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Computational methods of quantum chemistry are used to characterize structures and vertical excitation
energies of the Sp-S; optical transitions in the chromophore binding pockets of the red fluorescent proteins
DsRed and of its artificial mutant mCherry. As previously shown, optimizing the equilibrium geometry
configurations with B3LYP density functional theory, followed by ZINDO calculations of the electronic
excitations, yields positions of the optical bands in good agreement with experimental data. These large scale
quantum calculations elucidate the role of the hydrogen bonded network as well as point mutations in the
absorption spectra of the DsRed and mCherry proteins. The effect of an external electric field applied to the
fluorescent protein chromophores is examined and shows that such fields may result in large shifts in spectral
bands. These strategies can be applied for rational design of the fluorescent proteins by site-directed

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Fluorescent proteins (FP) are widely used as in vivo markers
allowing one to carry out successive visual monitoring of numerous
molecular and cell processes in intact living organisms [1]. To
minimize tissue absorption and autofluorescence signals and there-
fore to achieve imaging deeper into tissues, application of red or near-
infrared light for excitation is highly desirable [2]. Red FPs are also
important partners in fluorescence resonance energy transfer (FRET)
methods [3]. The primary target of this work is the modeling of
photophysical properties of the red fluorescent proteins DsRed from
Discosoma coral [4-6] and its artificial mutant of the so-called mFruits
series, mCherry [7,8]. In spite of wide experimental studies of FPs
proteins, theoretical modeling can be used to design different and
more efficient markers, in particular, by in silico predictions of
promising mutants with the improved photophysical properties.

Previous investigations [9,10] showed that by using combination
of ab initio and semiempirical methods of quantum chemistry, one
can accurately reproduce spectral properties of the GFP-like chromo-
phores as well as of molecular clusters mimicking chromophore
binding pockets of the proteins. In particular, important features of
the green fluorescent protein (GFP) from the jellyfish Aequorea
victoria [11] and of the monomeric teal fluorescent protein from
Clavularia coral (mTFP1) [12,13] have been well reproduced [9,10] by
using geometry optimization with density functional theory methods
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followed by ZINDO [14] calculations of the vertical electronic
excitations. This computational strategy produces positions of the
optical bands consistent with the experimental data.

In this work the computational strategy is expanded, this time
focused on the properties of the red fluorescent proteins DsRed and
mCherry by considering the effect of an external electric field. Such
fields simulate an influence of polarized environmental molecular
groups on the chromophore properties, and if its effect is noticeable,
then a rational design of new variants of fluorescent proteins may be
predicted, since the direction and strength of the field can be
controlled by the position of charged or polar amino acid residues
introduced into the protein matrix by site-directed mutagenesis.

Along with the bare chromophores, the properties of the
chromophore binding pockets are analyzed by considering fairly
large molecular clusters. Fig. 1 illustrates the chemical structures of
the DsRed and mCherry bare chromophores in the anionic forms.
Compared to the parent GFP chromophore their series of alternating
single and double bonds is expanded by the additional CA1 N double
bond (acylimine region), thus explaining the shifts to the red of both
absorption and emission spectral bands. The main difference between
the two chromophores is the presence of the sulfur containing
fragment in the mCherry chromophore. The equilibrium geometry
parameters of these chromophore moieties shown in Fig. 1 have been
optimized using the B3LYP/6-31 4 G(d,p) approximation.

2. Models and methods

This investigation examines the isolated chromophore species
from the red fluorescent proteins as shown in Fig. 1 and the molecular
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Fig. 1. Chemical structures of the DsRed (left) and of the mCherry (right) fluorescent
protein chromophores. Here and in other figures, carbon atoms are shown in green,
oxygen in red, nitrogen in blue, sulfur in yellow.

