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QM/MM calculations on a new synthesised oxylu-
ciferin substrate: new insights on the conformational
effect’

Romain Berraud-Pache?, Isabelle Navizet*®

In this publication we conduct calculations on a new synthesised red-shifted emitter of the luciferin
in order to understand what are the main contributions to the colour-shifting emission. Indeed the
bioluminescence process, especially from fireflies, is one of the main source in medical imag

ing but its efficiency grandly depends on the wavelength of the emission. We performed classical
molecular dynamics followed by quantum mechanics/molecular mechanics (QM/MM) calculations.
with either density functional theory or multiconfigurational reference second-order perturbation
theory on different emitters to obtain the bioluminescence emission. We analysed the calculations
and investigated the effects which play a non-negligible role on the emission, like the effect of the
surrounding or the effect of the conformation of the emitter. Finally, in the absence of crystallo-
graphic structure, we proposed the luckiest conformation for the emitter in the bioluminescence

process.

Introduction

For several years, the modulation of the colour of the biolumi-
nescence has been a trendy topic with a lot of publications either
from an experimental or a theoretical point of view 18, All kind
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of emission colours can now be obtained, from the yellow-green
tone of the wild-type substrate to a near IR one. Sadly, the
mechanism of colour modulation is not well understood, despite
some relevant insights 15,

Fireflies are insects that can emit visible light with flashes.
The bioluminescence is due to the interaction of a protein called
luciferase with an organic molecule, the luciferin (LH,). The
generally accepted mechanism of firefly bioluminescence is
shown in Figure 1. During the first step, the protein catalyses the
formation of a luciferyl-adenylate intermediate (luciferin-AMP).
Then, the coordination of a dioxygen molecule to the intermedi
ate leads to the formation of a dioxetanone compound. Thus, the
decomposition of this dioxetanone gives an emissive molecule
known as oxyluciferin (OxyLH;) which releases the energy by
emitting light 1.

In 2014, the group of the Pr. Anderson and Dr. Pule published
the synthesis of a new modified luciferin called infra-luciferiis
(iLH,)17. While the wild-type luciferin-luciferase system emit.
in the yellow-green range of the spectra, the iLH; molecule leads
to a strong red emission during the bioluminescence process. This
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Fig. 1 Mechanism of firefly bioluminescence

range of emission in the red region of the visible spectra allows
better penetration depths when used for medical imaging. By
adding a double bond between the 2 cycles of the luciferin, the
emission is red-shifted by 0.37 €V (112 nm). Furthermore, the
authors also observed that by mutating the residue Serine 284
to Threonine (S284T) in the protein, which is only one methyl
group longer, the emission for both the wild-type or the infra-
red luciferin is slightly red-shifted, between 0.1 €V and 0.2 €eV.
In this paper we characterise the interactions between the light
emitter and the protein by using Quantum Mechanics/Molecular
Mechanics (QM/MM) calculations with Time-Dependent Density
Functional Theory (TD-DFT) or multi-configuration methods in
order to rationalise the observed light colour shifting.

Computational details

In the present publication we used a crystallographic structure
(PDB 4G37) of the luciferase complex from the group of Prof.
Branchini 19, This structure comes from the North America fire-
fly and has been chemically engineered. It has been designed to
reproduce the conformation of the protein when the dioxygen
binds to the luciferin. This conformation was created thanks to a
disulfur bridge between two residues Isoleucine 108 and Tyrosine
447,

The PDB file 4G37.pdb was downloaded from the RSCB
PDB website. Thus the missing loop was added with
Disgro program?°. Then, the 5-O-[N-(dehydroluciferyl)-
sulfamoyl]adenosine (DLSA) residue was replaced by adenosine
monophosphate (AMP) and OxyLH, or OxyiLH», the oxyluciferin
resulting from iLH, (see Figure S1). The two SO, groups and the
bridging residue XLX were removed.

The residues were protonated using Leap from Amberl4 suite
of program?!. The contentious cases, especially for histidines
were resolved by computing their pKa with the H+ + program?2.
We have chosen to double protonated the following histidines:
residues 76, 171, 221, 310, 332, 419, 461 and 489. AMP
(charged -2) was protonated into AMPH (charged -1) and a Cl™
was added in order to achieve a neutral charge for the system.

