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Cyanobacterial photosystem | (PSI) is one of the most efficient photosynthetic machineries found in nature.
Due to the large scale and complexity of the system, the energy transfer mechanism from the antenna
complex to the reaction center is still not fully understood. A central element is the accurate evaluation
of the individual chlorophyll excitation energies (site energies). Such an evaluation must include
a detailed treatment of site specific environmental influences on structural and electrostatic properties,
but also their evolution in the temporal domain, because of the dynamic nature of the energy transfer
process. In this work, we calculate the site energies of all 96 chlorophylls in a membrane-embedded
model of PSI. The employed hybrid QM/MM approach using the multireference DFT/MRCI method in
the QM region allows to obtain accurate site energies under explicit consideration of the natural
environment. We identify energy traps and barriers in the antenna complex and discuss their implications
for energy transfer to the reaction center. Going beyond previous studies, our model also accounts for
the molecular dynamics of the full trimeric PSI complex. Via statistical analysis we show that the thermal
fluctuations of single chlorophylls prevent the formation of a single prominent energy funnel within the

Received 8th November 2022 antenna complex. These findings are also supported by a dipole exciton model. We conclude that
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energy transfer pathways may form only transiently at physiological temperatures,
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1 Introduction

In oxygenic photosynthesis, photoautotrophic organisms
harvest solar energy to drive a light-induced cascade of electron
and proton transfers.' Photosystem I (PSI) plays a crucial role in
this process as it catalyzes the oxidation of plastocyanines to
subsequently reduce ferredoxins. This energy conversion step
occurs with a near-unity efficiency. An in-depth understanding
of this remarkably high efficiency may guide future designs of
artificial light harvesting (LH) systems.”™*

The cyanobacterial (T. elongatus) PSI is a trimeric trans-
membrane protein  supercomplex.*” Each monomer
comprises twelve protein subunits, 96 chlorophylls, 22
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as thermal

fluctuations overcome energy barriers. The set of site energies provided in this work sets the stage for
theoretical and experimental studies on the highly efficient energy transfer mechanisms in PSI.

carotenoids, four lipids, three iron-sulfur clusters and two
phylloquinones.®” The chlorophyll a molecules are organized in
an antenna complex of 90 pigments and a reaction center (RC)
of six chlorophylls arranged in two pseudo-symmetrical
branches, denoted A and B.*” After the initial excitation of the
PSI antenna complex, the generated Frenkel-exciton has an
estimated lifetime of around 35 ps, followed by charge separa-
tion inside the RC.*** At the very center of the RC lies the special
pair P700, ultimately acting as the electron donor."*™**

There are still many open questions regarding the funneling
of energy from the antenna complex to the RC and the onset of
charge separation therein.'® The large amount of pigments and
their strongly overlapping absorption bands obscure clear
experimental access to the excited state processes inside
PSL®"' Here, theoretical insights can complement experi-
ments in disentangling and explaining the measured optical
responses to deduce mechanisms for the energy and charge
transfer.'®1%2*->

The popular funnel theory expects downhill energy transport
from the antenna complex towards the RC.*?*?° However,
experiments demonstrated reliable performance of PSI, even
when excited in the red edge of the spectrum, which implicates
an uphill energy transfer.****° Concerning charge-separation,
several theories agree on the special pair as the primary
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electron donor in multiple LH complexes.®*'**' However, time-
resolved experiments on PSI'*'” as well as theoretical results
for PSII** suggest the origin of the free charges in adjacent
chlorophylls in one of the two branches, preferentially the A
branch. The lack of agreement between theories, experiments
and computational studies emphasizes the need for an accurate
model of energy and charge transfer processes.

PSI also presents significant challenges to computational
methods, especially regarding the chlorophylls governing the
energy and charge transfer.*'®** The protein environment in
pigment-protein complexes such as PSI is specific for each
chlorophyll, which leads to individual absorption spectra or site
energies for each chromophore.®*** In accordance with the
Gouterman-model,* these site energies correspond to the Q,
state as the lowest excited state of chlorophyll. The unordered
nature of the PSI antenna complex compared to e.g. LH2 in
purple bacteria,* creates additional challenges regarding the
determination of the finely tuned site energies.

Given that theoretical models such as resonance energy
transfers (RET) heavily depend on accurate excitation energies,
the site energies lie at the core of every model for energy
transfer.*”** With previously accessible methods for the much
smaller Fenna-Matthews-Olson (FMO) complex, an unambig-
uous assignment needs yet to be reached after more than three
decades of computational and experimental studies.**** Simi-
larly, there have been many attempts to obtain a set of conclu-
sive site energies for PSI. Fitting procedures have resulted in
accurate reproductions of optical spectra but did not reach
a conclusive picture of energy transfer dynamics.***** Quantum-
chemically derived site energies for static structures obtained
from crystallographic data* or an optimization by density
functional theory (DFT) methods®>** achieved predictions of the
overall spectrum and an assignment of site energies. However,
no study was able to prove or disprove the energy funnel theory.
Subsequent works adding excitonic couplings to the site energy
determination continued to refine some fundamentals of
energy transfer, specifically the importance of long range elec-
trostatics, the asymmetry in the charge transport and a lack of
a continuous site energy gradient towards the RC.***' With
increasing computational resources, site energies in other LH
systems were determined computationally from samples of
molecular dynamics simulations (MD).>>**° Such an approach
requires many single-point calculations for each chlorophyll,
which often leads to compromises in the electronic structure
theory to retain computational feasibility. Insights into the
dynamic evolution of optical properties are therefore inherently
limited by the typically employed lower-level quantum
mechanical (QM) methods.*” Despite their importance in RET
models as diagonal elements of the excitonic Hamiltonian, an
accurate determination of the absolute site energies including
their energy fluctuation dynamics remains elusive. Here, we
aim to close this gap by presenting a new set of chlorophyll site
energies in PSI, including (i) the molecular dynamics of the
trimeric and membrane-embedded supercomplex, (ii) the
electrostatic influence of the natural environment in a QM/MM
approach and (iii) the multireference character inherent to
chlorophyll excitations via the high-level DFT/MRCI method.
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This work is structured as follows: first, we introduce the
relevant computational protocols and justify our choice of
method by comparison to other quantum chemical approaches
and to experimental steady-state spectra. Next, we discuss the
obtained site energies and exciton dipole couplings in the
context of temporal averages with a focus on locating low-energy
chlorophylls. While the functional role of these “red chloro-
phylls” remains to be elucidated in detail, they may act as
kinetic traps for an exciton and impede the excitation energy
transfer to the reaction center,'**"*° especially when adjacent to
higher energy chlorophylls. Our findings are complemented by
a dynamical perspective on site energy and exciton fluctuations,
as well as electrostatic and structural influences, providing new
insights on the energy funnel theory.

