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Abstract: An extensive study of the optical absorption spectra of the blue fluorescent protein (BFP) is
presented. We investigate different protonation states of the chromophore (neutral, anionic, and cationic)
and analyze the role of the protein environment and of thermal fluctuations. The role of the environment is
2-fold: (i) it induces structural modifications of the gas-phase chromophore, the most important being the
torsion of the imida rings; and (ii) it makes a local-field modification of the external electromagnetic field.
It turns out that the torsion of the imida rings shifts significantly the gas-phase spectra to lower energies,
whereas the consistent inclusion of the closest residues field produces only minor modifications on the
spectra. From all of the configurations studied, the neutral cis-HSD and the anionic HSA seem to be the
most likely candidates to explain the experimental spectrum. Furthermore, the present results clearly rule
out the presence of the cationic protonation state (HSP) of the chromophore. However, a better description
of the measured experimental absorption data may be obtained when the temperature fluctuations of the
floppy torsional motion of the two imida rings are included. Our results, together with previous work on the
green fluorescent protein, demonstrate the power of combining time-dependent density functional
calculations and optical absorption measurements to discern the relevant chemical information on the nature
and state of chromopeptides.

I. Introduction

The study of the optical properties of biochromophores has
developed into an important and active field of research. The
rationale is clear, as the absorption and emission of light by
biomolecules are at the center of crucial biophysical processes,
such as vision or photosynthesis, and has led to various
important technological applications. Among photoactive pro-
teins, and due to its unique photophysical properties,1 the family
composed by the green fluorescent protein (GFP) and its mutants
has attracted a considerable amount of attention during the past
decade. These molecules have been used as important and
versatile fluorescent markers, with widespread applications in
the field of biotechnology. One of the originalities of the GFP
resides in the fact that the chromophore responsible for the
photophysics of the protein, 4-p-hydroxybenzylideneimidazo-
lidin-5-one, is completely generated by an autocatalytic, post-
translational cyclization and oxidation of the-Ser66-Tyr66-
Gly67- triad, without the need of any external cofactor. Thus,
all of the information needed to synthesize the biochromophore
is encoded in the corresponding gene. Furthermore, the GFP
can be easily attached to other proteins without changing its

own absorption properties. This unique characteristic, due to
the protective cage-like secondary structure of the protein, makes
the GFP an ideal candidate for a biological marker.

With the widespread use of the GFP, there has been an
increasing demand for the ability to visualize different proteins
in vivo that require multicolor mode imaging.2 This has triggered
intensive research aimed at the development of GFP mutant
forms with different optical responses. A mutant of the
chromophore of particular interest is the Y66H variant, in which
Tyr66 is mutated to His.3,4 The resultant protein exhibits
fluorescence shifted to the blue range and is, for that reason,
often referred to as the blue emission variant of the GFP, or
the blue fluorescent protein (BFP; see Figure 1).

Important differences and similarities exist in the absorption
spectra of the GFP and BFP. The optical absorption spectrum4-7

of the wild-type (wt) GFP has two main resonances at 2.63 and
3.05 eV, which are normally attributed to two protonation states
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of the chromophore.8 These two states, one anionic and the other
neutral, result from the deprotonation/protonation of Tyr66. On
the other hand, the spectrum of the BFP (see Figure 5) is
characterized by absorption between 3 and 3.5 eV, with a main
peak appearing at 3.21 eV and a secondary peak at 3.36 eV.
Furthermore, the spectrum also shows a smaller peak at 3.05
eV and finally a shoulder at 3.49 eV. Another important
characteristic of the spectrum is the shift observed between
folded and unfolded conformations of the BFP protein. Ac-
cording to Wachter et al.,3 the excitation spectrum of the BFP
chromophore in the folded protein exhibits an absorbance
maximum at 3.25 eV. However, in the unfolded protein, the
absorbance maximum is at 3.38 eV. Thus, the observed effect
of the protein folding is a red-shift in absorbance of about 0.13
eV. Comparing this spectrum with the one of the wt-GFP, we
observe that the BFP absorbs in the region corresponding to
the neutral state of the GFP. However, the low-energy peak
detected at 2.63 eV in the GFP (corresponding to the anionic
state of the chromophore) is not present in the BFP.

In the case of the BFP, the assignment of the absorption peaks
to specific protonation states is a difficult task. In principle,
the 4-imidazoleimidazolidin-5-one chromophore of the BFP can
assume three different protonation states (cationic, neutral, and
anionic), in several possible conformations (see Figure 2).
Estimations of the pKa of the chromopeptide3 points to values
of 4 and 13 for pKa

1 and pKa
2, respectively, which seems to

exclude a significant population of the anionic state of the BFP
in the ground state. Nevertheless, the anionic state could, in
principle, be formed in the excited state, as in the case of the
wt-GFP.1 If this is the case, it is likely that this state has a very
short lifetime since a proton transfer from the protonated His148
would again neutralize the chromophore.

