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Can the fluorescence quantum yield be enhanced by
introducing the benzene ring to the blue fluorescent protein
chromophore?

Bing Liu (XII7K)", Qi Wei(FL55)", Ruihu Tao(F % 1%)", Pengjie Gao(i M ZS)", Panwang Zhou (1%
IFF)?, Chaozhuo Liu(XIiEE )", Li Zhao(#4 )",

Abstract. The green fluorescent protein (GFP) has been widely used in biochemical and biological fields for
its strong fluorescence emitting property. The effective fluorescence emitting property lies in its
chromophore P-HBI. Compared with GFP, the low fluorescence quantum yield (0.2 vs. 0.8 of GFP) of the wild
blue fluorescent protein (BFP) restrict its extensive applications. In order to enhance the fluorescent
quantum vyield of BFP, numerous attempts have been executed to modify the molecular configuration such
as introducing the intramolecular hydrogen bond (IHB) or benzene ring to the parent structure. In the
present work, we employed the high-level quantum chemistry calculation method CASSCF to investigate the
excited state deactivation mechanism of 4-BFP, which is a newly synthesized BFP chromophore derivative by
introducing a benzene ring to the five-membered heterocycle attempting to increase the fluorescence
quantum vyield. By combination of the optimization of stable electronic structures, scanning of potential
energy surfaces and construction of energy profile, we found that the fluorescent quantum yield could not
be enhanced for the 4-BFP molecule. One minimum energy conical intersection was located between the S1
and SO states, which could act as the gateway for the 4-BFP to funnel to the ground state by the internal
conversion process. The current work could provide fundamental guide for further molecular structure

modification or improvement to enhance the fluorescent quantum yield of BFP analogues.
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1. Introduction

In 1962, the discovery of the green fluorescent protein in
jellyfish Aequorea Victoria has been recognized as a milestone
in the biochemistry and biology fields.[1-4] The fluorescence
quantum vyield of the wild GFP reached up to 0.8[1, 4, 5]. Such
high and strong fluorescence emitting property makes it very
suitable for widespread applications, such as acting as the
biomarkers or biosensors to track the gene expression [1, 6, 7],
protein or cancer cell localization[8]. Based on the wide
applications of the GFP and growing increase for different
visualization abilities, many GFP variants such as red
LSSmKate2 protein[9], HcRed protein[10, 11], mKeima[12],
Photoactive Yellow Protein[13-15], and Kindling Fluorescent
Protein[16, 17] have been synthesized. The Y66H mutant of
the GFP can emit blue fluorescence, and thus been termed as
blue fluorescent protein (BFP), which can act as a donor
molecule for the fluorescence resonant energy transfer
(FRET).[18] The fluorescence quantum yield of the BFP is much
lower than that of the GFP (0.2 vs. 0.8),[19] which has stunted
its extensive applications. In addition, no fluorescence was
detected when the BFP is inactivation or the chromophore is
isolated. It has been proposed that the low fluorescence
quantum vyield lies in the conformation torsional motion of the
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chromophore, which could drive the system decay to the
ground state by internal conversion process. The underlying
mechanism has been thoroughly investigated theoretically [19,
20]. Numerous attempting has been executed such as
increasing the hydrostatic pressure [21], decreasing the
temperature [19, 22] and modifying the molecular structure
aiming to enhance its fluorescence quantum vyield. The
changes on the external environmental can remarkably
enhance the fluorescence emitting of the BFP.[21] Nowadays,
researchers paid attention to synthesizing new compounds by
introducing chemical groups to the parental BFP chromophore.
Fang and co-workers [23] synthesized the 2-BFP ((4Z)-4-[(1H-
imidazol-2-yl)methylene]-1-methyl-2-phenyl-1Himidazol5(4H)-
one) by introducing an intramolecular hydrogen bond, and 4-
BFP by introducing a benzene ring to the wild BFP
chromophore. It was found that the intramolecular hydrogen
bond of 2-BFP could increase the fluorescence emitting and
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Figure 1: The active spaces included in SA2-CASSCF(10,8) calculation method for
the 4-BFP molecule on the ground state.
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leads to a dual fluorescence property. The underlying
mechanism has been proposed by Cui’s group[24]. However,
does the fluorescence quantum vyield of the 4-BFP molecule
increase similar to that of the 2-BFP? What is the decay
mechanism of the 4-BFP system when being excited to the S1
state? The
photoisomerization process because of the steric effect? The
these questions important for deep
understanding of the excited state dynamics behavior of the
BFP systems
fluorescence analogues. Motivated by this, in the present work

