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ABSTRACT: Structures and optical spectra of the green
fluorescent protein (GFP) forms along the proton transfer route
A—I-B are characterized by first-principles calculations. We show
that in the ground electronic state the structure representing the
wild-type (wt) GFP with the neutral chromophore (A-form) is
lowest in energy, whereas the systems with the anionic
chromophore (B- and I-forms) are about 1 kcal/mol higher. In
the S65T mutant, the structures with the anionic chromophore are
significantly lower in energy than the systems with the neutral A g fast process
chromophore. The role of the nearby amino acid residues in the 1 -—Q,*{ v
chromophore-containing pocket is re-examined. Calculations i
reveal that the structural differences between the I- and B-forms —
(the former has a slightly red-shifted absorption relative to the

latter) are based not on the Thr203 orientation, but on the Glu222 position. In the case of wt-GFP, the hydrogen bond between
the chromophore and the His148 residue stabilizes the structures with the deprotonated phenolic ring in the I- and B-forms. In
the S65T mutant, concerted contributions from the His148 and Thr203 residues are responsible for a considerable energy gap
between the lowest energy structure of the B type with the anionic chromophore from other structures.
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B INTRODUCTION

The discovery and wide applications of the fluoroproteins of
the green fluorescent protein (GFP) family inspired numerous
investigations of the structure, dynamics, and spectra of these
fascinating macromolecules. The results of these studies are
summarized in several comprehensive reviews'™® as well as
original reports. Despite significant coverage in the literature,
many details regarding properties and functions of fluorescent
proteins remain hidden, even those of the parent member of
the family, the wild-type (wt) GFP itself. A complete atomic-
level understanding of the structure and function of GFP is
required to form a solid basis for rational design of novel
efficient biomarkers for in vivo applications.

The current views on the GFP photocycle based on the
canonical three-state model initially formulated in refs 9 and 10
are summarized in Scheme 1.

One of the conformational forms of wt-GFP (termed A) is
characterized by the 395 nm (3.14 €V) absorption band
maximum; in this form the chromophore is neutral (that is,
protonated at the phenolic oxygen) and the nearby Glu222
residue is deprotonated. Another conformational form, termed

Under physiological conditions, the ground-state population of
form B is approximately one-sixth that of form A, suggesting
that in the ground state A is lower in energy.” Fluorescence at
508 nm (2.44 eV) is assigned to the forms with the anionic
chromophore. Transformations between A and B occur
through an intermediate termed I Upon excitation of the
neutral chromophore, a series of coupled proton-transfer steps
occur through a hydrogen-bonding network that includes the
phenolic ring of the chromophore, the nearby water molecule,
and the Ser20S and Glu222 side chains, giving rise to the
deprotonated (anionic) chromophore and protonated Glu222.
The change from A to I is solely a protonation change, whereas
the change from I to B is a slow conformational change.

The crystal structure of wt-GFP as a dimer was solved at 1.9
A resolution and deposited to the Protein Data Bank (PDB)
with the code 1GFL."' wt-GFP shows dual-wavelength (395
and 475 nm) absorption, revealing the coexistence of A and B
conformational forms. Mutation S65T suppresses the 395 nm
absorption band while amplifying and slightly shifting (from
475 to 489 nm)'° the longer-wavelength absorption peak. The

B, absorbs at 475 nm (2.61 eV); it features the anionic
(phenolate) form of the chromophore and protonated Glu222.

-4 ACS Publications  © 2013 American Chemical Society

Received: March 9, 2013
Published: July 9, 2013

dx.doi.org/10.1021/ja402472y | . Am. Chem. Soc. 2013, 135, 11541-11549


pubs.acs.org/JACS

Journal of the American Chemical Society

Scheme 1. Main Features of the Three-State Model>'° of
Conformational Changes in the GFP Photocycle
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emission maximum is almost the same, i.e., 511 nm in S65T vs
508 nm in wt-GFP. Consequently, the structure of the S65T
GFP mutant determined at 1.9 A resolution (PDB code
1EMA'?) is often considered as a good representation of form
B. The monomeric wt-GFP was also crystallized, and the
structure was determined (PDB code 1EMB,' resolution 2.1
A) by molecular replacement on the basis of the S65T model.
Other crystal structures of GFP mutants with the anionic and
neutral chromophores have also been reported, e.g,, refs 13—15,
including that (PDB code 2WUR'®) of the highest resolution
of 0.9 A.

Importantly, no crystal structure is available for the I-form
denoting the species absorbing at the most red-shifted
wavelengths (~495 nm). However, spectroscopic investiga-
tions'®™** of the GFP photocycle have been interpreted in
terms of proton transfer routes that may involve several
intermediates with the anionic chromophore, presumably, of
the I-type, in the electronic ground state.

