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ABSTRACT: The unique properties of the photoswitchable protein
Dreiklang are attributed to a reversible hydration/dehydration reaction at
the imidazolinone ring of the chromophore. Recovery of the ﬂuorescent
state, which is associated with a chemical reaction of the chromophore’s
dehydration, is an important part of the photocycle of this protein. Here we
characterize the ﬂuorescent (ON) and nonﬂuorescent (OFF) states of
Dreiklang and simulate the thermal recovery reaction OFF → ON using
computational approaches. By using molecular modeling methods including the quantum mechanics/molecular mechanics
(QM/MM) technique, we characterize the structures and spectra of the ON- and OFF-states. The results are consistent with
available experimental data. The computed reaction proﬁle explains the observed recovery reaction and clariﬁes the mechanism
of chemical transformations in the chromophore-containing pocket in Dreiklang.

■

tide.4,5 However, much less is known about the reversible
photochemical hydration of the chromophore in Dreiklang.
The mechanistic proposal (Scheme 1) was put forward in the
original paper.3 A recent study6 reported the results of
femtosecond experiments with Dreiklang, tentatively suggesting additional details of the mechanism of the hydration
reaction. No proposals for the dehydration reaction, i.e., the
recovery of the ﬂuorescent state, have been formulated so far.
The structure of Dreiklang is typical for the GFP-like
proteins. The chromophore (Chro) resides in an α-helical
segment, enclosed by a β-barrel. Unlike the parent GFP
variants in which chromophores are autocatalytically formed
from the Ser65(Thr65)-Tyr66-Gly67 tripeptide, the chromophore in Dreiklang is formed by the Gly65-Tyr66-Gly67
residues. The neighboring side chains at positions 64, 68, and
203 also diﬀer: Phe64, Val68, and Thr203 in GFP, versus
Ile64, Leu68, and Tyr203 in Dreiklang. Upon the chromophore’s maturation, Dreiklang exists in the ﬂuorescent ONstate, which can be converted to the OFF-state illumination by
3.06 eV (405 nm) light.3
The crystal structure reveals3 that the chromophore in the
OFF-state is hydrated at the imidazolinone ring. The recovery
of the ON-state occurs either photochemically, by illumination
at 3.39 eV (365 nm), or in the dark. In the latter case, the ONstate recovers spontaneously with a half-life of ∼10 min at
room temperature.3 Using the Eyring−Polanyi equation and
assuming a transmission frequency of 1, these kinetic data
correspond to an OFF → ON Gibbs free energy barrier of 21
kcal/mol.

INTRODUCTION
It is diﬃcult to overstate the signiﬁcance of ﬂuorescent
proteins from the green ﬂuorescent protein (GFP) family
widely used as biomarkers in living cells.1 A new wave of
interest emerged due to the development of super-resolution
microscopy.2 In these applications, photoswitchable proteins
play a central role. In contrast to passive ﬂuorescent reporters,
optical properties of photoswitchable proteins can be modiﬁed
by light. For example, their ability to ﬂuoresce can be switched
on and oﬀ, and their colors can be changed as well. The
engineered protein Dreiklang3 is one of such promising
species. The unique properties of Dreiklang are attributed to
a reversible hydration/dehydration reaction at the imidazolinone ring of the chromophore, as summarized in Scheme 1. It
Scheme 1. Reversible Hydration/Dehydration Reaction of
the Dreiklang Chromophore

is a rare example of a reversible photochemical modiﬁcation of
the GFP-like chromophore inside the chromophore-containing
pocket. Another unusual aspect of this transformation is that,
upon illumination, a water molecule in the chromophorecontaining pocket reacts with the chromophore and that the
original chromophore is restored via the dehydration reaction.
Dehydration reactions of the GFP-like chromophore are
believed to be a part of the chromophore maturation, a posttranslational modiﬁcation of the Ser65-Tyr66-Gly67 tripep© 2019 American Chemical Society
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Figure 1. Structures of the hydrated (left) and original (right) chromophore in Dreiklang. Here and in other ﬁgures, carbon atoms are shown in
green, oxygen in red, nitrogen in blue, and hydrogen in light gray.

