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Abstract

The chemical origin of the firefly bioluminescence has been investigated by means of density functional and multireference theoretical methods.
Different hypotheses on the mechanism of multicolour emission have been investigated: twisting around the central carbon—carbon bond, polariz-
ability of the oxyluciferin microenvironment and presence of resonance structures. The calculated results indicated that the higher the polarizability
of the microenvironment is, the larger the red shift of the bioluminescence is. Moreover, a quite flat potential energy surface should allow the easy
shifting of the anion minimum between different pseudo-resonance structures. The possible effects of a tight or loose protein pocket has also been

considered.
© 2007 Elsevier B.V. All rights reserved.
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1. Introduction

Many different organisms in nature, including bacteria, fungi,
fireflies and fishes, are endowed with the ability to emit light. The
phenomenon of emitting light as a result of a chemical reaction
is called chemiluminescence [1]; when this happens in a living
organism it takes the name of bioluminescence [2,3]. Biolumi-
nescence arises from the oxidation of an organic substrate called
luciferin (LH2), catalyzed by an enzyme called luciferase [4—6].
Different animals produce very different luciferins, and the spe-
cific bioluminescences are also different. However, one common
feature to all luciferins is that they must react with molecular
oxygen, in order to produce light. Luciferases are oxygenases
that utilize molecular oxygen to oxidize luciferins. This oxi-
dation reaction creates a molecule in an electronically excited
state. When the molecule returns to a lower electronic energy
level it returns the energy in the form of a photon of visible light
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[7]. The firefly is among the most popular animals showing bio-
luminescence, and has one of the most efficient bioluminescent
systems. In fact, the quantum yield of the bioluminescence reac-
tion is 0.88 [8]. The bioluminescence process could be outlined
as Scheme 1.

Two aspects of this process have not been clearly explained
yet. One is the chemical mechanism which transforms LH2 into
oxyluciferin (OxyLH?2), although the analogue small molecule
dioxetane has been studied extensively [9-11]. Another one is
the chemical origin of the multicolour bioluminescence. This
work will focus on the second problem. Fireflies naturally emit
yellow-green light (540-580 nm). Interestingly, click beetles and
railroad worms use the same luciferin substrate to naturally
display light from green to orange and from green to red, respec-
tively [6,7]. In order to explain the variation in the colour of the
bioluminescence, five hypotheses have been proposed to date.

(i) White et al. [12] proposed that the excited state of the keto-
form of the OxyLH2 anion can relax by emitting red light,
while the excited state of the enol-form of the OxyLH?2 anion
emits yellow-green light. The resulting colour would, then,
depend on the keto-enol equilibrium, as Scheme 2 shows.
However, the experiments published by Branchini et al. in
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luciferin + ATP + O,

(ii)

(iii)
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Scheme 1.

2002 [13] demonstrated that the multicolour luminescence
requires only the keto-form OxyLH2. Additionally, spectral
shifts without changes in the shape have been observed for
firefly luciferase mutants [14], which could not be explained
by the mechanism proposed by White et al.

McCapra et al. [15] suggested another mechanism, on the
basis of semiempirical theoretical calculations. According
to their postulation, the keto-form OxyLLH2 in the first sin-
glet excited state (S1) has a twisted structure rather than
a planar one. The planar species is regarded as a saddle
point on the S potential energy surface. The colour of the
light emission should depend on the rotation around the
C—C bond of the -N=C—C=N- moiety. This sounds confus-
ing, since the environment around the C—C bond is strongly
conjugative and this bond should have a certain amount of
double bond character on the S; potential energy surface.
The rotation around this C—C bond has to override a large
barrier. Brovko et al. [16] and Orlova et al. [17] have con-
firmed that the planar keto-form and enol-form OxyLH?2
are minima on the S; potential energy surface, by means of
semiempirical and configuration interaction singles (CIS)
calculations, respectively. It seems that a mechanism involv-
ing ‘twisted’ conformation to explain colour changes in the
firefly bioluminescence is non-feasible.

