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ABSTRACT: The firefly luciferase has been a unique marking tool used in
various bioimaging techniques. Extensive color modulation is strongly required
to meet special marking demands; however, intentional and accurate wavelength
tuning has yet to be achieved. Here, we demonstrate that the color shift of the
firefly chromophore (OxyLH2-1) by internal and external fields can be described
as a unified Stark shift. Electrostatic microenvironmental effects on fluorescent
spectroscopy are modeled in vacuo through effective electric fields by using time-
dependent density functional theory. A complete visible fluorescence spectrum
of firefly chromophore is depicted, which enables one to control the emission in
a specific color. As an application, the widely observed pH-correlated color shift
is proved to be associated with the local Stark field generated by the trace water−
ions (vicinal hydronium and hydroxide ions) at active sites close to the OxyLH2-
1.

The firefly luciferin/luciferase system, a famous example of
bioluminescent proteins, has been successfully used in

various bioimaging techniques,1 as a reporter for ATP
generation2 and gene expression,3 and as a biosensor for
environmental pollutants.4 In all these diverse applications,
some special marking demands require an extensive color
modulation of the fluorescent properties of the protein. For this
purpose, mechanisms resulting in or leading to color shift, color
tuning, and brightness enhancement have been actively
studied.5,6 The spectral shifts of the protein fluorescence are
thought to arise mainly from changes in local electrostatic
interactions between the chromophore and the protein
environment.7,8This can be understood as an “internal” Stark
effect,9 where the protein cavity field that is closely associated
with the charged/polar amino termini plays the key role in
shifting the emitting color. The external fields such as an
applied electric field or the electrostatic field from polar solvent
molecules introduce an “external” Stark effect. In the presence
of an internal electric field ⇀eC the spectral shift of chromophore
fluorescence is given by:

μ= − Δ⇀ × ⇀E E eA A0 C (1)

where EA0 is the peak energy in the absence of electric field, and
μΔ⇀ represents the change of dipole moment between the

ground and excited state. Additionally, μΔ⇀ can be further split
in two parts:10 the intrinsic difference of the permanent dipole
moments in the excited and the ground states, μ μ μΔ⇀ = −x0 g ,

and the change induced by the e lec t r i c fie ld ,

μ αΔ⇀ = Δ⇀ × ⇀ee
1
2 C. Here, α⇀ is the polarizability tensor of

the chromophore molecule. Inserting μΔ⇀ into eq 1, one
obtains the second-order internal Stark shift

μ α= − Δ⇀ × ⇀ − ⇀ × Δ⇀ × ⇀E E e e e
1
2A A0 0 C C C (2)

Usually, the second-order Stark shift only gives a significant
contribution for a very large electric field and is usually
neglected. Recently, experimental measurements of the dipole
moment11 and also some theoretical calculations12 revealed the
existence of a quadratic Stark shift in fluorescent proteins due
to the internal electrostatic interaction. These studies seem to
indicate that the magnitude of the electric field generated by the
protein is of the order of tens of MV/cm,13 similar to the
external fields that can be applied experimentally. Clearly, a
unification of the internal and external Stark effects can then be
made, with a corresponding simplification of its use in
mutagenesis techniques for the color tuning of luciferase and
fluorescent proteins.
In long-term color tuning studies, one of the most frequently

used chemical factors, namely pH, was found to have a distinct
influence on the color shift. It has been widely reported that a
red shift of luminescence occurs with a lower pH, whereas a
blue shift comes up at higher pH.14 In particular, when
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quantitatively re-examining the quantum yield of firefly
bioluminescence, Ando and his coauthors observed that the
spectral line shape at about 2.2 eV is extremely pH-sensitive
and proposed that this simple intensity variation could be the
real reason for the color change.15 However, due to the
difficulties in determining the configuration of the hydrogen
atoms and the complexity of solvent effects, the mechanism
responsible for these interesting phenomena remains ambig-
uous, and explanations are elusive. Since the electrostatic
interaction has the leading role in color shift and water ions are
charged molecules, it is believed that the pH-related spectral
shift and deformation may also be expressed in the language of
a unified Stark effect.
In this work, the color shift of the firefly chromophore by

internal and external fields is described as a unified Stark shift.
Electrostatic microenvironmental effects on fluorescent spec-
troscopy were modeled through effective electric fields by using
time-dependent density functional theory (TDDFT). The
parameters for the first- and second-order Stark effects are
determined, and a complete visible fluorescence spectrum of
firefly chromophore is depicted, which enables one to
intentionally and accurately tune it in order to emit in a
specific color. As an application, the widely observed pH-
correlated color shift was investigated by considering the Stark
field generated by trace water−ions enclosed in the protein. We
found that the distinct Stark effect on the chromophore with
the vicinal water−ions, hydronium, and hydroxide at active sites
is the main reason leading to the spectral shift and deformation
at different pH.
The chromophore of the firefly luciferase, oxyluciferin