clusters constructed on the basis of the coordinates of heavy atoms
from the available crystal structures. The immediate chromophore
environment for the DsRed model included 12 residues (GIn42, Pro63,
GIn64, Phe65, Ser69, Lys70, Arg95, Ser146, Glu148, Ile161, His163,
Glu215) and 6 water molecules. The mCherry cluster model was built
using 15 residues (GIn42, Pro63, GIn64, Phe65, Ser69, Lys70, Arg95,
Ser146, Glu148, lle161, GIn163, 1le197, Leu199, GIn213 and Glu215)
and 7 water molecules. The broken bonds of surface cluster atoms
with the atoms outside the cluster were saturated by hydrogen atoms.
The equilibrium geometries of the isolated chromophores in the
ground singlet electronic state So were obtained using the B3LYP/6-31
+ G(d,p) density functional theory (DFT) approximation. Coordinates
of heavy atoms from the structures deposited to the Protein Data Bank
were used as starting coordinates for the heavy atoms in the
molecular clusters. Hydrogen atoms were then added to the model
systems and the final coordinates for the clusters were optimized
using the B3LYP/6-31G(d) approximation. During this geometry
optimization, the positions of the C, atoms were frozen while all other
coordinates were allowed to vary. Positions of water molecules were
taken initially from the crystal pdb structures and further were
completely optimized without any constrains.

The semiempirical ZINDO method [14] was used to compute
vertical excitation energies from the respective minima on the Sg
potential surfaces of every model. As shown previously [9,10], this
strategy to estimate the So-S; excitation energies at the DFT-
optimized equilibrium geometry parameters performs quite well for
these model systems. All simulations have been carried out with the
Gaussian03 program [15]. No changes of the default parameters have
been introduced in calculations.

The model system for simulations of the DsRed protein was
constructed on the basis of the PDBID:2VAD [6]. The corresponding
molecular cluster is shown in Fig. 2. The model system for simulations
of the mCherry protein was constructed following the motifs of the
crystal structure PDBID:2H5Q [8], as shown in Fig. 3.

2.1. Results for isolated chromophores

The series of calculations were performed for the chromophore
molecules shown in Fig. 1. Compared to the denatured GFP chromo-
phore, 4'-hydroxybenzylidene-2,3-dimethylimidazolinone (HBDI), the
chromophores depicted in Fig. 1, possess an enlarged m-conjugated
system and correspondingly are characterized by longer wavelength
absorption and emission spectral bands.

It should be noted that the experimental absorption maxima for
the DsRed and mCherry proteins are observed at 558 nm [16] and
587 nm [8], respectively. The results of the ZINDO/DFT approximation
for the isolated chromophore molecules for the So-S; excitation
energies correspond to slightly longer wavelengths; 625 nm for
DsRed and 613 for mCherry. The positions of the emission bands of
the chromophore molecules from the DsRed and mCherry proteins
were also estimated by optimizing the geometry in the excited
electronic state S; in the configuration interaction method with single
excitations (CIS) approximation as implemented in Gaussian03 [15].
The corresponding energy gaps between the So-S; states were
calculated in the ZINDO approach. As expected the fluorescence
bands lie at the longer wavelength (630.7 and 624.5 nm for DsRed and
mCherry chromophores, respectively) compared to the corresponding
absorption bands from the ground state So. Both computed absorption
and emission bands are characterized by large oscillator strengths of
1.2

Therefore, the chromophore molecules in the anionic form in the
gas phase should possess even longer absorption wavelengths than
the chromophores inside the proteins. This suggests that the
molecular groups in the protein are responsible for shortening the
wavelengths of the optical transitions.

2.2. Anisotropic effect of the external electric field on the chromophore
excitations

If the molecular groups, and therefore the electric field, around the
chromophores significantly affect its spectra, this may yield a
powerful predictive strategy to tune photophysical properties of
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Fig. 2. Molecular cluster modeling the chromophore binding pocket of the DsRed
fluorescent protein. The chromophore species is shown in the space-filled
representation.
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Fig. 3. Molecular cluster modeling the chromophore binding pocket of the mCherry
fluorescent protein. The chromophore species is shown in the space-filled
representation.

photoreceptor proteins. More specifically, if changes in the spectra
can be directly associated with changes in the electric field around the
chromophores, site-directed mutations may be proposed to repro-
duce this electric field.

