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Abstract Fluorescent proteins (FP) have become a major
topic in the recent biochemical research due to their
applications as in vivo markers in biological systems. In
particular, Red fluorescent proteins (RFP) present some
advantages since they require less harmful radiations to be
excited and show less light-scattering. In this paper, we are
focusing on the LSSmKate2 protein, a RFP that, together
with LSSmKatel and mKeima, is well known for the
outstanding difference between absorption and emission
wavelengths, which is usually referred as Large Stokes
Shift (LSS). It is commonly accepted that an excited state
proton transfer accounts for the fluorescence observed in
the three proteins. In this work, a molecular dynamics
simulation of the LSSmKate2 protein has been carried out,
and from different snapshots, a series of excited states have
been calculated and analyzed. Our molecular dynamics
simulation has proved the availability of the two-link
proton-wire suggested by Piatkevich et al. and has fur-
nished a new one-link relay, more prone to take place. The
statistical treatment of the excited states can reproduce the
electronic absorption spectrum in a reasonable way, and
the analysis of the involved orbitals confirms that one
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absorption wavelength maximum corresponds to an acidi-
fication of the chromophore, regardless of the hydrogen-
bonded acceptor residue. All this work constitutes an
important step in what should be a thorough and complete
study of the photochemistry of the LSSproteins.

Keywords Red fluorescent proteins - LSSmKate2 protein -
Electronic absorption spectrum - Time-dependent density
functional theory - Molecular dynamics simulation

1 Introduction

Since the extraction, purification and characterization of
Green Fluorescent Protein (GFP) by Shimomura from the
jellyfish Aequorea victoria in the early 1960s [1, 2], a wide
range of natural and artificial fluorescent proteins (FP) have
appeared [3], contributing to add new improvements for
these in vivo markers in biological systems [4-7]. Many
theoretical studies have appeared in recent years due to the
interest of fluorescent proteins [§-21]. Among these, the red
fluorescent proteins (RFPs) are particularly interesting due
to their better biochemical features, suitable to minimize
some drawbacks caused by the use of energetic and dan-
gerous wavelengths in living organisms. Moreover, the
RFPs reduce the autofluorescence on the surrounding cells
and show deeper light penetration and lower light-scattering
[22].

In 2010, two new red fluorescent proteins, LSSmKate and
LSSmKate2, were developed by Piatkevich et al. [23, 24]
from the far-red fluorescent protein mKate. LSSmKatel and
LSSmKate?2 differ from each other in the amino acid sequence
at position 160 (Glul60 for LSSmKatel and Aspl60 for
LSSmKate2) and in the conformation of the chromophore (cis
for LSSmKatel and frans for LSSmKate2). Both proteins

@ Springer



Theor Chem Acc (2013) 132:1327

share the special property of showing a big gap between
absorption and emission wavelengths, commonly named in
the field of biology large stokes shift (LSS). This feature
allows the possibility of obtaining a multicolor image useful
to select and distinguish different parts of biological systems.
LSSmKatel and LSSmKate2 present absorption maxima
at 463/460 nm and emission maxima at 624/605 nm,
respectively.

Because of the similarities that LSSmKatel and
LSSmKate2 share with GFP, the suggested photochemical
process could follow a similar scheme. For both proteins,
the mechanism involves two species: the protonated and
deprotonated chromophore. The protonated chromophore
absorbs light and starts a proton transfer reaction. Based on
their X-ray structures, a one-link excited state proton
transfer (ESPT) for LSSmKatel and a two-link ESPT for
LSSmKate2 are proposed. LSSmKatel would support a
direct proton migration from the hydroxyl group of the
chromophore to the carboxylic group of Glul60. For
LSSmKate2 (Fig. 1), the first proton moves from the
hydroxyl group of the chromophore to the hydroxyl group
of Ser158 and the second one from Ser158 to the carbox-
ylic group of Aspl160. Once the different proton transfers
occur, the fluorescence in the deprotonated chromophores
takes place. Our group’s research interest is focused on the
multiple proton transfer reactions [11-13, 25], and so in
this paper, we will center on LSSmKate2 which has been
proposed to operate via a two-step proton-wire.

