ctenophore
photoproteins with a bound 2-hydroperoxy adduct of coe-
lenterazine is not available, the structural model of berovin
without calcium ions was generated by the -TASSER server
[52-54] which automatically selects the appropriate tem-
plates from the Protein Data Bank. No restrictions were
applied for selection of appropriate templates. In total,
five structures were selected by the server in the Protein
Data Bank [mitrocomin (PDB 4NQG), apo-berovin bound
with Ca>* (PDB 4MNO), i-aequorin (PDB 1UHI], calcium-
dependent protein kinase 1 in complex with bumped kinase
inhibitor NM-PP1 (PDB 317B), and EF-hand calcium-
binding protein calerythrin (PDB INYA)) to generate five
structural models. The best -TASSER model (C-score of
—0.98, TM-score of 0.59+0.14, and RMSD of 7.5+4.3 10\)
(Fig. 2a) revealed a high similarity with the structures of
hydromedusan photoproteins bound with 2-hydroperoxycoe-
lenterazine [obelin from Obelia longissima (PDB 1EL4),
TM-score, 0.852, RMSD, 1.69 A; mitrocomin (PDB 4NQG),
TM-score, 0.851, RMSD, 1.14 A; i-aequorin (PDB 1UHI),
TM-score, 0.849, RMSD, 1.40 10\; obelin from Obelia genic-
ulata (PDB 1JF0), TM-score, 0.844, RMSD, 1.27 10\] as well
as with apo-aequorin (PDB 1SL8) and apo-berovin (PDB
4MNO) loaded with Ca** (TM-score, 0.738, RMSD, 1.82 A
and TM-score, 0.719, RMSD, 2.78 /0%, respectively) was used
to embed a 2HP-CLZ molecule into the internal cavity of
berovin by AutoDock4 software [55] (Fig. 2b).

The rotational angles of the side chains of the residues
Arg41 and Tyr204 in the substrate-binding cavity were
slightly adjusted, because the side chains of these residues
may be involved in the stabilization of the hydroperoxy

group of the oxygenated coelenterazine as suggested by a
study of berovin mutants with substitution of Arg41 and
Tyr204 [46] (Fig. 2c). The molecular structure of berovin
in water was optimized (energy-minimized with the thresh-
old of 10~* Hartree/Bohr) by the fragment molecular orbital
method (FMO) [56, 57] in GAMESS at the level of the two-
body expansion for the third-order density-functional tight-
binding (FMO2-DFTB3) using 30b-3-1 parameters [58],
combined with the conductor polarizable continuum model
of solvation (C-PCM) and Grimme’s D3(BJ) dispersion
correction. FMO-DFTB/PCM is a fast and accurate para-
metrized quantum—mechanical method suitable to optimize
proteins [60]. The protein (Fig. 2¢) was divided into one
residue per fragment in FMO calculations.

From the located structure of the complex, the 2HP-CTZ
substrate was extracted and its electronic excitation was
computed with TD-DFT (B3LYP/cc-pVDZ) (Fig. 2d). The
cavity is hydrophobic, thus, e=0 (as in the gas phase) can be
used to compare to experiment; among the two conformers
in Table 2, C1 matched the experiment better; therefore, it
was chosen for further simulations.

To check the effect of the embedding, an FMO1-TD-
B3LYP/6-31%/PCM calculation of a 2HP-CTZ conformer
was performed. In FMO1-TDDFT, a polarizable embed-
ding from the protein is added based on the electron density
of fragments. The excitation energy with and without the
embedding is 433 and 437 nm, respectively. Both match
well the absorption maximum (4,,,, =435 nm) of the active
berovin [41]. Because the embedding effect is small, the
rest of the TDDFT calculations were performed without an
embedding.

