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ABSTRACT: Far-red ﬂuorescent proteins (FPs) enable deep-tissue in vivo
imaging. Combining FPs with large and small Stokes shifts enables singleexcitation/dual-emission multicolor applications. Using a quantum mechanics/
molecular mechanics (QM/MM) scheme, we carried out a series of simulations
to identify the origin of an extended Stokes shift (0.2 eV) observed in mPlum,
one of the most far-red-shifted FPs. We demonstrated that the red shift of
emission is largely due to the excited-state relaxation of the chromophore itself.
Rigid protein environment suppresses the relaxation; however, if the hydrogenbond network around the chromophore is suﬃciently ﬂexible, it can rearrange
upon electronic excitation, allowing the chromophore to relax. The
reorganization of the hydrogen-bond network is driven by changes in bonding
and charge distributions of the chromophore in the excited state. The ILE65 and
GLU16 residues play the most important role. The MD simulations reveal two
ground-state populations with the direct (Chro-ILE65···GLU16) and water-mediated (Chro-ILE65···Wat321···GLU16)
hydrogen-bond patterns. In the excited state, both populations relax to a single emitting state with the water-mediated
(Chro-ILE65···Wat321···GLU16) hydrogen-bond pattern, which provides a better match for the excited-state charge distribution
(the acylimine’s oxygen has a larger negative charge in S1 than in S0). The extended Stokes shift arises due to the conversion of
the direct hydrogen-bond pattern to the water-mediated one accompanied by large structural relaxation of the electronically
excited chromophore. This conclusion is supported by calculations for the GLU16LEU mutant, which has only one hydrogenbond pattern. Consequently, no interconversion is possible, and the computed Stokes shift is small, in agreement with the
experiment. Our theoretical ﬁndings provide support to a recent study of the Stokes shifts in mPlum and its mutants.

1. INTRODUCTION
Fluorescent proteins (FPs) derived from the green ﬂuorescent
protein (GFP) from jellyﬁsh Aequorea victoria are used as
genetically encoded ﬂuorescent labels, which revolutionized our
ability to investigate processes in living cells by visualizing
protein localization and interactions.1,2 Numerous FP variants
have been developed spanning the entire visible spectrum
(Figure 1).3 Starting from the wt-GFP, useful cyan and yellow
mutants have been engineered.4 Using photochromic proteins
from a variety of other species (i.e., marine anemone Discosoma
striata and reef corals belonging to the class Anthozoa), the FP
color palette was expanded into the orange, red, and far-red
spectral regions.5−8
The structures of numerous mutants developed from wtGFP and coral chromoproteins are very similar. They share the
same β-barrel structure housing various types of chromophores.
The main feature of the FP chromophores, which can exist in
either neutral or anionic forms, is a conjugated π-electron
system.1,9 Spectroscopic and crystallographic analyses reveal
that excitation colors are controlled either by chemical
modiﬁcations of the chromophore or by changing the protein
environment aﬀecting speciﬁc interactions.9,10 For instance,
red-shifted absorption/emission relative to GFP can be
achieved by mutations of the polypeptide backbone immedi© 2015 American Chemical Society

ately preceding the GFP-like chromophore, which results in the
extension of the conjugation of the chromophore. Deprotonated anionic chromophores are red-shifted relative to the
neutrals.10 π-stacking of the chromophore with nearby aromatic
residues also leads to a red shift.11,12 FPs from the mFruits
family,7,13 such as mRaspberry, mStrawberry, mCherry, and
mPlum, share an anionic DsRed-like6 chromophore in which
the π-system of the GFP chromophore is extended by an Nacylimine moiety leading to a red-shifted excitation (Figure 2).
The extension of chromophore’s π-conjugated system is
evident from the crystal structure that shows an sp3 to sp2
change in the hybridization of the exocyclic carbon.
Red ﬂuorescent proteins (RFPs) enable in vivo imaging and
multicolor labeling,14−17 owing to a better penetrating ability
and lower energy of red light. For deep tissue imaging, the
optimal wavelength of emitted light should be near or above
650 nm to avoid undesirable background contributions.18
Despite many attractive features of far-RFPs for deep tissue
imaging, their use in multicolor labeling, which allows
simultaneous visualization of multiple processes in vivo, is
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Figure 1. Color palette of ﬂuorescent proteins.

Figure 2. Chemical structures of the model anionic mPlum chromophore (RFP) and its GFP analogue.

