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ABSTRACT: We characterize computationally a red ﬂuorescent protein (RFP) with the chromophore (Chro)
sandwiched between two aromatic tyrosine rings in a tripledecker motif. According to the original proposal [J. Phys.
Chem. Lett. 2013, 4, 1743], such a tyrosine-chromophoretyrosine π-stacked construct can be accommodated in the
green ﬂuorescent protein (GFP). A recent study [ACS Chem.
Biol. 2016, 11, 508] attempted to realize the triple-decker
motif and obtained an RFP variant called mRojoA-VYGV with
two tyrosine residues surrounding the chromophore. The
crystal structure showed that only a tyrosine-chromophore pair
was involved in π-stacking, whereas the second tyrosine was
oriented perpendicularly, edge-to-face with respect to the
chromophore. We propose a more promising variant of this RFP with a perfect triple-decker unit achieved by introducing
additional mutations in mRojoA-VYGV. The structures and optical properties of model proteins based on the structures of
mCherry and mRojoA are characterized computationally by QM(DFT)/MM. The electronic transitions in the protein-bound
chromophores are computed by high-level quantum chemical methods. According to our calculations, the triple-decker
chromophore unit in the new RFP variant is stable within the protein and its optical bands are red-shifted with respect to the
parent mCherry and mRojoA species.

■

executed in the red ﬂuorescent proteins (RFPs), resulting in
the variants called mRojoA2 and mRojoA-VYGV.9 These
monomeric RFPs were engineered from the mCherry
precursor10 (crystal structure PDB ID: 2H5Q). We use
abbreviation Chro for its chromophore, the π-conjugated
system of which is extended by N-acylimine group
(C=N-C=O) as compared to the 4-(p-hydroxybenzylidene)imidazolid-5-one (HBDI) moiety from GFP. By introducing
six-point mutations in mCherry, namely, Val16Thr/Arg125His/Gln163Leu/Val195Ala/Ile197Tyr/Ala217Cys, Chica
and co-workers2 designed an RFP variant called mRojoA
(PDB ID: 3NEZ), in which the replacement Ile197Tyr led to
the stacked Chro-Tyr motif. The mRojoA-VYGV variant was
created9 by introducing 4 mutations in mRojoA (Thr16Val/
Pro63Tyr/Trp143Gly/Leu163Val). In this RFP, the valine
residue at position 16 was mutated back to threonine (as in
mCherry) and proline at position 63 was replaced by tyrosine,
with an aim to produce the triple-decker motif Tyr63-Chro-

INTRODUCTION
Ongoing eﬀorts to engineer eﬃcient markers for multicolor
imaging in living cells drive explorations of various
modiﬁcations of the parent green ﬂuorescent protein (GFP)
chromophore and/or its immediate environment within the
protein barrel.1 One direction is based on an idea to exploit πstacking of the conjugated chromophore with the neighboring
aromatic groups. Such constructs are expected to have redshifted electronic spectra and a decreased ﬂexibility of the
chromophore.2,3 Both features are highly desirable for
applications, especially for in vivo imaging,4 which depends on
the availability of bright red ﬂuorescent proteins. Using πstacking to achieve red-shifted absorption complements other
design strategies, such as modiﬁcations of the chromophore’s
structure, its protonation state, or the electrostatic ﬁeld around
the chromophore.5,6
In the GFP-derived systems, this idea was ﬁrst exploited in
the work that introduced yellow ﬂuorescent protein (YFP).7,8
In YFP, 20 nm red shift in absorption and emission is achieved
by the replacement of the threonine residue close to the
chromophore in the wild-type GFP by tyrosine. The same idea,
replacement of Thr by Tyr near the chromophore, was
© 2017 American Chemical Society
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Figure 1. Previous attempts to create proteins with shifted absorption/emission bands via π-stacking of the chromophore with the tyrosine residues
on the basis of mCherry (left panels). In mRojoA (central panels), the key replacement was Ile197Tyr; in mRojoA-VYGV (right panels), Pro63 was
mutated by Tyr. Other mutations were necessary to keep Tyr residues near Chro. The bottom row emphasizes the positions of the Tyr residues
(shown in colored sticks) near Chro. In the balls and sticks representation here and in other ﬁgures, carbon atoms are colored green; oxygen, red;
nitrogen, blue; sulfur, yellow; and hydrogen, white.

