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pH-dependent absorption spectrum of oxyluciferin ana-
logues in the active site of ˝re˛y luciferase†

Nuno Manuel de Almeida Barbosa,a Pauline Gosset,b Eléonore Réal,b Vincent Ledentu,a Pascal 
Didier b and Nicolas Ferré ∗a

In the quest for the identi˝cation of the light emitter(s) responsible for the ˝re˛y bioluminescence, the study 
of oxyluciferin analogues with controlled chemical and electronic structures is of particular importance. In 
this article, we report the results of our experimental and computational investigation of the pH-dependent 
absorption spectra characterizing three analogues bound into the luciferase
cavity, together with adenosine-monophosphate (AMP). While the analogue microscopic pKa values don't 
di˙er much from their reference values, it turns out that AMP protonation state is analogue-dependent and 
never doubly-deprotonated. Careful analysis of the interactions evidences the main role of E344 glutamic 
acid, as well as the ˛exibility of the cavity which can accommodate any oxyluciferin analogue. The 
consideration of the absorption spectra suggests that the oxyluciferin enolate form has to be excluded from 
the list of the bioluminescence reaction products.

1 Introduction
Bioluminescence, ie the ability of various living species to 
emit light, is characterized at the molecular scale by a com-plex 
biochemical reaction catalyzed by an enzyme called lu-ciferase 
which eventually produces a light emitter called oxy-luciferin1–4. 
In the case of firefly and some other bee-tles, the 
oxyluciferin molecule, 2-(6’-hydroxybenzothiazol-2-yl)-4-
hydroxythiazole, shows a chemical structure featuring two de-
protonation sites and one tautomerization site5. Depending on the 
pH 6,7 and on the electrostatic interactions with its surround-ings 8,9, 
for instance with adenosine-monophosphate (AMP, Fig-ure 1A) 
which is also produced during the bioluminescence reac-tion, 
oxyluciferin can formally exist in 6 different forms (Figure 1B), all 
being possibly involved into the light emission process 10.

Accordingly, the elucidation of the oxyluciferin light-emitting 
form(s) has been, and still is, a long-lasting debate which fos-
tered numerous experimental and theoretical investigations11–13. 
While the phenolate-keto form is the most likely emitter up-to-date, 
the phenolate-enol and phenolate-enolate forms still remain potential 
candidates14. In order to disentangle the deprotonation
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Fig. 1 A: adenosine monophosphate neutral, singly deprotonated and 
doubly protonated forms with titratable sites in bold. B: 6 possible forms of 
oxyluciferin (black double arrows indicate acid-base equilibrium, red ones 
indicate tautomerization). C: structures of the 3 considered titrating analogues 
together with the keto tautomer of the last analogue.

and tautomerization chemical reactions that are controlling the 
relative populations of the 6 oxyluciferin forms, several chemical 
analogues have been proposed, synthesized and studied spectro-
scopically and computationally15–22. In the present work, we 
focus on 3 analogues (Figure 1C) which have been character-ized 
experimentally17. At variance with two of them (phenol-keto, 
phenol-methoxy), the third one (methoxy-enol) can un-



dergo tautomerization and co-exist with a fourth form (methoxy-keto) 
which does not titrate. Overall, these analogues are partic-ularly 
suited to the investigation of pH effects.

The most important spectroscopic features of these analogues in 
water have already been determined by means of steady-state UV-
visible absorption and emission spectroscopies15,17, time-resolved 
spectroscopies 23, as well as using computational ap-proaches, mainly 
rooted in the time-dependent density functional theory22,24. Changing 
the pH has a clear impact on the analogue absorption spectra. When 
protonated, all analogues absorb in the 300–450 nm range with λmax 
being about 380 nm. At pH values larger than 8, the phenol-keto form 
is fully deprotonated and exhibit a first absorption band with λmax 
being 480 nm, ie 100 nm red-shifted with respect to the protonated 
form. Regard-ing the phenol-methoxy and the methoxy-enol 
analogues, their protonated and deprotonated corresponding spectra 
only differ by 50 nm. Considering the possible interaction between the 
ana-logues and AMP (still in water), it has been shown that AMP does 
not modify significantly the absorption spectra, at all pH values 
between 5 and 11, even when a bounded complex is formed be-tween 
AMP and the analogue22.