3 Results and discussion
3.1 Rotation of different substituents of 2HP-CTZ

To reveal the orientation effect of the R, and R groups
(Fig. 3a, b) on the absorption spectra, the R, group was
rotated by the angle ¢, around the R,—R single bond with a
step of 5° relative to the equilibrium geometry (Fig. 3a). The
dihedral angle ¢, was fixed by freezing the coordinates of
carbon C1, C2, C3, and C4 atoms, while the rest ones were
optimized (Fig. 3a, b). The same approach was used to study
the effect of rotations of the R, and R; groups relative to the
chromophore R. As R, is bound to R by two single bonds,
two rotations were carried out separately (Fig. 3c—f). Only
one rotation was relevant for Ry (Fig. 3g, h). All rotations
were treated independently by varying a single angle at a
time.
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The I-TASSER
structure

Fig.2 Calculation workflow. a Prediction of berovin structure using
I-TASSER. b Docking 2HP-CTZ to a berovin cavity by AutoDock4. ¢
Geometry optimization (FMO-DFTB3/PCM) of the protein-substrate

3.2 Effect of rotation of different substituents
on the electronic structure and the absorption
spectrum of 2HP-CTZ

As is shown in Fig. 4a—d, the LUMO is consistently local-
ized on the R group with energy of — 2.34 to — 2.35 eV.
The HOMO (Fig. 4e-h) is localized on the R, R, and R;
groups with a distinctive dependence upon the rotation of
the R; group. At the energy minimum (Figs. 3a and 4a) for
the angles ¢, =7° and up to 35°, the HOMO is localized
on the R and R, groups (Fig. 4a, b). For the angle from
40 to 80°, the HOMO is localized on the R, R, and R;
groups (Fig. 4c). For the angle ¢, =85°-90°, the HOMO is
localized on the R and R; groups (Fig. 4d). As the substitu-
ent R, rotates, the orbital distribution expands from the
central area to the left and right arms. The energy of the
HOMO for ¢, =7°-90° varies from — 5.49 to — 5.85 eV.
The energy gap (AE HOMO — LUMO) changes from 3.15
to 3.51 eV. This gap (394-353 nm) correlates with the

@ Springer
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DOCKING

complex. d Calculation of the electronic excitation of 2HP-CTZ using
TD-DFT

excitation energy; therefore, understanding of the changes
of HOMO and LUMO and the gap between them can be
helpful to elucidate the absorption wavelength, and to pro-
pose a way to control it via a modification of the adduct
and/or the protein.

From the values of the excitation energy and the delocali-
zation pattern of the HOMO in Fig. 4 (the LUMO delocali-
zation is very similar for all angles), it can be inferred that
the substituent R, does not affect the excitation energy con-
siderably, as the extent of the HOMO delocalization does not
affect the excitation energy much. On the other hand, as ¢,
increases and the HOMO delocalization over R, decreases
and increases over Rs, it is can be seen that the delocalization
over R; substantially changes the excitation energy.

At the B3LYP/cc-pVDZ level of theory, the rotation
of the R, group leads to a spectral blue shift from 474 to
416 nm (Fig. 5). For a small change of ¢, (5°), there is
a small increase of the absorption wavelength, followed
by its decrease up to ¢, =75°. Other angles are found to
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Fig.3 Rotations of the R, R,, and R; substituents relative to R 28), R, (11, 10, 26, 27), and R; (6, 12, 13, 14). a, c, e, g The ground
around a single bond defined by the ¢; angle. In 2HP-CTZ, the frozen state with ¢, =7°, ¢,=92°, ¢;=84°, and p,=77°. b, d, f, h The sys-
carbon atoms are indicated by numbers R, (1, 2, 3, 4), R, (10, 26, 27, tem with ¢, =85°, ¢,=150°, p;= 179° and ¢,=160°
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Fig.4 HOMO and LUMO localization for 2HP-CTZ depending on
the rotation of the substituent R;. LUMOs are above the correspond-
ing HOMOs. ¢, is the dihedral angle (Fig. 3a, b). a The ground state
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Fig.5 Dependence of the computed absorption wavelength A(g;)
upon the rotation dihedral angles ¢; in 2HP-CTZ at the level of
B3LYP/cc-pVDZ, shown in Fig. 3. The x-axis denotes the absolute
values of the dihedral angle of rotation relative to the ground state for
each substituent

exert a much weaker influence on the wavelength, espe-
cially ¢, (Fig. 5). These results show that the rotation of
the R, group has the largest effect on the maximum of the
absorption spectrum. The other groups (R, and R;) affect
the spectral properties to a small extent.

