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Abstract

The photophysical properties of oxyluciferin, the light emitter responsible for
firefly bioluminescence, are pH-dependent. One of the potential proton accep-
tor/donor is adenosine monophosphate (AMP). We have studied three oxylu-
ciferin synthetic analogues with or without AMP, in water, in the pH=5 to
11 range, using both experimental steady-state absorption spectroscopy or the
recently developed computational protocol that uses constant pH molecular dy-
namics and then hybrid QM/MM calculations (CpHMD-then-QM/MM). The
latter features a systematic investigation of all the protonation microstates using
molecular dynamics simulations coupled to thousands hybrid QM/MM vertical
excitation energies. Our results demonstrate that AMP does not significantly
modify the visible light absorption of the analogues, whatever the pH value. We
also show that CpHMD-then-QM/MM is capable to qualitatively reproduce the
pH-dependent absorption spectrum of the analogues, despite the employed low
QM level of theory.
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1 Introduction

The molecular origin of the firefly bioluminescence lies in subtle microscopic
interactions between the light emitter, called oxyluciferin, and its biological host,
the luciferase enzyme catalyzing the oxyluciferin formation reaction (Figure 1)[1,
2]. When completed, this multi-step chemical reaction leads to oxyluciferin in
an electronic excited state, which eventually releases energy by emitting visible
light.

Figure 1: Bioluminescence reaction leading to the formation of the oxyluciferin
light emitter in the excited state.

Excited oxyluciferin can exist in various forms whose relative contributions
in the light-emission process have been debated over the years [3–6]. Most of
these oxyluciferin forms can be interconverted by acid-base reactions or keto-
enol tautomerization (Figure 2, left). Accordingly, oxyluciferin photochemical
properties have been found to be pH-dependent [7]. Also, pH can modify the
oxyluciferin environment, e.g. the protonation state of its luciferase host.

Figure 2: Natural (left) and synthetic (right) oxyluciferin structures. The natu-
ral ones are related by either keto-enol tautomerization (red arrows) or acid-base
(black arrows) reactions. The synthetic analogues can only undergo acid-base
reactions.

In luciferase, the time course of bioluminescence is found to be pH-dependent
and explained by the same pH tendency as the rate of adenosine triphosphate
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binding at the protein active site [8]. According to fragment molecular orbital
calculations, the pH-induced adenosine monophosphate (AMP) change of pro-
tonation state is responsible for the polarization of a single oxyluciferin form
(the deprotonated phenolate-keto one) in luciferase [9]. Other calculations have
proposed a reactive route involving a proton transfer between the excited oxy-
luciferin and AMP[10]. The presence of specific interactions between the oxy-
luciferin anion (as well as a doubly-methylated analogue) and a water molecule
is also known to tune the absorption spectrum by 50 nm [11]. This effect
has also been found in computational studies by Kim and Rhee [12]. Very re-
cently, the pH-sensitivity of luciferase photo-properties has been also explained
by the presence of metal ions, weakening specific electrostatic interactions be-
tween oxyluciferin and titrating amino acid residues [13]. Finally, some of us
have very recently studied the interplay between the protonation states of oxy-
luciferin+AMP complex and the size of its cavity in luciferase [14].

