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Abstract: Fluorescence emission of wild-type green fluorescent
protein (GFP) is lost in the S65T mutant, but partly recovered
in the S65T/HI48D double mutant. These experimental
findings are rationalized by a combined quantum mechanics/
molecular mechanics (OM/MM) study at the QM (CASPT2//
CASSCF)/AMBER level. A barrierless excited-state proton
transfer, which is exclusively driven by the Aspl48 residue
introduced in the double mutant, is responsible for the ultrafast
formation of the anionic fluorescent state, which can be
deactivated through a concerted asynchronous hula-twist
photoisomerization. This causes the lower fluorescence quan-
tum yield in S65T/HI48D compared to wild-type GFP.
Hydrogen out-of-plane motion plays an important role in the
deactivation of the S65T/H148D fluorescent state.

Green fluorescent proteins (GFPs) have become a powerful
live-cell imaging tool as biomarkers that monitor cellular
processes of living systems in molecular and cellular biology.!"!
In the past decades, a broad range of GFP variants have been
developed, but their brightness and stability are still not
optimal. To improve their overall performance, much exper-
imental and theoretical effort is devoted to studying the
fundamental working mechanism of GFPs, for instance by
varying pH values,” chemically tailoring chromophores,®
mutating key residues!! altering hydrogen-bonding net-
works,”! and locking isomerization channels.["!

Upon photoexcitation of wild-type GFP (wt-GFP), the
neutral chromophore p-HBDI is first deprotonated through
a multi-step excited-state proton transfer along the intermo-
lecular hydrogen-bonding network that consists of a water
molecule (W22), Ser205, and Glu222.¥! This immediately
initiates fluorescence emission from the resulting anionic keto
intermediate with a fairly high quantum yield (ca. 0.8)."

[*] Dr. Q. Zhang, Prof. X. Chen, Prof. W. Fang

Key Laboratory of Theoretical and Computational Photochemistry of
the Chinese Ministry of Education
Chemistry College, Beijing Normal University
Beijing 100875 (China)
E-mail: xuebochen@bnu.edu.cn
Dr. G. Cui, Prof. Dr. W. Thiel
Max-Planck-Institut fiir Kohlenforschung
Kaiser-Wilhelm-Platz 1, 45470 Milheim an der Ruhr (Germany)
E-mail: thiel@kofo.mpg.de

[**] This work has been supported by the grants NCET-11-0030 and
NSFC21373029 (X.C.), NSFC20720102038 and 2004CB719903
(W.F.).

@ Supporting information for this article is available on the WWW
under http://dx.doi.org/10.1002/anie.201405303.

Angew. Chem. Int. Ed. 2014, 53, 86498653

© 2014 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

Much weaker fluorescence emission in the deuterated GFP
protein!'”! demonstrates that the excited-state proton transfer
is a prerequisite to form the fluorescent state.

Tuning excited-state proton transfer processes can signifi-
cantly change the photophysical and photochemical proper-
ties of GFPs. A single S65T mutation leads to the collapse of
the original hydrogen-bonding network in wt-GFP; accord-
ingly, the fluorescence quantum yield decreases to 0.02
because the deprotonated fluorescent state is hardly formed
in the absence of an effective proton-transfer wire.>!
Interestingly, fluorescence emission is recovered in the
double S65T/H148D GFP mutant.™'"'? In this mutant, the
original long-range intermolecular hydrogen-bonding net-
work is disrupted due to the S65T mutation; instead, a new
and much shorter intermolecular hydrogen bond is generated
between the hydroxy group of the p-HBDI chromophore and
the anionic carboxylate COO™~ group of Aspl48 (H148D),
which can act as a proton acceptor to deprotonate p-HBDI,
thus forming the fluorescence-emitting state. An ultrafast
single-step excited-state proton transfer has indeed been
observed experimentally within 175 fs'1? which is faster
than that found in wt-GFP (sub-picosecond).**! However,
the fluorescence quantum yield significantly decreases from
0.8 in wt-GFP™ to 0.21 in the S65T/H148D mutant."!! The
photophysics and photochemistry of this double mutant thus
differ considerably from those of wt-GFP and of the single
S65T mutant.!")

To enhance our understanding of the GFP fluorescence-
emitting state and its deactivation, and thus help design new
GFP variants satisfying bioimaging needs, it is desirable to
study the intriguing photophysics and photochemistry of the
GFP mutant 'l at the atomistic level. For this purpose, we
use state-of-the-art electronic structure calculations. There
have been several quantum-chemical studies focusing on GFP
photophysics and photochemistry ;" however, none of them
addressed the S65T/H148D double mutant.