From the theoretical side, Lill and Helms applied classical
molecular dynamics (MD) augmented by instantaneous proton
hopping to simulate the ground-state structures along the
proton shuttle route.”* On the basis of the MD simulations, the
authors suggested the existence of two I-type conformations, a
“nonrelaxed” form with the side chain of Glu222 in an anti
orientation and a “relaxed” form with the syn orientation (see
Scheme 1). Concerning the conformational changes along the
I—-B transformation, some evidence favoring internal rotation
of the Thr203 side chain was provided by molecular
mechanical®® and classical MD?*® simulations. It should be
noted, however, that the hypothesis about a stabilizing effect of
the Thr203 side-chain rotation on the emerging negative charge
of the phenolic oxygen following the proton transfer during the
A—B transformation was formulated earlier,"® when analyzing
the crystal structures of GFP.

Surprisingly, no reliable quantum mechanical calculations of
the energy landscape along the A—I—B route have been
reported so far. There are a few quantum chemical studies of
considerably simplified model systems. The model reported by
Zhang et al.”’ consisted of molecular groups mimicking the
GFP chromophore, the side chains of Ser20S, Glu222, and
His148, and the water molecule in the gas phase and in the
dielectric continuum. Using density functional theory (DFT)
with the B3LYP functional, they reported that their
representation of the I-form is 10—30 kcal/mol lower than

their A-form, which is far too large a gap.”” Vendrell et al.*®*’

employed complete active space self-consistent field (CASSCF)
with the perturbation corrections (CASPT2) for an almost
identical model system (without His148 side) in the gas phase.
They arrived at an opposite conclusion, namely, that the I-form
is 18 kcal/mol higher in energy than the A-form.?® Owing to an
oversimplified model system used in both studies*”*® the
computed energy differences (20 kcal/mol) between the
structures with the neutral and anionic chromophores can
hardly be related to the actual protein energetics.

Calculations of the electronic spectra of the bare (see refs 2,
S, 7, 30, 31 and references therein) or protein-bound GFP
chromophore are more frequent in the literature %373
Here we focus only on the quantum mechanical/molecular
mechanical (QM/MM)* studies that include the effect of the
protein. Olivucci and co-workers® used the CASSCF-based
methods (QM) and the CHARMM force field (MM) to
estimate the positions of the S;—S; and §,—S§, transitions in
GFP with the anionic chromophore. The computed values
agreed well (within 20—30 nm) with the experimental band
maxima. By considering a series of models with gradually
increasing quantum subsystems, the authors investigated, in
particular, the effect of the charged amino acid residue Arg96
located near the chromog)hore on the computed electronic
spectrum. Bravaya et al.®>° characterized excited and ionized
states of enhanced GFP using advanced electronic structure
methods within the QM/MM scheme; they reported good
agreement with experiment and found that the overall effect of
the protein environment on excitation energies is small. Optical
spectra of GFP and several mutated variants with different
protonation states of the chromophore were calculated by
Hasegawa et al.** using a configuration-interaction-based
method for electronic energy differences between the ground
and excited states and accounted for the effect of the protein
matrix by QM/MM. A reasonable agreement between the
calculated and experimental excitation/emission energies was
reported. Filippi et al.>’ computed vertical excitation energies of
the neutral A- and anionic B-forms of wt-GFP using a variety of
electronic structure methods applied to the protein model
constructed using QM/MM MD simulations. Electronically
excited states of the model system representing the neutral
GFP chromophore in the binding pocket of the protein were
characterized by Grigorenko et al*®* by using advanced
quantum chemistry methods. The calculations allowed the
authors to identify the states that have Glu222— Chro charge-
transfer character and to determine whether such states
(proposed as gateway states leading to decarboxilation of
nearby Glu) have sufficient oscillator strengths and excitation
energies to be accessible using UV or visible light, either
directly or in a two-step process. A subsequent paper by
Morokuma et al* also investigated higher excited states in
GFP in the context of photoinduced decarboxylation using the
ONIOM version of QM/MM.

The present study characterizes the energy landscape along
the A—I—B route using reliable quantum chemical methods
combined with the QM/MM representation of the protein,
which is the first attempt of this kind. We construct a series of
molecular models describing the photoinduced intermediates
for wt-GFP and the S65T mutant consistent with the available
structural and spectroscopic experimental data. We combined
an intensive search of the minimum energy configurations in
the ground S and excited S, electronic states with high-level
electronic structure calculations within the QM/MM scheme.
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These calculations allowed us to pinpoint relative energetics of
different structural forms of GFP. For the first time, the three-
state model conjecture based on experimental evidence has
received concrete theoretical support. The calculations also
allowed us to re-examine the role of the nearby amino acid
residues in the chromophore-containing pocket.