are positively charged and that side chains of Glu and Asp are
negatively charged. The protein was fully surrounded by
explicit water molecules. The system with the original
(nonhydrated) chromophore was equilibrated in preliminary
molecular dynamics simulations with the CHARMM force
ﬁeld18 and the chromophore’s parameters from ref 19.
The choice of the QM subsystem for the quantum
mechanics/molecular mechanics (QM/MM) calculations20,21
was based on the previous studies of the GFP-like
proteins.9,13,22,23 A large fraction of the chromophorecontaining pocket was assigned to the QM part. Speciﬁcally,
atoms of Chro shown in the left side in Figure 1, side chains of
Gln94, Arg96, His145, Tyr203, Ser205, and Glu222, and seven
water molecules were included in QM. Calculations of energies
and forces in QM were carried out using Kohn−Sham DFT
with the M06-L functional24 and the cc-pVDZ basis set. The
AMBER force ﬁeld was used in MM. The NWChem software
package25 was used to scan fragments of potential energy
surface along the assumed reaction coordinates. Unconstrained
QM/MM minimization allowed us to locate minimum energy
points corresponding to the REAG, PROD, and INT1-INT3
structures. Transition states were ﬁrst located in series of
constrained QM/MM minimizations and then conﬁrmed by
frequency calculations. Gradual descent in the forward and
backward directions from the TS points veriﬁed that the true
saddle points were found.
Vertical excitation energies S0 → S1 at selected points on the
ground-state potential energy surface were computed using
XMCQDPT226 with the cc-pVDZ basis set, the protocol that
we veriﬁed earlier and used extensively in studies of the
photoreceptor proteins.13 Here, the perturbation theory
calculations were based on the CASSCF wave functions
obtained by distributing 16 electrons over 12 orbitals and using
density averaging over 11 states. The active space included
orbitals from Chro and Thr203, which interact via π-stacking.

The unique photoswitchable properties of Dreiklang are
attributed to the chemical transformations of the chromophore. Detailed mechanistic understanding of the photoconversion is important for developing guidelines for the
rational design of reversibly switchable ﬂuorescent labels.
Moreover, the signiﬁcance of the dehydration reaction at the
imidazolinone ring in Dreiklang extends beyond this particular
protein, as the reactions of this type occur upon maturation of
the GFP-like chromophore.7−9
In this paper, we use methods of computational chemistry to
model the recovery reaction (OFF → ON) of the ﬂuorescent
state of Dreiklang. Successful applications of computational
chemistry to modeling properties of photoactive proteins are
summarized in recent review papers;10−13 these studies include
simulations of reversibly switchable ﬂuorescent proteins14 as
well as investigations of photochemical and thermal reaction
pathways in photoreceptors.15,16
Figure 1 illustrates the reaction in terms of molecular models
of the chromophore in the hydrated and dehydrated forms. In
Figure 1, we also show designation of the key atoms of reacting
species. Because here we model the reaction of the ON-state
recovery, we place the hydrated species (the chromophore in
the OFF-state) in the left and denote molecular compositions
in the OFF- and ON-states as REAG (reagents) and PROD
(products), respectively.
A viable reaction mechanism should explain the cleavage of
the C65−Ow bond, the formation of the water molecule, and
the restoration of the original chromophore. As we show
below, a mechanism consistent with the observed relatively low
energy barrier in the thermal reaction involves the participation
of the backbone chain O67−C67−N68−H68 and the Glu222 side
chain, which is located unusually close to the chromophore’s
imidazolinone ring.

■

MODELS AND METHODS
To construct model systems representing the protein-bound
chromophore, we started from the coordinates of heavy atoms
in the crystal structure PDB ID 3ST23 (chain A) from the
Protein Data Bank.17 This structure, solved with 1.9 Å
resolution, corresponds to the initially formed protein crystal
of Dreiklang.3 This ﬂuorescent equilibrium state was then
switched to the nonﬂuorescent OFF-state by irradiation at 405
nm until ﬂuorescence reached a minimum; the corresponding
crystal structure PDB ID 3ST3 was solved with 1.7 Å
resolution.3 Then the ON-state was restored by irradiation
with 365 nm light until the ﬂuorescence reached a maximum;
the corresponding crystal structure PDB ID 3ST4 was solved
with 2.0 Å resolution.3
In simulations, we added hydrogen atoms using molecular
mechanics tools; we assumed that side chains of Arg and Lys

■

RESULTS
Computational Characterization of the ON- and OFFStates. The main focus of this paper is on the mechanism of
the dehydration reaction connecting the OFF- and ON-states
in Dreiklang. In this subsection, we validate our models against
the available experimental data.3,6 The original experimental
study3 has shown that the protein in the equilibrium state
(PDB ID 3ST2) is converted to the inactive OFF-state by
illumination by 365 nm light (3.40 eV). The corresponding
crystal structure is PDB ID 3ST3. Subsequent illumination of
the OFF-state by 405 nm (3.06 eV) light results in the
ﬂuorescent state ON; the corresponding crystal structure is
PDB ID 3ST4. In our simulations, we started from the
coordinates of heavy atoms of the PDB ID 3ST2 entry and
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Figure 2. Fragment of the chromophore-containing pocket in the ON-state in Dreiklang. QM/MM-optimized distances between heavy atoms are
in Å; the values in parentheses are from the crystal structure PDB ID 3ST4 (chain A). The inset illustrates the system from another perspective
showing a proton wire Oε2(Glu222)−W4−Oγ(Ser205)−W5−Nδ(His145).

