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SUMMARY

Fluorophores embedded in complex systems are a challenge to study computationally as
they demand an accurate description of the environment, increasing drastically its simulation
cost. Using two different frameworks to calculate transition energies of protein fluorescence, we
studied the viability of simulating such systems with a classical MM method with force fields
augmented for the excited state by Q-Force. We compared it with the more accurate QM/MM
method. The ground state FFs have shown excitation energies in agreement with the QM/MM
procedure and the experimental data, with the highest difference of 0.15eV. The excite state
FFs reproduce the geometries accurately, but it systematically overestimates the calculated de-
excitation. This can be due to the excited state charges, being necessary to improve the classi-
cal MM framework regarding the excited state charges assignment.

Los fluoréforos incrustados en sistemas complejos son un desafio para estudiar compu-
tacionalmente, ya que exigen una descripcion precisa del entorno, lo que aumenta drastica-
mente su costo de simulacién. Usando dos marcos diferentes para calcular las energias de
transicion de la fluorescencia de proteinas, estudiamos la viabilidad de simular dichos sistemas
con un método MM clasico con campos de fuerza aumentados para el estado excitado por Q-
Force. Lo comparamos con el método QM/MM mas preciso. Los FF de estado fundamental han
mostrado energias de excitacion de acuerdo con el procedimiento QM/MM y los datos experi-
mentales, con la mayor diferencia de 0,15 eV. Los FF del estado de excitacion reproducen las
geometrias con precision, pero sobreestiman sistematicamente la desexcitacion calculada.
Esto puede deberse a las cargas del estado excitado, siendo necesario mejorar el marco clasico
de MM con respecto a la asignacion de cargas del estado excitado.

Els fluordfors incrustats en sistemes complexos sén un desafiament per estudiar computaci-
onalment, ja que exigeixen una descripcio precisa de I'entorn, cosa que augmenta drasticament
el cost de simulaci6. Usant dos marcs diferents per calcular les energies de transicié de la flu-
oresceéncia de proteines, estudiem la viabilitat de simular aquests sistemes amb un métode MM
classic amb camps de forga augmentats per a I'estat excitat per Q-Force. Ho comparem amb el
métode QM/MM més precis. Els FF d'estat fonamental han mostrat energies d'excitacié d'acord
amb el procediment QM/MM i les dades experimentals, amb la diferéncia més gran de 0,15 eV.
Els FF de l'estat d'excitacio reprodueixen amb precisio les geometries, pero sobreestimen sis-
tematicament la desexcitacio calculada. Aixd pot ser degut a les carregues de I'estat excitat, i
cal millorar el marc classic de MM respecte a I'assignacio de carregues de l'estat excitat.



IDENTIFICATION AND REFLECTION ON THE
SUSTAINABLE DEVELOPMENT GOALS

Intrinsic protein fluorescence has many applications on the monitoring of protein dynamics
and bioimaging, providing powerful information about biological systems and proteins confor-
mational transition, binding sites, denaturation, and general dynamics. This is due to the high
sensitivity of fluorescent amino acids to its local environment, where small alterations can cause
changes in the emission spectra. Nevertheless, this complexity is also a challenge for its study
and interpretation of data.

When we apply this field to the Sustainable Development Goals, the area of this research is
People, specifically the 3rd goal: Good Health and Well-Being. Investigating a reliable method-
ology to study those systems computationally can guide experimentalists to interpret the emis-
sion spectra in biological system.

The target 3.4 is to reduce mortality from non-communicable diseases and promote mental
health. Improving the monitoring of fluorescent proteins can lead to the better understanding of
its dynamics such as binding sites for pharmaceuticals, improving drug delivery and conse-
quently non-communicable diseases treatments.

