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ABSTRACT: In order to study Forster resonance energy
transfer (FRET), the fragment molecular orbital (FMO)
method is extended to compute electronic couplings between
local excitations via the excited state transition density model,
enabling efficient calculations of nonlocal excitations in a large

these simple but accurate models are validated against full

I. INTRODUCTION

Investigation of detailed mechanisms of energy transfer in
pigment—protein complexes (PPC) provides knowledge
necessary for the development of biomimetic systems such as
bioinspired artificial antennas, light-harvesting materials, and
artificial photosynthetic devices.' > The object of the present
study is the Fenna—Matthews—Olson complex, referred to as
FMOc rather than FMO to distinguish it from the utilized
computational technique, the Fragment Molecular Orbital
method, which will be traditionally referred to as FMO. The
FMOc is one of the most studied PPCs that over a few decades
spawned a continuous interest from both experimental and
theoretical groups.ﬁ_lS The FMOc plays a crucial role in the
photochemical apparatus of green sulfur bacteria transferring
the excitation energy from the light-harvesting antennae
(chlorosome) to the reaction center.®

The FMOc consists of three identical monomers aligned in
C; symmetry.'” The energy transfer within the FMOc occurs
through bacteriochlorophyll a (BChl) molecules encapsulated
within the protein matrix. Each monomer of the FMOc
s among which six BChls are arranged in an
ith BChl 7 being located in the middle of
he eighth BChl is positioned between
d is weakly bound to the protein surface,
uent losses of this 1pigment during isolation
. : of the protein.'® It is known from
experimental studies that BChl 3 is located near the reaction
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molecular system and overcoming the previous limitation of
being able to compute only local excitations. The results of
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quantum calculations without fragmentation. The developed method is applied to a very important photosynthetic pigment—
protein complex, the Fenna—Matthews—Olson complex (FMOc), that is responsible for the energy transfer from a chlorosome
to the reaction center in the green sulfur bacteria. Absorption and circular dichroism spectra of FMOc are simulated, and the
role of the molecular environment on the excitations is revealed.

center,"” ™' while BChl 1 and BChl 8 are in the closest
proximity to the chlorosome.”” Despite minor structural
differences between the FMOc obtained from different species
of green sulfur bacteria, all of them preserve similar optical
signatures as well as the C; arrangement of monomers in the
trimer structure."”

While FMOc is one of the most studied PPCs, its excitonic
interactions are still not entirely understood, and there is no
consensus on the direction of energy transfer between
BChls.'** BChl 3 is commonly accepted as the exit point of
photons from the FMOc into the reaction center.”* However,
there is no agreement on the photon entrance point from the
chlorosome to the FMOc. Despite the fact the some of the
studies suggest that the BChl 8 of the neighboring monomer
could be an entrance point for the energy transfer from
chlorosome,””** the energetic properties of BChl 1 and BChl 6
also indicate that they are likely candidates for the role of the
entrance point, which makes the indication of even initial
energy transfer points debatable, let alone a whole map of
energy transfer.”””’

Dynamics of electronic excitations in PPC and related
photoactive materials such as biomimetic devices and artificial
photosynthetic complexes is governed by the Forster
resonance energy transfer (FRET). FRET has broad
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applications in biology, chemistry, and materials science as a
tool to measure changes in distances between molecular
domains such as a protein, a cellular structure, or a
nanoparticle.”*>® Modeling of resonance energy transfer
requires information about excitation energies and electronic
couplings between interacting pigments, which constitute the
electronic Hamiltonian, as well as information about
interactions of pigments’ electronic degrees of freedom with
bath, i.e., vibrational levels of pigments and protein scaffold.
Eigenvalues and eigenvectors of the electronic Hamiltonian are
the main components determlmn% shapes of absorption and
circular dichroism (CD) spectra.”””” However, it is challenging
to obtain realistic distribution of site energies from the first-
principles calculations without fitting parameters.”*>>>73%~*
The challenge to reproduce experimental spectra of FMOc by
computational methods might be due to several reasons,
including inadequate sampling of protein conforma-
tions,””*”*>* approximations undertaken for describing
electronic structure and couplings between BChls, and
interactions between BChls and the protein environment.*

In this work we introduce a new computational chemistry
model based on the FMO-TDDFT method*”*® that is capable
of describing delocalized excitonic interactions in multi-
chromophore systems such as pigment—protein complexes.
While the FMO method is an all-electron fragmentation
technique, the introduced model allows calculations of
delocalized electronic excitations, which expands the FMO
method to a new range of applications in molecular crystals
and photosynthetic complexes. Here we utilize the developed
model to demonstrate that the quantum-mechanical descrip-
tion of a protein environment makes a noticeable difference in
excitation energies and electronic couplings in the FMOc
pigment—protein complex. For this, we compare the excitation
energies of FMOc calculated with the FMO method to those
obtained from the quantum mechanics/molecular mechanics
(QM/MM) model. We also elucidate the difference between
the electronic couplings of BChls calculated with two different
approximations, namely using transition dipoles or transition
densities of each BChl pigment. Obtained data suggest that the
theoretical absorption and CD spectra of FMOc are strongly
affected by the description of the protein environment and to a
lesser degree by a choice of the approximation utilized for
computing electronic couplings between BChls.