Figure 3. Fragment of the chromophore-containing pocket in the OFF-state in Dreiklang. The QM/MM-optimized distances between heavy atoms
are in Å; values in parentheses refer to those from the crystal structure PDB ID 3ST3 (chain A).

prepared an all-atom protein model as described in Models and
Methods. The QM/MM optimization produced a model
system with the neutral chromophore, neutral His145, and
neutral (protonated) Glu222, representing the system assumed
to be the ON-structure in the experimental paper.6 Its
optimized geometry should be compared to the crystal
structure PDB ID 3ST4, and the excitation energy should be
compared with the absorption band maximum at 3.01 eV (411
nm). A model system with the hydrated chromophore (Figure
1, left) was prepared manually from our ON-model. Its

structure should be compared with the crystal structure PDB
ID 3ST3 (the OFF-state), and its excitation energy should be
compared with the absorption band maximum at 3.65 eV (339
nm).
Figure 2 shows a fragment of the chromophore-containing
pocket in the ON-state. We compare its key structural
parameters with the parameters of the chain A from the
entry PDB ID 3ST4. The water molecule W1 in the model
structure (Figure 2) is located in the cavity suﬃciently close to
the carbon atom C65 (3.12 Å in the model, 3.38 Å in the
8903
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Scheme 2. Intermediates of the Reaction of Thermal Recovery of the ON-State

We constructed a model for the OFF-state on the basis of
the computationally derived ON-state model. We split the
water molecule W1 (see Figure 2) to the OwHw1 and Hw2
moieties, which were attached to the C65 and N66 atoms in the
ring; this corresponds to proposed nucleophilic water addition
across the CN bond of the imidazolinone ring. We then
carried out QM/MM optimizations considering diﬀerent
protonation states of the chromophore, His145 and Glu222.
We concluded that the structure with the neutral Chro, anionic
Glu222, and protonated His145 is the most likely candidate for
representing the OFF-state (a detailed report will be published
elsewhere).
Figure 3 shows the chromophore-containing pocket in the
OFF-state (which corresponds to the REAG structure in the
dehydration reaction). We compare the computed distances
between heavy atoms from diﬀerent molecular groups with
those in the chain A of the crystal structure PDB ID 3ST3
(values in parentheses). In the context of dehydration reaction,
the following short distances are of primary importance:
between the backbone atom N68 and the oxygen atom Ow, 2.89
Å in the model, 2.86 Å in the crystal; between Ow and Oε1
(Glu222), 2.62 Å in the model, 2.46 Å in the crystal; between
N66 and Oε2 (Glu222), 2.98 Å in the model, 2.85 Å in the
crystal. The latter two distances clearly show that the side
chain Glu222 is deprotonated in the OFF-state. As shown
below, proton transfers along the corresponding pathways
account for the reaction. Also, two water molecules (called W2
and W3 in Figure 3) hydrogen-bonded to O67 play an
important role in the reaction, serving as the oxyanion hole. In
the model structure, these two water correspond to crystal
waters #5 and #12 (chain A in PDB ID 3ST3).
The computed energy for vertical transition S0 → S1 with a
large oscillator strength is 3.66 eV (obtained with
XMCQDPT2). This value, corresponding to the wavelength
338 nm, agrees well with the experimental absorption band
maximum at 339 nm. To sum up, a good agreement of
computed structural parameters and the absorption band