Here, we report QM/MM calculations at the
QM(CASPT2//CASSCF)/AMBER level to explore the mini-
mum-energy paths of the S65T/H148D double mutant that
are relevant to the ultrafast formation of the anionic
fluorescent state and to its deactivation by photoisomeriza-
tion (Scheme 1) using predefined reaction coordinates (see
Supporting Information). For comparison, we also report
QM-only calculations on the chosen QM subsystem denoted
as “in vacuo” (see Supporting Information for computational
details). Both at the QM/MM and QM-only levels, the
Aspl148 residue in the double mutant is solely responsible for
the ultrafast formation of the fluorescent state through
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Scheme 1. QM/MM computational protocol: The QM subsystem (left)
includes the para-chromophore (p-1) and Asp148. The MM subsystem
comprises the remaining amino acid residues, counterions, and water
molecules. The key rotations around the P-bond (¢) and the I-bond (7)
are indicated in red. Broken covalent bonds separating the QM and
MM regions are saturated using hydrogen link atoms (wavy lines). See
Supporting Information for further details.

diminishes the negative charge at the O9 atom, from —0.76 in
Sy to —0.72 in S;, and reinforces the intermolecular H10---O11
hydrogen bond (1.77 A at the S, enol minimum vs. 1.72 A at
the S, enol minimum). These electronic changes facilitate the
subsequent excited-state proton transfer process.

The deprotonation of the p-HBDI chromophore by the
COO™ group of Aspl48 (i.e., the excited-state proton trans-
fer) is computed to be barrierless in the S; state. Upon
irradiation, the H10 proton rapidly migrates along a downhill
relaxation pathway to form a chemical bond with the
carboxylate Ol11 atom of Aspl48, thus generating the
fluorescent state (see the left panel of Figure 1a). In this
process, some negative charge is transferred from the O9
atom to the phenyl moiety, and the C14—09 bond is shortened
from 1.32 to 1.27 A, resulting in an S, keto tautomer of
benzoquinone character. Additionally, this excited-state
proton transfer process is predicted to be highly exothermic,
with the relative energy decreasing from 71.1 kcalmol ™" at the
Franck-Condon point to 483 kcalmol™' at the S; keto
tautomer. This suggests that the excited-state proton transfer
will be ultrafast in the S65T/H148D GFP mutant, which is
fully consistent with the sub-175 femtosecond timescale
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Figure 1. Minimum-energy profiles (relaxed S, state and unrelaxed S, state) along the 09-H10 proton transfer and
C4-C3-C2-C6 (1) isomerization reaction coordinates in the S65T/H148D mutant (a) and in vacuo (b). Also shown
are the C5-C4-C3-H7 and H7-C3-C2-C6 dihedral angles. Cl, conical intersection; FC, Franck-Condon point; ESPT,
excited-state proton transfer; GSPT, ground-state proton transfer.
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observed experimentally,"'? and qualitatively different from
the situation in wt-GFP where a small barrier has to be
overcome so that the corresponding proton transfer time is
delayed into a picosecond time window.*®! There are two
reasons for this difference. First, the deprotonation of the
p-HBDI chromophore (acting as a photoacid) in the double
mutant is barrierless, and the proton transfer to the Asp148
carboxylate is very exoergic. Second, kinetically, excited-state
proton transfer is a single-step, two-body (Aspl148 and
p-HBDI), barrierless process in the S65T/H148D mutant,
whereas in wt-GFP it is a multi-step, four-body process (W22,
Ser205, Glu222, and p-HBDI) that has to surmount a non-
negligible barrier.>!?

Another finding is that the excited-state proton transfer
path in the protein is virtually the same as that in vacuo
(Figure 1), thereby further confirming that the deprotonated
Aspl48 provides the only driving force for the ultrafast
proton transfer observed in the S65T/H148D mutant. By
contrast, as discussed in the following, the protein surround-
ing completely alters the path for the subsequent deactiva-
tion.