Due to the size and the wide mobility of this kind of
biochemical systems, the study becomes highly complex.
Focusing only on the available crystallographic structure
forces us to work with a simple and static model of the
whole protein and therefore, restricting us to one small and
scarce representation, representative only of the solid state
of the crystal structure. However, the protein as encoun-
tered naturally is not in the solid phase: it is surrounded by
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Fig. 1 Representation of the chromophore and the acceptor amino
acids involved in the ESPT in LSSmKate2, Ser158 and Asp160. The
C and N atoms, highlighted in green, have had to be reparametrized,
as their likes are not present in the standard CHARMM force field.
Color code: dark gray, carbon; white, hydrogen; red, oxygen; blue,
nitrogen; yellow, sulfur
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solvent (water) and ions and at some finite temperature. In
these conditions, the protein is a very dynamic entity,
flexible and that jostles around due to thermal motion. To
understand the protein’s properties in these conditions, it is
necessary to sample a number of configurations of it,
obtained through for instance, molecular dynamics. To
achieve this aim, we will carry out a molecular dynamics
simulation using classical mechanics. So the main purpose
of this work is to provide this variety of geometries from a
theoretical point of view, including a suitable environment.
With this information, we will simulate the electronic
absorption spectrum for LSSmKate2, and we will analyze
along the molecular dynamics the thermal fluctuations of
the three residues directly involved in the two proton
transfers responsible for the fluorescence.

2 Methods
2.1 Parameterization and classical dynamics simulation

A 40-ns molecular (classical) dynamics (MD) simulation
has been run with a dual aim: on the one hand, to check the
dynamical stability of the crystallographic structure [24]
supplied at the Protein Data Bank, and on the other hand, to
furnish an ensemble of structures from which further
excited state electronic calculations have been done, thus
providing a tool to introduce thermal effects in the spec-
trum, as explained in the following subsection.

To properly run the MD simulation, the crystallographic
structure has had to undergo some refinements. First of all,
as hydrogen atoms are not detected in the X-ray structure,
they have been included by using the PDB2PQR [26, 27]
server at a neutral pH. As for the chromophore, which is
not a standard amino acid, it has been protonated as Piat-
kevich et al. [24] suggest. Secondly, crystallographic
structures are obtained at very low temperatures and do not
contain bulk solvent molecules. Physiological conditions
imply the inclusion of the solvent effects and require
heating and equilibrating the system to physiological
temperatures before running the MD simulation. All these
processes (including the MD simulation) have been per-
formed using the CHARMM?22 [28-30] force field by
means of the CHARMM-35b1 [31, 32] software. In all,
34952 atoms have been included in the molecular
dynamics simulation.

Nevertheless, before tackling these very steps, another
delicate issue has had to be dealt with, namely, the fact that
the chromophore is not a standard residue, new parameters
are therefore needed. Since the LSSmKate2 chromophore
is similar to the GFP one, [33] most of the necessary
parameters have been taken from the parameterization
done for GFP’s by Thiel and co-workers, [34] consistent
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with the CHARMM?22 force field. Compared to GFP’s, the
LSSmKate2 chromophore has a methionine instead of a
serine, so for these very atoms, the CHARMM?22 force
field parameters have been taken. However, there are two
atoms that differ from any other amino acid: the nitrogen
and carbon atoms that form a double bond (Fig. 1, high-
lighted in green). Parameters for all stretchings, bendings,
torsions and improper torsions, partial charges and Van Der
Waals interactions involving these two atoms have had to
be found. For the sake of consistency, we have tried to
follow Thiel’s method [34] as thoroughly as possible,
although we have calculated each parameter separately
from the rest (except for the nonbonding and partial
charge), as explained elsewhere [35].

The system has been solvated with a cubic box of water
molecules of 69 A edge, and periodic boundary conditions
have been set to account for the long-range electrostatic
interactions of the protein. Two rough energy minimiza-
tions (each one with 200 steps of Adopted Basis Newton—
Raphson method) have been performed to avoid bad
contacts, firstly involving just the water molecules, and
then the whole system. Next, the system must be heated
and equilibrated. The heating and equilibration have been
carried out using the CHARMM-implemented Verlet
integrator algorithm with steps of 1 fs. The temperature has
been increased 25 K every 5 ps. This way the system is
softly heated from O to 300 K. The periodic boundary
conditions imply the construction of a cubic lattice, in
which the protein moves freely and the potential energy is
calculated with a 20 A cutoff. The motion of the backbone
is constrained by harmonic forces. When the system has
reached 300 K, the constrained dynamics simulation is
restarted with the same integration step for 160 ps, without
further increase of temperature and gradually releasing all
the harmonic constraints applied on the system. Afterward,
360 ps more has been run without any harmonic con-
straints. Once the system is fully equilibrated, the MD
simulation is run for 40 ns production time.

2.2 Theoretical simulation of the electronic absorption
spectrum

Excited state electronic structure calculations have been
performed on 160 snapshots from the ensemble of struc-
tures obtained from the molecular dynamics simulation
(one every 0.25 ns). The calculated absorption wavelengths
constitute a fairly good approximation to the experimental
absorption spectrum as it takes into account the thermal
effects.