crystal) to form the hydrated chromophore moiety. While
simulations of the photoinduced chemical reaction of
formation of the hydrated chromophore are beyond the
scope of this study, we simply point out that our model system
for the ON-state (the neutral Chro, deprotonated His145, and
protonated Glu222) does not contradict the early mechanistic
hypotheses.6
We note the proximity of the Glu222 side chain to the
imidazolinone ring and to the group of backbone atoms (H68−
N68−C67−O67) connecting the Gly67 (partly converted to the
chromophore moiety) and Leu68 side chains; the relevant
distances are between the Oε1(Glu222)−N68 atoms (5.26 Å in
the model, 5.15 Å in the crystal) and between the
Oε2(Glu222)−N66 atoms (3.35 Å in the model, 2.97 Å in
the crystal). The positions of the chromophore groups in the
model system relative the important residues Tyr203 and
Arg96 also agree well with the crystal structure.
The inset in Figure 2 shows the model for the ON-state
from another perspective. We draw the attention to a perfect
proton wire O ε 2 (Glu222)−W4−O γ (Ser205)−W5−
Nδ(His145) connecting the Glu222 and His145 side chains.
The hydrogen-bond chain O ε2 (Glu222)−O w (W4)−
Oγ(Ser205)−Ow(W5)−Nδ(His145) is characterized by distances between the neighboring heavy atoms 2.6−2.7 Å. It
guarantees an eﬃcient proton transfer along this proton
wire.27−29 In GFP, a similar proton wire connects the phenolic
oxygen of Chro with the Oε(Glu222) via Ser205 and a water
molecule.22 Proton transfer along such a route is an essential
part of the GFP machinery.30 In Dreiklang, the corresponding
proton wire should also be operable; the computed potential
energy proﬁle shows that the structure with the protonated
Glu222 and unprotonated His145 is about 5 kcal/mol lower in
energy than that with the unprotonated Glu222 and
protonated His145. The computed energy of the lowest
vertical transition with a large oscillator strength is 2.90 eV
(obtained with XMCQDPT2). The corresponding wavelength
of 427 nm agrees well with the experimental absorption band
maximum at 411−413 nm.
8904
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Figure 4. Molecular models of the reaction species at the elementary step REAG → TS1 → INT1. Distances are in Å.

Figure 5. Intermediates and transition states of the dehydration reaction illustrating the role of Glu222.

involves transient protonation of Glu222, and the next step is a
proton transfer in the chain Oε2(Glu222)−W1′−N68, restoring
the structure of the nonhydrated chromophore (see Figure 1,
right). The intermediate INT3 corresponds to a local
minimum on the potential energy surface, while the transition
to the global minimum (ON-state) requires concerted proton
transfer along the Oε2(Glu222)−W4−Oγ(Ser205)−W5−
Nδ(His145) wire. At all elementary steps beyond the ﬁrst
one, the Glu222 side chain serves as a proton shuttle.
In the following, we consider in details the rate-determining
step of the thermal reaction OFF → ON in Dreiklang and then
describe the steps of proton shuttling via Glu222.
Rate-Determining Step. The elementary step with the
highest barrier on the route from REAG to PROD is the

maxima with the corresponding experimental data provide a
validation of our model systems for the ON- and OFF-states.
Pathway of Thermal Recovery Reaction. We computed
a minimum energy proﬁle for the reaction of the thermal
recovery of the ON-state in a series of constrained QM/MM
minimizations by considering relevant reaction coordinates at
each elementary step.
Scheme 2 illustrates the reaction pathway from REAG
(OFF-state) to PROD (ON-state) on the ground electronic
state potential energy surface.
Calculations reveal that the rate-determining step (REAG →
INT1) in this reaction is the Ow−Hw1 protonation by the
backbone amide N68−H68 (see Figure 1, left), resulting in the
formation of water. The transition from INT1 to INT2
8905
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Figure 6. Energetics of the ON-state recovery reaction in Dreiklang. Panels show the structures where estimates of the excited state energies were
performed.

