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Abstract

A transmembrane voltage, arising from ion imbalance between the extracellular
and cytoplasmic sides of a cell, can influence the biological function of transmem-
brane proteins. At the atomistic scale, transmembrane voltage can be modeled
thanks to the application of an external electric field. Here, we introduce a new
QM /MM model capable of efficiently describing the interaction of QM and MM
atoms with a static electric field (SEF) thanks to ElectroStatic Potential Fitted
(ESPF) operators. A simple decomposition of the full interaction energy is pro-
posed in terms of electrostatic QM /MM interactions and interactions of QM and
MM multipoles with the SEF. Having validated the method and tested its lim-
itations in the case of a short protonated Schiff base model, it is applied to the
case of the Gloeobacter Rhodopsin, a transmembrane photoactive protein with
potential applications in optogenetics. In particular, we evidence that a weak
electric field only perturb the local electric field, due to the protein amino-acids.
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1 Introduction

Transmembrane proteins experience a voltage difference between their inner (intracel-
lular) and outer (cytoplasmic) sides, due to local ion charge imbalance. The resulting
electric field, typically on the order of 0.1 to a few MV em™![1], can have important
impact on protein functions like ion transport [2] or to applications like voltage sensing



in optogenetics[3]. For this latter application, light-driven ion pumps or light-gated ion
channels are necessary to hyper- and depolarize neuronal cells. Both functions can be
found in rhodopsins, a class of transmembrane proteins containing a protonated Schiff
base called retinal as chromophore. While the primary event in virtually all rhodopsins
is the light-activated retinal isomerization in its first excited state, the fluorescence (a
minor deactivation channel) of microbial rhodopsin engineered mutants can be used
for monitoring the membrane voltage [4], with important application in optogenetics
to control cell signaling[5]. Interestingly, in the particular case of the sodium pump
Krokinobacter eikastus rhodopsin 2, it has been recently shown that a sodium cation
remains in close contact with the chromophore within one millisecond [6]. This find-
ing suggests a large modification of the electric field experienced by the chromophore,
whose electronic properties are altered, including the influence on the isomerization
of all-trans to 13-cis retinal.

The atomistic modeling of electric fields effects on transmembrane protein activities
is usually based on two complementary approaches: (i) an explicit charge imbalance
is introduced in the model[7], or (ii) an external static electric field (SEF) is imposed
[8]. In practice, both approaches are often shown to produce equivalent results with
respect to the transmembrane potential, field intensity and charge density.[9, 10]

In the charge imbalance model, the electric field is created by introducing two
different ion concentrations on each side of the membrane. This approach requires
either a second membrane or water/air interfaces to accurately define the electrolyte
concentration imbalance when periodic boundary conditions are employed.[7, 9] On the
one hand, models with a double membrane have a significant increase in computational
cost due to the larger system size. On the other hand, sandwiching the membrane
between two air/water interfaces keeps a more trackable system size, the water layers
being about 30 A thick. Since the number of ions is adjusted by the user, it is also
challenging to fine-tune the transmembrane voltage to a specific value.[9]

Alternatively, a computationally more efficient way of introducing the transmem-
brane voltage is to add an external SEF acting on all atoms in the system instead of an
atomistic charge imbalance. This is based on Poisson-Boltzmann theory, stating that
the membrane potential becomes linear in periodic boundary conditions. Its force is
equivalent to the one of a constant electric field, only depending on the electric field
strength and the length of the simulation box.[8] Advantageously, this model simpli-
fies the complex system of ion pumps and channels. It can also be applied to study the
effect of ultrashort (ns time scale) electric field pulses, with the possible drawback of
generating nonphysical distributions of ions, because of the small size of the system.[7]

