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Abstract

The role of protonation states of the chromophore and its neighboring amino acid side chains of the
reversibly switching fluorescent protein rsEGFP2 upon photoswitching is characterized by molecular
modeling methods. Numerous conformations of the chromophore-binding site in computationally
derived model systems are obtained using the quantum chemistry and QM/MM approaches.
Excitation energies are computed using the extended multiconfigurational quasidegenerate
perturbation theory (XMCQDPT2). The obtained structures and absorption spectra allow us to provide
interpretation of the observed structural and spectral properties of rsEGFP2 in the active ON- and
inactive OFF-states. To identify intermediates along the routes of chromophore transformations
between the ON- and OFF-states, molecular dynamics trajectories with the QM/MM potentials are
examined. The results demonstrate that in addition to the dominating anionic and neutral forms of the
chromophore, the cationic and zwitterionic forms may participate in the photoswitching of rsEGFP2.
Conformations and protonation forms of the Glu223 and His149 side chains in the chromophore-

binding site play an essential role in stabilizing specific protonation forms of the chromophore.



Introduction

Reversibly photoswitchable fluorescent proteins (rsFP) are important markers used in
advanced bioimaging techniques applicable to living-cell studies.** They can be
reversibly photoconverted between two optical states termed ON (active, bright) and OFF (inactive,
dark) depending on their spectral properties. Despite wide applications in biotechnology, the
mechanism of action of rsFPs is still under active investigation. In this work, we focus on an
engineered member of the green fluorescent protein (GFP) family, rsEGFP2.5-° Photoswitching in this
protein is attributed to the cis-trans isomerization of its chromophore (Chro). The ON—OFF transition
is initiated by the 488 nm irradiation; it proceeds with a low quantum yield (QY) of 4%." The back
transfer OFF—ON takes place either after the 400 nm irradiation with the QY an order of magnitude
greater (40%) or by the thermal activation.

Fig. 1 shows the chromophore (Chro) of rsEGFP2 matured from the tripeptide Ala65-Tyr66-
Gly67. According to the experimental results,®” Chro occurs in the cis conformation (left panel) in
the fluorescent active ON-state, and in the trans conformation (right panel) in the dark OFF-state. The
Chro resides in the chromophore-binding site that includes the side chains of Arg97, His149, Thr204,
Ser206, Glu223 and water molecules.

Figure 1. The rsEGFP2 chromophore in the ON- and OFF-states. Here and in other figures, carbon

atoms are colored green, oxygen — red, nitrogen — blue.

Several structures ¢ of rsSEGFP2 have been deposited to the Protein Data Bank. They were
determined by conventional cryocrystallography as well as by serial femtosecond X-ray
crystallography (SFX) at room temperature. These studies provided not only the high-resolution
structure of the ON-state, but also resolved the structure of the photoconverted OFF state obtained by
irradiation of the crystallized protein in the ON-state. Moreover, the SFX studies allowed mapping
the structural pathway of the photochemical OFF — ON switching.”®



The structural data coupled with the results of spectral studies were used to propose a
mechanism of chemical transformations of Chro inside the chromophore-binding site. >2 This
proposal assumes changes in the protonation forms of Chro and of the nearby molecular groups. In
particular, they favor the occurrence of Chro in the cis-anionic form in the ON-state and in the trans-
neutral form in the OFF-state. From the very first studies of the GFP-like chromophores, the anionic
(A) and neutral (N) forms correspond to the unprotonated and protonated oxygen of the phenolic ring.
In other considered forms, 1° the cationic (C) and zwitterionic (Z) forms, an additional proton is
attached to the imidazolinone ring nitrogen as compared to the neutral and anionic forms, respectively,

as shown in Scheme 1.
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Scheme 1. From left to right — anionic (A), neutral (N), zwitterionic (Z) and cationic (C) forms of the

GFP-type chromophores shown here in the cis-conformation.

It is well known 1! that the anionic and neutral forms of the GFP-like chromophores
demonstrate distinct absorption bands around 500 nm and 400 nm, respectively. In the case of
rsEGFP2, a notable band shift from 478 nm to 408 nm observed ° in the ON-state upon decreasing pH
from 9 to 5 demonstrates an equilibrium involving various protonation forms. Similar spectral changes
are observed in the ON — OFF photoswitching, indicating a change in the Chro pKa upon cis-trans
isomerization in the protein. ® The Chro protonation state alteration as well as of the surrounding Chro
molecular groups was also put forward by studies of the OFF — ON transformations of rsEGFP2. 7#