The scope of this project is to perform two different computational approaches for studying
embedded fluorophores, the more accurate, but computationally expensive hybrid quantum-
mechanics/molecular-mechanics method and the less demanding classical molecular mechan-
ics with a quantum augmented force field. Finding a robust methodology, it's an important step
on the pursue of a framework that is both computationally efficient and chemically accurate.
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ABSTRACT: Fluorophores embedded in complex systems are a challenge to study computationally as they demand an accurate
description of the environment, increasing drastically its simulation cost. Using two different frameworks to calculate transition en-
ergies of protein fluorescence, we studied the viability of simulating such systems with a classical MM method with force fields
augmented for the excited state by Q-Force. We compared it with the more accurate QM/MM method. The ground state FFs have
shown excitation energies in agreement with the QM/MM procedure and the experimental data, with the highest difference of 0.15¢V.
The excite state FFs reproduce the geometries accurately, but it systematically overestimates the calculated de-excitation. This can
be due to the excited state charges, being necessary to improve the classical MM framework regarding the excited state charges

assignment.

1. INTRODUCTION

Shimomura’s contributions to the purification and
characterization of the Green Fluorescent Protein (GFP)
through spectroscopy were essential to the development of
the today’s widely used GFP-like proteins as markers for
protein localization and gene expression monitoring in liv-
ing cells.!

For the discovery and development of the GFP, which
can attach to other proteins and mark it with fluorescence,
the Nobel Prize in Chemistry of 2008 was awarded jointly
to Osamu Shimomura'?, Martin Chalfie’, and Roger Y.
Tsien*>.

The method that allows monitoring individual fluores-
cent molecules inside biological systems is the super-re-
solved fluorescence microscopy. The 2014’s Nobel Prize
in Chemistry awarded Eric Betzig®’, Stefan Hell®®, and
William E. Moerner'® for the development of this tech-
nique.

This highlights how biophysical fluorescence methods
are highly used to monitor and elucidate intracellular struc-
tures, dynamics, and interactions from fluorescent sig-
nals.!-12

When dealing with naturally occurring protein fluo-
rescence, the main three amino acids responsible to its flu-
orescence are the tryptophan (Trp), tyrosine and phenylal-
anine.'? The occurrence of those fluorescent amino acids is
quite rare, and between those, the tryptophan dominates
most of the fluorescence spectrum of proteins, even when
it has more than one fluorescent amino acid."

The tryptophan is much more sensitive to changes in its
local environment than the tyrosine and phenylalanine.'
Because of this complexity it’s a challenge to study and

interpret its emission, and most scientific investigations fo-
cus on the tryptophan residue.

Depending on its accessibility to the solvent, and there-
fore the polarity of the local environment, the tryptophan
can emit from 308nm for completely buried apolar core to
350nm to fully exposed to the solvent. Studying the fluo-
rescence of these bodies can reveal a great variety of infor-
mation on its structure, its exposure to the solvent, even
intramolecular distances, and orientation inside the protein
between donor and acceptor moieties based on fluores-
cence resonance energy transfer (FRET). 3

Figure 1. Tryptophan residue with the fluorescent indole
moiety highlighted in green. The transition dipole moment
ofthe L and Lg state are represented by the yellow and blue
arrows, respectively.

The tryptophan has two main excited states (E.S.), the
La and the L states, which are categorized based on its
transition dipole moment. The La state has a strong transi-
tion dipole moment and is stabilized by polar environ-
ments, being the most responsible for the protein’s fluores-
cence. The Lg state has a lower oscillator strength and less
polar, being most stable in apolar environments.'



Computationally, the prediction of the fluorescence is
highly dependent on how the ground state (G.S.) and the
La excited state are described. These fluorophores in em-
bedded systems have its charges and geometry strongly af-
fected by the electrostatic field around it.'®

Because of this deep dependence on the local environ-
ment, first-principle simulations must consider not only the
electronic structure, but also the surroundings with fidelity.

Therefore, the most common approach to simulate the
excited state of the tryptophan inside a protein is the hybrid
Quantum-Mechanics / Molecular-Mechanics (QM/ MM)
method which combines classical MM with any QM
method, manly DFT."

On this investigation we will perform the standard
QM/MM and compare its results with a framework that
uses QM only to optimize the charges and the molecule-
specific force-fields (FFs) parameters with Q-Force '8, a
toolkit with protocols to generate quantum mechanically
augmented molecular FFs.

This study seeks to bring light on how viable it is to
study these complex systems such as protein fluorescence
with this computationally less expensive methodology,
and what are its limitations.