2 Methods

2.1 Absorption of isolated chlorophyll

To assess the performance of different quantum chemical
methods, we compared calculated absorption spectra to an
experimental spectrum in diethyl ether.**** For this purpose,
the geometry of chlorophyll a, axially coordinated by two ether
molecules was optimized at the r’SCAN-3¢* level of theory with
Orca 5.0.3°* and verified as a minimum by the absence of
imaginary vibrational frequencies. The r’SCAN-3¢> composite
method builds on the r’'SCAN meta-GGA density functional and
contains three empirical corrections, namely a custom triple-{
basis set denoted def2-mTZVPP,*® a refitted D4 dispersion
correction® and a geometric counter-poise correction®® to
account for London dispersion forces and the basis set super-
position error. The method has proven to yield superior ground
state geometries and energies for a large variety of organic
molecules, on par with or even surpassing more expensive
hybrid DFT approaches.”® Further solvation effects were
accounted for by the conductor-like polarizable continuum
model (C-PCM),”” using a relative permittivity of ¢, = 4.27 *® and
a refractive index of np = 1.3526°® for diethyl ether. Vertical
excitation energies were calculated with the density functionals
BHLYP,*>%° M06-2X,** B3LYP,**%*®* CAM-B3LYP,* wB97X-D4 **
and SCS-wPBEPP86 * using the Tamm-Dancoff approxima-
tion®® (TDA) and the def2-TZVP* basis set. The RIJCOSX
approximation®® was employed with the def2/]”° and def2-
TZVP/C™* auxiliary basis sets to speed up the calculations. At the
lower level of theory, we also tested the Zerner's Intermediate
Neglect of Differential Overlap with parameters for Spectro-
scopic properties (ZINDO/S) method,”” which has been used
frequently in previous studies™”” on chlorophyll excitations.
Here, the C-PCM was switched off, as the implementation of
ZINDO/S we used is not parametrized for use with implicit
solvation models. With each method, 20 roots were included in
the calculation.

Additionally, we tested the DFT/MRCI method”” in its
parallel implementation.®® The DFT reference was evaluated with
the BHLYP** functional implemented in Orca 4.2.1 *-* and the
def2-SVP* basis set. To speed up the evaluation of Coulomb and
exchange integrals, we employed the resolution of the identity
(RIJK) approximation® with the def2-SVP/C™* and def2/JK*

© 2023 The Author(s). Published by the Royal Society of Chemistry
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auxiliary basis sets. SCF convergence was set to 10”7 E, (Orca
keyword SCFCONV7) and a tighter-than-default integration grid
was used (Orca keyword GRID4). The MRCI reference space was
iteratively optimized, starting from a CISD expansion of four
electrons in the four frontier orbitals, until it contained all
leading configurations of the 10 roots included in the calcula-
tions. This starting guess corresponds to the most important
transitions in the Gouterman picture.** The R2018 Hamiltonian®
was employed with a selection threshold of 0.8 E}, and the tight
parameter set to damp off-diagonal elements of the CI matrix,
avoiding double counting of dynamical correlation.

2.2 Structural model of PSI

As a starting point for our investigations of PSI, we used the
asymmetric unit from the 2.5 A crystal structure of cyano-
bacterial PSI” in T. elongatus (PDB: 1]JB0), consisting of one
monomer of the trimeric protein supercomplex. Missing amino
acids were added with the Modeller interface®” to UCSF
Chimera®® (cf. ESI Table S11). Missing heavy atoms were added
manually to the chlorophyll residues CLA A1402 and J1303, to f-
carotene BCR A4009, and to the lipids LHG A5003 and B5004. Of
the 96 Chla molecules in the asymmetric unit, 49 contain only
partially resolved phytyl chains. As the phytyl chain's contri-
butions to the absorption spectrum are negligible,*** we kept
the intact chains but replaced all damaged phytyl residues with
methyl groups (¢f. ESI Fig. S11). While there are studies that
point to the role of the phytyl chain in coordinating® or pre-
venting coordination®® to the central Mg** ion, we argue that
these structural effects are contained in the MD simulations. All
crystal water was retained and hydrogens were added with
pdb2gmx included in Gromacs 2020.1* or, for newly parame-
trized molecules, with reduce,’* distributed with AmberTools 20.

To mitigate steric clashes introduced by the addition of
atoms, the total energy of the asymmetric unit was minimized
with the steepest descent algorithm implemented in Gromacs
2020.1 * until the residual force was smaller than 1000 k] mol !
nm . For this, the prepared structure was placed in a cubic box
with 17.664 nm edge length, solvated with TIP3P water mole-
cules and charge neutralized by adding 15 Na" ions. The energy-
minimized asymmetric unit was subsequently replicated three
times to assemble the trimeric PSI supercomplex. In the
process, crystal water L4042, located exactly on the C; axis, was
removed two out of three times.

Finally, a lipid bilayer consisting of 674 lumenal and 683
stromal molecules of 1-palmitoyl-2-oleoylphosphatidylcholine
(POPC) was packed around the photosystem with packmol-
memgen,” from AmberTools 20. The membrane-embedded
protein was solvated with TIP3P water and the charge was
neutralized, maintaining a physiological salt concentration of
0.15 mol L™ NaCl. The final structure contained 935 722 atoms
and is illustrated in Fig. 1.

2.3 Force field parameters

To ensure that the parameters for the protein and all cofactors
were compatible to each other, we employed only parameters
that were derived for use with the Amber family of force fields.

© 2023 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 Side and top view of the membrane-embedded PSI with final
box dimensions after equilibration. The MD box is drawn in blue. Parts
of the membrane and solvent layers were removed in the visualization
for clarity.

