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Abstract

The light-harvesting complex 2 (LH2) of the purple bacteria absorbs sunlight and
transfers energy to the RC with high efficiency. To achieve a microscopic understanding
of the energy transfer process, theoretical analysis of the excited states of the bacte-
riochlorophyll a pigment aggregates is effective. In particular, not only the locally
excited (LE) states of pigments but also the charge transfer (CT) states between pig-
ments play a significant role in the excited states of the B850 ring where the pigments
are in close proximity to each other. We developed a new method to incorporate the
fluctuations of such CT states into the exciton model of LH2, based on quantum chemi-
cal calculations and molecular dynamics simulations with the aid of a machine learning
model. The excitation energies to LE and CT states and the electronic couplings be-

tween these states were calculated from the MD trajectory with low computational
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cost to obtain time-dependent exciton Hamiltonian. The calculated absorption spectra
of LH2 using the exciton Hamiltonian revealed that the fluctuations of the CT states

have an important role in the broadening of the B850 absorption band.

1 Introduction

The photosynthetic system is a natural organism that converts solar energy into storable
chemical energy. In the initial process of photosynthesis, the light-harvesting antenna ab-
sorbs sunlight and transfers the energy to the reaction center, where the primary charge
separation takes place, followed by the light-dependent reaction. The photosynthetic system
exhibits a very high quantum yield of the excitation energy transfer process,! and has been

213 and theoretically. 21424 The light-harvesting an-

intensively studied both experimentally
tenna is composed of pigments and environmental protein moiety (pigment-protein complex,
PPC). The pigments in the PPC can absorb a wide range of light energy because the in-
teraction between pigments and protein environment tunes the light absorption properties
of pigments. Therefore, studies on the spectroscopic properties of PPCs are effective in
elucidating the detailed mechanism of highly efficient energy transfer in the photosynthetic
system.

However, theoretical studies on the spectroscopic properties of PPC suffer from a huge
computational burden, which mainly arises from two reasons. First, quantum mechanical
(QM) treatment of the overall pigment aggregate in PPC is required, even if the anisotropic
protein environment is considered using the combined quantum mechanical and molecular
mechanical (QM/MM) methods. The photosynthetic PPCs generally have a large number
of pigments. For example, both the light-harvesting complex (LH2) in purple bacteria Rsp.
Molischianum?® and the Fenna-Mathews-Olson (FMO) complex in green sulfur bacteria?®
have 24 bacteriochlorophyll a (BChl) pigments, and the light-harvesting complex II (LHCII)
of photosystem II (PSII) in photosynthetic system of higher plants has 24 chlorophyll a

and 18 chlorophyll 5.2 The total size of these pigment aggregates can exceed 1,000 atoms,



making it difficult to calculate the excited states by standard QM methods. To overcome
this problem, several exciton models have been developed. The Frenkel model?® is the
most popular simple exciton model of PPC. The Frenkel model approximately describes
the overall excited states as a linear combination of the locally excited (LE) states of each
pigment. This approximation assumes that the excited electron and hole exist within the
same pigment. The Frenkel Hamiltonian consists of two terms: the excitation energy of LE
state, i.e., the site energy, and the electronic coupling between LE states. When the pigments
are spatially separated, the electronic coupling can be calculated by the interaction between
transition densities of two pigments, which can be further approximated by the point dipole
approximation or the transition charges from electrostatic potential (TrESP) method.?® Due
to these simplified treatments, only QM calculations of single pigments are required.

The second reason is that structural fluctuation by thermal motion should be sufficiently
considered for spectral calculations. The electronic states of pigment aggregates fluctuate
from moment to moment due to the thermal motion of pigment and protein environment.
All-atom molecular dynamics (MD) simulations have often been used in previous studies to

14:15,30.3L Tf QM calculations are used to evaluate forces during

sample the thermal fluctuation.
MD simulations, this approach requires a huge computational cost. Therefore, MD simula-
tions with a conventional MM force field have generally been performed. However, it becomes
problematic that the potential energy surface used in MD simulations is different from that
of QM calculations. It has been reported that the excitation energy fluctuations of photo-
synthetic pigments are sensitive to the MM force field in MD simulations.?* To overcome
these problems, interpolation-based MM force fields have been developed. The interpolation-
based method spans semiglobal QM /MM level potential energy function around the reference

3334 Higashi and Saito developed molecular mechanics with Shepard interpola-

structures.
tion correction (MMSIC) method.3® The MMSIC method roughly describes the semiglobal
QM/MM potential energy function by an MM force field at first, and then the correction

term is created from a few reference structures. They applied the MMSIC method to BChl



pigments in the FMO complex and successfully analyzed the excitation energy transfer by
accelerating the site energy calculations of thermally fluctuating pigments.3>36 Recently, the
MMSIC method was also applied to the analysis of optical spectra of LHCII. 37

