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Theoretical studies on the isomerization mechanism of the ortho-green
fluorescent protein chromophorew
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We present a systematic theoretical investigation on the overall ground state and excited-state

isomerization reaction mechanism of ortho-green fluorescent protein chromophore (o-HBDI)

using the density functional theory and the multireference methods. The calculated results and

subsequent analysis suggest the possible isomerization mechanism for o-HBDI. By comparison

with experimental observation and detailed analysis, it is concluded that as initiated by the

excited-state intramolecular proton transfer reaction, the conical intersection between the ground

state and the excited state along the C4–C5 single-bond rotational coordinate is responsible for

the rapid deactivation of o-HBDI.

Introduction

The fascinating applications of the green fluorescent protein

(GFP) in bio-imaging technology have inspired numerous

experimental and theoretical studies.1–3 As an analogue of the

native GFP core (4-(4-hydroxybenzylidene)-1, 2-dimethyl-1H-

imidazol-5(4H)-one, labelled as p-HBDI in Fig. 1), o-HBDI

now gains much attention because of its special photochemical

properties.4–7 Several important differences have been observed

between the p-HBDI and o-HBDI. The most important is that

the o-HBDI possesses a seven-membered-ring intramolecular

hydrogen bond, which thus provides an ideal model for

mimicking an intrinsic excited state proton transfer reaction

that dominates the photophysics of wild type GFP with the

assistance of water molecules and residues in the active site.8

Chen et al. first reported that there was a strong red-shifted

emission spectrum atB605 nm of o-HBDI in nonpolar solvents

compared to the protein free p-HBDI, in which the excited-state

proton transfer (ESPT) is prohibited and an extremely weak

emission is observed.4 The excited-state intramolecular proton

transfer (ESIPT) was assigned between the o-OH and N atom

of the imidazolinone ring (see structure ‘‘E’’ in Fig. 1).5

In addition, due to structural change of the chromophore

core, the excited-state relaxation dynamics was proposed to be

different. For p-HBDI, it has been widely proposed that the

rapid deactivation of p-HBDI is mainly governed by an

efficient conical intersection between the ground and excited

states induced by conformational relaxation along the cis–trans-

isomerization.3,9–13 While for o-HBDI, based on various ultra-

fast spectroscopic techniques, a proton transfer cycle was

suggested, composed of ‘‘ESIPT - cis–trans isomerization -

deprotonation - reverse ground-state protonation’’.5 The

cis–trans isomerization yield was estimated to be less than 5%

and more than 95% of the excited state o-HBDI decay to the

ground state. In another aspect, the rigid intramolecular hydrogen-

bonding confines the rotation of the exocyclic CQC bond and

results in controversial isomerization pathways, namely one-bond-

flip (o-HBDI) versus the hula-twist (p-HBDI) mechanism.5,14,15

Since the intrinsic structural variation gives unique photo-

chemical properties of o-HBDI in contrast to p-HBDI, a

detailed study of the molecular/electronic structure is the first

step for understanding the photophysical and photochemical

properties of o-HBDI. Many efforts based on quantum

chemical calculations and dynamical simulations have been

devoted to the photophysics and photochemistry of p-HBDI

in vacuum, solution and proteins.3,12,16–18 In contrast, much

less theoretical focus has been paid on o-HBDI. Very recently,

Thiel and coworkers have investigated the absorption and emission

spectra by quantum mechanical calculations at various levels, as

well as OM2/MRCI nonadiabatic surface hopping simulations.19

They found that the ultrafast excited-state intramolecular

proton transfer, followed by the approach of a conical inter-

action, is responsible for the decay of the excited state

o-HBDI. However, the full isomerization cycles in both the

ground state and the excited state have not been studied, and

the solvent effects were not considered that may affect the
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vibrational activity and photodynamics of the chromophore.12

In view of these perspectives, we used the density functional theory

(DFT), complete active-space self-consistent field (CASSCF) and

complete active space with second-order perturbation theory

(CASPT2) methods to study the excited-state relaxation path

and isomerization mechanism of the free o-HBDI chromophore

in vacuo and solution. We show a clear mechanistic picture of

the isomerization process and also the fluorescence decay

channel of o-HBDI.

Computational details

All stationary points (including transition states) of the

ground states were optimized at the DFT level with the

B3LYP hybrid functional.20 The minima and transition states

were verified by calculating harmonic vibrational frequencies.