cleavage of the C65−Ow bond in the hydrated chromophore
and the formation of a water molecule from the Ow−Hw and
H68 moieties. As shown in Figure 4, the hydrogen-bonded
pattern N68−H68−Ow is perfectly aligned for the proton
transfer. This elementary step leads to the reaction
intermediate INT1 separated from REAG by the transition
state TS1. A short initial distance between Ow and H68, 1.88 Å,
is due to the proximity of the Leu68 side chain to the
chromophore (Figure 2), which, in turn, can be explained by
the small size of the residue in position 65: Gly65 in Dreiklang
versus Ser or Thr in regular GFPs.
The preliminary scan of the ground-state PES along the two
coordinates corresponding to the C65−Ow and N68−H68
distances allowed us to locate an intermediate conformation,
starting from which the single reaction coordinate corresponding to the N68−H68 stretch could be considered. We located
the saddle point corresponding to the TS1 structure, from
which the unconstrained descents in the forward and backward
directions led to the REAG and INT1 points on the PES.
Figure 4 shows molecular models of the corresponding
structures. The produced water molecule W1′ bridges the
carboxyl group of Glu222 and the backbone fragment.
Frequency calculations performed for these three stationary
points (REAG, TS1, INT1) conﬁrmed that REAG and INT1
are the local minima and the TS1 structure has a single
imaginary frequency 810i cm−1. The mode of this imaginary
frequency corresponds to the N68−H68 stretch. The electronic
energy diﬀerence between the stationary points TS1 and
REAG on the QM/MM potential energy surface is 27 kcal/
mol. Due to the high imaginary frequency, zero-point energy
corrections considerably reduce the barrier height, making it
closer to 21 kcal/mol. We conclude that theoretical and
experimental data on the kinetics of the thermal reaction of
dehydration in Dreiklang are in agreement, taking into account
typical errors in DFT calculations of barrier heights (up to
several kcal/mol).31
The reaction intermediate INT1 lies about 20 kcal/mol
above the OFF-structure. As shown in Figure 4, the changes in
the geometry parameters upon the route from REAG to INT1
are consistent with the changes in the electronic structure:
there is a decrease in the C67−N68 bond length and increase in

the C67−O67 bond length. The developing negative charge at
the C67−O67 group (+0.62 on C67 and −0.71 on O67) is
stabilized by the two approaching water molecules, W2 and
W3, which play a role of the oxyanion hole. The positive
charge +0.49 refers to the proton Hw2 attached to the N66
atom.
Glu222 as a Proton Shuttle in the Dehydration
Reaction. Figure 5 illustrates the dehydration reaction by
showing the computed structures along the formation of the
water molecule from the Ow−Hw and Hw moieties initially
bound to the C65 and N66 atoms of the hydrated chromophore
in REAG. Figure 5 and Scheme 2 propose a reaction route with
a reasonable energetics connecting REAG (left bottom panel in
Figure 5) and INT3 (right bottom panel in Figure 5), which
diﬀer by the hydrated/dehydrated imidazolinone ring. The
side chain of Glu222 and the backbone atoms O67−C67−N68−
H68 participate in the intermediate transformations only.
The step REAG → INT1 was described in the preceding
subsection (Figure 4). Subsequent step (INT1 → TS2 →
INT2) involves the transfer of proton Hw2 from N66 to
Oε2(Glu222) along the corresponding hydrogen bond. The
reaction coordinate at this step is the N66−Hw2 distance; the
energy of the TS2 structure is 2.7 kcal/mol above INT1.
The structure of INT2 (central panel in Figure 5) shows a
perfect hydrogen bond pattern Oε2(Glu222)−Hw2−Ow−H68−
N68. Bottom right inset in Figure 5 illustrates a concerted
proton transfer along this route via the transition state TS3.
The energy of TS3 is 4.6 kcal/mol above INT2.
Although the structure of INT3 corresponds to the product
of the dehydration reaction, its energy is slightly (3.6 kcal/
mol) above the REAG structure. This is because INT3 is not
the lowest energy conﬁguration of Dreiklang in the ON-state.
The inset in Figure 2 shows that structures with the same
chromophore, but with diﬀerent protonation states of Glu222
and His145 are connected by a perfect proton wire
Oε2(Glu222)−W4−Oγ(Ser205)−W5−Nδ(His145). Consequently, a lower energy stationary point PROD (see Figure
2) is reached upon the concerted proton transfer along the
wire. The corresponding transition state TS4 is 5 kcal/mol
above INT3. This type of easy proton translocation along
proton wires including the side chain of Glu222 is a well8906
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known feature of GFP.22,27−29,32 In general, proton transfer
along perfectly aligned hydrogen-bond patterns occurs with
low activation energies.33,34
Energy Proﬁles. The computed ground-state energies of
the key structures are summarized in black in Figure 6. The
point PROD is below REAG by about 5 kcal/mol, consistently
with a spontaneous decay of the OFF state in the dark. Low
activation energies (less than 5 kcal/mol) of all elementary
steps beyond the ﬁrst one can be explained by the nature of
these transformations (proton transfer along perfectly aligned
hydrogen-bonded residues).
Although here we do not consider excited-state reactivity, we
draw the attention to some details relevant to the light-induced
recovery of the Dreiklang’s ON-state. We remind the reader
that the computed S0 → S1 vertical excitation energy of the
OFF-state (3.66 eV, ∼85 kcal/mol or 338 nm), matches
perfectly the observed absorption band maximum at 340 nm.
Experimentally, the OFF → ON switching is induced by 405
nm light, which corresponds to 3.05 eV or 70 kcal/mol. Using
the XMCQDPT2 method, we computed the vertical excitation
energies S0 → S1 for the REAG, TS1, and INT1 structures.
Figure 6 shows the obtained points in red; they are connected
by the dotted lines to guide the eye. Importantly, these excitedstate energies show a gradual decrease toward the ground-state
energy until the point INT1. These estimates strongly suggest
that the observed light-induced recovery of the ON-state
proceeds along the critical segment REAG → TS1 → INT1
closely to that shown in red in Figure 6, and the conical
intersection point S1/S0 is likely to occur in the vicinity of
INT1. Once INT1 is reached, further steps are the same as in
the thermal mechanism proposed in this work.