Il. THEORETICAL DETAILS

The energy transfer in multichromophore systems occurs
through two distinct types of interactions between pigments,
namely long-range Coulombic interactions and charge-transfer
mediated short-range interactions®**'~>*

(1)

where VP is the total electronic coupling, V' is the
Coulomb interaction between electronic transitions, and V"
is the short-range electronic coupling that depends on
intermolecular orbital overlap. The later term in eq 1 arises
np of molecular orbitals in interacting
can be further clas51ﬁed by exchange,
-transfer contributions.*** However, since
ponentially with the distance between
is neghglbly small for pigments that are
tact” and typically does not contribute
significantly to the excitation energy transfer in the case of
bright singlet excitations. Under this assumption the electronic
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interactions between pigments can be approximated with the
Coulomb coupling term expressed using transition densities of
the pigments as

Coul(l) _ ff Y PRt B o

where p! and p;' are the transition densities of the pigments i
and j, respectively, defined as

P () = N/ /‘I’:C(r, £y v 1) ¥ (1, 1, oy 1y)dny.dry
(3)

Here ¥, and W,, are the wave functions of the excited and
ground states of a pigment, respectively, and N is the number
of electrons in this pigment.

By expanding transition densities in multipolar series and
keeping only the leading dipole terms, the Coulomb coupling

can be approximated as

o (rl)/) (1)
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ij (4)

where y; and y; are the magnitudes and unit vectors of
transition dipole moments for pigment i, respectively, R; is the
distance between the transition dipoles, and n; is the
corresponding direction. While the transition density approx-
imation (eq 2) offers accurate treatment of Coulomb
couphngs,274 the transition dipole approximation provides a
simple way to quickly estimate these couplings. Exact values of
electronic couplings can be computed from dimer calculations,
for exam gle, using the fragment excitation density (FED)
method.’

In the FED method the excited states calculations are
performed on the entire (nonfragmented) system, while
“fragments” define parts of the system that correspond to
donor and acceptor. In this method the electronic coupling is
expressed through electron (attachment) and hole (detach-
ment) densities:

VCoul( ) —

vir  occ

P (r) = Z Z a{a"y (), (x)
©)

occ  vir

phol w(r) = Z

yz a

alm(m*

ya Aza

v, (0w (x)
(6)

In eqs S and 6, y denotes molecular orbitals, a represents
excitation/de-excitation amplitudes, y/z are the indices of
occupied orbitals of electronic states m and n, respectively,
while a/b subscripts are the indices of virtual orbitals
corresponding to these electronic states. Based on the electron
and hole densities one can define the excitation density for
electronic states m and n:

P () = p i (e) + i (x) (7)

Using the excitation density, it is possible to express the
excitation difference for electronic states m and n of donor i
and acceptor j as

— (mn) dr — (mn) d
" IEi@x () [ejpﬂ (x)dr (8)
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where i and j could be space separated pigments or could be
covalently bound donor and acceptor parts of the same
molecule.

Based on eqs 5—8 one can define the electronic coupling
within the FED approach as

VFED _ (Em - En)lemnl
\/(Axmm — Ax,) + 4Ax?,

9)

where E, and E,, are the energies of the electronic states n and
m, respectively. If pigments i and j are equivalent by symmetry,
V*ED becomes equal to one-half of the energy gap between
states m and n.°® Despite being computationally more
expensive (the excited state calculations are performed on a
whole nonfragmented system), the FED approach provides a
reliable reference for benchmark calculations of electronic
couplings, being limited only by the accuracy of the chosen
level of theory. The Q-Chem electronic structure package
(version 5.0) offers FED calculations of electronic couplings
based on the CIS, RPA, TD-DFT/TDA, and TD-DET
methods.>”

The treatment of pigment protein systems with all-electronic
methods is a challenging problem due to the size of these
systems. The fragment molecular orbital (FMO) method is
used to reduce computational cost, which enables all-electron
treatment of the system using fragmentation.48 The FMO
method is implemented in multi})le quantum chemical
packages,é0 including ABINIT-MP,*" GAMESS,*> PAICS,*
and OpenFMO.®* The FMO method has been used to
compute nonlocal excitations using configuration interaction®
and as a supplementary tool.® In this work the FMO method
in GAMESS is used.