(OxyLH2), is located in the central part of a protein pocket
and is surrounded by several side chains and solvent
molecules,16,17 as shown in Figure 1a. Detailed studies of the
firefly chromophores in both bioluminescence and chemilumi-
nescence suggested that the keto-form OxyLH2 is one of the

most important light emitters responsible for the fluores-
cence.18,19 Therefore, the OxyLH2 in its deprotonated keto(-1)
form [OxyLH2-1] was considered in this work, based on the X-
ray structure of the Japanese firefly luciferase (Luciola cruciata,
PDB database code: 2d1r). The background of the
chromophore is a vacuum, and the solvent effect by using the
dielectric constant was not involved. TDDFT calculations were
carried out using the octopus code.20,21 Exchange-correlation
effects were treated, adiabatically, within the local-density
approximation.22,23 A uniform grid spacing of 0.20 Å, a sphere
radius of 5.0 Å, and a time step of 0.001 fs were used to ensure
the stability of the time-dependent propagation and leading to
spectra with a resolution better than 0.1 eV. The total charges
of the model are defined by using the parameter of excess
charges in our calculations. Although absorption is different
from light emission, the absorption spectrum could basically
represent the main properties of the optical process. The
emission spectrum has been calculated with the optimized
geometry at the first excited state and compared with the
absorption spectrum (see Supporting Information). A distin-
guishable systematic red shift appears in the two main emission
peaks with respect to the absorption ones, and meanwhile, the
emission peak has a lower intensity (oscillator strength), which
is due to the nonradiative decay rate (∼23%).
As mentioned previously, eq 2 only describes the internal

Stark shift induced by the protein cavity field. If we take into
account this cavity field together with any existing external
fields (such as the electrostatic field from polar solvent
molecules), the entire environmental electrostatic interactions
can then be regarded as an effective external electric field
imposed on the chromophore, as represented in Figure 1b. This
electric field ⇀f e is a superposition of the internal ⇀eC and the
effective external ⇀f eS fields,

⇀ = ⇀ + ⇀f e e f eC S (3)

Here, f stands for an effective field factor which takes into
account the modification of the external field at the site of the
chromophore, through the protein cavity. In the case of an
internal field, f = 1. For convenience, we define an orthogonal
coordinate system with respect to the chromophore molecule
configuration with three perpendicular directions (Figure 1b): x
along the long molecular axis, y along the short axis, and z
normal to the molecular plane. Thus, any type of environ-
mental electric fields can be decomposed into components
projected on these three coordinate directions. Hence, a
universal expression of the Stark effect is obtained by replacing
⇀eC in eq 2 with ⇀f e :

∑ μ α= − Δ × − ·Δ ×
=

⎜ ⎟
⎛
⎝

⎞
⎠E E f e f e e

1
2i j

i i i ij jA A0
, 1

3

0,
2

(4)

where i and j represent the projected field on x, y, or z
direction. The parameters in eq 4 can be calculated by imposing
electrostatic fields ei onto OxyLH2-1 in each of the
perpendicular directions, and a complete color shift map can
be obtained. Uniform fields were used, and the magnitude of
these fields was considered to be close to the environmental
electric field around OxyLH2-1 in the protein cavity (i.e., ∼150
mV/Å, see Supporting Information). We found that the Stark
shift under ez (out of the molecule plane) is negligibly small.
This is because the polarizability and dipole moments
associated with the excitations are mainly oriented within the

Figure 1. (a) Firefly protein structure with chromophore OxyLH2-1
and water molecules in the pocket. (b) Schematic of the coulomb
interaction, which can be represented by the effective electrostatic
fields. Three perpendicular axes x, y, and z are defined.
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OxyLH2-1 plane.13 Thus, we only need to focus on the change
introduced by ex and ey, as shown in Figure 1b.
In the absorption spectra, two main peaks A1 and A2 can be

identified, and the A2 peak comprises two subpeaks, A2-1 and
A2-1. The A1 peak is assigned dominantly to the HOMO→
LUMO transition, whereas the A2 peak is due essentially to the
HOMO-2→LUMO transition.24 When an electric field is
applied, the Stark effect leads to a wavelength shift as well as a
line shape deformation of the spectra. Negative values of ex or ey
give rise to a blue shift of A1, whereas positive values lead to a
red shift. Detailed examination shows that the energetic shift is
mainly attributed to the shift of the HOMO under electric
fields. For the A2 peaks, this shift is clearly quadratic in the
applied field, reflecting the effect of the second-order Stark
shift. By fitting with eq 4, coefficients were determined and
summarized in Table 1 for different absorption peaks. The

calculated μx − μg in the absence of applied fields is consistent
with the fitting value μΔ⇀