Recently, we demonstrated how a QM/MM molecular
dynamics characterization of the chromophore structure in the
protein matrix and first-principles time-dependent density
functional theory (TDDFT) calculations can be combined to

obtain useful chemical information on the nature and state of
biochromophores.8 QM/MM combines the ability of molecular
mechanics to efficiently simulate very large compounds and the
necessity of quantum mechanics to compute many important
quantities and to model chemical reactions. It is currently the
method of choice to study the dynamics of chromophores
embedded in large protein matrices. On the other hand, TDDFT
is a very powerful tool for the calculation of excitation spectra
of finite systems. It has, therefore, become a popular method
to solve this kind of problems both in physics (atomic,
molecular, and condensed matter) and in quantum chemistry.9-13

In this work, we apply our combined approach QM/MM-
TDDFT to the calculation of the optical absorption spectrum
of the different protonation states and conformers of the BFP.
Our results indicate that the most likely protonation state of
the BFP is the neutral (HSD in Figure 2). Furthermore, the
influence of the protein environment in the absorption spectrum
is mainly of structural origin, by inducing a distorted nonplanar
structure in the chromopeptide. This could be contributing to
the observed red-shift in the absorption spectrum when the
protein is folded. However, a better agreement with the
measured experimental absorption data may be obtained when
the temperature fluctuations of the floppy torsional motion of
the two imida rings are included.

This article is organized as follows. In the next section, we
describe our methods. These include (i) ground-state density
functional calculations of the chromophore in the gas phase;
(ii) QM/MM techniques to characterize the structure of the
chromophore under the influence of the protein matrix; and (iii)
TDDFT to obtain the absorption spectra. The following section
is devoted to the presentation and discussion of our results. We
start by studying the structure, energetics, and optical spectra
of the chromopeptide in the gas phase. Next, we investigate
the influence of the protein matrix, the role of the charged
residues closest to the chromophore, and the effect of temper-
ature on the spectra. Finally, we draw our conclusions and give
a small overview.

II. Methods

A. Density Functional Calculations in the Gas Phase.The
structures of the different protonation states and conformations of the
chromophore were characterized in the gas phase. The combination of
four different protonation states (one cationic, two neutrals, and one
anionic) and three structures for each (two stable structures, and one
transition state) leads to 12 different conformations, which are depicted
in Figure 2.

All calculations were carried out using the Gaussian 98 suite of
programs.14 The gas-phase structures were optimized at the B3LYP/
6-31++G(d,p) level,15-18 and the electronic energy was then refined,
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Figure 1. Structure of the cis-HSD chromophore (balls and sticks) of the
blue fluorescent protein and of its closest residues. We also indicate the
nomenclature used in the text for each atom. In the QM/MM calculations,
the QM region is defined as the chromophore atoms shown in ball-and-
sticks plus H-link atoms for the QM/MM boundaries. In the case of the
TDDFT calculations, some residues around the chromopeptide were added
to the QM part. Thus, His148, Glu222, and Arg96 formEnVironment I,
whereas His148, Glu222, Arg96, Ser205, Gln94, and the water molecule
(all residues shown in the figure) formEnVironment II.
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at optimized geometries, by single-point calculations at the B3LYP/
6-311++G(3df,2p) level. The enthalpic and entropic corrections were
determined with a frequency calculation at the B3LYP/6-31++G(d,p)
level.19 These frequencies were also used to verify the nature of the
stationary points encountered. Thus, reactants, intermediates, and
products exhibited real frequencies for all normal modes of vibration,
whereas the transition states showed one imaginary frequency for the
normal mode along the cis-trans isomerization. The free energy was
obtained as a sum of the B3LYP/6-311++G(d,p) energy, the zero-
point vibrational energy (ZPVE), the vibrational correction to the ZPVE
at 298 K, and the rotational and translational energies at 298 K. The
zero-point vibrational energy and the thermal vibrational energy were
calculated in the rigid rotor-harmonic oscillator approximation. The
rotational and translational energies were treated classically as 1/2RT
per degree of freedom.

The nomenclature of the atoms in the chromophore is specified for
the cis-HSD protonation state in Figure 1 and follows the characteristic
nomenclature for the atoms in the original amino acid sequence of the
BFP.

B. QM/MM Dynamics and Minimizations. The structures were
prepared according to the following protocol. The X-ray structure (2.1
Å resolution) of the BFP resolved by Remington et al.3 (PDB code:
1BFP) was taken as the reference structure. The protein is composed
of 238 amino acids, the last nine C terminal residues missing, and
corresponds to the Y66H/Y145F variant of theAequoreaVictoria’s
GFP. The protein is folded in aâ-sheet barrel conformation, with the
chromophore occupying a central position inside the barrel as in the
GFP.5 The chromophore is formed by the sequence Ser65, His66 (which
substituted Tyr66 of the wt-GFP), and Gly67. The residue Ser65 is
chemically modified so that its carbonyl carbon is linked to the nitrogen
of Gly67 and the carbonyl oxygen is eliminated. As a result, the
chromophore is formed by two consecutive rings, the imidazole-type
ring of His66 and a five-membered heterocycle (imidazolinone) formed
by the backbone of His66, the carbonyl carbon of Ser65 and the nitrogen
of the backbone of Gly67 (see Figure 1). In the X-ray structure, several
water positions were identified, some of them lying inside theâ-sheet
barrel. These water molecules were kept in the calculations, and water

molecules were added to fill empty spaces and to complement a 5 Å
solvation shell around the protein.

Departing from these coordinates, the positions of the hydrogen
atoms were initially estimated using the HBUILD command20 of
CHARMM.21 The CHARMM force field and parameters22 were
employed for all of the calculations. An initial geometry optimization
was performed with all atoms within 10 Å of the chromopeptide free
to move and the rest of the atoms fixed at their crystallographic
positions. No cutoff was introduced to treat nonbonded interactions.
The system was minimized using the steepest descents and adaptive
basis Newton-Raphson minimization algorithms available in CHARMM.
After this initial relaxation, a second geometry optimization was
performed, allowing this time all atoms to relax.