limited. Due to the cost considerations, it is preferable to
operate in a single-excitation/dual-emission mode, which only
requires a single laser. Unfortunately, commonly used TiSapphire lasers have low power output at the excitation
wavelengths of RFPs. These considerations motivated the
development of RFPs with large Stokes shifts (called LSSFPs).13,19,20
The anionic DsRed-like chromophore absorbs at 560−580
nm (2.14−2.21 eV) and emits at 570−610 nm (2.03−2.18
eV).18 The emission spectra can be signiﬁcantly perturbed by
the changes in the chromophore environment aﬀecting the
excited-state dynamics.1,9,21−23 Modiﬁcation of the protein
environment entails mutations in the vicinity of the
chromophore leading to stabilization (destabilization) of the
excited (ground) states by electrostatic or hydrogen-bonding
interactions. Changes in local environment can also lead to
preferential stabilization of diﬀerent protonation forms.
Importantly, the mechanisms of achieving large Stokes shifts
vary. As an example, consider mKate and its near-infrared
derivative TagRFP675, which have the most red-shifted
emission among the FPs.24 In mKate, the large Stokes shift is
attributed to excited-state proton transfer from the chromophore to the carboxylic group of a nearby glutamate residue. In
contrast, the Stokes shift in TagRFP675 does not involve the
change in the protonation state but is due to the hydrogen
bond between the protein matrix and the N-acylimine oxygen
and phenolate group of the DsRed-like chromophore.8,25
Chemical modiﬁcation of the chromophore and its environment have been exploited together to engineer a second
generation of monomeric RFPs (mRFPs) with improved
brightness and photostability compared to ﬁrst-generation
mRFP1.7,19 The focus of this paper is on mPlum derived
from the monomeric DsRed variant, mRFP1.2.26 mPlum has
several attractive features. It is more photostable (about 30fold) relative to its parent, mRFP1.2. mPlum is the most redshifted FP from the mFruit series,27 with an emission maximum
of 1.91 eV (648 nm) and a rather large Stokes shift of 0.197 eV
(59 nm).8,26

The atomic-level understanding of the origin of the Stokes
shift in mFruits is a prerequisite for the design of new FPs with
desired properties. Several experimental and theoretical studies
investigated the photophysics of mPlum and the nature of its
extended Stokes shift.20,28,29 The red shift of excitation energy
(relative to DsRed) is attributed to a mutation that is
incorporated into the chromophore itself; the Gln-Tyr-Gly
sequence that forms the chromophore in DsRed was changed
to Met-Tyr-Gly in mRFP. However, the enhanced Stokes shift
is attributed to the interaction of the chromophore with the
environment, a few key amino acids surrounding the
chromophore. The hydrogen bond between GLU16 and
ILE65 is believed to be critically important for mPlum’s farred emission30 as the point mutations of either residue (E16Q,
E16H, E16L, I65L, I65A, I65 V) result in a blue shift of 0.083−
0.168 eV (25−35 nm). In addition, the crystal structure reveals
that the carboxyl group of GLU16 and the carbonyl of ILE65
are arranged at a right angle to each other, forming a unique
hydrogen-bond pattern that stabilizes the chromophore inside
of the β-barrel. No such hydrogen-bond pattern was found in
other mFruits.
The role of these two residues, ILE65 and GLU16, has been
investigated in a recent study.28 Residue ILE65 directly
precedes the imidazolinone ring of the chromophore, and the
oxidation of its peptide bond extends the chromophore
producing a red shift relative to a GFP-like chromophore.
The side chain of GLU16, which is located nearby, forms a 2.56
Å long hydrogen bond with the backbone carbonyl of residue
ILE65, which is a part of the extended chromophore and is
perpendicular to chromophore’s plane. It was found that the
mutations of these two residues aﬀect Stokes shifts signiﬁcantly.
In order to rationalize the observed results, the authors
performed ground-state MD simulations.28 The simulations
showed that in mPlum and other mutants with extended Stokes
shifts, there are two interconverting populations in the ground
state (that diﬀer by hydrogen-bond patterns), whereas the
mutants with small Stokes shifts feature only one dominant
structure. It was therefore conjectured that the ﬂexibility of the
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nonresolved hydrogen atoms, the system was solvated with
TIP3P water in a rectangular box. The dimensions of the box
were chosen such that the whole system was covered by a water
layer of at least 10 Å in each direction. Five sodium counterions
were added at positions with most favorable electrostatic
potentials to neutralize the charge of the simulation box. The
GROMACS program32 was used to set up the model system
and to perform MD simulations. The CHARMM2733 force
ﬁeld was used to describe the protein. The parameters for the
mPlum chromophore were taken from the anionic GFP
chromophore developed by Reuter et al.34 and from the
CHARMM27 parameters33 for acylimine nitrogen provided in
the Supporting Information of ref 35. The anionic form of the
chromophore with the deprotonated hydroxyl group at the
phenolate moiety was used in all simulations. The modiﬁed
charges are provided in the Supporting Information (SI),
together with the atom types and the additional force ﬁeld
parameters used for parametrizing the chromophore in the
GROMACS format.
Prior to the equilibrium MD simulation, the system was
relaxed and equilibrated by energy minimization and classical
MD runs using periodic boundary conditions. Constrained
energy minimizations were carried out in order to eliminate
artiﬁcial close contacts. For further equilibration, the system
was heated up from 0 to 300 K using position restraints by a
MD run at constant volume (NVT ensemble) for 100 ps.
Subsequently, the system was equilibrated at 300 K for 1000 ps
at constant pressure and temperature (NPT ensemble) using
the velocity rescaling thermostat36,37 and Parrinello-Rahman
barostat38,39 with isotropic pressure coupling with a time
constant of 2 ps. For both equilibration steps, the LINCS
algorithm was employed to keep bonds at ﬁxed length. All longrange electrostatic and van der Waals interactions were
computed by using the particle mesh Ewald method40 and
cutoﬀ, respectively. Finally, an NVT (constant number of
particles, pressure, and temperature) MD production run of 50
ns was performed, releasing position restraint, and the last 40
ns of the production run were used to generate starting
conﬁgurations for the subsequent QM/MM calculations. The
RMSD from the crystal structure along the equilibrium MD
trajectory is shown in Figure S2 (SI).
The QM/MM calculations were performed with the QChem electronic structure program41,42 using the structures
from the equilibrium MD simulation and the CHARMM27
point charges.33 The QM-MM interaction was described by the
electrostatic embedding43 with ﬁxed atomic point charges of
the MM atoms entering the QM Hamiltonian as one-electron
operators. Link atoms (H) were used to saturate free valencies
of the boundary QM atoms when the QM and MM subsystems
are separated. To prevent overpolarization,43 we employed the
charge redistribution scheme in which the charges on frontier
MM atoms (M1) are deleted and equally distributed over other
covalently bound MM atoms (MM host atoms) such that the
overall charge is conserved.
The two choices of the QM subsystem used in the QM/MM
simulations are shown in Figure 4. The small QM region, which
was used to calculate spectroscopic properties, consists of the
chromophore with the residue called NRQ, according to the
sequence of the PDB structure, cut oﬀ at N1 and C3. The
boundary QM atoms were saturated by the addition of capping
hydrogen atoms, resulting in a total number of 39 QM atoms.
The rest of the system, including water molecules and
counterions, was treated at the MM level with the