The extraction of the contribution due to each oxyluciferin form to the ab-
sorption or emission spectra is often tedious[15, 16]. For that reason, oxyluciferin
analogues have been proposed and synthesized for inhibiting certain forms [6,
17–19]. In this work, we are interested in a particular set of analogues (Figure 2,
right), studied both experimentally and theoretically [20–22]. In a nutshell, such
analogues are meant to avoid any keto-enol tautomerization. Each analogue can
be deprotonated at a single position. As a matter of fact, a good candidate for
accepting or donating protons is AMP (chemical formula: C10H14N5O7P) which
is present in the luciferase pocket. AMP first pKa being 3.8, it is assumed that it
is deprotonated at pH values between 5 and 11. However, its second pKa value
(6.2) is close from the oxyluciferin ones (7.1 and 9.0) as well as the analogue
ones (phenol-keto: 7.8, phenol-methoxy: 8.7, methoxy-enol: 7.3). Accordingly,
in the molecular complex formed between AMP and the oxyluciferin analogue,
monodeprotonated and doubly-deprotonated AMP (hereafter denoted AMP for
simplicity) could coexist with the neutral analogue and its deprotonated form.
The existence of all these different possible protonation microstates is probably
responsible for the pH-dependent properties of oxyluciferin and its analogues.
The most basic demonstration is found in the variation of the absorption spectra
of the bare analogues in water with the pH [20]. In the current work, AMP is
introduced in the molecular models and its importance is evaluated using both
experimental and theoretical absorption spectra of the analogues. Because of
the absence of luciferase in the molecular model, the present work does not deal
with the possible bioluminescence of the oxyluciferin analogues.

In the crudest approach, the simulation of an absorption spectrum is based
on the vertical excitation energy computed at the chromophore ground state ge-
ometry. Among the numerous accurate methods rooted in quantum mechanics
(QM), we may cite the three most popular ones: the Time-Dependent Kohn-
Sham Density Functional Theory (hereafter simply denoted TDDFT [22, 23]),
the second-order Perturbation Theory applied to a reference wavefunction com-
monly obtained from a multiconfigurational wavefunction [24] and the Equation-
Of-Motion approach applied to a Coupled-Cluster wavefunction [25]. The latter
two methods are usually restricted to small-to-medium size molecules because

3



of their high computational costs. Because of its favorable scaling, TDDFT can
be applied to larger chromophores and/or take into account vibronic couplings
[26], sometimes responsible of large maximum absorption wavelength (λmax)
shifts (with respect to the vertical transition) and the homogeneous broadening
of the absorption peaks. On the other hand, when the chromophore is embed-
ded in a complex environment (solvent, macromolecule, ...), the influence of its
surroundings is responsible for the inhomogeneous broadening of the absorption
bands. The latter effect is usually taken into account by considering a statisti-
cally meaningful distribution of the system configurations by means of molecular
dynamics simulations (MD). Hundreds or thousands snapshots being extracted
from the MD trajectory, their vertical excitation energies are calculated with
TDDFT or a more qualitative QM level of theory, and then averaged [27]. In
the case of pH-dependent absorption spectra, some of the authors have very
recently proposed a new protocol, combining Constant-pH MD simulations and
hybrid quantum mechanics/molecular mechanics (QM/MM) vertical energy cal-
culations (CpHMD-then-QM/MM) in which the chromophore interacts with its
environment through empirical atomistic potentials, i.e. molecular mechanics
(MM) [28, 29].

In summary, we report in this article both experimental and computed ab-
sorption spectra of three oxyluciferin analogues in interaction with AMP and
water at different pH values. Besides rationalizing their microscopic origin, we
evaluate the effect of AMP on the oxyluciferin analogue spectroscopic signatures
and validate the selected modeling protocol. We emphasize that the present
work introduces the possibility to evaluate and analyze the pH-dependent ab-
sorption spectrum of a titrating chromophore in a titrating environment.

2 Results and Discussion

As mentioned above, two main effects can contribute to the computed absorption
spectrum λmax and its lineshape: (i) the homogeneous broadening which will be
evaluated thanks to vibrationally-resolved TDDFT calculations using a single
structure for each electronic state; (ii) the inhomogeneous broadening that will
be obtained using the CpHMD-then-QM/MM protocol, using a semi-empirical
QM level of theory.

2.1 Oxyluciferin analogues in water

In this section, we compare the experimental and computed spectra obtained
for each analogue in water, at pH values between 5 and 11. These spectra
are reported in Figures 3, 4 and 5. Because these experimental spectra are
completely equivalent to the ones already available in the litterature [20, 22],
we will just briefly comment them and focus on the computed ones.