The electronic calculations have been done as follows:
each structure resulting from the MD simulation has been
divided in two regions, namely, a quantum mechanics
(QM) region and a molecular mechanics (MM) region.
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The QM region includes the chromophore in its entirety
with the carbonyl group of the previous amino acid (Phe60)
and the amino group of the next amino acid (Ser66). The
side chain of Ser158 and a deprotonated Glul60, the two
responsible amino acids participating in the ESPT, are also
included (in total, 53 QM atoms + 4 link atoms). All the
QM atoms of the model are represented as spheres in
Fig. 1. The rest of the protein has been treated as MM
region to introduce polarization effects on the QM part.
The polarization of the protein due to the chromophore is
not taken into account, but we think that this effect will not
be very significant in the spectrum, see for instance the
work by Murugan et al. [36] The QM region has been
calculated quantum-mechanically using the Gaussian 09
[37] software, and the MM atoms have been treated as
point charges according to the CHARMM-22 force field.
We have used the Chemshell [38] package to prepare the
inputs. Link atoms have been used to treat the QM/MM
boundary.

The quantum mechanical calculations have been done
with the density functional theory (DFT) for the ground
state, and the time-dependent density functional theory
(TDDEFT) for the excited states, all of them with the CAM-
B3LYP [39] functional and the 6-31 4+ G(d,p) basis set.
TDDFT is considered a proper method to tackle the analysis
of an ESPT, as it has been stated in published works about
other chromophores [40, 41]. The alleged involvement of
charge-transfer excited states in LSSmKate2 [42, 43] fully
justifies the election of the hybrid Coulomb-attenuated
CAM-B3LYP, specifically designed to avoid the spurious
effects resulting from the inability of pure DFT methods to
properly describe long-range exchange effects [39, 44]. As
a matter of fact, we have recently shown that CAM-B3LYP
provides good results for LSSmKate2, specially compared
with conventional hybrid functional such as B3LYP [43].

15 excited states have been calculated for each of the
160 frames. Then, all the different excited states with
oscillator strength (f) greater than 0.1 have been sorted by
their frequencies, and a wavelength relative histogram has
been done with a bin size of 10 nm. This histogram rep-
resents an average oscillator strength for each 10 nm
wavelength window, weighted by the number of snapshots
which have an excited state accessible (f > 0.1) through
excitation at the wavelength range from the ground state.
The sum of the counted oscillator strengths around a given
wavelength value gives an approximate idea of how likely
it is to detect absorption around it regardless of the nature
of the excited state involved. It is not a thorough repro-
duction of the spectrum, but it is a feasible and plausible
way to simulate it. A similar procedure has already been
used by Thiel and co-workers [19] and other groups
[20, 45] to characterize the absorption spectrum of different
fluorescent proteins. Other approaches have also been
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applied to obtain the optical properties of varied chemical
systems [36, 46—49].

3 Results
3.1 Classical dynamics simulation

The 40-ns MD simulation has yielded interesting results to
figure out possible paths available for the excited state
proton transfer. To begin with, it is seen that the protein is
stable along the dynamics simulation, that is to say, there
are no relevant conformational changes. As for the chro-
mophore and the residues that are proposed to host the
proton transfer, namely, Serl158 and Aspl60, several
hydrogen bonds are observed. By analyzing the distances
between the oxygen atoms of Ser158 and Asp160 (Fig. 2a)
and the distances between the hydrogen atom of Serl58

and the oxygen atom of Aspl60 (Fig. 2a), several features
can be noticed.

First of all, leaving apart some pronounced and random
fluctuations that appear occasionally, the range of the
oscillations is small (about 0.5 A, slightly more for the
hydrogen—oxygen distance). Besides, the distance between
the oxygen atoms oscillates between 2.5 and 3 A, and the
distance between the oxygen and the hydrogen atoms
oscillates between 1.5 and 2 A. This constant difference of
1 A coincides with the average hydrogen chemical bond
distance, which implies that the three atoms are almost
collinear and the hydrogen bond is well formed and is
maintained along the MD simulation. Following the same
criteria, we can also indentify in Fig. 2b, ¢ when the chro-
mophore is hydrogen bonded either to Ser158 or Asp160.
On the contrary, the corresponding hydrogen bond does not
exist when the range of oscillation of the oxygen—oxygen
distance is about 1 A, while the oxygen—oxygen distance is
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beyond 3 A (Ser158) or 4 A (Aspl160). Then, except for
short temporary hydrogen bond disruptions, the chromo-
phore is always hydrogen bonded to either to Serl158 or
Aspl160, but never to both simultaneously.