hydrogen-bond network is responsible for the enhanced Stokes
shift.28 However, since no excited-state calculations were
conducted in ref 28, the exact mechanism of the Stokes shift
was not determined, which motivated the present work. For
example, it is unclear to which extent the enhanced Stokes shift
can be attributed to the excited-state relaxation of the
chromophore itself versus excited-state solvent reorganization
(i.e., changes in hydrogen-bond patterns).
In addition to an obvious practical value (i.e., in the design of
new ﬂuorescent probes), the Stokes shifts encode important
information about the system. For example, from the dynamic
ﬂuorescence Stokes shifts,20 one can extract the spectral density
function of the system,31 which can then be used in a coarsegrained description of various phenomena, such as, electron
and energy transfer. Pachón and Brumer have applied this
approach to mPlum and showed that the spectral density for
this system can be captured by sub-Ohmic spectral density.31
This paper presents ﬁrst-principle simulations of the
structure of the mPlum chromophore and its interactions
with the protein environment in the ground and excited states
(see Figure 3). The results provide a basis for the interpretation
of the experimental observations and illuminate the nature of
the extended Stokes shift observed in mPlum.

Figure 3. mPlum chromophore (NRQ) inside of the β-barrel with the
key residues involved in hydrogen bonding most likely responsible for
its large Stokes shift.

The paper is organized as follows. In the following section,
we describe the theoretical approach and the preparation of the
model system. Subsequently, the analysis of the diﬀerences in
electronic properties of the isolated and protein-bound mPlum
chromophore is presented. In particular, we discuss diﬀerent
resonance stabilization and charge delocalization patterns of the
π-conjugated chromophore in the ground and excited states,
excited-state solvent reorganization, and rearrangement of the
hydrogen-bond network upon excitation, in response to the
chromophore relaxation. We also present calculations for the
GLU16LEU mutant. Our concluding remarks are given in
section 4.

2. COMPUTATIONAL DETAILS
The crystal structure of mPlum (PDB code 2QLG) obtained
from the Protein Data Bank has been used as a starting point
for constructing the model system.30 The conserved crystallographic water molecules were retained. After adding all
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ground-state calculations. The optimizations were carried out
using large QM (Figure 4). The resulting two sets of structures,
one from the ground-state and one from the excited-state local
optimizations, were used to compute the absorption and
emission peaks (small QM was used in these calculations).
The excitation energies were calculated by the SOS-CIS(D)
method45 (scaled-opposite-spin conﬁguration interaction singles with a perturbative account of double excitations) with the
cc-pVDZ+ basis derived from the standard cc-pVDZ basis46 by
augmenting it by one set of diﬀuse functions taken from the 631+G(d,p) basis set, as was done in ref 35.
The calculations for the GLU16LEU mutant were conducted
using the same protocol as for mPlum. The initial structure for
the mutant was prepared by replacing the GLU16 residue in
mPlum’s PDB structure by leucine, followed by the
minimization and MD production run.
Figure 4. X-ray structure of the mPlum protein and the QM region
used in QM/MM calculations. The small QM region includes only the
chromophore, NRQ. The large QM region (shown) comprises the
chromophore (NRQ) plus ILE65, GLU16, SER67, GLN107, and a
nearby water molecule, Wat321. In the GU16LEU mutant, the GLU16
residue is replaced by leucine.