As shown above, the approaches based on the Frenkel model have been successfully ap-
plied to the analysis of spectroscopic properties of several light-harvesting antennas. How-
ever, another problem arises when pigments are close to each other. One typical example
is the LH2, the peripheral light-harvesting antenna of purple bacteria. Before introducing
the problem, the detailed structure of LH2 is presented. Figure 1(a) shows the atomistic
structure of LH2 of Rsp. Molischianum revealed by X-ray crystallography.?® One subunit
is composed of two helices, three BChls, and one lycopene. The inner and outer helices,
called a-apoprotein and [-apoprotein, respectively, traverse the lipid bilayer membrane.
The a-apoprotein and g-apoprotein have a-BChl and $-BChl, respectively, bound by a co-
ordination bond at the Mg center and a hydrogen bond at the acetyl group. In addition,
the a-apoprotein also contains a short helix that runs almost parallel to the lipid bilayer,
and make a non-covalent bond with the third BChl called 7-BChl. The eight subunits are
arranged in circular symmetry to form cylindrical structure: The eight pairs of a-BChl and
B-BChl aggregate and overlap in close proximity to form the B850 pigment ring, whereas
the eight 7-BChls are arranged isolated from each other to form the B800 pigment ring (see
Figure 1). The B800 has absorption band at about 800 nm, whereas the B850 has absorption
band at lower energy side (about 850 nm) because the B850 can form delocalized exciton

states owing to overlapped structure of pigments.
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Figure 1: (a) The structure of LH2 from X-ray crystallography.? (b) The structure of a
non-equivalent subunit in LH2. The color of protein helix shows the basic (blue), acidic
(red), non-polar (white), and polar (green) residues.

Some previous theoretical studies reproduced the experimental spectra of LH2 using the
Frenkel Hamiltonian.'*'> However, in these studies, the LE-LE coupling was evaluated by
the point dipole approximation, which is known to overestimate the electronic coupling.?’
Otherwise, scaling parameters were used to adjust the LE-LE coupling.? On the other hand,
in recent years, the importance of considering the CT state between adjacent pigments in
the exciton Hamiltonian has been emphasized. Adjacent pigments in B850 are arranged
almost parallel to each other (Figure 1(a)), and charge transfer (CT) states between them
have been experimentally observed.3® Mennucci group modeled the excited state of LH2 as
the linear combination of the LE states of individual pigments and the CT state of adjacent

pigment dimers to calculate the exciton states and absorption spectra.?® ! In their stud-



ies, the multi-FED-FCD diabatization method,® which combines the Fragment-Excitation-
Difference (FED) method*? and the Fragment-Charge-Difference (FCD) method,*** was
used for the evaluation of CT state energies and LE-CT couplings. However, due to the
high computational cost of the multi-FED-FCD method, the effect of fluctuations in the CT
states was investigated only limitedly. As with the acceleration schemes for calculating the
site energy and LE-LE couplings described above, those efficient enough to evaluate the CT
energies and LE-CT couplings at each MD step are desirable.

This study aims to develop such acceleration schemes for calculating thermally fluctuating
CT states, and clarify the effect of fluctuating C'T states on absorption spectra of LH2. To
accomplish this, the LE-CT couplings are evaluated using a machine learning model. This
article is structured as follows. Section 2 describes the theory used in this study. The
computational details are shown in Section 3. In Section 4, we present and discuss the

calculated results. Section 5 summarizes the conclusions.

2 Methods

2.1. Model Hamiltonian. We considered coupled two-level quantum systems and de-

scribed them by the exciton Hamiltonian with couplings between LE states and CT states.??
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The first and second terms represent the Frenkel exciton Hamiltonian, where the indices

m and n run on the all pigments in B800 and B850. |m) represents the LE state of m-th



pigment with site energy €,,. V., represents the LE-LE coupling between the excited state
of m-th pigment and that of n-th pigment. The third and fourth terms incorporate the CT
effects on adjacent pigment dimers, where the index m refers to B850 pigments, and the
index n means the two adjacent pigments of m. Namely, the summation symbol indices in
the third and fourth terms enumerate all the adjacent pigment pairs of B850 ring in LH2.

|m — n) represents the CT state where an electron of m-th pigment moves to n-th pigment.

CT

oo Tepresents the CT energy of |m — n) state. The fourth term represents the couplings

€
between the LE and CT states; VnEE;SE represents the electronic coupling between |m) state

and |m — n) state. CT states including B800 pigments are not considered in this model

because B800 pigments are isolated from other pigments. From the next subsection, we

cT

m—n’

VLEfCT

and m,m—n "

explain the calculation methods for €,,, V,.,, €

2.2. Calculation of site energy. We used the MMSIC method to calculate the site
energy ¢,,. The details of the MMSIC method were described in the previous study.®® Here
we summarize them briefly. In QM /MM calculations, the total QM /MM energy of a system,

VAM/MM “can be expressed as

VAR, RMM) = VEROM(R, RMY) + VT (R, RMY)

LRI 2

where R and RMM are 3NM- and 3NMM_dimensional vectors that contain coordinates of
all QM and MM atoms, where N and NMM are the numbers of QM and MM atoms,

1/ QM-MM

respectively. V. * " 5g" and VMM

are the non-electrostatic interaction energy between QM
and MM subsystems, and the potential energy of MM subsystem, both of which are gen-
erally independent of the QM wave function and are expressed with MM force fields. The
electrostatically embedded QM (EEQM) potential energy VEEQM is defined as the sum of
QM potential energy and QM-MM electrostatic (ES) interaction energy. We adopted the

site-site representation for the ES interaction energy.®® By introducing the ES potential at



atom a in the QM region from the MM region,

%M
P, = _— 3
Z |Ra _RIXIM| ( )

A=1

where Q%™ is the effective charge of MM atom A. Note that atomic units are used through

this article. The EEQM energy is described as
VEEM (R, @) = (U], + QT |T) (4)

where Hy is the Hamiltonian of QM subsystem, |W) is the wave function of QM subsystem,
and Qa is a population operator which generates the partial charge @), on the QM atom a.