Since the structure of the chromophore, especially due to the
heterocycle, does not correspond to the typical structure adopted by a
serine, a histidine, or a glycine, there was a lack of specific force-field
parameters. Therefore, we decided to perform these calculations using
a quantum mechanical/molecular mechanical hybrid Hamiltonian23

(QM/MM), with an AM1 semiempirical Hamiltonian24 to describe the
quantum part.37 The QM region was formed by the Ser65, His66, and
Gly67 residues, and the frontier between QM and MM regions was
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Figure 2. All gas-phase structures of the BFP chromophores characterized in the present work: the various protonation states, including the cis/trans
conformations and the transition state configuration.
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treated within the H-link approximation. In this approach, a hydrogen
atom was included whenever the frontier between the QM and MM
regions passed through a chemical bond. This H-link atom was forced
during the minimization to be in the line along the frontier bond, and
it did not interact with the MM atoms. To avoid the QM/MM frontier
to be in the C(O)-N peptide bond, the carbonyl group of Gly67 was
removed from the QM part and the carbonyl group of Phe64 was
included. In this way, the two H-link atoms included cut through C-C
bonds. The resultant QM zone is depicted in Figure 1.

In addition, we also minimized the structure following a different
protocol, in which a short QM/MM molecular dynamics of 200 ps was
carried out at 300 K with 0.5 fs time steps. After this molecular
dynamics simulation, the geometry of the BFP was again fully relaxed.
The structure thus obtained was very similar to the one obtained with
the QM/MM minimization using the X-ray geometry as the starting
point.

C. Excitation Energies in TDDFT. At least two different ap-
proaches are commonly used within TDDFT to calculate electronic
excitations: one based on the direct propagation of the time-dependent
Kohn-Sham equations,8 and the other, more widely used, based on
the identification of the pole structure of the linear response function,
known as Casida’s equations.9,10 The two are fully equivalent in that
one works in the linear response regime when solving the time-
dependent Kohn-Sham equations10-13 (see below).

In the present work, we follow the former, more direct route to
compute excitation spectra. The scheme is based on solving in real-
space the time-dependent Kohn-Sham equations for a system respond-
ing to a perturbing electromagnetic field.25 This method has been
successfully applied to clusters26,27 and biomolecules.8,27

The starting point for the time-dependent simulations is the Kohn-
Sham ground state of the electronic system. The time-dependent
equation is then solved for the occupied Kohn-Sham orbitalsψi in
the presence of the (time-dependent) perturbationδVext(r, t)

whereVion denotes the potential generated by the nuclei andVHxc is the
Hartree plus exchange-correlation potential.

To obtain the linear optical absorption spectrum, one excites all
frequencies of the system by applying the electric fieldδVext(r, t) ) -
κzδ(t). (This is equivalent to giving a small momentumκ to the

electrons.) The Kohn-Sham wave functions at timeδt can be obtained
analytically and read asψi(r,δt) ) eiκzψi(r, 0). Those orbitals are then
propagated in time using a unitary and stable scheme.28 From the
induced densityδn(r,ω), it is then straightforward to calculate the time-
dependent induced dipole moment, from which the photoabsorption
cross-section follows

wherec is the velocity of light. For smallκ, this time evolution maps
the linear response of the system, thus being equivalent to solve Casida’s
equations.10

There are several advantages in our method relative to the traditional
linear response function approach:10 (i) the scaling with the number of
atoms is more favorable; (ii) we do not need an approximation to the
exchange-correlation kernel (only the exchange-correlationpotential
appears during the equations); (iii) only the occupied states need to be
propagated, so there is no need to compute empty states; (iv) this
method is trivially extended to nonlinear response and is ideal to be
combined with molecular simulations of the ions.

All calculations of the BFP chromopeptide were performed with the
code octopus.25 The electron-ion interaction was described using norm-
conserving pseudopotentials.29 All quantities were computed using a
uniform grid-spacing of 0.23 Å and a time-step of 0.002p/eV. The
time evolution was run for a maximum time of 20 fs, which yielded
spectra with a resolution of about 0.1 eV.

Finally, some words on the choice of the approximation to the
exchange-correlation potential. We recognize that the LDA functional
is less successful than either GGA or hybrid functionals for the purpose
of computing both structural and energetic properties.30 However, it is
well-known that using the traditional generalized gradient approxima-
tions (GGA) does not lead to significant improvements over the local
density approximation (LDA) for the calculation of absorption spectra.31

Furthermore, the spectra calculated in this way turn out to be in quite
good agreement with experimental data, typically with an error of about
0.1 eV.8,11,12,27There are, however, some important exceptions to this
rule, namely, infinite, periodic systems13 and charge-transfer processes.32

With this in mind, we opted for using the LDA in the parametrization
of Perdew and Zunger,33 due to its numerical stability.

III. Results and Discussion

A. Isolated Chromophore.In this section, we study the BFP
chromophore in the gas phase. Several structures are considered,
involving three different protonation statessanionic (HSA),
neutral (HSE or HSD), and cationic (HSP), and three different
conformerssthe cis, the trans, and the transition state (TS). All
of these structures are depicted in Figure 2.