It is too expensive to directly calculate excitation energies for the
chromophores in the external field, but it is feasible to estimate the
field effect on the HOMO-LUMO gap. Basing on the simple quantum
chemistry consideration we expect that the HOMO-LUMO gaps for
the chromophore molecules should correlate with the total energy
differences between the excited and ground states. To verify this
assumption we plot on Fig. 4 the HOMO-LUMO energy gap versus the
vertical energy gap between Sy and S; for initial chromophore
structures depicted in Fig. 1 and as well as for their resonance
counterparts. The linear fit through the calculated values for the
DsRed and mCherry chromophores depicted in Fig. 4 clearly
demonstrates that changes in the HOMO-LUMO gap are directly
correlated with changes in the absorption energy. The same linear
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Fig. 4. Correlation of the vertical energy gap between Sy and S; and the HOMO-LUMO
energy difference for the variants of DsRed chromophore (circles) and the mCherry
chromophore (squares). Points 1 correspond to chromophores depicted in Fig. 1. Points
2 and 3 correspond to the variants of chromophores caused by changing the CA3-CA4
to a double bond (Points 2) or by changing the CA1-CA3 single bond to a double bond
with protonation of N atom in the acylimine group (Points 3). The linear fit is performed
through the entire set of values for both systems.

correlation between the excitation energy and the HOMO-LUMO gap
was previously observed for the mTFP1 chromophore [10].

A series of calculations was performed by applying the external
electric field of different strength and in different directions to the
chromophore molecules; estimating the typical values of the interior
electric field inside the bare chromophore species. According to these
calculations the electronic distribution in these molecules without an
external field is responsible for the absolute field values on the heavy
atoms within the range from 0.003 to 0.04 a.u. Therefore external field
strengths up to 0.01 a.u. should not create an excessive perturbation
from the exterior of the chromophore molecule. In calculations, we
imposed the external electric field by placing point charges as
described in the Gaussian03 [15] manual.

The main conclusion from the estimates illustrated in Fig. 5 and
Table 1 is that the field applied in certain specific directions may
account for very large spectral shifts up to 200 nm to the red. This
effect is worth further studies due to its potential importance in
practical applications.

It should be taken into consideration that the protein-structural
dynamics produce fluctuating electric fields because polar groups
throughout the protein are moving, and these fluctuating fields are
responsible for observable properties of cofactors [16]. However, as
shown for example in [17] the correlation between the calculated
transition energies and the structural distortions in both the
chromophore and the surrounding protein environment is mainly
responsible for the temperature-dependent broadening of the
electronic transitions seen in the visible spectra, but not for positions
of the bands.

2.3. Results for molecular clusters

Fig. 6 shows the most important fragments of the computed model
cluster mimicking the chromophore binding pocket of the DsRed
protein. Included in this figure are the optimized distances between
heavy atoms in angstroms (the values in parentheses refer to the
crystal structure 2VAD). The molecular groups near the oxygen and
nitrogen atoms in the conjugated system of the chromophore moiety
may have the largest effect on the spectra. The hydrogen bond
network over the negatively charged phenolic oxygen including side
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Fig. 5. Dependence of the HOMO-LUMO gap in the mCherry chromophore on the
magnitude and direction of the applied electric field.
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Table 1
Dependence of the HOMO-LUMO gap on the electric field (0.01 a.u.) applied in
different directions (see Fig. 5).

Field applied HOMO-LUMO energy gap, eV Band shift, nm
+X 2.46 —110
—X 1.52 +205
+Y 1.62 +154
-Y 2.08 —16
+Z 2.19 —47
-Z 2.23 —57

chains of Ser146, His163 and the water molecule (designated as
Wat2042 in the crystal structure 2VAD) is well reproduced in
calculations. The same holds for the relative positions of the Arg95
side chain and the oxygen atom as well as for the Glu215 side chain
and the nitrogen atom of the imidazole ring of the chromophore.

For the molecular cluster mimicking the immediate chromophore
environment in DsRed, Fig. 6, our calculations predict the absorption
maximum at 560 nm which is in excellent agreement with the
observations at 558 nm [18]. We discuss below how this calculation
result depends on the protonation state of the Glu215 residue and its
involvement into the hydrogen bond network.

Calculations for the molecular cluster mimicking the chromophore
binding pocket in mCherry (Fig. 7) actually correspond to the largest
quantum calculations performed at this level of modeling (compare,
for instance, to ref.[19]). The system included over 250 atoms from the
chromophore and 15 amino acid residues. Like in the case of the
DsRed model these calculation results (574 nm for the absorption
maximum) are in the good agreement with the experimental data
(587 nm [8]). Calculations correctly predicted a noticeable red shift
for this system (the calculated wavelength 574 nm) compared to the
DsRed model (560 nm).