In the MMSIC method, VEFOM is approximately expressed by the sum of two terms
VEEQY(R, @) = VMM(R) + VIIU(R, @) = VMYIY(R, @) (5)

VSIC(R, ®) evaluates the difference between VEEQM and VMM by the modified Shepard

interpolation.
NSIC

VIR, @) = kg Wi(s(R))Vi ™" (s(R), ®) (6)

where N5© is the number of reference structures called Shepard points. W), is the normal-

ized weight function of the Shepard point k. VkTaylor

is evaluated by a second-order Taylor
expansion around the k-th Shepard point in terms of internal coordinates of QM region s
and ES potentials ®.

Using the MMSIC potential function, we can obtain the site energy of m-th pigment as
en(t) = Vst (Ru(t), @u(t) = Vs (Run(t), (1)) (7)

It is noted that ®,, includes the ES potential from pigments other than m-th pigment.

2.3. Calculation of electronic coupling between LE states. We used the transition



charge response kernel (TrCRK) method?®® for the LE-LE coupling. The TrESP method*
have been used for the LE-LE coupling calculation, which approximates V,,, by the interac-

tions between transition charges

Tr

o= [ P, = 3 5

acm beﬂ bl

(8)

where pl¥(r,,) is the transition density at position 7,,, and QI is the transition charge of
atom a. As with the MMSIC method, the TrCRK method uses the Shepard interpolation

for describing the transition charges of TrESP method,

NSIC

Q" (R, ®) = ;; Wi(s(R))Q; (s(R), @) (9)

where Q7" is the array of transition charges around the Shepard point k evaluated by the
first order Taylor expansion with respect to the displacements of s and ®. By introducing
the fluctuations of QI the TrCRK method can efficiently evaluate the fluctuation of V.3

2.4. Calculation of CT energy. We evaluated the CT energy of adjacent dimer using

the MMSIC method as follows. The CT energy €CT, is the difference between the EEQM

m—)n
energy of m-th cationic pigment and n-th anionic pigment, and the EEQM energy of m-th
and n-th neutral pigments at the same structure.

CT _ yERQM _ prou (10)

Cm—n =

We approximated €ST, as follows.

GSngn = €mt t €n- Vm"" n- Vm+ n an;lgn— + Vn]:?En (11>

where €,,+(,-) is the site energy of cationic m-th pigment (anionic n-th pigment), and VES

is the ES interaction between m-th pigment with electronic state ¢ and n-th pigment with



electronic state j. The site energies can be calculated as Section 2.2.

et (t) = Vo i (R (1), @i () — Voo™ (R (1), @ (1)) (12)
en- (1) = Vol IO (R (1), @u(t) — Voo (Ra(t), ®a(t)) (13)

VES s calculated as

. i)
W)= 3 S Ry A "

where @' is the charge on atomic site a with electronic state i, which can be calculated from

the MMSIC method.?

2.5. Calculation of LE-CT coupling. We used the multi-FED-FCD method?® as
diabatization scheme for calculation of the LE-CT couplings. The multi-FED-FCD method
is the combination of the FED and FCD methods, and it generates Hamiltonian of a pig-
ment dimer in diabatic expression by operating appropriate transformation matrix to the
Hamiltonian in adiabatic expression. To incorporate the effect of thermal fluctuation into
model Hamiltonian, we need information of the time evolution of LE-CT couplings. How-
ever, interpolation-based acceleration procedures such as the MMSIC and TrCRK methods
is difficult to be combined with the multi-FED-FCD method because of high computational

cost of the multi-FED-FCD method. Therefore, we adopted a kernel-ridge regression (KRR)

VLE CT

model** for the time evolution of V.57

based on MD trajectory data. Notably, machine
learning-based methods have been used to efficiently evaluate the thermal fluctuation of
exciton Hamiltonian elements in previous studies.*”*® In the KRR model, the LE-CT cou-
plings are described by using the structural information of intermolecular distances between
pigments.
Ntrain .
V() = 3 ey K(P™", P(t)) (15)

=1

where VIE=CT(#) consists of 4 elements of LE-CT couplings included in one dimer of m-th

10



and n-th pigments.

m,m—n’ ' mmn—m’ ' nm—n ) nn—m

VLE—CT c {VLE—CT VLE—CT VLE—CT VLE—CT} (16)

Ntrain jg the number of training data, and P is a vector composed of a subset of the principal
components of interatomic distances between m-th and n-th pigments. K (P;, P;) is the

radial basis function (RBF) kernel, which is expressed as
K (P, P)) = exp (= P - P|°) (17)

where || P, — P;|| is the Euclidean norm. « is a regression coefficient vector determined from

training data { P, VLE*CT,train}

o — (Ktrain I )\I)_l }/LE-CT train (18)

Kit;ain = exp (_,}/HPitrain o PjtrainHZ) (19)

where A\ and 7 are parameters. The computational details are explained in Section 3. Using
the optimized KRR model, we generated the time evolution of VLE=CT from P(t) based on
MD trajectory.

2.6 Spectral density and absorption spectra.

We investigated the spectral densities of LE and CT energies and the absorption spectra

of LH2. The spectra densities were calculated using

J(w) = 0¥ /O T O () cos(wt) (20)

™

The classical autocorrelation function C(t) is computed as

O(t) = (Ae(t) Ae(0)) (21)

11



where Ae(t) = e(t) — (¢). Here, a quantum correction prefactor Sw/m is employed to satisfy
the detailed balance condition as in previous studies.?>*° The absorption spectra in site

50

expression®’ was calculated using

I(w) = wRe /0 At m (3 dy () U () (0)) (22)

where d,,(t) is the transition dipole moment vector of m-th pigment, and U (¢) is the time

evolution operator matrix of exciton Hamiltonian from ¢ = 0 to t.