0 ( f = 1). The second-order
(quadratic) coefficients f 2Δα show a more significant influence
on the EA1 peak under ey field and the EA2 peak under ex field,
indicating the sensitivity of these two optical excitations. Of
course, the quadratic effect becomes considerable only under
strong Stark field while the linear shift dominants under normal
fields (with magnitude smaller than 40 mV/Å).
As the first absorption A1 peak represents the main firefly

light emission, we computed the 2D color map of the
wavelength shift of A1 as a function of Stark fields ex and ey
(Figure 2). Colors in the full visible band are covered in the
map, and the light outside this range could also be obtained
simply by outward extension. According to this map, a full color
tuning of firefly chromophore emission can be intentionally
operated by: (1) choosing the desired color (wavelength) and
finding its position in this map; (2) reading the corresponding
Stark field ex and ey, for which one may have several choices
because the color in a certain wavelength appears as an oblique
stripe; (3) searching for the suitable type of amino acid
(charged or polarized) and the point of insertion in the protein
chain, which ultimately could generate these ex and ey fields on
the OxyLH2-1, as predicted in step (2). By these means,
accurate color tuning of the firefly chromophore could be
achieved practically through mutagenesis. To examine the
accuracy of this method, we selected important charged
residues in the nearest shell of OxyLH2-1, such as Lys531,
Arg339, His247, among others, and calculated the induced
spectral shifts due to their Stark fields on the OxyLH2-1 site
(detailed in Supporting Information). Here we used the neutral
keto(0) form OxyLH2-1, the EA1 of which is about 2.95 eV, to
determine the accuracy of the estimation by Stark shift. From
Table 2, one can see that the comparison with the estimated

value shows a good consistency, suggesting the usability of the
color tuning method. It is further confirmed that the equation
of the unified Stark shift can correctly estimate the shift of
wavelength with a given electric field stemmed from the side
groups or external fields. One can see that the estimated value
of Stark shift E is accurately consistent (∼0.01 eV) with the
spectral energy. We would like to emphasize here that
parameters such as charge sign, amount, distance, and angle
of charged residues are of importance in determining the light
wavelength. These data are crucial and useful for future
structural design of the fluorescence of the firefly chromophore,
and this table will be extended in the future by completing the
missing data for other residues and molecules.
The aforementioned results clearly demonstrate that the

charged ions or molecules are the most active factors
influencing the luminescence color. Besides the color shift,
the peak intensity variation and line shape deformation in
Figure 3 cannot be ignored as well, which is especially
significant for the A2 doublet peaks. The A2-1 peak intensity is
largely suppressed with negative e while the oscillation strength
of A2-2 is enhanced. This variation results in a behavior of the
doublet split and main wavelength swapping. This phenomen-
on appears very similar to the assumption by Ando and co-
workers that the pH-dependent color shift may be due to
spectral variation controlled by other factors other than the
molecular form switching between keto and enol states.15 In
this regard, the dominant factor apparently points to the Stark
field, while the critical problem here is how to build the link to
the conventional pH value.
In general, the pH value measures the macroscopic activity

(concentration) of water ions (i.e., hydrogen ions and
hydroxide ions). The pH arises due to the relatively local
interaction between these active ions and the host molecule in
the solvent. As discussed previously, the charged residues as
well as buried water ions will largely contribute to the Stark
field at the OxyLH2-1 site. This suggests that, as shown in
Figure 1a, the location and electrostatic field of hydronium ion
H+ and/or hydroxide ion OH− is tightly associated with the
color shift at different pH. According to the “Zundel” or
“Eigen” model,25,26 the H5O2

+ or H9O4
+ complexes are the

relevant forms of hydronium ion in liquid water, while in trace

Table 1. Coefficients for the Unified Stark Shift in Eq 4 by
Fitting with the Spectral Shift in the Presence of Applied
Equivalent Electric Fieldsa

coefficient EA1 (ex) EA1 (ey) EA2‑1 (ex) EA2‑1 (ey) EA2‑2 (ey)

EA0 (eV) 2.34 2.34 3.21 3.18 3.34
fΔμ0 (eÅ) 0.364 0.30 0.55 −0.145 −0.185
f 2Δα (eÅ2/V) 0.022 0.19 −0.13 0.08 0.056
μx − μg (eÅ) 0.335 0.294 0.824 −0.158 −0.217

aThe dipole moment difference, μx − μg, in the absence of electric
fields is obtained by direct calculation, showing good consistency with
the fitting value Δμ0.