Since the complete p-system for o-HBDI is too large and expensive

for CASSCF calculations, the excited state geometries were

optimized using the CASSCF method with a reduced active

space of 12 electrons in 11 p-orbitals [denoted as CAS(12,11)],

which is widely used in former theoretical calculations.11,12 In

order to obtain more reliable energies, single-point calcula-

tions were performed at the multiconfigurational second-order

perturbation theory (CASPT2)21 level at the optimized

CASSCF geometries. The vertical excitation and emission

energies and their oscillator strengths were calculated by the

time-dependent density functional theory (TDDFT) method.

To consider the solvent effect, the polarizable continuum model

(PCM)22–24 for the acetonitrile solvent is applied. A standard

6-31G(d) basis set was used throughout the calculations.25,26 All

the calculations were carried out by using the Gaussian 09

package27 and the MOLCAS 6.4 quantum chemistry software.28

Results and discussions

Isomerization in the ground state

In the present work, two torsional angles F (C10C5C4C3) and

t(C5C4C3C2) as defined in ref. 11 are used to describe the

rotation of the C5–C4 and C3QC4 bonds. With the rotation

around the two ring-bridging C–C bonds, the isomerization of

o-HBDI can produce several tautomers. As shown in Fig. 1,

eight possible chemical tautomers of the o-HBDI molecule were

studied. The ground-state optimized structural parameters for

the energy minima and transition states are presented in Fig. 2

and Fig. 3, respectively, and the relative energies are listed in

Table 1.

Structure A of the o-HBDI molecule is the most stable one

among all the tautomers because of its strong hydrogen bond

(1.65 Å) between C6–OH and the N2 atom, see Fig. 2. This

intramolecular hydrogen-bonding forms a seven-membered

ring and keeps the structure A to be planar. Starting from

structure A, the C4–C5 single-bond rotation around angle F

Fig. 1 Schematic structures of p-HBDI and o-HBDI, and possible

isomerizations between different tautomers of o-HBDI.

Fig. 2 Optimized structural parameters of tautomers for o-HBDI in the

ground state predicted at the B3LYP/6-31G(d) level. The geometrical

parameters are given in Å.
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leads to the planar structure B that is 9.53 kcal mol�1 higher

than A. We optimized the transition state between these two

isomers, which is labeled as AB-TS in Fig. 3. The torsional

angle F is 891 in AB-TS and the isomeric barrier from A to B is

about 15 kcal mol�1. These results suggest that structure B

cannot be observed at room temperature, and B will decay to

A rapidly. Subsequent rotation from structure B to C has a

much higher reaction barrier (38.28 kcal mol�1) with the angle

t of 961. The same situation holds for the rotation between A

and D with the barrier of around 47 kcal mol�1. It is obvious

that one double bond (C3QC4) has to be broken during these

two isomerization processes. For example, the C3QC4 double

bond is 1.359 Å at B and elongated to 1.466 Å in BC-TS.

As shown in Fig. 3, the torsional angle of structure CD-TS and

AD-TS is 901 and 1001, respectively. Structures C and D are

nonplanar with a relative energy of 12.71 and 7.13 kcal mol�1,

respectively. The isomeric barrier between C and D with angle

F is only 3.82 kcal mol�1. In contrast to concerted hula-twist

type of motion for p-HBDI,14,15 the present results suggest

that the possible isomerization of o-HBDI in the ground state

follows the C4–C5 single-bond rotation mechanism around

angle F to access structure B.

It is worth mentioning that structure D also forms a seven-

membered ring with intramolecular hydrogen-bonding

between C6–OH and the O1 atom, thus hydrogen transfer

may take place from C6–OH to O1 or C3, called (1–7) or (1–5)

hydrogen transfer, respectively. However, the former is much

easier than the latter due to its lower energy barrier (8 kcal mol�1

vs. 36 kcal mol�1), see ESIw for details.

The intramolecular proton transfer between C6–OH and N2

results in structure E, which is unstable in the ground state and

has the energy of 10.32 kcal mol�1, see Fig. S2 (ESIw). Similar

to the upper cycle in Fig. 1, the isomerization of E is presented

in the lower cycle. Compared to structure A, on the one hand,

the tautomers of structure E (F, G, H) have high energies, so

do the transition states between them. One can see from Fig. 2,

instead of the alternating single and double bond property, the

linking carbon-bridge is much more delocalized in these

tautomers. On the other hand, different from the isomerization

mechanism of structure A, the transition states along angle t,
like FG-TS and EH-TS, have lower reaction barriers than

EF-TS and GH-TS (along angle F). However, in the ground

state, due to the high reaction barrier, it is impossible for the

conversion of E isomer into either F or H.