U(t) = exp (—; / tH(T)dT> (23)

where H is the exciton Hamiltonian, Eq. (1). d,,(t) is calculated as

dun(t) = D Qq' () Ra(t) (24)

acm

where QT (#) is the transition charge on atomic site a calculated from Eq. (9).

3 Computational Details

3.1. Classical MD simulations. First, we prepared a simulation model from crystal struc-
ture of LH2 in Rsp. Molischianum (PDB code: 1LGH)?® surrounded by the physiological
environment with lipid bilayer and water molecules. This octameric form of LH2 has been
investigated in several previous theoretical studies. 5142351 The §-positions of His 34 and His
89 were protonated to form the coordination bond between Mg center of BChl and histidine.
Lipid bilayer was composed of 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC). Fi-
nally, 41 Na™ and 49 Cl~ ions were added to ensure electroneutrality of the entire system
of 104338 atoms. The ff19SB,?? lipid21,%* and TIP3P>* force fields were used for the pro-

tein, POPC lipid bilayer, and water, respectively. BChl and lycopene were treated with

12



the general Amber force field (GAFF).% In addition, Lennard-Jones parameters developed

56 were assigned to magnesium cations in BChl. Nat and Cl~ ions were treated

by Aqvis
as Lennard-Jones parameters developed by Joung and Cheatham.®” We initially performed
a 100-ns equilibration MD simulation of the prepared model at 300 K and 1 bar with the
MM force field under the periodic boundary condition to bring the system to equilibrium
state. Langevin thermostat with a collision frequency of 1.0 ps™' and Berendsen barostat
were used for temperature and pressure control. The simulation time step was set to 2 fs,
and the bonds involving hydrogen atom were fixed by the SHAKE algorithm. The box size
of obtained equilibrium system was 108.5 Ax 105.0 Ax 89.5 A. These MD simulations were
performed with the AMBER 1158 program package.

3.2. QM /MM calculations. We performed QM/MM calculations to obtain reference
QM results at Shepard points. The density functional theory (DFT) was used for the S,
cationinc and anionic states of pigments, whereas the time-dependent DFT (TDDFT) was
employed for the S; state. The CAM-B3LYP functional with range-separated parameter
p = 0.20, which was tuned to reproduce the difference of the first excited @, absorption
energies of BChl a in solutions,®® was used with the 6-31G(d,p) basis set. The QM region
consists of one BChl pigment, which includes only the methylene bridges of two long alkyl
chains (Figure 2). The boundary of QM and MM region was treated by the link-atom
method. As a result, the number of QM atoms is 73. The rest of long alkyl chains of BChl
and surrounding molecules within a sphere with a radius of 35 A centered at Mg atom of
QM BChl were included in the MM region. The same force field as Section 3.1 was used for
the MM region. Furthermore, we calculated the training data for LE-CT coupling using the
multi-FED-FCD diabatization scheme.?® The adjacent BChl dimer in the B850 rings were
treated as the QM region of the multi-FED-FCD method. Here we considered two types of
BChl dimer (intra-chain o~ dimer and inter-chain o~ dimer). The MM region was assigned
in the same way as above. We set the relative dielectric constant of the medium to 1 in all

the calculations. All the QM /MM calculations were performed using our modified version

13



of GAMESS.

3.3. MD Simulations with MMSIC force field. After the equilibration in Section
3.1, we performed a production MD run with the MMSIC force field to calculate the excitonic
properties. To construct the MMSIC force field, Shepard points were determined for three
non-equivalent pigments (a-BChl, 5-BChl, and v-BChl). Using the procedure below, stable
and important structures were specified for the Shepard points. The first Shepard point
was created as a result of QM/MM-level geometry optimization from the last snapshot of
equilibration MD simulation with the MM force field. The MMSIC force field was then
updated by adding a SIC term (Eq. 6) centered at the Shepard point. MD simulations were
performed using the updated MMSIC force field with a time step of 0.5 fs. The SHAKE
method was applied to only the water molecules. The errors between the MMSIC energy and
the QM /MM energy were calculated for the snapshots in the MD trajectory. The structure
with the largest error was selected and optimized by the QM/MM method to create a new
Shepard point. The above procedure was repeated until the mean unsigned error (MUE) in
energy was below 2 kcal/mol. As a result, the numbers of Shepard points were 2, 3, and 2
for a-BChl, $-BChl, and v-BChl, respectively.

From the equilibration run to the production run, we switched the potential energy
functions of 24 BChl pigments from the MM force fields to the MMSIC potential force field
of Sy state. A 100-ps equilibration run was performed under the MMSIC force field with a
weak harmonic restraint with a force constant of 1 keal/(mol A?) on proteins and pigments to
avoid unwanted conformation changes. After a subsequent 100-ps equilibration run without
any restraints, we performed a 1-ns production run. R,,(t) and ®,,(¢) for all the BChls were
saved every 0.5 fs time step and used for the analysis of exciton Hamiltonian, spectral density
and absorption spectra. We calculated the absorption spectra from the time evolution of
exciton Hamiltonian and transition dipole moments (Eq. (22)). The time evolution operator

matrix of exciton Hamiltonian, Eq. (23), was calculated from the numerical integration of
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Schrodinger equation,®°

U(nAt) = Tﬁl exp (—iH (kAt)At/h) (25)

k=0

The integration range in Eq. (22) was truncated at 10 ps, resulting in good convergence. All
the MMSIC MD simulations were performed with the AMBERPLUS®' program package,
combining the AMBER 1158 and MCSI® program packages.