The protein was described with the Amber14sb°>*” force field.
Parameters for the cofactors chlorophyll a and B-carotene were
taken from related studies on PSIL,*® which are in turn based on
parameters by Ceccarelli et al.*® Iron-sulfur clusters and the
coordinating CYS residues were described with parameters for
oxidized, proximal Fe/S clusters derived by Smith et al'® The
available CYS residue type in Amberi4sb does not describe
coordination to metal clusters. We therefore introduced a new
residue type CYF for the iron-coordinating CYS residues by
removing the S-bound hydrogen from the CYS entry in
Amberi4sb, substituting the Cg charge with the published one'*
(—0.01172) and patching the C, charge such that the overall
charge of the [FeS],/CYF, cluster was —2. The coordination
bond between the sulfur and iron atoms was described by the
published'® bonded interaction parameters. The rest of the
interactions between CYF and Fe,S, were purely non-bonded
and the standard parameters for CYS as defined in
Amber14sb were used for this purpose. The lipids 2,3 dipalmi-
toyl-p-glycero-1-phosphatidylglycerol (LHG) and 1,2-distearoyl-
monogalactosyl-diglyceride (LMG) were described with the
LIPID17 force field.***'* As the head group for LMG was not
contained in LIPID17, parameters were generated with ante-
chamber*® using the general Amber force field (GAFF)."*> RESP
charges were derived from HF/6-31G* calculations according to

Chem. Sci., 2023, 14, 3117-3131 | 3119
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the Amber protocol for lipids,*** such that the total charge of the
head group was zero. Parameters for phylloquinone were
generated analogously.

2.4 Molecular dynamics

Molecular dynamics (MD) simulations were performed with
a single-precision version of Gromacs 2020.1.%* The trimeric PSI
complex was placed in a tetragonal simulation box with
dimensions 26.0 nm x 26.0 nm X 14.5 nm. To minimize steric
clashes introduced in the membrane packing process, the total
energy was minimized with the steepest descent algorithm until
the maximum force was below 1000 k] mol™* nm™'. In all
following steps, the leap-frog integrator was employed with
a time step of 2 fs and bonds to hydrogens were constrained
using the LINCS algorithm.'® Short-range electrostatics were
calculated using Verlet lists with a cutoff distance of 1.2 nm.
Particle-mesh Ewald summation*®” was conducted for the long-
range electrostatics using cubic interpolation and a Fourier grid
spacing of 0.16 nm.

Equilibration was conducted in three phases. First, the system
was heated from 10 K to 100 K over 50 ps in an NVT ensemble,
controlled by the V-rescale thermostat'® with a time constant of
0.1 ps. The positions of the protein and all cofactors were
restrained with a force of 1000 kJ mol " nm™". Two temperature
coupling groups were employed, one for the membrane-
embedded protein and one for water and ions. The system was
propagated for another 50 ps at a constant temperature of 100 K
to further minimize clashes in the membrane and solvent. In the
second equilibration step, the temperature was raised from 100 K
to the production temperature of 300 K over 100 ps in the NPT
ensemble, keeping the position restraints. The pressure was
controlled by the Berendsen barostat with a semiisotropic refer-
ence pressure of 1 bar, a coupling constant of 5 ps and using an
isothermal compressibility of 4.5 x 107> bar . After annealing,
the system was propagated for 900 ps at the target temperature in
the NPT ensemble. In the third step, the position restraints were
lifted and the system was propagated for 15 ns in an NPT
ensemble, controlled by the Nosé-Hoover thermostat’®**® and
the Parrinello-Rahman barostat'**** with time constants of 0.5 ps
and 5.0 ps, respectively. Proper equilibration was confirmed by
the average temperature, pressure and density converging to their
target values, as well as the total energy and box vectors remaining
stable. The final box dimensions were 26.9 nm X 26.9 nm X
12.6 nm (Fig. 1). From the last nanosecond of this converged NPT
ensemble, five production simulations over 15 ns were started.
Snapshots were extracted only from the last 10 ns of each
production run. During the production trajectories, the RMSDs of
the protein backbone as well as that of the cofactors chlorophyll,
B-carotene and phylloquinone remained stable and between 1 A
to 2 A, further indicating that the system was equilibrated. Simi-
larly, the area-per-lipid of the membrane had converged at 0.64
nm?, in good agreement with literature values.!*11>

2.5 QM/MM protocol

Chlorophyll site energies were computed in a QM/MM scheme,
where the two subsystems were coupled electrostatically.***"”

3120 | Chem. Sci, 2023, 14, 3117-3131
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Here, the environment of each chlorophyll is expressed as
a distribution of classical point charges. By including the entire
model of the photosystem in the point charge distribution, all
short- and long-range electrostatic interactions between a chlo-
rophyll and the rest of the photosystem are contained in the
calculations. The vertical excitation energy E is given by

E = (ER" + E¥SP) — (ESS' + ESSP), (1)

where Epgs and Egs denote the energies of the excited state and
ground state, respectively, and the superscript indicates either
the energy of the QM subsystem (QM) or the coupling term
induced by polarization of the QM wave function by the classical
charge distribution (coup). In the case of DFT/MRCI, the
coupling to the environmental point charges is included as
a Coulomb term in the one-electron Hamiltonian of the DFT
reference. As the energy of the MM subsystem is equal in the
ground and excited state, no separate MM calculation is
required.

Unless otherwise stated, the QM region contained the
respective chlorophyll molecule without the phytyl chain, which
was always capped at the first carbon by a hydrogen link
atom.'*'** Omitting the phytyl chain from the QM region is
commonplace in the literature, as its electronic contributions to
the absorption are negligible.**#%%***-123 We have tested this
truncation also for our particular QM/MM multireference
workflow and found that it performs well (ESI Table S4t). The
MM region consisted of the full MD simulation box, i.e. the
trimeric PSI supercomplex embedded in the solvated lipid
membrane. Overpolarization at the QM/MM boundary was
avoided by shifting point charges away from the link atom and
introducing artificial charges to preserve the dipole moment of
the former bond." Point charges were taken unmodified from
the Amber-based classical force field (see above), where all
charges were derived consistently via the established RESP
protocol.” The QM subsystem was centered in the simulation
box to account for periodic boundary conditions.