Since the analogue photophysical properties are dependent on their 
environment, the next step consists in studying them when inserted 
into their natural host: the luciferase protein. In the present 
article, we report the results of our investigation of pH effects on 
the absorption spectrum of the 3 oxyluciferin ana-logues in the 
Photinus pyralis firefly luciferase, in the presence of AMP. To this 
end, we used steady-state absorption spectroscopy and the recently-
reported CpHMD-then-QM/MM modeling pro-tocol25,26 which 
enables to sample both the conformational and the protonation state 
spaces (Constant-pH Molecular Dynamics, CpHMD) 27,28 before 
running thousands of hybrid Quantum Me-chanics/Molecular 
Mechanics (QM/MM) calculations29.

2 Experimental Section

2.1 Preparation of oxyluciferin analogues in luciferase, ex-
perimental absorption spectra

Oxyluciferin analogues have been synthesized following the pro-
cedure previously reported17. Stock solutions of all compounds were 
prepared in spectroscopic grade DMSO (Sigma-Aldrich) and stored in 
several aliquots at 4◦C. The buffers were prepared by diluting a 1M 
stock solution in deionized, Millipore-purified wa-ter (18.2MΩ). 
Buffered stock solutions were prepared as follows:
75mM NaCl/20mM KH2PO4/0.2mM MgCl2 for pH=6 and 75mM 
NaCl/25mM tris(hydroxymethyl)aminomethane (TRIS)/0.2mM
MgCl2 for pH=9, and PBS for pH=7.5. The pH of the buffers was 
adjusted with 250mM HCl or with 250mM NaOH separately at 20◦C. 
Luciferase was expressed in BL-21 (DE3*) E. coli bac-teria cells using 
Photinus Pyralis plasmid and purified according to a previously 
published protocol30. After purification, final so-lution was mixed 
with 10% of glycerol and aliquots were frozen with liquid nitrogen and 
stored at −80◦C. The compounds stock solutions were finally diluted in 
the prepared aqueous buffer of different pH to a final concentration of 
1µM (5% DMSO) with 10µM of luciferase and 3mM of AMP. A 
analogue/luciferase ratio

of 1/10 was used to avoid the contribution of unbound analogues. 
Absorption spectra were recorded with a Cary-4000 spectrome-ter 
(Agilent Technologies). The abrupt change in absorbance sig-nal 
around 350 nm is an experimental artefact associated to the switch 
between the UV and visible lamps used in the spectropho-tometer. 
The effect is more pronounced for diluted samples.

2.2 CpHMD and molecular parameters
In this work, 8 different systems were modeled considering the 
3 different synthetic oxyluciferin analogues with one of them 
featuring two different tautomers, AMP in two possible acid-base 
equilibrium (neutral/singly deprotonated or singly de-protonated/fully 
deprotonated, respectively denoted AMP1 or AMP2 in the 
following) and the crystallographic protein struc-ture of firefly 
luciferase in its second catalytic conformation (PDB 4G37) 31. Similar 
setup was used in a previous study32. Aiming to parametrize non-
standard residues as titratable ones in Am-ber1833, partial atomic 
charges and reference energies were de-rived using the restrained 
electrostatic potential (RESP) method and the finddgref tool 
respectively. Parametrization has been performed using molecular 
structures optimized at the B3LYP /6-311G(2d,p) level of theory 
when not available in previous stud-ies21,22. Parameters are reported 
in ESI first section†.

These systems were solvated in a cubic water box ensuring a 
distance of 20 Å between the protein and the box side, us-ing 
the TIP3P water model. Each system was then equilibrated in the 
following way: (i) 20000-step energy minimized with restraints 
on the protein backbone atoms (5 kcal/mol/Å2), (ii) slowly heated 
up to 300 K and (iii) equilibrated for 5 ns without
any restraints. In order to calculate the microscopic pKa values of 
selected residues (including the analogue and AMP) along the pH 
interval of interest, we performed 6 CpHMD production runs of 60 
ns for pH values between 6.5 and 9.0. Because of some con-
vergence problems, the Replica Exchange protocol was used in the 
case of the phenol-keto/AMP1 system in order to improve the 
sampling of both the conformational and the protonation state 
spaces. All MD simulations were performed with Amber 33 soft-
ware, using the ff14SB 34 force field parameters.