2. THEORY AND COMPUTATIONAL
DETAILS
2.1. Overview of the simulation procedures

The protein of choice for this study is the T4-Lysozyme
shown in Figure 2. It has three tryptophans with different
exposures to the solvent. This system allows to study the
difference in emission due to tryptophans with different ac-
cess to the solvent in the same protein.

The standard procedure to study an embedded fluoro-
phores is to use a QM/MM framework. This approach is
reliable and offers a rich treatment for the environment, but
the large computational cost is its main drawback.'

A different and cheaper approach by Vivian and Cal-
1is® to study the tryptophan fluorescence is to use a hybrid
procedure that involve QM only for assigning the charges
to the indole ring highlighted on Figure 1, the moiety
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(2) a step is performed to relax the G.S. further. (3) The system is excited to the first excited state, relaxed and sampled.

responsible for tryptophan fluorescence. A MD step using
a general force field with the assigned charges is used to
compute the electrostatic potentials and fields.

Figure 2. The T4-Lysozyme (1LYD) has two tryptophans
(ResIDs: 126 and 158) more exposed to the solvent and one
(ResID: 138) buried inside the protein.

The transition energies are then simulated by switching
the tryptophan geometry by a reference geometry. The ref-
erence geometry is obtained from a crystal structure for the
ground state and an ab-initio calculation is used for the La
state geometry.

The strategy for this investigation is to perform the
standard framework with QM/MM and a similar hybrid
framework, as is follows and it schematized on Figure 3:

(1) The protein is simulated through a classical molec-
ular dynamic (MD) for 1 ms to sample the protein’s struc-
ture. Using the second half of the MD, we take 10 snap-
shots of the trajectory for the next step.

(2) To ensure the equilibration of the system on the
ground state for each snapshot, we performed a Sps
QM/MM BOMD with 0.5fs timestep, one for each trypto-
phan residue in the QM region.

40 ns
—
O O MD
Sps
:: I :: | Ground State
—¥ ! QM/MM | QForce FF MM
10ps
TRP 126 I-—e-l
TRP 138 | | Excited State
! ' QM/MM | QForce FF MM
TRP 158 | i

QM/MMpol
Figure 3. MD Simulations methods scheme. (1) The protein is first sampled with a 1ms classical MD, then

(4) Lastly the absorption and emission are calculated with QM/MMPol.



(3) The trajectories are continued with a 10ps QM/MM
BOMD with the same timestep in order to electronic excite
the tryptophans, relax the surroundings and sampled 100
structures of the indole in the La state for the second half
of the QM/MM. This step will be referred as QM sampling.

For the framework using Q-Force FFs, the GS QM /
MM (step 2) and ES QM/MM (step 3) are substituted by a
classical molecular mechanic with the indole moiety being
described by one augmented Q-Force FF for the GS and
one for the ES. This step will be referred as MM sampling.

(4) Finally, we calculate the absorption and the emis-
sion of each tryptophans in the protein, for both the
QM/MM sampling and the MM sampling with Q-Force
FF, for the GS and ES geometries using the polarizable
QM/MM method (QM / MMPol)?'.

For each of the 10 snapshots from the step (1), there
was sampled 100 structures on the GS (step 2) and on the
ES (step 3), totalizing 1000 conformations to be post-pro-
cessed by QM/MMPol for each transition reported.

2.2. Classical Simulations

The seed structure for the studied protein T4-Lysozyme
(ILYD, resolution 2.00A) used in this work was obtained
from the RCSB Protein Data Bank (PDB).?>% The optimal
pH for 1ILYD was calculated using the H++ web server,
which added the hydrogens accordingly to the standard
protonation for most amino acids.?* Only the protonation
state of the histidine residue (HIS) was replaced by the HIP
residue index, which corresponds to the histidine proto-
nated on both N-epsilon and N-delta. The PDB file was
then edited to remove all crystallographic waters.

The modified PDB file was solvated by adding the pro-
tein to a box containing ~28000 OPC water molecules.?
Nine chloride ions were included in order to balance the
charges and neutralize the system. The 1LYD protein was
described with the ff19SB Force Field.?® The cut-off radius
for non-bonding interactions was set to 8A.

The energy minimization was done in two steps, the
first minimized only the solvent and the ions, maintaining
the protein frozen, and then the second minimized the
whole system. This step is important to eliminate any high
energy structure from the system, which can lead to prob-
lems in the heating and production steps.