illustrates this observation; for example, the distance between
the carbon atoms Cδ in Glu222 and C65 in the ring is
considerably shorter (by almost 1 Å) in Dreiklang. The same
holds for the distance between the atom Oε1 in Glu222 and
the carbonyl oxygen in the side chain at position 68 (Leu in
Dreiklang or Val in GFP).
Our simulations also highlight the role of proton wires, i.e.,
the patterns of aligned hydrogen-bonded residues along which
the proton can be translocated with relatively low activation
energy. In Dreiklang, this is illustrated in the inset in Figure 2;
the corresponding pathway connects the INT3 and PROD
structures. Proton wires are important for understanding
various properties of proteins including GFP.22,27−29
In this work, we do not discuss photochemical reactions in
Dreiklang beyond a tentative mechanistic suggestion for the
light-induced recovery reaction (Figure 6). A careful study of
photoinduced reactions requires expensive calculations of
excited-state dynamics in model systems. We hope that the
structures described in this work will be helpful in such
simulations; the work along these lines is in progress.

■

CONCLUSION
The recovery reaction of the ﬂuorescent state, OFF → ON
transformation in Dreiklang, is an important part of its
reversible photoswitching cycle, which involves hydration/
dehydration of the chromophore. The mechanism of this
reaction in the ground electronic state revealed by molecular
modeling is consistent with the structural features of the
chromophore-containing pocket in this protein from the GFP
family. Speciﬁcally, a smaller size of the residue Gly at position
65 relative to Ser or Thr in other GFPs is responsible for the
proximity of the chromophore’s imidazolinone ring to the
critical residue Glu222 and to a fragment of the backbone
chain O67−C67−N68−H68. This motif facilitates the dehydration reaction with a relatively low energy barrier in the ratedetermining step, in agreement with the observed recovery
reaction rate in the dark. The established reaction route
connects the OFF- and ON-states of the protein. The
computed absorption spectra of the relevant structures are
consistent with the available experimental data. This work and
related studies of the reactions in chromophore-containing
pockets in GFP-like proteins demonstrate a diversity of
mechanisms of chemical transformations occurring in these
fascinating systems.

■

DISCUSSION
The mechanism of the chromophore’s dehydration reaction
revealed by the simulations presents an interesting and rare
example of chemical transformations in proteins involving the
participation of the backbone chain. We point out a recent
study35 of enzymatic process describing backbone Nmethylation in peptides. A speciﬁc reacting complex facilitates
the removal of the amide proton and stabilizes the resulting
negative charge activating the amide bond for methylation. A
similar process takes place in the dehydration reaction in
Dreiklang at the step REAG → INT1 (Figure 4). A highly
perturbed structure of the imidazolinone ring and the
proximity of the hydroxyl OwHw to the backbone in REAG
facilitate the removal of the amide proton H68, while the
developing negative charge on O67 is stabilized by the oxyanion
hole formed by two water molecules (W2 and W3). The
subsequent step (Figure 5) leads to the intermediate INT3
with the restored structure of the backbone chain and the
GFP-like chromophore. The proton shuttle Glu222 is the key
player at this reaction segment.
Thus, a critically important aspect of the switching
properties of Dreiklang and the hydration/dehydration
reaction is the proximity of the Glu222 side chain to the
imidazolinone ring and to the backbone atoms (H68−N68−
C67−O67) connecting the Gly67 (partly converted to the
chromophore moiety) and Leu68 side chains. The original
paper3 states that the introduction of Gly65 and Tyr203
instead of Ser(Thr)65 and Thr203 in the parent GFP species
accounts for the short distance between Glu222 and the
imidazolinone ring. The comparison of the computed model
systems in Dreiklang (main body in Figure 2) with wt-GFP22
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