Between 300 nm and 600 nm, the phenol-keto experimental spectra (Figure
3A) present a single large but structured absorption band at acidic pH with
λmax = 389 nm. At neutral and basic pH, two bands appear: an intense one
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Figure 3: Absorption spectra of phenol-keto analogue (pKa=7.8) between pH=5
and pH=11. (A) Experimental unnormalized spectra. (B) Computed unnormal-
ized spectra. (C) Normalized experimental (plain lines) and computed (dashed
lines) spectra. Wavelengths are given in nm, intensities are given in arbitrary
units. The deprotonated phenol-keto populations are calculated out of the
CpHMD trajectories and are indicated as ”% dep”.

at λmax = 480 nm and a second one, weaker, around λmax = 360 nm. These
features are correctly reproduced with the computational protocol (Figure 3B).
An isobestic point is found at about 420 nm. After normalization of the two sets
of spectra, their comparison in Figure 3C shows a large difference at pH=7: the
absorption band corresponding to the deprotonated form is present in the exper-
imental spectrum, while it barely appears in the computed one. Two possible
explanations can be given: (i) the oscillator strengths using the semi-empirical
(PM7) QM level of theory are underestimated in the case of the deprotonated
form or (ii) the computed deprotonated population (15%) does not compare
with the experimental one. Indeed the refined measurement of the solution pH
is 7.4, explaining why the experimental spectrum is intermediate between the
computed pH=7 and pH=8 ones. The experimental protonated–deprotonated
phenol-keto energy gap (90 nm) is correctly reproduced using the CphMD-then-
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QM/MM protocol (85 nm).

Figure 4: Absorption spectra of phenol-methoxy analogue (pKa=8.7) between
pH=5 and pH=11. (A) Experimental unnormalized spectra. (B) Computed
unnormalized spectra. (C) Normalized experimental (plain lines) and computed
(dashed lines) spectra. Wavelengths are given in nm, intensities are given in
arbitrary units. The deprotonated phenol-methoxy populations are calculated
out of the CpHMD trajectories and are indicated as ”% dep”.

Regarding the phenol-methoxy analogue (Figure 4), the experimental spec-
tra can be analyzed as the superposition of two bands, one for the protonated
form (λmax = 367 nm) and one for the deprotonated form (λmax = 407 nm).
Owing to this analogue large pKa value (8.7), the spectrum at pH=9 contains
an almost equal contribution of both forms, resulting in a broad band between
320 and 500 nm. With respect to these experimental spectra, the computed
protonated form λmax is red-shifted by 17 nm, whereas the deprotonated form
λmax is blue-shifted by 16 nm. Consequently, the protonated–deprotonated
phenol-methoxy energy gap is largely underestimated (7 nm instead of 40 nm)
using the CpHMD-then-QM/MM approach. The most probable explanation is
rooted in the QM semi-empirical level of theory which may be not accurate
enough (see the discussion below).
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Figure 5: Absorption spectra of methoxy-enol analogue (pKa=7.3) between
pH=5 and pH=11. (A) Experimental unnormalized spectra. (B) Computed
unnormalized spectra. (C) Normalized experimental (plain lines) and computed
(dashed lines) spectra. Wavelengths are given in nm, intensities are given in
arbitrary units. The deprotonated methoxy-enol populations are calculated out
of the CpHMD trajectories and are indicated as ”% dep”.

In the case of the methoxy-enol analogue (Figure 5), the protonated form
can be identified at pH=5 with an experimental λmax = 371 nm while the
deprotonated form spectroscopic signature is found at λmax = 414 nm. The
computed spectra show similar features: 382 nm for the depronated form (11 nm
red-shifted with respect to experiment) and 406 nm for the depronated form
(8 nm blue-shifted with respect to experiment). Accordingly the computed
protonated–deprotonated energy gap (24 nm) is only half the experimental one
(43 nm), hence showing the same trend already found with the phenol-methoxy
analogue. Noticeably, in Figure 5C, the computed spectra at pH=9 and pH=10
feature a shoulder around 340 nm, whereas a more intense band starts in the
corresponding experimental spectra.