The heating was performed in two steps, the first in-
creased the temperature from OK to 300K in the NVT en-
semble through 250ps followed by the second heating step
with 250ps in 300K using the NPT ensemble, all with 2fs
timestep.

Following, a production run for the protein for a period
of 1 ms with classical molecular dynamic (MD) using a
topology with Hydrogen Mass Repartitioning (HMR).

This approximation redistributes some of the heavy
atom’s mass to the hydrogen connected to them, allowing
it to use larger time steps as the hydrogen will be less flex-
ible. It also diminishes the instability related to high-fre-
quency hydrogen motion. With this, the timestep was in-
creased to 4fs. All steps were done with SHAKE. All MD
runs were performed with the Amber 20 suite of program?’.

From the production step we took 10 snapshots, from
640ns to 1000ns, each 40ns.

2.3. QM/MM and QM/MMPol Simulations

The multiscale QM/MM method have different ap-
proaches based on how it can be implemented. The Sub-
tractive scheme is done by first calculating the MM energy
for the entire system (S) and then the QM energy for only
the inner subsystem with the link atom (I+L). The total en-
ergy is then calculated by subtracting the MM energy from
the inner subsystem.

EQM/MM = Eym(S) + EQM(I + L) — Eyu(I +1L)

In this scheme, the coupling of the subsystem is done
entirely at the MM level of theory. This approach doesn’t
describe the Coulombic interactions between the atomic
charges in the QM and the MM, making the subtractive
scheme troublesome for the electrostatic interactions.

The improved subtractive ONIOM method allows the
system to be subdivided into a n-layered subsystem, which
can be treated with QM or MM deliberately. In this scheme
the MM charges can be included into the QM Hamiltonian,
allowing electrostatic embedding.

For the additive QM/MM scheme, the energy is ob-
tained with the following equation:

EQM/MM = EMM(O) + EQM(I +L)+ EQM—-MM(I' -0)

Where the MM energy is calculated for the outer (O)
region and an additional term describes explicitly the cou-
pling between the inner QM and the outer MM systems.
How the coupling term is written is what defines a
QM/MM method.

The steps (2) and (3) with QM/MM were done with
the electrostatic embedding.?® This scheme incorporates
the MM point charges into the QM Hamiltonian, which en-
ables the inner system to adapt to the rigid charges of the
MM region and be polarized by it.

The QM region was treated at the DFT level for the
ground state and at TD-DFT level for the excited state,
both with PBEO and 6-31G(d) basis set, using the Gaussian
16 program.? To inspect the separation between the in-
dole’s La and Lg excited states, a TD-DFT calculation in
the indole ring with a an Cq in the position 3 (3-methyl
indole, 3MI) has been made. We found a separation of
0.8eV between the first La state and the Lgp state for this
level of theory.

The next complexity step regarding QM/MM is to have
the QM electric field acting back into the MM charges.
This approach is called polarizable embedding, which have
two main approaches. The first where the QM acts into the
MM charges, but the MM region doesn’t act back into the
QM region. And the second where the QM Hamiltonian
incorporates a MM polarizable self-energy term, and the
effective Hamiltonian can be calculated self-consistently.



The QM/MMPol*® method used for calculating the
transition energies is the later model, where full mutual po-
larization effects are accounted. The effective Hamiltonian
for this model is the following:

= = = ~pol
H, e =Ho(I) + HEIM/MM(I" 0)+ HZ‘I)W/MM(I' -0)
+ Hly (0) + Hiyy (0)

In which the H, is the Hamiltonian for the isolated QM
system, ﬁgfv, /um and ﬁg;’,} /mm Are the electrostatic and po-
larizable Hamiltonians for the QM/MM coupling energy
terms. Finally, the Hg,, and 1_7[13’(17\; are the electronic self-
energy for the charges and the polarization energy terms
for the MM region. In this work the cut-off radius of the
polarized MM is 15A around the QM region.

Figure 4. Trp126 inputs for QM/MMPol. The regions with
the indole in the QM region represented as cylinders (lico-
rice), the environment with MM polarizability effects around
(154 around the QM region) as lines and the MM without
polarizability (304 around the QM region) as dots.