Classical dynamics simulations were made with Amber14 in or-
der to obtain one snapshot for further QM/MM optimization. The
model was solvated with TIP3P water molecules within a cuboid
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box, ensuring a solvent shell of at least 15 A around the solute.
The resulting system contained roughly 28000 water molecules
and 90000 atoms in total. The AMBER991f was used to model the
residues of the protein. The AMPH and the emitter (also called
substrate in this paper) were described using parameters devel-
oped by our group®1523, As the parameters were not fully op-
timised for the excited state, the substrate structure was first ob-
tained by QM/MM optimization of the first singlet excited state,
and frozen in its excited state conformation during the whole dy-
namic. The system was heat from 100K to 300K in 20ps. Then,
under NPT conditions with T=300K and P=1atm a 5ns dynamic
using periodic boundary conditions was realised with a 2 fs time
step. During these simulations pressure and temperature were
maintained using the Berendsen algorithm 24 with a coupling con-
stant of 5 ps and SHAKE constraints were applied to all bonds
involving hydrogen atoms2°.

The QM/MM -calculations were performed using a QM/MM
coupling scheme2® between Gaussian2? and Tinker2® or Mol-
cas?? and Tinker (Gaussian 09d/Tinker or Molcas 8.0/Tinker).
The electrostatic potential fitted (ESPF) method2® was used to
compute the interaction between the Mulliken charges of the QM
parts and the external electrostatic potential of the MM parts
within 9A from the QM part. The microiterations technique 3°
was used to converge the MM subsystem geometry for every QM
minimization step. The emitter was selected as the QM part,
while the rest of the system belonged to the MM part. The
QM/MM optimisation of the first singlet excited state (S1) state
was first performed followed by the calculation of the vertical
difference of energies (7,) between the S1 and the ground state
(S0) which corresponds to the fluorescence emission. Since in
fireflies the fluorescence transition is the same as the biolumi-
nescence one??, the calculated 7, value can be compared to the
experimental emission energy.

The level of theory used for the QM part of the QM/MM calcu-
lations was chosen as followed. The first guess was to try some
TD-DFT calculations with CAM-B3LYP functional®! with the 6-
31G(d,p) basis set, which has often been used for the QM system
in previous QM/MM calculations %32 of such system.

The preliminary QM/MM results with the small basis set were
not convincing (see Table S1).
publication®3, a triple-zeta basis set was used as well as different
functionals, i.e. B3LYP34+36 M06°%7, M062X37 and ®B97XD38
(see Table S2). The chosen basis set was 6-311G(2d,p) as we did
not use basis set with diffuse functions because these later ones
can interact with the MM system while using an electrostatic
embedding (ESPF method26).
basis sets, the optimised excited geometric conformations of
the substrate are very similar to each other with a total Root-
Mean-Square Deviation of atomic positions (RMSD) between the
structures lower than 0.02A°

Thus as recommended in the

For all functionals and both

This journal is © The Royal Society of Chemistry [year]
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Nature Mutable Substrate Assigned label
of the residue

protein (284)

wild-type Serine Oxyluciferin Ser_OxyLH,
wild-type Serine infraOxyluciferin-1 Ser_OxyiLH;-1
wild-type Serine infraOxyluciferin-2 Ser_OxyiLH,-2
mutated Threonine  Oxyluciferin Thr_OxyLH,
mutated Threonine  infraOxyluciferin-1 Thr OxyiLH;-1
mutated Threonine  infraOxyluciferin-2 Thr_OxyiLH,-2

Table 1 Description of the 6 models used. The "wild-type" name refers
to the structure obtained from the 4G37 structure '8 and the "mutated”

name refers to the same structure with the residue Serine 284 mutated
to Threonine.