The FMO method in GAMESS has been interfaced with
several quantum chemical models, including density functional
theory (DFT),”” multiconfigurational self-consistent field
(MCSCEF),*® MP2 perturbation theory,”” coupled cluster
methods,”” and time-dependent density functional theory
(TD-DFT).””" The method was proved to be highly scalable
and has been efficiently garallelized and successfully run on
over 160,000 CPU cores.”> Moreover, the FMO method has
been shown to be an efficient tool in studies of biological
systems. Among many notable examples the most recent ones
are the study of potent inhibitors for vitamin-D receptor,”” the
search of novel natural products for prion disease,””’* and the
study of interaction between sarco/endoplasmic reticulum
Ca’*-ATPase and its inhibitor thapsigargin toward antimalarial
development,75 as well as mapping interaction energies in
chorismate mutase.

The FMO method splits a molecular system into individual
fragments and describes each fragment in a polarizable
Coulomb bath of other fragments. The fragmentation of
proteins is performed at Ca—C single bonds following peptide
bonds. In FMOI, fragments polarized by the embedding
potential are calculated. The accuracy can be improved in
FMO?2 through introducing dimer calculations that add charge
nge, where the total energy is calculated
f electrostatically embedded monomers and
b-body expansion.”” Such treatment of the
s for explicit calculations of quantum
ions within the dimer pairs. In principle,
e improved by using three- and four-body
expansions (FMO3 and FMO4), but the comparative studies
demonstrated that for the majority of applications the FMO?2 is
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sufficiently accurate. However, in this particular study we
limited calculations to the FMO1 level of theory due to the
large size of the pigment fragments.

Electronic excited states of pigments are computed using
FMO1-TDDFT.””" This formalism implies calculations of
TDDEFT excitation energies for selected fragments in the
presence of the Coulomb field that is generated based on the
self-consistently converged electronic densities of other
fragments.”””” In this work we extended the capabilities of
FMO-TDDFT to computing electronic couplings between
chromophores. The procedure works in the following manner.
First, after self-consistent convergence of electronic densities of
all fragments, excitation energies and transition properties,
including transition densities and transition dipole moments,
are computed and stored for a selected subset of fragments.
Second, computed transition densities and transition dipole
moments are utilized for evaluation of electronic couplings
either using eq 2 or eq 4. The computer code for computing
electronic couplings in the FMO method is implemented in
the GAMESS electronic structure package.”®””

While FMO1-TDDEFT describes the ground electronic state
fully consistently with electronic densities of all fragments,
which corresponds to a polarizable embedding model, the
response of the polarizable environment to the density of an
excited state is not directly accounted for. Thus, the FMO1-
TDDFT model captures a zero-order effect of polarizable
environment (which is often the leading contribution) through
modification of occupied and virtual orbitals that are used to
form the excited states during the TDDFT calculations. The
present scheme neglects the dynamical response of the
polarizable environment to the excitation energies and
electronic couplings. These effects were investigated in a
context of polarizable QM/MM and QM/PCM models.**~

Computed excitation energies and electronic couplings are
combined in the electronic (excitonic) Hamiltonian, which is
subsequently diagonalized for prediction of absorption and
circular dichroism (CD) spectra. The CD optical activity is the
result of the different indices of refraction for left and right
plane-polarized light when it travels through the molecules,
which results in different absorption of left- and right-handed
circularly polarized light. This makes the CD spectroscopy
especially useful in identification of intra- or intermolecular
asymmetry of the molecular structures and, in the case of
pigment—protein systems, provides information on relative
orientation of pigments.gé*88

The general form of electronic Hamiltonian matrix H*** for n
interacting pigments in the system could be represented by the
formula

E, Viu Vi Vi
Vio By V3 Vo
elec __
H™ = Vis Va3 E Vi
Vin Vau V3m - E, (10)

where E; is the excitation (site) energy of pigment i, and V; is
the electronic couplings between pigments i and j. The
diagonalization of this Hamiltonian provides the eigenvalues
(¢) and eigenvectors (U) that could be used to model the
absorption and circular dichroism (CD) spectra through
con}pélgtigrgg oscillator (f;) and rotary (r) strengths, respec-
tively™™
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ij (12)
where i and j are the indices of chromophores, k is the index of
the excitonic state, y/;; are the transition dipole moments for
chromophores i or j, and R; is the distance between the
transition dipoles.