Considering all that, we can identify two kinds of
hydrogen bond networks between the other residues that
constitute two qualitatively different situations. Firstly, one
in which, as it appears in the crystallographic structure, the
chromophore is hydrogen bonded to Ser158 and Ser158 is
hydrogen bonded to Asp160, thus enabling a putative two-
link proton relay. This situation, as can be observed in
Fig. 2a, b, is not the most probable in terms of residence
time as it only occurs between 0 and 1.5 ns, and between
9.5 and 11.5 ns approximately. Secondly, another situation
can be observed, in which the chromophore is hydrogen
bonded to Aspl60, which is also hydrogen bonded to
Serl58 (Fig. 2a, c). This is the most likely situation in
terms of residence time, as it happens between 1.5 and
9.5 ns, and from 11.5 ns to the end of the simulation.
Nonetheless, from about 14-17 ns, about 22-23 ns and
about 31-32 ns, all the distances shown in Fig. 2 increase.
This corresponds to temporary disruptions of the hydrogen
bonds, and in these periods, the above-mentioned residues
are hydrogen bonded to other residues (mainly water
molecules), but they always return to the latter situation, in
which the chromophore is hydrogen bonded to Aspl60
despite some spurious peaks. This latter configuration
would enable a single link proton relay, in which the proton
could be transferred directly from the chromophore to
Aspl60, analogously to what is suggested to occur for
LSSmKatel, [24] where the phenoxy moiety proton in the
chromophore is thought to be directly transferred to
Glul60 (already in the X-ray structure).

As it has been checked by the analyses of the excited
state electronic structure calculations presented in the fol-
lowing subsection, there are no appreciable differences
between those two different configurations in terms of the
nature of excited states found for each of them. Further-
more, both configurations would eventually lead to the
same chemical species: an anionic chromophore and an
aspartic residue.

3.2 Simulated electronic absorption spectrum

The simulated electronic absorption spectrum of LSSmK-
ate2 (Fig. 3) built as we have explained in the methods
section takes into account several configurations of the
protein. Among them, both proton-relay configurations
(that is to say, the Cro-Ser158-Aspl60 and Cro-Aspl60
ones, described in the former subsections) have been con-
sidered for the simulated absorption spectrum. To figure out
whether both proton-relay configurations present different
absorption frequencies or not, the absorption frequencies
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corresponding to the 15 excited states calculated for each of
the 160 snapshots (including only those transitions with
oscillator strength equal to or greater than 0.1) have been
represented versus deyo—ser—dcro—asps Where dero—ser 18 the
oxygen—oxygen distance between the chromophore and
Ser158 and dcro—asp 1S the oxygen—oxygen distance
between the chromophore and Aspl160. When dcro_ser—
dcro—asp 18 positive, the chromophore is closer to Asp160
than to Serl58 (typical of the Cro-Aspl60 proton-relay
configuration). Conversely, when the value is negative, the
chromophore is closer to Ser158 than to Asp160 (which
would be typical of the Cro-Ser-Asp proton relay). The
results are shown in Fig. 4. Most points are concentrated on
the positive abscissa axis, this being a consequence of the
predominance of the Cro-Asp proton-relay configuration
along the whole dynamics. Notwithstanding this, no obvi-
ous correlation can be observed between the abscissa value
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Fig. 3 Simulated electronic absorption spectrum of LSSmKate2. The
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and the absorption wavelength, so both configurations
appear equally spread along the spectrum.

The simulated absorption spectrum of LSSmKate2
(shown in Fig. 3) clearly presents two main bands in
agreement with the available experimental data. The more
energetic band has a maximum at about 345 nm and the
second one shows two peaks at 415 and 445 nm. The latter
absorption band, the one experimentally analyzed and
known to produce red fluorescence at 605 nm, is well
reproduced when compared with the experimental
absorption maximum (460 nm). Nevertheless, the higher
energy band between 300 and 375 nm is red-shifted by
about 65 nm with respect to its corresponding experimental
absorption band (graphically estimated at 280 nm [24]).
Shifts of similar magnitude have been found in related
studies [36]. Both bands present narrower bandwidths than
the corresponding experimental values.