For the rest of the paper, we have chosen to compare CAM-
B3LYP and B3LYP functionals with the triple zeta basis set, 6-
311G(2d,p). Along with the QM/MM calculations we have also
carried out some vacuum and in solvent calculations in a po-
lar and non-polar solvent (see Table S3). The solvent effects
were taken into account using Polarisable Continuum Model
(PCM) 3940 s

TD-DFT results were compared with more precise calcula-
tions like multiconfigurational reference second-order perturba-
tion theory. The complete-active-space second-order perturba-
tion theory (CASPT2) 41 was also used to compute the 7, with
the triple-zeta basis set ANO-RCC-VTZP*2, We performed sin-
gle point CASPT2/MM calculations with the ANO-RCC-VTZP ba-
sis set on the optimised geometries from the CAM-B3LYP 6-
31G(d,p)/MM calculations. As mentioned in the DFT paragraph,
the geometric structure is the same regardless of the functional or
basis set used.

For OxyLH,, 3 active spaces were tried: the 18 electrons in 15
orbitals choice (18-in-15) corresponds to all z-conjugated orbitals
of OxyLH;. Then, a 16-in-14 and a 14-in-13 active spaces were
created by removing 7 conjugated orbitals centred on sulfurs. The
16-in-14 corresponds to the remove of the 7 sulfur centred orbital
on the thiazolone cycle while the 14-in-13 corresponds to the re-
move of both the & sulfur centred orbital on the thiazolone cy-
cle and on the benzothiazole cycle. For OxyiLH,-1 and OxyiLHj;-
2 a 16-in-15 active space was chosen. It corresponds to all z-
conjugated orbitals except those centred on both sulfurs due to
computational limitation. The different active spaces are repre-
sented in Figure S2 to S4. The Multi-State CASPT2 (MS-CASPT2)
calculations were computed either with the 4 first states or the
2 first states and a 0.1 level shift. Two different IPEA shift were
tried, one at 0.25 and one at 0.1 (see Table S4 for the compari-
son between the 2 IPEA shift and Table S5 for the results with 4
roots).

In this paper we discuss on several models. The first model
designed represents a structure with the wild-type protein asso-

This journal is © The Royal Society of Chemistry [year]
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ciated with the wild-type Oxyluciferin (OxyLH,) from the 4G37
crystallographic structure determined by the group of Prof. Bran-
18,19 Unfortunately no crystallographic structures with
OxyiLH, in protein are available. Moreover, the experimenters 17
have only studied the stereoisomer with the double bond in trans
(E) position. We remained with the (E) stereoisomer in this study.
Besides, there are not yet experimental evidences of the chemical
conformation of the stereoisomer (E) of OxyiLH,. Indeed, the
surrounding protein prevents the substrate from moving through
sterical effects and thus from changing its conformation. There

fore each conformer has to be studied in details. One of the con-
former seems at the first glance to fit better in the cavity and thus
has been named infraOxyluciferin-1 (OxyiLH,-1) while the other
one has been called infraOxyluciferin-2 (OxyiLH,-2) (see Figure
2).

chini

Oxyluciferin
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Fig. 2 Graphical representation of the different models used in this
paper. On the left, the structures and the names of the 3 different
substrates studied. Atoms are colour-coded as O red, H white, C cyan,
N blue, S yellow. On the right, the structures and the names of the wild
type (Serine) and mutated (Threonine) version of the residue 284. In the
middle, the graphical representation of luciferase and OxyiLH,-1. The
protein is drawn in ribbon with alpha helix in purple and beta sheets in
yellow. The position of the residue 284 is highlighted in red.

The obtained model corresponding to the crystallographic form
of the wild-type protein with the Oxyluciferin as described above
is named Ser OxyLH, (Substrate OxyLH, inside the protein with
Serine 284). For the others systems, modifications of either the
emitter or the protein were made by hand. The model called
Ser_OxyilHj;-1 (respectively Ser OxyiLH,-2) corresponds to the
wild-type protein with one of the studied conformer of OxyiLH,
labelled OxyiLH;-1 emitter (respectively the other labelled
OxyiLH,-2 emitter) (Figure 2). The models called Thr OxyLH,.
Thr OxyiLH;-1 and Thr OxyilLH,-2 correspond to the mutateu
version of the protein, S284T (Serine mutated into Threonine)
with respectively OxyLH,, OxyiLH,-1 or OxyiLH,-2. We have