Generally, profiles of electronic absorption and CD spectra
are affected by thermal motion of the system and interactions
of electronic states of BChls with vibrational bath. Here we
leave a detailed investigation of these effects for future work
and focus on analysis of the influence of the protein
environment on the electronic excitations and couplings.
Thus, we convolute theoretical stick spectra for absorption and
CD (eqs 11 and 12) with Gaussian functions’" with full-width
at half- maximum (fwhm) of SO cm™, which approximately
corresponds to thermal broadening at 70 K.

lll. COMPUTATIONAL DETAILS

The structure of the FMOc for quantum mechanics/molecular
mechanics (QM/MM) and FMO simulations was obtained
from a single representative snapshot from molecular dynamics
(MD) trajectory of the solvated FMOc trimer. MD simulations
were performed with the molecular modeling software
AMBER (Version 14).”> The initial trimer structure of the
FMOc was obtained from protein databank entrance 3ENI”
and protonated using AMBER with correspondence to neutral
pH. The system was solvated with 8893 water molecules and
neutralized with six sodium ions for the total zero charge of the
model (Figure 1a). The AMBER ff14SB”* force field was used
for simulating the protein chain, TIP3P” for was used for
describing water molecules, GAFF’° was used for ions, and the
AMBER-compatible force field defined specifically for BChl a
chromophores”” was employed. Initial NVT and NPT
equilibrations were performed for 500 ps each, while an
NPT production run was performed for 40 ns. The
environmental conditions were defined as 300 K and 1 atm.
The long-range interactions had a 10 A cutoff; electrostatic
interactions were treated with the particle mesh Ewald
method.”®”” Based on a randomly selected snapshot from
the MD trajectory of the FMOc trimer, we created the FMOc
monomer model by removing two other monomers and the
majority of water molecules. The resulting model contained
eight BChls as well as all amino acid residues and water
molecules pertaining to the FMOc monomer unit, which
resulted in 207 water molecules, eight BChl a4 molecules, 358
protein residues, and a total of 6853 atoms. Water molecules
pertaining to the FMOc monomer were selected using an
automated tool of UCSF Chimera'® that allows for locating
water molecules forming the solvation sphere around the given
protein system. To investigate a sensitivity of the results to a
specific protein structure, we repeated the procedure for four
lected snapshots keeping the consistent
nter molecules in each conformer. Finally,
bmer model of conformer 1, we created the
containing only BChl a molecules without
b acid residues (Figure 1b).

simulations of the monomer model were
performed using full TDDFT (without imposing Tamm-
Dancoff approximation) with the PBEO functional,””" the 6-
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Trimer Model

BChl 4

Figure 1. Models of the FMOc. a) Trimer and monomer models of
the FMOc and b) the bare BChl model of the FMOc containing eight
isolated BChl a molecules.

31G* basis set,'** and electrostatic embedding with the same
force fields as utilized in MD simulations. These simulations
were performed with the QCHEM 5.0 quantum chemical
package.”” The choice of the functional was based on the
previous study by List et al,”' which shows that the PBEO
functional provides the most accurate excited state energies
and transition dipoles of BChls in the FMOc among several
functionals and wave function methods, compared to DFT-
BHLYP/MRCI calculations. Quantum-mechanical regions in
QM/MM calculations included single BChl a chromophores
leading to eight distinct QM/MM setups. Each QM region
included a phytol tail of BChl a but none of the surrounding
protein residues.

The FMO simulations were performed with the GAMESS
software package”®”” with the same basis set and the TDDFT
functional as in the case of QM/MM calculations. Parameter
RESPPC was set to two. The DFT and TDDFT calculations
were performed with the SG1 grid. In order to achieve better
convergence of self-consistent charge (SCC) during ground
state FMO calculations, we combined pairs of negatively and
positively charged residues located within 5 A from each other
into single fragments, which allowed for less charge transfer
between fragments and more consistent electrostatic field. The
list of negatively and positively charged fragments that are
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combined pairwise can be found in the Supporting
Information. Residues coordinating Mg atoms of BChls were
included in corresponding BChI fragments. In the case of BChl
S two nearest residues were included to avoid fragmentation
next to the carbonyl group that is in direct proximity to Mg
atom. This resulted in the following combinations of
fragments: HID103-BChll, WAT2729-BChl2, HID290-
BChl3, HID282-BChl4, LEU234-PHE235-BChl5, HID138-
BChl6, HID103-BChl7, and TYRI117-BChl8. Overall, this
fragmentation scheme contained 405 fragments.