The calculated site energy at each BChl in LH2 from Eq. (7) was red-shifted by 1720
cm~! following the previous researches.33¢ This shift corrects the overestimation of the
excitation energy of BChl due to the TDDFT. In addition, the calculated site energies were
modified by quantum-chemical corrections on the ligand coordinated at the Mg atom and
the hydrogen bond at the acetyl group.®® The correction of site energy of m-th pigment is

expressed as

sample
1 N

Mew = e 3 [ (PSRN — e (R B (26)

where NPl js the number of configurations extracted from MD trajectory and was set
to 30. €¥1° is the site energy calculated with the extended QM region, which is shown in
Figure 2. Furthermore, we introduced a scaling factor of 0.803 for Q™ as in the previous
studies®? because it is known that the TDDFT calculation overestimates the transition
dipole moment of BChl. It was also found that the CT energies calculated from Eq. (11)
were larger than those calculated with the multi-FED-FCD method, probably due to the
approximate treatment of cation and anion energies and their interactions. Therefore, to
reproduce the mean CT energies (red-shifted by 1720 cm™! as described above) obtained
with the multi-FED-FCD method, the CT energies from Eq. (11) were red-shifted by 4404,

5263, 4216, and 5047 cm™! for intra-chain €S, 5, intra-chain 5%, inter-chain €57, and

CT

Ga» Tespectively.

inter-chain e
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Thr 176

Figure 2: QM region (ball and stick) and the atoms included in the extended QM region for
the site energy correction (thick line).

3.4. KRR modeling. We described the LE-CT couplings with the top eight prin-
cipal components of interatomic distances of 196 atomic pairs between adjacent a-BChl
and $-BChl. These atomic pair set is composed of the overall combination of 14 atoms

of bacteriochlorin moiety of a-BChl with those of 5-BChl (Figure S1 in Supporting Infor-
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mation). The principal component analysis (PCA) was performed using 200,000 structures
extracted from the production MD trajectory. The training data were obtained from the
multi-FED-FCD diabatization scheme at 50 structures extracted from the MD trajectory.
We performed grid search to optimize parameters (), ) in Egs. (18) and (19). We screened
60,000 points of (A,7) in the region [0,0.1] x [0,0.01]. For the parameter optimization, we
divided 50 data points into 10 sets of 45 training data points and 5 test data points to
perform the cross-validation test. We optimized the parameters to minimize the MUE be-
tween the original data and the predicted data across all 50 data points. We prepared two
KRR models for intra-chain a-8 dimer and inter-chain o-f dimer individually (see Figure
1). The optimized parameters were (\,7) = (0.0575,0.000533) for the intra-chain a8 dimer
and (A,v) = (0.0505,0.000967) for the inter-chain a-f dimer. We examined the validity
of selecting the top eight principal components (Figure S2). It was found that the top
eight principal components adequately capture the thermal fluctuations (93% of the total
variance) and that the MUEs of calculated LE-CT coupling converge well. In addition, we
examined the potential overfitting of the KRR model. As shown in Table S1, both the train-
ing and test datasets exhibit similar MUEs between the original and predicted values in the

cross-validation, indicating no overfitting.

4 Result and Discussion

4.1 Accuracy of MMSIC and KRR Modeling. We first checked the accuracy of MMSIC
potential energy functions during the MD simulation. Figure 3(a) shows comparison of the
MMSIC and EEQM energies of three BChls in the Sy state at 300 configurations. The MUEs
of MMSIC energies are remarkably small, ~1 kcal/mol for all the BChls. Comparison of the
MM and EEQM energies are also shown in the lower panels of Figure 3(a). The MUEs
of MM energies are more than 6 kcal/mol, which are much larger than those of MMSIC
energies. Figure 3(b), (c), and (d) shows comparisons of the MMSIC and EEQM energies

17



as well as the MUEs of MMSIC energies in the S;, cationic, anionic states, which are also

sufficiently small (~1 kcal/mol).
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Figure 3: (a) Comparison of the MMSIC and EEQM energies (top) and the MM and EEQM
energies (bottom) in the Sy state at 300 configurations. (b), (c), (d) Comparison of the
MMSIC and EEQM energies in the Sq, cationic, anionic states at 300 configurations. Panels
with red, green, and blue dots show the results of a-BChl, §-BChl, and v-BChl, respectively.

Next, we investigated the accuracy of the LE-CT coupling calculated with the PCA

and KRR model. Among the top eight principal components, the correlation coefficients
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between principal components and the LE-CT couplings were from 0.2 to 0.8. The first
principal components of both intra- and inter-chain dimers correspond to the motions of
the two pigments approaching each other as a whole, whereas the remaining components
represent motions orthogonal to the first principal components (Figures S3 and S4), which
capture the thermal fluctuations.

Here we used the top eight principal components for the prediction of LE-CT couplings.
Figure 4 shows comparison of the LE-CT couplings calculated using the KRR model from 50
training data with those from the reference multi-FED-FCD diabatization scheme. For all
the LE-CT coupling elements, the MUEs of KRR model were sufficiently small, ~60 cm™!.
Figure S5 shows the correlation matrix between two CT energies, €, and €g_,, calculated
by the MMSIC method, and four LE-CT couplings, VaLg;%T, VOEE:)ET, V/BES;%T, and V;E;SCT.
The correlations within LE-CT couplings calculated with the multi-FED-FCD method are
well reproduced with the KRR model. On the other hand, the correlation between CT
energies and LE-CT couplings calculated with the MMSIC and KRR model are smaller than
those with the multi-FED-FCD method. This underestimation could be due to the use of
different methods for CT energies and LE-CT couplings. The MMSIC method accounts for
the intra- and inter-molecular motions, whereas the KRR modeling is constructed based on

the principal components obtained from the inter-molecular distances.
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Figure 4: Comparison of the four elements of LE-CT couplings calculated with the KRR
model (vertical axis) and multi-FED-FCD diabatization scheme (horizontal axis) at 50 con-
figurations of intra- and inter-chain dimer, respectively.