The third hypothesis assumes that the colour of the biolumi-
nescence depends on the polarization of the OxyLH?2 in the
microenvironment of the enzyme—-OxyLH2 complex: the
higher the polarizability, the larger should be the red shift of
bioluminescence [15,18-20]. Time-dependent density func-
tional theory (TD-DFT) calculations apparently support this
hypothesis [17]. According to the computed data, the var-
ious enol-form of the OxyLH2 anions, enol-s-trans(—1),
enol-s-trans(—2), and enol-s-trans(—1)’ (see Figs. 7 and 8
in Ref. [17]), are responsible for the emitted light change
from green to red, which is the beetles naturally displayed
light [7,21]. Whereas, the keto-s-trans, keto-s-cis(—1), and
keto-s-trans(—1) forms of OxyLH2 (see Fig. 10 in Ref.
[17] and the corresponding structures in Chart 1 in Ref.

O

[17]) emit light from violet to blue. This does not agree
with the experimental conclusion that the multicolour lumi-
nescence can be obtained only from the keto-forms [13].
Ref. [17] finally concluded that the participation of the enol-
forms of OxyLH2 in bioluminescence is plausible but not
required to explain the multicolour emission. Unfortunately,
this leaves the chemical origin of the firefly and the other
beetles multicolour emission not completely explained.
Branchini et al. [22] proposed another mechanism in 2004,
similar under certain aspects to the first hypothesis. It is
suggested that the basis of the mechanism resides in the
luciferase modulating the colour emission by controlling
the resonance-based anionic keto-form of OxyLH2 excited
states. One excited state showing a -N=C-C=N- moiety
(keto(—1) in Scheme 3) would relax by emitting green light,
another one showing a =N-C=C-N= moiety (keto(—1)" in
Scheme 3) would emit red light.

More recently Nakatsu et al. [23] proposed a control mech-
anism of the amount of energy loss based on the size of the
luciferase protein cavity. In this case, a non-relaxed form of
keto OxyLH2 should emit yellow-green light, while after
geometrical relaxation it should emit red light. The geo-
metrical relaxation is controlled by the size of the cavity of
luciferase, which has been site-specific modified. It remains
to be demonstrated if the different cavity allows more free-
dom to the luciferin substrate, or constraints it in a different
structure.

@iv)

v)

In 2005, Wada and Sakai [24] calculated the decomposi-
tion reaction of dioxetanone by semiempirical molecular orbital
method, and Goddard’s group computed the absorption and
emission spectra in both gas phase and aqueous solution [25]
by TD-DFT and CIS methods. Quite recently the same group
studied the S; states of the anionic keto and enol forms of
OxyLH2 by multireference calculations [26], and concluded
once again that the involvement of the twisted keto or enol forms
of anionic OxyLH2 in the bioluminescence is unreasonable.
Another rather new paper [27] reported the theoretical study
on the colour-tuning mechanism of firefly using symmetry-
adapted cluster-configuration interaction (SAC-CI) method in
gas phase and protein environment. These recent theoretical
studies and experimental observation [18] on the structural
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basis for the multicolour light of the firefly bioluminescence
inspired us to further investigate the chemical origin for the
multicolour bioluminescence. In particular it will focus on the
following:

e Excluding hypothesis (ii) by employing a higher level of the-
ory method than previous to test the planar nature of keto-form
OxyLH2.

e How the polarization of the microenvironment affects the
emission of the multicolour light?

e Is the above fourth hypothesis reasonable? If so, are there
only two resonance stabilized structures of the excited states
of keto-form OxyLH?2 anions or more?

e Is the keto-form of OxyLH2 sufficient to fully explain the
multicolour emission of the fireflies as suggested by the exper-
iments [13] and [23]?

e Do different protein cavities give more freedom to the sub-
strate, or constrain it in a different structure?