When discussing protonation in rsEGFP2, we note the very recent paper ? that reports results
of the NMR studies for a related GFP-like reversibly switchable protein rsFolder with the same
composition of the chromophore and only few variations in amino acid residues neighboring to the
chromophore. ® The obtained data show that the relative population of the chromophore ON- and OFF-
states vary in a complex pH-dependent manner. The protonated and deprotonated forms of Chro and
nearby residues play an important role in hydrogen-bond dynamics, altering the relative stability of
the cis and trans configurations of Chro. Protonation-dependent dynamics determines the rsFolder
contrast, 12 an important parameter in applications of the reversibly switchable fluorescent probe.®



Therefore, the distinct properties of the cis and trans forms of Chro revealed in recent
experimental studies of rsEGFP2 and rsFolder >®*2 are linked to a specific location of protons at
various molecular groups in the chromophore-binding sites. This knowledge is indispensable to
understand mechanistic details of photoswitching. Although quantum-based molecular modeling may
provide an essential contribution to elucidate this issue, scarce computational studies are devoted to
this problem. Ref. 7 includes a fragment describing QM/MM simulations of rsEGFP2 focused on the
OFF — ON pathway after irradiation of the OFF-state. The author focused on the excited state
dynamics of the twisted trans-neutral Chro, i.e. the geometry configuration revealed in the SFX study,
at a modest theoretical level.

In this work, we relate the observed structural data and pH dependent spectral changes in
rSEGFP2 to specific protonated forms of Chro in cis and trans configurations and protonation and
conformation changes of the critical residues Glu223 and His149 forming hydrogen bonds with Chro.
We apply full-protein models treated at the quantum mechanics/molecular mechanics (QM/MM) level
and cluster models treated at the quantum chemistry level to simulate ground state properties and
excitation energies of rsEGFP2. The applied high-level approaches allowed us to identify a number
of conformations in the chromophore-binding site, which may contribute to photophysical properties
of rsEGFP2. Following the results of simulations, consistent with the available experimental data, we
put forward a hypothesis highlighting the role of protonation forms in reversible photoswitching. In
particular, we propose that the cationic cis form of Chro is involved in the photoswitching of the ON-
state leading to the OFF-state with the neutral trans form of Chro. The decay of the photoexcited OFF-

state with the trans Chro proceeds over a set of structures containing the neutral cis Chro.

Models and Methods

Two types of model systems were constructed in this work, both prompted by the available
crystal structures of rsEGFP2. At initial stages of the project, large molecular clusters composed of
about 225 atoms were created following the PDB ID 5DTX (containing cis Chro),® PDB ID 5089
(containing cis Chro),” and PDB ID 6T39 (containing cis and trans Chro)® templates. These clusters,
which simulate properties of the sole chromophore-binding site, include the extended Chro-containing
fragment Thr63-Leu71, surrounding groups from the residues Arg97, His149-Vall51, Thr204-
Ser206, Glu223 and water molecules. Protons were variably assigned to Chro, His149 and Glu223,

thus mimicking different protonation forms in these species at high and low pH in the related
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experiments. Correspondingly, total charges of the clusters were set as -1, 0 and +1. Equilibrium
geometry parameters were optimized at the density functional theory (DFT) level using the PBEO
functional 2 and the cc-pVDZ basis set. Calculations of transition energies between the lowest singlet
states So and Si as well as the corresponding transition dipole moments were performed with the
extended multiconfigurational quasidegenerate perturbation theory in the second order
(XMCQDPT2).1* This method, which is based on the complete active space self-consistent field
(CASSCF) wavefunctions, gained a solid reputation in accurate calculations of the excitation energies
of biological chromophores.*>" In this work, the minimal active space featuring 2 electrons over 2
orbitals, CASSCF(2,2), was applied followed by the state-averaging over 3 first electronic states. The
Firefly package *® was used in all cluster model calculations. The use of cluster approaches in
modeling properties of photoactive proteins is well documented in the literature, see, e.g. Ref. *° Since
the geometry optimization of atomic coordinates in clusters is carried out with a reference to the parent
crystal structures by constraining the coordinates of the terminal heavy atoms, the obtained model
systems describe the active sites corresponding to specific crystallization conditions.