In vacuo, the S; deactivation occurs by isomerization
through the classical one-bond flip (OBF) mechanism. This
isomerization proceeds mainly through rotation around the
C4-C3-C2-C6 (7) dihedral angle (from —175° to —99°), which
is nearly synchronous with the H7-C3-C2-C6 rotation (see the
right panel of Figure 1b). As expected, the C5-C4-C3-H7
dihedral angle remains close to +180° during the whole
excited-state relaxation process. The geometric structure of
the approximate S,/S, conical intersection further supports
the OBF mechanism (Figure 2b), with nearly perpendicular
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Figure 2. Schematic structures of the S,/S, conical intersections
related to photoisomerization (a) in the S65T/H148D GFP mutant and
(b) in vacuo (dihedral angles D in degree and distances in Angstrom).
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C4-C3-C2-C6 and H7-C3-C2-C6 dihedral angles (i.e. —99°
and 87°) and almost planar C5-C4-C3-C2 and C5-C4-C3-H7
arrangements. Energetically, this excited-state isomerization
is barrierless and eventually leads to an S,/S, conical
intersection region; the minimum S,-S, energy gap on this
pathway was found to be 6.0 kcalmol™' at the CASPT2//
CASSCEF level. Thus, this deactivation channel can be easily
accessed, which is consistent with the ultralow fluorescence
quantum yield that is observed in vacuo and in dilute
solution.['¥

In the S65T/H148D mutant, the deactivation of the S,
state becomes more complicated because of the complex
protein surrounding. A one-bond flip mechanism with
rotation around the P-bond (C5-C4-C3-C2, ¢) is not allowed
energetically. The calculated minimum-energy reaction path
for the p-HBDI chromophore along this reaction coordinate
is shown in Figure S1 in the Supporting Information. When
the dihedral angle gradually increases from —11° to 105°, the
intermolecular O9--H10 hydrogen bond is slightly elongated
from 1.66 to 1.70 A, while the O13-~-H16 distance drastically
increases from 2.92 to 3.89 A. To achieve such a pronounced
conformational change from the stable S, keto tautomer,
a large barrier (> 40 kcalmol™) needs to be overcome. This
differs from the situation in vacuo.” Furthermore, along this
C5-C4-C3-C2 (¢) torsion, we do not find an energetically
degenerate S,/S, conical intersection region, with the smallest
computed S-S, energy gap being 23.5kcalmol'. Thus,
an isomerization only involving the C5-C4-C3-C2 (¢) tor-
sional reaction coordinate, that is, the one-bond flip mecha-
nism, appears to be prohibited in the S65T/H148D GFP
mutant.

An alternative mechanism for the photoisomerization
involves the volume-conserving hula-twist motion.' Tt
requires correlated rotations around the P-bond and the
I-bond, otherwise it degrades to a simple one-bond flip
motion as the case just discussed, where the C4-C3-C2-C6 (1)
dihedral angle related to I-bond rotation merely varies by
several degrees. However, in terms of the temporal sequence,
the hula-twist motion around the P- and I-bonds may happen
synchronously or asynchronously.

We first optimized the minimum-energy profile for
synchronous hula-twist motion, with simultaneous rotation
around the C5-C4-C3-C2 (¢) and C4-C3-C2-C6 (1) dihedral
angles, that is, P- and I-bond rotation. In these constrained
optimizations, the two dihedral angles were gradually twisted
to ca. 80° (see Figure S2). Along this minimum-energy path,
the dihedral angle (C5-C4-C3-H7) associated with the central
C—H moiety is twisted out of the plane of the two rings by
more than 45°. Similar to the OBF case (see above), the
0O13---H16 distance is remarkably elongated to 3.72 A (from
2.92 A in the S, keto tautomer), and there is a significant
barrier (> 36 kcalmol ™). Hence, the synchronous hula-twist
mechanism with simultaneous rotation around the P- and I-
bonds can also not be responsible for the low fluorescence
quantum yield (0.2) observed in the S65T/H148D GFP
mutant.'!! At the end point of this path (i.e., at ¢=77°),
there is still an S-S, energy gap of 10.8 kcalmol™', which is
however much smaller than the gap of 23.5 kcalmol ™' found
for the one-bond (¢) flip mechanism.
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Motivated by the small gap on the synchronous hula-twist
path, we further explored the possibility of an asynchronous
hula-twist motion. In the optimizations along this asynchro-
nous path, only the C4-C3-C2-C6 (7) dihedral angle was fixed
at each point. As shown in Figure 1a, when the C4-C3-C2-C6
(7) dihedral angle in the double mutant changes from —164°
in the S; keto tautomer to —115° at the S,/S, conical
intersection, the corresponding H7-C3-C2-C6 dihedral angle
affiliated with the central CH moiety increases as well from 7°
to 89°. These changes are quite similar to those in vacuo
(OBF, Figure 1b), except for the qualitatively different
behavior of the C5-C4-C3-H7 dihedral angle: in the S65T/
H148D GFP mutant, this dihedral angle decreases to 120°
(from 178° in the S, keto tautomer), whereas it always
remains close to +180° in vacuo. Similar structural features
are found at the S,/S, conical intersection in the double
mutant (see Figure 2a), in which the two rings are nearly
coplanar but the central CH unit is strongly twisted out of this
plane (see Table S4).