2.6 Calculation of site energies

Site energies for each of the 96 chlorophylls in one asymmetric
unit were calculated with the DFT/MRCI method as described
above, with five singlet roots included in the MRCI part. 20
evenly spaced snapshots were extracted from the last 10 ns of
two production MD simulations, resulting in 40 samples with
a temporal spacing of 0.5 ns. To separate structural from elec-
trostatic effects, these calculations were performed with and
without classical point charges, resulting in 7860 individual
calculations. Additional sampling was performed for the RC
chlorophylls due to their special significance. Here, a total of
200 snapshots were extracted from the last 10 ns of all five
production MD simulations with a temporal spacing of 0.25 ns.

2.7 Excitonic coupling

To get a first estimate of excitonic effects on the energy transfer,
the coupling elements V;; between pairs of chlorophylls i and j
were evaluated in the point dipole approximation:

© 2023 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d2sc06160k

Open Access Article. Published on 06 February 2023. Downloaded on 3/21/2026 9:04:22 PM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Edge Article

Vi :fKﬁ (2)

here, u; is the Q) transition dipole moment of chlorophyll / in its
respective environment and r; denotes the center-of-mass
distance between the coupled chlorophylls. Due to its
simplicity, the dipole approximation is still widely used to
quickly screen the magnitude of the coupling®*****® and has
been shown to perform well in related photosystems when
compared to more involved techniques.****® As the strength of
the coupling depends on the magnitude of the calculated
transition dipole moments, each u; obtained from the DFT/
MRCI calculations was scaled by a factor of 0.79, such that
the average (u) over all snapshots and chlorophylls matched the
measured transition dipole moment'® of chlorophyll a in
dielectric media (5.48 D). The orientation factor « in eqn (2) is
defined by the normalized transition dipole moment vectors &;
and u; of the chlorophylls and the unit vector ﬁij connecting
their centers of mass:

k = (U B) — 3[(E Ry)(@;- Ryl (3)

To account for electrostatic screening effects by the envi-
ronment, a screening factor fis introduced in eqn (2). Its value
was fixed to 0.72 in this work, based on the findings by Renger
et al®

Using the site energies ¢; and couplings V,

i an excitonic
Hamiltonian H was constructed:

& Via V196
H— V:2,| 8:2 V2:,96 ( 4)
Vosg Voo ... €96

Diagonalization of H yields the excitonic energies as diag-
onal elements and the contribution coefficients ¢; of each
chlorophyll to a respective exciton as eigenvectors. The square
of ¢; gives the weight w; of chlorophyll i in the exciton with
>~ w; = 1. This analysis was conducted for each MD snapshot as
well as for the temporal mean of site energies and couplings.

3 Results and discussion

In the following, we will refer to the chlorophylls in PSI using
the nomenclature introduced by Jordan et al, where the
pigments are numbered consecutively according to their asso-
ciated protein subunit.” The chlorophylls in the electron
transfer chain are additionally prefixed by ‘eC’. For a translation
between the naming schemes used in the crystal structure PDB,
our MD simulations and the conventional nomenclature,”
please refer to ESI Table S5.F

3.1 Choice of method

When discussing the energy transfer in light-harvesting processes,
the site energies vary in a small window of £100 meV.>**"* If the
error of the quantum chemical method is much larger than this in

© 2023 The Author(s). Published by the Royal Society of Chemistry
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the first place, it is hard to obtain a quantitative picture of the
small energy fluctuations that govern the light-harvesting
processes. The disagreement between existing sets of site ener-
gies in PSI (¢f ESI Fig. S111) emphasizes the need for a method
that can accurately reproduce not just energy differences but also
the excitation energies themselves. At the same time, computa-
tional cost is a decisive factor in a problem of this scale.

To find a method that satisfies both criteria, we calculated
the excitation energies of the first five roots for an optimized
structure of chlorophyll a at different levels of theory, ranging
from the semiempirical ZINDO/S method over TDA-DFT to
multireference calculations with the DFT/MRCI method. For
each method we evaluated how well the overall absorption
spectrum of chlorophyll a is reproduced (Fig. 2 and ESI Fig. S71)
and especially how close the calculated energy of the Q, state is
to the experimentally®>** observed one (Table 1).

As a semiempirical method designed for biomolecules
including porphyrin-based pigments, ZINDO/S is most afford-
able in terms of computational effort. However, any deviations
from the fitting range of ZINDO/S reveal its shortcomings. The
excitation energy of the Q, band is underestimated by 0.25 eV,
owing to the axial coordination with diethyl ether. Furthermore,
the Q, band, which in reality is closely mixed with the vibronic
progression of Q,,">**** appears at an unreasonably high energy
of 2.2 eV, separated by 0.6 eV from Q, (Fig. 2). In ensemble
simulations, ZINDO/S has been shown to overestimate the red
tail of the spectrum, because of its parametrization only for
equilibrium structures.***** The hybrid density functionals vary
strongly in their performance for different properties. While the

) ZINDO/S
A I —
wB97X-D4
g0 i
D 0 N L\
S SCS-wPBEPP86
B, 1]
) [\ N YN
1S
o DFT/MRCI (0.8 Eh)A/\
5 1-
E 0 —/|\ ” AN
b DFT/MRCI (1.0 Ep)
o 14
0 —/l\» || s AN
eiA—\_/\\"

energy [eV]

Fig. 2 Calculated absorption spectra for an optimized (r*SCAN-3c)
structure of chlorophyll a, axially coordinated by two diethyl ether
molecules, compared to an experimental spectrum in diethyl ether.5*52
Stick spectra were convoluted by Gaussians (¢ = 0.05 eV). Excited
states with an oscillator strength <0.1 are indicated by dotted lines. A
comparison with all tested density functionals is available in Fig. S7 in
the ESI.+
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Table 1 QM/MM excitation energies for the Qy (S;) state of chloro-
phyll a, axially coordinated by two diethyl ether molecules with
different QM methods, compared to the experimental energy in
diethyl ether 5152 Structure optimized at the r’'SCAN-3c level

Method E [eV] f
ZINDO/S 1.622 0.3325
TDA-BHLYP 2.202 0.4953
TDA-B3LYP 2.148 0.4311
TDA-M062X 2.197 0.4388
TDA-CAM-B3LYP 2.158 0.4313
TDA-wB97X-D4 2.140 0.3896
TDA-SCS-wPBEPP86 1.811 0.3812
DFT/MRCI (0.8 E},) 1.939 0.3473
DFT/MRCI (1.0 Ep) 1.903 0.3449
Exp. (diethyl ether) 1.876 —