Journal Name, [year], [vol.], 1-10 |3
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Table 2 TD-DFT/MM for electronic transition between S1 and SO (7,) Table 3 MS-CASPT2/MM for electronic transition between S1 and SO
with 6-311G(2d,p) basis set and associated oscillator strength on (T.) with ANO-RCC-VTZP basis set, including 2 states and using a 0.1
structure optimised with the same level of theory. level shift and 0.1 IPEA shift.
Model CAM-B3LYP B3LYP Exp. Model Active MS-CASPT2 Exp.'
eV (nm) eV (nm) eV (nm) Space eV (nm) eV (nm)
Ser_OxyLH, 2.53 (490) 2.20 (564) 2.22 (558) 14-in-13 2.24 (554)
£=0.57 £=0.33 Ser_OxyLH, 16-in-14  2.14 (579) 2.22 (558)
Ser_OxyilLH,-1 2.23 (554) 2.00 (616) Ser_OxyiLH,-1 16-in-15 2.19 (566)
f=1.13 f=0.53 1.85 (670) Ser_OxyilLH;-2 16-in-15 1.92 (645) 1.85 (670)
Ser_OxyiLH,;-2 2.10 (590) 1.87 (663)
f=1.13 f=0.53 14-in-13  2.07 (598)
Thr OxyLH, 16-in-14 2.15 (577) 2.04 (605)
Thr_OxyLH, 243 (509) 215 (577)  2.04 (605)  Thr OxyilH,-1 16-in-15 215 (578) 1.75 (706)
f=0.60 f=0.34 Thr OxyiLH;-2 16-in-15 1.93 (643) ’
Thr_ OxyiLH,-1 2.24 (552) 1.98 (625)
- 1.75 (706)
f=1.12 f=0.47 vacuum 14-in-13 2.33 (532)
Thr_ OxyiLH,-2 2.16 (574) 1.87 (661) OxyLH, 16-in-14 2.25 (550)
f=1.12 f=0.47 vacuum OxyiLH,-1 16-in-15 2.02 (614)
vacuum OxyiLH,-2 16-in-15 1.93 (642)
vacuum 2.52 (482) 2.27 (547)
OxyLH, f=0.67 f=0.41
acuum 2.36 (525 2.13 (580
éxyiLHz—l f=1.1 4( ) f=0_7é ) ues obtained with the chloroform are closer to the ones obtained
vacuum 2.26 (547) 2.03 (608) taking into account the protein surrounding, with the QM/MM
OxyiLH,-2 f=1.02 f=0.65 method (Table S3) than in the water or in vacuum.

chosen to put the OH group of the Threonine in direction of
the emitter. The infrared-Oxyluciferin structures were achieved
by adding a double bond between the 2 cycles of the natural
OxyLH,. Thus, the thiazolone cycle was frozen and the remaining
part of the molecule was added. All structures are described in
Table 1 and summarised in Figure 2.

Results and discussion

For each emitters OxyLH,, OxyiLH,-1 and OxyiLH,-2, T, was cal-
culated in vacuum and in solvent. For each classical molecular
dynamics (MD) done on models of Table 1, a snapshot corre-
sponding to the minimum energy structure was selected from the
MD, minimized at the MD level of theory and further optimised
in the first singlet excited state with QM/MM methods to obtain
T, in protein.

Vacuum and in solvent calculations

We first compare the optimised S1 structures and the calculated
T, values at the TD-DFT B3LYP/6-311G(2d,p) level for the 3 sub-
strates obtained in either vacuum, with a polar solvent (water),
or a non-polar solvent (chloroform). The optimised structures
with the different PCM solvents are close to the one in vacuum
with a RMSD lower than 0.02A . The augmentation of the polar-
ity around the substrate leads to a smaller 7,. In details, the val-

4| Journal Name, [year], [vol.],1—10

QM/MM

The utilisation of QM/MM calculations on the structures obtained
after MD gives us good insights on the bioluminescence emission
colour modulation. For each model, one snapshot of the MD has
been optimised by a QM/MM scheme with the substrate in the
first singlet excited state in order to get the 7,. In all models the
studied transition corresponds mainly to a LUMO-HOMO transi-
tion. The experimental trends are explained by our theoretical
results. For the DFT/MM calculations the difference of energy
between the experimental and the calculated emission energies
(AT,) is around 0.35 €V for CAM-B3LYP while for B3LYP this shift
ranges between 0.02 and 0.25 eV which is in agreement with the
DEFT level of error (see Table 2).