When dealing with embedded chromophores, the envi-
ronment strongly affects its charges and relaxed structure.
The electrostatic effects are the main contribution from the
environment, but the polarizability can’t be neglected for
systems with strong transition dipole moment between the
G.S. and the E.S such as the tryptophans.

With this, we use the linear response of the time-de-
pendent density functional theory (TD-DFT) to perform
the single point transition energy calculations. All the cal-
culations were performed with the same level of theory as
the others. For the QM/MMPol we used a locally modified
development version of the Gaussian package?.

The vertical excitation and de-excitation energies are
obtained with the Linear Response (LR) formalist and a
State Specific (SS) correction. First the excitation energy
is obtained by electronic exciting the G.S. to an E.S. with
the solvent polarization frozen (w°). Then, with LR formu-
lation, the electronic response (R) of the environment is
calculated in respect to the transition density (p7).

The SS correction is obtained by making the electro-

static potential that arises from the excited state density
self-consistent with the environment.

All reported excitation energies are solely the vertical
transition energy (o’+R(p")), while the de-excitation ener-
gies also include the SS corrections.

2.4. Force Field Parameters

Q-Force'® is a toolkit to augment transferable Force
Fields with specific parameters derived from QM calcula-
tions. The nonbonded parameters are retained from the
transferable FFs (e.g., OPLS, AMBER, GROMOS,
CHARMM), which are rigorously tested in respect to ther-
modynamics properties.

This approach allows the augmented FF for nonstand-
ard molecules to be combined with force fields that already
have been carefully parametrized for systems like proteins,
that demand a rigorous description for the backbone for
example.

In order to optimize the FF force constants, equilibrium
distances, angles and dihedrals, Q-Force uses the opti-
mized geometry, the second derivative matrix (Hessian
matrix), and relaxed dihedrals scans from a QM calcula-
tion.

First Q-Force determines the rigid terms and obtain the
force constants (k) using a linear least-square fitting in the
Hessian Matrix. For the bond and angle terms, it fits to the
harmonic potential.

The dihedrals are fitted using three different functions.
For the rigid, there are the proper dihedral that describes
the interaction between atoms #jk and jk/ with atoms 7 and
[ in different planes; and the improper dihedrals, that de-
scribes the planar groups. Finally, the flexible dihedrals
that are the ones with multiple minima.

The flexible dihedrals are scanned with a QM calcula-
tion by fixing the flexible dihedral at each interval and op-
timizing the rest of the geometry. Q-Force creates these
scan inputs automatically.

The differences in each function for the potentials are
further discussed on section 3.1.

The Q-Force FF was generated for the indole rings, as
this is the moiety responsible for the fluorescence. The
backbone was maintained being described by the ff19SB.
The nonbonded parameters were taken from the general
Amber force-field (GAFF2).

The geometry optimization and frequency calculations
for the indole were obtained at the DFT level of theory with
PBEO functional and 6-31G(d) basis set. The indole ring
was solvated with water using a Polarizable Continuum
Model (PCM) solvation model with the Integral Equation
Formalism variation (IEFPCM) to better reproduce the ge-
ometry in the excited state, which is stabilized by the elec-
trostatic interactions with the solvent. For the excited state
FF, the geometry was optimized to the first E.S. (root=1).
The RESP charges for both G.S. and E.S. FFs for the indole
ring were calculated at the same level of theory. All calcu-
lations were performed using Gaussian 16 program.?’

The timesteps and total simulation time were also kept
the same. The information about how the Q-Force FF pa-
rameters were obtained are discussed below.



3. RESULTS AND DISCUSSION
3.1. Q-Force developments

The available Q-Force version generated force fields in
GROMACS format. Part of this work was to add support
to AMBER format for Q-Force. Converting AMBER for-
mat to GROMACS format can be done easily and there is
several software, such as ParmEd, that can achieve this.
The conversion from GROMACS to AMBER is more
complex thought, as the improper dihedrals on AMBER
are described with the same cosine function as the other
dihedrals, while on GROMACS format the improper dihe-
drals are described by the harmonic potential:

The parameters used in Amber Force Fields are given
by the following Hamiltonian:

Etutal = Z kT(T'—T'O)Z
bonds
+ ) ko(8-0,)?
angles
+ Z V,[1+ cos(nd —vy)]
dihedrals
N-1 N
v S|t 0]
12 6
SRy Ry Ry

The bond and angles parameters are described as a har-
monic potential for both software and converting them can
be done by only changing the units from kJ mol-1 to
kcal mol-1.