It is important to examine the role of the conservative amino acid
residue Glu215, which is present in all GFP-like fluorescent proteins.
In most species it is protonated, and this proton potentially can be
transferred to an imidazole nitrogen of the chromophore leading to
the zwitterionic structure of the latter. Such transfer is not observed in
our simulations, however, the protonation status of Glu215 and
hydrogen bonding involving Glu215 strongly affects the absorption
spectrum: for instance, if Glu215 is unprotonated in DsRed, the
calculated band is at 544 nm; if Glu215 is protonated and forms the
hydrogen bond with the chromophore, the calculated band is at
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Fig. 6. Equilibrium structure of the model cluster from the DsRed chromophore binding
pocket. The key groups are shown in balls and sticks, other groups in lines. The
distances between selected heavy atoms (in A) without parentheses are obtained in
calculations, and those in parentheses refer to the crystal structure PDBID:2VAD.
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Fig. 7. Equilibrium structure of the model cluster from the mCherry chromophore
binding pocket. The key groups are shown in balls and sticks, other groups in lines. The
distances between selected heavy atoms (in A) without parentheses are obtained in
calculations, and those in parentheses refer to the crystal structure PDBID:2H5Q.

560 nm, and if it forms the hydrogen bond with the neighboring water
molecule, the band is at 556 nm.

The specific orientation of water chains near the chromophore also
affects the excitation wavelength. Fig. 8 shows the fragment of the
molecular cluster for the mCherry model (illustrated in full in Fig. 3 or
Fig. 7) focusing on the hydrogen bond network over the water
molecules in the close proximity of the chromophore. This structure,
which corresponds to the equilibrium geometry configuration of the
model system, produces an excellent prediction of the absorption
band at 574 nm. However, a different orientation of the water
molecules designated Wat2 and Wat3 in Fig. 8 can be obtained in
another local minimum on the potential energy surface which results
in the computed absorption band at 565 nm. Therefore the spectral
tuning of fluorescent proteins can be significantly affected by slight
changes in the hydrogen bond network around the chromophore. We
also considered few point mutations in the clusters by changing polar
residues by non-polar ones and vice a verse. In particular, mutations
of His163 or Ser146 by Met in the DsRed protein were examined, but
according to our calculations these modifications did not lead to
noticeable changes in the absorption bands.

As requested by one of the reviewers, we carried out calculations
of the spectral bands of these model systems at the CIS and CIS+ D
levels, as well as by the TDDFT method. In accord with the previous
knowledge (e.g., refs. [20,21]), the TDDFT excitation energies over-
estimate experimental values by ~0.5 eV. The CIS and CIS+D data
also are inferior to the results of ZINDO calculations. For example, for

Glnd2

Fig. 8. The hydrogen bond network over the chain of water molecules near the mCherry
chromophore (see Figs. 3 and 7 for a complete system).
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the free DsRed and mCherry chromophores the CIS energies for So—S;
transition were calculated as 385 and 379 nm, respectively. The
inclusion of double excitations (CIS+ D) improved results (558 and
551 nm, respectively) but they are still far below from ZINDO
excitation energies (625 and 613 nm, respectively). The cluster data
for DsRed showed the same tendency: Sp-S; transition energy was
substantially overestimated at the CIS level—372 nm versus 560 nm
(ZINDO-B3LYP cluster) and 558 nm (mDsRed protein).

3. Conclusion

This work confirms the value of modern tools of quantum
chemistry for accurate calculations of structures and optical band
positions in the spectra of biological chromophores in protein
matrices. When modeling bare chromophores as well as the
chromophore binding pockets in the protein matrices for the DsRed
and mCherry variants we are able to optimize equilibrium geometry
parameters and to accurately compute energy differences between
the excited and ground state energies, thus estimating the bands in
absorption spectra of fluorescent proteins. Application of this strategy
for red fluorescent proteins permits the identification of functional
states of the chromophores and to understand effects of the nearby
amino acid residues and elucidate the role of point mutations. The
effect of the external electric field to the fluorescent protein
chromophores was modeled and demonstrated that application of
the field along certain directions can account for fairly large shifts in
spectral bands. Such effect can be used for rational design of the
fluorescent proteins by site-directed mutagenesis.
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