The PM7 semi-empirical level of theory is well adapted to the calculation
of tens of thousands of vertical excitation energies. It has already been vali-
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dated on a different chromophore, the retinal in a rhodopsin protein[29]. Owing
to the experimental-computational spectrum differences highlighted above, we
have investigated the possibility to run time-dependent density-functional the-
ory (TDDFT) calculations on a reduced set (1000 instead of 10000) of snapshots
for each oxyluciferin analogue, at three pH values: acidic (5), close to the ana-
logue pKa (7 or 8), and basic (10). Because of the TDDFT computational cost,
the small 6-31G(d) basis set (together with the B3LYP exchange-correlation
functional) has been selected. Aware of the possible charge transfer character
of some excited states, we also evaluated a range-separated functional (Supple-
mentary Information). However, its unbalanced treatment of protonated and
deprotonated species leads us to prefer the B3LYP one. The 3 sets of spectra are
compared in Figure 6. The resulting spectra are less smooth than the PM7 ones,

Figure 6: TDDFT absorption spectra of the three analogues (A: phenol-keto,
B: phenol-methoxy, C: methoxy-enol). Wavelengths are given in nm, intensities
are given in arbitrary units.

because of the limited sampling. The TDDFT spectrum of the phenol-keto ana-
logue shows a too large energy gap between the protonated and deprotonated
forms, due to the red-shift of the band that appears now around 550 nm. Nev-
ertheless, it confirms that the large band between 300 and 450 nm is due to
the protonated S0 → S1 and the deprotonated S0 → S2 transitions, depending
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on the pH value [22]. At variance with the PM7 spectra, the phenol-methoxy
TDDFT spectra show a significant 100 nm gap, however too large with respect
to the experimental one. Similar to the phenol-keto spectrum, the deprotonated
contribution shows a second excitation energy close to the protonated first ex-
citation [22]. In the case of the methoxy-enol, the TDDFT spectra are clearly
not accurate for the deprotonated form. Indeed, the first transition appears as a
very large band between 450 and 700 nm while the corresponding experimental
band can be found between 350 and 500 nm.

Despite these TDDFT inaccuracies, we have also investigated the effect of
possible couplings between the analogue molecular vibrations and their excita-
tion energies using TDDFT with a larger basis set. Ideally, we would need to
apply a vibronic+ensemble approach as the one proposed recently by Zuehls-
dorff and Isborn [30]. However, its computational cost would be prohibitive
when multiple protonation states have to be considered. Instead we have used
the crude approximation that intramolecular vibronic effects could be evalu-
ated from a single gas phase calculation. Because the selected vibronic model
[31] is based on the extraction of both the electronic ground state and excited
state normal modes, this approach has been applied using a single geometry for
each protonation state of each analogue, except for the protonated phenol-keto
analogue for which the Franck-Condon approximation cannot be applied (the
excited state geometry is too much distorted with respect to the ground state
one, see Figure 7).

For all analogues, the maximum of the vibrationally-resolved spectra can
be associated with the corresponding 0–0’ excitation energy. Interestingly, the
absorption of the deprotonated form of the methoxy-enol analogue is strongly
red-shifted with respect to the other analogues (Table 1). Accordingly, the
deprotonation of the methoxy-enol analogue is reflected in a 270 nm red-shift,
much larger than the one in water, either experimentally observed or calculated.
This shift is reduced to 135 nm in the case of the phenol-methoxy analogue, still
much larger than the one in water. Assuming that the (protonated to deproto-

analogue protonation vertical 0–0’ (max)
phenol-keto prot 375

deprot 494 541 (539)
phenol-methoxy prot 364 400 (398)

deprot 497 535 (535)
methoxy-enol prot 371 406 (405)

deprot 606 674 (674)

Table 1: Vertical excitation energy, 0–0’ excitation energy and maximum ab-
sorption energy (in nm) for each oxyluciferin analogue.