2. Computational methods

This work mainly refers to the calculated properties of four
species: the trans keto-form of OxyLH2, its two complexes
with CH,Cl, and H;O, and its anion (for convenience, hereafter
they are simply referred to as keto-trans, keto-trans + CH>Cly,
keto-trans + HyO, and keto-trans(—1), respectively). The DFT
method [28], in conjunction with a B3LYP hybrid functional
[29,30], was used to optimize their ground state (Sp) geometries
and analyze the frequencies. TD [31] DFT-B3LYP method was
used to calculate their vertical excitation energies (7) and oscil-
lator strengths (f). The 6-31+G(d,p) basis set [32] was used for all
the atoms. A larger basis set 6-311++G(d,p) was also used for
the optimization and frequency calculation of keto-trans(—1).
Those calculations were performed with the Gaussian 98 pro-
gram suite [33].

The complete active space SCF (CASSCF) [34] method was
used to optimize the Sp and S geometries of keto-frans and
several keto-trans(—1) resonance structures. Their 7, values
and emission (S1—Sgp) transition energies (7.) were calculated
using the multi-state CASPT2 (MS-CASPT?2) method [35]. The
CASSCEF active spaces included most of the lone-pair orbitals of
N, O, and S atoms and 7 orbitals of the systems. Geometry opti-
mizations were carried out using a ‘14 electrons in 11 orbitals’
active space (14-in-11). Later (16-in-14) and (18-in-15) active
spaces were used to refine the so found structures. Whereas, for
all the 7, and T, calculations, the selected active spaces were
(16-in-14) or (18-in-15). The [He] cores of C, N, and O, and [Ne]
core of S were not correlated at the MS-CASPT?2 level. The rel-
ativistic basis sets of the atomic natural orbital type, ANO-RCC
[36], were used for all these multireference calculations. The H
basis was contracted to 2s 1p, C, N, O bases were contracted
to 3s 2p 1d, and S and Cl to 4s 3p 1d. The scalar relativistic
effects were included by the second order Douglas—Kroll-Hess
(DKH2) type of transformation [37]. The IPEA modification of
the zeroth order Hamiltonian was used [38]. For some struc-
tures, the use of an imaginary shift of 0.1 was necessary, in
order to remove some intruder state problems [39]. All these

calculations were performed using the MOLCAS 6.2 quantum
chemistry software [40].

3. Results and discussion

First we will elucidate the restrictions on our choice of struc-
tures to be investigated for the purposes of this study. Second,
the possible effects of the microenvironment onto the geometry
and the emission energies of OxyLH?2 will be discussed. Later,
we will discuss the possible resonance structures of keto-form
OxyLH?2 anion, as the fourth hypothesis [22] proposed. In the
end, some considerations will be given over the possible spec-
trum of wavelengths spanned by keto-trans(—1) relaxing from
the S; state, in accordance with hypothesis (v) [23].

3.1. Choice of the structures to study

The experiments [13] suggested that the keto-forms of
OxyLH2 are sufficient to obtain multicolour luminescence.
Therefore, to confirm this experimental conclusion by theoreti-
cal calculation, enol-forms were not considered.

Orlova et al. [17] optimized the geometries of all kinds of
keto- and enol-forms of OxyLLH2 (for their structures see Chart 1
of Ref. [17]) by B3LYP/6-31+G(d), and concluded that the trans
conformations of keto, keto(—1), enol, enol(—1), enol(—1),
and enol(—2) were essentially planar, and that their rigorously
planar structures were predicted to be first-order saddle points
[17]. The present B3LYP/6-31+G(d,p) calculations, at nearly
the same level as Ref. [17] used, predicted that the above men-
tioned trans species are 6.2, 5.4, 6.0, 5.2, 6.2, and 4.9 kcal/mol
more stable in energy than their corresponding cis conforma-
tions, respectively. The frequency analysis of the fully optimized
structures indicated that the trans conformations of keto, enol,
enol(—1), enol(—1)’, and enol(—2) are planar, and have no imag-
inary frequencies. The fully optimized keto-trans(—1) structure
shows a dihedral angle S—-C-C-S of —179.976°, with one
small imaginary frequency, —46cm™!. However, this small
imaginary frequency disappeared when the larger basis set 6-
311++G(d,p) was used. So, the keto-trans(—1) is also planar.
We suppose that the very small imaginary frequencies reported
in Ref. [17] could be an artefact of the method, or numerical
errors of the calculations. Therefore, we decided to focus our
attention only on planar trans species, to simplify the field of
investigation.