The main goal of the present study is to develop an efficient computational frame-
work to model the effect of transmembrane voltage effects on the photophysical
properties of transmembrane proteins via SEF. In particular, we focus on the effect of
a SEF on the absorption spectrum of a simple model, ie. the Gloeobacter rhodopsin
(GR) in gas phase, a microbial proton pump|[11] for which fluorescent mutants have
already been proposed.[12, 13] Regarding its retinal chromophore, pioneer work by
Garavelli and coworkers[14] reported the effect of SEF on the gas phase all-trans reti-
nal excited states. They found that, depending on the orientation of the electric field
along the conjugated m-system, its Sy state is either destabilized and mixes with higher



excited states or it is stabilized, eventually resulting in an avoided crossing with its
ground state Sp. These trends are rationalized on the basis of the charge transfer
character of S1, highly sensitive to the SEF. Nevertheless, in a rhodopsin the retinal
chromophore also experiences a local electric field originating from the opsin charge
distribution; opsin refering to the protein structure without the chromophore. This
local electric field competes with the applied SEF and could therefore lead to amplified
or quenching effects.

In the next section, we succinctly recall the modifications in the molecular
electronic Hamiltonian to account for the interaction with an external SEF, and subse-
quently formulate the external SEF interaction in the framework of a hybrid quantum
mechanics/molecular mechanics (QM/MM) approach, [15-17] in which the interac-
tion between the QM charge density and the SEF is approximated using ElectroStatic
Potential Fitted (ESPF) multipole operators.[18] Then we apply this ESPF-based
QM/MM method to investigate how the magnitude and direction of a SEF impact
the electronic structure of retinal in GR[11], along the isomerization pathway in its
first singlet excited state.

2 Methods

Finite-field perturbation theory (FFPT) is the standard way for including the
effect of a SEF in a quantum chemical calculation. It consists in complementing
the one-electron Hamiltonian matrix with proper one-electron integrals of the type
(Xu|r - F|x,) for a given atomic basis set {|x,)}. This approach is available in the
OpenMolcas software [19-21], which we use as benchmark throughout the present
study to produce reference energies, atomic charge distributions and dipole moments
of molecules.

However, since ab initio quantum chemistry cannot be applied to molecular systems
as large as a rhodopsin protein using a reasonable amount of computer time and
resources, we rely on the ESPF-based QM/MM method[18, 22], also implemented in
OpenMolcas, whose electrostatic interaction energy AE between the QM subsystem
and its surroundings (MM and SEF) is:

Ngowm

AE=)Y M, ¢(r,)—p-F (1)

a=1

in which the QM density of charges is approximated by point multipoles M, centered
on each of the Ngar QM centers and interacting with the MM electrostatic poten-
tial and derivatives ¢ at position r, = [Z4, Ya, 2a), and complemented with the usual
molecular dipole moment g interaction with the SEF F (using the chemistry conven-
tion). Higher terms (polarizabilities, hyperpolarizabilities, ...) in the Taylor expansion
have not been considered in the present work. While they are required when a per-
turbative treatment introduces the effect of the electric field (as demonstrated in the
case of SEF-dependent activation barriers[23]), the ESPF method features a relaxed
electron density, i.e. includes the response of the electronic wavefunction to the SEF,
through polarized atomic charge (ESPF0) and dipole (ESPF1) operators. In the ESPF



method, point multipoles M, are expectation values of atomic multipole operators,
ensuring the polarization of the QM wavefunction by its electrostatic environment. In
the following, we truncate the QM multi-centered multipolar expansion to 1st order,
i.e. atom-centered charges and dipoles M, = [qq, uZ, ¥, nZ] = [qa, tt,)- The second
term in Eq.(1), due to the SEF, can be easily approximated using the same ESPF
approach:

Ngowm Ngom
=Y (quaTatp,)= Y M, T, (2)
a=1 a=1
in which r, is a rectangular matrix:
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The term ¢'(r,) = ¢(r,) — T, - F represents an effective electrostatic potential (and
derivatives) at the QM position r,. The interaction energy between the MM subsystem
and the SEF is straightforward and adds a constant term to the total QM/MM energy
of a given molecular geometry, eg:

Nowm Narm

AE = Z; M, - ¢'(r,) — Z_; qir; - F (5)

in the case of a standard non-polarizable MM forcefield, comprising Nj;ps point
charges at positions r;. Accordingly, each Fock matrix element F,, has to be
complemented with the following one-electron contribution:

N
OAE S~ OM,
0P, ~ 0P,

¢'(ra) (6)

since only the QM-centered multipoles depend on the electron density matrix elements
P,,. This approach is implemented in a development version of OpenMolcas coupled
to Tinker version 6.3.3[24].