2.3 Iterative selection of the titrating residues
The very large number (157) of titratable residues in luciferase 
(Figure 2) does not allow a complete titration of the protein due to 
the computational cost of such calculation (the total number of 
protonation microstates is larger than 1047). Furthermore, in the pH 
window we are interested in, some residues will remain either 
deprotonated or protonated. Thus, the careful selection of the most 
relevant residues to titrate is essential. Owing to our pre-vious 
experience with Anabaena Sensory Rhodopsin, the applica-tion of 
our minimal electrostatic model35 has shown that titrat-able residues 
located very far from the chromophore or at the border with the 
protein surroundings does not contribute much to the absorption 
spectrum. In the case of luciferase, such a tiny effect is fully 
screened by the one due to the titratable residues closer to the 
oxyluciferin analogue. Consequently, the selection process excludes 
titratable residues not close enough to the chro-



Fig. 2 Graphical representation of the luciferase protein, including all 
titratable residues in blue (positively charged) and red (negatively 
charged). AMP is colored in yellow and the oxyluciferin analogue is col-
ored in green.

mophore and, for keeping the computational cost affordable, at most 
20 residues have to be selected.

Besides the previous electrostatic point of view, the pKa of the 
relevant residues should be such that they titrate in the 6.5 to 9.0 pH 
range we are interested in. Considering the pH-dependent 
deprotonated fraction xi of the residue i36:

xi(pH) =
1

1 + 10ni(pKa
i −pH)

(1)

we assume that the residue i co-exists in both the protonated and 
deprotonated forms (ie it titrates) if its xi ranges from 0.1 to 0.9. 
According to Equation (1), this condition translates to
pKa

i − 1/ni ≤ pH ≤ pKa
i + 1/ni.

Since the Hill factor ni reflects the possible interactions of i with other 
titrating residues, as well as structural fluctuations of its sur-

roundings, we have first estimated ni using several representative 
geometries. Clustering of MD trajectory snapshots (using heavy-
atom root mean square deviation lower than 1.8 Å as a selection 
threshold) has been performed in order to extract N (typically 10 to 
20) clusters. An average deprotonated fraction is then calcu-lated 
according to:

N
∑
k= 1

〈xi(pH)〉 = wk xi,k(pH) (2)

where wk is the statistical weight of the cluster k and xi,k(pH) is the 
deprotonated fraction of the residue i in the fixed environment of the 
cluster k:

xi,k(pH) =
1

1 + 10(pKa
i,k−pH)

(3)

Finally, for each titrating residue a Hill factor ni is determined by 
fitting this mean deprotonated fraction with the Hill equation
already discussed (Equation 1). All pKia,k value are obtained using the 
PROPKA3.1 software.37

Using this set of ni Hill factors, the workflow of the titrating 
residue selection goes as follows. First, we carry out a pKa calcula-tion 
on the most representative clusters extracted from a standard (fixed 
microstate) equilibrated MD trajectory. Second, a prelim-inary 
CpHMD run is performed considering a reduced set of 5 titrating 
residues. Afterwards, a new clustering is performed us-ing the 
CpHMD trajectories before to calculate new pKa values of all 
titratable residues. After examination of these pKa values, the final 
set of titrating residues is selected (14 to 16 residues, de-pending 
on the considered system, the list is given in ESI Section 2†). 
Eventually a final CpHMD computation is performed.

2.4 QM/MM computations
Considering 30000 equally spaced snapshots extracted from the 
CpHMD trajectories, we calculated their QM/MM transition en-
ergies. The QM/MM partitioning defined the analogue and AMP as 
part of the quantum mechanics (QM) subsystem and the pro-tein and 
solvent as part of the molecular mechanics (MM) sub-system. In 
order to describe the electrostatic interaction between QM/MM 
subsystems, we have included the MM external potential as extra 
diagonal elements in the semi-empirical PM7 Fock opera-tor. Vertical 
excitation energies and transition oscillator strengths have been 
obtained using the Multi-Electron Configuration Inter-action 
(MECI) 38 implemented in MOPAC 2016 program 39. The absorption 
spectra have been generated using the Newton-X 2.0 package40.

3 Results and Discussion
3.1 CpHMD titration analysis
The pKa values of the titrating sites (selected amino-acids, oxylu-
ciferin analogue, AMP) can be obtained from CpHMD calculations by 
fitting individual microstate population curves using a gener-alized 
Henderson-Hasselbach equation in which collective effects are 
modeled thanks to the Hill factor (see ESI Section 3†). In or-
der to understand the environmental effect on the pKa values of 
oxyluciferin analogues and AMP, we have considered two differ-ent 
references: the free molecules in water and the analogue–AMP 
complexes in water. According to our previous study 22, aqueous 
AMP only exists in deprotonated forms in the pH range we are 
interested in. In other words, only the second deproto-nation 
equilibrium AMP2 is relevant in water (in the 6 to 9 pH
range). According to Table 1, it turns out that the analogue pKa 

values do not change much when they are interacting with AMP.
Conversely, AMP pKa always increases when it is associated with 
one analogue. Nevertheless, all analogues and AMP are titrating in 
the 6.5 to 9.0 pH window.