In the QM/MM calculations using the NWChem program,14
the QM subsystems were treated at the DFT-D3/cc-pVDZ
level with the PBE0 functional15 augmented by the dispersion
correction D3.16 The MM was described with the AMBER
force ﬁeld parameters.17 The structures were obtained in series
of unconstrained QM/MM minimizations. The QM parts
comprised the chromophore, the side chains of Arg95, Glu215,
Ser146, Tyr197 (for mRojoA and mRojoA-VYGV), Tyr63 (for
mRojoA-VYGV), and two water molecules.
The computed structures of the chromophore-containing
pockets matched the corresponding crystal structures; therefore, we applied the same computational protocol to design
novel variants of the protein with the triple-decker motif.
Although we considered several variants, here we describe only
the most promising ones. The inspection of the mRojoA-VYGV
structure prompted us to introduce the following replacements:
Gly143Ser/Ile161Asn/Val163Ser/Val177Tyr/Leu199Ala.
Every mutation had speciﬁc purpose. Serine residues at
positions 143 and 163 were introduced to form hydrogen
bonds with the hydroxyl group of Tyr63, the prospective
candidate to interact with Chro; tyrosine at position 177 and
alanine at position 199 helped to keep the benzene ring of
Tyr63 in a parallel arrangement with Chro; the replacement of
isoleucine by asparagine at position 161 was necessary to ﬁx
Ser143. These mutations enabled to ﬁx Tyr63 in a planar
orientation with respect to Chro. The VMD program18 was
used to create the mutated structures. Figure 2 shows positions
of these replacements in the protein barrel.
For this new structure (called here mRojoA-YChroY) we
carried out the same MD and QM/MM calculations as for
mCherry, mRojoA, and mRojoA-VYGV. As described in the
Results, its structure accommodates a nearly perfect tripledecker Tyr-Chro-Tyr unit.

Tyr197. Unfortunately, the desired parallel arrangement of the
three aromatic rings was not achieved, as clearly seen in the
crystal structure (PDFB ID: 5H89). Rather, only Chro-Tyr pair
is π-stacked in this construct. Figure 1 illustrates the history of
mRojoA and mRojoA-VYGV starting from mCherry.
The triple-decker tyrosine-chromophore-tyrosine motif was
originally proposed in ref 11 on the basis of a computational
study of the strategically designed GFP mutants. This construct
appeared promising, but, as mentioned above, an attempt to
implement this π-stacked triple-decker motif in mRojoA9 has
not achieved the goal. We agree with a conclusion9 that “further
engineering [is] required to incorporate a triple-decker motif
made of exclusively parallel π-stacking interactions into RFPs”.
In this work, we apply quantum-chemistry methods to
computationally engineer and characterize a novel variant of
the red protein mRojoA with the Tyr-Chro-Tyr (YChroY) πstacking motif representing an improved design of the tripledecker chromophore.

■

MODELS AND METHODS
We begin our design of a new variant of the protein with the
triple-decker chromophore from the crystal structure of the
mRojoA-VYGV protein (PDB ID: 5H89) described in ref 9. To
build model systems, we added hydrogen atoms to the heavy
atoms of crystal structures assuming positive charges of the side
chains of Lys, Arg, and negative charges of Glu and Asp. Upon
examining the local environment of all histidine residues, we
protonated them at either Nδ or Nε. The model systems were
fully solvated by water. To equilibrate the latter, molecular
dynamics simulations were carried out using NAMD12 with the
CHARMM force ﬁelds13 by keeping protein molecules frozen
as in the crystal.
10603

DOI: 10.1021/acs.jpcb.7b07517
J. Phys. Chem. B 2017, 121, 10602−10609

Article

The Journal of Physical Chemistry B

60, 144, 145 and 198, side chains of residues at positions 64, 70,
148, 161, 172, 199, and 217, and four water molecules.
Coordinates of the terminal carbon atoms of the added groups
were kept frozen upon geometry optimization. To reduce the
computational cost, these additional groups were described
with a smaller basis set 3-21G*, whereas the primary part was
treated with the same basis set (cc-pVDZ) as in the groundstate optimization. The SA(2)-CASSCF(12/12) protocol was
used to scan the excited-state potential energy surface and to
locate the S1,min point. The vertical energy of the S1,min→S0
transition was estimated by XMCQDPT2 as in excitation
energy calculations.