Based on the above results, we then optimized the structures

with the inclusion of solvent effect by the PCM model. The

calculated relative energies are presented in Table 1, and one

may see structural information in ESI.w The solvent inter-

actions stabilized both the tautomers and the transition states

with lower relative energies, as shown in Table 1. Especially

for the lower cycle in Fig. 1, due to the solvent effects, there is a

significant drop in the energy of tautomer E, F, G, H and their

transition states. However, the rotational barrier along angle t
is still much higher compared to the C4–C5 single-bond

rotation mechanism, and this is may be the reason for the

convergence problems in BC-TS and AD-TS.

Isomerization in the excited-state and excited-state

relaxation pathway

Experimentally, the steady-state absorption peak of o-HBDI

in acetonitrile is around 380 nm.5 We calculated the vertical

excitation energy of o-HBDI in the acetonitrile solution by the

TDDFT-PCM method. As shown in Table 2, the calculated

value, 3.39 eV (365.53 nm, f = 0.3851), is in good agreement

with the experiment. Upon excitation by light with 385 nm in

wavelength, o-HBDI is promoted to the first excited state S1.

Hsieh et al. proposed that ESIPT takes place immediately

(o25fs) upon excitation and results in a proton-transfer tautomer

with emission at 602 nm.5 In their TDDFT optimization, they

failed to locate the minimum of the excited state of o-HBDI

and thus deduced that this ESIPT is barrierless along the

Fig. 3 Optimized structural parameters for transition states in the

ground state at the B3LYP/6-31G(d) level. The geometrical para-

meters are given in Å and degrees.

Table 1 Relative energies for the ground state o-HBDI in vacuum
and acetonitrile solution

Structure
B3LYP/6-31G(d) kcal
mol�1 vacuum (PCM) Structure

B3LYP/6-31G(d) kcal
mol�1 vacuum (PCM)

A 0.00 (0.00) AB-TS 15.04 (14.03)
B 9.53 (8.84) BC-TS 47.81
C 12.71 (12.14) CD-TS 16.53 (15.48)
D 7.13 (7.20) AD-TS 47.48
E 10.32 (5.47) EF-TS 49.64 (36.40)
F 28.96 (16.88) FG-TS 46.68 (40.03)
G 27.21 (16.32) GH-TS 64.04 (39.56)
H 36.49 (23.32) EH-TS 49.69 (43.43)
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reaction coordinate.4 The former CC2/TZVP S1 geometry

optimization starting from the Franck–Condon (FC) S0 geometry

(A) ends up at the proton-transfer S1 minimum (E*), indicating a

barrierless ESIPT process.19 Our TDDFT optimization from the

FC S0 geometry of o-HBDI also gets its ESIPT tautomer (E*) with

an energy of 2.14 eV above the ground state of E.

However, in our CASSCF calculations, we indeed found the

minimum structure of the S1 state of o-HBDI which is A-S1 in

Fig. 4. The excitation mainly locates in the phenyl ring, linking

bridge and partly the imidazolinone ring; and the relative

energy is 75.68 kcal mol�1 by a CASPT2 single point energy

calculation, with the inclusion of solvent effect through the

PCM method. The involved transition orbitals are visualized

in Fig. S3 (ESIw). The CASSCF calculated S0 and S1 permanent

dipole moment at the FC point is 3.69 and 6.71D, respectively,

indicating the partial charge-transfer character for the S1 state,

as proposed by a previous theoretical study.19 The optimized

structure of the corresponding ESIPT tautomer (E-S1) is also

shown in Fig. 4. It is 12.18 kcal mol�1 more stable than A-S1
in solution. We attempted to locate the transition state along

the proton transfer coordinate, which is A-E-TS-S1 in Fig. 4,

with the O–H distance of 1.128 Å and a corresponding

imaginary frequency of 1107.9i cm�1. It is only about 3 kcal mol�1

above the minimum A-S1 at the CASSCF/6-31G(d) level in

vacuum, see Fig. S4 (ESIw). The CASPT2 single-point corrected

energy of A-E-TS-S1 is 69.91 kcal mol�1 in solution, i.e., almost

6 kcal mol�1 below the corresponding value for A-S1 (see Table 3).