introduced benzene ring can prohibit the

answers to are

related and further design of applicable
we employed the high-level electronic structure calculations to
investigate the excited state dynamics behavior of the 4-BFP
system. Our calculation results suggested that different from
the 2-BFP, the internal conversion process rather than the
fluorescence emitting dominates the deactivation process of
the 4-BFP, and the decay reaction coordinate was driven by

the photoisomerization process of the bridging bond.

2. Calculation Methods

The optimization of the stable structures of the 4-BFP
molecule on the ground state (Sy) and the lowest singlet
excited state (S;), and the minimum energy conical
intersections (MECIs) between the S, and S; states were
optimized by means of state averaged complete active space
self-consistent field (CASSCF) method. Two electronic states
included in the average procedure were executed with the
equal weights. Considering the computational cost of the
CASSCF method, we need to choose a proper active space
which can not only provide accurate results but also spend less
computational resources. For the targeted system, the active
space is composed of 10 electrons in 8 orbitals eliminating that
with occupations close to 2.00 and 0.00. All the included
orbitals are m type. More information about the orbitals

Table 1 Key geometrical information (bond lengths (A) and dihedral angles
(degree)) of the equilibrium structures on the Sy and S; states and the MECI of 4-
BFP optimized at SA2-CASSCF(10,8)/6-31G** level.

Geo. c2c3 c3ca N1c2c3 c2c3ca C3C4N5 N1C2C3C4 C2C3C4ANS5
So-min 1.346 1.458 129.8 129.6 125.7 0.0 0.0
S;-min 1.419 1.429 1314 126.9 125.5 0.0 0.0
MECI1 1.438 1.404 120.7 127.9 130.6 111.0 -2.79

-

Figure 2: The most stable structure and numbering scheme of the 4-BFP molecule
optimized at the SA2-CASSCF(10,8)/6-31G** level, in this figure and others, blue: N;
grey: C; red: O, and white: H.
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involved in the active spaces can be found in Figure 1. The 6-
31G** basis set was employed for all atoms. The energy profile
connecting the Franck-Condon point and the MECI constructed
by the linearly interpolated internal coordinate (LIIC) was
calculated with the SA2-CASSCF(10,8)/6-31G** method. In
addition, the two-dimensional potential energy surfaces of the
Sp and S; states as functions of the N1CCC and CCCNS5 dihedral
angles were calculated at the SA2-CASSCF(10,8)/6-31G* level.
All the electronic structure calculations were executed with
the Molpro 2010.1program package.[25]

3. Results and discussion
3.1 Geometry Optimization

The equilibrium structure of the 4-BFP system on the ground
state together with the numbering scheme is displayed in
Figure 2. The dihedral angles N1C2C3C4 and C2C3C4N5 are
used to quantify the twisting motion around the bridging
bonds C2C3 and C3C4, respectively. The most relevant
geometrical parameters of the stable structures on the Sy and
S, states optimized at the SA2-CASSCF (10,8) /6-31G** level
are summarized in Table 1. As shown, the Sg-min and S;-min
are planar structures, characterized by the torsional angles
N1C2C3C4 and C2C3C4NS5 of 0.0°. The geometrical differences
between Sg-min and S;-min mainly lie in the bond lengths of
C2C3 and C3C4. Compared with SO-min, the C2C3 length of the
S1-min stretched from 1.346 A to 1.419 A, while the C3C4
bond length shrunk from 1.458 A to 1.429 A. The bond angles
N1C2C3, C2C3C4 and C3C4NS5 exhibit little change. The longer
bond length of C2C3 will decrease the steric hindrance
between the two five-membered heterocycles, and thus
facilitate the twisting motion around the C2C3 bond. One MECI
was located on the S;/S, crossing seam as displayed in Figure 3.
The relevant geometrical parameters are also summarized in
Table 1. Obviously, the C2C3 bond length further stretched to

Table 2 The vertical excitation energy (in eV) to the S; state and relative energies
between Sg-min, S;-min and MECI calculated at the SA2-CASSCF(10,8)/6-31G**
level.