The analysis of the different potential energy surfaces and/or excitation energies
can be made easier thanks to a simple total energy decomposition scheme:

E(F) = E®(F) + EMM + AE(F) (7)

in which EQM(F) (resp. EMM) is the SEF-dependent (resp. SEF-independent) energy
of the QM (resp. MM) subsystem and AE(F), already introduced in Eq.(5), can be
rewritten:

AE(F) = AE®F(F) + AEMM/T(F) + AEDY/MV(F) (8)
with:

Nowm
AEQM/F(F):_ Z Ma(F)'f'a'FZ—uQM(F)'F (9)

N
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AEMMME) — 37 M, (F) - p(r,) (11)

a=1

The second term, Eq.(10), describes the interaction between the MM point charges
and the SEF. Accordingly, it behaves linearly with respect to the SEF (for a given
molecular structure). This is (formally) not the case for the first term, Eq.(9), which
describes the interaction between the QM subsystem and the SEF. Finally, the last
term, Eq.(11 ), describes how the QM /MM interaction energy changes in the presence
of the SEF, because of the QM electron density re-polarization by the SEF.

3 Results
3.1 Comparison of FFPT and ESPF

The ESPF method approximates the electrostatic interaction between a quantum dis-
tribution of charges and the SEF. We first compare FFPT-based results (relative
energies and dipole moments) with the ESPF-based ones, using either ESPF at order 0
(charges only, hereafter denoted ESPF0) and at order 1 (charges and dipoles, hereafter
denoted ESPF1). A single water molecule is selected as testbed, using Hartree-Fock
theory and the ANO-RCC-VDZP basis set,[25, 26] together with the resolution of iden-
tity based on the Cholesky decomposition (RICD) acceleration of the self-consistent
field resolution, as available in OpenMolcas.[27] This water molecule experiences a
SEF aligned with the z—axis, with an intensity ranging from —1000MVcm™! to
+1000 MV cm ™. Notice that the water dipole moment and the SEF are not parallel
(Figure 1A).

In Figure 1B, water total energies (relative to the absence of SEF) confirm that
both FFPT and ESPF0/ESPF1 give equivalent results when the SEF intensity is small
enough, typically lower than 500 MV cm~!. This regime is characterized by a linear
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Fig. 1: (A) Orientation of the water molecule in Cartesian space, with its dipole
moment as yellow arrow, in the absence of a SEF. When applied, the SEF is collinear
to the vertical z—axis. (B) Water energy (in eV), relative to the energy in the absence
of SEF. (C) Water dipole moment (in Debye). (D) Angle between FFPT and ESPF

dipole moments (in °).

coupling between the (qualitatively constant) water dipole moment and the SEF. Their
parallel alignment ensures stabilization. However, when the SEF intensity becomes
larger than 500 MV cm ™!, the ESPFO0 energies become significantly different from the
ESPF1 and FFPT ones, indicating that the 3 ESPF point charges cannot correctly
approximate the strong electronic reorganization induced by the intense external field.
This behavior is confirmed by inspecting the water dipole moments in Figure 1C. The
situation for —1000 MV cm ™! is peculiar: the field is so intense that the water molecule
electronic structure is significantly different from the ones computed at other SEF
strengths. For instance, the three ESPF atomic charges are -0.01 for oxygen, 0.05 for
one hydrogen and -0.04 for the other one, instead of the usual large negative charge at
the oxygen center and the complementary positive charges at the hydrogen ones (at
—20MV em~t: -0.70, 0.36, 0.34). Interestingly, the ESPF1 approximation (ie. point
charges and dipoles) is flexible enough to result in energies and molecular dipoles
in good agreement with the FFPT benchmark values. The angle between the water
dipole moment using FFPT and the one using ESPF confirms this analysis (Figure
1D): it can be as large as 83° with ESPFO0, while it always remains lower than 5° with
ESPF1. To further validate these findings, we repeated the analysis of the relative
energies and dipole moments for No, COs and benzene, confirming the ability of the



ESPF1 approximation to reproduce the FFPT results with satisfying accuracy (see
Supporting Information).