MS-CASPT2/MM calculations were also computed and the ob-
tained results are similar with the one obtained with the B3LYP
functionnal (see Table 3). Moreover, the AT, is between 0.05 and
0.4 eV. We obtained these results by fixing an empirical parame-
ter called IPEA in the MS-CASPT2 program to 0.1 (default one is
0.25). Current research*® shows that this parameter has a default
value set too high. Indeed, the IPEA shift set at 0.25 instead of 0.1
induces a blue-shift of at least 0.15 eV for the T, (see Table S4).
Thus the AT, for the IPEA shift set at 0.25 is ranged between 0.1
and 0.6 €V (see Table S5). Others parameters can also influence
the T, such as the size of the active space (see Table S5) and the
basis set.

This journal is © The Royal Society of Chemistry [year]
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When the 7 conjugated system in the emitter is increased
i.e. from OxyLH, to OxyiLH, the calculated emission of energy
T, decreases leading to red-shifting of the emission, as seen
in the experimental results. Besides, for both emitters the
emission is accompanied with a charge transfer from the Highest
Occupied Molecular Orbital (HOMO) to the Lowest Unoccupied
Molecular Orbital (LUMO) corresponding to a charge transfer
from the benzothiazole moiety to the thiazolone cycle (see
Figure 4). Furthermore, the results show that the conformation
of the double bond in OxyiLH, has an impact on the 7,. We
observed that the OxyilLH,-2 structure’s 7, is closer to the
experimental emission than the one from OxyiLH,-1 structure.
For example, the Ser OxyiLH,-1 has a B3LYP 7, of 1.98 eV while
the Ser_OxyiLH,-2 has a 7, of 1.87 €V, to be compared to the
experimental value of 1.85 eV.

In conclusion, results obtained in TD-DFT/MM with B3LYP/6-
311G(2d,p) are more reliable and faster. Thus, in the rest of the
paper both structures and properties will be discussed with this
level of theory.

Classical Molecular Dynamic (MD)

During the MD, we were able to follow several elements involved
in the interaction between the substrate and the environment
(protein residues and water molecules). First, the equilibration
is attained after 1ns for all MD (see Figure S6). During the MD,
the coordinates of the substrate, i.e. OxyLH, or OxyiLH,, were
restrained. Thus the structure of the substrate is kept at its ini-
tial S1 conformation. However, the AMPH was not restrained but
thanks to strong hydrogen bonds and steric effects the molecule
does not move a lot (RMSD<0.5A) on all MD. The snapshot used
for the QM/MM calculations corresponds to a residue 284 turned
toward the cavity. A longer MD simulation shows that the dihe-
dral angle N-CA-CB-OG is stable to this direction during the 5 first
ns and returns to the same value after 8.5ns (see Figure S7). In
the cavity, an H-bond network interacts with the emitter and es-
pecially with the phenolate oxygen (O;) (see Figure 3, Figure 5
and Figure S5). The structures obtained after MD show that a H-
bond network is created between the emitter and several residues
especially the 284 which corresponds to the residue that can be
mutated from Serine to Threonine. This H-bond network cannot
be seen in the crystallographic structure as the water molecules
are labile. A water molecules network has already been observed

in our previous publications?.

Influence of the H-bond network on the 7,
How does the H-bond network obtained with MD simulations can
explain the experimental emission?

The effect of the creation of this H-bond network during the
dynamic is characterised by a blue-shift of the emission for all

Physical Chemistry Chemical Physics

levels of theory computed (see Table S6). In comparison, the
PCM calculations in water give a red-shift emission compared to
the vacuum ones (see Table S3). However, in the PCM model
the water solvent is model by a dielectric constant all around the
substrate while in the QM/MM models the water molecules are
localised, leading to non-homogenous polarity of the cavity.