For the nonbonded interactions, the parameters are re-
tained from transferable FFs (GAFF2 in this case) as these
parameters are necessary to better describe the interaction
between the Q-Force FF and the transferable FF for the rest
of the system.

For the rigid dihedrals, which are the proper and im-
proper ones, GROMACS uses the harmonic potential fol-
lowing for these terms:

Vo = kg (d — dbo)?

The improper dihedral is the term that describes the 4-
body interactions when there is a central atom or a cross
interaction, as shown below.

o\ 22,

Figare 5. Improper dihedral interactions constrain the con-

Jjugated rings and double bonds. This are the interactions
responsible for keeping molecules planar in a force field.

In order to make these dihedrals compatible with Am-
ber format, which is a Fourier expansion, the parameters
were transferred through the following relationship:

2%
Tl_nz

This approximation reproduces the minima of the har-
monic potential from GROMACS as a cosine function in AM-
BER and maintains the improper dihedrals planar during the
classical simulation.

The flexible dihedrals are the ones with multiple min-
ima, and in GROMACS they are described as the Rycka-
ert-Ballemans®' dihedral potential:

5
Vo = Z Cn(cos(d) — 11))"

Which can be analytically described by both software,
AMBER and GROMACS, as the four terms Fourier series:

Ve = % [C;:(1 + cos(d) + C,(1 —cos(20) +
C3(1+ cos(3d) + C4(1 — cos(4d)]

At the time of publication of this study, Q-Force toolkit
with support to AMBER is still being built to be more in-
tuitive for the end user. Q-Force is freely available on
GitHub (https://github.com/selimsami/qforce) with vari-
ous examples and tutorials.

3.2. Protein structure analysis
The first step (1) of this work was to sample the 1ILYD
protein for 1ms with a classical MD.

The Root-Mean-Square Deviation (RMSD) calculated
measures the average distance between the atoms in the
backbone of a protein through the simulation, with its first
geometry as reference.

3.5
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Figure 6. 1LYD RMSD during the production run of 1ms. The
deviations after 50ns are always below 34.



It’s possible to see on Figure 6 that the ILYD protein
stabilizes the fluctuations of the RMSD profile between 1.5
and 3.0A after 50ns.

In order to analyse the tryptophans mobility inside the
protein, we calculated in Figure 7 the Root-Mean-Square
Fluctuation (RMSF) by residue, measuring the mass-
weighted fluctuation of each residue throughout the classi-
cal MD simulation.
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Figure 7. RMSF by residue, with the 3 Trps present on
ILYD (Trp126, Trp138 and Trp158) highlighted in blue. As
all tryptophans are in a low flexibility region, it's expected
that the environment remains similar throughout the simu-
lation for each tryptophan.

Quantifying the mobility of each residue, we observe
that the 3 tryptophans have a low mobility, fluctuating
0.7A through the simulation. This measurement is im-
portant to indicate if the environment for each of the resi-
dues remains similar.

The radial distribution function (RDF, g(r)) measures
the radial distance between two particles. The function was
calculated between the oxygen present in the solvent water
molecules and the nitrogen in the indole averaged over the
MD run.

The tryptophans 126 and 158 have the first solvation
shell located at 3.0A from the nitrogen in the indole ring
and we don’t observe a second solvation shell. The trypto-
phan 138 has a lower density of waters around the nitrogen,
having it only solvation shell around 3.8A.

The Trp138 is less exposed to the water as it was shown in

Figure 7 As the La state is stabilized by polar environ-
ments, the Trp138 have a lower stabilization and a poten-
tial energy surface (PES) higher than the other two

Residues. Because of that, its emission should present a
blueshift.
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Figure 8. RDFs measuring the distance between the oxygen
in the solvent water molecules and the nitrogen in the in-
dole. The Trp126 and Trp158 have a similar hydration and
the Trp138 is the least hydrated from the tryptophans as it
Is in an inner region of the protein.