1. Structure and Energetics.For each protonation state of
the BFP, there are two stable conformations, a cis and a trans,
defined with respect to the relative position of the two nitrogens,
Nδ and Nγ, on the imidazole and imidazolinone rings, respec-

(29) (a) Troullier, T.; Martins, J. L.Phys. ReV. B 1991, 43, 1993-2006. (b)
Kleinman, L.; Bylander, D. M.Phys. ReV. Lett.1982, 48, 1425-1428. In
this work, we used the core radiirc ) 1.49, 1.39, and 1.39 au for the s, p,
and d components of the carbon, nitrogen, and oxygen pseudopotentials.
The pseudopotentials can be downloaded from the octopus web page.25
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(37) The precision of the AM1 semiempirical method for these systems was

tested by performing gas-phase calculations for all chromopeptide isomers
in the various protonation states and comparing to the B3LYP relative
energies. It was found that, for the three protonation states, AM1 and
B3LYP gave the same lowest-energy conformer. Thus, the AM1 relative
energies (in kcal/mol) for each protonation state are: trans-HSA (-2.3)<
cis-HSA (0.0), cis-HSD (-6.7) < trans-HSE (-3.4) < trans-HSD(-2.9)
< cis-HSE (0.0), and cis-HSP (-2.3)< trans-HSP (0.0). In addition, there
is a very good agreement between the AM1 and B3LYP gas-phase
geometries for cis-HSD (the isomer for which we performed extensive QM/
MM simulations): CR-Câ distance is 1.350 Å, Câ-Cγ distance is 1.427
Å, CR-Câ-Cγ angle is 126.7°, DH1 is 0.1°, and DH2 is-0.3°.

(38) The main structural features of the AM1/MM calculations were confirmed
by two additional geometry minimizations using two other methods. In
the first, the SCC-DFTB method36 interfaced with CHARMM was used,
and the system was prepared with the same definitions for the QM and
MM regions as in the AM1/MM calculations. In the second method, we
performed a full QM calculation using B3LYP/6-31G* but with limiting
the definition of the protein environment to the side chain of His148,
Glu222, and Arg96. A constrained geometry optimization was then
performed with some of the His148, Glu222, and Arg96 side chain atoms
fixed at their AM1/MM positions. We found that these two new structures
were qualitatively similar to the structure obtained by AM1/MM. In
particular, all of them exhibited: (i) CR-Câ < Câ -Cγ, (ii) very small
DH1 angles, and (iii) DH2 values that denote an important breakdown of
the coplanarity of the two rings in the chromopeptide:-15.6° (SCC-DFTB/
MM), -11.4(B3LYP/6-31G*).

(39) Here, we takeσ(ω) ) ∫dRf (R, T)σ(R,ω), whereR denotes the DH2 angle,
σ(R,ω) ) σTS(90,ω) + (1 - R/90)(σcis(0,ω) - σTS(90,ω) is given in terms
of the absorption cross-section of the cis and TS conformations.

σ(ω) ) 4πω
κc

I ∫ d3r Vext(r)δn(r,ω) (2)

ip
∂ψi(r, t)

∂t
)

[- p2

2m
∇2 + Vion(r) + VHxc (r, t) + δVext (r, t)] ψi(r, t) (1)

A R T I C L E S Lopez et al.

12332 J. AM. CHEM. SOC. 9 VOL. 127, NO. 35, 2005



tively. The transition state connecting them, which corresponds
to a torsion around the Câ-Cγ bond was obtained by constrained
minimization for each fixed torsion angle. All relevant structural
information of the isolated chromophores can be found in Table
1. In all of these structures, irrespective of the total charge of
the system and of the conformation, the CR-Câ bond distance
is shorter than that of Câ-Cγ, indicating a larger double bond
character for the CR-Câ bond. As expected, all cis and trans
conformers exhibit coplanarity of both imidazole and imida-
zolinone rings, as indicated by the values of the dihedral angles
DH1 (Nγ-CR-Câ-Cγ) and DH2 (Nδ-Cγ-Câ-CR). At the
transition states, both rings lie in almost perpendicular planes
(DH2 varying from 83.6 in TS-HSE to 92.9 in TS-HSP).

The relative energies, with respect to the cis conformer in
each protonation state, are shown in Table 2 (for the two neutral
species HSE and HSD, we took the cis-HSE as energy

reference). Quite interestingly, the nature of the lowest-energy
conformer (cis or trans) varies with the protonation state. In
the case of the HSA and HSE, the trans conformers are more
stable, whereas for the HSD and HSP, the cis conformers are
favored. These trends can be explained by simple qualitative
arguments: the conformer with a proton closer to the nitrogen
of imidazolinone (Nγ) is favored because of a favorable internal
hydrogen bond/electrostatic interaction with this proton. In the
case of the HSA and HSE, this conformation happens to be the
trans. In the case of the HSD and HSP, both cis and trans
conformers have a proton located for a favorable interaction
with Nγ. However, the cis conformers are favored due to the
higher polarity of the N-H bond.

2. Optical Absorption in the Gas Phase.Figure 3 shows
the TDDFT optical absorption spectrum for each protonation
state and conformation of the chromophore in the gas phase.
To help the discussion, we collect in Table 3 the positions of
the main peaks for each spectrum. The spectrum is sensitive to
both protonation state and conformation of the chromophore.

For the cis-HSD, the lowest-energy chromophore in the
neutral state, there are two main peaks in the 2-5 eV region:
at 3.24 and 3.82 eV. Isomerization to the trans conformation
leaves the first of these peaks almost unaffected. However, the
second one is shifted by 0.1 eV and witnesses a significant
decrease of its absorption strength. At the TS, and due to the
orthogonality of the two rings, the main absorption peaks are
shifted to energies higher than 5 eV (5.21 eV), and only low
absorption strengths are observed in the 2-5 eV range. These
results reveal the important dependence of the optical properties
of the chromophore on the relative orientation of the imidazole
and imidazolinone rings. In fact, the breaking of planarity going
from the cis to the TS makes the evolution of the two lower-
energy peaks depend on the protonation state; we get a red-
shift for the HSD and HSA chromophores, whereas a blue-shift
is obtained for the HSP and HSE. This will have important
consequences when discussing the optical properties of the
chromopeptide in the protein matrix, where the most likely
configurations compatible with X-ray data are the cis-HSD and
HSA.