Another purpose of the present study is to understand how
the colour of bioluminescence depends on the polarization of
OxyLH2 in the microenvironment of the enzyme—OxyLH?2
complex. So, we need a series of solvents with different polar-
izability. Ref. [14] detected the fluorescence spectra of firefly
luciferin in eight solvents with different polarizability. For keto-
form OxyLH2, Orlova et al. [17] built a simple but reasonable
model for the practically complicated environment around it
by only considering the polarization of the phenolic OH group
of keto. On the basis of this model, we built the simple com-
plexes keto-trans + Ho O and keto-trans + CH, Cl, by connecting
a molecule of HyO or CH,Cl,, the relative small molecules
among the eight solvents of Ref. [14], to the phenolic OH
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group of keto-trans. The orientation polarizability of CH,Cl,
and of HyO are about 0.32 and 0.40, respectively [14]. Obvi-
ously, one can consider pure keto-trans as in a microenvironment
with smallest polarizability, and keto-trans(—1) as keto-trans in
a microenvironment with largest polarizability. We will verify
whether keto-trans, keto-trans + CH,Cl,, keto-trans + H, O, and
keto-trans(—1), representing a gradually increasing polariza-
tion of the simulated microenvironment, emit light of gradually
increasing wavelengths, as the third hypothesis proposed.

Since one of the purposes of the study is to get some insight
on the possible effects of a tight or loose cavity onto the emission
colour, the absorption spectra (7y) or emission ones (7,) were
considered, depending on the case.

3.2. The polarization effect of the microenvironment on
keto-trans

In this section we will analyze the possible effects of a tight
or loose cavity on keto-tfrans. Different rigid cavities’ effects
will be simulated as effects coming from microenvironment of
different polarizability. The changes induced by a loose cavity
will be simulated by relaxing keto-frans on the S; surface.

The present B3LYP/6-31+G(d,p) optimized minima of keto-
trans + HyO and keto-trans + CH,Cl, are planar, as the parent
molecule. The B3LP/6-31+G(d,p) optimized Sy geometries of
keto-trans + CH,Cl, and keto-trans + H> O are depicted in Fig. 1.
Certainly, the present DFT optimized bond lengths of keto-trans
and keto-trans(—1) are nearly the same as Ref. [17] reported,
since nearly the same method was employed. As can be seen in
Fig. 1 and Fig. 5 of Ref. [13], the -N;—C;—C>—N>— moiety has
similar geometry in keto-trans, keto-trans + CH,Cl,, and keto-
trans + HyO system, while keto-trans(—1) shows about 0.04 A
shorter C;—C, bond, but about 0.03 and 0.02A longer N1-C;
and C,—N» bonds, respectively.

The T, and f values of the first three excited states
of  keto-trans, keto-trans + CHyClp,  keto-trans + H,O,
and keto-trans(—1) were calculated at TD-B3LYP/6-
31+G(d,p)//B3LYP/6-31+G(d,p) level, and are listed in
Table 1. According to Table 1, their first three excited states are
2VA’ 1'A”, and 31 A’ states. The excitation to the second excited
state is forbidden, whereas, the S; state is electronic dipole

Table 1
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Fig. 1. Selected geometrical parameter (in A) of (A) keto-trans + CH,Cl, and
(B) keto-trans + H,O by the B3LYP/6-31+G(d) optimizations.

allowed and corresponds to a HOMO to LUMO transition. The
TD-B3LYP/6-31+G(d,p) calculated 7, values of keto-trans,
keto-trans + CH,Cl,, keto-trans+Hy0O, and keto-trans(—1)
decrease as the polarization of the microenvironment increases,
such that they will emit light of gradually increasing wave-
lengths, as the hypothesis (iii) proposed. In the framework of
a rigid cavity hypothesis, it is possible to affirm that different
microenvironment polarizability could affect the emission
wavelength.