3. RESULTS AND DISCUSSION
The Stokes shift, the diﬀerence between the absorption and
emission maxima, arises due to the structural relaxation in the
excited state. Thus, it reﬂects the diﬀerence between the
ground- and excited-state equilibrium geometries. The
relaxation involves changes in the chromophore’s structure
and the solvent/protein reorganization in the excited state. We
begin by analyzing bonding and charge distribution patterns in
the ground (S0) and excited (S1) states of the bare
chromophore. We then consider structural diﬀerences between
the ground and excited states and the Stokes shift in the
isolated and protein-bound chromophores.
A. Electronic Structure of the mPlum Chromophore in
the Ground and Excited States. Relative to GFP, the
conjugation of the chromophore in mPlum extends over the
adjacent polypeptide backbone, resulting in the red-shifted
excitation and emission maxima (Figure 2). As previously
discussed,10,47−49 resonance (mesomeric) interactions play a
central role in determining structural and spectroscopic
properties of FP chromophores. Apart from the extended πsystem, another important diﬀerence between the GFP and
mPlum chromophores is that in the latter, a total of three
(rather than two) resonance structures should be considered
(Figure 5), which changes the interplay between the leading

CHARMM27 port for GROMACS. The large QM region
comprises the chromophore and several nearby residues
(ILE65, GLU16, SER67, GLN107) and conserved water
molecule (Wat321). The ILE65, GLU16, SER67, and
GLN107 residues were cut along their peptide bonds. Such a
large QM region captures the hydrogen bonding between the
chromophore and the neighboring amino acid residues and,
ultimately, the eﬀect of diﬀerent hydrogen-bond patterns on the
electronic properties of the chromophore.
The snapshots were selected from the last 40 ns of the MD
production run for excitation energy calculations. To speed up
the convergence with respect to the number of snapshots,35 the
structures taken from the MD snapshots were locally optimized
with the density functional theory (DFT), using the B3LYP
functional augmented by the dispersion correction by
Grimme44 (B3LYP-D) and the 6-31+G* basis set. The
geometry optimization was also carried out on the excitedstate surface, starting from the same snapshots as those in the

Figure 5. Dominant resonance structures of the anionic mPlum chromophore. P, B, I, and A denote phenolate (blue), bridge (red), imidazoline
(green), and acylimine moieties (purple), respectively.
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Figure 6. Relevant bond lengths and partial charges in the S0 and S1 states at their respective equilibrium structures of the isolated (left) and proteinbound (right) anionic mPlum chromophore. The depicted bond pattern represents the dominant character of the S0 structure.

Table 1. BLA (Δ in Å) and Relevant Partial Charges (Q) in the Equilibrium Structures of the mPlum Chromophore on the
Ground (S0) and Excited (S1) Electronic States in Gas Phase and Protein Environmenta
NRQb at S0
NRQb at S1
NRQc at S0
NRQc at S1

ΔCCB

ΔCOPI

ΔCOPA

ΔCOIA

Q(OP)

Q(OI)

Q(OA)

0.012
−0.088
0.009
−0.034

0.014
0.090
0.009
0.065

0.020
0.084
0.012
0.056

0.006
−0.007
0.003
−0.009

−0.393
−0.267
−0.412
−0.294

−0.472
−0.379
−0.491
−0.389

−0.379
−0.461
−0.403
−0.498

ΔCCB is deﬁned as the diﬀerence between formally single and double bridge bonds. ΔCOPI and ΔCOPA are deﬁned as the diﬀerence between the
CO bond in the phenolate (P), imidazolinone (I), and acylimine (A) fragments, respectively. Partial charges (Mulliken) on the three oxygen atoms
are also given. bOptimized structure of the isolated model chromophore. cAveraged values using locally optimized structures of the protein-bound
chromophore.
a

suggest that the S0 and S1 states are dominated by resonance
structures II and I, respectively. A similar trend is exhibited by
ΔCOPI, ΔCOPA, and ΔCOIA deﬁned as the diﬀerences between
the CO bond in the phenolate (P), imidazolinone (I), and
acylimine (A) moieties, respectively: 0.014 versus 0.090 Å,
0.020 versus 0.084 Å, and 0.006 versus −0.007 Å.
Conjugation may also aﬀect the planarity of the chromophore. Although in the highly conjugated RFP chromophores
the phenolate and imidazolinone rings are coplanar, the
acylimine tail is twisting away from the phenolate-imidazolinone plane due to its ﬂexibility and the steric repulsion between
the R group and the imidazolinone ring. The CNCO dihedral
angle can be used as a measure for the deviation from planarity
(zero angle corresponds to a planar structure). The CNCO
dihedral angle for the S0 minimum is 41.6°, whereas the
corresponding value for S1 is signiﬁcantly lower, 26.4°. This
may seem to contradict the conclusion drawn on the basis of
BLA. Since the S0 state shows more pronounced bond-order
scrambling than S1, one might expect a more planar structure
for the former. However, a closer inspection of partial charges
in both structures reveals that the partial charges on the atoms
comprising the acylimine moiety are much larger in S1 than
those in S0 (−0.849e versus −0.056e), suggesting more
signiﬁcant participation of the acylimine moiety in the
resonance delocalization in the S1 state, which results in a
more planar structure.
In addition to bond lenghts and angles, the resonance
interactions also aﬀect charge delocalization. Thus, the
computed partial charges provide additional information
about relative weights of diﬀerent resonance structures. As
evident from Figure 5, the most relevant are the charges of the
oxygen atoms of the phenolate (OP), imidazolinone (OI), and
acylimine (OA) moieties; they are collected in Table 1.
Consistently with the conclusion based on BLA, more
signiﬁcant resonance delocalization of the charge between the
three oxygens is observed for the S0 state of the isolated mPlum