B MODELS AND METHODS

The initial set of model systems was based on the coordinates of heavy
atoms from the PDB entry 1EMA,"? i.e., the S65T mutant of GEP. We
restored the side chain of Ser at position 65 and added hydrogen
atoms by assigning customary protonation states of polar residues
(Lys, Arg, Glu, Asp). Water molecules resolved in the crystal structure
were also included in the model systems. To obtain minimum energy
configurations, we applied the flexible effective fragment version*"** of
QM/MM based on the effective fragment potential approach.*** In
this scheme, groups assigned to the MM part are represented by
effective fragments contributing their one-electron potentials to the
quantum Hamiltonian;* the peptide chains of the protein are
described as flexible chains of small effective fragments,*"** and
fragment—fragment interactions are computed with conventional force
fields. A modified code of the GAMESS(US)** program and
TINKER*” were used in the QM/MM calculations.

The QM part included the chromophore (Chr), the side chains of
Arg96, Glu222, Ser205, His148, and Thr203, and two water molecules.
Ground-state (S,) structures were optimized by using DFT with the
PBEO functional,*® which was shown to perform well in geometry
optimizations of organic molecules,” and the 6-31G* basis set.
Energies and forces in the MM subsystem were computed using the
AMBER force field parameters. Analysis of the hydrogen-bond
network around the chromophore allowed us to suggest several
arrangements of the participating molecular groups. In particular, we
noticed different possible orientations of the side chains of Thr203,
His148, and Glu222. In sum, we located several minimum energy
structures within 10 kcal/mol range for the system representing wt-
GFP with the anionic chromophore. Several lowest energy structures
will be discussed in the forthcoming section. For S65T, we restricted
our analysis by three minimum energy conformations with the anionic
chromophore.

For both systems (wt-GFP and the S65T mutant) we prepared the
structures with the neutral chromophore by transferring manually the
protons between the chromophore and Glu222, followed by complete
QM/MM optimizations. Importantly, this computational protocol
enables us to compare directly the energies of the structures
representing conformations of GFP with the neutral and anionic
chromophores. In particular, for the system representing wt-GFP, the
structure with the neutral chromophore (presumably, A-form) was
found to be 0.9 kcal/mol lower in energy than the lowest energy
structure with the anionic chromophore (presumably, B-form).
According to the Boltzmann formula, this energy gap leads to S:1
ratio between the two protonated states, which is in a remarkable
agreement with an experimentally derived 6:1 population ratio.” In
contrast to wt-GFP, in the S65T mutant our calculations show that the
system with the anionic chromophore lies much lower in energy that
the system with the neutral chromophore. This result is also in line
with the experimental data.

Vertical excitation energies at all located stationary points on the
ground-state potential energy surface (PES) were computed using
eXtended Multi-Configurational Quasi-Degenerate Perturbation
Theory (XMCQDPT2),” an advanced quantum chemical method
for excited states of organic fluorophores (e.g, see ref S1). The
XMCQDPT2 calculations were carried out using the CASSCF(12/
11)/cc-pVDZ wave functions for the clusters composed of Chr, Arg,
Glu, Ser, and water embedded inside the set of effective fragments
representing the rest of the model system. The Firefly program®> was
used in these calculations.

To compute the emission spectra, we located minimum energy
points on the excited-state (S,) PES using the configuration
interaction singles (CIS) method. Vertical S;—S, transition energies

were calculated using the same approach as for the excitation energies.
We expect that the accuracy of the estimated emission energies is
somewhat lower than that of the excitation energies.

To further validate the computed energy differences, we performed
additional calculations using another ab initio approach based on the
scaled-opposite-spin second-order corrected configuration interaction
singles, or SOS-CIS(D).**** The SOS-CIS(D)/cc-pVDZ calculations
were performed with the Q-Chem program®® for the QM parts from
the corresponding QM/MM model systems. As reported below, both
computational approaches resulted in quantitatively consistent results.

B RESULTS AND DISCUSSION

Structure of wt-GFP with the Neutral Chromophore,
Neutral-wt-A1. We begin by considering the lowest-energy
structure of wt-GFP containing the neutral chromophore found
in our calculations. As explained above, the model system with
the neutral chromophore was prepared manually by assigning
protons to molecular groups of Chr, Ser205, and Glu222
starting from the QM/MM optimized system with the anionic
chromophore (namely, from the structure anion-wt-11
described below) and then completely reoptimized using
QM/MM.

Figure 1 shows the equilibrium structure of the fragment of
the chromophore-containing pocket that includes side chains

His148

Ser205

Glu222

Figure 1. Fragment of the model system representing wt-GFP with the
neutral chromophore, neutral-wt-Al. Here and in all figures, carbon
atoms are shown in green, oxygen in red, and nitrogen in blue.
Distances (in A) between heavy atoms for the QM/MM optimized
structures (top) and for the crystal structure 1GFL'' (bottom) are
shown.