■

RESULTS AND DISCUSSION
Prototype Model Systems. Although our aim was to
design a π-stacked construct inside the protein, we begin by
analyzing a series of smaller model systems (Figure 3) with

Figure 2. Alignment of mRojoA-VYGV (pink) and mRojoA-YChroY
(blue). Inset shows point mutations in mRojoA-VYGV improving
position of Tyr63 necessary to achieve the triple-decker motif.

To verify whether such construct remains stable in a protein
we run QM/MM MD trajectories for the mRojoA, mRojoAVYGV and mRojoA-YChroY model systems using the CP2K
program.19 In these simulations, the same molecular groups as
in QM/MM minimization were assigned to the QM parts. It
was necessary to adjust computational protocols because CP2K
employs a mixed Gaussian and plane waves basis. Speciﬁcally,
we used PBE-D3/TZV2P-MOLOPT-GTH in QM, and the
CHARMM force ﬁeld in MM.
To compute vertical transition energies between the ground
and excited states we considered molecular clusters composed
of the QM parts of the model systems. According to our
experience,11,20 this strategy delivers accurate results provided
that the clusters are large enough and include the chromophore
and several closest amino acid residues. Contributions from the
rest of the protein described by point charges from the
conventional force ﬁelds do not signiﬁcantly aﬀect basic
conclusions drawn from cluster calculations, especially, when
using the extended multiconﬁgurational quasidegenerate
perturbation theory (XMCQDPT2)21 based on the complete
active space self-consistent ﬁeld (CASSCF) wave functions. We
used the Fireﬂy program22 to carry out XMCQDPT2
calculations. Our choice of molecular orbitals for CASSCF
was guided by preliminary estimates using conﬁguration
interaction with single excitations method and visual inspection
of the orbitals. We included four lowest singlet states in stateaveraging (SA-CASSCF) with the active space of 12 electrons
distributed over 12 orbitals.
We used the XMCQDPT2/(SA(4)-CASSCF(12/12)) protocol to estimate the vertical excitation energies S0,min→S1 at
the QM/MM optimized structures of the ground state. To
further strengthen the conclusions, we also computed the
excitation energies using the SOS-CIS(D) method23 with the
QChem package24 and TD-DFT with ωB97X-D25 with the
ORCA program.26
For the new variant mRojoA-YChroY we also estimated the
energy corresponding to emission from the excited state
S1,min→S0. To ﬁnd the minimum-energy structure S1,min on the
excited state potential energy surface for a fairly large molecular
cluster we used CASSCF and the Fireﬂy program.22 To
correctly describe the immediate environment of the most
important part of the system composed of the chromophore
and the nearest residues (the QM-subsystem of the QM/MM
model used in the ground-state optimization) we surrounded
the latter groups by the main chains of residues at positions 59,

Figure 3. Prototype model systems: (a) HBDI, (b) HBDI and phenol
in the head-to-tail (H-to-T) orientation, (c) HBDI and phenol in the
head-to-head (H-to-H) orientation, and (d) HBDI and 2 sandwiching
phenol molecules. Water molecules are necessary to stabilize
conformations in the gas phase.

such a motif in the gas phase. The chromophore from GFP
(HBDI) in the anionic form served as a reference. Two water
molecules were added to saturate hydrogen bonds of the
phenyl oxygen (Figure 3a).
For the π-stacking constructs, we considered three model
systems with the following molecular fragments added to the
reference structure: phenol in the head-to-tail orientation,
which mimics that in mRojoA or YFP (Figure 3b); phenol in a
head-to-head orientation and additional water molecule (Figure
3c); two phenol molecules on the both sides of the
chromophore in opposite orientations and additional water
molecule (Figure 3d), which mimics the triple-decker construct.
We optimized ground-state structures using the MP2/cc-pVDZ
level of theory to account for proper interaction between the
benzene rings. We computed the S0,min→S1 excitation energies
using the same approach as for the model systems mimicking
proteins, namely, SA(4)-CASSCF(12/12) followed by
XMCQDPT2, as well as TD-DFT(ωB97X-D), and SOSCIS(D). The cc-pVDZ basis was used in all calculations.
Equilibrium structures of the model systems (panels b−d) in
Figure 3) clearly demonstrate π-stacking between the phenol
molecules and the HBDI chromophore. Table 1 lists the
structural parameters of the π-stacking including the distances
between the centroids of the benzene rings and the angles
10604