resonance conﬁgurations in the ground and excites states.
Importantly, neither of these three structures alone represents
the actual structure of the chromophore. For example, in the
ground state, the mPlum chromophore can be described as a
mixture of structures I and II, with structure II having a slightly
higher weight, as opposed to the GFP chromophore in which
structure I is dominant. In the excited state, not only the
relative weights of structures I and II change but the
contribution of structure III becomes signiﬁcant, such that
the excited state of the chromophore is a mixture of structures I
and III, with structure III dominating. These conclusions are
drawn from the analysis of bond length alternation (BLA) and
charge localization patterns, which are discussed in detail below.
Importantly, changes in relative contributions of diﬀerent
resonance structures lead to charge redistribution in the excited
state that may cause the reorganization of hydrogen-bond
network around the chromophore.
We begin by comparing the structures of the isolated
chromophore in the S0 and S1 states at their respective
optimized geometries. Relevant geometric parameters of the S0
and S1 minima are shown in Figure 6 (left). BLA at the methine
bridge is a sensitive measure of the degree of the resonance
interactions in the green and red chromophores.48,49 Partial
charges (especially those on the three oxygen atoms) also
reﬂect relative weights of diﬀerent resonance structures. Table 1
collects relevant BLA data and selected partial charges in the
ground and excited states. The diﬀerence in length between
formally single and double bridge bonds is quantiﬁed by
parameter ΔCCB. In the case of perfect resonance between
structures I and II, as in allyl, ΔCCB = 0. The computed ΔCCB
values for the S0 and S1 minima are 0.012 and −0.088 Å,
respectively. The S0 structure not only reveals a more
pronounced BLA but also has a reversed bond order (double
and single bonds are ﬂipped) at the methine bridge, as
compared to the ground-state GFP50 and to the S1 structure.
This bond order pattern and a closer inspection of Figure 6
13056

DOI: 10.1021/acs.jpcb.5b07724
J. Phys. Chem. B 2015, 119, 13052−13062

Article

The Journal of Physical Chemistry B

Figure 7. Relevant bond lengths and partial charges in the S0 and S1 states at their respective equilibrium structures of the protein-bound anionic
mPlum chromophore in populations with direct (left) and H2O-mediated (right) hydrogen-bond patterns. The depicted bond pattern on the left
panel represents the dominant character of the S0 structure, whereas the structure shown on the right panel represents both the S0 and S1 structures
with respect to their partial charge distributions.

contributions in the S0 and S1 states, respectively, both in the
gas phase and in the protein environment. In addition, both
criteria (BLA and charges) reveal a greater resonance
delocalization in the ground state.
These changes in bonding patterns and charge distributions
are ultimately responsible for the observed Stokes shifts of the
isolated and protein-bound chromophores. As discussed below,
the magnitude of the Stokes shift is determined by the
structural relaxation of the mPlum chromophore in the excited
state. The excitation-induced changes in charge distribution
aﬀect the interactions between the chromophore and its
immediate environment, leading to changes in the hydrogenbond pattern, which in turn aﬀects the degree of excited-state
relaxation of the chromophore.
B. Hydrogen-Bond Network around the Chromophore. The mPlum mutant data26 show that changes in the
chromophore environment can perturb the emission maximum
by up to 20 nm. Aiming to determine the origin of the extended
Stokes shift in mPlum, a recent study investigated optical
properties of several mutants in which residues 16 and 65 were
mutated.28 The authors also performed ground-state MD
simulations and analyzed structural diﬀerences between the
mutants. The simulations identiﬁed two interconverting
ground-state populations in mPlum. The two populations
diﬀer by a hydrogen-bonding pattern around the chromophore;
in one, there is the hydrogen bond between ILE65-GLU16, and
in another, ILE65 and GLU16 are connected by a water
molecule. In some mutants, a similar pattern exists, whereas in
others, there is only one hydrogen-bond pattern. The authors
noted a correlation between the existence of two interconverting populations and the magnitude of the Stokes shift and
conjectured that extended Stokes shifts are related to the
ﬂexibility of the hydrogen-bond network around the
chromophore.
Our ground-state MD calculations of mPlum conﬁrmed two
coexisting populations with diﬀerent hydrogen-bond patterns28
depicted in Figure 8 (see also Figure S3 in SI). In the ﬁrst
population, there is a direct hydrogen bond between the OH
group of GLU16 and oxygen of the ILE65 residue (ChroILE65···GLU16), whereas in the second one, the OH group is
oriented such that a water-mediated hydrogen bond between
these two residues is formed (Chro-ILE65···Wat321···GLU16).
To analyze the relative population of the two hydrogen-bond
patterns, we split the frames of the MD trajectories into the two
sets using the ILE65-GLU16 distance as the criterion, i.e.,
structures with the ILE65−GLU16 distance shorter than 3.5 Å
were assigned to the direct hydrogen-bond population. The so-