In the QM/MM models, the H-bond network involved the phe-
nolate group of the oxyluciferin. As the transition S1 to SO in-
volved a charge transfer from the thiazolone moiety to the ben-
zotiazolate moiety (see HOMO and LUMO on Figure 4), the SC
state is stabilised by the creation of the H-bond network, com-
pared to the S1 state. Therefore the transition energy increases
and the light emission is shifted to the blue side of the spectra.
The blue-shift induced by the presence of a water molecule near
the phenolate group has been already observed experimentally*4.
Finally, the presence of the H-bond network is required to get the
closest emission values comparable to experiments.

Mutation of the protein

The effect of the mutation of the S284T has a different impact
according to the emitter chosen. Indeed for the OxyLH, we ob-
served a slight red-shift when the residue is mutated but not as
consistent as the observed experimental red shift. When we look
at the H-bond network created we observe that in the case of the
Ser_OxyLH, model there are two water molecules connected tu
the O; oxygen of OxyLH, while for Thr OxyLH, only one water
molecule is present. The reduction of interaction with O}, due to
the mutation leads to the destabilisation of the HOMO, resulting
in a red shift.

For the OxyiLH,, the experimental results show also a red
shift with the mutation. However, QM/MM energies 7, show
that the mutation does not change significantly the emission. Fo
the OxyiLH,-2 emitter, one water molecule interacts with the
emitter in the Ser model while two of them are present in the
Thr model. For the Thr OxyiLH;-2 model the T, is slightly blue
shifted compared to Ser OxyiLH,-2, which is the opposite of
the experimental observation. Furthermore, to get more insight
on the H-bond network we have mutated the residue 284 from
Serine to Alanine. Unlike the previous mutation, the mutation
S284A induces a modification of the surrounding. The alanine
is a non-polar residue, thus it can not be involved in a H-bona
network (see Figure S8). The TD-DFT/MM B3LYP 7, (1.89 €V,
655 nm) obtained for Ala_OxyiLH,-2 (ie. OxyiLH,-2 with S284A
luciferase) is similar to both 7, obtained in Ser OxyiLH,-2 and
Thr OxyiLH;-2.

The present calculations were therefore not able to explain the
red-shift due to the S284T mutation of the protein. A possiblc
explanation could be that only one snapshot was taken from the
dynamic. The use of many snapshots 4> 46 47may have given more

1-10 |5
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precise information but are time-consuming when dealing with
emission.

THR284

GLU311
4 OxyiLHp-2

SER347

PHE227

~
ARG218

Fig. 3 Representation of the H-bond network of the model
Thr_OxyiLH,-2 after classical molecular dynamics (MD). The residues
or part of the residues represented are involved in the H-bond network.
Atoms are colour-coded as O red, H white, C cyan, N blue, S yellow,
and P tan.

Decomposition of the surrounding contributions

In fireflies the bioluminescence reaction takes place when the oxy-
luciferin is located in the cavity of the protein. By doing so, the
substrate adopts a certain conformation and creates some inter-
molecular interactions with the luciferase and water molecules
inside the protein.

Two main contributions of the surrounding on the transition
energy have to be taken into account; the electrostatic effect and
the geometric constraint on the conformation of the molecule.

We first looked at the geometry constraint on the substrate.
For the OxyLH, substrate this torsion is about 3°and is located
between the two cycles?. Then we collect some geometry pa-
rameters of OxyiLH, substrates, optimised in vacuum or inside
the mutated protein (see Table 4). There are no major differ-
ences on the C-O bonds lengths and therefore these factors are
not contributing. In vacuum the optimised structure of the emit-
ter is completely planar while the one optimised in the protein
is twisted. In order to look at the torsion between the two moi-
eties of the OxyiLH, molecule, we have reported the torsion an-
gle between the benzotiazole moiety and the middle C=C double
bond (B;_12) and the one between the C=C and the thiazolone
moiety (B11-s) (see Figure 5). The twisting in OxyiLH;-1 is com-
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LUMO