However, when AMP and one analogue are inserted into the 
luciferase cavity, their pKa values change dramatically.

• AMP + phenol-keto. This analogue is characterized by a pKa 

value which is almost independent on its environment. Be-ing 
7.8 in water, it shifts down to 7.2 when complexed with AMP 
(AMP2 model), still in water. Then, when it inter-acts with 
both AMP and luciferase, its pKa value increases a bit, 
reaching 7.5 or 7.6, depending on the AMP model. On the 
other hand, AMP is characterized by two pKa values 



Table 1 Calculated oxyluciferin analogues and AMP pKa values (AMP1
- ˝rst deprotonation and AMP2 - second deprotonation) using CpHMD 
calculations ("free" column: pKa values of each free molecule in water; 
"complex": pKa values of analogue�AMP complexes in water;"protein": pKa 
values of analogue and AMP inside the luciferase cavity). Experimen-tal pKa 
values are 3.8/6.2, 7.8, 8.7, 7.3 for AMP, phenol-keto, phenol-methoxy, 
methoxy-enol, respectively.

free complex protein
7.8 / 3.8 7.8 / < 5.0 7.5 / 6.8phenol-keto / AMP1 

phenol-keto / AMP2 7.8 / 6.2 7.2 / 6.7 7.6 / > 9.0
phenol-methoxy / AMP1 8.7 / 3.8 8.7 / 5.0

8.7 / 6.2 8.7 / 7.7
> 9.0 / > 9.0
> 9.0 / > 9.0 

7.3 / 3.8 7.7 / < 5.0 > 9.0 / < 6.0
7.3 / 6.2 7.3 / 6.7

phenol-methoxy / AMP2 
methoxy-enol / AMP1 
methoxy-enol / AMP2 
methoxy-keto / AMP1 
methoxy-keto / AMP2

- / 3.8
- / 6.2 

- / < 5.0
- / 6.7 

> 9.0 / > 9.0
- / 6.2

> / > 9.0 

which are far from the ones obtained previously in water: 6.8 
(AMP1) and > 9.0 (AMP2). In the 6.5–9.0 pH range:(i) the 
doubly-deprotonated form of AMP does not exit, (ii) both 
phenol-keto and AMP are titrating, both molecules be-ing either 
electrically neutral or negatively charged (-1).

• AMP + phenol-methoxy. The pKa values of the analogue and 
AMP (whatever the model, AMP1 or AMP2) are calculated to 
be larger than 9.0. Accordingly, the two molecules do not titrate 
and are always fully protonated (electrically neutral) in the 
considered pH range.

• AMP + methoxy-enol. Similar to the phenol-methoxy ana-
logue, the methoxy-enol one features a pKa value larger 
than 9.0. Conversely, AMP pKa depends on the model: 
smaller than 6.0 in the case of AMP1, larger than 9.0 in the 
case of AMP2. Hence, methoxy-enol is always protonated 
while AMP remains singly deprotonated between pH=6.5 and 
pH=9.0.

• AMP + methoxy-keto. Of course, this analogue does not 
titrate. However AMP first deprotonation occurs at much 
higher pH with respect to its reference pKa while AMP sec-
ond deprotonation (that we did not consider in CpHMD) 
should not occur in the considered pH range, given the re-sults 
obtained for the other analogues. 

In summary, only phenol-keto is titrating with a pKa equal to 7.8 
while the other two analogues do not titrate in the pH range 
considered for this study. These results highlight not only the 
importance of which oxyluciferin analogue is present inside of the 
luciferase active site, but also that thorough consideration of
AMP protonation state is required, its pKa value being analogue-
dependent. Of course, these differences demonstrate the sensitiv-
ity of the pKa value to the fine details of the interactions between the 
analogue and its surroundings: AMP, close titrating or non-titrating 
residues, luciferase conformations, ... as demonstrated in the 
following.

3.2 Analysis of the interactions in the active site
We hereafter present the most important interactions that can be 
attributed to the presence of the oxyluciferin analogue within the 
luciferase active site. We have selected some important residues 
using the criteria that their distances from the analogue and 
AMP titratable groups must be less than 16 Å (further titratable 
residues would always contribute negligibly to the pH-dependent 
absorption spectrum), as represented in Figure 3. As a first note,

Fig. 3 Graphical representation of the 4 most important titrating residues 
around the oxyluciferin analogues (herein, the phenol-keto one) and AMP.

it should be mentioned that most of the selected titrating residues are 
closer to AMP than to the analogue. In the framework of the 
minimal electrostatic interaction model 35, this explains why AMP pKa 
is much more pH-dependent than the analogue one (Table 1).

