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Absorption and fluorescence spectra of the neutral and anionic green fluorescent protein (GFP) chromo-
phore, namely p-hydroxybenzylideneimidazolidinone (p-HBDI), have been simulated using the
Franck–Condon factors including inhomogeneous broadening of solvent effect. Ground and the first
excited states were calculated by time dependent density functional theory with and without the polar-
izable continuum model environment. Simulated peak of the neutral/anionic p-HBDI at 380 nm
(423 nm)/421 nm agrees with experiment value 370 nm (434 nm)/419 nm for absorption (fluorescence)
spectrum. Simulated width of the neutral/anionic p-HBDI at 0.51 eV (0.54 eV)/0.57 eV agrees with exper-
iment value 0.54 eV (0.66 eV)/0.56 eV for absorption (fluorescence) spectrum.

� 2012 Elsevier B.V. All rights reserved.
1. Introduction

The discovery of the green fluorescent protein (GFP) led to a
new revolution in molecular biology since the middle of the 20th
century, and absorption and fluorescence spectra of GFP have been
widely studied on the molecular level from both theory and exper-
iment. GFP consists of 238 amino acids and its crystal structure
was determined as an 11-stranded b-barrel [1,2]. The GFP chromo-
phore absorbs light energy of a specific wavelength and then
re-emits light as fluorescence at a longer wavelength. Primary
structure of the GFP chromophore is p-hydroxybenzylideneimidaz-
olinone (p-HBDI, see Figures 1 and 2) that is formed from tripep-
tide Serine-65 (Ser65), Tyrosine-66 (Tyr66), and Glycine-67
(Gly67) in the native protein [3,4]. GFP variants may be classified
as several classes based on the difference of their chromophores;
there are wild-type mixture of neutral phenol and anionic pheno-
late, phenolate anion, neutral phenol, and so on [5]. The wild-type
GFP (wt-GFP) has two characteristic absorption bands at room-
temperature; one is a major excitation peak at about 395 nm from
the neutral chromophore and another minor peak is at about
475 nm ascribed to excitation of the anionic chromophore
[5–11]. The equilibrium between these two forms is influenced
by external factors like temperature, PH, and the protein environ-
ment [2,12]. In order to understand a relative contribution of the
neutral and anionic form of the p-HBDI chromophore, many
studies have been carried out to show the influence of the acid–
base properties and the solvatochromic behavior on its absorption
and fluorescence spectra [13–17]. In the present study, we have
ll rights reserved.
introduced inhomogeneous broadening in Franck–Condon simula-
tion [18–21] to treat spectra of the neutral and anionic p-HBDI in
solution. We have calculated equilibrium geometries of both
ground and the first excited states of neutral and anionic p-HBDI
without and with solvent effect, namely the polarizable continuum
model (PCM) [22], by DFT and time dependent density functional
theory (TD-DFT). The combination of PCM and TDDFT methods
has been widely used for computing electronic structure in the
presence of solvent effect [22–24]. However, the interaction be-
tween vibronic excited state of molecule and solvent is key influ-
ence to molecular spectrum and this interaction is taken into
account by inhomogeneous broadening approach in the present
study.
2. Computational details

All calculations were carried out using GAUSSIAN 09 program
package [25]. A primary test calculation was done with both C1

and Cs group symmetry for both ground state S0 and the first
excited state S1. The results show that the imidazolidinone and
phenol rings are almost in the same plane for these two types of
symmetry, and difference is mainly in orientation of the two
methyl groups attached to the imidazolidinone ring. An analysis
of spectroscopy calculation proved that the C1 group symmetry is
correct. Equilibrium geometries of S0 and S1 states were calculated
by density functional theory DFT and time-dependent DFT
(TD-DFT) with the same basis set B3LYP/6-31+G(d), respectively
without and with PCM condition.