Qx — Qy gap is best reproduced by CAM-B3LYP and M06-2X (ESI
Fig. S71), the error of the Q, band energy is smallest with
wB97X-D4 at the expense of a severely overestimated Q, — Q,
gap. All of the tested hybrid density functionals blue-shift the
entire absorption spectrum by ~0.3 eV. The blue shift is
stronger for the B bands than for the Q bands, which can be
explained by non-negligible contributions of doubly excited
configurations to the higher excited states.’”'** These are
partially accounted for by the perturbative doubles correction
included in the recently introduced® range-separated double-
hybrid functional SCS-wPBEPP86, which is however much
more expensive. At comparable cost, the DFT/MRCI method
matches the experimental absorption spectrum almost exactly,
in good accordance with another recent study on the spectral
properties of photosynthetic pigments.’** We only observe
a minor systematic blue-shift of the entire spectrum by
~0.06 eV. Notably, we also do not observe a spurious doubly
excited state between the Q- and B-bands, as predicted by earlier
DFT/MRCI calculations,"** which may be rooted in the use of the
completely refitted R2018 Hamiltonian.*® These results indicate
that the fundamental physics of chlorophyll excitations are
correctly reproduced with the new DFT/MRCI Hamiltonian. In
our tests, the calculation of 10 roots required only 21 h of wall
time, running on 8 CPUs. We therefore regard the DFT/MRCI
method, especially with the tight parameter set, as ideally
suited to compute the spectroscopic properties of chlorophylls.

Although DFT/MRCI provides highly accurate energies for
individual chlorophylls at an affordable cost, it would be too
expensive for pairs of pigments. However, the antenna complex
of PSI features many closely packed chlorophyll aggregates,”**
where excited state localization on one of the individual chro-
mophores cannot be trivially assumed. We therefore tested our
QM/MM partitioning scheme by computing the excitation
energies for the five lowest roots of selected chlorophyll pairs
from different spatial regions of PSI at the TD-wB97X-D4/def2-
TZVP level of theory. For each pair, the QM region contained
both chlorophyll molecules. The natural transition orbitals of
the dimer excited states (ESI Fig. S137) confirm that the exci-
tation is in most cases localized on one of the two pigments,
supporting our QM/MM partitioning scheme and by extension
affording us the high-level DFT/MRCI method.
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3.2 Chlorophyll absorption in PSI

An important issue when analyzing dynamical site energy
fluctuations by means of MD sampling is achieving convergence
of the average energies. Fig. 3 illustrates the convergence of the
arithmetic mean of the site energy for four representative
chlorophyll residues with the number of considered snapshots.
All other residues follow the same trend, with the average
energies converged after ~20 snapshots (ESI Fig. S10t). Thus,
our sample size of 40 conformational snapshots per chlorophyll
is clearly enough to obtain meaningful temporal averages.
Given the importance of the six RC chlorophylls, we calculated
their site energies in an additional 160 snapshots, thus
increasing the data set to 200 samples. A one-way ANOVA
analysis followed by Tukey's honest significant differencing
(HSD) test (for details c¢f. ESI Section 51) confirmed the statis-
tical significance of the site energy differences discussed in this
work.

The calculated absorption spectrum of all 96 chlorophylls in
the PSI monomer (Fig. 4) is in excellent agreement with the
experimental spectrum, measured previously by Di Donato
et al.” The energy gap between the Q and B bands is reproduced
correctly and only a minor red-shift of 0.07 eV needs to be
applied to match the experimental Q, band. This again
corroborates the need for high-level quantum-chemical
methods, ideally including multireference character, to model
the chlorophyll absorption spectrum, as other methods exhibit
much larger errors. The shoulder at 500 nm in the experimental
absorption spectrum corresponds to the B-carotenes in PSI,
which are not the subject of this study.

3.3 Site energies and couplings

The excitation energy of each chlorophyll is tuned by the envi-
ronment. These site energy shifts supposedly steer the energy
transfer within the photosystem, culminating either in a redox
event in the RC or in the trapping of excitation energy at low-
energy sites. The average site energy shift of each chlorophyll
against the total mean is illustrated in Fig. 5. Including the
coupling between the chlorophylls, the lowest energy excitons

1.95
1.90 \/v\—"’\-'w
>
9 1
w 1.85 -
— eC-Al — B37
1.80 eC-A3 — B22
I I I I I
0 10 20 30 40
Snapshot

Fig. 3 Convergence of the average site energy for four representative
chlorophyll residues with the number of snapshots. 40 snapshots from
two trajectories cover a time scale of 20 ns.
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Fig. 4 Calculated absorption spectrum of all Chla in PSI (solid green
line) compared to an experimental absorption spectrum of trimeric PSI
(dashed blue line) at 293 K.*” The stick spectra signify the absorption
lines of the four lowest excited states of each individual chlorophyll,
colored by the energetic order of the excited state (S;: red, S;: yellow,
Ss: turquoise, S4: dark green). Each stick spectrum was convoluted
with a Gaussian (o = 0.025 eV) and summed up to yield the broadened
absorption. The intensity was scaled to match the experimental
absorption of the Q,, state. A constant red-shift of 0.07 eV was applied
to all calculated spectra.

are visualized in Fig. 6. In general, the mean site energies range
between 1.85 eV and 1.93 eV, while the 100 largest mean
couplings range between 4 meV and 43 meV. The strongest
coupling is observed in P700.
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Fig. 6 Exciton energies in PSI, averaged over all sampled MD snap-
shots (40 for the antenna complex, 200 for the RC). Each dot signifies
a chlorophyll and is colored by the lowest energy exciton domain that
this chlorophyll belongs to (w; > 0.1). Connecting lines represent the
coupling strength (V; > 1 meV) with thicker lines denoting stronger
coupling. The energy axis is centered around the mean of all exciton
energies.