It is clear why R, does not influence the spectrum, since
both LUMO and HOMO are not localized on it (Fig. 4).
Although these orbitals do extend to Rj, this group is
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separated from the central core group R by a -CH,— group
(see Fig. 1). This methylene stopper may be the reason for
a weaker conjugation and a small effect of R; relative to R ;
likewise, R, is also separated from R by a —-CH,— group.

The effect of these angles upon the total energy of the
ground state is shown in Fig. 6. Since the zero point cor-
responds to the minimum total energy, all energies rise as
@; increases. Among the four angles, ¢, affects the energy
most strongly (up to 19.1 kcal/mol), and ¢, most weakly
(up to 3.6 kcal/mol). For ¢, and ¢4, there are multiple local
minima.

3.3 Effect of the protein environment
on the 2HP-CTZ absorption spectrum

The binding of 2HP-CTZ in the conformation correspond-
ing to the obelin crystal structure (PDB code 1QV0) causes
a shift of some amino acids in the binding pocket to give
enough space to accommodate 2HP-CTZ. In total, 35 resi-
dues are found at a distance of 5 A from 2HP-CTZ atoms.
Among them, the side chains of Arg41, Phe45, Leu4d7,
Glu57, Vals8, Trp61, Argb4, Met65, Val69, Met79, Phe§6,
Phe87, Ile126, Leul29, Ser130, Tyr133, Tyr134, Met153,
Met154, Phel57, Phel67, Leul84, Phel88, Trp192, and
Tyr204 are directed inward the substrate-binding cavity.

In this complex, the hydrogen of the hydroperoxy group
of 2HP-CTZ is oriented towards the side chains of Arg41
and Tyr204 which are involved in the stabilization of the
hydroperoxide group through a hydrogen-bond network
[51]. The 6-(p-hydroxy)-phenyl substituent (R)) is located
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Fig.6 Dependence of the computed ground state energy E(¢;) upon
the dihedral angles ¢; in 2HP-CTZ at B3LYP/cc-pVDZ level (Fig. 3).
Rotation by each angle on the absolute values of ¢; relative to the
minimum value is plotted on the x-axis. Zero energy corresponds to
the ground state (Fig. 3a)

within the hydrophobic pocket formed by Met65, Tyr133,
Leul37, Met153, Met154, and Phel57. The interaction with
these residues determines the rotation of the R, group rela-
tive to the equilibrium geometry of the isolated molecule.
Optimization of the berovin structure with FMO2-DFTB3/
PCM leads to a decrease of ¢, to 60° compared to the geom-
etry of the molecule in the photoprotein obelin (¢, =7°)
because of a readjustment of both 2HP-CTZ molecule and
the surrounding residues. In optimized berovin structure,
the 6-(p-hydroxy)-phenyl substituent geometry is ensured
by Tyr133, Tyr134, Met153, Phel67, and Leul84 (Fig. 7).

Fig. 7 Substrate-binding pocket
of berovin with 2HP-CTZ from
two different viewpoints. ¢, is
the dihedral angle (Fig. 3). C
atoms of 2HP-CTZ are colored
in light blue, C atoms of the
protein are dark blue, O atoms
are red, S atoms are yellow, N
atoms are purple, H atoms are
grey

3.4 A physical picture of how substrate binds
to berovin

The amino acids in the active center have different functions:
some are important for binding the substrate, others for its
retention, some affect the conformation of the substrate, oth-
ers affect its spectral properties, etc. Some useful informa-
tion about the physical aspects defining the role of residues
(although not directly the above functions) can be obtained
by performing pair interaction energy decomposition analy-
sis (PIEDA) for the ground state [61].