Within displaced harmonic oscillator approximation, absorp-
tion and fluorescence coefficients can be analytically derived as
follows [19,21]:
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Figure 1. Optimized geometries of the S0 and S1 states for the neutral p-HBDI using B3LYP/6-31+G(d) and TD-B3LYP/6-31+G(d), respectively; (a) without PCM, (b) with PCM
in methanol solvent and (c) with PCM in THF solvent. The bond lengths in angstrom and angles in degree (parameters in the brackets for S1, otherwise for S0).

T.-w. Huang et al. / Chemical Physics Letters 541 (2012) 110–116 111
haðxÞi /x
Z 1

�1
dtexp itðxba�xÞ�D2

bat2

4
� cbajtj

"

�
X

j

Sjfð2�njþ1Þ� ð�njþ1Þeitxj � �nje�itxjg
#

ð1Þ
and

hIðxÞi/x3
Z 1

�1
dtexp �itðjxbaj�xÞ�D2

bat2

4
�cbajtj

"

�
X

j

Sjfð2�njþ1Þ�ð�njþ1Þeitxj ��nje�itxjg
#

ð2Þ



Figure 2. Optimized geometries of the S0 and S1 states for the anionic p-HBDI using B3LYP/6-31+G(d) and TD-B3LYP/6-31+G(d), respectively; (a) without PCM and (b) with
PCM in methanol solvent. The bond lengths in angstrom and angles in degree (parameters in the brackets for S1, otherwise for S0).
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where xba represents electronically adiabatic excitation energy be-
tween electronic states b and a. �nj ¼ ðe�hxj=kBT � 1Þ�1is the average
phonon distribution and cba represents the homogeneous broaden-
ing parameter. Dba represents inhomogeneous broadening parame-
ter that reflects dynamic interaction between vibronic excited
states of molecule and solvent, and xj is the j-th normal mode
vibrational frequency. The Huang–Rhys factor Sj corresponding to
the j-th normal mode is defined as

Sj ¼
1

2�h
xjd

2
j ð3Þ

where displacement dj is given by

dj ¼ Q 0j � Q j ¼
X

n

Ljnðq0n � qnÞ ð4Þ

The q0n and qn in Eq. (4) are the mass-weighted Cartesian coor-
dinates at equilibrium geometries of the electronic excited and
ground states, respectively. Transformation matrix L in Eq. (4)
can be computed with frequency analysis using G09 programs.

3. Results and discussions

Figure 1 shows the methyl-terminated neutral model chromo-
phore (p-HBDI) in the wt-GFP. Figure 1a shows the optimized
geometries without PCM condition in which the bond lengths
and angles in the S0 and S1 states are very similar for the phenol
ring. The bridge bonds 4C�13C and 13C�15C are single and double
bonds, respectively for both S0 and S1 states; 4C�13C single bond is
slightly shorten and 13C�15C double bond is slightly stretched
from S0 to S1 state, and 4C�13C�15C bridge angle is reduced from
130.1� to 128.3�. It is also shown that from S0 to S1 states the
16C�17N bond is expanded by 0.04 Å, while 17N�16C�20N angle
in the imidazolidinone ring is reduced 3�. The other differences are
about 0.001–0.035 Å for bond lengths and 0.3�–2.1� for angles.
These results are in line with the other calculations reported by
Helms et al. and Polyakov et al. [26,27]. Figure 1b shows the
optimized geometries with PCM condition in methanol (CH3OH,
dielectric constant e = 32.61) in which the bridge bonds are almost
same as those of calculation without PCM conditions, and only
bridge angle 4C�13C�15C is reduced from 130.4� to 129.5�.
Figure 1c shows the optimized geometries with PCM condition in
THF (C4H8O, dielectric constant e = 7.43) in which the bridge bonds
show very slight changes in comparison with the results in
Figure 1a and only bridge angle 4C�13C�15C is reduced from
130.4� to 129.6�. It is basically quite similar for equilibrium geom-
etries calculated with and without PCM condition.