His148, Thr203, Ser205, Glu222, and water. The side chain of
Arg92, which is also included to the QM subsystem, is omitted
for clarity.

Figure 1 compares several computed structural parameters,
namely, the distances between heavy atoms, illustrating
hydro%en bond patterns, to those from crystal structure
IGFL" that can be considered as a good representation of
the A-form with the neutral chromophore. Our computed
geometric parameters (Figure 1) agree well with those from the
crystal structure, within usual discrepancies between the QM/
MM optimized structures and the values deduced directly from
X-ray data.’® Note that our starting coordinates were taken
from a different crystal structure, 1EMA,"? corresponding to the
S65T mutant of GFP with the anionic chromophore; the
coordinates were then reoptimized after a proton was added to
the phenolic oxygen. Thus, comparison of the computed
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structure with 1GFL presents a stringent test for our
computational protocol.

The computed vertical Sy—S, excitation energy is 3.19 eV
(388 nm) and 3.18 eV (390 nm) when using the XMCQDPT2
and SOS-CIS(D) methods, respectively. These values are in
excellent agreement with the experimental band maximum at
395 nm for the A-form of wt-GFP.>'°

Starting from the ground-state coordinates, we optimized the
structure of this model system in the first excited state (S;) by
using CIS. The shape of the S; PES features a very shallow
minimum in the Franck—Condon region, and the barriers
separating it from the downward-sloping valleys are small. The
computed S,—S, energy gap is 2.68 eV (461 nm) at the
XMCQDPT?2 level and 2.73 eV (455 nm) using SOS-CIS(D).
Experiments'®** show weak emission bands in the 440—460
nm region that most likely belong to the A-form.

On the basis of the agreement between the computed and
experimental spectroscopic and structural data, we believe that
this structure, termed neutral-wt-Al (Figure 1), represents
accurately the A-form of wt-GFP. Importantly, it has the lowest
energy among all model structures for wt-GFP considered in
this work. Below, the energies of structures of wt-GFP with
anionic chormophores in the ground state will be given relative
to the energy of this neutral-wt-Al structure.

Structure of wt-GFP with the Anionic Chromophore,
Anion-wt-11. Now we return to the chronologically first model
system developed in this work, namely, the system with the
anionic chromophore designed following the crystal structure
1EMA' in which the side chain of Ser at position 65 was
restored. The chromophore is in the phenolate form (e,
deprotonated at the phenolic oxygen), but the Glu222 side
chain is protonated and oriented in the anti position. A
fragment of the QM/MM optimized structure in the
chromophore-containing pocket is shown in Figure 2 from
the same angle as the neutral-wt-Al structure. In this figure we
compare critical distances between heavy atoms, illustrating
hydrogen-bond patterns in the three structures, ie., (i) one
obtained in the QM/MM optimization (top), (ii) the IEMB'°
crystal structure presumably representing wt-GFP with the
anionic chromophore (middle), and (iii) the structure obtained

Chr

His148

™ 2.52

Q %990,% o
447 i

W . o
" Thr203"~

2.6

2,59 i 272 Ser65

2.57 : 3.06
2.54 2.66
2.60
2.61

Ser205

Glu222

Figure 2. Fragment of the QM/MM optimized structure with the
anionic chromophore, anion-wt-I1, located 1.0 kcal/mol above the
neutral-wt-A1l structure. Distances (in A) between heavy atoms are
arranged as follows: the results of our QM/MM optimization (top),
the values from the crystal structure 1EMB' (middle), and the values
from the QM/MM optimized structure with the neutral chromophore
from Figure 1 (bottom).

in the QM/MM optimization of the system with the neutral
chromophore, neutral-wt-Al (bottom). The energy of this
system is 1.0 kcal/mol above that of neutral-wt-Al.

Comparison of QM/MM equilibrium structure of this
system with the anionic chromophore (Figure 2) with
neutral-wt-Al (Figure 1) reveals that no dramatic changes in
the hydrogen bond network occur due to the concerted proton
transfer from one moiety to another.

This model system is a good candidate for the intermediate
(I) form of wt-GFP; we will call it anion-wt-I1. The computed
positions of the absorption and emission bands strongly
support this assignment.

The computed vertical Sy—S, excitation energy is 2.52 eV
(492 nm) at both XMCQDPT2 and SOS-CIS(D) levels of
theory. This value almost coincides with the experimental
absorption band at 495 nm determined in hole burning
experiments.'® After locating the energy minimum on the
excited-state PES, we computed the S,—S, transition energy to
be 2.37 eV (523 nm) at the XMCQDPT?2 level (the respective
SOS-CIS(D) value is 533 nm). The experimental emission
band maximum in wt-GFP assigned to the I-form is 508 nm
(244 €V);”'° the discrepancies of ~0.1 €V in emission are
within the anticipated error bars of our computational protocol.