The results discussed above indicate that ESPF, and especially ESPF1 featuring
QM-centered atomic charges and dipoles, represents an efficient alternative to FFPT.
Moreover, when the SEF strength remains sufficiently low, which is the case in typical
applications for which the effect of the SEF is linear within the energy, ESPFO0 can
be used safely. As a final note, the dipole moment deriving from equation 2 is barely
different from that obtained as the mean value of the position operator (Supporting
Information), confirming the effectiveness of the ESPF approximation in most cases.

3.2 Application to a minimal protonated Schiff base

The first application deals with a protonated Schiff base featuring 3 conjugated double
bonds (PSB3), a reduced model of the retinal chromophore, ubiquitous in virtually all
rhodopsin proteins. Here, we would like to (i) assess the ability of ESPF to reproduce
a potential energy surface of PSB3 in its first three singlet states (Sp, S1, S2) and
(ii) evaluate the effect of a large SEF on PSB3 photoisomerization, assuming the gas
phase pathway is not significantly modified by the application of the SEF. In other
words, the present work focuses on the electronic structure modifications triggered by
the SEF.

Accordingly, we first produce a gas phase minimum energy path (MEP) between
the PSB3 Franck-Condon geometry and its Sp/Si conical intersection, at the
CASSCF/ANO-RCC-VDZP level of theory, with 6 electrons in 6 7 orbitals (details are
provided as Supporting Information). Once the corresponding potential energy curve
is obtained (Figure 2 top center), we recompute the total energies in the presence of a
large SEF (about 100 MV cm~1), parallel (Figure 2 top right) or antiparallel (Figure 2
top left) to the PSB3 dipole moment in Sy (shown as Supporting Information). Once
we have assessed the excellent agreement between FFPT- and ESPF-based potential
energy surfaces (PES) (provided as Supporting Information), we first observe that the
PSB3 thermal isomerization energy decreases in the presence of the SEF, especially
when it is parallel to the chromophore dipole moment. Consequently, the application
of a SEF would increase the competition between thermal and photoinduced PSB3
isomerization. The application of the SEF lifts the energy degeneracy between Sy and
S1, while an energy barrier appears in S;. When the SEF is parallel to the PSB3
dipole moment, the large energy gap between S; and S is preserved. The PSB3 dipole
moment is also influenced by this SEF. Its value in Sy and S5 is becomes much larger
than the one in S;. Moreover, its variations along the isomerization path is dramati-
cally changed, resulting from the state interaction modifications induced by the SEF.
In contrast, when the SEF is antiparallel to the PSB3 dipole moment, the S; and Ss
potential energy curves become almost degenerate when the isomerization effectively
starts. The PSB3 dipole moment is significantly reduced, irrespective of the electronic
state (less than 3 Debye).

The influence of the SEF can be further analyzed using the center of the PSB3 +1
electric charge (CoC), see the Supplementary Information for the definition. In the
absence of the SEF, the CoC in S; moves further away from its initial position while
the isomerization proceeds. Conversely, in Sy and Sz, the CoC comes closer to the N
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Fig. 2: Top: PSB3 three lowest singlet state energy curves, using the ESPF0 approx-
imation. When ESPF1 is used instead of ESPFO0, the resulting plots are virtually
identical (see Supporting Information). Bottom: corresponding PSB3 dipole moments.
The orientation of the (anti-)parallel electric field with respect to retinal is the same
as for water in Fig. 1A.

center (Figure 3 center). When the SEF is antiparallel to the PSB3 dipole moment
(Figure 3 left), the intensity of the field is large enough to maintain the CoC at the
N center, even during the PSB3 isomerization. In other words, the antiparallel SEF
blocks the well-known PSB3 (and retinal) charge translocation upon excitation from
So to S1, it prevents the PSB3 photoisomerization and ultimately the photoexcited
PSB3 would emit light without any Stokes shift (Figure 2 left). We shall nevertheless
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Fig. 3: Superposition of PSB3 structures along the S; isomerization MEP. PSB3
center of charge is shown as a dark green to light green sphere.

notice that the Sy — S; oscillator strength never exceeds 0.015, resulting in a very
low light absorption probability.