Figure 2 shows the methyl-terminated anionic model chromo-
phore (p-HBDI) in the wt-GFP. Figure 2a shows the optimized
geometries without PCM condition in which the bond lengths
and angles in the S0 and S1 states are also very similar for the



Table 1
Calculated adiabatic 0–0 excitation energies, and vibrational frequencies (in units of cm�1) for the ground state by B3LYP/6-31+G(d) and its corresponding Huang–Rhys factors
(dimensionless vibronic coupling).

Without PCM PCM (methanol) PCM (THF)

Neutral p-HBDI

3.1 eV (399 nm) 2.74 eV (452 nm) 2.8 eV (443 nm)

Mode Freq SHR Mode Freq SHR Mode Freq SHR

m16 1627 0.2353 m16 1621 0.4082 m16 1622 0.3511
m29 1351 0.1352 m29 1348 0.2489 m29 1349 0.2228
m32 1261 0.1197 m32 1261 0.1682 m32 1262 0.1533
m40 1049 0.1940 m40 1048 0.1463 m40 1048 0.1493
m42 1019 0.1725 m42 1025 0.1549 m42 1024 0.1725
m53 720 0.4103 m53 719 0.3590 m53 719 0.3441
m60 517 0.2034 m60 516 0.2794 m60 516 0.2355
m66 337 0.1240 m66 338 0.1823 m66 338 0.1577
m76

a 80 0.0679 m75 79 0.1198 m75 79 0.0977

Anionic p-HBDI

2.81 eV (441 nm) 2.58 eV (480 nm)

Mode Freq SHR Mode Freq SHR

m29
b 1319 0.3672 m17

b 1523 0.5218
m32

b 1202 0.4230 m28
b 1348 0.3841

m38
b 1050 0.7453 m30

b 1288 0.3253
m44

c 930 0.5756 m39
c 1023 0.3215

m55
c 604 0.2017 m51

c 723 0.3418
m64

c 276 0.7648 m54
c 633 0.2398

m65
c 247 0.3368 m58

c 514 0.3299
m60

c 455 0.3223
m63

c 337 0.4184
m72

c 78 0.3806

a This vibration mode is equal to number 75 in methanol and THF solvents.
b Vibration modes unrelated with oxygen atoms.
c Vibration modes related to oxygen atoms.

Figure 3. Absorption spectra of the neutral p-HBDI measured and calculated at
temperature T = 298 K. Vertical bars stand for adiabatic 0–0 excitation energy
positions and C for spectral widths. Homogeneous and inhomogeneous broadening
parameters are chosen as 10 cm�1 and 800 cm�1 in Franck–Condon simulation. (a)
Experiment data from Ref. [15]; (b) with PCM in methanol solvent and (c) without
PCM (equilibrium geometries calculated from B3LYP and TD-B3LYP); (d) without
PCM (equilibrium geometries calculated from HF and CIS methods).

Figure 4. Fluorescence spectra of the neutral p-HBDI measured and calculated at
temperature T = 77 K. Vertical bars stand for adiabatic 0–0 excitation energy
positions and C for spectral widths. Homogeneous and inhomogeneous broadening
parameters are chosen as 10 cm�1 and 400 cm�1 in Franck–Condon simulation. (a)
Experiment data from Ref. [16]; (b) with PCM in methanol solvent and (c) without
PCM (equilibrium geometries calculated from B3LYP and TD-B3LYP); (d) without
PCM (equilibrium geometries calculated from HF and CIS method).
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phenol ring. The bridge bonds 4C�12C and 12C�14C are conjugate
bonds for S0 state and conjugate and double bonds for S1 state;
4C�12C conjugate bond is slightly elongated and 12C�14C conju-
gate bond is shortened from S0 to S1, and bridge angle
4C�12C�14C is reduced from 132.2� to 129.8�. It is also shown
that the 15C�16N bond and 16N�15C�19N angle in the imidazo-
lidinone ring are expanded by 0.014 Å and 1.7� from S0 to S1 state,
respectively. The other differences are about 0.001–0.022 Å for
bond lengths and 0.1–2.5� for angles. These results are very similar
to other calculations reported by Helms et al. [26], Polyakov et al.
[27], and Olsen and Smith [28,29]. Figure 2b shows the optimized
geometries with PCM condition in methanol (CH3OH, dielectric
constant e = 32.61) in which the bridge conjugate bond 4C�12C
and 12C�14C double bond are elongated from S0 to S1; and the