4.2 Site energy and LE-LE coupling. Figure 5(a) shows the calculated site energy
distributions of three non-equivalent pigments obtained from the MD simulation with MM-
SIC Sy force field. Mean values and standard deviations of site energies are shown in Table
1. The mean value of site energy of 3-BChl (12646 cm™!) was higher than those of a-
and v-BChls (12617 cm™ and 12507 cm™!). The site energy fluctuation of 8-BChl (514
cm™!) was larger than those of a- and y-BChls (411 em™' and 397 ecm™'). We compared

the obtained site energies with the previous results in Figure 5(b). Our calculated results
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were comparable to the previous studies and similar to those of Striimpfer and Shulten.%

However, the site energy of v-BChl seems underestimated because it was larger than those of
a- and $-BChls in the previous studies. This underestimation could be due to an inadequate
description of QM-MM interaction in the polar environment around v-BChl. The calculated
spectral densities of LE energies of a-,(-, and y-BChls are shown in Figures S6(a) and (b).
The spectral densities of a- and v-BChls are similar to the experimental result of BChl in
the FMO complex, % whereas that of 8-BChl is larger, due to the broad distribution of site

energy (Figure 5(a)).

Table 1: Mean values and standard deviations of calculated site energies (unit: cm™1).

BChl mean value standard deviation

o 12617 411
Ié; 12646 014
vy 12507 397
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Figure 5: (a) Site energy distributions from 1-ns MMSIC MD calculation. Red, green, and
blue lines show the results of a-BChl, 5-BChl, and ~v-BChl, respectively. (b) Comparison
of the calculated site energies with the previous studies from Janosi et al.,'* Vegte et al.,?3
Cupellini et al.,*® and Striimpfer and Schulten.%3

Next, we analyzed the transition dipole moments because the LE-LE coupling is approx-
imately estimated by the interaction between transition dipole moments. The S; state of
BChl is characterized as the Q, state, where the orientation of transition dipole moment is
almost parallel to the NB-ND y-axis (Figure S1). The average transition dipole strengths of
a- and $-BChls were 6.0 D and 6.1 D, which are slightly smaller than that of v-BChl, 6.3 D,
reflecting from different protein environments. Figure 6(b) shows the distributions of calcu-
lated LE-LE couplings V,,,, of representative BChl pairs in LH2, and their mean values and
standard deviations are summarized in Table 2. The LE subblock of exciton Hamiltonian,
including the mean values of all the LE-LE couplings, are shown in Figure S7. Adjacent

BChl dimers, intra a-3 and inter a-3, have large LE-LE couplings (~200 cm™!) because of
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the short distances between two pigments. The closest pairs of a-a and -5 pigments have
almost the same intermolecular distance as the closest pairs of a-y and S-v pigments (~20
A). However, the LE-LE couplings of a-a and (-f pigments are moderate (30~50 cm™1),
whereas those of a-y and 8-y pigments are weak (0~30 cm™!). The reason is the difference of
relative orientation of two pigments; it is almost parallel in two «(J3) pigments, whereas it is
almost perpendicular in () and ~ pigments. We compared the obtained LE-LE couplings
with the previous results in Figure 6(c). Our results are in good agreement with those of
Vegte et al.?® and Mallus et al.,® where the TrESP method was used. Furthermore, our
results are also in good agreement with those of Cupellini et al.,*® where the multi-FED-
FCD method was used to accurately consider the short range effect on LE-LE coupling. The
LE-LE couplings of Sundstréom et al.® were larger because the point dipole approximation
scheme was used.

Table 2: Mean values and standard deviations of calculated LE-LE couplings of representa-
tive pigment pairs (unit: cm™!).

pair mean value standard deviation
intra a-f3 205 15
inter a-f3 141 23
a-o —b4 3
b-8 -31 3
Y-y —16 3
-y 4 2
B~ 18 2

23



intraa —f

inter a —
a—«a
a—Yy
B—v
= intra a-B
= inter a-B
c —_— -
2 B-B
>
£ — Yy
)7} — -y
a)
—_— By
0 100 200
LE-LE coupling / cm~1
C
( )400
B v —&— \egte i
' 300 —¥— Sundstrém
2 Mallus
2200 ~—a —m— Cupellini
3 —— This work
8
w 100
-
i
p— |
0
I A A A e T A 2
@ \‘\,@‘ & N Q@

BChl site

Figure 6: (a) Representative pairs of pigments in LH2. (b) Calculated LE-LE coupling
distributions of representative pairs of pigments. (¢) Comparison of the calculated LE-LE
couplings with the previous studies from Vegte et al.,?* Sundstrom et al.,® Mallus et al.,!
and Cupellini et al.*°