Small distances between AMP and titrating residues call for the 
consideration of possible proton exchange between titrating sites. 
Plotting protonation state populations along each CpHMD trajec-tory 
does not evidence any prevalence of such a mechanism (see ESI 
section 4†). The distance-based analysis is represented graph-ically in 
Figure 4. A thorough description of the analogue or AMP atoms 
participating to these interactions is included in ESI section 5†.

Starting with the phenol-keto analogue (Figure 4) top-left 
panel), the principal interactions are found along a rather long 
pathway, E311–R337–analogue–K443–AMP–E344, with an aver-age 
inter-residue distance of 5 Å. On average, the analogue is slightly 
more often deprotonated than protonated, its negative charge being 
stabilized by R337 positive charge which, in turn, interacts with 
deprotonated E311. The analogue keto side also stays close to 
H245, K443 and AMP, highlighting the steric hin-drance due to the 
cyclopropyl moiety (Figure 1C). AMP mainly carries a negative 
charge which is stabilized by its interaction with lysine K443 and 
to a lesser extent, K439. Interestingly, a close contact is evidenced 
between AMP and E344, both being mainly deprotonated, hence 
negatively charged.

In the case of phenol-methoxy analogue (Figure 4 top-right 
panel), several sets of close interactions ranging from 4 to 7 Å are 
found. The first one, very stable in the considered pH range, 
involves H245, the analogue and AMP, all of them being elec-
trically neutral. The negative charge carried by E344 is mainly 
counterbalanced by K439 positive one. A third contact is found



Fig. 4 Distance-based interaction analysis between analogues, AMP and relevant titratable residues. Blue, grey and red colors indicate positive, neutral 
and negative charged residues. Circle sub-surfaces are proportional to the average (de)protonated fraction. Analogue non-titratable moieties are represented in 
green. Inter-residue interactions are represented by segments whose color (from light gray to black) is proportional (central bar) to the fraction of close 
contacts (< 5 Å). Residues with titratable neighbors not reported on this diagram are represented by a reduced size circle, eg E479, D422, . . .

between the electrically neutral H244 and Y109. K443 being 80%
neutral, it remains close to the R437/E479 ion pair.

The methoxy-enol analogue and its tautomer form, methoxy-keto, 
share a common strong contact between the analogue, K443 and 
almost always deprotonated AMP. As a matter of fact, what-ever its 
form, the analogue remains electrically neutral. AMP is more 
strongly interacting with E344 in the methoxy-keto case. Other 
electrically neutral groups can be found: E311–R337, R437–
E479, D422–K439.

The general picture that can be drawn from this analysis in-
volves local charge compensations, achieving local electroneu-
trality. For instance, when the analogue is partially negatively 
charged (phenol-keto), it interacts with R337. If not, the ana-logue 
is found closer to AMP (phenol-methoxy, methoxy-enol, methoxy-
keto). Actually, the AMP case is more complex: depend-ing on the 
analogue, it changes from neutral (phenol-methoxy) to partially 
negatively charged (phenol-keto and methoxy-keto) to fully 
deprotonated (methoxy-enol). If its charge neutraliza-tion is mainly 
due to K443, AMP is also interacting quite strongly with negatively 
charged E344, preventing local electroneutral-ization to occur. It 
turns out that steric hindrance explains this

behavior. The atomic density around E344 (Figure 5) is much 
higher than the one calculated for the other residues shown in 
Figure 3. This constrained environment induces concerted mo-tions 
of the E344+AMP+Y401 cluster, the latter residue being hydrogen-
bonded with E344 (Figure 6). Based on this analysis, we emphasize 
that the proximity of E344 negative charge with AMP explains why 
AMP second deprotonation does not occur in luciferase, at variance 
with what is found in water22.

Having considered the principal structural features within the full 
pH window, we now turn to a more detailed analysis of the pH 
effect on the analogue and AMP environment. Knowing the role 
that solvent has on protein structural stability and function, it is 
expected that pH can influence the water local concentration inside 
the active site of luciferase. Such property is monitored by means 
of radial distribution function (RDF) analysis between the oxygen 
atom of the analogue titratable group and the oxygen atom of water 
molecules (Figure 7). Given their identical titrat-able moieties, 
phenol-keto and phenol-methoxy analogues exhibit a first solvation 
shell with a maximum at the same distance of about 2.7 Å. 
However, while the number of water molecules is pH-independent in 
the latter analogue (slightly larger than 1), this



Fig. 5 Atomic density analysis for each analogue.