To explore the possible effects induced by a loose cavity,
the Sp and S| geometries of keto-frans were optimized by the
CASSCF method with the (16-in-14) active space. For the main
geometrical parameters see Fig. 2. The MS-CASPT2//CASSCF
calculated 7 and T, values of keto-trans are 3.43 and 3.21¢eV,
respectively. The MS-CASPT?2 calculated 7y is 0.11 eV higher
than the TD-B3LYP calculated value. The keto-trans S; is a
typical charge-transfer state. Usually, for the charge-transfer
states of unsaturated organic molecules, the TD-DFT calculated
excitation energies show large errors [41].

It is possible to predict an overall change of ca. 0.2eV (ca.
40nm) for the S1—Sp energy difference by letting keto-trans

The TD-B3LYP/6-31+G(d,p) calculated 7 (in eV) and f values of the first three excited states of keto-trans, keto-trans + CH,Cly, keto-trans +H,O, and keto-
trans(—1), compared with the available previous calculated results and experimental observations

State Keto-trans Keto-trans + CH,Cly Keto-trans + H,O Keto-trans(—1)

Ty I T, f T, I T, S
1A 0.00 0.00 0.00 0.00
21 3.32,3.142, 3.35b 0.293 3.27 0.336 3.19 0.360 2.54,2.72¢,2.39, 3.484,2.99¢, 2. 87 0.645
1'A” 3.42 0.000 3.44 0.000 3.46 0.000 2.75 0.000
3lA/ 3.64 0.268 3.61 0.260 3.57 0.232 345 0.255

4 ZINDO calculation at the optimized B3LYP/6-31+G(d) geometries [17].
b Experimentally observed value in aqueous solution at pH 1 [20].

¢ PPP calculation [44] on the LH2 p-electron framework based on crystallographic data [45].

4 CIS calculation [17].
¢ Experimentally observed value in aqueous solution at pH 10 [20].
f Experimentally observed value [43].
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Fig. 2. Selected geometrical parameters (in A) of Sy (in square brackets) and
S states predicted by the CASSCF/ANO-RCC method for keto-trans.

to relax on the excited state before emitting. The MS-CASPT?2
calculated T, value of 3.21¢eV is in agreement with the SAC-
CI gas phase result of 3.26eV [27]. However, both of them
are outside the range of the visible light, 410nm (3.02¢eV)
being the shortest wavelength of visible light [42]. The SAC-
CI calculated T, value of S; in dimethyl sulfoxide is found to
be 2.95¢eV, which is 0.31eV lower than it in gas phase [27].
This is still much higher than the beetles naturally display vis-
ible light from green (Amax ~530nm, 2.34eV) to red (Amax
635nm, 1.95eV) [7,21]. Even considering the possible shift-
ing of the emission wavelength caused by the protein cavity, the
keto-form OxyLH2 molecule can hardly be the chemical ori-
gin of the multicolour bioluminescence. Ref. [27] performed
the SAC-CI calculations with CIS optimized geometries for
keto-trans, keto-trans(—1), enol-trans(—1) and enol-trans(—2)
inside luciferase. The study concluded that the enol transforma-
tion is energetically unfavourable in the luciferase environment
and excluded keto-trans from the candidates for the chemilu-
minescence emitter. Since the 2.54eV TD-B3LYP computed
T, value of keto-trans(—1) is closer to the experimen-
tally observed values, we concentrate now on the anionic
species.

3.3. The possible structures of keto-trans(—1)

In this section we analyze how to influence the emission of
keto-trans(—1). At first, in the framework of a tight protein cav-
ity, we will look for possible different resonance structures of
the luciferin substrate that might be stabilized by different cav-

ities. Secondly, we will try to understand what could happen if
one let the substrate loose.

We failed to locate the Sy structure of the keto(—1)" (see
Scheme 3) by using the B3LYP/6-31+G(d,p) method. The
CASSCEF optimization with (14-in-11) active space located two
different minima for keto-trans(—1) of similar energies. For con-
venience, we named them as keto(—1a), and keto(—1c). The
corresponding geometries are presented in the supporting infor-
mation. The keto(—1c) geometry is very similar to the structure
one obtained by B3LYP/6-31+G(d,p) optimization.