Lowest Energy Structure of wt-GFP with the Anionic
Chromophore, Anion-wt-B1. An extensive search of
minimum energy structures with the anionic chromophore on
the ground electronic state PES allowed us to locate a structure
with energy slightly lower (by 0.1 kcal/mol) than that of the
previously considered anion-wt-I1. This structure, here termed
anion-wt-B1, with energy 0.9 kcal/mol above that of neutral-
wt-Al, is shown in Figure 3. We note a different orientation of
the Glu222 side chain, which assumes the syn position in this
structure.

When comparing selected geometric parameters computed
for anion-wt-B1 to those resolved in the crystal structure
1EMB,'® we note a good correlation in the Chr-Thr203-
His148-Wat region and some discrepancies in the region Wat-
Ser205-Glu222-Ser6S. Figure 3 also compares geometric
parameters of the two computationally designed structures,

His148 O

Thr203

415 O
2.60
2.54

Glu222

Figure 3. Fragment of the QM/MM optimized structure with the
anionic chromophore, anion-wt-B1, with energy 0.9 kcal/mol above
that of neutral-wt-Al. Distances (in A) between heavy atoms are
arranged as follows: the results of the QM/MM optimization (top),
the values from the crystal structure 1EMB' (middle), and the values
from the QM/MM optimized structure, anion-wt-I1, from Figure 2
(bottom).
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anion-wt-B1 and anion-wt-I1. Apparently, the hydrogen-bond
pathway responsible for the proton shuttle Chr-Wat-Ser205-
Glu222-Ser65 is disrupted in anion-wt-Bl. Therefore, in
contrast to anion-wt-I1 (Figure 2), wihch may be efficiently
involved in the forward and backward proton shuttle between
the states with the neutral and anionic chromophores, in the
case of anion-wt-B1, the system once falling in this region will
be trapped there, and the backward proton transfer would
require considerable energy to properly rearrange the side chain
of Glu222 from syn to anti position. We estimated the potential
barrier that separates the anion-wt-B1 and anion-wt-I1
structures by computing a series of minimum energy points
along the rotational coordinate. A point where the energy
gradient with respect to this coordinate changed its sign was
taken as the saddle point, with energy of 12 kcal/mol. This
relatively high value is consistent with the experimental
evidence on the “slow or infrequent” transition from I to B.'

The computed S,—S; vertical excitation energy is 2.58 eV
(484 nm) using XMCQDPT?2; the SOS-CIS(D) value is 2.54
eV (489 nm). In accord with the experimental data, these
values are slightly blue-shifted with respect to those of anion-
wt-I1. The computed emission band maxima, 519 and 536 nm
using XMCQDPT2 and SOS-CIS(D), respectively, are within
our error bars (~0.1 eV) from those of anion-wt-I1 (523 and
533 nm).

Thus, this model system, anion-wt-Bl, is a good
representation of the canonical B-form of wt-GFP.

Higher Energy Conformations of wt-GFP with the
Anionic Chromophore. In addition to model structures
anion-wt-B1 and anion-wt-I1, we were able to locate several
more local minima on the ground-state PES of the model
system with the anionic chromophore. We analyzed a
hypothesis traced to the pioneer studies of GFP?*° that,
upon the I-B transformation, the side chain of Thr203 should
rotate to stabilize the emerging negative charge at the phenolic
oxygen. Therefore, we prepared manually a new model system
by rotating the side chain of Thr203 starting from the anion-
wt-B1 structure and reoptimized its coordinates in the QM/
MM calculation.

Figure 4 shows the anion-wt-B1 structure (from Figure 3) in
the bottom panel and the newly optimized structure, anion-wt-
B2, in the top panel. Both of them contain the side chain of
Glu222 in the syn orientation with the disrupted proton transfer
wire. The system shown in the top panel demonstrates that the
side chain of Thr203 is turned toward the chromophore’s
phenolic oxygen; however, this structure (called anion-wt-B2)
is 3.1 kcal/mol higher in energy than anion-wt-Bl, in which
Thr203 is located farther away from the chromophore. We also
note that the distance between the phenolic oxygen and N6 of
His148 is considerably shorter in anion-wt-B1 (3.76 A) than in
anion-wt-B2 (4.12 A). It appears that Chr-His148 interaction is
more important for stabilization of the B-form of wt-GFP than
Chr-Thr203.