OxyiLH,-1
HOMO
. LUMO

OxyiLH,-2
HOMO

Fig. 4 Frontier’s orbitals of OxyiLH»-1 (top) and OxyiLH»-2 (bot)
obtained from the CASSCF calculation of the emitter in the protein
(LUSCUS program 48}

parable with the one of OxyLH, for both  while for OxyiLH;-2
the twisting is located around f;_1; and has a higher intensity of
9°(see Table 4). Furthermore, Figure 6 shows the superposition
of the optimised OxyiLH, structures. When OxyiLH,-1 shows a
distortion of the benzothiazole plane in the wild-type protein, the
OxyiLH,-2 shows a rotation around C1-C12 bond. Therefore, the
torsion between the 2 cycles called By, in Table 4 is very small
for OxyiLH;-1 while for OxyiLH-2 the value is around 20°. The
torsion for OxyLH; is not as visible (Figure S9).

The constraint due to the environment lowered the conjugation
pathway in the molecule compared to a planar structure but does
not have a huge impact on the emission. Indeed, single point
calculation of the 7, in vacuum (7}°‘) on both the in-vacuum-
optimised structure and the in-protein optimised structure shows
almost no difference, for OxyiLH»-1 it is +0.03 €V (8 nm) while
for OxyiLH;-2 it is -0.05 €V (15 nm) (Table 4). Geometric effects
are still very small. The difference between the 2 conformers can
be explained as the following: in OxyiLH,-1, the two torsions
are relatively small compared to OxyiLH,-2 and do not interact
a lot with the HOMO and LUMO of Oxy-iLH,-1. In OxyiLH,-2,
the biggest torsion is around C1-C12 at the edge of the electronic
density of the LUMO which destabilizes this one.

The electrostatic effect can be quantified by comparing two cal-
culations: the QM/MM calculated 7, on the optimised structure

This journal is © The Royal Society of Chemistry [year]
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Table 4 Geometric parameters of OxyiLH, structures optimised inside the protein or in vacuum (optimisation with B3LYP functional and 6-311G(2d,p)
basis set). Single point in vacuum energy 7, on these structures (B3LYP functional and 6-311G(2d,p) basis set).

OxyiLH;-1 OxyiLHj;-1 OxyiLH;-1 OxyiLHj;-2 OxyiLH;-2 OxyiLHj;-2
optimised in optimised optimised in optimised in optimised optimised
wild protein  in mutated vacuum wild protein  in mutated in vacuum
protein protein
Cs-0f 1.25 1.26 1.25 1.25 1.26 1.25
Co-05 1.24 1.24 1.22 1.22 1.23 1.22
ﬁlbflz 1.52¢ 2.84¢ 0° -8.98¢ -8.62¢ 04
ﬁn g -4.85¢ -3.13¢ 0¢ -0.777 -0.33/ o/
ﬁchcles 0.53 2.14 0 20.68 18.17 0
Tyach 2.16 2.13 2.13 2.00 1.98 2.03

@ Bond length in A; ® Angle in degree

¢ Dihedral angle between $1-C1-C12-C11 4 Dihedral angle between N1-C1-C12-C11
¢ Dihedral angle between C12-C11-C8-S2/ Dihedral angle between C12-C11-C8-N2
8 Dihedral angle between $1-C1-C8-S2 ' Single point in vacuum 7, in eV (to be compared with the value of 1.98 eV for the QM/MM

transition for OxyiLH,-1 and 1.87 eV for OxyiLH,-2)

Hs

0,
o e | Hs H Ny ?
H P s 2—c¢
o 38 Y N i
1 s 8
0, Ca s C }C \ } 7 Y ” & _Cuo
A NN AN ! -/ % 5 P 2 s ) H
I | C12 A VH ne N ~ } Cy C, V4 \ Hs
Cy Cz\ // 2 \ /Cmv H ~ \C/ \N1 H7
P " I s ) YH 2 3
H; C3 Hq Hs |
l Hy
Hy