Besides keto(—1a) and keto(—1c), another keto-trans(—1)
resonance structures was located by CASSCF optimization with
the larger active space (16-in-14). We named it as keto(—1b).

The main geometrical parameters of N1—C;—-N;—C> moi-
ety and the two terminal C—O groups of the three resonance
So minima are compared in Table 2. According to their MS-
CASPT?2 energy, the keto(— 1b) is the most stable one, keto(—1a)
and keto(—1c) are 2.90 and 1.62 kcal/mol higher, respectively.
Keto(—1a) can be associated with the keto(—1)" structure of
Scheme 3, while keto(—1c) with the keto(—1) of the same
scheme. Keto(—1b) represents a situation in the middle.

From Table 2, the calculated Ty value of keto(—1a), 2.72 eV,
is in agreement with the two experimentally observed values
2.99eV [20] and 2.87 eV [43]. According to Table 2, when the
C1—C, bond length gradually increases, and correspondingly
the N1—C; and N>—C; bond lengths gradually decrease, the T
values also gradually decrease, spanning ca. 0.24 eV (ca. 45 nm).
This energy difference is sufficient to transform a yellow-green
emitting luciferase into an orange-red one.

The similarities in energies of the three keto-trans(—1) forms
prompted us to deepen the analysis of the various keto(—1)
forms. Each structure was furthermore optimized by employ-
ing the even larger active space (18-in-15), along with tighter
thresholds. Every structure collapsed to only one global mini-
mum, keto(—1d). The main geometrical parameters are reported
in Table 2. Clearly, the previously found structures were local
minima on the ‘artefact” PES generated by the employed meth-
ods. Increasing the active space smoothed such surfaces, leading
to the ‘true’ global minimum. Still, it has to be stressed that, given
the small difference in energy among them, a small change in the
microenvironment surrounding OxyLH?2 should be able to shift
the position of the global minimum, towards a different ‘reso-
nance’ structure than the one reported here. With this respect,

Table 2

The CASSCEF optimized main geometrical parameters (in A) of keto-trans(—1)* Sg and S states

Structure 0,-C3 0,-Cy4 N;-C; C1—-C Cr—Nj Ty Te
Keto(—1a) 1.208 1.208 1.354 1.371 1.308 2.72

Keto(—1b) 1.228 1.203 1.320 1.404 1.293 2.59

Keto(—1c) 1.236 1.190 1.305 1.428 1.279 2.48

Keto(—1d) 1.230 1.203 1.316 1.401 1.293 2.55

Keto(—1)" 1.248 1.212 1.301 1.428 1.311 2.20
Keto(—1)"P 1.238 1.208 1.311 1.430 1.306 1.84

For each structure, the MS-CASPT2 computed S;—Sg energy difference (7 or T¢) is also given (in eV). The SAC-CI optimized S; geometrical parameters and
related T, value are also listed for comparison. Atoms numbering based on Scheme 4.
2 The selection of active electrons and spaces is 14-in-11 for keto(—1a) and keto(—1c¢), 16-in-14 for keto(—1b), and 18-in-15 for keto(—1d) and keto(—1 ).

b The SAC-CI/6-31G(d) calculated values [27].
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hypothesis (iii) and (iv) can be seen as cause and effect of the
same process. To check this, we performed a geometry scan
at fixed C;—C; bond distances (see Scheme 4), while relaxing
the rest of the molecule. See supporting information for the so
obtained CASSCEF profile. The curve is smooth and flat around
the minimum, confirming that it should be easy to perturb the
structure of the molecule towards a different geometry. The MS-
CASPT2 computed energies of some selected points of the curve
are presented in Table 3. As can be seen in Table 3, a spanning
of ca. 0.15 A centred on the minimum geometry can be achieved
by a perturbation of less than 3 kcal/mol of energy. On the other
hand, the energy difference between Sy and S; changes quite
much. In fact, in the same range the MS-CASPT2 computed
T, values span ca. 0.2 eV (ca. 40 nm). This means that, follow-
ing a minimal perturbation from the (micro)environment over
the molecule’s minimum structure, it is possible to change the
wavelength of the emitted radiation. As stated before 40 nm are
enough to change a yellow-green emitted light into an orange
one.