The spectrum is also sensible to the specific tautomer of the
neutral chromophore. In cis-HSE, two peaks of almost equal
heights at 3.32 and 3.97 eV are obtained and two smaller peaks
at 4.42 and 4.65 eV. Isomerization to the trans conformation
has a very small influence on the position of the first peak, but
the second peak almost disappears. Finally, in the transition state,
there is very little absorption between 2 and 5 eV.

The changes in the optical spectrum are more pronounced
when we consider the anionic and cationic states of the
chromophore. The main absorption peaks for the HSP (cationic
state) are located at 4.06 eV for cis and 4.02 eV for trans,
significantly higher than for the neutral states. There is a second
peak at lower energies, 3.00 eV (cis) and 2.88 eV (trans), but
of much lower intensity. However, in the case of the anionic
state HSA, the main peaks overlap with the absorption region
of the neutral state, the main absorption being at 3.24 eV (cis)
and 3.05 eV (trans). This behavior remains unaffected by the
protein environment and is relevant for the interpretation of the
measured optical spectra of BFP (see discussion below). Note
that this characteristic of the anionic spectrum is fundamentally
different from the spectrum of the wt-GFP, for which the main

Table 1. Some Relevant Geometrical Features of the
Chromophores Shown in Figure 2a

Distances Angles

CR−Câ Câ−Cγ X Nâ−X NγHδ CR−Câ−Cγ DH1b DH2b

Anionic HSA
cis 1.383 1.409 Nδ 3.302 133.5 0.0 0.0
TS 1.355 1.469 127.9 0.0 89.2
trans 1.386 1.406 Cδ 3.231 2.737 130.4 0.0 180.0

Neutral HSE
cis 1.356 1.441 Nδ 3.171 130.4 0.0 0.0
TS 1.345 1.476 124.9 1.4 83.6
trans 1.357 1.439 Cδ 3.075 2.596 127.1 0.0 180.0

Neutral HSD
cis 1.362 1.426 Nδ 2.853 2.165 125.6 0.0 0.0
TS 1.347 1.471 124.8 -1.4 91.8
trans 1.359 1.430 Cδ 3.182 2.687 127.1 0.0 180.0

Cationic HSP
cis 1.355 1.441 Nδ 2.696 1.913 122.2 0.0 0.0
TS 1.348 1.469 121.9 -0.8 92.9
trans 1.355 1.438 Cδ 3.013 2.523 123.5 0.0 180.0

a Bond distances are in angstroms and angles in degrees.b DH1 stands
for the dihedral angle formed by the Nγ-CR-Câ-Cγ nuclei, and DH2 is
the dihedral angle formed by Nδ-Cγ-Câ-CR.

Table 2. Relative Energies in the Gas Phase with Respect to the
cis Conformer for the Various Protonation States of the
Chromophorea

∆Ee ∆E0 ∆H T∆S ∆G

Anionic HSA
cis 0.00 0.00 0.00 0.00 0.00
TS 17.83 17.08 16.80 -0.58 17.38
trans -3.45 -3.36 -3.37 -0.06 -3.31

Neutral HSE
cis 0.00 0.00 0.00 0.00 0.00
TS 5.34 5.05 4.62 -1.08 5.70
trans -4.76 -4.64 -4.69 -0.23 -4.46

Neutral HSD
cis -10.47 -10.01 -10.17 -0.57 -9.60
TS 4.79 4.59 4.17 -1.00 5.17
trans -4.74 -4.59 -4.60 -0.10 -4.50

Cationic HSP
cis 0.00 0.00 0.00 0.00 0.00
TS 13.70 13.43 13.16 -0.37 13.54
trans 6.28 6.19 6.37 0.61 5.76

a For the case of the neutral chromophores, we have selected the cis-
HSE as reference. All numbers are in kcal/mol.Ee corresponds to the
electronic energy;E0 corresponds to the electronic energy plus the zero-
point vibrational energy correction,H to the enthalpy,T to the temperature,
S to the entropy, andG to the free energy.
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absorption peak of the anionic state is 0.4 eV below the neutral
state (i.e., 2.63 versus 3.05 eV).1

Taking together the absorption maxima for the lowest-energy
conformer in each protonation state, we have the following order
in absorption energies as a function of the protonation state of
the chromopeptide in the gas phase (in eV)

This trend is in qualitative agreement with the reported
experimental absorption maxima of the chromopeptide in
solution,3 namely (in eV)

However, whereas the quantitative agreement is quite reasonable
for the anionic and neutral states, there is a difference of∼0.5
eV in the absorption peak of the cationic state. This difference
is too high to be ascribed to an error of our computational
method and, therefore, points to a significant solvent stabilization
of the excited cationic state. In this respect, it has been reported34

that the cationic state of the chromopeptide of the GFP-Y66W
mutant (where a tryptophan ring has been included instead of
Tyr66) is sensitive to solvent effects as well, whereas the optical
response of its anionic state is almost unchanged in different

solvents. Our results can be interpreted in the same way. We
remark that the specialâ-can structure of the BFP provides
shielding of the chromopeptide with respect to the aqueous
solvent. However, the spectrum of the chromopeptide inside
the BFP can be influenced by the interactions with vicinal amino
acids and buried water molecules, and by protein-induced
conformational changes. This is analyzed in detail in the next
section.