nated) differential effect of the vibronic coupling in vacuum can be transferred
(added) to the CpHMD-then-QM/MM spectra (Figures 4 and 5), the total pro-
tonated to deprotonated shift of calculated λmax increases to 9 nm (instead of
7 nm, phenol-methoxy) and 57 nm (instead of 24 nm, methoxy-enol). The latter
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Figure 7: Vibrationally resolved TDDFT normalized absorption spectra of the
three analogues (top: phenol-keto, middle: phenol-methoxy, bottom: methoxy-
enol; left: protonated, right: deprotonated) in vacuum. Wavelengths are given
in nm. The vibronic transitions are depicted with sticks. In the case of the
protonated phenol-keto analogue, the superimposition of the electronic ground
and first excited states minimum energy structures is provided and explains why
the spectrum cannot be calculated.

value is in better agreement with the experimental 43 nm reported above. Qual-
itatively speaking, these results suggest that both pH and vibronic effects would
deserve attention in some particular situations, like the methoxy-enol analogue.
The evaluation of the vibronic contribution in water would require much more
involved models, able to evaluate the intramolecular and intermolecular vibronic
couplings in each and every populated protonation microstate.

Because of the sampling limitation and of the need to use a small-yet-
computationally inexpensive basis set (at variance with the one recommended
by some of us [22]), we keep PM7 as the QM level in the following, unless
explicitly mentioned.

Among all the possible structural factors that could be connected to the ana-
logue absorption spectrum pH-dependency, we have considered an intramolec-
ular one (the torsion angle around the S–C–C–S central bond) and an inter-
molecular one (the radial distribution function (RDF) of the analogue alcohol
oxygen–water oxygen distance). Even a slight rotation, e.g. due to the local
solvent inhomogeneity, around the S–C–C–S bond would dramatically modify
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Figure 8: Normalized water oxygen – analogue alcohol oxygen RDF for the ana-
logues phenol-keto (A), phenol-methoxy (B) and methoxy-enol (C). Distances
are given in Å.

λmax because of the conjugation between the two oxyluciferin analogue moieties.
However, it turns out that the pH does not modify this parameter whose values
(180± 10◦) indicate a planar geometry (data not shown) whatever the analog.
However, there is indication that the pH can influence the distribution of the
water molecules around the analogue titrating site (Figure 8). All the three
analogues exhibit similar pH-dependent solvent organizations, with the same
first solvation sphere at about 2.5Å from the titrating oxygen atom. While the
phenol-keto analogue can accomodate between 1.5 water molecules at pH=5 and
2.3 water molecules at pH=10, the two other analogues can accept up to 3 water
molecules at pH=10. Not only the role of the water molecules hydrogen-bonded
to the analogue phenol/phenolate or enol/enolate moieties changes from mixed
acceptor/donor at acidic pH to only donor at basic pH, but the presence of
the large negative electric charge of the deprotonated forms is most probably
attracting more water molecules. Such a complex solvent effect involves spe-
cific solvent–solute interactions which can’t be accounted for in isotropic solvent
models like the one we have used for computing vibrationally-resolved spectra.
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2.2 Oxyluciferin analogue–AMP complexes in water

The presence of AMP is supposed to influence the oxyluciferin analogue ab-
sorption spectra, at least because of the presence of a -1 or -2 electric charge
in the considered pH range (5 to 11). Note that AMP absorbs UV light below
300 nm (as we verified by computing its vibrationally-resolved spectra at the
TDDFT level of theory, see Supplementary Information), significantly different
from the analogue absorption. Nevertheless, we have considered two different
computational cases: (i) the analogue and AMP in the QM subsystem; (ii) the
analogue in the QM subsystem and AMP in the MM one (together with the
water molecules).

Before to present the pH-dependent analogue-AMP complex spectra, we
first analyze the CpHMD trajectories, in terms of deprotonation fractions for
each of the 4 possible microstates (2 protonation states for AMP times 2 for
the analogue). Using the fitting procedure developed by some of us (see the
Experimental Section), we were able to derive the pKa values of each analogue,
together with the AMP one (Table 2). CpHMD populations and the fitted
curves are reported in Supplementary Information. Compared to the AMP pKa

phenol-keto phenol-methoxy methoxy-enol
AMP 6.7 7.7 6.7

analogue 7.2 8.7 7.3

Table 2: Microscopic pKa values for AMP and each analogue in their complexes
solvated in water.