To locate another minimum energy configuration, we
manually rotated the side chain of Thr203 from the position
in anion-wt-I1 to approach the chromophore closer and
reoptimized the structure by QM/MM. The resulting model
structure (which we call anion-wt-12) is shown in the middle
panel in Figure S. It is similar to Figure 4, with the major
difference being the orientation of the Glu222 side chain: in the
anion-wt-I2 structure (as well as in anion-wt-I1) the hydrogen-
bond pattern Chr-Wat-Ser205-Glu222-Ser6S permits proton
transfer, but in the anion-wt-B1 and anion-wt-B2 structures it

AE™, |  anion-wt-B2
keal/mol|
n
4.0
Thr203
3.76 S
His148 I'?—. T
Wat
Ser205
0.9 O Glu222

Figure 4. Fragments of the QM/MM optimized structures with the
anionic chromophore, anion-wt-B1 (below) and anion-wt-B2
(above). Distances between heavy atoms are given in A.
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£6.1 “‘;,,.3:"5 °
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Wat ,‘5
Ser205 = : Xh.zzz
His148 2}3- & anion-wt-12
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Ser205 {'\'2;;“222
His148 :; 262 anion-wt-11
4.62 . d
Wat 4 {éﬁThrZDS o
1.0 £ o
Serzus"‘p}' “xmm

Figure S. Structures and energies of the three wt-GFP model systems
with the anionic chromophore of the I type. Distances (in A) from
oxygen of the chromophore to N6 of His148 and Oy of Thr203 are
given.

does not. The energy of anion-wt-12 is 3.0 kcal/mol, that is, 2.0
kcal/mol higher than that of anion-wt-I1. Therefore,
comparison of the energies in the pairs of structures, anion-
wt-B1 (Thr203-out) vs anion-wt-B2 (Thr203-in), and anion-
wt-I1 (Thr203-out) vs anion-wt-I2 (Thr203-in), shows that
turning the side chain of Thr203 to the position closer to the
chromophore does not lead to energy lowering; the structures
with Thr203 in the outward position are, in fact, more stable by
2—3 kcal/mol.
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It seems that the interaction of the deprotonated
chromophore with the His148 side chain provides sufficient
stabilization of the anionic chromophore even without the
involvement of Thr203. Importantly, the position of the His148
side chain is fairly flexible. We located a conformation called
anion-wt-I3 with the energy of 6.1 kcal/mol. This structure
shown in the top panel in Figure 5 almost coincides with the
structure anion-wt-I1; the major difference is in the position
and orientation of the side chain of His148 relative to the
chromophore. We mention this conformation first of all to
demonstrate that, using computational chemistry techniques,
one can indeed find different stable and metastable conformers
beyond the canonical forms A, I, and B, as suggested in several
experimental studies,'”” > and, second, to demonstrate the
sensitivity of the protein properties to fairly small conforma-
tional changes. Here, a slight shift of one residue, His148,
rearranging its hydrogen bond patterns results in a noticeable
change in energy by about 5 kcal/mol.

With respect to the spectral bands, the considered variations
in both types of structures (I-like and B-like) result in almost
negligible changes: the absorption bands in anion-wt-B1 and
anion-wt-B2 are within 2 nm from 484 nm, whereas the
absorption bands in anion-wt-I1, anion-wt-12, and anion-wt-I3
are within 2 nm from 492 nm.

Structures of the S65T Mutant with the Anionic
Chromophore. Figure 6 shows the QM/MM optimized

260
¥ 143
2.62

~Thr203

, 367
4.65 0
4.15

Ser205

Glu222

Figure 6. Fragment of the QM/MM optimized structure of the S65T
mutant with the anionic chromophore, anion-S65T-B1. Distances (in
A) between heavy atoms are arranged as follows: the results of this
QM/MM optimization (top), the values from the crystal structure,
1EMA,"” (middle), and the values from QM/MM optimized structure,
anion-wt-B1, from Figure 3 (bottom).

structure of the lowest energy model system with the anionic
chromophore containing Thr at position 65. It is important to
note that the energy of this structure is considerably lower than
the energy of the S65T model with the neutral chromophore, as
discussed below. This result is in agreement with the
experimental observation that the spectra of the S65T mutant
are similar to the B-form of GFP and have no bands
corresponding to the A-form.'® Below, we will report the
energies (AE°®T) of other structures representing the S65T
mutant with respect to this lowest energy structure.

When discussing wt-GFP with the anionic chromophore, we
could distinguish the I-series, anion-wt-I1 (Figure 2, bottom
panel in Figure 5), anion-wt-12 (middle panel in Figure S), and
anion-wt-I3 (top panel in Figure ), in which the proton wire
expands over the Chro-Wat-Ser205-Glu222 chain, and the B-
series, anion-wt-B1 (Figure 3) and anion-wt-B2 (Figure 4), in

which the proton wire is disrupted between Ser205 and
Glu222. Clearly, the structure shown in Figure 6 belongs to the
B-series; therefore, we call it anion-S65T-B1.