B. Chromophore in the Protein Matrix. 1. Structure of
the cis-HSD Chromopeptide in the BFP Based on QM/MM
Calculations. To study the effect of the protein environment
on the structure of the chromopeptide, QM/MM simulations of
the chromopeptide embedded inside the BFP were performed.
From the several protonation states of the chromophore, we
chose to start with the cis-HSD. This choice was motivated by
two reasons: (i) this is the lowest-energy structure for the neutral
chromophore; and (ii) the X-ray data indicate that the Nδ and
the Nγ atoms are in a cis conformation.

In Figure 1, we display the geometry of the chromophore
together with its closest residues after the 200 ps MD run
followed by a full QM/MM minimization. Selected geometrical
parameters can be found in Table 4. The DH1 and DH2 dihedral
angles and the CR-Câ and Câ-Cγ distances, collected along
the simulation, are shown in Figure 4. As in the gas phase, we
found that during the simulation the values for the CR-Câ

distance were smaller than that for Câ-Cγ. More interestingly,
the inspection of the DH2 dihedral angle indicates that the
relative orientation between the imidazole and imidazolinone
planes suffers important changes with respect to the gas-phase
structures. While the average value of DH1 is 0.8°, indicating
very small torsion around the CR-Câ bond, the DH2 dihedral
significantly departs from gas-phase values, with an average
value of-18.3°. Thus, the chromopeptide shows a considerable
nonplanarity within the protein matrix. Other methods38 also
confirmed the breakdown of planarity of the chromopeptide
within the protein, although the AM1 method seems to give

Figure 3. Optical absorption spectrum in the range of 2-5 eV for the various protonation states and conformers of the chromopeptide in the gas phase (cis:
blue solid line; TS: green dashed line; and trans: red dotted line). Refer to Figure 2 for details on the geometries.

Table 3. Main Absorption Peaks (with more than 0.5 oscillator
strength) of the Chromophore in the Gas Phase Corresponding to
Figure 3a

conformation

protonation state cis TS trans

anionic HSA 3.24 5.46 3.05
neutral HSE 3.32 5.21 3.30

3.97
neutral HSD 3.24 5.23 3.20

3.82
cationic HSP 4.06 5.06 4.02

a All number are given in eV.

3.05(HSA)< 3.24(HSD)< 4.06(HSP)

2.99(anionic)< 3.38(neutral)< 3.53(cation)
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the maximum degree of nonplanarity among the tested methods.
Hence, the results presented in this section should be taken as
the maximum effect expected from a likely chromopeptide
distortion. The torsion around the Câ-Cγ bond optimizes the
orientation of HNδ

His66 for a hydrogen bond interaction with the
negatively charged Glu222. The average HNδ

His66- Oε2
Glu222 dis-

tance is 1.957 Å, and after full optimization, 1.997 Åstypical
values for a hydrogen bond. This departure of the planarity is
energetically possible since the Câ-Cγ bond has a considerable
smaller double bond character than the CR-Câ bond.

2. Optical Spectrum of the Neutral cis-HSD.To determine
the role played by the protein intramedia in the optical
spectroscopic properties of the chromopeptide, we selected
various structures from the QM/MM minimization of the BFP
and performed TDDFT calculations. The results can be found
in Table 5 and in Figure 5. In Figure 5, we compare the
experimental absorption spectrum with the gas-phase spectrum,
the optical spectrum of the chromopeptide with the geometry
adopted inside the BFP protein (i.e., a DH2 of-19.6° at the
QM/MM minimized structure), and the spectrum of the chro-
mopeptide plus a selection of some of the closest residues around

the chromophore, which we named theenVironment of the
chromophore. We have studied two different environments (see
Figure 1). (i) Env. I includes His148, Glu222, and Arg96, which
are the charged residues in the vicinity of the chromophore
(His148 and Arg96 positive; Glu222 negative). As such, it is
reasonable to expect that they will have a greater influence in
polarizing the electronic cloud of the chromopeptide. (ii) Env.
II is composed by Env. I to which we add Ser205, a buried
water molecule, and Gln94. All of these are polar residues that
are within 2.5 Å of the chromophore.

The induced nonplanarity in the chromopeptide by the protein
environment has a sizable effect in the spectrum. It causes a
considerable red-shift of the gas-phase cis-HSD peaks, from 3.24
to 3.09 eV and from 3.82 to 3.54 eV. Thus, the optical
absorption is sensitive to the∼20° torsion around the Câ-Cγ

bond of the chromopeptide. Quite interestingly, similar distor-
tions have been found for the neutral state of the chromopeptide
in the wt-GFP, and these distortions also affect in a similar way
the spectrum of the GFP.8,35

On the other hand, the effect of the polarization of the
electronic cloud by neighbor residues is less important. The
inclusion of the residues His148, Glu222, and Arg96 in the
calculations (Env. I) causes a further red-shift of the second
peak to 3.39 eV, but leaves the first peak (which is the
absorption maximum) almost unchanged at 3.04 eV. However,

Table 4. Selected Geometrical Parameters of the cis-HSD from
the QM/MM Dynamics and Minimizationsa

〈x〉 xmin

DH1 0.8 1.5
DH2 -18.3 -19.6
CR-Câ 1.350 1.348
Câ-Cγ 1.428 1.427
Nε

His66-HNε
His148 1.844 1.809

HNδ
His66-Oε1

Glu222 2.508 2.318

HNδ
His66-Oε2

Glu222 1.957 1.997

a The values of〈x〉 andxmin differ since the potential around the minimum-
energy dihedral angle is not symmetrical.