Navigated by the obtained results of the clusters models, we carried out simulations of
rsEGFP2 properties using QM/MM calculations by considering the entire protein system. We denote
this series of models as the protein models. In this approach, the only source of atomic coordinates
was the crystal structure of the ON-state PDB ID 5DTX (containing cis Chro).® Hydrogen atoms were
added using molecular mechanics tools; the side chains of Arg and Lys were assumed as positively
charged, the side chains of Glu and Asp as negatively charged. The model protein molecule was fully
surrounded by explicit water molecules. All structures were optimized in QM/MM calculations using
the DFT(PBEO0/6-31G*) approach in QM and the AMBER force field in MM. A large fraction of the
chromophore-binding site was assigned to the QM-part. It included 162 or 163 atoms from Chro, the
residues Arg97, Glu223, Thr204, GIn205, Ser 206, His 149, Asn150, Val151, GIn184, Ser164, and 6
water molecules. First, the series of structures with the cis Chro was created as described below.
Structures with the trans Chro were prepared manually when starting from those with the cis Chro and
guided by the PDB 5DTY crystal structure. These calculations were performed by using the NWChem
program.?’ Calculations of transition energies and transition dipole moments were performed with the
XMCQDPT2 method on the CASSCF(16,12) wavefunctions using state-averaging over 10-15 routes;
the same number of states was taken into account in the PT2 part. The Firefly package & was applied
for molecular clusters corresponding to the QM-subsystem taken at the QM/MM optimized geometry

configurations.



Molecular dynamics (MD) simulations with QM/MM potentials with the atom-centered basis
functions and hybrid functionals in DFT are now available and prove their efficiency in modeling
chemical reactions in proteins, e.g. Refs. 2422 In this work, we perform calculations at the
QM(PBE0/6-31G**)/MM(CHARMM) MD level using NAMD % and TeraChem 2% packages
interfaced according to Ref. 2° The QM part comprised 81 atoms including Chro and the side chains
of Arg97, His149 and Glu223.

Results and Discussion

We illustrate in Fig. 2 the key molecular groups in our model systems taking one of the
obtained ON-state structures of rsEGFP2 as an example. The left panel presents a view of the solvated
protein showing explicitly the chromophore and nearby residues Arg97, His149, Ser206 and Glu223.
We emphasize that His149 is located close to the protein barrel surface, and its side chain is solvent
accessible. The right panel in Fig. 2 shows the groups, which are in the focus of the present
simulations. Here, the chromophore is in the anionic cis form and Glu223 is protonated.

LPCK: < SN
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Figure 2. The protein model (left) and a fragment of the chromophore-binding site (right).

Different conformations and protonation forms of Chro, His149 and Glu223 will be

characterized below. The Arg97 side will appear only in some of the subsequent figures. Although
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evidence has been presented that hydrogen bonding between arginine at this position in GFP-like
proteins and the chromophore carbonyl group may be important for photoisomerization, e.g. in
Dronpa,?® we do not find that this residue plays an important role in the stabilization of various
protonation forms of rsEGFP2.

In this paper, we adopt the following notation of model systems created computationally.
Letters A, N, C, Z refer to the conventional anionic, neutral, cationic and zwitterionic forms of the
chromophore. Next, either cis, or trans configuration of Chro is designated. We describe here two
series of model systems, which differ by an amount of protons in the area shown in the right panel in
Fig. 2. According to proposal formulated in the experimental works,> the anionic and neutral forms
of Chro are the immediate candidates for consideration of rsEGFP2 photoswitching. Correspondingly,
we consider systems of the type shown in the right panel in Fig. 2 with the anionic Chro and systems
with an added proton to the active site. We use the symbols “°©” and “*” (plus a proton) to distinct
systems of the first and second type. For instance, the right panel in Fig. 2 illustrates the (A-cis)®
system, whereas the notation (N-cis)¥ refers to the system with an added proton, and it describes the
neutral Chro. If necessary, the Roman numerals distinguish structures within the same type, which are
ordered by their relative energies. In these terms, the symbol (A-cis)®-I refers to the lowest-energy
structure with the cis-anionic chromophore. According to the previous studies, 32 this structure
dominates in the ON-state of rsSEGFP2. The symbol (N-trans)*-I refers to the lowest-energy structure
with the neutral Chro in the trans-form, which presumably dominates in the OFF-state. In the
following, the Roman numerals may be omitted from the symbolic names, if there is no ambiguity.

When studying a closely related protein rsFolder, Cristou et al.*? concluded that solvent
protons can easily migrate to the chromophore-containing pocket and protonate the
hydroxybenzylidene ring of the chromophore “on a submilliseconds time scale”. In line with this
finding, which presumably holds for rsEGFP2 as well, the following equilibrium is addressed by our
models of the ON-state

(A-cis)® + H* 5 (N-cis)* (Eq. 1)
At neutral pH, the (A-cis)® structure dominates, whereas at low pH, the (N-cis)® structure is a

predominant species in the ON-state. As shown in the left part in Fig. 2, the side chain of His149 most

likely serves as a “gate” for migration of protons. Importance of proton wires connecting the



chromophore-containing area and the protein exterior in photochemistry of GFP-like proteins is

documented in the literature, 2728
Structures and spectra of systems corresponding to the ON-state with the cis-Chro.