PIEDA calculations were done at the level of resolution-
of-the-identity second-order Mgller—Plesset perturbation
theory (RI-MP2) with the basis set cc-pVDZ for the solute,
and the solvent was treated with the polarizable continuum
model (PCM). The structure for the analysis was taken to be
the equilibrium geometry of berovin obtained at the FMO-
DFTB3 level, truncated to include only the residues in the
binding pocket (35 residues) and the substrate. As a result
of PIEDA calculations, one obtains the interaction energy of
each fragment (residue) with the substrate, and a decomposi-
tion of this total value into several components [electrostatic,
quantum mechanical (charge transfer and exchange repul-
sion) and dispersion (van der Waals)]. The total value for
each residue—substrate pair and the dispersion component
(describing non-polar hydrophobic interactions) may be the
most important characteristics. The solvent screening was
included in total interactions. Substantial interactions are
plotted in Fig. 8. Negative and positive values mean attrac-
tion and repulsion, respectively.

Among the residues surrounding 2HP-CTZ for ¢, =77°,
only Trp103 reveals a repulsion. The Arg41 (— 18.5 kcal/
mol) mainly interacts with the hydroperoxide group of
2HP-CTZ (electrostatics and dispersion are the main
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Fig.8 Interactions between the residues in berovin and the substrate
computed with PIEDA at RI-MP2/cc-pVDZ level in solution. Amino
acids are shown in order of decreasing of interaction energy

components); Ile126 (— 4.9 kcal/mol) binds the R, sub-
stituent (dispersion); Tyr133 (— 8.2 kcal/mol), Tyr134
(— 1.0 kcal/mol) (dispersion is the main component),
Met153 (- 3.5 kcal/mol), and Phe167 (— 0.4 kcal/mol) bind
the R, group (dispersion is the main component); Trp192
(— 8.5 kcal/mol) and Trp103 (4 3.0 kcal/mol) bind R; (dis-
persion is the main component); Tyr204 (— 2.2 kcal/mol)
stabilizes the R, substituent (dispersion is the main compo-
nent); Leul84 (— 2.9 kcal/mol) hinders the rotations of the
R, and R, substituents (dispersion is the main component).

The reason why Arg41 has a large electrostatic interac-
tion may be attributed to the hydrogen bond it forms with
the substrate and close contact between the dipole on the
hydroperoxide group of the substrate and the + 1 charge on
the residue. Furthermore, because the substrate has several
aromatic rings, it exhibits strong dispersion (hydrophobic)
interaction especially with the residues that have aromatic
rings as well, such as Phe, Tyr, and Trp. The importance of
many of the above-mentioned residues for berovin biolu-
minescence was shown earlier by site-directed mutagenesis
[46].

4 Conclusions

Applying the density functional theory, the key reasons
for differences in visible absorption spectra of ctenophore
and hydromedusan photoproteins have been revealed. It
has been shown that the difference in the dihedral angles
of the 6-(p-hydroxy)-phenyl group relative to the imidazo-
pyrazinone core in 2-hydroperoxycoelenterazine bound to
the ctenophore and hydromedusan photoproteins (50°-60°
and 7°, respectively) accounts for the blue shift in the visible
absorption spectrum of ctenophores versus hydromedusan
photoproteins.

@ Springer

The reason why this angle affects the excitation is linked
to the conjugation due to a direct contact of the 6-member
ring of the substituent and the core. It was also demonstrated
that the rotation of the 6-(p-hydroxy)-phenyl substituent by
60° within the inner cavity of the ctenophore photoprotein
is stabilized by the side chains of Arg41, Trp192, Tyr133,
and Ile126.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s43630-021-00039-5.
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