A series of benchmark calculations were also conducted on
reduced-size model systems. To compare transition density
and transition dipole models, we created a dimer model
system, consisting of two identical BChl-like molecules with
varying vertical and horizontal separations. Structures of these
BChl-like molecules were prepared by isolating a central BChl
(BChl 7) of the FMOc monomer, removing its phytol tail, and
reoptimizing its geometry with the PBE0/6-31G* level of
theory. This model system is shown in Figure S2 of the
Supporting Information. In order to investigate the influence of
fragmentation of phytol tails on the FMO excitation energies
and electronic couplings, we performed FMO calculations on a
“pbare” BChl model system (see Figure 1b) with phytol tails
being included in BChl fragments (i.e., eight-fragment system)
and with phytol tails being assigned as separate fragments (16-
fragment system). To resolve the importance of inclusion of
Mg-coordinating residues into BChl fragments, we compared
excitation energies from the two-fragment (BChl and residue)
FMO calculations with conventional TDDFT excitation
energies of nonfragmented systems. These calculations were
performed on three model systems, HID103-BChll,
WAT2729-BChl2, and LEU234-PHE235-BChlS, which cover
all three types of Mg-coordinating residues in the FMOc,
namely coordination with nitrogen of a histidine, coordination
with oxygen of a water molecule, and coordination with oxygen
of a carbonyl group. The models utilized in these calculations
are shown in Figure S3 of the Supporting Information.

IV. RESULTS AND DISCUSSION

A. Electronic Couplings with the FMO Method. The
goal of this section is to validate a developed transition density
approach within the FMO method and provide basic
benchmarks of expected deviations of electronic couplings
computed with transition density and transition dipole models
at interpigment separations characteristic for the FMOc. Figure
2 compares electronic couplings computed using transition
dipoles (eq 4) and transition densities (eq 2) within the FMO
method, as well as using full-dimer calculations with the FED
method (eq 9). The couplings are computed at different
vertical displacements between two BChl molecules with
stripped-off phytol tails (see the Computational Details
section). Calculations are performed at the TDDFT PBE0/6-
31G* level of theory.

Analysis of data shown in Figure 2 suggests that the
transition dipole approximation in the FMO method closely
R d line, showing that a mutual polarization
ered distances does not affect excited state
insition density approximation deviates by
m the exact electronic coupling (FED) data
itions, respectively. However, at separations
ant for the FMOc, namely 12—18 A, these
deviations do not exceed 10 cm™!, which suggests that the
exchange and overlap contributions can be neglected in
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—e—V, FMO method |
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R-3 trend line
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Vertical Displacement (R), A
Figure 2. Electronic couplings computed with the transition dipole
(V,) and transition density (V,) approximations within the FMO
formalism and with the FED method (V*EP), as a function of vertical
displacement between two stripped BChl molecules. The R™* trend

line shows a close agreement of the transition dipole approximation in
the FMO formalism to the asymptotic behavior expected from eq 4.

calculations of couplings between BChls of the FMOc. On the
other hand, it is clearly seen that the transition dipole
approximation deviates significantly from the transition density
model and exact coupling. The discrepancy between transition
density and transition dipole approximations at 6 A separation
is 828 cm™! or 65%, while at 12 A it is still as high as 52 cm™!
or 32%. These results are in agreement with previous
studies®>® and highlight the limitations of transition dipole
model.

Comparison of the transition density and transition dipole
predictions for various horizontal displacements between
BChls is shown in Figure 3. While for all vertical separations

1000

100

——V,6A
-e-V,6A
—A—V,7A
| -A-V,7A |

V,8 A

V8 A
—V,9A
| T®"V.9A
1 Il L 1 1 1

0 3 6 9 12 .
Horizontal Displacement, A

Coupling, cm

10

Figure 3. Transition density (V,, solid lines) and transition dipoles
(V,, dashed lines) couplings as the function of horizontal displace-
ment for various vertical displacements between two stripped BChl
molecules.

the coupling values decrease with increasing the horizontal
displacement (i.e, couplings decrease with increasing the
overall distance between chromophores), the decay of the
coupling as a function of the horizontal displacement occurs
faster at smaller vertical separations and slower at larger vertical
separations. This trend is observed for both transition density
and transition dipole models. Additionally, as seen in Figure 3,
the transition dipole approximation overestimates the coupling
values at small horizontal displacements (between 0 and 9 A)
but underestimates the coupling strength at larger horizontal
displacements (9—15 A). This trend is the same for different
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vertical separations. Overall, the transition dipole approxima-
tion provides a larger span of the coupling values at considered
interpigment separations, while the transition density model
results in more uniform couplings.

B. Electronic Couplings between BChls in the Bare
BChl Model. The Effect of Fragmentation on Couplings.
There are two governing criteria for fragmentation in the FMO
method, namely the computational efficiency and accuracy of
calculations. The most computationally efficient fragmentation
scheme is the one in which fragments are of the same size, i.e.,
contain an equal number of basis functions.'”® However, the
introduction of additional fragmentation points often leads to
the decrease of accuracy, especially for conjugated systems.*”
In the case of FMOc the substantial reduction in computa-
tional cost could be achieved through fragmentation of BChl a
pigments into two individual fragments, namely bacteriochlor-
in and the phytol tail. In this fragmentation scheme the
bacteriochlorin part of the pigment is treated with TDDFT,
while the phytol tail is described with DFT as all other
fragments. However, such a fragmentation scheme prevents
propagation of transition density onto the phytol tail and could
lead to inaccuracies in the excitation energies and electronic
couplings.