Fig. 6 E344 motion correlated with other residues in luciferase. In the case 
of phenol-keto, the replica-exchange technique used in the CpHMD 
calculation resulted in a larger sampling of the conformational space, 
explaining the observed larger motion correlations. In all, the main cor-
relations are the same for all analogues and involve the residues explicitly 
mentioned below the x-axis.

value is much more changing in the former one: from less than 1 to 
more than 2 with increasing pH. This different behavior reflects the 
phenol deprotonation process in phenol-keto while phenol-methoxy 
remains neutral in the pH window. The methoxy-enol

Fig. 7 Normalized radial distribution function of the analogue titrating O10/
O11  water O interatomic distance (in Å): phenol-keto (top left), phenol-
methoxy (top right), methoxy-enol (bottom left), methoxy-keto (bottom 
left). Analogue atom numbering available in ESI—

analogue shows a different solvent organization when compared with 
the other two analogues: its first solvation shell is located at around 
3.8 Å from its titrating enol group and hosts less than 0.4 water 
molecules. Such a difference can be attributed to the analogue 
orientation in the luciferase cavity, its enol group facing the AMP 
deprotonated phosphate moiety. Similarly to methoxy-enol, methoxy-
keto does not interact with much water molecules. Moreover, these 
interactions are weaker, resulting in a less struc-tured solvent 
organization.

To complement the previous analysis, we have calculated the 
distribution of distances between the analogue (still using the 
oxygen atom carrying the labile proton) and AMP phosphate P 
atom (Figure 8), to better understand the possible motion that each 
analogue can experience, as a function of pH. Regarding the

Fig. 8 Normalized radial distribution function of the analogue O10/O11  
AMP PA interatomic distances (in Å): phenol-keto (top left), phenol-
methoxy (top right), methoxy-enol (bottom left) and methoxy-keto (bot-tom 
right). Analogue atom numbering are available in ESI—



phenol-keto analogue, two contributions are found: the largest
one is centered at around 14.8 Å, while the second one, only
appears at 15.7 Å as a small shoulder for pH values 6.5 and
9. Phenol-methoxy–AMP presents 2 distinct populations at pH
9 (13.8 and 15 Å), whereas for the remaining of the considered
pH range, only single distributions are observed at approximately
13.9 and 14.3 Å. Such a behavior is difficult to explain: both the
analogue and AMP do not titrate. However, we can notice large
variations of two lysine protonation state populations, K439 and
K443 which, in turn, may induce some local structural modifica-
tions responsible for these modified phenol-methoxy–AMP inter-
actions. The methoxy-enol shows virtually no pH-induced varia-
tion of its distance with AMP, its position is particularly stable in-
side of the cavity due the strong interactions with AMP and K443
(Figure 4). Methoxy-keto demonstrates almost no variations of its
distance with AMP, whatever the pH value. The broader distribu-
tion found at pH=6.5 can be attributed to AMP titration, its pKa

being 6.2 (Table 1). Such analogue- and pH-dependent behaviors
can be rationalized using even finer details in the interactions be-
tween the analogue, AMP and their surroundings. The first one
involves the translation and rotation of the phosphate group in
AMP (ESI section 5†). Actually, it turns out that AMP can exist
in two different principal conformations, folded and extended as
represented in ESI section 5†. The equilibrium between these two
structures is particularly apparent in phenol-keto, in which the
cyclopropyl moiety is preventing the analogue to interact with
AMP. Also apparent in the analysis of the atomic density around
the analogue (Figure 9) in which the AMP contribution is much
lower for the phenol-keto analogue, it calls for a closer look to the
cavity in which the analogue lies. Selecting the residues which
are (i) the closest to AMP and the analogue, hence defining the
cavity, and (ii) whose side-chains are clearly mobile (the contact
analysis reported in ESI section 5†shows that the backbone atoms
belonging to the cavity are rather fixed while the side-chain ones
are not), the analysis of their motions demonstrates that the cav-
ity is flexible enough to adapt its shape to the presence of any of
the analogues.

3.3 Experimental and computational absorption spectra

In this section, we compare the experimental and theoretical ab-
sorption spectra of the analogues and AMP1 within the active site
of the enzyme luciferase, at pH values ranging from 6.5 to 9.0.
These spectra are reported in Figures 10, 11 and 12. Correspond-
ing maximum absorption wavelengths are summarized in Table
2.