On the basis of these more reliable CASPT2 results, we

conclude that the ESIPT in the excited state of o-HBDI can

be considered to be a quasi-barrierless process, consistent with

the experimental finding that is completed with 25 fs5 and also

the former CC2/TZVP results.19

Previous experiment has also resolved a steady-state emission

peak of o-HBDI in acetonitrile at 602 nm,5 which was tentatively

assigned to the emission from the state E*. Our computed

emission energies and oscillator strengths of all relevant states in

acetonitrile at the PCM//TDDFT//B3LYP/6-31G(d) level are

listed in Table 2. From the computed results, it could be suggested

that the ESIPT tautomer of o-HBDI should be a possible emitter

since its calculated emission energy (2.25 eV) agrees well with the

experiment (2.06 eV), implying the nature of the emission to be the

E-S1 state, whereas the A-S1 has very high energy (2.95 eV). That

is to say, upon electronic excitation, the ultrafast ESIPT process

takes place and the excited o-HBDI (A*) turns into its ESIPT

tautomer (E*). The experimental hypothesis is thus verified and

complemented by our theoretical calculations.

Initiated by the excited-state intramolecular proton transfer

reaction, the proton transfer isomer may undergo isomeriza-

tion in the excited state. For the sake of computational

efficiency, we first did the TDDFT excited-state geometry

optimizations with fixed values of F angles along the reaction

coordinate and the scanned energy profile is represented in

Fig. 5. One can see that along the rotation of F angle,

the energy of the excited state S1 decreases slowly, while that

of the ground state S0 increases sharply. At the twisted

Table 2 Calculated vertical excitation and emission energies at the
TDDFT/PCM//B3LYP/6-31G(d) level in acetonitrile

Absorption structure TDDFT/PCM//B3LYP/6-31G(d) (eV) f

o-HBDI (A) 3.39 0.3851
H 2.56 0.2540
H(anion) 2.63 0.2607
F 2.63 0.5763
F(anion) 2.73 0.5790

Emission structure TDDFT/PCM//B3LYP/6-31G(d) (eV) f

o-HBDI(A*) 2.95 0.2994
o-HBDI-ESIPT(E*) 2.25 0.2008

Fig. 4 Optimized structural parameters for the minimum, transition

states and conical intersection in the excited state predicted at the

CASSCF/6-31G(d) level. Bond lengths and dihedrals are given in Å

and degrees, respectively.

Table 3 CASPT2/PCM//CASSCF single point energies for the o-HBDI
in acetonitrile solution

Structure
CASPT2/PCM//
CASSCF kcal mol�1 (eV)

A-S1(A*) 75.68 (3.28)
E-S1(E*) 63.50 (2.75)
A-E-TS-S1 69.91 (3.03)
CI 57.25 (2.48)

Fig. 5 TDDFT optimized energy profile for the S0 and S1 states

along the torsional angle F.
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geometry of 1301, both the ground and excited states potential

energy surfaces approach toward each other and the energy

difference is only 4.13 kcal mol�1 at the TDDFT/B3LYP/

6-31G(d) level. Base on above calculations, we speculate there

should be a conical intersection between the ground and

excited states at this region and it may give rise to a rapid

internal conversion process similar to the exited-state relaxa-

tion of free p-HBDI.9–11 Further support was then given by the

CASSCF calculations. Since the direct optimization of conical

intersection with large active space is time-consuming and

beyond the limited computation resources, we used a relatively

small active space CAS(8,7) to optimize the conical intersection

(CI). The optimized structure is shown in Fig. 4. The F angle is

about 1121 in CI and the relative energy is 49.27 kcal mol�1 by

single-point calculation at the CASPT2//CASSCF(12,11)/

6-31G(d) level. We provide the CASPT2 single-point energies

for the S0 and S1 states at the CI point for both small CAS(8,7)

and the standard CAS(12,11) space in ESI.w The S0–S1 energy

gap at the CI point indicates that the conical intersection is only

5.6 and 5.8 kcal mol�1 at the CASPT2//CASSCF(12,11) level in

vacuum and solution, respectively.

It is worth mentioning that compared to the gas phase, in

solution environment, the geometrical or charge changes

induced by solvent may drive an alternative relaxation channel

that is different from that preferentially followed in the gas

phase. Altoe et al.12 proposed that in contrast with the

favoured single CC bond rotation mechanism in the gas phase,

the channel upon rotation around the exocyclic CC double

bond is the dominant radiationless decay pathway for the

HBDI chromophore in solution.

Here, we also investigated the excited-state photoisomeriza-

tion along the rotation of t angle. The excited-state energy

increases along with the rotational coordinate and is highly

above the ground state, see Fig. S5 in ESI.w If we compared with

p-HBDI and o-HBDI, because of the strong intra-molecular

hydrogen bonding between C6–OH and N2 atoms, the torsional

coordinate along the t angle is significantly hindered, leading to

relatively high rotational barriers.