1

Geo. VE RE RE
So-min 5.55 0.00 0.00
S;-min 3.25 1.34 -0.96
MECI 0.00 4.23 -1.30

! Energies relative to ground state energy of Sg-min.
2 Energies relative to S, state energy of So-min geometry.

Figure 3: The minimum energy conical intersection between the S and S; states
located at the SA2-CASSCF(10,8)/6-31G** level.
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1.438 A, while the C3C4 bond shrunk to 1.404 A compared
with S;-min. Such further bond length changes could make the
twisting motion around the C2C3 bond more facile, which can
be confirmed by the dihedral angle value of N1C2C3C4
increasing from 0.0° to 111.0°. For the bond angles, N1C2C3
decreased about 10° to 120.7°, while C3C4N5 increased from
125° to 130°.

3.2 Energy property

The vertical excitation energy to the S; state and the relative
energies between the Sy-min, S;-min and MECI calculated at
the CASSCF level were collected in Table 2. The S,-S1 vertical
excitation energy is calculated to be 5.55eV. The S; state
energy of the S;-min is 3.25 eV, which is about 2.3eV below
the Franck-Condon point. Most importantly, the MECI was
located about 0.4 eV below the S;-min, indicating that the
conical intersection region is energetically accessible when the
system was being excited to the S; state. In order to confirm
the role of the MECI played in the excited state decay process,
the one-dimensional energy profile connecting the Franck-
Condon point and the MECI was constructed by the LIIC
method shown in Figure 4. As displayed, it is a non-barrier
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Figure 4: The energy profile connecting the Franck-Condon point and the MECI by
the LIIC method calculated at the SA2-CASSCF (10,8)/6-31G** level.
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Figure 5: The potential energy surfaces of the S; and Sy states as functions of the
N1C2C3C4 and C2C3C4NS5 dihedral angles. The marks are the So-min, Franck-
Condon point (FC) and the MECI as labeled, and the white arrows are the
instructions of the reaction coordinates.

This journal is © Copyright 2018, Global Science Press

decay process on the S; state starting from the Franck-Condon
point. That is, the topology structure of the excited state will
contribute the system to approach the conical intersection
region. Afterwards, the system can then funnel to the ground
state by the MECI region and complete the deactivation
process. In order to provide a more detailed picture of the
decay process, we scanned the potential energy surfaces (PESs)
of the S; and S, states as functions of the N1C2C3C4 and
C2C3C4AN5 dihedral angles. The PESs, the marked critical
geometry points and relaxation coordinates are shown in
Figure 5. As displayed, the deactivation process was
dominated by the C2C3 bond rotation process when being
excited to the S; state. After approaching the conical
intersection seam, the system can then funnel to the ground
state by internal conversion process. Afterwards, the system
continues to adjust geometries to return back to the Sy-min
region and complete the whole deactivation process. Based on
the results mentioned above, it is not hard to summarize the
deactivation process of 4-BFP system as follows:

So-min—FC point—MECI—S,-min

4. Conclusions

In the current work, we employed the high-level quantum
chemistry method CASSCF to investigate the deactivation
mechanism of the 4-BFP system under vacuum by optimizing
the stable geometries, constructing the energy profiles, and
scanning the potential energy potential surfaces. One
minimum conical intersection was located between the S; and
Sy seam, which can act as the gateway for the system to decay
to the ground state. The topological structures of energy
profile and the potential energy surfaces indicated an effective
non-barrier relaxation process on the S; state. Therefore, the
fluorescence quantum yield of 4-BFP could not be enhanced by
introducing the benzene ring to the parent BFP chromophore.
The current work can provide theoretical guide for further
improvement of fluorescent chromophore to
increase the fluorescence and widen
applications.

design or
quantum vyield
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