As described in Models and Methods, molecular model systems were constructed following
motifs of the crystal structures of the ON-state of rsEGFP2 (PDB I1Ds 5DTX, 5089) obtained at pH
near 8, which implies the anionic state of the cis Chro in the series marked by the “©” sign. The latter
refers to the rsEGFP2 properties at neutral and high pH. Extensive search of minimum energy points
on the ground state potential energy surface resulted in series of model structures. The right side panels
(b-d) in Fig. 3 show chromophore-binding sites of three selected systems. The left panel (a) shows a
superposition of the key molecular groups taken from the crystal structure PDB 5DTX and from two
low-lying computationally derived structures with the cis-anionic Chro. Table 1 collects the relative
energies, excitation energies and corresponding wavelengths and transition dipole moments of these
systems. Supplementary Materials contain more data on these and other computationally derived
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Figure 3. Selected molecular systems with the cis-Chro of the “©-series. Panel (a): superposition
over the heavy atoms in the protein model systems (A-cis)®-I (green sticks), (A-cis)®-11 (blue sticks)
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and the crystal structure PDB ID 5DTX (red sticks). Panels (b, c, d) illustrate an arrangement of the
hydrogen bonding patterns in the chromophore-bonding site in the systems (A-cis)®-1, (A-cis)®-II,
(N-cis)®.

Table 1. Properties of selected model systems simulating conformations in the ON state of rsSEGFP2

at neutral and high pH.

Property\System (A-cis)®-I (A-cis)®-11 (N-cis)®

Protein Cluster Protein Cluster Protein Cluster
Relative energy, model model model model model model
kcal/mol 0 0 0.2 2.2 7.1 6.7
Excitation energy, eV 2.52 2.49 2.65 2.38 3.04 2.94
Amax, NM 491 498 468 521 408 422
Transition dipole 3.8 3.3 3.4 3.4 1.2 2.8
moment, a.e.

We note that the lowest energy model system (A-cis)®-1 computed with both models (the
protein and cluster models) perfectly reproduces the structural and spectral experimental data.>” The
anionic phenolate is stabilized by the hydrogen bonds with His149, water and Thr204. We point out
that discrepancies between computational and experimental distances between heavy atoms in the
important hydrogen-bonded pairs, e.g. Chro-His149 and Ser206-Glu223, do not exceed 0.3 A. The
computed excitation energies (491 nm (2.52 eV) and 498 nm (2.49 eV)) are in a perfect agreement
with the observed absorption band maximum at 478 nm (2.59 eV).>® Structures with the anionic
chromophore are the candidates to be excited by 488 nm light and to emit at about 500 nm in the
related experiments.

We also note that simulations predict several structures, the energies of which are very close
(within 3 kcal/mol) to the level of the major conformation (A-cis)®-1. The (A-cis)®-I1 structure shown
in Fig. 3c is nearly isoenergetic to (A-cis)®-I according to our protein model. These structures differ
by conformations of the Glu223 or Thr204 side chains (cf. panels (b) and (c) in Fig. 3). The critical
residue Glu223 is protonated donating a hydrogen bond either to Ser206 or to the imidazolinone ring
of Chro. Rotation of both side chains Glu223 or Thr204 induces slight changes in the excitation

energies of the anionic Chro.
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Simulations with the protein model predict occurrence of the low-lying structure (Z-cis)®-I
with the chromophore in the zwitterionic form. This structure is formed by a rearrangement of the
Glu223 side chain concomitant with proton transfer. Its energy is only 1.5 kcal/mol above the level of
the major conformation (A-cis)®-I, and its excitation energy 2.32 eV corresponds to the red-shifted
absorption band maximum at 534 nm and the corresponding transition dipole moment is 3.9 a.e. In
previous simulations of GFP-like proteins, Schifer et al.?>% proposed that photophysical properties
of the chromoprotein asFP595 from the GFP family could be described by consideration of the
zwitterion as the dominant chromophore form in the ground electronic state. This conclusion was
obtained in calculations using the ZINDO approach; however, it was not confirmed in the subsequent
ab initio type modeling of electronic transitions in asFP595, but structures with the zwitterionic
chromophore were obtained in the excited state.?® Here, we obtain a low lying local minima on the
ground state potential energy surface with the zwitterionic Chro for rsEGFP2.