To summarize, we draw the possible isomerization mechanism

in Fig. 6. After the ESIPT process in the first singlet excited state,

through the C4–C5 single-bond rotation around angle F, the
potential energy surface of E* finally meets the ground state

potential energy surface at the CI point and then the following

rapid internal conversion process produces the ground state

product E. Since the ground state hydrogen transfer from E to

the tautomer A is barrierless finally the whole excited-state

deactivation ended in A. This is in agreement with experimen-

tally >95% recovery of the stimulated emission at the early

130 ps time regime.5 However, there was still a small portion,

about 5%, of the long-lived trans-tautomer detected. Hsieh

et al. proposed this ground-state trans-tautomer to be struc-

ture H and which is then deprotonated, forming an anion

species (H-anion) in a polar solvent.5 In our calculation, the

possibility of formation of the H product is low because of the

relatively high barrier (EH-TS) in the ground state, see

Table 1. On the other hand, tautomer E may also overcome

transition states EF-TS to form product F in the ground state.

However, the reaction barrier is very high in the ground state.

However, the isomerization from E to F in the excited state is

along the rotational coordinate of F angle which is in

consistent with the CI point. The structure of EF-TS is similar

to the CI point with several different torsional parameters. If

we compared the energies computed at the same level, the EF-TS

(49.64 kcal mol�1) is close to the CI point (around 40 kcal mol�1

at TDDFT/B3LYP/6-31G(d) level, see Fig. 5). Thus, we

cannot rule out the possible excited-state deactivation channel

via the CI point and subsequent ground-state isomerization

along F angle, leading to tautomer F. The calculated vertical

absorption energy of H and F and also their anion species are

shown in Table 2. For other tautomers, see Table S1 (ESIw).
From the computed absorption energies and oscillator

strengths we exclude the H and F molecules from the possible

absorption spectrum at 570 nm. The experimentally observed

570 nm absorption might come from the intermediate struc-

ture during the cis–trans isomerization. On the other hand,

the anion forms of A, tautomer F and its anion forms could

both be possible candidates responsible for the absorption at

490 nm.

Further, we give a comparison of the calculated results in

this work and ref. 19. First, we considered both F and t
rotations in the ground state and also the excited state.

Second, for the conical intersection point, in Cui et al.’s

calculations, the conical intersection is said to be geometrically

close to E* and lies 5.5 kcal mol�1 above E*. In our work, the

structure of CI is similar to that reported in ref. 19. However,

the calculated PES along the reaction coordinate indicates that

it is barrierless from E* to the CI point. This deviation may

come from the symmetric restriction of S1-MIN in ref. 19.

Third, in ref. 19, the observed 5% trans conformer is supposed

to be produced by a ground-state isomerisation from A to B

with a barrier of 15 kcal mol�1. However, for tautomer B,

our computed absorption energy (3.3084 eV, 374.76 nm) is

totally deviated from the experimental observations (570 nm

and 490 nm). In contrast, we proposed the possible population

of trans conformer F which is driven by excited-state isomer-

ization along angle F. The major concern in our present

work is that we investigate the solvent effect on the deactiva-

tion channels of the o-HBDI in solution, which is not con-

sidered in ref. 19.

Fig. 6 Isomerization mechanism and excited-state deactivation pathway

for o-HBDI along the relaxation coordinates.
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Conclusions

By means of the density functional theory (DFT) and multi-

reference methods, we studied the ground-state and excited-

state isomerization mechanism and the excited-state relaxation

pathway of the ortho-green fluorescent protein chromophore

(o-HBDI). The isomerization of o-HBDI mainly follows the

C4–C5 single-bond rotation mechanism. By comparison with the

experimental observations and detailed analysis, we present a

hypothesis that can be accomplished in the following steps: upon

the excitation of the 380 nm band, the o-HBDI is excited to its first

singlet excited state A*, and an ultrafast excited-state intra-

molecular proton transfer reaction produces its ESIPT tautomer

E*, the latter is assigned to an experimental emission peak at

602 nm. The subsequent conical intersection (CI) between the

ground-state and the excited-state along the C4–C5 single-bond

rotational coordinate is responsible for the rapid deactivation

pathway of o-HBDI, while isomerization near the CI point

leads to the product of F isomer in the S0 state. The inclusion of

the solvent effects is crucial to the isomerization process in both

the ground and excited states.
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