chromophore rather than in S1. Electronic excitation leads to
the substantial changes in the position and distribution of the
negative charges, as illustrated in Figure 6. In S1, the charge of
the oxygen atom in the imidazolinone moiety is moved to
acylimine. These changes in charge delocalization are consistent
with the changes in relative weights of the chromophore’s
resonance structures upon the S0→S1 transition; the S0 state
has a higher weight of resonance structure in which the negative
charge is mostly localized on the imidazolinone moiety
(structure II), whereas S1 is dominated by the resonance
structure in which the negative charge is localized on the
acylimine moiety (structure III). Together with the BLA
results, this observation shows that neither of the two
resonance structures alone correctly represents the structure
of the excited-state chromophore, which is indeed a mixture of
structures I and III, with structure III being more favored due
to the strong charge localization on the acylimine moiety.
Protein environment may inﬂuence the electronic structure
of the chromophore and restrict its range of motion. It is
instructive to compare the key structural parameters of the
isolated and protein-bound chromophores. By comparing the
respective BLA and the charges (see Table 1), we observe more
pronounced BLA (e.g., lower ΔCCB) for both S0 and S1 when
the eﬀect of the protein environment and thermal motions are
taken into account. The same holds for the ΔCOPI, ΔCOPA,
and ΔCOIA parameters. However, the relative contributions of
the resonance structures appear to be the same as those in the
gas phase, i.e., the S0 and S1 states are dominated by the
resonance structures II and III, respectively.
An important question is how the protein environment
inﬂuences the charge delocalization. In line with the conclusion
based on BLA, the calculations reported in Table 1 show more
signiﬁcant charge delocalization in both the ground and excited
states when the protein environment and thermal motions are
taken into account. A closer look at the charge delocalization
pattern in S0 and S1 depicted in Figure 6 (right) reveals not
only a noticeable shift of the charge toward the acylimine
moiety (Q(OA)) in the excited state but also a more
pronounced charge delocalization in S0 relative to S1. Thus,
the results of calculations performed in the gas phase and in the
protein environment show a similar trend, which becomes
more pronounced when the entire protein is included in the
simulation.
In sum, relative contributions of the three resonance
structure to the chromophore wave function change upon
excitation. On the basis of the equilibrium structures and charge
distributions, the resonance structures II and III provide leading
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Table 2. SOS-CIS(D)/cc-pVDZ+ Excitation and Emission
Energies and the Respective Stokes Shifts Computed for the
Anionic mPlum Chromophore (Chro) and Chromophore
with the 3-Methylthio Side Chain (NRQ)a

Figure 8. Two hydrogen-bond patterns in mPlum: direct (a) and
water-mediated (b) hydrogen bond between ILE65 and GLU16.

QM

MM

absorption

emission

Stokes shift

Chrob
NRQb
Chrob
NRQb
NRQc
NRQc
experimentd

−
−
3-methylthio
all
−
all

1.875
1.84
1.877
2.236
2.102
2.263
2.108

1.501
1.419
1.419
1.997
1.855
2.05
1.907

0.374
0.421
0.458
0.239
0.247
0.210
0.197

a
All energies are in eV. bUsing a single gas-phase optimized structure
of the chromophore. cAverage energies computed using locally
optimized QM/MM structures obtained from the equilibrium MD
simulation. dReference 28.

deﬁned relative populations are estimated to be 65% and 35%
for the direct and water-mediated hydrogen-bond pattern,
respectively. The energy diﬀerence between the two
populations computed as the diﬀerence between the average
energies using ground-state locally optimized QM/MM
structures obtained from the equilibrium MD simulations is
0.0245 eV, which results in the Boltzmann populations of 72%
and 28%, in good agreement with the relative populations
observed in the MD simulations.
Surprisingly, in the S1 state, both populations collapse to a
single emitting state dominated by one hydrogen-bond pattern
that is closer to the water-mediated hydrogen-bond pattern of
the S0 state (GLU16···H2O···ILE65-Chro). This is illustrated in
Figure 7, which shows the average bond lengths and partial
charges for the two populations. As one can see, the S1
structures for the two populations are indeed very similar to
each other; both are close to the water-mediated S0 structure.
Consider, for example, the charge on the acylimine oxygen. In
the ground state, its value in the two populations diﬀers by
0.156e, whereas in S1, the diﬀerence drops to 0.026e. The
diﬀerence between the S1 and S0 values is 0.186e and 0.004e for
the two populations, i.e., the water-mediated population shows
a much smaller change upon excitation. The changes in relevant
bond lengths (i.e., methine bridge) follow the same trend.
These structural changes can be explained by the increased
anionic character of the oxygen of the acylimine moiety upon
excitation, which leads to the reorganization of the water
molecule (WAT321) in response to the new charge
distribution of the electronically excited chromophore. As
illustrated by the partial charges reported in Table 1, upon the
S0→S1 excitation, the negative charge of oxygen moves to the
acylimine moiety. This new charge distribution favors the
water-mediated hydrogen bond because the negative charge on
acylimine’s oxygen is stabilized better through the watermediated hydrogen bond rather than by the direct hydrogen
bond. As shown below, this change in hydrogen-bond pattern
in the excited state is responsible for the extended Stokes shift
in mPlum.
C. Excited-State Structures and Stokes Shifts. Table 2
collects computed excitation and emission energies of various
model systems as well as the experimental values.28 To better
understand the origin of the Stokes shift and to clarify the
amount that can be attributed to the structural relaxation of the
chromophore itself, we begin by considering the Stokes shift of
the isolated chromophore (by taking the diﬀerence between the
vertical excitation energy computed at the S0 and S1 minima).
We considered two structures, a model chromophore (Chro)
and the chromophore with a 3-methylthio side chain (NRQ).