Fig. 5 Structure of OxyiLH,-1

OxyiLH;-1 (right) with definition of By,

=== in the mutated protein
== in the wild-type protein

=== in vacuum

OxyiLH2-1

OxyiLH2-2

Fig. 6 Comparison of the structures between OxyiLH,-1 (left) and
OxyiLH,-2 (right). Molecules are colour-coded as: in vacuum cyan; in
wild-type protein red; in mutated protein purple.

taking into account the protein environment and the single-point
QM calculated 7}?¢ on the same structure, without further opti-
misation. This has been done at the B3LYP/6-311G(2d,p) level
with OxyiLH,-1 and OxyiLH,-2 derived from the corresponding
models where the residue 284 is mutated.

The results show that the presence of the protein environment

This journal is © The Royal Society of Chemistry [year]

(left) with definition of 8,12 and B;;_s; Structure of OxyiLH;-2

(middle) with definition of B2 and f;)_g; Structure of

reduces the gap between the ground and the first excited state of
the emitter. For example, the electrostatic effect in Thr_OxyiLH;-
2 is obtained by calculating the difference between the 79¢ (1.98
eV, in Table 4) and the 7, in protein (1.87 €V, in Table 2). Thu:
the electrostatic contribution corresponds to a lowering of 0.11
€V (an increase of 37 nm). For Thr_OxyiLH;-1 this contribution
is 2.13 - 1.98 = 0.15 eV (corresponding to an increase by 44 nm
of the wavelength).

In summary, the surrounding effect can be decomposed into a
geometrical constraint that leads to a very small red shift (lower
than 0.05 €V) and an bigger electrostatic effect that leads to a
total red shift of around 0.15 €V. The electronic effect is more
important than the steric constraint.

Conformation of the emitter

We have studied two E conformers of the OxyiLH;. The emission
wavelength of the conformer OxyiLH,-2 is closer to the experi-
mental one than the one of the OxyiLH,-1 conformer. Already in
vacuum emission of OxyiLH,-2 is 0.1 €V lower than the one ol
OxyiLH;-1. When taking into account the environment, the emis-
sion energy is lowered further on by 0.15 eV. Thus, the difference
of emission energy between these two conformers is coming from

Journal Name, [year], [vol.], 1-10 |7
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the nature of the conformer itself. Between the two studied con-
formers, the OxyiLH,-2 seems to be the most likely emitter.

Z conformers were not studied in this paper as the geometrical
constraints induce a bigger deformation of the cavity of the pro-
tein. Some calculations were performed on these Z conformers
and results are collected in SI (see Figure S10 and Table S7).

Conclusion

In this paper we give theoretical insights on the red-emission of
a modified firefly emitter. MD simulations following by QM/MM
calculations give fluorescence emission close to the experimental
bioluminescence emission, for both the wild-type and the modi-
fied emitters. We also investigate the influence of the surrounding
protein on the emission, thus two factors are mainly responsible
for the colour-tuning. Indeed the presence of a H-bond network
in the cavity of the emitter leads to a blue-shift of the emission.
Besides, the mutation of specific residues linked to this network
can also influence this transition wavelength. Secondly, the pres-
ence of the protein itself induces a red-shift. Therefore both these
effects are mandatory to get close to the experimental situation.

A complete study has also been realised on the modified oxy-
luciferin substrate iLH,. We analyse 2 conformers and while both
give a red-shifted emission compared to the wild-type substrate,
one of them gives closer results compared to experimental values.
In the end, without experimental evidences or crystallographic
structure of the real emitter, our calculations show that one con-
former is more likely to be the probable emitter.

The present study gives insight to new questions about the
modified light emitter iLH,: which is the conformation of the dou-
ble bond between the 2 cycles in the light emitter? What are the
constraints inside the protein that influence the most likely con-
former? These raised questions and their answers give new leads
to experimental studies. For example, the mutation of polar (Glu
311, Asn 229) and non-polar (Ile 351) residues present in the
cavity could be explored both experimentally and theoretically in
order to a better understanding of the H-bonding network. The
presence of several possible emitters makes iLH, an interesting
substrate for both experimental and theoretical point of view in
order to understand the colour-tuning of the bioluminescence.
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