Remembering that phenol-keto is the only analogue titrating
in the considered pH window, we expect its absorption spectrum
to change dramatically with the pH. This is indeed the case, ei-
ther looking at the experimental spectrum or at the calculated
one (Figure 10). At acidic pH, two intense experimental bands
appear with maximum wavelengths at 400 nm and 355 nm (Ta-
ble 2), that could either correspond to the two first allowed elec-
tronic transitions, quite energetically close, or to some vibronic
progression in the first allowed transition. In the same 300 to
450 nm window, the computed spectrum only shows one band

Fig. 9 Atomic density around the each analogue (using the oxygen atom 
closest to AMP as the reference). Plain lines: full densities; dashed lines: 
AMP contributions.

Table 2 Experimental and computed maximum absorption wavelengths in nm. 
In the case of the methoxy-enol analogue, the experimental spectrum includes 
the contribution from its tautomer, methoxy-keto, while both contributions 
are computed separately.

Analogue Acidic pH Neutral pH Basic pH
Exp Comp Exp Comp Exp Comp

phenol-keto 355
400

351
562

352
399

365
505

350
483

384
481

phenol-
methoxy

381 368 381 366 396 367

methoxy-
enol

386 373 387 372 386 372

methoxy-
keto

344 349 347

with maximum wavelength at 351 nm. Using the semi-empirical 
PM7 Hamiltonian does not allow to calculate possible vibronic 
couplings. Nevertheless, some of the vertical excitation calcula-
tions have been repeated using Time-Dependent Density Func-
tional Theory B3LYP/6-311G(2d,p) on a restricted set of 1000 
structures. Indeed, the corresponding spectrum shows two tran-
sitions with maxima at 371 and 400 nm (see ESI section 6†), in 
agreement with the experimental spectrum. We shall also notice



Fig. 10 Normalized experimental (full lines) and calculated (dash lines) 
absorption spectra of phenol-keto analogue. Experimental pH values: 6.0, 
7.4 and 9.0; theoretical pH values: 6.5, 7.5 and 9.0.

the broad (450 to 700 nm) but not intense computed band. An-
alyzing the protonation microstate populations coming out of the 
corresponding CpHMD trajectory, it turns out that the very mod-est 
phenolate-keto population in acidic conditions is responsible for this 
band. At pH=9.0, the experimental spectrum presents a band with a 
maximum at 483 nm. This band is accurately repro-duced 
theoretically. The CpHMMD-then-QMMM approach only 
overestimates by 2 nm the energy gap between the phenol-keto 
protonated and deprotonated absorption maxima. On the other hand, 
the computed spectrum features a much less intense band with 
maximum at 384 nm. This latter band also exists in the ex-
perimental spectrum at a much higher intensity and a maximum at 
about 350 nm. The pH=7.5 value is very close from the phenol-
keto pKa (Table 1). Accordingly, the corresponding absorption 
spectrum should appear as a combination of the acidic and ba-sic 
ones. The experimental spectrum remains close to the acidic pH 
one, showing however a small shoulder (at about 500 nm) 
corresponding to the deprotonated form. Clearly the protonated form 
still prevails at neutral pH. However, the computed spec-trum 
shows two distinct bands, hence indicating a more balanced 
population of the protonated and deprotonated forms. This the-ory 
vs experiment difference is certainly rooted into rather small
deviations (0.1/0.2 units) between the calculated pKa value and the 
experimental one. Given the very qualitative level of theory used in 
the QM/MM calculations, the small number of titrating residues and 
the rather short length of the CpHMD trajectories, the calculated 
spectrum is surprisingly in qualitative agreement with the 
experimental one.

According to the CpHMD results (Table 1), the phenol-methoxy 
does not titrate, nor does AMP. Accordingly, its absorption spec-
trum (Figure 11) should be mostly pH-independent. This isn’t the case 
when looking at the experimental spectra. A single band ap-pears at 
pH=6 and 7.5, with a maximum at 378 nm. Going to basic pH, the 
spectrum presents a large band, extending on more than 150 nm, with 
a maximum at 394 nm and a shoulder close

Fig. 11 Normalized experimental (full lines) and calculated (dash lines) 
absorption spectra of phenol-methoxy analogue. Experimental pH values: 6.0, 
7.4 and 9.0; theoretical pH values: 6.5, 7.5 and 9.0.

to 440 nm. The 16 nm gap between these maxima is equivalent to 
the one reported for this analogue in water22. Accordingly, the 
spectrum at pH=9 reflects the presence of both its protonated and
deprotonated forms and that the phenol-methoxy pKa is probably not 
very different from 9 (and similar to its value in water: 8.7), at 
variance with the CpHMD results. Because of this inaccurate
calculated pKa, the computed spectra only show a single band, very 
close to the experimental one for the protonated phenol-methoxy 
analogue. Nevertheless, the quasi perfect superposition of the spectra 
for acidic and neutral pH demonstrates that the titration of other 
amino-acids does not modify the photophysical properties of phenol-
methoxy.