DOI: 10.1021/acs.jpcb.7b07517
J. Phys. Chem. B 2017, 121, 10602−10609

Article

The Journal of Physical Chemistry B
Table 1. Distances Between the Centroids of the Benzene Rings and Angles Between the Planes (See Figure 3)
model

HBDI···H-to-T phenol
distance, Å

HBDI···H-to-T phenol angle,
deg

HBDI···H-to-H phenol
distance, Å

HBDI···H-to-H phenol angle,
deg.

HBDI and H-to-T phenol
HBDI and H-to-H phenol
HBDI and 2 phenol molecules

3.43
n/a
3.44

4
n/a
2

n/a
3.59
3.55

n/a
8
6

Table 2. Excitation Energies in eV, the Corresponding Wavelengths in nm (in Parentheses), and the Shifts in These Values
Relative to the HBDI Model
ωB97X-D

XMCQDPT2
method model
HBDI
HBDI and H-to-T phenol
HBDI and H-to-H phenol
HBDI and 2 phenol molecules

S0→S1
2.62
2.59
2.57
2.46

(474)
(479)
(483)
(510)

S0→S1

shift
0
−0.03 (+5)
−0.05 (+9)
−0.16 (+36)

3.51
3.46
3.44
3.30

(354)
(358)
(360)
(376)

SOS-CIS(D)
shift

0
−0.05 (+4)
−0.07 (+6)
−0.21 (+22)

S0→S1
2.75
2.72
2.69
2.66

(450)
(456)
(460)
(466)

shift
0
−0.03 (+6)
−0.06 (+10)
−0.09 (+15)

imidazolinone moiety. These density diﬀerence maps suggest
that the computed red shifts can be attributed to the increased
charge transfer character of the transition: as one can see, the
more pronounced charge transfer is (panel d in Figure 4), the
larger is the red shift, here, for the system HBDI and 2
sandwiching phenol molecules.
The calculations of the model systems lead to the following
conclusions. The red shift for the S0,min→S1 transition is
consistently reproduced by all methods when the chromophore
is involved in π-stacking. The magnitude of red shift increases
in the triple-layered π-stacking relative to the double-layered
systems. For all systems, the magnitude of the computed shifts
agree well among all three quantum chemistry methods,
although TD-DFT considerably overestimates the transition
energy relative to two other methods.
Protein Structures. Comparison of the QM/MM
computed structure parameters of mCherry, mRojoA, and
RojoA-VYGV model systems with the corresponding crystal
structures showed a good agreement between theory and
experiment: the RMSD values were 3.305 Å (heavy atoms) and
1.192 Å (backbone atoms) for mCherry, 3.204 Å (heavy atoms)
and 0.725 Å (backbone atoms) for mRojoA, and 3.196 Å
(heavy atoms) and 0.684 Å (backbone atoms) for mRojoAVYGV. In particular, our calculations show that the minimumenergy structure of RojoA-VYGV does not have a planar tripledecker motif Tyr197-Chro-Tyr63 (see right panels in Figure
1); the side chain of Tyr63 assumed a perpendicular edge-toface arrangement, as in the crystal structure.9
In contrast to this, the proposed structure mRojoA-YChroY
shows a nearly perfect triple-decker motif for the Tyr-Chro-Tyr
unit (Figure 5). The distances between the planes of the
chromophore phenolate group and Tyr63 and Tyr167 rings
(measured as centroid-to-centroid distances) constitute 3.7−
3.8 Å. Importantly, this arrangement remains stable in the
course of equilibrium dynamics; Table 3 shows ﬂuctuation of
the key structural parameters in mRojoA, mRojoA-VYGV, and
mRojoA-YChroY along the QM/MM MD trajectories. First,
we note a good agreement between the QM/MM values and
the corresponding parameters in the crystal structures for
mRojoA, mRojoA-VYGV. Second, the dynamical simulations of
the chromophore-containing pocket in mRojoA-YChroY
demonstrate that the triple-decker motif remains stable inside
the protein barrel.
Although we could aﬀord relatively short dynamical
simulations with the QM/MM potentials (20 ps for mRojoA