Figure 5. Absorption spectra of the anionic p-HBDI measured and calculated at
temperature T = 298 K. Vertical bars stand for adiabatic 0–0 excitation energy
positions and C for spectral widths. Homogeneous parameter is chosen as 10 cm�1

and inhomogeneous broadening parameters are chosen as 350 cm�1 and 800 cm�1

for vibration modes related and irrelated to oxygen atoms in Franck–Condon
simulation, respectively. (a) Experiment data from Ref. [16], (b) with PCM in
methanol solvent and (c) without PCM (equilibrium geometries calculated from
B3LYP and TD-B3LYP for S0 and S1 states, solid). Spectra of the vibrations related to
oxygen atoms (dashed lines) and spectra of the vibrations unrelated to oxygen
atoms (dotted lines).
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bridge angle 4C�12C�14C is the same as it is shown in Figure 2a
for the calculation without PCM condition. The present calculations
Table 2
Calculated and observed vertical excitation energies (eV) and corresponding oscillator stre

Method DE/eV
(nm) without PCM

Neutral p-HBDI
Exp. 3.13(395) [9]
TD-B3LYPa 3.45
MCSCF/MCQDPT [26] 2.88
EOM-CCSD//RI-MP2 [27] 4.12
SOS-CIS(D)//RI-MP2 [27] 3.83
XMCQDPT2//DFT(PBE0) [27] 3.31
INDO/S-CIS [31] 3.24
SAC-CI [34] 3.33
BLYP [35] 2.99
B3LYP [35] 3.46
SAOP [35] 3.20
CASPT2//CASSCF [35] 3.58
EOM-CCSD [35] 4.00
NDDO-G [36] 3.47
Anionic p-HBDI
Exp. 2.60(475) [9]
Exp. 2.78 (446) [36]
Exp. [17] 2.57
TD-B3LYPa 3.06
TD-B3LYP [17] 2.59
CIS [26] 4.37
EOM-CCSD//RI-MP2 [27] 3.10
XMCQDPT2//DFT(PBE0) [27] 2.51
CASPT2//CASSCF [30] 2.51
CASPT2//CASSCF [32] 2.672
SAC-CI [34] 2.39
BLYP [35] 2.89
B3LYP [35] 3.09
SAOP [35] 2.93
EOM-CCSD [35] 3.04
NDDO-G [36] 2.70

a The present calculations.
agree well with Garavelli and Negri’s results [30]. However, for the
anionic chromophore it is quite different for equilibrium geome-
tries calculated with and without PCM condition.

Next, we have carried out frequency calculations for the equilib-
rium geometries of neutral/anionic S0 and S1 states, and all 78/75
vibrational normal-mode frequencies are positive (this means that
we got correct local minima for S0 and S1 states). Only nine/seven
(nine/ten) normal modes out of 78/75 without PCM (with PCM in
methanol) shown in Table 1 play important role for spectra with
significant figures of vibronic couplings expressed in terms of
Huang–Rhys factors (SHR), and its magnitudes vary from 0.24/
0.76 to 0.07/0.20 for the neutral/anionic p-HBDI geometries calcu-
lated without PCM (see Figures 1a and 2a), and from 0.4/0.52 to
0.12/0.24 for the geometries calculated with PCM in methanol
(see Figures 1b and 2b), respectively. The distributions of these
nine Huang–Rhys factors for the neutral p-HBDI are basically sim-
ilar for the equilibrium geometries calculated without and with
PCM condition, and this means that the profiles of spectra would
be similar too (see Figures. 3 and 4); while the Huang–Rhys factor
distributions for the anionic p-HBDI are quite different for the
equilibrium geometries calculated without and with PCM condi-
tion, and this implies that the profiles of spectra would be different
too (seen in Figure 5). We have computed adiabatic excitation
energies (corresponding to 0–0 vibronic transition) and we found
that they are quite different for the calculation with and without
PCM condition; B3LYP calculation estimated the adiabatic excita-
tion energy for the neutral/anionic p-HBDI as 3.1 eV (399 nm)/
2.81 eV (441 nm) without PCM, and as 2.74 eV (452 nm)/2.58 eV
(480 nm) and 2.8 eV (443 nm) with PCM in methanol and THF,
respectively. It should be noted that the 0–0 excitation energy is
not corresponding to the peak position in spectra as existence of
significant vibronic coupling. For the neutral p-HBDI, Table 1 shows
ngths f1 and f2 for S1 transition without and with PCM in methanol.