(6.2, corresponding to its second deprotonation), the presence of the analogue
results in a larger pKa, meaning that AMP becomes a weaker proton donnor.
On the other hand, the analogue pKa values are barely affected by the presence
of AMP, the largest deviation concerning the phenol-keto analogue (-0.6 pKa
unit). From the titration point of view, the phenol-keto and the methoxy-enol
analogues behave similarly when they interact with AMP.

The experimental and CpHMD-then-QMMM computed absorption spectra
of the phenol-keto analogue in presence of AMP, at different pH values, are re-
ported in Figure 9. Comparing Figures 3A and 9A, the experimental spectra do
not significantly change with the complexation of the analogue with AMP. The
differences introduced by AMP in the computed spectra remain small. First,
a limited 8 nm blue-shift of the peak corresponding to the analogue deproto-
nated form can be noticed. Then, the protonated form band structure is lost
when AMP is included into the QM subsystem. The QM/MM isobestic point
is slightly blue-shifted with respect to the experimental one. The agreement
between the experimental and computed pH=7 spectra has improved: both
definitively show contributions from the protonated and depronated forms of
the analogue, with relative intensities in good agreement.

In the case of the phenol-methoxy analogue (Figure 10), the influence of
AMP is also negligible, as evidenced in the experimental spectra at all pH values.
The computed spectra show a limited effect of AMP, through a 15 nm blue-
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Figure 9: Absorption spectra of AMP + phenol-keto complex between pH=5
and pH=11. (A) Experimental unnormalized spectra. (B) Computed unnormal-
ized spectra, AMP is part of the MM subsystem. (C) Computed unnormalized
spectra, AMP is part of the QM subsystem. Wavelengths are given in nm.
The deprotonated phenol-keto populations are calculated out of the CpHMD
trajectories and are indicated as ”% dep”.

shift. Again, a 40 nm protonated to deprotonated analogue shift is measured,
however the corresponding computed value is underestimated to less than 10 nm,
whatever the chosen description (QM or MM) for AMP.

Even if the presence of AMP induces a slight shift of the methoxy-enol depro-
tonation (Figure 11) towards higher pH, the general features of its experimental
absorption spectrum does not depend on AMP. The computed spectra are also
independent of AMP. Only the level of theory for AMP induces a modification
of the deprotonated second absorption (λmax = 340nm) band shape, which ap-
pears as a shoulder when AMP is QM whereas it is a distinct peak when AMP
belongs to the MM subsystem.

While AMP is always charged negatively (-1 or -2) in the 5 to 11 pH range,
the analogues can be either neutral or negatively charged. Accordingly, it is
expected that the distance between the two molecules increases with the pH.
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Figure 10: Absorption spectra of AMP + phenol-methoxy complex between
pH=5 and pH=11. (A) Experimental unnormalized spectra. (B) Computed
unnormalized spectra, AMP is part of the MM subsystem. (C) Computed
unnormalized spectra, AMP is part of the QM subsystem. Wavelengths are
given in nm. The deprotonated phenol-methoxy populations are calculated out
of the CpHMD trajectories and are indicated as ”% dep”.

Having plotted the distance between their respective centers of mass (Figures
S6-S8), the distributions of distances can be summarized as unimodal or bimodal
distributions centered around 5 Å and/or around 30Å (in a region comprised
between 25 to 40Å). No distinct trend can be discerned, whatever the pH or
analogue. In other words, the two solutes can be either interacting or separated
enough for their interaction to be completely screened by the solvent.