To test the effect of tail fragmentation on the excitation
energies and couplings, we utilized the bare BChl model
(Figure 1b). The phytol tail fragmentation is represented in
Figure S4a of the Supporting Information. The fragmentation
schemes with the attached and detached phytol tails are
depicted in Figure S4b of the Supporting Information.
Comparisons between site energies and couplings with the
fragmentations including and excluding phytol tails, i.e.,
containing 8 or 16 FMO fragments, respectively, are shown
in Figures 4a and 4b. The electronic Hamiltonians obtained
with the two fragmentation schemes are provided in Tables S1
and S2 of the Supporting Information.

As can be seen from Figure 4a, the tail fragmentation affects
the site energies of BChl 1 and BChl 4 by 89 and 126 cm™,
respectively. The drastic effect of the tail on excitation energies
in these particular BChls is consistent with the previous
study.”’ The differences in the electronic couplings computed
with two fragmentation schemes are not as pronounced as the
differences in excitation energies (Figure 4b). The most
significant difference in couplings is observed for a pair of BChl
3 and BChl 4 and does not exceed 15 cm™". The effect on site
energies by the choice of fragmentation scheme in the case of
BChl 1 and 4 is the result of the configuration of phytol tails in
these pigments. The phytol tails of BChl 1 and of BChl 4 are
bent toward bacteriochlorin part of the pigment, such that the
double C=C bond on the tail participates in the electronic
excitation and accumulates some amount of transition density.
The fragmentation of the tail prevents the propagation of the
electronic density over the phytol tail and constrains the
excitation to the bacteriochlorin part, resulting in non-
negligible changes in the site energies. The inclusion of phytol
tails into bacteriochlorin head fragments of BChls 2, 3, 5, and

3 1 for the accuracy of site energies as in the
d 4 but is preferable for a consistency in
pigments. The importance of inclusion of
[DDFT region for BChls 1 and 4 is further
ct that the Hamiltonians produced with two
mes result in noticeably different absorption
and CD spectra as demonstrated in Figure S5 of the
Supporting Information.
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Figure 4. (a) Excitation energies and (b) electronic couplings in the
bare BChl model obtained with two FMO method fragmentation
schemes. The “tails” label indicates the fragmentation scheme in
which phytol tails are included in the BChl fragments (with a total of
8 FMO fragments), while “no tails” marks the fragmentation scheme
in which the phytol tails are separated as individual fragments (with a
total of 16 FMO fragments).

The next important question is the effect of inclusion of
neighboring amino acid (AA) residues into BChl fragments.
The reasoning here is the same as in the case of the phytol tail
exclusion/inclusion, i.e., the search for optimal balance
between the computational efficiency and the accuracy of
calculations. The most significant influence on excitation
energies is expected from the residues coordinating Mg atoms
of BChls. Accordingly, we consider three representative model
systems, BChl 1 coordinated with N atom of histidine, BChl 2
coordinated with a water molecule, and BChl 5 coordinated
with a carbonyl group (see Figure S3). These three models
cover all types of Mg-coordinating residues in the FMOc. The
excitation energies are calculated using conventional TDDFT
(Erpprr) on the dimer and the FMO method (Egyo) with the
fragmentation in which the Mg-coordinating residues are
assigned as separate fragments. The resulting excitation
energies and differences between them are shown in Table 1.

As could be seen from Table 1, the exclusion of nearest
residues from the FMO-TDDFT calculations leads to
inaccuracies in excitation energies as large as —210 cm™ in

Table 1. Excitation Energies in BChl-AA Pairs Computed
with Two-Fragment FMO (Egy,o) and with TDDFT
Calculations on the Dimer (Erpppr) and the Differences
between Them (AE = Erpprr — Erno)

BChl Epnoy, cm™? Erpprr, cm™ AE, cm™
1 14477.6 14550.2 88.7
2 14316.3 14324.3 8.1
S 14880.8 14735.7 —209.7
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the case of BChl § and 88.7 cm™! for BChI 1, which are non-
negligible for building accurate electronic Hamiltonian from
the first principles. In order to understand the origin of errors
in the excitation energies due to fragmentation of Mg-
coordinating residues, we considered four parameters, namely
bond lengths between Mg and N or O atoms of coordinating
AA (Mg-AA) and binding energies, as well as changes in the
magnitudes of transition dipole moments and transition
densities between BChl-AA dimers and bare BChls. The Mg-
AA bond lengths for BChls 1, 2, and S are 2.75, 2.57, and 3.07
A, respectively, while the corresponding binding energies are
18.4, 17.0, and 13.9 kcal/mol. Thus, these two metrics do not
correlate with the error in the FMO excitation energies upon
fragmentation. On the other hand, differences in the
magnitudes of the transition dipoles between fragmented and
nonfragmented (fully quantum) BChI-AA pairs are 0.160,
0.00S, and 0.219 D, for BChl 1, 2, and 5, respectively, which
correlates well with the errors due to fragmentation. Similarly,
analysis of transition densities for BChll, BChI2, and BChIS
(Figure Sa, b, and c) demonstrates that while in all three cases