The lowest-energy structure with the cis-anionic Chro shown in Fig. 3b is interesting in the
sense that it illustrates features of the well-known proton transport wire in GFP,** which extends here
over the phenolic ring of Chro, water molecule Wat, Ser206 and Glu223. In the wild-type GFP with
the Chro precursor Ser65-Tyr66-Gly67, the structure with the cis-neutral Chro is slightly lower in
energy (about 1 kcal/mol according to the calculations in Ref. ) than that with the cis-anionic Chro
obtained by concerted proton transfer from the phenolic oxygen to Glu222 via Ser205. In the case of
rsEGFP2, a structure (N-cis)® with the neutral Chro prepared by proton transfer starting from (A-
cis)®-1 is illustrated in Fig. 3c and characterized in Table 1. This structure is about 7 kcal/mol higher
in energy than (A-cis)®-1. The estimated energy difference disfavors appearance of (N-cis)® in the
ON-state of rsEGFP2. This is consistent with the observation that the Ser65Ala replacement on the
way from GFP to rsEGFP2 disrupts the hydrogen-bond pattern near Glu223. This is also consistent
with the pKa value of the cis-form of Chro in rsEGFP2 ° and demonstrates stabilization of the anionic
cis Chro by the protein, including interactions with the residues forming the proton wire.

The computed excitation energy of (N-cis)® (3.04 eV or 2.94 eV (Table 1)) corresponding to
the wavelengths 408 nm or 423 nm match the observed ° band maximum near 400 nm in the ON-state
of rsEGFP2 at pH ~ 5. However, we think that this experimental band building up at low pH values,
which apparently refers to the neutral Chro, should be assigned to the model system (N-cis)*, i.e. to
the system with a proton added to the chromophore-binding site according to the above-mentioned
equilibrium of Eq. 1. The pKa estimate (~ 6 units) of the chromophore in the ON-state, ® assumes that

about 10% of the protonated state is expected to be present at neutral pH. The neutral form of Chro
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can appear in the ON-state of rsEGFP2 either by protonation with participation of His149 or by

protonation of the proton transfer wire. Both ways were explored in the present simulations. We

prepared the protein and cluster models corresponding to the (N-cis)* species, optimized their

geometry parameters and evaluated the absorption band maxima. The most important results are

illustrated in Fig. 4 and listed in Table 2.
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Figure 4. Selected molecular models with the cis-Chro with an extra proton in the system. Panels (a

- ¢) illustrate an arrangement of the key groups in the chromophore-binding site in the (N-cis)* model

systems. Panel (d) shows the system with the cationic Chro. Distances between heavy atoms are given

in A.

Table 2. Properties of selected model systems simulating conformations in the ON state of rsSEGFP2

at low pH.

Property\System (N-cis)*-1P | (N-cis)*-I° (N-cis)*-11 (C-cis)* | (A-cis)*
Protein Cluster Protein Cluster | Protein | Cluster

Relative energy, model model model model model model
kcal/mol 0 0 2.0 1.2 1.2 7.5
Excitation energy, eV 2.95 2.98 2.93 3.09 2.70 2.92
Amax, M 420 416 423 401 460 424
Transition dipole 1.6 2.9 1.2 2.8 3.7 2.9
moment, a.e.
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The side chain of His149 is located fairly close to the protein surface (see Fig. 2); therefore, it
is reasonable to assume that His149 may serve as a proton shuttle accepting a proton from the solvent
at the initially deprotonated imidazole nitrogen and donating a proton initially bound to another
imidazole nitrogen to the phenolic oxygen of Chro. The model cluster with the anionic chromophore
(A-cis)*, which contains the cationic protonated His149 side chain (Table 2), can be located, but it is
7.5 kcal/mol higher in energy than the model with the protonated phenolate Chro and neutral His149.

In this series of calculations, we obtained slightly different conformations of the lowest energy
system (N-cis)*-1in the protein model and in the cluster model. Correspondingly, we add superscripts
“p” or “c” to the system notations. The most important fragments of the systems (N-cis)*-IP and (N-
cis)*-1¢ are presented in the panels (a) and (b) in Fig. 4. These structures show different hydrogen
bonding patterns in the His149-Chro-Wat fragment. Despite this dissimilarity, both types of models
agree that formation of a hydrogen bond between Glu223 and the imidazolinone ring of Chro is
energetically favorable, as indicated by comparing energies of the (N-cis)*-1 and (N-cis)*-11 models
(see Fig. 4 and Table 2). These structures differ by conformations of the Glu223 and Ser206 side
chains. The computed excitation energies of (N-cis)*-1 and (N-cis)*-11 in all models are fairly close
(Table 2) and match the experimental absorption band maximum at 400 nm (3.10 eV) observed in
rsEGFP2 at low pH. °

Importantly, the protein model (C-cis)* (Fig. 4d) predicts that a structure with the cationic
Chro stabilized by hydrogen-bond patterns is only 1.2 kcal/mol higher in energy than (N-cis)*-1. The
excitation energy of (C-cis)* is 2.70 eV (460 nm), what makes this conformation a likely candidate
for consideration in protein photophysics for the 488 nm photoexcitation. Involvement of the cationic
GFP-like chromophore in molecular processes in solution and proteins has been proposed in earlier
works, see, e.g. Refs. 233 Structures with the cationic Chro were identified previously for the kindling
fluorescent protein (KFP),2® however, at the excited state potential energy surface, whereas the (C-
cis)* minimum for rsEGFP2 is located on the ground state potential energy surface.