Figure 2. Color map as a function of electrostatic fields ex and ey.
Intentional color tuning can be achieved by locating desired emitted
wavelength in this map.
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water environment, the preferable hydronium ion structure
should still be H3O

+ (see Supporting Information). The
electrostatic fields generated by the neutral water molecule and
its cation/anion were calculated and displayed in Figure 4. Due
to the polarized orientation and hydrogen-bond coordination,
the surrounding electric fields of water, H3O

+, and OH− appear
in different shapes: butterfly like, dumbbell-like, and dual-
peach-like, respectively. As shown in Figure 4a, the negative
electric field from H2O merely exists within a radius of a few
Angströms and then drops rapidly, indicating a short-range
electrostatic interaction. On the side where the two hydrogen
legs lay, there is a 30° sector where the electric field becomes
very weak, which can be attributed to the dipole cancellation
effect in this polar molecule. Thus, the electrostatic interaction
between water and nearby molecules becomes strongly
orientation-dependent. In contrast, the H3O

+ ion generates a
long-range positive field along x and y (Figure 4c), extending
much further than that of neutral H2O. The similar sector of
weak-field area again appears while it opens up an angle of only

21.6° on both sides between the two dumbbells. As a
comparison, the electric field from the H5O2

+ ion (Figure 4d)
shows the similarity of the magnitude and shape to that from
H3O

+. This explains that in the trace water case, the complex of
hydronium ion does not change appreciably the type and
distribution of the electrostatic field. The most complicated
field distribution appears in a dual-peach shape for the OH−

anion (Figure 4b), which illustrates the strong inequivalence
along two axes; although the effective range in ± x reaches 9 Å,
the ey extends only less than half that far. A 99.1° active sector
can be defined for the right “peach”, and the weak-field area
covers widely (white and light blue area) in the upper and
lower space. In particular, the dipole cancellation effect results
in a special pair of “C” and reflected “C” shaped zero-field arcs
encircling the OH− molecule.
To confirm the hypothesis of the Stark shift by active water

ions, the water molecule, hydronium, and hydroxyl ions were
introduced onto the preferable active sites close to the OxyLH2-
1 inside the protein cavity, as shown in Figure 1a. The most
important sites were found to be no. 2325 and no. 2470, which
lie at the two ends of OxyLH2-1 along the polarization
orientation (x-axis). The geometries (including hydrogens) of
H2O, H3O

+, OH−, and OxyLH2-1 were optimized, and the final
absorption spectra of OxyLH2-1 were plotted in Figure 5. The
influence on the color or spectral shape by the neutral water
molecules is negligibly small (slight blue shift, < 0.05 eV), due
to their weak electric field (Figure 4a). This means that the
argument put forth before6 about the major role played by the
H-bond network of waters in the cavity on the color shift does
not seem to hold. Instead, the Stark field generated by the
water−ions associated with the pH states may take over this
role.
The H3O

+ ion formed in a low pH environment prefers to
reside at site no. 2325 (see Supporting Information), which is
at a distance of 7.9 Å from OxyLH2-1 and at 12° outside the
forbidden sector (Figure 4c). Thus, the positive electrostatic
interaction leads to a red shift of about 0.2 eV for the OxyLH2-1
A1 peak and about 0.1 eV for the A2 main peak, as shown in
Figure 5. In addition, a split of the A2 doublet peaks appears,
and the energetic separation between the two subpeaks
increases up to ∼0.3 eV. This demonstrates the clear origin
of the low pH red shift and line shape variation. On the
contrary, the no. 2470 OH− ion at higher pH locates at the site
close to the deprotonated O in the benzothiazole ring (Figure

Table 2. Stark Shifts of Selected Important Residues in the First Shell around the Chromophore OxyLH2 [Keto(0) Form] in the
Firefly Protein Side Chaina

residue charge group d (Å) (x, y) (Å) (ex, ey) (mV/Å) EA1 (eV) ΓA1 (eV) EA2 (eV) ΓA2 (eV)