between their planes. In all considered systems, the benzene
moieties are nearly parallel with the smaller deviation
corresponding to the head-to-tail orientation of the phenol
relative to the HBDI molecule (Figure 3b). The distances
between the centroids of the benzene rings are slightly smaller
in the case of the head-to-tail orientation. Thus, from the
structural point of view, we conclude that head-to-tail
orientation is slightly more preferable for π-stacking, at least
in the small gas phase models. Also, the key geometry
parameters, i.e., distances between centroids and angles
between planes, are almost the same in both models comprising
one or two phenol molecules.
Table 2 summarizes the S0,min→S1 transition energies
calculated using diﬀerent approaches. In all model systems, πstacking results in the red shift of the S0,min→S1 transitions. For
stacking with a single phenol molecule, the shift is larger in
head-to-head orientation. The model system with HBDI
chromophore and two phenol molecules (Figure 3d) exhibits
more pronounced red shift, exceeding the sum of the shifts
from the phenols considered independently in model systems
shown in panels (b,c) in Figure 3.
Figure 4 illustrates the changes of the electron densities upon
the S0→S1 excitation. All transitions involve the decrease of the
electron density on the phenolic moiety and the increase on the

Figure 4. Electron density diﬀerence maps for the S0,min→S1 transition
of the HBDI chromophore in model systems: (a) HBDI, (b) HBDI
and phenol in the head-to-tail orientation, (c) HBDI and phenol in the
head-to-head orientation, and (d) HBDI and 2 sandwiching phenol
molecules shown in Figure 3. Pink indicates the increase of the
electron density in the S1 state; violet indicates the decrease. The
contour value is 0.003757.
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Figure 5. Triple-decker motif in mRojoA-YChroY. The inset shows the key molecular groups from another perspective.

Table 3. Structural Parameters in mRojoA, mRojoA-VYGV, and mRojoA-YChroYa
structure
mRojoA

mRojoA-VYGV

mRojoA-YChroY

method

Tyr197−Chro distance, Å

Tyr197−Chro angle, deg

QM/MM
crystal
QM/MM MD
QM/MM
crystal
QM/MM MD
QM/MM
QM/MM MD

3.68
3.9
3.87 ± 0.19
3.60
3.7 ± 0.1
3.83 ± 0.16
3.78
3.80 ± 0.18

20
8
20.5 ± 8.0
13
0±3
11.6 ± 5.9
10
14.6 ± 6.8

Tyr197−Chro distance, Å

Tyr63−Chro angle, deg

n/a

n/a

4.71
4.8 ± 0.1
4.93 ± 0.19
3.72
3.66 ± 0.17

42
71 ± 4
71.9 ± 15.6
8
15.2 ± 6.9

a

The tyrosine−chromophore distance is deﬁned as the centroid-to-centroid distance between the corresponding benzene rings, and the Tyr−Chro
angle is deﬁned as the angle between the two normal vectors to the benzene rings.

and mRojoA-VYGV and 40 ps for mRojoA-YChroY), we
believe that the conclusions on the stability of the
corresponding structures are valid. To further test the stability
of the optimized structures, we computed additional QM/MM
trajectories for the mRojoA-YChroY and mRojoA-VYGV
starting from strongly distorted structures. In these dynamical
simulations, the distorted structures evolved back to the
original optimized structures, as illustrated in Figure 6. In
mRojoA-YChroY, we twisted the Tyr63 side chain to a nearly
perpendicular orientation with respect to Chro (colored thick
sticks in the left panel in Figure 6) and the system returned
back to the parallel orientation Tyr63-Chro (a bunch of orange
thin sticks). In mRojoA-VYGV we twisted the Tyr63 side chain
to a nearly parallel orientation with respect to Chro (colored
thick sticks in the right panel in Figure 6) and the system
returned back to the perpendicular orientation Tyr63-Chro (a
bunch of orange thin sticks). Video ﬁles of QM/MM MD
trajectories illustrating the data shown in Figure 6 are presented
in Supporting Information.
We also carried out the QM/MM geometry optimization for
mRojoA-YChroY starting from a strongly perpendicular
orientation of Tyr63 relative to Chro and with diﬀerent