3.3. Protein’s Fluorescence

The tryptophan has a reported absorption of 280nm
(4.43eV), with a small peak at 290nm (4.28eV)*2. Because
the optical absorption of proteins is mostly due to the tryp-
tophan, mostly studies in the literature measures the emis-
sion of protein’s fluorescence by exciting it with wave-
lengths between 280 and 300nm.**** For the wild-type T4-
Lysozyme and for the three mutant proteins containing
only one tryptophan each (T4-lysozyme W126, T4-lyso-
zyme W138 and T4-lysozyme W158) the reported emis-
sion is 330nm (3.76eV)*.

The averaged absorptions and emissions for the exper-
imental data and both sampling methods, QM/MM and
classical MM are reported on Table 1.

The QM/MM sampled structures showed an average
absorption close to the experimental, and virtually the
same for all the tryptophans.

Regarding the emission, the Trp138 shows a difference
of 0.11 and 0.15eV from the Trp126 and Trp158 emis-
sions, respectively. The PBEO method, together with M06,
shows the smallest mean absolute error in terms of transi-
tion energy (0.22 - 0.23eV)* when comparing with the
functionals B3LYP, M06-2X, CAM-B3LYP, and LC-PBE
for TD-DFT.

Table 1. Experimental and average absorptions and emissions calculated with QM/MMPol.
The averaged energies with its std. deviation are obtained from the sampled structures for each Trp in both methods.

Experimental QM/MM QForce FF

results Structures Structures
Residue  Abs.(eV)  Em. (V) Shsii'(t)]((:V) Alf;.v!(;éV) E;:.v%éV) Shsitf‘t)l((:V) Ali.v%éV) E;:.V%QV) Shsitf(t)]((:V)
T4 - 126 4.43* 3.76+ 0.67 4.64+0.14 3.73+0.25 09120.29 4.58+0.15 4.18+0.18 0.40x0.23
T4 - 138 4.43* 3.76% 0.67 4.63+0.14 3.84+031 0.7920.34 4.55+0.16 4.17+0.17 0.380.23
T4 - 158 4.43* 3.76% 0.67 4.64£0.14 3.69+0.28 09510.31 4.58+0.16 4.19+0.17 0.3910.23

* Reported Abs=280nm at Mansoor, B.Eggum(1968)3 for the tryptophan. T Reported Em=330nm at Harris and Hudson (1991)3 T4-Lysozyme protein
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Figure 9. Absorption and emission spectra for the QM sam-
pled structures. The vertical transitions were broadened by
a gaussian broadening function (0=0.1).

The difference of emission between the Trp138 and the
Trp126 and Trp158 falls under the method’s error, which
still didn’t achieve the chemical accuracy of 0.10eV. Due
to this, it’s not possible to say that the difference in emis-
sions is only because of the molecular environment.

The vertical transition energies were broadened by a
gaussian broadening function (6=0.1) and plotted to better
visualize the data. On the broadened spectra it’s possible
to observe the differences between the emissions for QM
(Figure 9) and the classical geometries (Figure 10).

Regarding the spectra obtained from the classically
sampled structures, all the absorption and emissions are
virtually the same for the three tryptophans. The standard
deviations for the emissions are lower than the ones sam-
pled with QM/MM. This indicates that the geometries for
the excited state FF could be less flexible than the higher-
level theory framework. This will be investigated further
on this study.

Another reason that can explain this is that the excited
state charges are optimized to the La state only on the be-
ginning of the simulation. As discussed before, the electro-
static effects are the major contribution for the excited state
geometry. The indole’s sensitivity to the variations on its
charge and structure seems to be highly affected by the lack
of update on the charges and a possibly less flexible geom-
etry for the FFs, in comparison with the QM structures, on
the final calculated emission.