Figure 6 compares the critical distances between heavy atoms
obtained in the QM/MM optimization (top), in the IEMA"
crystal structure (middle), and in anion-wt-B1 mimicking the
B-form of wt-GFP. Interestingly, both His148 and Thr203 side
chains are noticeably closer to the phenolic oxygen of the
chromophore in S65T than in wt-GFP (cf. Figure 6 and Figure
3), thus providing better stabilization of the S6ST structure
with the anionic chromophore. This is consistent with a large
energy gap (between 5.2 and 17.9 kcal/mol) separating the
anion-S65T-B1 structure from other structures for the S65T
mutant discussed below. In the case of wt-GFP, the lowest-
energy anionic structure corresponding to the B-form, anion-
wt-B1 (Figure 3), lies 0.9 kcal/mol above neutral-wt-Al (A-
form) and within 0.1 kcal/mol from the anion-wt-I1 (I-form)
structures. Thus, the wt-GFP exhibits a variety of low-energy
conformers, whereas the S65T mutant is best represented by
the B-form.

The computed vertical Sy—S, excitation energy for anion-
S65T-B1 structure is 2.50 eV (495 nm, XMCQDPT2); the
SOS-CIS(D) value is 503 nm. Therefore, the calculated shift in
the B-type absorption band due to the S65T mutation is +11
nm (484—495 nm), to be compared with the experimental
value of +14 nm (475—489 nm)."°

After locating the energy minimum on the excited-state (S,)
surface, we computed the S;—S transition energy of anion-
S65T-B1 to be 2.38 eV (519 nm); the SOS-CIS(D) value is
518 nm. This is practically the same as for the anion-wt-Bl
model structure, again, in almost perfect agreement with the
experimental values when comparing the emission bands of wt-
GFP and S65T mutant (508 and 511 nm).”'°

We located two more stationary points on the ground-state
PES of the S65T model system with the anionic chromophore
(Figure 7). One of them, lying 5.2 kcal/mol above the lowest
energy minimum, belongs to the I-series (anion-S65T-11),
while another (at 7.3 kcal/mol) belongs to the B-series (anion-

AESSST, keal/mol
A
anion-S65T-B2
73
5.2
I anion-S65T-11
anion-S65T-B1
0.0

Figure 7. Structures and energies of the three S65T model systems
with the anionic chromophore. Orientation of the Glu222 side chain is
different in these structures.
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S65T-B2). Their absorption bands are 479 and 483 nm,
respectively, at the XMCQDPT?2 level of theory.

Structure of the S65T Mutant with the Neutral
Chromophore. The model system mimicking the S65T
mutant with the neutral chromophore, neutral-S65T-Al, is
shown in Figure 8. Most importantly, the energy of this
structure is too high (17.9 kcal/mol above anion-S65T-B1),
making it irrelevant for the properties of the protein under
normal conditions.

His148 L
2.56 &
250 §

Wat °

Glu222

Ser205

Figure 8. Fragment of the system representing the S65T mutant with
the neutral chromophore. Distances (in A) between heavy atoms are
arranged as follows: the results of our QM/MM optimization for this
structure (top) and the values from the QM/MM optimized structure
representing wt-GFP from Figure 1 (bottom).

Excited-State Structures. The emphasis of our simu-
lations was on the structures in the ground electronic state, S,,.
The location of minimum energy configurations on the excited-
state (S;) PES performed using CIS allowed us to evaluate
vertical transition energies roughly corresponding to the band
positions in the emission spectra. Such calculations provide
additional validation of the ground-state structures. To
characterize more accurately structures in the excited state,
higher level quantum chemistry approaches are required, e.g,
see refs 57 and 58. Here we only briefly comment on issues
relevant to our simulations.

It is well known®' that electronic excitation leads to a
moderate bond length increase (0.04—0.05 A) in the two
bridge CC bonds of the anionic chromophore. The structural
changes in the neutral form of the chromophore are different:
the formally single bond contracts by about 0.04 A, whereas the
formally double bond elongates by 0.08 A. We observe these
trends when comparing minimum-energy structures on the S,
and S, PESs.

To illustrate changes in structures upon excitation, we show
(Figure 9) several interatomic distances in the ground and
excited states obtained in the QM/MM optimizations for wt-
GFP with the neutral chromophore. Such changes are typical
for all conformations considered in this work.

Similarly to the ground-state case, we located several
minimum energy conformations on the excited-state surface.
In particular, another structure was found for the excited-state
system, neutral-wt-A2*, which differs from neutral-wt-A1*
shown in Figure 9 by a different position of the His148 side
chain which moves closer to the chromophore. Energies of
these two conformations on the S; PES were fairly similar. One
may speculate that these two excited-state structures are
responsible for features observed in spectroscopy experiments.

His148

Ser205 Glu222

Figure 9. Comparison of selected geometry parameters of the system
representing wt-GFP with the neutral chromophore in the ground
state, neutral-wt-Al (top values in black), and in the excited state,
neutral-wt-A1* (bottom values, red).