Many red chlorophylls, such as A10, A15, A20, A34, K1, B18
and PL1 appear in the peripheral regions of the antenna
complex, far away from the RC. An often disputed red site in the
periphery is the triad B31/B32/B33.2%'**13> These three chloro-
phylls are special because their porphyrin planes are almost
parallel and their Q, transition dipole moments remain aligned
with each other during the dynamics. Structural arguments”**
and fits of optical spectra*>** favor this triad as a red site.
However, semiempirical methods,** early DFT calculations®
and a study using the charge density coupling technique® yield
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Fig. 5 Site energy shifts in PSI averaged over all sampled MD snapshots (40 for the antenna complex, 200 for the RC). Chlorophylls are colored
according to their red- or blue-shift, relative to the mean site energy, obtained by averaging over all chlorophylls and snapshots (1.899 eV). View

from the stromal side.
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contradictory site energies. We find that only the site energy of
B32 (1.86 eV) is considerably red-shifted. However, this triad of
chlorophylls is subject to strong excitonic coupling,*>** which
causes an additional red-shift of the collective absorption band.
The coupling matrix elements are 38 meV (B31/B32) and 33 meV
(B32/B33) and thus the second largest in the entire PSI behind
P700. Indeed, the time-averaged excitonic Hamiltonian yields
the triad B31/B32/B33 as the lowest energy exciton domain with
an excitation energy of 1.83 eV (Fig. 6). TD-DFT calculations of
the entire triad, that also take short range exchange effects into
account, confirm the red-shift (ESI Fig. S141)). Considering
these findings, our high-level computational results now
corroborate the assignment of B31/B32/B33 as an energy sink.
These results are also supported by fluorescence measure-
ments.”*** While this correspondence is encouraging, we note
that our results refer to the initial absorption process and do not
include any excited state relaxation as needed to fully capture
fluorescence experiments.

Another set of low energy chlorophylls where the middle
pigment B5 exhibits the strongest red-shift, B4/B5/B24, stands
out in Fig. 5. In the excitonic picture (Fig. 6), B25 is also coupled
to this cluster of chlorophylls. Together, the four pigments give
rise to two low-energy excitons, B4/B5 (1.86 eV) and B24/B25
(1.87 eV). The red-shifted pigment B1 is located in the same
region but in the stromal layer of the antenna complex, while
the dimers B4/B5 and B24/B25 are located in the lumenal
layer.** While B24/B25 has been disputed before,***> B4/B5 has
not been identified as an energy sink in preceding studies, to
our knowledge.>**-*

The chlorophyll with the lowest average site energy (1.85 eV) is
B22, in a distance of 1.9 nm from the RC chlorophyll eC-A3, which
in turn exhibits one of the highest mean energies (1.92 eV) in the
entire complex. Other notable red chlorophylls, both in the site
energy and in the exciton picture, include the dimers A38/A39 and
B7/A32. Both dimers are subject to excitonic coupling on the order
of 17 meV (A38/A39) and 29 meV (B7/A32) and are situated in close
vicinity to the end points eC-A3 and eC-B3 of the two electron
transfer branches in the RC. The two branches themselves are
similar in that the second chlorophylls, eC-B2 in branch A and eC-
A2 in branch B, exhibit almost no red- or blue-shift, while the
third chlorophylls eC-A3 and eC-B3 are shifted towards higher
energies. This renders the asymmetry within P700 all the more
interesting. Here, the mean site energy of eC-A1 in 200 snapshots
is red-shifted against eC-B1 by about 10 meV, meaning that energy
will preferentially gather on the A branch once it reaches the RC.
Including the coupling between the chlorophylls, the pair eC-A1
and eC-B1 contributes to two excitons with energies 1.85 eV and
1.95 eV. Again, the contributions of the two branches are asym-
metric in the sense that eC-A1 contributes 49% to the lower energy
exciton, while eC-B1 contributes only 37% (ESI Table S77). The
asymmetry is even more apparent when the average energy shift of
each chlorophyll against the mean energy of all chlorophylls is
plotted as a function of distance from P700 (Fig. 7). While there is
a statistically significant downhill pathway from eC-A3 to eC-B2
and eC-Al, the energy sink in branch B is the second chloro-
phyll eC-A2, rather than eC-B1. The probability to transfer energy
into one of the branches increases the possible number of charge
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Fig. 7 Total site energy shift of each chlorophyll against the distance
of the magnesium atoms from the center of mass of P700. The zero
line refers to the global mean of all chlorophylls (1.899 eV). The two
electron transfer branches towards P700 are highlighted in green. The
P700 chlorophylls are the left-most data points ‘Al" and ‘B1’, where the
prefix 'eC’ has been omitted in the labels for clarity.

transfer events therein. Therefore, assuming that charge separa-
tion indeed starts not in the special pair but in one of the two
branches,**'”** our results correspond well with reports of branch
A as slightly more active.'*” Nevertheless, both branches in PSI
are known to participate in charge transport, though there is no
final consensus on the branching ratio."****?*

Regarding the energy transfer to the RC, we observe that
P700 is neither the only nor the lowest energy sink in PSI, nor is
there a distinct energy transfer pathway from the antenna
complex to the RC readily apparent from Fig. 5 and 7. Instead,
the terminal chlorophylls eC-A3 and eC-B3 as well as the linkers
A40 and B39 to the antenna complex constitute energy barriers
to P700 in the temporal average. This leaves us with two
possibilities for energy transfer between the antenna complex
and P700. One pathway may lead via the RC, where excitonic
coupling to P700 is strongest because of the spatial proximity
(¢f Fig. 6). However, uphill energy transfer is required to reach
the chlorophylls A40/eC-A3 and B39/eC-B3, connecting the RC
(green lines) with the antenna complex (blue dots). Another
possibility is direct energy transfer from the antenna complex to
P700, bypassing these high-energy chlorophylls, albeit at lower
efficiency because of the smaller excitonic coupling. An argu-
ment in favor of multiple energy transfer pathways is that P700
is excitonically coupled to the entire antenna complex, rather
than just to the linker chlorophylls A40 and B39, as evident from
the network of coupling matrix elements in Fig. 6. Indeed, early
semiempirical rate-constant calculations'®® suggest that the
linker chlorophylls accelerate the energy transfer time to the RC
but are not critical for the process. We will show in the next
section how thermal fluctuations can open new pathways
towards both branches of the RC, which would seem unfavor-
able in the temporal average.