That is, the R residue in Figure 4 is CH3 and 3-methylthio for
Chro and NRQ, respectively. The corresponding Stokes shifts
in the two models diﬀer slightly (0.374 versus 0.421 eV). The
eﬀect of the 3-methylthio side chain can be well described by
point charges (Δ = 0.037 eV). Importantly, the Stokes shift of
the isolated bare chromophore is considerably larger than the
experimentally observed value in mPlum.
As the next step, we compute the relevant energies of the
model chromophore in the ﬁeld of point charges of the rest of
the protein (line 4 of Table 2). As one can see, the ﬁeld of the
protein reduces the Stokes shift by ∼0.2 eV (this is a purely
electrostatic eﬀect as the chromophore structure in this
calculation is the same as that in lines 1 and 2).
We then compute excitation and emission energies of the
protein-bound chromophore using ground- and excited-state
locally optimized structures. These values can be directly
compared to the experimental absorption and emission
maxima.28 As one can see, both the excitation and emission
maxima agree well with the experiment (the computed values
are ∼0.15 eV higher than the experimental ones). Most
importantly, the magnitude of the Stokes shift is well
reproduced, 0.210 (theory) versus 0.197 eV (experiment). By
comparing the calculation with and without point charges (lines
5 and 6 of Table 2), we conclude that the Stokes shift is
dominated by the structural relaxation of the chromophore
itself and that the reduced Stokes shift in the protein (relative
to the gas phase) is due to suppressed structural relaxation. The
electrostatic ﬁeld of the protein further reduces the Stokes shift
(by ∼0.04 eV).
To further analyze the nature of the Stokes shift, we
computed excitation and emission energies for the two groundstate populations separately. These results are given in Table 3
and visualized in Figure 9. As one can see, the average
excitation energies of the two populations diﬀer by 0.32 eV,
whereas the averaged emission energies are within 0.10 eV of
Table 3. Average SOS-CIS(D)/cc-pVDZ+ Excitation and
Emission Energy (eV) Computed for mPlum and the
Corresponding Stokes Shiftsa
absorption

mPlum
a

13058

direct

H2Omediated

2.439

2.124

emission

Stokes shift

direct

H2Omediated

direct

H2Omediated

2.087

1.983

0.352

0.141

Each energy is computed by averaging over 50 snapshots.
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Figure 9. Hydrogen bond patterns in mPlum in the ground and excited states. In S0, there are two hydrogen-bond patterns between ILE65 and
GLU16, the direct and the water-mediated ones. In the exited state, the two populations collapse to a single emitting state with a water-mediated
hydrogen-bond pattern. The conversion of the direct to the water-mediated pattern leads to the extended Stokes shift in mPlum.

each other. Given the inhomogeneous broadening and ﬁnite
sampling in our calculations, the two excited-state populations
can be described as a single emitting state. This interpretation is
in line with the respective structural similarities between the
two sets of locally optimized excited-state chromophores,
Figure 7.
As one can see, the extended Stokes shift is exhibited by the
ﬁrst (direct hydrogen bond) population, whereas for the watermediated one, the diﬀerence between excitation and emission is
small. The reason is that the excited-state structures are more
similar to water-mediated structures; thus, the structural
changes are more pronounced for the population with the
direct hydrogen-bond pattern.
To summarize, our calculations reveal that:
(1) The isolated chromophore exhibits a large Stokes shift of
0.42 eV.
(2) The Stokes shift of the protein-bound chromophore is
reduced (0.20 eV), mostly due to suppressed structural
relaxation of the chromophore (however, electrostatic screening also contributes to the reduced Stokes shift).
(3) The Stokes shift for the water-mediated hydrogen-bond
population is small because the excited-state structures are
similar to the ground-state ones.
(4) The extended Stokes shift is exhibited by the ﬁrst
population (direct hydrogen bond) because the hydrogen-bond
pattern changes in the excited state (to the water-mediated
one), thus allowing the chromophore to relax.
These results explain the observations reported in ref 28. If
only one hydrogen-bond pattern is possible (either direct or