The spectrum depicted in Fig. 3 has been obtained from
data consisting of 160 snapshots each of them contributing
up to 15 excited states. From a statistical point of view, a
possible concern could be the degree of convergence of this
spectrum. To assess this point, we have proceeded as fol-
lows: we have computed different spectra based on data
with increasingly large length of the simulation in steps of
10 ns and computed the spectra using exactly the same
procedure and convoluted with a Gaussian function of
c = 10 nm to attenuate statistical noise. The results are
shown in Fig. 5, and it can be seen that the overall shape of
the spectra (number, intensity, width and position of the
bands) is already stable from the beginning. As for the
precise positions of the peaks, they undergo some small
shifts and could change slightly if more samples were
included.
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Fig. 5 Convergence of spectrum along the simulation. Each of the
spectra has been computed on an increasingly longer part of the
simulation. A convoluting Gaussian function of ¢ = 10 nm has been
used to smooth the statistical noise
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The use of molecular dynamics simulations has allowed
us to obtain complete absorption bands that are attributable
to thermal fluctuations (configurational changes) on the
chromophore and its environment, adding contributions
from different excited states reproducing the whole
spectrum.

Analyzing the description of the electronic states accessed
upon photoexcitation in terms of the orbital description, we
can observe three © molecular orbitals that participate in the
nr* excitations leading to the UV-vis spectrum shown in
Fig. 3: HOMO, LUMO and LUMO + 1. All of them are
located over the chromophore, preserving the approximate
molecular plane as a node. In Fig. 6, we have depicted these
three molecular orbitals for Cro-Asp160 (taken at 4 ns of the
MD simulation) and Cro-Ser158-Asp160 (taken at 10.5 ns of
the MD simulation) hydrogen-bonded structures. It is clear
that these molecular orbitals are identical for the two struc-
tures, so justifying that both are compatible with the exper-
imental electronic absorption spectrum.

The right band (low energy) of the spectrum could be
assigned toa HOMO — LUMO transition. As can be seen in
Fig. 6, the HOMO — LUMO excitation represents an
electron shift from the phenoxy moiety to the pyrimidine
moiety of the chromophore. This represents effectively a
“charge transfer” of intramolecular type and justifies the
methodological choice made. Based on the nature of the
molecular orbitals involved in this excited state, the excita-
tion results in a depletion of charge of the phenoxy moiety

Fig. 6 Orbital representations of two selected frames at 4 and 10.5 ns
of the MD simulation. The HOMO (a), LUMO (b) and LUMO + 1
(¢) involved in the mn* transitions are shown
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which likely results in an increase of the acidity of the
chromophore. Thus, this charge shift provides support for the
ESPT hypothesis as a basis of the mechanism of generation
of the fluorescent species. On the other hand, the higher
energy band corresponds mostly toa HOMO —LUMO + 1
excitation. In this case, LUMO + 1is a orbital evenly spread
over the full chromophore, and the main difference with
HOMO lies in the increased number of nodal planes per-
pendicular to molecular plane on the phenoxy moiety of the
chromophore (from HOMO with 2 to LUMO + 1 with 3).

4 Conclusions

In the present work, we have run a MD simulation of the
LSSmKate2 protein. From this simulation, we have been
able to analyze the evolution of the plausible structures
prone to host the proton transfer reaction that accounts for
the fluorescence. Besides, from a series of snapshots, the
electronic excited states have been calculated, furnishing a
reasonable simulation of the experimental electronic
absorption spectrum and allowing the analysis of the
molecular orbitals involved in the absorption bands.

As for the molecular dynamics, the 40-ns simulation has
proved the general structure of the protein to be dynami-
cally stable, as already stated. However, apart from cor-
roborating the availability of the two-link proton-wire
configuration reported in the crystallographic structure,
[24] a new single link proton-wire involving the chromo-
phore and Aspl60 has emerged as an even more likely
configuration at least in terms of residence time. This new
scenario would imply an analogy with the LSSmKatel, in
which a one-link proton relay is suggested [24] to allow for
the formation of the anionic chromophore, the species that
would be responsible for the fluorescence. This series of
different paths can provide interesting insights about the
actual mechanism of proton transfer.

Focusing now on the methodology, the use of molecular
dynamics simulations together with the calculation of
excited states via TDDFT and the functional CAM-B3LYP
has allowed us to simulate a full absorption spectrum that
reasonably reproduces the available experimental data.

Regardless of the fact that two different configurations
allow the formation of the anionic chromophore along,
respectively a one-link or two-link proton transfer, the w
molecular orbitals involved in the electronic excitation are
not appreciably modified, which justifies that both config-
urations are compatible with the experimental electronic
absorption spectrum. The two bands present a mr™ orbital
transition. A transition between the HOMO to the LUMO
accounts for the absorption band responsible for the red
fluorescence. The migration of the electronic density
toward the pyrimidine ring facilitates the shift of the proton
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of the chromophore in the excited state, making a more
favorable reaction. Conversely, the UV-band can be
assigned to the HOMO — LUMO + 1 transition, imply-
ing a very minor displacement of the electronic density
over the chromophore.
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