More interestingly, when the SEF is parallel to the PSB3 dipole moment (Figure
3 right), the initial location of the CoC is further away from the nitrogen center
(with respect to its position in the absence of SEF), and remains almost unchanged
in Sp and Sy as the PSB3 isomerization proceeds. On the other hand, in S; the CoC
flows back toward the nitrogen center, especially when the BLA coordinate is active.
Consequently, the charge transfer character of S; increases with the PSB3 twisting
progress. Nevertheless, the presence of the 0.4 eV barrier in S; would probably prevent
the PSB3 to photoisomerize, like in the anti-parallel case.

3.3 Application to Gloeobacter rhodopsin

The PSB3 results above, together with Garavelli’s and coworkers’ results[14], sug-
gest that sufficiently large SEF, ie. larger than 10 MV cm ™! may dramatically modify
the retinal photochemistry. Hereafter, we would like to assess how a smaller SEF of



5MV em ™! competes with the opsin local electric field, using the microbial Gloeobac-
ter rhodopsin (GR) as testbed.[28] This field strength is meant to approximately
represent how the transmembrane charge imbalance could by modified by a local
modification of the ion concentrations.

The GR model structure (Figure 4 left) has been obtained using PDB id 6NWD
[29] as initial structure in the Automatic Rhodopsin Model (ARM) protocol[30, 31],
selecting the following manual parameter settings[32]: the pH is set to 7.5; all histidines
are deprotonated, except H87; the retinal counterions, D121 and D253, are kept depro-
tonated. Geometry optimization of the retinal chromophore and the cavity amino-acid

Fig. 4: Left: GR structure, with cartesian axes (the SEF is applied along the z axis)
and with explicit positions of retinal (red sticks), sodium cations (green balls) and
chloride anions (yellow balls). Right: Sy QM /MM optimized retinal geometry, showing
the electron density difference between Sy and S; states and the C12=C13 torsion
angle.

side-chains is performed at the XMS-CASPT2/6-31G*/Amber94 level of theory, in
the absence of any SEF. The active space comprises 12 electrons in 12 7 orbitals.
Using this single structure, the influence of SEF with various strengths and directions
is assessed with XMS-CASPT2/6-31G*/Amber single point calculations, including up
to 5 singlet states. In the following, we consider the case of the SEF direction perpen-
dicular to the membrane mean plane (z axis, the default orientation provided by the
ARM protocol), keeping all the structural parameters unchanged (Figure 4).

In Figure 5, we report three different metrics of the So — S7 and Sy — Sy transi-
tions: XMS-CASPT?2 vertical excitation energy, transition dipole and location of the
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Fig. 5: Top left: Excitation energies of GR and retinal, bottom left: transition dipole
moments of GR and retinal, both respective to SEF in z-direction (transmembrane).
Right: CoC position of bare retinal CoC (green), GR retinal without SEF (yellow),
GR retinal with SEF (red: 10.0 MV cm ™!, blue: —10.0 MV ecm ™). Only the C9-N part
of retinal is shown, for the sake of good visualization.

retinal center of (+1) charge. In agreement with the abundant literature,[33-35], we
find that the electrostatic effect of the GR opsin increases the Sy — S7 and Sy — So
excitation energies. This blue shift is mainly associated to the retinal counterion nega-
tive charge, located at a short distance from the retinal PSB positive charge, stabilizing
the retinal ground state Sy more than the other electronic states (in which the charge
is translocated towards the retinal S-ionone ring). Transition dipoles are reduced,
slightly in the case of Sy — 51, while more dramatically for Sy — Ss. This result can
be rationalized by the inspection of the location of the retinal center of (41) charge
(CoC). In bare retinal, the CoC is located close to the C12 carbon atom in Sy and in
So, while it is translocated towards the S-ionone ring in S7, close to the C10 carbon
atom. The introduction of the MM electrostatic potential impacts the CoC location in
two different ways: in Sy it barely changes its location (C12), while it moves towards
the protonated Schiff base (C14) in S; and Ss.