Figure 6. Results of QM/MM MD calculations for mRojoA-YChroY
(left panel) and mRojoA-VYGV (right panel). Initial distorted
structures are shown in colored thick sticks. Bunches of orange thin
sticks in both panels illustrate the ﬁnal conﬁgurations.

arrangements of the surrounding side chains (the side chains of
Ser143 and Ser163 (see Figure 5) were twisted). The results
(shown in Supporting Information) illustrate that nearly
parallel arrangement of the Tyr63-Chro pair is restored,
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Table 4. Excitation Energies in eV, the Corresponding Wavelengths in nm (in Parentheses), and the Shifts Relative to mCherry
ωB97X-D
method model
mCherry
mRojoA
mRojoA-VYGV
mRojoA-YChroY

S0→S1
3.11
3.02
2.94
3.01

(399)
(410)
(422)
(412)

SOS-CIS(D)
shift

0
−0.09 (+11)
−0.17 (+23)
−0.10 (+13)

S0→S1
2.39
2.32
2.27
2.28

(519)
(534)
(547)
(544)

XMCQDPT2
S0→S1

shift
0
−0.07 (+15)
−0.12 (+28)
−0.11 (+25)

although the optimization converged to a slightly higher (by 3
kcal/mol) local minimum.
Transition Energies. To compute the main features of
optical spectra of the new variant with the triple-decker motif
mRojoA-YChroY we applied the same protocol as for mCherry,
mRojoA and mRojoA-VYGV. Namely, we ﬁrst computed
vertical excitation energies S0,min→S1 for the experimentally
studied systems mCherry, mRojoA and mRojoA-VYGV, and
then used the same computational protocols (TD-DFT, SOSCIS(D) and XMCQDPT2 in QM, as explained in Models and
Methods) for mRojoA-YChroY. The convergence properties of
XMCQDPT2 with respect to the expansion of the eﬀective
Hamiltonian is described in section S2 in the Supporting
Information. We note that the calculations of the oscillator
strengths identify S1 as the bright state in all systems. Table 4
collects the computed and experimental values for the
excitation energies S0,min→S1, the corresponding wavelengths,
and the shifts relative to mCherry.
As one can see, XMCQDTP2 excitation energies agree well
with observed absorption band maxima in mCherry, mRojoA,
and mRojoA-VYGV. We note that errors in calculations of the
absolute electronic excitation energies for the GFP-type
chromophores typically exceed 0.1 eV. 27−30 Here, the
discrepancies between the experimental and XMCQDT2 values
are fairly small (as well as in other organic chromophores, e.g.,
ref 30). As expected, TD-DFT produces blue-shifted excitation
energies. The results of SOS-CIS(D) are closer to the
experimental values than those of TD-DFT, but are slightly
inferior to XMCQDPT2. Importantly, despite the discrepancies
in the absolute values of the excitation energies, all methods are
in agreement regarding the sign and the magnitude of the shift
relative to the parent mCherry.

2.20
2.10
2.08
1.93

(567)
(590)
(595)
(643)

shift
0
−0.10 (+23)
−0.12 (+28)
−0.27 (+76)