The methoxy-enol analogue does not titrate in the consid-ered 
pH window (Table 1) and interacts with singly-deprotonated AMP. 
Moreover, it can co-exist with its tautomer form, methoxy-keto, 
which cannot titrate either. Accordingly, its absorption spec-trum shall 
be pH-independent. Indeed, the experimental spec-trum (Figure 
12) confirms this finding, showing a single band with a maximum 
wavelength at 391 nm. The spectra of the methoxy-enol form 
computed at the 3 different pH values share the same shape: a single 
band with a maximum at 372 nm, hence 19 nm blue-shifted with 
respect with the experimental value. The computed spectra of the 
tautomer form is also reported in Figure 12. Its single band shape is 
further blue-shifted by 23 nm with re-spect to the methoxy-enol one. 
There is no direct way to estimate the relative ratio between the 
methoxy-enol and the methoxy-keto forms using the results 
obtained in the present study. How-ever, the computed maxima 
wavelengths suggest the predomi-nance of the enol form. As a 
matter of fact, the experimental spectra show the apparition of 
some kind of noisy shoulder at wavelengths shorter than 350 nm. 
This may indicate the exis-tence of the analogue keto form.



Fig. 12 Normalized experimental (full lines), calculated absorption spec-tra 
of methoxy-enol analogue (dashed lines) and its methoxy-keto tau-tomer 
(dotted lines). Experimental pH values: 6.0, 7.4 and 9.0; theoret-ical pH 
values: 6.5, 7.5 and 9.0.

4 Conclusions
Using steady-state absorption spectroscopy and the CpHMD-then-QM/
MM computational protocol, we have investigated the pH-
dependent properties of three different oxyluciferin analogues in-side 
luciferase, the enzyme involved in the light emission of firefly 
bioluminescence.

At variance with results already obtained with the same ana-
logues in water 17,22, the present results evidence different be-
haviors for each analogue in the 6 to 9 pH range. Showing a pH-
dependent spectrum in water and in luciferase, the phenol-keto 
analogue is titrating in this pH window. However, while AMP is 
also titrating, this molecule co-exist in neutral and singly-
deprotonated forms in luciferase, instead of singly- and doubly-
deprotonated forms in water. Indeed, the AMP second deproto-
nation is disfavoured in the protein because of the strong inter-
action between AMP and the negatively charged glutamate E344. The 
same applies to the other analogues for which the doubly-
deprotonated AMP never exists.

In luciferase, the phenol-methoxy analogue spectrum is modi-fied 
with the pH the same way it is in water. However, AMP re-mains 
always fully protonated for pH ranging from 6 to 9. While
the CpHMD pKa value of this analogue in luciferase is proposed to 
be much larger than 9, the modification observed in its experi-
mental spectrum indicates a pKa value not so different from 9.

The behavior of the third analogue, methoxy-enol, strongly de-
pends on its environment. While it is titrating in water, this is no 
longer the case in luciferase: the enolate form is absent at any 
considered pH value. AMP does not titrate either, it is al-ways 
singly-deprotonated. Accordingly, the absorption spectrum of this 
analogue, even if its methoxy-keto tautomer form is taken into 
account, does not change with the pH.

The absorption spectrum of the natural oxyluciferin in lu-
ciferase is pH-dependent7. According to our present results, es-
pecially the pH-independent absorption spectrum of the methoxy-

enol analogue, we would then suggest that the oxyluciferin eno-late 
form does not exist as a product of the chemical reaction 
responsible for firefly bioluminescence. Nevertheless, we want to 
stress that the replacement of oxyluciferin with one analogue in-
duces a significant reorganization of the flexible luciferase cavity, as 
the distance analysis has shown in the present work. Further 
developments would imply the characterization of the possible pH-
dependency of the analogue fluorescence. However, the di-rect 
application of the CpHMD-then-QM/MM protocol is tedious, since it 
would require tens of thousands of excited state geometry 
optimizations. Progress along this line will be reported soon.
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