Figure 4. (Top) DH1 (Nγ-CR-Câ-Cγ) versus DH2 (Nδ-Cγ-Câ-CR)
dihedral angles collected along the QM/MM dynamics of the chromopeptide
in the BFP. (Bottom) CR-Câ distance versus Câ-Cγ along the QM/MM
dynamics.

Table 5. Absorption Energies in the Spectrum of the cis-HSD and
cis-HSA Chromophores in Different Configurations: Gas Phase
and Distorted as Inside the Protein (including different local
environments)a

Structure Environment Peaks

Experiment
3.21

(3.05, 3.36)

Neutral cis-HSD
planar gas phase 3.24 3.82
distorted 3.09 3.54
distorted Env. I 3.04 3.39
distorted Env. II 3.08 3.48

Anionic cis-HSA
planar gas phase 3.24
distorted 3.10
distorted Env. I 3.04
distorted Env. II 3.08

a Only the peaks with an absorption larger than 0.5 in the range between
2 and 5 eV are shown. The experiment has a main peak at 3.21 eV with
two shoulders that are also given in parentheses.

Figure 5. Optical absorption spectrum for the cis-HSD state of the
chromophore in the gas phase and distorted by the BFP protein environment,
compared with the experimental spectrum of the BFP.
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when enlarging the environment to Env. II, we find a spectrum
with a shape similar to the one of the twisted chromopeptide
with two well-defined peaks at similar positions, 3.08 and 3.48
eV. It seems that in our calculations, Env. I provides an
inhomogeneous surrounding to the chromopeptide, which leads
to an over-polarization of the electronic cloud. This artifact is
corrected when the chromophore is equally surrounded in all
directions. This delicate cancellation of the shielding of the
applied electromagnetic field is important when defining the
structure used for the calculation of the linear response.

In summary, the calculations of the optical absorption of the
chromopeptide inside the BFP exhibit a red-shift of the
spectrum, which has mainly a structural origin (breakdown of
the planarity), with small contributions from polarization effects
of the environment. Similar conclusions were reached in the
study of the wt-GFP chromophore.8 The calculated 0.15 eV red-
shift provoked by the nonplanarity of the chromopeptide is in
quite good agreement with the observed red-shift of 0.13 eV
between the unfolded and folded proteins. However, the
experimental and theoretical main absorption peaks still differ
by 0.17 eV. This difference, although small, can be due to
different aspects: (i) errors induced by the use of the local-
density approximation to handle exchange-correlation effects;
(ii) contribution from different protonation states; (iii) temper-
ature-induced local fluctuations of the chromopeptide; and (iv)
errors in the calculation of the exact degree of distortion of the
chromopeptide with the AM1/MM Hamiltonian.

3. Other Protonation States.We repeated the calculations
of the previous section for other possible protonation states of
the chromopeptide. We only mention here the most interesting
cases.

Since the pKa
1 of the chromopeptide is around 4 in solution,

one could think that the cationic state is a possible protonation
state of the chromopeptide. This is true, especially since the
presence of the negatively charged Glu222 can probably shift
the pKa

1 to even higher values. Calculations were, therefore,
prepared for this cationic state by putting His148 in its neutral
state. The resultant QM/MM dynamics/minimization led again
to a nonplanar structure of the chromopeptide but with a DH2
of -11.9°. TDDFT calculations of this structure showed an
absorption maximum at 3.78 eV, significantly red-shifted with
respect to the 4.06 eV of the gas phase. Inclusion of Env. I in
the calculations led to a further red-shift, but of smaller degree,
yielding 3.70 eV. These values are around 0.5 eV higher than
the experimental absorption maximum and, therefore, indicate
that this cationic state is not contributing to the observed optical
properties in the BFP.

The already mentioned pKa analysis seems to indicate that
the anionic state of the BFP is not present in the ground state
of the chromopeptide.3 However, two reasons led us to
investigate further this state: (i) its gas-phase absorption peak
is well within experimental range; and (ii) we could think of
the anionic state as a result of the deprotonation of the neutral
cis-HSD state in the excited state (as it is the case for the neutral
state of the GFP), and formation of a protonated Glu222. In
order for this state to be sufficiently long-lived, it would require
a neutral state for the His148. Thus, we prepared the cis-HSA
state of the chromopeptide with His148 in its HSε neutral state
and Glu222 protonated (neutral charge). The cis-HSA state in
the BFP protein environment showed a smaller deviation from

planarity as compared to the cis-HSD state (-12° versus the
-18.3° of the neutral cis-HSD). The spectra consist of a main
peak at 3.08 eV with a shoulder at 3.33 eV and a higher energy
peak at about 4 eV. The main absorption peak is indistinguish-
able from the main peak of the cis-HSD conformation. In
contrast to the results of the wt-GFP, where the anionic and
neutral states are clearly associated to each of the two main
absorption peaks, the spectra of the BFP by itself cannot
distinguish between the anionic and neutral states.

Still, by looking at the gas-phase data, we conclude that the
other neutral state (HSE), although energetically less stable,
could also be present in the BFP. Furthermore, the main
absorption peak of the gas-phase spectra of HSE is blue-shifted
by only 0.1 eV with respect to the more stable HSD conforma-
tion. We have investigated the cis-HSE conformation, having
the His148 in its neutral HSD state and the Glu222 protonated.
We can think of this structure as generated from cis-HSD by
protonation of Glu222 by the proton at Nδ of cis-HSD, and in
turn, protonation of Nε by His148. Notice that the cis-HSE
structure would be also consistent with the X-ray data in that
Nδ and Nγ atoms maintain a cis conformation. Thus, although
in gas phase the trans-HSE is the minimum of energy, this
conformation is very unlikely in the protein environment.