The classical structures show an overestimation on the
de-excitation energies. This could be caused by an overpo-
larization arisen from the MM charges being placed too

close of the QM region. This effect could arise from the
conjunction of the water solvation in the QM calculation
used for the FF parameter fitting in with the QM/MMPol.
Consequently, the system accounts for the electrostatic in-
teractions for parametrizing the FF and again for the cal-

25 —— [abs 126]
- —— [em 126]
=
'§u7 -—- [abs 138]
8 20 —— [em 138]
7 —-— [abs 158]
O g —— [em 158
= L5 [ ]
ks
13
o
< 10
5]
N
E
g 05
Z

0.0

200 250 300 350 400

Wavelength(nm)

Figure 10. Absorption and emission spectra for the MM sam-
pled structures. The broadening is made the same way as the
QM spectra.

culated transitions.

Still, the usage of solvation model can’t be excluded
totally for the geometry optimization as it is an important
to reproduce the excited state geometry that is highly sta-
bilized by the solvent. The possible overpolarization is still
to be investigated.

Regarding the Stoke Shift, that is the difference in the
peaks for the absorption and the emission, it’s possible to
observe on Table 1 a shift of 0.67eV for the experimental
data. The QM sampling seems to overestimate this shift
(0.80ev - 0.95eV), while the MD sampling underestimates
it (0.38eV - 0.30eV). Both shifts fall again in the error of
the method.

3.4. Q-Force structure analysis

As discussed before, the overestimation of the emission
energies for the MM sampling could be cause by the final
structures using the augmented FFs. To analyse the influ-
ence solely of the structure in the emission of the trypto-
phans sampled with Q-Force’s FF we calculated the emis-
sion for the structures without solvation for both frame-
works.

We compared the previously reported emission with
both the electrostatic and polarizability effects of the envi-
ronment with this second one without any embedding.

Table 2. Emission with and without (w/0) full mutual polarizable effects.

QM Stucutre MM structure
. Elec.+Pol.  w/o Elec+Pol . Elec.+Pol.  w/o Elect+Pol .
Hesidue effects (eV) effects (eV) i effects (eV)  effects (eV) DIIE
Trp126 3.73 £0.25 4.07 £0.23 -0.34 4.18 £0.18 4.47£0.15 -0.29
Trp138 3.84 +0.31 3.99 +0.21 -0.15 4.16 £0.17 428 £0.17 -0.12
Trp158 3.69 +0.28 4.00 £0.24 -0.31 4.19 £0.17 4.38+0.16 -0.19
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With this procedure it’s possible to decouple the elec-
trostatic and polarizability effects and understand which
influence the geometry of the tryptophans have into the
emission.

The mutual polarization contribution is the same for
both frameworks, meaning that the structures should not
be the problem in the systemically larger de-excitation en-
ergies.

4. CONCLUSION

We have investigated the excited state transitions of the
tryptophan inside a complex system with two different
frameworks, the physically more accurate QM/MM, and
the classical treatment with quantum augmented force
fields by Q-Force.

The ground state FF has shown absorption energies in
well agreement with the more sophisticated QM/MM pro-
cedure and the experimental data, with its variation inside
the error’s method of 0.22eV.

For the excited state FF, the emissions for the Trp126,
Trp138 and Trp158 were 0.45, 0.33 and 0.50eV higher
than the energies from the QM/MM method.

The environmental electrostatic and polarization ef-
fects on the indole highly influence its charges and struc-
ture, and therefore the transition energies. The emission’s
divergence for the classical framework can be explained
by the charges that are kept fixed through the 10ps simula-
tion, while on Vivian and Callis?® approach they update the
charges each 10fs. Updating the charges in this framework
is still a technical challenge.

Regarding Q-Force FFs, it was shown that the final
structures for G.S. FFs reproduce the excitation energies
from the QM structures, and that the E.S. FFs geometries
reproduce the polarization contribution. It’s systematic dif-
ference in the de-excitation still has to be investigated

Furthermore, to understand where this systemically
larger de-excitation energies comes from and better de-
scribe the excite state with a force field, the next strategies
can be considered:

1. The indole sensitivity to the charges and its varia-
tion is sufficiently high to make it necessary to up-
date it during the MM.

2. The nonbonded parameters from generalized force
fields are extensively parametrized for the ground
state. Using a nonbonded parameters for the ex-
cited state for the chromophore can describe better
the interaction with its surroundings.

3. Fitting the force field parameters with a continuum
solvation model in the QM calculation may cause
an overpolarization. This effect is still to be inves-
tigated.
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