water-mediated), then the Stokes shift is small owing to the
rigid protein environment, which suppresses the chromophore’s
relaxation. The coexistence of the two hydrogen-bond
populations in the ground state indicates structural ﬂexibility
of the hydrogen-bond network. Consequently, in the excited
state, the hydrogen bonds can rearrange, adjusting to a diﬀerent
charge distribution of the chromophore and, therefore, allowing
the chromophore to relax. In other words, the facile
rearrangements of the hydrogen-bond network in the ground
state are indicative of a more ﬂexible network that can adjust to
accommodate an electronically excited chromophore, leading to
extended Stokes shifts relative to the rigid single-pattern
network.
To further conﬁrm this mechanistic picture, we conducted
calculations for the GLU16LEU mutant in which there is no
direct hydrogen-bond pattern between residue 16 and the
chromophore (see Figure S3 in the SI). Experimentally, it was
found that this mutant has the smallest Stokes shift, 0.097 eV
versus 0.197 eV in mPlum. 28 The structures of the
chromophore in S0 and S1 in this mutant are shown in Figure
10. As one can see, the bonding pattern and the charge
distribution of the chromophore in GLU16LEU are very similar
to those of the chromophore in the water-mediated structures
in mPlum, Figure 7 (left).
In agreement with our expectations, the computed Stokes
shift in the mutant is smaller. Based on TDDFT energies from
50 snapshots, the Stokes shift in the mutant is 30% smaller than
that in mPlum (however, it should be noted that TDDFT
overestimates the magnitude of the Stokes shift relative to SOS13059
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reorganization of hydrogen bonding is driven by the changes in
bonding and charge distributions in the chromophore’s excited
state. The ILE65 and GLU16 residues play the most important
role. In mPlum, there are two ground-state populations with
the direct (Chro-ILE65···GLU16) and water-mediated (ChroILE65···Wat321···GLU16) hydrogen-bond patterns. In the
excited state, both populations relax to a single emitting state
with the water-mediated (Chro-ILE65···Wat321···GLU16)
hydrogen-bond pattern, which provides a better match for
the excited-state charge distribution. Thus, the extended Stokes
shift arises due to the conversion of the direct hydrogen-bond
pattern to the water-mediated one, which is accompanied by
larger structural relaxation of the electronically excited
chromophore. Calculations for the GLU16LEU mutant,
which has only one hydrogen-bond pattern, show smaller
structural relaxation and, consequently, a smaller Stokes shift, in
agreement with the experimental ﬁndings.28 These results
clarify the atomic-level mechanism of the enhanced Stokes shift
in mPlum, thus providing design principles for developing FPs
with properties matching particular applications.

Figure 10. Relevant bond lengths and partial charges in the S0 and S1
states at their respective equilibrium structures of the protein-bound
anionic GLU16LEU chromophore. The depicted bond pattern is
representative of both S0 and S1 structures with respect to their partial
charge distributions.

■

CIS(D)). To obtain a more accurate estimate of the shift, we
performed additional SOS-CIS(D) calculations for the mutant.
Based on 18 snapshots, the Stokes shift in the mutant is 0.125
eV, versus 0.210 eV obtained for mPlum, which is in qualitative
agreement with TDDFT and with the experimental values (see
the SI). Thus, the mutant calculations support the proposed
explanation of the nature of the enhanced Stokes shift in
mPlum.
Finally, we comment on the observed relaxation time scales.
In agreement with an earlier study,20 ref 28 reported two
relaxation times for mPlum, 4 and 71 ps. Based on the
computed structural diﬀerences, we speculate that the fast time
scale may be tentatively assigned to the initial relaxation of the
chromophore and the longer one to the rearrangement of the
hydrogen-bond pattern involving larger amplitude motions.
An interesting general question is the validity of the linear
response approximation in mPlum (see, for example, the
discussion in ref 31). Based on our excited-state geometries, the
photoinduced structural changes of the chromophore and the
protein around it are relatively small, i.e., the system does not
undergo signiﬁcant changes such as proton transfer, cis-trans
isomerization, or signiﬁcant charge transfer. Thus, it is
reasonable to expect that liner response approximation might
be valid. On the other hand, the two coexisting ground-state
populations might lead to potential complications in practical
applications of LRA, for example, equating spectral density
extracted from the equilibrium and nonequilibrium dynamics.
Future dynamical studies will help to clarify both issues, the
nature of atomic motions responsible for the two time scales,
and the validity of linear response approximation.
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4. CONCLUSION
By performing MD and QM/MM calculations of the ground
and electronically excited mPlum FP and its mutant
(GLU16LEU), we identiﬁed the nature of the extended Stokes
shift in mPlum. Calculations reveal that the red shift of
emission is largely due to the excited-state relaxation of the
chromophore itself. A rigid protein environment suppresses the
relaxation, thus reducing the Stokes shift relative to the gasphase value. However, if the hydrogen-bond network around
the chromophore is suﬃciently ﬂexible, it can rearrange upon
electronic excitation, allowing the chromophore to relax. The
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