According to these studies,””**** other intermediates beyond

the conventional I*-form are involved in the proton transfer
process in GFP. The hypothesis formulated in ref 20 assumes
an intermediate in which the proton wire “has partially adjusted
to the excited state, but is not optimal for proton transfer yet”.
We attempted to locate the excited-state conformation similar
to the chemical structures shown in Scheme 1 of ref 20;
however, the calculations converged to the neutral-wt-A2*
structure described above. Thus, although our results support
the existence of multiple conformers, no partially proton-
transferred structure has been found. As mentioned above,
more accurate excited-state calculations are required to
characterize dynamics of proton transfer.

Summary. To summarize the results obtained in this work,
we collect in Table 1 the computed relative energies of major
conformers referenced to the corresponding zero-energy
structures: neutral-wt-Al for wt-GFP or anion-S65T-B1 for
the S65T mutant.

Table 1. Computed Relative Energies (kcal/mol) of the
Ground-State Species for wt-GFP and S65T

wt-GFP S65T
neutral-wt-Al (Figure 1) 0 anion-S65T-B1 (Figure 6) 0
anion-wt-B1 (Figure 3) 0.9 anion-S65T-11 (Figure 7) 52
anion-wt-I1 (Figure 2) 1.0 anion-S65T-B2 (Figure 7) 7.3
anion-wt-12 (Figure 5) 3.0 neutral-S65T-Al (Figure 8) 17.9
anion-wt-B2 (Figure 4) 4.0
anion-wt-13 (Figure S) 6.1

Figure 10 schematically illustrates the computed energy
landscape for wt-GFP. We estimated the energy barriers
separating the major isomers on the ground-state potential
surface in the QM/MM approach: the barrier between the A-
and I-forms is very low, but the barrier between the I- and B-
forms is about 12 kcal/mol.

Table 2 summarizes the spectral properties computed using
XMCQDPT2 and SOS-CIS(D).

The anticipated accuracy in the excitation energy calculations
in these photoactive proteins using protocols employed in our
study is illustrated by the results of modeling several families of
photoreceptor proteins, as summarized in Figure 1 of ref 59.
The observed wavelengths can be reproduced within
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Figure 10. Computed energy diagram for the wt-GFP structural forms.

approximately 3 kcal/mol (~0.13 eV) error bar. Our results are
consistent with these estimates.

B CONCLUSIONS

This paper focuses on the QM/MM computed structures and
spectra of the model systems mimicking the chromophore-
containing domains of wt-GFP and the S65T mutant. The
novel aspect of this study is that we are able to arrange different
structures by energy. In particular, we show that the system
with the neutral chromophore (form A) is the lowest in energy
for wt-GFP, whereas the systems with the anionic chromophore
that are assigned to the B- and I-forms are about 1 kcal/mol
higher in energy. The respective population ratio between A
and B (5:1) is in excellent agreement with the experimentally
derived one (6:1).°

In the S65T mutant, the systems with the anionic
chromophore are much lower in energy (about 18 kcal/mol)
relative to the neutral chromophore structure.

Another important finding came from the re-examination of
the role of the nearby amino acid residues in stabilizing the B-
form with the anionic chromophore, which is produced from
the A-form with the neutral chromophore upon excited-state
proton transfer through the proton wire Wat-Ser205-Glu222.
According to our calculations, the conformations with the
rotated side chain of Thr203 (relative to its initial orientation in
the A-form) do not lead to energy lowering. In the case of wt-
GFP, the contributions from the His148 residue hydrogen-
bonded to the chromophore are sufficient to stabilize the
structures with the deprotonated phenolic chromophore’s ring
in both I- and B-forms. In the case of S65T, the concerted
contributions from His148 and Thr203 residues lead to
considerable energy separation between the lowest energy
structure of the B type with the anionic chromophore from

other structures. Correspondingly, we reassigned the I- and B-
forms of GFP. In accord with the previous knowledge and our
scheme, the I-forms refer to the species that absorb at
wavelengths slightly red-shifted with respect to the B-form;
however, the structural criteria that distinguish B and I species
are not based on the Thr203 orientation, as was originally
suggested.'® Our results indicate that the orientation of the
protonated Glu222 side chain is responsible for the difference
between the I- and B-forms. In the I structures, the Glu222 side
chain is in the syn conformation, and the proton wire Chr-Wat-
Sr205-Glu222 affords efficient proton shuttling. In the B
structures, the Glu222 side chain is in the anti conformation,
thus disrupting the proton wire. In agreement with the results
of spectroscopic measurements,'’ >> we found multiple
conformations on the ground-state energy surface that may
be referred to the I-type intermediates.

In sum, this work presents the first comprehensive quantum
chemical characterization of the structural forms of the
chromophore-containing domains of GFP in the ground
electronic state that are consistent with all available
experimental data.
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