f1 D/eV
(nm) with PCM

f2

3.51(353) [13]
0.7 3.31 0.8

0.82
1.10
0.51

0.735
0.00
0.66
0.94

1.13 3.43 1.12

2.96(419) [16]

2.91
1.0 2.95 1.08
0.0003

1.25
1.19

2.69 (in water)
0.35
0.887
0.77
0.92
0.80

1.38 2.86 1.30
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that mode v16 with larger Huang–Rhys factor has the biggest vibra-
tion frequency about 1620 cm�1 (0.2 eV), thus peak position of
spectrum may shift about 0.2 eV from its 0–0 excitation energy
plus inhomogeneous broadening of solvent effect; while for the
anionic p-HBDI, peak position of spectrum may shift about
1319 cm�1 (0.16 eV) without PCM and 1523 cm�1 (0.19 eV) with
PCM from its 0–0 excitation energy plus inhomogeneous broaden-
ing of solvent effect, respectively. On the other hand, vertical exci-
tation energy calculated at local minimum of ground state S0 is
larger than its corresponding adiabatic excitation energy, and
sometime this vertical excitation energy is regarded as peak posi-
tion of spectrum. This is held only when the certain vibronic mode
with the largest Huang–Rhys factor has right vibration frequency,
but this is not generally happening. Table 2 shows that the present
calculation of the vertical excitation energy for the neutral/anionic
p-HBDI and it is 3.45 eV/3.06 eV without PCM, and 3.31 eV/2.95 eV
with PCM in methanol, respectively. This corresponds to pure exci-
tation from HOMO to LUMO. The corresponding oscillator strength
in the present calculation shows similar value 0.7/1.0 without PCM
and 0.8/1.08 with PCM for the neutral/anionic p-HBDI, respec-
tively. The present calculations for the vertical excitation energy
and oscillator strength agree with the other calculations without
and/or with PCM in literatures [17,24,26,27,31–36]. It is interesting
to note that vertical excitation energies from calculations are high-
er (higher or lower) than that of experimental measurement for the
neutral (anionic) p-HBDI as shown in Table 2. However, the present
simulation from Franck–Condon factors in Eqs. (1) and (2) is based
on adiabatic excitation energy as shown in Table 1 and it predicts
more reliable peak position of spectrum than the vertical excita-
tion energy does.

