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Table 2 TD-DFT/MM for electronic transition between S1 and S0 (Te)

with 6-311G(2d,p) basis set and associated oscillator strength on

structure optimised with the same level of theory.

Model CAM-B3LYP B3LYP Exp.17

eV (nm) eV (nm) eV (nm)
Ser_OxyLH2 2.53 (490)

f=0.57
2.20 (564)
f=0.33

2.22 (558)

Ser_OxyiLH2-1 2.23 (554)
f=1.13

2.00 (616)
f=0.53

1.85 (670)

Ser_OxyiLH2-2 2.10 (590)
f=1.13

1.87 (663)
f=0.53

Thr_OxyLH2 2.43 (509)
f=0.60

2.15 (577)
f=0.34

2.04 (605)

Thr_OxyiLH2-1 2.24 (552)
f=1.12

1.98 (625)
f=0.47

1.75 (706)

Thr_OxyiLH2-2 2.16 (574)
f=1.12

1.87 (661)
f=0.47

vacuum
OxyLH2

2.52 (482)
f=0.67

2.27 (547)
f=0.41

vacuum
OxyiLH2-1

2.36 (525)
f=1.14

2.13 (580)
f=0.76

vacuum
OxyiLH2-2

2.26 (547)
f=1.02

2.03 (608)
f=0.65

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
OxyLH2. 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 OxyLH2, OxyiLH2-1 and OxyiLH2-2, Te 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
Te in protein.

Vacuum and in solvent calculations

We first compare the optimised S1 structures and the calculated
Te 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 0.02Å . The augmentation of the polar-
ity around the substrate leads to a smaller Te. In details, the val-

Table 3 MS-CASPT2/MM for electronic transition between S1 and S0

(Te) with ANO-RCC-VTZP basis set, including 2 states and using a 0.1

level shift and 0.1 IPEA shift.

Model Active MS-CASPT2 Exp.17

Space eV (nm) eV (nm)

Ser_OxyLH2

14-in-13 2.24 (554)
2.22 (558)

16-in-14 2.14 (579)
Ser_OxyiLH2-1 16-in-15 2.19 (566)

1.85 (670)
Ser_OxyiLH2-2 16-in-15 1.92 (645)

Thr_OxyLH2

14-in-13 2.07 (598)
2.04 (605)

16-in-14 2.15 (577)
Thr_OxyiLH2-1 16-in-15 2.15 (578)

1.75 (706)
Thr_OxyiLH2-2 16-in-15 1.93 (643)

vacuum 14-in-13 2.33 (532)
OxyLH2 16-in-14 2.25 (550)
vacuum OxyiLH2-1 16-in-15 2.02 (614)
vacuum OxyiLH2-2 16-in-15 1.93 (642)

ues obtained with the chloroform are closer to the ones obtained
taking into account the protein surrounding, with the QM/MM
method (Table S3) than in the water or in vacuum.

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 Te. 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
(∆Te) is around 0.35 eV for CAM-B3LYP while for B3LYP this shift
ranges between 0.02 and 0.25 eV which is in agreement with the
DFT 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 ∆Te 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 research43 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 Te (see Table S4).
Thus the ∆Te for the IPEA shift set at 0.25 is ranged between 0.1
and 0.6 eV (see Table S5). Others parameters can also influence
the Te such as the size of the active space (see Table S5) and the
basis set.
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When the π conjugated system in the emitter is increased
i.e. from OxyLH2 to OxyiLH2 the calculated emission of energy
Te 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 OxyiLH2 has an impact on the Te. We
observed that the OxyiLH2-2 structure’s Te is closer to the
experimental emission than the one from OxyiLH2-1 structure.
For example, the Ser_OxyiLH2-1 has a B3LYP Te of 1.98 eV while
the Ser_OxyiLH2-2 has a Te of 1.87 eV, 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. OxyLH2 or OxyiLH2, 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<0.5Å) 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 (O1) (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 publications9.

Influence of the H-bond network on the Te

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

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 S0 in-
volved a charge transfer from the thiazolone moiety to the ben-
zotiazolate moiety (see HOMO and LUMO on Figure 4), the S0
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 experimentally44.
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 OxyLH2 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_OxyLH2 model there are two water molecules connected to
the O1 oxygen of OxyLH2 while for Thr_OxyLH2 only one water
molecule is present. The reduction of interaction with O1, due to
the mutation leads to the destabilisation of the HOMO, resulting
in a red shift.

For the OxyiLH2, the experimental results show also a red
shift with the mutation. However, QM/MM energies Te show
that the mutation does not change significantly the emission. For
the OxyiLH2-2 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_OxyiLH2-2 model the Te is slightly blue
shifted compared to Ser_OxyiLH2-2, 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-bond
network (see Figure S8). The TD-DFT/MM B3LYP Te (1.89 eV,
655 nm) obtained for Ala_OxyiLH2-2 (ie. OxyiLH2-2 with S284A
luciferase) is similar to both Te obtained in Ser_OxyiLH2-2 and
Thr_OxyiLH2-2.

The present calculations were therefore not able to explain the
red-shift due to the S284T mutation of the protein. A possible
explanation could be that only one snapshot was taken from the
dynamic. The use of many snapshots45 46 47may have given more
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the nature of the conformer itself. Between the two studied con-
formers, the OxyiLH2-2 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 iLH2. 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 iLH2: 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 iLH2 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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