Figure S. Transition densities of BChls with Mg-coordinating residues
(left) and the molecular structures of these systems (right). a) BChl1-
HID103, b) BChI2-WAT2729, and c) BChIS-LEU234-PHE235.

transition density “leaks” into Mg-coordinating fragments, the
effect is more pronounced in the case of BChIS and BChl1 and
is smaller for BChI2. Therefore, we conclude that the largest
FMO errors in excitation energies are associated with
delocalization of an excited state into surrounding residues.
These errors could be corrected by increasing the size of the
r by invoking two-body corrections for the
The observed dependence of calculated site
e of the TDDFT region is consistent with
bviously published QM/PCM and QM/
s by Jurinovich et al. where the inclusion of
e TDDFT (QM) region in QM/PCM and
QM/MMpol calculations affected the excitation energles by 20
and 10 meV (~160 and 80 cm™"), respectively.*’
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As could be seen from Figure Sa, the transition density of
BChll has a significant portion on the phytol tail, which
explains a high impact of the phytol tail fragmentation on the
excitation energy of this particular pigment. Based on data
presented in Figure 4, Figure 5, and Table 1, we conclude that
it is essential to include both phytol tail and the Mg-
coordinating residues in the BChl fragments in order to
achieve quantitative accuracy in describing FMOc site energies
and couplings with the FMO method.

D. Electronic Hamiltonian of the FMOc Calculated
with the FMO Method and Transition Density Approx-
imation. After establishing variations in values of site energies
and couplings due to fragmentation of BChls and the
electronic coupling scheme on model systems, we proceed
with computing the full electronic Hamiltonian of the FMOc.
As a point of comparison for the transition-density-based FMO
Hamiltonian we use a simple QM/MM model, in which
electronic couplings are computed with the transition dipole
approach. All calculations are performed on the monomer
model represented in Figure 1 a.

Electronic Hamiltonians corresponding to different models
are provided in the Supporting Information. The highest
couplings in these Hamiltonians are observed for pairs of the
nearest neighbors, namely BChls 1-2, 3-4, 4-S, and 5-6. Thus,
we expect couplings between neighboring BChls are the most
sensitive to a choice of the model, and we analyze those in
detail in the following. Excitation energies and electronic
couplings between neighboring BChls computed with the
FMO and QM/MM methods for the FMOc are shown in
Figure 6a and Figure 6b, respectively. It should be noted that
TDDFT regions here differ between the models. Namely,

a g
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Figure 6. (a) Excitation energies and (b) electronic couplings in the
FMOc with and without protein environment (protein and bare BChl
models, respectively) computed with the FMO and QM/MM
methods using transition dipole and transition density approxima-
tions.
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TDDEFT regions in the FMO calculations on the protein
include BChls and their Mg-coordinating residues, while only
BChls constitute the TDDFT part in the bare BChl model and
in QM/MM.

As could be seen from Figure 6a, the protein environment
affects drastically the excitation energies of BChls. For example,
the difference between site energies in BChl 7 computed with
the FMO method with and without protein scaffold is 352
cm™'. The differences in site energies between the FMO and
QM/MM treatments are also very large, e.g., 237 cm™! in BChl
4 and 216 cm™" in BChl 6, suggesting that polarizable quantum
mechanical embedding provides significant changes in
excitation energies even in the case of 7 — & transitions.
However, as Figure 6b demonstrates, electronic couplings from
the bare BChl and protein models differ only by 13 cm™ at
most (in pair of BChl 3-4), suggesting that the protein
environment influences excitation energies more substantially
than electronic couplings (at least in the considered model that
does not account for screening of the couplings by polarizable
environment). The differences between the transition dipole
and transition density approaches (V, FMO and V, FMO)
reach 27 cm™! for BChl pairs 5-6. On the other hand, the
differences in transition dipole couplings between the FMO
and QM/MM models do not exceed 10 cm™ for all BChl
pairs. However, it should be noted that observed deviations in
couplings and site energies are a combined effect of differences
in describing the protein environment and nonequivalent
TDDEFT regions in QM/MM and FMO models. Overall, we
conclude that both quantum-mechanical polarizable embed-
ding and transition density approach are essential for building
accurate electronic Hamiltonian.

Comparison of electronic Hamiltonians computed with
FMO and QM/MM methods is shown in Table 2. These
Hamiltonians are produced at a single snapshot (Conformer 1)
of the MD trajectory.