Switching on the SEF, either parallel (positive) or antiparallel (negative) to the
retinal Sy dipole moment z component, the QM /MM excitation energies are modified.
The application of a parallel (resp. antiparallel) SEF results in linearly increasing (resp.
decreasing) excitation energies, with a rate about 0.010 eV / (MV ¢cm™1!) in the case of
So — 51, twice larger that it is for Sy — So. This trend can be easily explained, since
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the GR total energy responds linearly to the SEF and proportionally to the retinal
dipole moment in each electronic state (reported as Supplementary Information). As
a matter of fact, the retinal dipole moment is smaller in S; compared to Sy or Ss. In
agreement with the variation of the excitation energies with the SEF, the two transition
dipole moments linearly decrease (resp. increase) when the applied SEF is parallel
(resp. antiparallel). Their respective slopes are similar, about —0.01 D (MV c¢cm™1!).
Nevertheless, the character of each transition remains unaffected by the application
of the SEF, because of its low intensity, as evidenced by the CoC positions which are
only displaced a few tenth of A when the SEF is applied.

These findings can be rationalized by analyzing the competition between the MM
electric field and the SEF (Figure 6). The MM distribution of point charges generates
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Fig. 6: Intensity of the total electric field in the z-direction, due to the MM charge
distribution and to the SEF in three cases: —10.0 MV cm™! (left), no SEF (middle)
and 10.0 MV cem™! (right). For the sake of clarity, values larger than 100 MV cm~*
are shown with this maximum value.

the largest (positive) electric field in the PSB region of retinal. Consequently, the
application of the SEF only marginally modifies the total electric field in part of the
chromophore. However, this is not the case in the C6 to C12 region, where the total
electric field is indeed modulated by the SEF, in intensity (eg. C12) or even in direction
(eg. C8). Accordingly, in that part of retinal, the application of a SEF, even moderate,
locally modifies its electronic structure, as seen in the CoC displacement (Figure 5).
Taking advantage of the energy decomposition scheme presented in section 2, Egs.
8 to 11, we can analyze how the application of the SEF modifies the interaction
energies, in each electronic state. Starting with Sy (Figure 7, left panel), the total
interaction energy stabilizes (destabilizes) the GR system when the SEF is parallel
(antiparallel) to the z direction. This trend is mainly due to the repolarization of
the QM electronic structure, as evidenced by the largest slope of the almost linear
AEQM/F term even if the linear AEMM/F glope shows the opposite trend. Notice
that the QM/MM interaction energy is barely modified by the repolarization of the
QM subsystem. Considered together, these results confirm that the application of the

12
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Fig. 7: Interaction energy decomposition for (a) Sy, (b) S and (¢) Sz as a function
of the SEF. The reference energy corresponds to the QM /MM interaction energy with
static electric field. The definitions of the total interaction scheme and its decomposed
terms can be found in eq. 8 to 11.

SEF with such a limited intensity can be modeled by a quasi-constant (QM-+MM)
dipole / SEF single interaction term.

Qualitatively, this analysis remains valid for S; and Sy (Figure 7 middle and right
panels). We note that the AEQM/F term shows a more pronounced curvature in Sy and
S1 than in Ss when the SEF varies. Accordingly, the retinal dipole moment varies more
rapidly in the former states, suggesting the corresponding retinal electronic structures
to be more polarizable by the application of the SEF. The AE@M/MM yariation is
much larger in S; and Sy than in Sy. Moreover, their slopes show different signs.
Accordingly, the retinal-opsin interaction is stabilized in 57 when the SEF increases,
whereas it is destabilized in S5, eventually tuning their energy gaps and possibly the
associated retinal photodynamics.