4.3 CT energy and LE-CT coupling. Figure 7(a) shows the distributions of calcu-
lated CT excitation energies of pigment pairs of adjacent a-BChl and $-BChl in the B850
ring, which are the diagonal elements of CT submatrix of exciton Hamiltonian, Eq. (1).
The mean values and standard deviations of CT energies are summarized in Table 3. The

matrix form of CT energies are also shown in Figure S8. We calculated two CT states per
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one pair; CT states from a-BChl to 8-BChl (a — ) and from S-BChl to a-BChl (8 — «).
Further considering intra- and inter-dimers, four types of CT energies were obtained. The
mean values of four CT energies differs from 15600 cm ™! to 17400 cm™!, reflecting the non-
equivalent protein environment. Notably, the distributions of CT energies are much broader
than those of LE energies (Figure 5(a)). The standard deviations of CT energies are ~1500
cm !, whereas those of LE energies are ~400 cm™!. The spectral densities of CT energies are
also much larger than those of LE energies (Figure S6(a)). These results are because the CT

states are sensitive to low-frequency vibrational modes such as intermolecular vibrational

motions. 4
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Figure 7: (a) CT energy distributions of BChl dimers in the B850 ring calculated from Eq.
(11). (b) LE-CT coupling distributions of BChl dimers in the B850 ring from Eq. (15). The
left and right panels show the results of intra-dimer and inter-dimer, respectively.
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Table 3: Mean values (standard deviations) of CT energies and LE-CT couplings calculated
from Eq. (11) and Eq. (15) (unit: cm™!).

intra-dimer inter-dimer

CT . 15752 (1381) 15572 (1373

a—r )
eggz 17387 (1598) 15909 (1495)
Vieooh o =247 (197) —193 (74)
Vigool o —351(182)  —259 (123)
Vs 365 (163) 319 (147)
Visoat 245 (192) 158 (71)

Figure 7(b) and Table 3 show the distributions, mean values, and standard deviations
of calculated LE-CT couplings in the B850 ring. The matrix form of LE-CT couplings

are described in Figure S9. A intra/inter-dimer includes four types of LE-CT couplings,

LE-CT LE-CT LE-CT
Va,a%ﬁ 7Va,6aa 7V6,a~>5 )

pling between LE state of a-BChl and CT state of cationic a-BChl and anionic S-BChl.

VLEfCT

wop Trepresents the electronic cou-

and VEL,E;ST' For example,
The absolute values of LE-CT couplings (150~350 cm™!) are larger than those of the LE-LE
couplings (0~200 cm™'). The LE-CT couplings also have broader distributions than the
LE-LE couplings.

4.4 Absorption spectra. We constructed three types of exciton model to investigate
the effects of the fluctuations of CT states. Table 4 summarizes the fluctuation properties
in each model. The Frenkel model ignores the CT states and considers only the fluctuations
of LE energies and LE-LE couplings. The constant CT model includes the CT states as
well as the LE states, but €51, and V-E-CT are regarded as time-independent constants.
The fluctuating CT model considers the fluctuations of CT energies and LE-CT couplings
using the MMSIC and KRR modeling. Notably, the fluctuating CT model considers both

the auto correlations and the mutual correlations of CT elements because these elements are

generated based on structural data along the MD trajectory.
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Table 4: Three exciton models used for absorption spectra calculations.

model fluctuations of inclusions of fluctuations of
€m and V., T, and VHI;Em__?g T, and VnI;Em__C,g
Frenkel YES NO NO
Constant CT YES YES NO
Fluctuating CT YES YES YES

Figure 8 shows the calculated absorption spectra using the three exciton models and the
experimental spectra.? To clearly illustrate the effects of CT states on the B850 band, the

absorption spectra are decomposed into B800 and B850 components according to

](w) - IB800<W) + ]B850(w> + Icross(w) (27)
where
I B800(B850) (w)
— WRe / TateTm (Y d() U (t)dn(0)) (28)
0 m,nEBS00
(m,neB850)
and

Loow(w) = wRe /Ooodtei‘”tlm( S () Uy (1) (0))

meB800
neB850

+ wRe /Ooodteiwtlm S () Uy (1) (0)) (29)

meB850
ne€B800

The decomposition results are shown in Figure S10. It was found that the cross term I ;s5(w)
is small, and the total absorption spectra is almost equal to the sum of Igggo(w) and Ipgso(w).
It is also noted that the B800 bands obtained from the three models are nearly identical,
and thus Figure 8 includes only the B800 band calculated with the Frenkel model. The
calculated B800 band shape is close to the experimental one, although the calculated peak

position is slightly red-shifted. The redshift could be due to the underestimation of site

27



energy of v-BChl (Figure 5). Table 5 summarizes the peak position and half width at half
maximum (HWHM) of the calculated B850 absorption band. The calculated spectra using
Frenkel model has the B850 peak at 12124 cm™! with the HWHM of 176 cm~!. Compared
to the experimental spectra? (11811 ecm™! and 238 cm™! for the peak position and HWHM,
respectively), the B850 peak position is in higher energy side, and the peak width is narrower.
The absorption spectrum calculated using constant CT model, which considers the CT effects
without fluctuations, showed a large redshift of the peak position of B850 (11991 cm™!) from
the results of Frenkel model. However, the peak width (166 cm™!) was similar to that of
Frenkel model and narrower than the experimental spectra. In the case of fluctuating CT
model which considers the time correlation of CT energies and LE-CT couplings, the B850
peak position was further red-shifted to 11942 cm™!. Especially, the fluctuating CT model
increased the B850 peak width significantly to 242 cm™!, which is in good agreement with
the experimental width. Therefore, it was demonstrated that the fluctuations of CT energies
and LE-CT couplings were important for the broad absorption of B850 band.