experimental
S0→S1
10

2.14 (578)
2.082 (596)
2.109 (591)
n/a

shift
0
−0.06 (+18)
−0.04 (+13)
n/a

Table 4 shows the results for the mRojoA-YChroY variant.
All methods predict that this mutant should have red-shifted
absorption, as compared to mCherry and mRojoA. However,
the magnitude of the shift varies slightly, from 0.1 to 0.3 eV; the
largest red shift being predicted by XMCQDPT2.
Electron density diﬀerence maps are much more complex
(Figure 7) in case of the molecular clusters mimicking proteins
than in the prototype model systems (Figure 4). The mCherry
variant has the largest S0,min→S1 excitation energy and
transition energies in mRojoA and mRojoA-VYGV are
comparable. The electron density decrease is similar on Cα2
and O2 in mRojoA and mRojoA-VYGV and much more
pronounced in the mCherry model. Also, the electron density
increase is larger on Cα1 and N1 in mCherry than in the two
other models. If we consider mRojoA-YChroY, there is almost
no electron density decrease on O2, a small decrease on Cα2,
and no electron density increase in the Cα1-N1 region.
As explained in the Models and Methods section, we located
the minimum-energy structure on the excited-state potential
energy surface (S1) for the new variant mRojoA-YChroY by
considering a large molecular cluster cut out from the entire
protein model system. We computed the S1,min structure using
the SA(2)-CASSCF(12/12) with the energy gradients of the
second state (which has correct orbital character). To validate
the computational protocol we compare the changes in
structural parameters of the electronically excited chromophore
to those of the ground state (Figure 8). We can also compare
these changes with the published results for the DsRed
chromophore in the gas phase (the values in parentheses in
Figure 8).31 We conclude that the changes in the GFP-type
chromophore structures upon excitation5,31 are well reproduced.
We computed the S1,min→S0 vertical transition energy
following the same XMCQDPT2 protocol as for the S0,min→
S1 excitation. The computed energy diﬀerence is 1.87 eV, and
the corresponding wavelength of the mRojoA-YChroY
emission is 662 nm, showing the Stocks shift of about +20 nm.
We conclude this section by noting that our results
demonstrate that π-stacking of the nearly planar chromophore
with the sandwiching aromatic groups leads to the desired red
shifts of optical bands. The use of π-stacking of the
chromophore phenolate group with tyrosine or other aromatic
residues is an eﬀective strategy toward the design of ﬂuorescent
proteins with the longer absorption/emission wavelengths.2,3,7−9,32−34
Recently, an eﬃcient RNA mimics of green ﬂuorescent
protein have been developed by introducing the ﬂuorinated
GFP chromophore variant in double-stranded RNA environment in spinach aptamer.35 The stacking interaction of the
chromophore with the adjacent guanines in the G-quadruplex
region is one of the stabilizing factors in chromophore−RNA
complex, which is responsible for optical properties. Simulations of electronic transitions in model complexes revealed an

Figure 7. Electron density diﬀerence maps for the S0,min→S1 transition
in (a) mCherry, (b) mRojoA, (c) HBDI mRojoA-VYGV, and (d)
mRojoA-YChroY. Pink indicates the increase of the electron density in
the S1 state, and violet indicates the decrease. The contour value is
0.002609.
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■

Structures of the mRojoA mutants containing Tyr at
position 63 and convergence of the XMCQDPT2
calculations (PDF)
Video ﬁle 1 of the QM/MM MD trajectories (AVI)
Video ﬁle 2 of the QM/MM MD trajectories (AVI)
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important role of π-stacking in shifting optical bands while
pointing out to other contributions as well.36,37
Another example illustrating that the optical shifts in
modiﬁed ﬂuorophores are due to subtle interplay of various
contributions38 can be found in the work by Chica and coworkers.2 The authors were able to design mRojoA, a protein
with notably red-shifted optical bands from mCherry by
introducing 6 mutations, including the Ile197Tyr replacement;
however, single Ile197Tyr mutation was considerably less
eﬀective, showing that other factors beyond π-stacking also play
a role.

■

■

CONCLUSIONS
Here we show that the triple-decker motif stabilized by πstacking interaction between the aromatic rings of the
chromophore and two nearby tyrosine residues sandwiching
the chromophore can be achieved in the red ﬂuorescent
proteins. We arrived to such a construct by properly modifying
the structure of mRojoA-VYGV. Molecular dynamics simulations with the QM/MM potentials demonstrate that the
arrangement of Tyr residues around the chromophore inside
the protein is stable. Importantly, we applied a uniform strategy
to characterize computationally the structures of a series of
related protein models, mCherry, mRojoA, and mRojoAVYGV, with the known crystal structures, and used the same
protocol for the newly designed species, mRojoA-YChroY. We
also used a uniform computational protocol to compute the
transitions between the electronic states. Our calculations using
quantum chemistry methods demonstrate an excellent agreement between the computed S0,min→S1 excitation energies for
the protein-bound chromophores and the band maxima in
absorption spectra in mCherry, mRojoA, and mRojoA-VYGV.
This agreement lends support to our results for the designed
variant mRojoA-YChroY, which we characterized computationally using precisely the same protocol as for its precursors. The
calculations predict that the mRojoA-YChroY protein with the
triple-decker chromophore unit should exhibit red-shifted
optical bands relative to its precursors without π-stacked
aromatic ﬂuorophores.

■
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