3.4 Thermal fluctuations

So far we have discussed the site energies and couplings in the
context of temporal averages. However, when discussing energy
transfer in biological systems as large and complicated as PSI, it
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is neither sufficient to study an average, nor a single structure,
be it a crystal structure”***** or an optimized geometry.*>**
Instead, the dynamics of the system are crucial to understand
the impact of the site energy shifts in the light-harvesting
process. Looking at the site and exciton energies in individual
MD snapshots, we observe that chlorophylls can easily switch
between higher and lower energies via thermal fluctuations. In
Fig. 8, this is for example apparent for the P700 pigments, or for
the chlorophyll clusters B7/A32 and B4/B5/B24/B25. In contrast,
the exciton couplings are less sensitive to fluctuations, as the
chlorophyll positions and orientations remain rather stable
over time. The maximum standard deviation in the couplings
occurs in P700 and is 5 meV. Any excitonic fluctuations are
therefore mainly governed by the variance in the site energies,
which will consequently be the focus of the following
discussion.

The complete energy distribution for each chlorophyll at 300
K is shown in Fig. 9a, where the chlorophylls are sorted in
ascending order by their mean energy (blue triangles). While
higher- and lower-energy pigments can be clearly distinguished
in the temporal averages, the energy distributions of all chlo-
rophylls overlap strongly (green boxes). This allows some
conclusions about the energy funnel mechanism in PSI. In
equilibrium, the red chlorophylls may act as energy traps and
thus compete with the RC. However, at physiological tempera-
tures this effect is mostly compensated by thermal disorder
such that energy transfer pathways can open and close
dynamically. This suggests that there is not one fixed pathway
from the antenna complex to the reaction core but rather that
energy barriers which are initially present upon excitation can
be overcome via thermal motion. This type of thermally medi-
ated energy transfer has benefits for the light-harvesting
process, as the entire antenna complex with its fluctuating red

eC-Al‘ eC-B1 W
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sites may serve as an energy reservoir, storing excess energy
until it is needed in the RC.

Moreover, the average asymmetry between the P700 chloro-
phylls is 10 meV and thus well within the range of the thermal
fluctuations on the order of £100 meV. This means that thermal
fluctuations can open energy transfer pathways to the otherwise
slightly unfavorable B-branch of the RC and thus explain the
reported bidirectionality of charge transport.*>*3*

To further specify the time scale on which these changes
happen, we computed the site energies of all chlorophylls in two
consecutive MD snapshots, 10 ps apart (Fig. 8). Significant site
energy fluctuations can occur on this time scale, which is well
below the exciton lifetime of 35 ps between the initial excitation
and a redox event in the RC.** We even observe that the energy
barrier on eC-A3 is removed from one snapshot to the next. This
again corroborates the idea of the energy funnel as a dynamic
process rather than a static pathway.

3.5 Electrostatics vs. conformation

The red- or blue-shift of the site energy E.,, from the absorption
maximum (E.,,) can be separated in two components AEg et
and AEec:

Ecnv = <Ecnv> + AEstruct + AEc]cc- (5)

The structural component AEg,.¢ (eqn (6)) contains most of
the thermal disorder and accounts for steric restrictions
imposed on the pigments by the environment. The electrostatic
shift AE... (eqn (7)) in turn contains only the electrostatic
influence of the environment on the site energies. As the envi-
ronment shifts the entire site energy distribution to the red by
(Eenv) — (Evac) = 17 meV, the respective absorption maxima in

environment and in vacuo also enter in eqn (7).

§ AE [meV]

-30 0 30

&3
I

Fig. 8 Site energy shifts against the global mean of all chlorophylls (1.899 eV) in three selected MD frames for the whole antenna complex (top)
and the RC with the two connecting chlorophylls B39 and A40 (bottom). Strong fluctuations are visible, even on a time scale of 10 ps, supporting
the idea of a dynamic energy funnel mechanism rather than a static pathway to the RC.
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(a) Site energy distribution for each chlorophyll residue, ordered by ascending arithmetic mean (blue triangles). Green boxes extend from

the beginning of the second quartile to the end of the third quartile. Whiskers extend to the minimum and maximum values of the data or to 1.5
times the interquartile range in the case of outliers (gray diamonds). A more detailed graphic including all raw data points is provided in ESI
Fig. S8.1 (b) Electrostatic and structural components (cf. egn (6) and (7) to the total site energy shift from the absorption maximum, i.e. from the
arithmetic mean of all site energies. The total shift (black line) is the sum of both components. A list of the chlorophyll residue IDs with the

standard naming convention”#* is available in ESI Table S5.1

AEgruct = Evac — <Evac> (6)

AEelec = (Eenv - <Eenv>) - (Ev‘dc - <EVdL>) (7)

Fig. 9b illustrates the average magnitude of both compo-
nents for each chlorophyll. The red-, blue- and unshifted site
energies, almost equally distributed in thirds, are the result of
almost any combination of electrostatic and structural compo-
nents. A red-shift is observed from either strongly dominating
electrostatic, dominating structural or collaborative/same-
signed contributions. The blue-shift is achieved mostly by
collaborative effects or a dominating electrostatic shift. Neutral
or unshifted site energies originate either from cancelation of
the respective strong contributions or from small, negligible
contributions. The strongest structural shift, complemented by
aweak electrostatic shift is experienced by B22 (no. 0 in Fig. 9b),
which is also the overall most red-shifted chlorophyll. The also
strongly red-shifted chlorophyll B5 (no. 3 in Fig. 9b) shows the
opposite trend. Here, the electrostatic influence of the envi-
ronment dominates the total site energy shift and is counter-
acted by a weak structural shift. It is also apparent that the total
shift (black line) is slightly asymmetric, favoring the low-energy
components. This asymmetry in the red- and blue-shifts may
become more relevant at low temperatures, where a distinct red
absorption side band has been observed experimentally.®**
Again, it is informative to look at the statistics of the samples, to
assess the significance of both shift contributions.

Fig. 10 visualizes the distribution of both shifts for five
exemplary chlorophylls, which cover the full range of calculated
site energies. In all cases, the structural shift exhibits a much
broader distribution than the electrostatic shift and the shifts of
all chlorophylls overlap strongly. Tukey's HSD test (c¢f. ESI
Section 57) reveals only 29 out of 4560 pairs of chlorophylls with

3126 | Chem. Sci,, 2023, 14, 3117-313]

statistically significant differences in the structural shift. This
leads us to conclude that steric hindrance by the environment,
which could in principle favor certain high- or low-energy
chlorophyll conformations, does not have a significant influ-
ence on the site energies. In contrast, the electrostatic impact of
the protein environment is mostly responsible for the average
site energy shifts discussed above, as its distribution is much
narrower. Here, Tukey's HSD test reveals 1479 pairs of chloro-
phylls with statistically significant differences in AEgjec.