3 Conclusions

In this article, we have presented experimental and computational investiga-
tions of the pH-dependent absorption spectra for three aqueous oxyluciferin
analogues in the presence of AMP. It has been shown that AMP does not mod-
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Figure 11: Absorption spectra of AMP + methoxy-enol complex between pH=5
and pH=11. (A) Experimental unnormalized spectra. (B) Computed unnormal-
ized spectra, AMP is part of the QM subsystem. (C) Computed unnormalized
spectra, AMP is part of the MM subsystem. Wavelengths are given in nm.
The deprotonated methoxy-enol populations are calculated out of the CpHMD
trajectories and are indicated as ”% dep”.

ify significantly the analogue light absorption, at all the considered pH values
between 5 and 11. Despite its computational cost, the CpHMD-then-QM/MM
approach is a particularly effective approach, able to capture the contributions
of the different protonation microstates of the chromophore, interacting with an-
other titratable molecule. Most notably, it allows to calculate the pH-dependent
absorption spectrum as a weighted sum of contributions from individual proto-
nation microstates. This converged statistical approach is utterly important for
a correct evaluation of the pH effects. This last result calls for a generalization
of such a pH-dependent approach for studying pH effects in a more complex
environment like the oxyluciferin host, the luciferase protein, opening the way
to the investigation of how pH can affect the firefly bioluminescence.
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4 Experimental Section

Experimentally recorded absorption spectra Stock solutions of all com-
pounds were prepared in spectroscopic grade DMSO (Sigma-Aldrich) and stored
in several aliquots at 20◦C to minimize the freezethaw cycle. They were further
diluted 1000-fold to a final concentration of about a few µM in aqueous buffer
with different pH. The buffers were prepared by diluting a 1 M stock solution
in deionized, Millipore-purified water (18.2 MΩ). Buffered stock solutions were
prepared as follows: 75 mM NaCl/20 mM KH2PO4/0.2 mM MgCl2 for pH ≤ 7.0
and 75 mM NaCl/25 mM Tris(hydroxymethyl)- aminomethane (TRIS)/0.2 mM
MgCl2 for pH > 7.0. The buffer was separated into several fractions, and their
pH (error ±0.02) was adjusted by 250 mM HCl or by 250 mM NaOH separately
at 20◦C (∆pH 0.25). Final pH values are 5.0, 7.4, 9.1 and 11.1. Separate
buffers at different pH were used for all spectral measurements. Absorption
spectra were recorded with a Cary-4000 spectrometer (Agilent Technologies).

Determination of microscopic pKa values. When several titrating sites
are interacting, the macroscopic parameter pKa becomes pH-dependent and
can be replaced with the so-called pK1/2 parameter which is formally equal
to the pH value at which the protonated and deprotonated populations of a
particular titrating site become equal, whatever the other populations. In the
case of the analogue-AMP complex (2 titrating sites), using a 3-parameter fitting
procedure of the 4 microstate population curves, it is possible determine the two
individual pK1/2 values, that we simply call pKa for the sake of simplicity (see
the Supplementary Information).

CpHMD and molecular parameters. We have used the standard CpHMD
method implemented in the Amber18 software[32]. During the simulation, sol-
vent molecules are considered explicitly in each sampled protonation microstate.
However, any protonation/deprotonation event, ie a change of protonation mi-
crostate, is performed in implicit solvent. Accordingly, the implicit water solvent
model must be seen as an infinite reservoir of protons that translates statistically
to a semi-grand canonical ensemble in which the hydronium chemical potential
is constant. When a given residue undergoes a protonation state change, its
atomic charges are modified in order to represent the new state. Titratable hy-
drogen atoms have zero charge in the deprotonated form. Since this change of
net charge occurs in implicit solvent, all the charge-dependent finite size effects
that would occur in explicit solvent are prevented: each MD partial trajectory
is performed using a constant total charge (if not 0, the usual correction term
is applied to the particle-mesh Ewald sums). Optimized structures of oxylu-
ciferin analogues as well as AMP at the B3LYP /6-311G(2d,p) level of theory
were obtained from a previous study [22]. In order to describe non-standard
residues in CpHMD, partial atomic charges of all the structures were derived
following the restrained electrostatic potential (RESP) approach. Reference en-
ergies were calculated using the finddgref tool implemented in the AMBER18
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package[32]. The electrostatic contribution of the transition free energy for the
deprotonation is calculated by taking into account the difference between the
potential calculated with the charges for the proposed state and the potential
calculated with the charges for the current protonation state, assuming that the
nonelectrostatic transition free energy interactions are constant independently
of the environment [33].