Our model with 1-ns sampling was able to reproduce the peak width of the B850 band;
however, it did not accurately reproduce the peak shift. One possible reason for this discrep-
ancy is the absence of large conformational changes from the X-ray crystal structure, which
are not captured within the timescale of nanosecond-scale MD simulations. The atomic force
microscope of the photosynthetic system of purple bacteria revealed that the size and shape
of LH2 were distorted from the circular symmetry of crystal structure and were different from
each other.% In addition, it was reported that the exciton band of the distorted ellipsoid
structure of LH2 was different from that of the crystal structure.% These suggest that static
disorder, such as a large-amplitude transformation into an ellipsoidal shape, may contribute
to the peak shift. To treat such large conformational changes, further development of an
efficient method could be required (see also below).

To investigate the reason why the fluctuations of CT energies and LE-CT couplings

strongly affects the absorption spectra, we calculated the energy levels, expansion coefficients
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and oscillator strengths of exciton states. The exciton states are eigenstates of exciton

Hamiltonian Eq. (1)

= >  Wmy+ > Y M, Im—n) (30)

meB800,B850 meB850 neadjacent

and the expansion coefficients of p-th exciton state with the energy E, are partitioned into

B&800, B850, and CT components.

Chio = > WP (31)
meB800

Cigso = > lct))” (32)
meB850

Ch= > X |d,P (33)
meB850 neadjacent

Figure 9 shows the thermally averaged exciton energies and components of B800, B850, and
CT states of the 24 lowest exciton states calculated with three models. Both the inclusions
and fluctuations of CT energies and LE-CT couplings decrease the energy levels as expected
from the calculated absorption spectra. The CT components are small for all the energy
levels in constant CT model, but become somewhat larger in the fluctuating CT model.
Figure 10 shows the thermally averaged oscillator strengths of exciton states. We found that
the third and fourth exciton states has large oscillator strengths. Therefore, we focused on
the difference between the exciton energies and components of the third and fourth exciton
states among three models (Table 6). In the constant CT model, the small CT mixing
was observed (0.023 and 0.019 for the third and fourth states). The small mixing of CT
states results in the decrease in exciton energies (11913 cm™! and 12011 cm™!) from those in
the Frenkel model (12001 cm™! and 12087 cm™). Furthermore, the fluctuating CT model
increases the CT components of the two states (0.065 and 0.059), which further decreases
the exciton energies (11873 cm™! and 11976 cm™!). From these results, it was demonstrated

that the fluctuation is important for CT mixing in exciton states. We emphasize that the
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constant CT model is fictitious, whereas the fluctuating CT model is based on natural
fluctuating motions sampled from the MD simulation. Therefore, it is considered that the
fluctuation effects of CT states generated by natural protein environment finely tune the

absorption band so that sunlight energy can be absorbed efficiently.

Frenkel
Constant CT
Fluctuating CT
B800

+ Expt.

Absorption spectra / a.u.

11500 12000 12500 13000
Frequency / cm™

Figure 8: The absorption spectra calculated from three models. In the figure, components of
B800 (green line) and B850 absorption bands are shown for clarity. The gray, blue, and red
lines show the B850 bands of Frenkel, constant CT, and fluctuating CT models, respectively.
As a reference, the experimental spectra? is shown in a black dashed line.

Table 5: Peak position and half width at half maximum (HWHM) of calculated B850 ab-
sorption band (unit: cm™!).

peak position HWHM

Frenkel 12124 176
Constant CT 11991 166
Fluctuating CT 11942 242
Expt.? 11811 238
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Figure 9: The thermally averaged energy levels and components of 24 lowest exciton states.
The lengths of red, blue, orange lines in the energy level indicate the ratio of B800, B850,
and CT components (Egs. (31), (32), and (33)), respectively.
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Figure 10: The thermally averaged oscillator strengths of 24 lowest exciton states calculated
with fluctuating CT model.

Table 6: Comparisons of exciton energies and components of exciton states u = 3,4 calcu-
lated with three models.

_ 3 3 3
Es / cm ! 01(38)00 01(38)50 C((J"l)“

Frenkel 12001 0.230 0.770 0.000
Constant CT 11913 0.154 0.823 0.023
Fluctuating CT 11873 0.127 0.808 0.065

— 7 Z 1
Ey [/ cm ! 01(38)00 01(38)50 C((JT)

Frenkel 12087 0.301 0.699 0.000
Constant CT 12011 0.240 0.741 0.019
Fluctuating CT 11976 0.216 0.725 0.059

31



5 Summary

In this study, we developed the efficient calculation scheme for exciton Hamiltonian of LH2
which includes the LE and CT states. Using the MMSIC method and KRR model for
the time evolution of CT energies and LE-CT couplings, we could obtain the fluctuating
CT elements from the MD trajectory. The results calculated with the efficient calculation
scheme were in agreement with those with the referenced method. This calculation scheme
was applied to analyze the absorption spectra of LH2. We prepared the three exciton models
to investigate the effects of CT elements and their fluctuations. The analysis revealed that
the consideration of CT elements as constant is not sufficient, whereas MD-based fluctuations
of CT effects is important for broad and red-shifted B850 absorption band.

As discussed above, large and slow conformational changes of overall proteins might need
to be considered in the absorption spectra calculations to further improve the agreement
with the experimental spectra. However, it is computationally difficult to access fluctua-
tions on such large spatiotemporal scales by using structural sampling with all-atom MD
simulations. Coarse-grained molecular dynamics (CGMD) simulations allow us to access to
motions on spatiotemporal scales about 1000 times larger than all-atom MD simulations by
approximating about 10 atoms to one bead. The combination of CGMD simulation with the
MMSIC method and machine learning models is expected to account for the large-amplitude

motions into optical phenomena of photosynthetic systems. Such a study is in progress.
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