In order to check how much and in which way the structure of
keto-trans(—1) can change upon relaxing on Sy, we located one
minimum on the S; PES, keto(—l)*, by means of the CASSCF
method with the larger active space (18-in-15). The main geo-
metrical parameters are reported and compared with the SAC-CI
optimized results [27] in Table 2. The MS-CASPT2//CASSCF
T, value is computed to be 2.20 eV, which is to be compared with
the SAC-CI//SAC-CI/6-31G(d) result of 1.84 eV—a significant
difference which we attribute to the poorer basis set used in
the latter investigation. With respect to keto(—1d), allowing the
relaxation on S; makes keto-trans(—1) to “loose” ca. 0.35eV
(ca. 75 nm). Once taken into account a possible shift induced by
the protein cavity, itis possible to argue that aloose protein cavity
will let the luciferin substrate emit at a very different wavelength
than a tight pocket one. Further, the recent SAC-CI study [27]
suggested a shift of the emission of —0.01-0.28 eV relative the

Table 3
MS-CASPT?2 computed relative energies (kcal/mol) and 7 values of selected
points along the C;—C; scan (A)

Structure C1-C, Relative energy Ty, eV (nm)
1.332 2.64 2.66 (466)

Keto(—1d) 1.401 0.00 2.56 (485)
1.482 2.73 2.45 (506)

gas phase value. The two findings resonate well with the sug-
gested control mechanism of Nakatsu et al. [23]. Our ongoing
QM(MS-CASPT2)/MM study of oxyLH?2 surrounded by differ-
ent real protein environments will hopefully shed some light on
these details.

4. Conclusions

In order to investigate the mechanism of the chemical origin
of the firefly bioluminescence, the trans keto-form OxyLH?2, its
two complexes with CH,Cl, and H> O, and its anion were studied
by means of TD-B3LYP//B3LYP and MS-CASPT2//CASSCF
methods. Some conclusions regarding hypothesises (ii)—(v) can
be drawn, given that hypothesis (i) has already been taken care of
by experimental results. Our results demonstrated that the struc-
ture of keto-trans and keto-trans(—1) are planar, and there is no
need for a mechanism involving torsion around C;—C; to explain
the multicolour luminescence. The results presented in Section
3.2 showed that it is possible to influence the S;—So energy
difference by different vicinal molecules simulating environ-
ments of different polarizability. Even if the model is simple and
somehow crude, the difference of polarizability of the microen-
vironment could be able to reproduce the range of multicolour
emission, as stated by hypothesis (iii). Moreover, we showed
that, while planar, OxyLH?2 is quite flexible. In Section 3.3
we demonstrated how a small amount of energy is required to
distort the structure and perturb it such that the S;—S¢ energy
difference changes drastically. This supports hypothesis (iv). As
stated before, hypothesis (iii) and (iv) may be seen as cause and
effect of the same event. We considered, also, the possible effects
resulting from a tight or a loose protein cavity. In particular, we
assumed that OxyLH2 in a tight pocket should resemble its Sy
configuration, while in a loose cavity it can relax. We showed
how, by relaxing the structure of keto-trans(—1) on Sy, it is pos-
sible to change dramatically the S1—Sg energy difference. This
is in line with hypothesis (v).

All our Ty or T, values were computed as molecules in vacuo,
and for this reason they cannot reproduce the natural occurring
values of OxyLH2 as embedded in the protein cavity. Anyway,
the results are close to the values in solution. What was demon-
strated is that a keto-frans(—1) structure is capable of emissions
at different wavelengths. The mechanisms proposed in hypoth-
esis (iii)—(v) are all plausible. Further more systematic work is
still undergoing to elucidate in more details the mechanism of
multicolour emission.

Supporting information of the Cartesian coordinates of all
the structures discussed in the text and the CASSCEF profile scan
around Sp equilibrium geometry is available.
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