Lys531 +1 ε -amino 5.15 (−8.2, 5.1) (59.1, −1.8) 2.78 2.77 3.13 3.13
Lys531-0 0 ε -amino 5.15 (−8.2, 5.1) (−0.45, −2.0) 2.95 2.96 3.32 3.33
Arg339 +1 guanidinium 6.17 (10.5, −0.34) (−52.9, −14.2) 2.98 3.08 3.50 3.50
Arg220 +1 guanidinium 4.69 (4.01, −5.74) (−56.9, 17.6) 2.96 3.05 3.52 3.50
His247 +1 imidazole ring 4.54 (−5.9, 0.32) (103, 19.3) 2.57 2.57 3.01 3.01
His247-0 0 imidazole ring 4.54 (−5.9, 0.32) (8.5, 0.97) 2.93 2.92 3.29 3.30
Glu346 −1 carboxylate anion 8.07 (−11.9, −1.52) (−79.6, −44) 2.96 3.59
His223 +1 imidazole ring 9.62 (2.59, −6.97) (−19, 7.8) 2.97 2.98 3.39 3.42
AMP −2 phosphate anion 3.27 (−8.57, 1.94) (−195, −85.8) 2.52 4.07
H2O no. 2470 0 water molecule 4.42 (7.12, −3.63) (−8.9, −1.3) 2.96 2.97 3.35 3.35
H2O no. 2325 0 water molecule 3.33 (−5.66, 4.1) (−6.7, −2.7) 2.96 2.97 3.34 3.34

aThe charge, group type, distance d between the each residue and OxyLH2, position (x, y), induced Stark field on the OxyLH2 site, predicted peak
energy E with Stark shift by eq 4, and the calculated spectral energy Γ of OxyLH2 with interaction with each residue are listed. By comparing the
values of E and Γ, the accuracy of Stark shift obtained with eq 4 is confirmed.

Figure 3. Absorption spectra of OxyLH2-1 as a function of the local
electrostatic fields along ex (a) and ey (b), respectively, in units of V/Å.
The inset shows the definition of two perpendicular directions in the
molecular plane.
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1a), which results in a significant blue shift of A1 by 0.27 eV
with respect to the emission in neutral solvent, accompanied by
a strong enhancement of the emission intensity by 24%. As
reported by Wang and their co-workers, the spectra of the WT
Lcr and Y257F mutant will undergo a red shift, and the peak
intensity decreases as the pH value decreases,27 which is
consistent with our results. The strong pH sensitivity of the
color shift and the subpeak intensity below pH 8.015 can be
well-explained. The blue shift with increasing pH actually stems

from the Stark shift as well as the increase of peak intensity,
rather than from a simple intensity variation. Now we know
that what the pH value indicates is a solvent environment with
different water−ion concentrations, under which a trace of
water−ions will enter the protein cavity and settle at favorable
sites. The distance and orientation angle of the water−ions with
respect to OxyLH2-1 determines the quantitative strength of
electrostatic field action on the color shift and spectral
deformation. An accurate determination of the structure and
distribution of pocketed water−ions in fluorescent luciferase as
a function of pH is therefore needed to fully understand the
effect of pH on firefly luminescence. We note that there also
exists another case such as those pH-insensitive luciferases or
mutants,27 in which the water ions have much lower probability
to access the protein cavity or to arrive at those crucial active
sites. That is why the luminescent spectrum could be insensitive
to the pH change.
In conclusion, the Stark shift unifies the color shift of the

fluorescent chromophore by internal and external fields, which
allows the complete scan of the absorption and emission as a
function of the electrostatic field using TDDFT. For the firefly
luciferase, the determination of the first- and second-order
coefficients in the Stark equation suggests that intentional color
tuning over the complete visible range could be accurately
achieved. Furthermore, the widely observed pH-correlated
color shift was proven to be associated with the local Stark field
generated by the trace water−ions close to the OxyLH2-1. The
distinct Stark effect on the chromophore, with the vicinal

Figure 4. Distribution of electrostatic fields around water ions. That for the H2O (a), OH− (b), H3O
+ (c), and H5O2

+ (d) shows a shape of butterfly
like, dumbbell-like, and dual-peach-like, respectively. The sector angles indicating the area of field absence and the interaction region are marked.

Figure 5. Stark shift of the emitting spectrum of OxyLH2-1 in the
protein pocket containing active water molecules at special sites (no.
2325 and 2470) and/or their ions.
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hydronium and hydroxide ions at active sites, was found to be
the main reason resulting in the spectral shift and deformation
at different pH states. This approach can be applied to various
luciferases and fluorescent proteins and to guide the
functionalization of organic optoelectronic devices.
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