The spectrum consists of two main absorption peaks at 2.83
and 3.56 eV, which are in less agreement with experiments than
the spectra obtained with the cis-HSD state of the chromophore.
It is remarkable that the red-shift induced by the protein
environment is stronger for the HSE than for the HSD state,
reversing the order of the main absorption peaks from the gas-
phase results. This indicates the importance of treating properly
the environment in the calculation of the optical spectra.

From this discussion, it seems that the cis-HSD is the main
contributor to the experimental optical spectrum of the BFP.
However, the anionic cis-HSA could also be present in the
excited state.

4. Temperature Effects. In the wt-GFP, we know that as
we reduce the temperature from 298 to 77 K, the lower-energy
peak (resulting from the anionic state) shifts to higher energies,
whereas the high-energy peak moves to lower energies.6 We
expect some similar effect to be present in the BFP spectra (note
that the experimental measure was done at 77 K4). A simple
explanation for this shift can be given in terms of the floppy
torsional motion of the imida rings in the case of BFP. By
inspecting the gas-phase calculations shown in Figure 3, we
clearly see that going from the cis to the transition state leads
to a shift to lower energies of the two first peaks of the HSD
and HSA chromophores.

Figure 6. Distribution of DH2 angles from the molecular dynamics
simulation.
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At T ) 0 K, the protein environment induces a rotation of
-19.6(12)° for the neutral (anionic) conformations. To assess
the importance of temperature, we performed a constantT
molecular dynamics simulation of the neutral HSA conforma-
tion. We observed that the chromophore fluctuates quite a lot,
mainly in what concerns the DH2 dihedral angle (see Figure
4). A simple model of the optical spectra at finite temperature
can be obtained by considering the distribution function of the
DH2 angles in the simulation, shown in Figure 6, and assuming
that the spectra for a given dihedral angle can be obtained by
a linear interpolation between the gas-phase spectra for the cis
and the TS (0 and 90°, respectively).3 If we follow this procedure
using the gas-phase data, we realize that the main absorption
peak shifts by about 0.1 eV for both the cis-HSA and HSD
states. The main peak now occurs at 3.18 eV, in very good
agreement with the measured value of 3.21 eV.4 We can follow
the same protocol for the case of the chromophore inside the
protein. If we do so, we get the final results of Figure 7.
Moreover, we witness an additional blue-shift when going from
80 K to room temperature. The very good agreement with
experiment should be taken with some care, as the model used
to treat temperature effects is very crude, and more work is
needed in order to properly include temperature effects into the
optical absorption spectra. However, the present model serves
to illustrate the role of the temperature in the final spectra of
the BFP.

Conclusions

In this work, we studied the excitation properties of the BFP
to disentangle which protonation states are present in vivo. The
main candidate turns out to be a neutral cis configuration.
However, in contrast to the wt-GFP, where anionic and neutral
states yield a distinct peak structure that is responsible for the
double peak in the optical spectra,1,6,8 in the BFP, both anionic
and neutral configurations have very similar spectra. There are
only minor differences in the fine structure close to the main
peak (a shoulder in the HSA is not present in the HSD), while
the major differences occur only at much higher photon
absorption energies. Therefore, from the optical analysis, we
cannot rule out the formation of the anionic HSA configuration
in the excited state. Furthermore, other protonation states (such
as the positive HSP conformer) cannot be present in the BFP

protein as their spectral features are outside the measured
absorption spectra.

We have shown the importance of including the protein-
induced structural changes of the chromophore. This mainly
translates into the breaking of planarity of the otherwise planar
gas-phase structures. Our calculations suggest that this break-
down of planarity could be responsible for the 0.13 eV red-
shift observed between folded and unfolded conformations of
the BFP protein.3 Furthermore, our calculations show a subtle
cancellation of the shielding of the electromagnetic field acting
on the chromophore due to its closest residues. This cancellation
effect shows that the calculated spectra for the isolated (twisted)
chromophore and that for the chromophore in the protein are
nearly identical.

Another important conclusion regards the importance of
temperature-induced fluctuations of the angle between the two
imida rings. Once this effect is taken into account, we get an
additional 0.1 eV blue-shift of the spectra, which brings the
calculated spectrum in very good quantitative agreement with
experiment. Furthermore, this effect might also be the reason
for the small difference between the measured and calculated
neutral conformation of the wt-GFP in our previous calcula-
tions.8 Still, we do not reproduce the fine structure of the spectra,
which can be caused by vibrational sidebands. These effects
are, however, beyond the goal of the present study.

In conclusion, we were able to reproduce the measured
spectrum of the BFP with high accuracy, and we were able to
identify which protonation state of the chromophore is most
likely. These results, together with our previous work on the
wt-GFP, confirm the predictive capabilities of our QM/MM-
TDDFT approach. However, we still lack a complete under-
standing of the excited-state dynamics of protein chromophores.
To have a proper description of those systems would require
an extension of the present QM/MM techniques to allow for a
better description of the environment excitations and the
structural transformations in the excited state. Work along those
lines is already in progress.
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Figure 7. Final comparison between the calculated optical absorption
spectra at 77 K for the cis-HSA and HSD states and experiment.
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