Structures and spectra of systems modeling the OFF-state with the trans-Chro

Following the crystallography studies, two structural variants are proposed in the OFF-state of
rsEGFP2; one with the highly twisted Chro turned away from the His149 side chain (called Transl in
Ref. & and a nearly planar Chro hydrogen-bonded to His149 (called Trans2). & In the present
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simulations, several conformations of chromophore-binding sites with the trans Chro were considered
after geometry optimization of the corresponding model systems. In Supplementary Materials we
collect cluster models with various compositions of the chromophore-containing pocket. In the main
text, we compare Transl and Trans2 containing active sites with the same number of protons as in the
series (A-cis)*, (N-cis)* and (C-cis)* in the ON-state simulations (see Fig. 4 and Table 2). Fig. 5 and
Table 3 present the results of the most important systems with the trans Chro.

Fig. 5a illustrates the protein model system (N-trans)*-11 with the twisted Chro
corresponding to the Transl variant. The obtained values of the conventional torsional angles at the
bridge between the phenolic and the imidazolinone rings ¢ and t (Ssee Fig. 2) are -31° and -5°,
respectively, which are consistent with the crystal structures in the OFF-state as well as with the results
(-46 + 11° and 2 + 8°) of QM/MM-based simulations described in Ref. ’. As shown in Table 3 the
system with the twisted Chro (N-trans)*-11 lies slightly higher in energy than that with the planar
Chro, (N-trans)*-1, illustrated in Fig. 5b. Superposition of the protein model (N-trans)*-1 with one
of the conformations in the crystal structure PDB 508A depicted in Fig. 5e provides support to the

present simulation results.

Ser206 ! i S o
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Figure 5. Selected structures with the trans-Chro. We point out designation of the structures Transl

and Trans2 as in Ref. & along with the notations used in this work. In panel (e) we show superposition
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of the (N-trans)*-1 model system, which correlates with the Trans2 variant, and the crystal structure
PDB ID 508A with the planar Chro.

Table 3. Properties of selected model systems modeling the OFF-state of rsEGFP2.

Property\System (N-trans)*-1 (N-trans)*-11 (C-trans)*-1 | (C-trans)*-11
(Trans2) (Transl) Twisted Planar
Planar Chro Twisted Chro Chro Chro
Protein | Cluster | Protein | Cluster Protein Protein
Relative energy, model model model model model model
kcal/mol 0 1.2 1.0 1.3
Excitation energy, eV 2.95 291 2.93 3.14 2.86 2.72
Amax , M 420 426 423 395 434 456
Transition dipole 1.2 2.8 1.2 2.4 1.9 2.4
moment, a.e.

The excitation energies and transition dipole moments computed for the (N-trans)*-1 and (N-
trans)*-11 model systems in both our models correspond to bands with the wavelengths 395 + 426
nm, well consistent with the observed absorption band maximum at 408 nm.>

In Figs. 5¢, 5d and in Table 3 we show the computed parameters of model systems with a
cationic Chro in the twisted conformation (C-trans)*-1 and in the planar conformation (C-trans)*-I11.
Remarkably, the protein models place the systems with the cationic Chro very close to the energy
level of the lowest energy isomer. Occurrence of systems with the cationic Chro is not unexpected in
rsSEGFP2; the short (Glu223)O-N(Chro) distances, 2.78 and 2.74 A (Figs 5a, 5b) suggest easy
migration of a proton along this hydrogen bond. The excitation energy in these C-trans models is

somewhat reduced as compared to the N-trans models (Table 3).

Theoretical reconstruction of the absorption spectral bands in the ON-state of rsEGFP2

The model systems described above provide an insight in the observed features of the
absorption spectral bands at different pH. The central part in Fig. 6 reproduces contours of the

experimental bands recorded in the ON-state; ° the panels in the upper and lower rows in Fig. 6
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illustrate the structures of model systems, which according to our simulations, contribute to the

observed bands.
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Figure 6. Reconstructing the pH dependence of the absorption bands in the ON-state of rsEGFP2 by
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the results of the present simulations. The dotted vertical lines in the central panel, which are colored
dark blue, magenta, light green, and red, respectively, mark positions of the computed absorption band
maxima of the structures shown in the framed panels. The color of every frame and of the characters
inside the frame is the same as of the corresponding vertical line. Experimental data digitized and
replotted from Ref. ® show the shapes of the absorption bands at pH 9 (dark blue), pH 8 (light blue),
pH 7.5 (dark green), pH 6.5 (magenta), pH 6 (light green), pH 5 (red).