Absorption and fluorescence spectra of the neutral p-HBDI were
simulated first using Franck–Condon method with consideration of
inhomogeneous broadening of solvent effect [18–20], in which the
adiabatic excitation energies (0–0 transition) and corresponding
Huang–Rhys factors in Table 1 were utilized in Eqs. (1) and (2).
Absorption spectrum of the neutral p-HBDI from experiment mea-
sured at room temperature T = 298 K in methanol–water (1/1 vol)
exhibits absorption peak and width at 3.35 eV (370 nm) and
0.54 eV [15]. The other experiment measurements with various
solvents exhibit the absorption peaks varied from 360 nm to
373 nm [13]. The present simulation for absorption was carried
at T = 298 K, and the results in Figure 3b and c show absorption
peak and width at 2.98 eV (416 nm) and 0.61 eV with PCM and
at 3.26 eV (380 nm) and 0.51 eV without PCM. Fluorescence spec-
trum of the neutral p-HBDI from experiment measured at temper-
ature T = 77 K in non H-bonding 2-methyl THF glasses solvent
exhibit peak and width at 2.85 eV (434 nm) and 0.66 eV [16]. The
present simulation for fluorescence was carried at T = 77 K, and
the results in Figure 4b and c show fluorescence peak and width
at 2.62 eV (474 nm) and 0.64 eV with PCM and at 2.93 eV
(423 nm) and 0.54 eV without PCM. The second peak appeared in
primary shoulder band of fluorescence spectrum was also repro-
duced by the present calculation. In order to compare the calcula-
tion with TD-DFT method, we carried out Hartree–Fock (HF)
calculation for the ground S0 state and configuration interaction
singles (CIS) calculation for the first excited S1 state using 6-
31+G(d) basis set, and the spectral simulation shows absorption
(fluorescence) peak as 276 nm (378 nm) which is far from corre-
sponding experiment value 370 nm (434 nm) as depicted in Fig-
ures 3d and 4d. This indicates that the correlation interaction
plays very important role for spectral simulation in the neutral
p-HBDI. We have checked the present calculation with the other
two more density functionals, namely B3LYP-35 and BH and HLYP,
for spectral simulation with and without PCM environment, and
the results are basically similar to the B3LYP calculation.
Then, we simulated the absorption spectrum of the anionic p-
HBDI using Franck–Condon factors. We estimated that partial
charges around oxygen atoms become more negative in the anio-
nic p-HBDI form than in the neutral p-HBDI form. Therefore, we as-
sume that different inhomogeneous broadening of solvent effect
must be taken into account for the vibration modes related and
unrelated to oxygen atoms. This fact can be seen from Table 1
where vibronic-coupling modes are almost unchanged for the neu-
tral p-HBDI with and without PCM, while they are changed a lot for
the anionic p-HBDI. Inhomogeneous broadening parameter for
vibration modes unrelated to oxygen atoms is chosen the same
as the neutral p-HBDI as 800 cm�1, and it is chosen as 350 cm�1

for vibration modes related to oxygen atoms for the anionic
p-HBDI. The adiabatic excitation energy (0–0 transition) and
corresponding Huang–Rhys factors in Table 1 were utilized in
Franck–Condon simulation in Eq. (1). The absorption spectrum of
the anionic p-HBDI from experiment measured at room tempera-
ture T = 298 K in H-bonding methanol solvent exhibits absorption
peak and width at 2.96 eV (419 nm) and 0.56 eV [16], and the other
experiment measurement in methanol solvent exhibits absorption
peak and width at 428 nm and 0.50 eV [13]. The present simulation
was carried at T = 298 K, and the results are shown in Figure 5b and
c for absorption peak and width at 2.73 eV (455 nm) and 0.56 eV
with PCM in methanol and at 2.95 eV (421 nm) and 0.57 eV
without PCM. An overall spectral intensity in Figure 5b and c is
calculated by the intensity related oxygen-atom vibrations plus
the intensity unrelated to the oxygen-atom vibrations multiplied
the ratio of these two spectral widths.
4. Concluding remarks

We have demonstrated that the peaks and widths of absorption
and fluorescence spectra of the neutral and anionic p-HBDI are
determined by combination of three factors in Franck–Condon
simulation; vibronic coupling distributions, adiabatic excitation
energies and inhomogeneous broadening of solvent effect. The
equilibrium geometries of ground and excited states simulated
with and without PCM are almost same for the neutral p-HBDI,
but quite different for the anionic p-HBDI form. This difference
leads to difference of vibronic coupling distributions with and
without PCM. However, adiabatic excitation energy is sensitive to
choice of PCM with different solvents for both neutral and anionic
p-HBDI. Including the inhomogeneous broadening in Franck–Con-
don factors, we finally reproduced the spectral peaks and widths
for both absorption and fluorescence well.
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