Contrary to the synchronous hula-twist isomerization, the
concerted asynchronous hula-twist pathway is energetically
allowed in the S65T/H148D GFP mutant. When going from
the S, enol minimum to the S, keto tautomer, the C3-C4/C2-
C3 bond length increases/decreases from 1.40/1.49 to 1.45/
1.46 A (see Table S4). The computed barrier of 3.2 kcalmol ™!
on the minimum-energy path is quite small (Figure 1a), and
there is an S,/S, conical intersection, which is 26.2 kcalmol ™
lower in energy than the S,(*rzt*) state at the Franck—-Condon
point. The system will thus be able to decay to the S state via
this funnel. Therefore, the S65T/H148D GFP mutant will
follow the concerted asynchronous hula-twist isomerization
path to de-excite the S, keto tautomer.

On this pathway, the hydrogen-out-of-plane motion
(HOOP, H7 atom) plays an important role in lowering the
isomerization barrier in the rigid protein surrounding. This is
reflected in the HOOP dihedral angle of 120° at the S,/S,
conical intersection of the double mutant (see Figure 2a).
Such HOOP motion has previously been reported in the
photoisomerization of the chromophores of rhodopsin!**! and
photoactive yellow proteins!'® as well as in photochromic
spiropyran!'”! (but, to our knowledge, not yet in GFPs). We
emphasize that the HOOP motion in the central CH unit does
not occur in vacuo, but only in the S65T/H148D double
mutant during the late stages of the photoisomerization (see
Section2.3 in the Supporting Information). The strong
HOOP distortion (twist >60°, see Figure 2a) raises the S
energy and gives rise to the S,/S; conical intersection. It is
necessitated by the rigid cavity near the GFP chromophore:
there are strong steric interactions with adjacent residues in
the double mutant, which prohibit the one-bond flip photo-
isomerization (preferred invacuo) and instead favor
a volume-conserving hula-twist mechanism combined with
HOOP motion in the central CH moiety.

Despite the ultrafast formation of the fluorescent state
and the energetically accessible conical intersection, the S,
deactivation should be less efficient in the double mutant than
in vacuo, since there is a small isomerization barrier of ca.
3 kcalmol™ in the protein environment. The S65T/H148D
double mutant fluoresces brightly because the chromophore-
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Aspl48 hydrogen bond enables an ultrafast sub-175 fs
excited-state proton transfer forming the fluorescence-emit-
ting S, keto state, which is long-lived enough to give
a fluorescence quantum yield of 0.21,'" less than in wt-GFP
(0.8)! but much higher than in the S65T mutant (0.02)."Y As
explained above, these differences can be attributed to
different topologies of the S, potential energy surfaces.

We emphasize that the value of ca. 3 kcalmol™ for the
barrier is only a rough estimate from a reaction path
calculation for one particular protein conformation. Without
claiming any quantitative accuracy, we focus on the qualita-
tive feature of having a small barrier for isomerization.
Without such a barrier, one would expect an ultrafast
deactivation of the fluorescent S, keto state (no fluorescence),
while a high barrier would trap this state and lead to high
fluorescence. Qualitatively, the existence of a small barrier is
compatible with the observed fluorescence quantum yield of
0.21."

To summarize, we have employed ab initio QM-only and
QM/MM methods to explore the ultrafast formation of the
fluorescent state and its deactivation in the S65T/H148D GFP
mutant. We found that Asp148 provides the exclusive driving
force for the ultrafast sub-175 fs formation of the fluorescent
state, which is little affected by the protein surrounding. By
contrast, the environment completely changes the deactiva-
tion path of the fluorescent state (S; keto tautomer), from
a one-bond-flip mechanism in vacuo to a hula-twist mecha-
nism in the double mutant. Closer analysis of minimum-
energy profiles shows that the favored hula-twist pathway
involves concerted asynchronous motion and strongly bene-
fits from simultaneous HOOP motion in the final stage of the
photoisomerization. These insights provide a detailed under-
standing of the hula-twist photoisomerization mechanism and
its specific features in GFP. On the methodological side, the
present work confirms that the QM/MM method!™ is suitable
for studying the photophysics and photochemistry of biolog-
ical systems!"! as complex as the S65T/H148D GFP mutant
where the protein environment plays a decisive role in tuning
and choreographing excited-state proton transfer and isomer-
ization processes.
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