The shapes of absorption bands corresponding to high pH, which apparently refer to the protein
conformations with the cis-anionic Chro, show a pronounced shoulder between 450 and 500 nm
shifted to lower wavelengths from the major absorption peak. This is typical for GFP-like proteins,
and possible explanations connect this shoulder with vibrational satellites or with contributions from
different protein conformations (see Refs. 1%343), The major peak and, to a lesser extent, the shoulder
decrease with lowering pH. According to the present simulations, we propose that the major peak is
due to the (A-cis)®-I conformation (upper right panel in Fig. 6), whereas the shoulder is due to the
(A-cis)®-11 conformation (lower right panel in Fig. 6). The major peak at low pH (the red line in the

experimental band) corresponds to the structure with the cis-neutral Chro (N-cis)*-1 (upper left panel
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in Fig. 6). The corresponding band also includes a shoulder, this time shifted to higher wavelengths.
We propose to relate this feature to the presence of (C-cis)* species with the band maximum at 460
nm and the relative energy of 1.2 kcal/mol above the (N-cis)*-I system. Only a small fraction of
proteins may adopt the conformation of the (C-cis)* model at high and neutral pH; however, its weight

at low pH may be high enough.

QM/MM MD simulations of the ground state trans-cis transformation of Chro

The model systems described above also provide an insight in the observed features of the
OFF — ON transformations. 8 According to the proposal formulated in Ref. 8, the reaction route
initiated by the excited-state structure with the twisted Chro in the trans-neutral form, crosses the
conical intersection point and proceeds on the ground state energy surface over possible intermediates
containing cis-neutral Chro and cis-anionic Chro. These transformations that depend on the stability
of hydrogen-bonding interactions in the chromophore-binding site are addressed in our QM/MM MD
simulations.

As seen in Figs. 2-5, the hydrogen-bonded proton wires connect molecular groups in the
chromophore-containing pocket. They include the conventional GFP-type proton transport wire Chro-
Wat- Ser206-Glu223 as well as the extended wire with inclusion of His 149 (see Fig. 2). It is
instructive to simulate dynamics of model systems upon OFF — ON transformations to clarify proton
redistribution around the chomophore. The recently developed QM/MM MD approaches, which allow
using the hybrid functionals in DFT and the atom-centered basis functions, provide suitable modeling
tools. ® The proton shuttle along the conventional GFP-type proton transport wire has been
extensively studied and simulated; see, e.g. one of the recent papers.>® Here, we executed and analyzed
ground-state QM/MM MD trajectories starting from the model system (N-cis)® (see Fig. 3). In these
simulations, trajectories arrive to lower-energy systems with the cis-anionic Chro during first 200 fs.
More interesting results were obtained in QM/MM MD simulations of the extended proton wire.
Specifically, we started from the protein conformation corresponding to the structure PDB ID 508B
(conformer D) 7 with the highly twisted chromophore. In our terms, the starting point corresponds to
the (N-trans)*-11 system. A part of computed trajectories describe the return of the system back to
the OFF-state with the trans-neutral Chro, whereas some trajectories finally relaxed to the system with
the cis chromophore, i.e. to the (N-cis)*-1 conformation. The panels in Fig. 7 illustrate major features

of such a pathway along the 40 ps trajectory.
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Figure 7. Features along the QM/MM MD trajectories relevant to the ground-state OFF—ON
transformations. Panel (a) shows the evolution of the distance between the N2 atom of Chro and the
hydrogen atom attached to the Og atom of Glu223; panel (b) illustrates a related fragment of the model
system. Panel (c) shows the evolution of the distance between the Ne atom of His149 and the hydrogen
atom shared between His149 and Chro. Panel (d) illustrates the destination point, which corresponds

to the (N-cis)*-1 system.

According to these simulations, the transformation of the twisted trans form of Chro to the cis
form occurs at the very first time steps; already after 200 fs we observe a slightly twisted cis-Chro,
which is getting planar at 500 fs. At this time scale, we see proton migration between phenolic oxygen
of Chro and His149 (Fig. 7c¢). The graph in Fig. 7a shows that the break of the hydrogen bond between
Glu223 and Chro takes place during first 25 ps; the side chain of Glu223 drifts far from the
chromophore (up to 4 A). The side chains of Thr204 and Tyr146 closely interact with Chro; rotations
of the corresponding molecular groups of Glu223, Thr204, Tyr146 take place. However, after 40 ps,
the system arrives to a stable conformation corresponding to the (N-cis)*-1 model system (Fig. 7d).
Further stabilization, at a considerably longer time scale that is not accessible with the QM/MM MD

method, but predicted by our protein and cluster model geometry optimization, would require
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migration of proton from the His149 side chain to the bulk leaving the system in the (A-cis)®-I