In order to get a deeper insight of the SEF effect on the retinal photochemistry in
GR, we study its effect on an approximated retinal photoisomerization potential energy
surface (PES), ie. fixing the C12-C13=C14-C15 torsion angle (from —170° to —90°)
while optimizing the other degrees of freedom at the XMS-CASPT2/6-31G(d)/Amber
level of theory, determined in the absence of the SEF. In Figure 8 left panel, we report
such a PES, as well as its modification when a +5MV cm™! SEF is applied. This
choice of SEF strength is inspired by a recent article [28] in which the application to
bacteriorhodopsin (BR) of an ultrafast 3MV cm ™! terahertz pulse induces a retinal
light absorption change, eventually revealing a more important change of the retinal
dipole moment in Sy rather than in 57, interpreted as the signature of an important
mixing between the two BR excited states. In Figure 8 right panel, we also report
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Fig. 8: Left: Approximate retinal isomerization potential energy pathways in S, in
the absence or in the presence of a SEF. The Sy minimum energy is set to 0.0eV as
reference. Retinal energies for Sy, S;, So are depicted with crosses for comparison.
Right: S_,.57 and S_, S5 transition dipole moments along the same pathway.

the So — S; and Sy — So transition dipole moments as a way to highlight the
SEF-induced electronic structure modifications as the retinal isomerization proceeds.

In the absence of SEF, QM /MM interactions blue-shift the retinal excited states,
as already reported in Figure 5. Then, proceeding along the retinal isomerization
approximate coordinate, Sy and S7 come closer to each other, while the gap with Sy
increases. A potential energy minimum is found in S, between —120° and —110°. Even
at torsion angle close to —90°, the energy gap between Sy and S7 remains large, ie. the
retinal structures remain quite far away from the expected conical intersection region
in which excited GR can efficiently decay to its ground state. The applied weak SEF
barely modifies the energy curves. However, this apparently weak SEF effect becomes
more important when one looks at the state electronic structure, or equivalently, at the
transition dipoles (Figure 8 right panel). On one hand, the SEF does not modify the
So — S transition dipole (which decreases when the isomerization proceeds), whether
it is applied parallel or anti-parallel to the z axis. On the other hand, the Sy — S
transition dipole (which increases when the isomerization proceeds) shows significant
variations when the torsion angle becomes lower than —140°. Taken together, these
results suggest that the application of the SEF, even with a low intensity, may modify
the couplings between GR S and higher excited states.

4 Conclusion

An extension of the ESPF QM /MM method has been introduced, allowing to take into
account the electrostatic interaction between a QM/MM model of a (macro-)molecule
together with its molecular environment and an external static electric field. Thanks to
the ESPF approach in which the QM charge distribution is represented as a multipolar
multicenter expansion, the total interaction energy can be easily decomposed as a sum
of three contributions - QM dipole/SEF, MM dipole/SEF and QM/MM - eventually
allowing for a deeper analysis of the electric field effect.
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Having validated the method and tested its accuracy with respect to the SEF
intensity, we applied the method to the isomerization reaction of PSB3 in its first
singlet excited state, demonstrating how large electric fields can profoundly modify
potential energy surfaces. PSB3 being a cation, we have illustrated the effect of the
SEF with the displacement of the molecule +1 center of charge.

We finally studied the competition between a weak SEF and the local electric field
due to a protein amino-acid and ions charge distribution. In particular, our results
suggest that the SEF, even with a low strength, may induce noticeable changes in the
retinal electronic wavefunctions, even if the isomerization pathway of retinal in GR is
barely modified.

In the near future, the method will be developed further. The implementation of
energy gradients will allow us to perform geometry optimizations and to carry on
(non-adiabatic) molecular dynamics, opening new possibilities to investigate how GR
(and other rhodopsin proteins) photodynamics are modified by the application of a
static or oscillating electric field.

Supplementary information. Inputs for OpenMolcas/Tinker calculations, in the
case of water, and PSB3; comparision between FFPT, ESPF0 and ESPF1 for N,
COa, benzene; comparison between FFPT and ESPF state energies along the PSB3
MEP; OpenMolcas/Tinker inputs for GR XMS-CASPT?2 singles points and geometry
optimizations; link to the GR geometries; computation of CoC; GR state energies.
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