Explaining the electrostatic shifts by changes in the envi-
ronmental charge distribution is not a trivial undertaking.
Previous studies have mapped the electrostatic potential (ESP)
of the environment onto the porphyrin scaffold and discussed
its impact on the difference ESP between ground and excited
state.”*** While such an approach can be successful for indi-
vidual pigments, a direct correlation between environmental
electrostatics and site energy shifts for the entire antenna
complex has yet to be discovered.

Here, we approach this challenge by investigating the axial
coordination of the chlorophylls, which can reportedly tune the

/\
/—\
/—\
eC-A3 eC-A3 T
eC-B3 eC-B3
T T _FAF
—-200 0 200 —-200 0 200

AEelec [meV] AEs|:ruct [meV]

Fig. 10 Distribution (kernel density estimate) of electrostatic and
structural shifts in 40 sampled snapshots for selected chlorophylls.
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Fig. 11 (Top) Mean (blue triangles) and median (black horizontal lines)
site energy shifts for different axial coordinations. Green boxes extend
from the beginning of the second quartile to the end of the third
quartile. Whiskers extend to the minimum and maximum values of the
data or to 1.5 times the interquartile range in the case of outliers (gray
diamonds). Red horizontal lines indicate the bootstrapped 95%
confidence interval of the median. (Bottom) Mean site energy shifts
with standard deviation of the mean.

site energies,”>****! in a temporal picture. In our model, 28
chlorophylls are coordinated axially by HIS; residues which are
protonated on the ¢ position, 14 by HIS, residues protonated on
the ¢ position and 39 by crystal water. The rest of the chloro-
phylls are coordinated by various different amino acids, where
the sample size is not large enough to draw meaningful
conclusions. Here, we define the coordinating residue as any
residue within a distance of 4 A of the central Mg?' ion.
Comparing the three classes of chlorophylls (Fig. 11), we find
that HIS, coordinated chlorophylls exhibit on average 5 meV
lower excitation energies than HIS; coordinated chlorophylls
and 5 meV higher site energies than H,O coordinated pigments.
Note that this effect is not large and the energy distributions are
again overlapping. Our findings are in good accordance with
previous systematic studies of non-standard protonation
patterns® and illustrate that seemingly minor changes in the
local environment can already induce energy shifts. While axial
ligation is often discussed as an important factor on chlorophyll
absorption energies,**™** there are certainly many more effects
at play in PSI than just the coordination of the central ion. This
is reflected in the example of chlorophyll PL1 (cf. Fig. 5, upper
right part). Its Mg”* ion is coordinated by the anionic phos-
phodiester group of one of the phospholipids and therefore
experiences a particularly strong negative electric potential in
the axial position. Nevertheless, its average site energy (1.88 eV)
is only slightly red-shifted. Its surprisingly small electrostatic
shift (AE... = —12 meV) indicates that collective electrostatic
effects can compensate each other.

4 Conclusions

Although a long-standing subject of theoretical and experi-
mental studies, the high efficiency of light-harvesting and
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charge separation in PSI is still not fully understood. In this
study, we have presented a new set of quantum chemically
derived chlorophyll site energies, under fully atomistic consid-
eration of environmental effects and for the first time including
molecular dynamics of the complete membrane-embedded and
solvated system. Including the entire apparatus, containing the
trimeric protein complex and the lipid membrane, in the
simulations allows us to describe all chlorophylls in their
particular natural environment. In a biological assembly, many
of the antenna chlorophylls lie at protein-protein interfaces or
at the outer perimeter, interacting with solvent molecules or the
thylakoid membrane."® We therefore simulate all chlorophylls
in physiological conditions without artifical restraints or the
need for implicitly approximated environments.

The combination of the high-level DFT/MRCI method with
a QM/MM approach allows an accurate reproduction of the
chlorophyll absorption spectrum in PSI - a task where many other
quantum chemical methods fail. Our results corroborate previ-
ously proposed red sites in the PSI antenna complex, and identify
new sites of putative energy traps, which are promising targets for
future experiments.*****7% Moreover, we observe a fundamental
asymmetry in the two branches of the RC. Whereas the first
chlorophyll eC-A1 acts as the energy sink in branch A, this role is
taken by the second chlorophyll eC-A2 in branch B. These find-
ings can be relevant for locating the initial charge transfer event
and thus identifying the primary electron donor in PSI as either
P700 or an adjacent chlorophyll pair in the RC.**'7?*

The origin of the site energy shifts can be distinguished in
a structural and an electrostatic component. The distribution of
the structural component is broad, spanning ~100 meV and
strongly overlapping in all chlorophylls. This indicates that the
steric hindrance by the environment plays only a subordinate
role in the observed site energy shifts. In contrast, the electro-
statics clearly induce shifts of £50 meV in the individual site
energies, though clear correlations between environmental
charge distributions and site energies remain to be found. In
this context, we expect breakthroughs by the application of
machine learning techniques.

The set of site energies and exciton couplings derived here
allows us to draw conclusions about the light-harvesting process
in PSI. In particular, we find that the RC is on average separated
from the antenna complex by an energy barrier in the linker
chlorophylls eC-A3 and eC-B3. Such a barrier may be beneficial to
prevent wasting of energy when the RC is in its oxidized state. The
dynamical perspective in this work reveals strong fluctuations in
the site energies which in turn govern the fluctuations in the
excitonic energies. Thus, excitation energy transfer within PSI
should be thought of as a highly flexible process where new
pathways open and close transiently on a sub-10 ps time scale via
thermal thermal fluctuations in the range of kpT.

This means that even low-energy excitations can eventually
culminate in a redox event, due to the efficient use of ambient
heat,**® possibly even by recycling of heat dissipated by other
chromophores.** Combining these results, we propose that the
antenna complex in PSI not only acts as an energy-transport
system but can also store excess energy temporarily until it is
needed in the RC, thereby increasing its overall efficiency.
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PSI has the potential to become an integral component in
artificial light-harvesting devices, providing a sustainable
alternative to inorganic components.”***** A detailed mecha-
nistic understanding of governing energy transfer and conver-
sion processes is crucial to harness its potential. We hope that
the present work will contribute to this goal and guide future
studies on the road to using PSI for green energy conversion.

Data availability
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