Oxyluciferin analogs and AMP parameters for each protonation state are
reported as Supplementary Information.

The starting structures, analogues and complexes, were then solvated with
TIP3P water molecules, extending for at least 20 Å from the structures to the
box sides. All molecular dynamics simulations (MD) were performed using the
AMBER18[32] software package. For each system, we followed the same 3 steps
towards the equilibrium of the structures: i) an energy minimization of the whole
system ii) a MD simulation gradually raising up the temperature of the system
from 10 to 300 K iii) a 4 ns equilibration of the systems using a NPT ensemble.
After the equilibration of the models, we applied the CpHMD method in explicit
solvent using the discrete protonation state model. This method involves a
MD simulation in explicit solvent followed by a Metropolis Monte Carlo-based
evaluation of the Boltzmann distribution of protonated states for each residue
in a random order. Willing to improve the sampling capabilities of this method,
we used the replica exchange technique (pH-REMD)[34]. We took into account
six 10 ns long pH-replicas between pH=5 and pH=10. Deprotonation fractions
were checked to be converged much before reaching the 10 ns simulation length.
All simulations were performed enforcing periodic boundary conditions.

QM/MM method. 10000 equally distributed snapshots were extracted from
each trajectory and assigned to the corresponding protonation microstates.
Three different QM/MM partitions were considered. In the absence of AMP,
only the analogue belongs to the QM subsystem while the water molecules are
always MM. When AMP is complexed with the analogues, we placed it either
in the QM subsystem or in the MM subsystem. The electrostatic interaction
between the QM and MM subsystems is taken into account by plugin the MM
electrostatic potential into the QM one-electron hamiltonian. Two different
QM hamiltonians have been used: the semi-empirical PM7 implemented in the
MOPAC 2016 program [35] in which the MM potential enters in the diago-
nal Fock operator elements, or the DFT Khon-Sham one thanks to the ESPF
method[36], implemented in a local version of Gaussian16 [37].

10000 vertical excitation energies and oscillator strengths have been com-
puted using the MECI/PM7 approach in MOPAC [35]. The same properties
have been determined at the TDDFT/TDA B3LYP/6-31G(d) level of theory
using a restricted set of 1000 structures. The absorption spectra were gener-
ated from the first five excited states with a normalized Gaussian function using
Newton-X [38].
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Computed vibrationally-resolved absorption spectra. Vibrationally re-
solved absorption spectra have been computed on the basis of the TD-DFT
vibrational signatures by using the Franck-Condon-Herzberg-Teller (FCHT)
approximation and the Adiabatic Hessian method as implemented in Gaus-
sian 16[37]. A comparison of the FranckCondon (FC) and FCHT vibrationally
resolved absorption and emission spectra of oxyluciferin has been already dis-
cussed in a previous study[39], showing that the FCHT spectra resemble the FC
ones. For this reason, only the FCHT spectra are simulated in this study. The
band broadening was simulated by Gaussian functions with half-widths at half-
maximum (HWHM) of 135 cm−1. The vibrationally-resolved absorption spectra
have been simulated in vacuum. All the structures have been optimized in the
ground and excited state at the DFT and TD-DFT levels of theory respectively,
using the B3LYP functional and the 6-31+G(d,p) basis set.
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Experimental (steady-state absorption spectroscopy) and computational (constant-
pH molecular dynamics and QM/MM) insights on the pH-dependent absorption
spectra of aqeuous oxyluciferin analogues in presence of adenosine monophos-
phate (AMP) are reported. Most notably, the results demonstrate the adequacy
of the computational approach to reproduce pH-dependent absorption spectrum
as well as the negligible effect of AMP in the absorption spectra of the oxylu-
ciferin analogues.
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