conformation as presumed in Refs.’8

Discussion of the switching pathways

As demonstrated above, several close in energy protein conformations contribute to the
observed structural and spectral properties of rsEGFP2 in the ON-state. The (A-cis)®-1 and (A-cis)®-
Il model systems are important, featuring rearrangements in conformations of the groups constituting
proton transport wires. These rearrangements are in line with the fast proton exchange in the
chromophore-binding site as suggested by the NMR characterization of the related protein rsFolder.
121n particular, the (A-cis)®-11 model is a precursor of the isomers with the neutral and cationic Chro
(N-cis)* and (C-cis)*, which may form upon protonation of Chro, most likely, with the help of the
His149 side chain. These protonated forms constitute a minor fraction of species at neutral pH.
Remarkably, the excitation energy in (C-cis)* corresponds to the absorption band maximum at 460
nm close to that of the anionic form at 478 nm. The corresponding energy value (2.70 eV) is close to
the experimental excitation energy 2.54 eV related to the 488 nm wavelength ° required for
photoswitching. Hence, the minor fraction corresponding to the (C-cis)* system is likely to be excited
along with the major fraction in the (A-cis)® conformation.

According to our previous studies,®” the GFP-like chromophores in the anionic form are stable
against cis-trans isomerization in the photoexcited state, because the pathway from the corresponding
conical intersection point rather leads to systems with the initial cis form. In the case of rsEGFP2, the
photoswitching is unlikely applicable to the most populated systems with the anionic Chro, then the
corresponding QY would be higher that the observed 4%.° In contrast, chromophores with the neutral
Chro form readily undergo cis-trans photoinduced isomerization. 3’ However, in the case of rSEGFP2
this cannot be accomplished by the 488 mn (2.54 eV) irradiation, since the excitation energy of the
neutral form is substantially larger and amounts to 3.1 eV (400 nm). We propose that the low QY of
the photoswitching is consistent with a hypothesis that a small, but sufficient fraction of the protein
absorbing at longer wavelength undergoes photoisomerization. Such fraction may correspond to the
(C-cis)* conformation of the Chro-containing pocket undergoing photoconversion to the trans-
configuration of Chro either in the cationic or neutral form. We suggest that the structure (C-cis)* is
a likely candidate to account for the ON — OFF photoswitching in rsEGFP2. Irradiation by 488 nm
initiates excitation and isomerization of (C-cis)* eventually leading to the (N-trans)*-1. Participation

of the protonated (C-cis)* form of Chro in photoconversion also suggests that the isomerization yield
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may increase by lowering pH. To support this proposal, we note the results of the recent studies of the
related protein rsFolder; the graphs shown in Fig. 6 in Ref. 12 demonstrate that the efficiency of cis-
trans isomerization upon 488 nm illumination increases with lower pH.

Our QM/MM and QM/MM MD simulations are consistent with the proposal that on the
descent from the excited OFF-state, the so-called “cis-protonated states” ' may appear. However,
according to the energies of our optimized models, we expect a mixture of (N-cis)*/(A-cis)® species
in the recovered ON-state rather than the occurrence of “cis anionic ON-state” as assumed in Ref. ’
A predominant fraction at neutral and high pH corresponds to (A-cis)®-1, but a small fraction of (C-

cis)* is ready for the next photocycle.

Conclusions

We report the following novel aspects on the structure and dynamics of an important reversibly
switching fluorescent protein rsEGFP2. Quantum-based simulations predict a variety of the
chromophore-binding structures with fairly close energies, containing Chro in the cis and trans forms.
These structures differ in conformations and protonation states of the chromophore and indicate
substantial flexibility of the critical amino acid side chains His149, Ser206 and Glu223. The computed
structures and excitation spectra of the series of model systems are consistent with the observed
absorption spectra of the protein including the pH-dependence in the ON-state. We propose that
protonation of the imidazolinone ring of Chro by Glu223 facilitates cis-trans isomerization involved
in the ON—OFF photoswitching. According to the results of simulations, the cationic cis form of
Chro may be involved in photoexcitation of the ON-state finally leading to the OFF-state with the
neutral trans Chro. The hydrogen bonds of Chro with His149 and Glu223 are breaking and reforming
in the course of OFF—ON photoswitching along the decay of systems with the protonated trans Chro
to those with the neutral cis Chro. The obtained group of structures with the cis-Chro includes, in
particular, species with the cis-anionic Chro and cis-cationic Chro, which are ready for the next

photocycle.

Associated content
The Supporting Information is available free of charge at https://pubs.acs.org/doi/10.1021/XXX.
Coordinates of the structures obtained in geometry optimization of molecular systems within the

protein and cluster models (PDF).
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