Table 2. Differences between Electronic Hamiltonians
Obtained with Transition Density Approach in the FMO
Method and with the Transition Dipole QM/MM

Calculations (A; = H;™°® — ,-jM/ MM

pigment 1 2 3 4 S 6 7 8
1 =202 -12.8 -1.0 0.5 -0.9 —-0.8 7.0 -0.2
2 —12.8 —S58 -1.6 —-0.7 0.8 —-0.4 6.0 —-0.1
3 —-1.0 -1.6 -100 -—-2.7 5.0 3.2 -9.8 -03
4 0.5 -0.7 =27 =237 18.3 2.5 30.2 1.1
S -0.9 0.8 5.0 18.3 —180 -—31.8 164 -19
6 -0.8 -0.4 32 2.5 -31.8 -216 -—20.7 -1.6
7 7.0 6.0 -9.8 30.2 164 =207 —156 1.8
8 —0.2 —-0.1 -0.3 1.1 -1.9 -1.6 1.8 -23

“The diagonal elements represent differences in site energies, while

the off-diagonal elements represent differences in electronic couplings.

All values are in units of cm™.

As could be seen from Table 2, utilization of the FMO
sition density approach substantially and
s the site energies and electronic coupling
alues of the differences in the Hamiltonian
nto perspective, the thermal broadening
bproximately 200 cm™' at room temperature
it 70 K, at which both absorption and CD
spectra are well resolved experimentally. Therefore, matrix
elements with deviations larger than ~50 cm™" are expected to
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produce noticeable differences in both absorption and CD
spectra. Figure 7 visualizes absorption and CD spectra
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Figure 7. Absorption (blue solid line) and CD (red dashed line)
spectra for various FMOc models, methods, and approximations. a)
Bare BChl model computed with the FMO method and transition
density approximation, b) full FMOc computed with the FMO
method and transition density approximation, c¢) full FMOc
computed with the FMO method and transition dipole approx-
imation, and d) full FMOc computed with QM/MM and transition
dipole approximation.

calculated based on four different Hamiltonians: the bare
BChl model computed with the FMO method and transition
density approximation (Figure 7a) and the FMOc protein
model computed with the FMO method and transition density
approximation (Figure 7b), with FMO and transition dipole
approximation (Figure 7c), and with QM/MM and transition
dipole approximation (Figure 7d). Thus, Figure 7 provides a
comprehensive comparison between methods, approximations,
and models of FMOc used in this study.

As could be seen from Figure 7a—d, the treatment of both
the protein environment and the electronic couplings affects
the calculated spectra. The transition from bare BChl to the
full protein model (compare Figures 7a and 7b) substantially
changes magnitudes and positions of absorption and CD
spectra peaks in the entire spectroscopic region. The shift from
QM/MM to FMO treatment of the protein environment

DOI: 10.1021/acs.jctc.9b00621
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(Figures 7d and 7c, respectively) results in narrowing the total
width of the excitonic band, while a switch from the transition
dipole to transition density approximation (Figures 7c and 7b)
causes only a small effect on the spectra.

Figure 8 compares excitation energies and electronic
couplings of selected pigments computed with FMO and

a
15200 | ~=*BChI2QM/MM -A-BChl 7 QM/MM
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Figure 8. (a) Comparison of excitation energies computed with FMO
and QM/MM and (b) comparison of density (p) and dipole (u)
based couplings computed with FMO and QM/MM, respectively,
both performed for 5 representative conformer structures from MD
simulations.

QM/MM models at five different structural snapshots
(conformers 1—5), out of which conformer 1 is the one that
was used for the majority of calculations in this paper.
Excitation energies and couplings for other BChls are shown in
Figure S6 of the Supporting Information.

As could be seen from Figure 8a, deviations between the
excitation energies with FMO and QM/MM methods are
pronounced along the MD trajectory. Interestingly, for some
pigments, e.g., BChl 7, the differences in site energies between
FMO and QM/MM fluctuate between different snapshots,
while they remain almost constant for other pigments, e.g,
BChls 2, 4, and 8. The differences in couplings computed with
transition dipole and transition density models also fluctuate
between structural snapshots, but when the two models
strongly deviate (e.g., couplings in a pair of BChls 5 and 6),
this deviation is preserved along the MD trajectory. As is clear
F famboth excitation energies and electronic

fluctuate between structures, suggesting
for thermal fluctuations of the protein
sential for predicting accurate electronic
troscopic signatures in FMOc. Thus, while
y we showed how different descriptions of
the pigment—protein interactions and electronic coupling
models can affect the electronic Hamiltonian and resulting
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spectra, we leave the questions of ensemble sampling and
electron—phonon interactions to future investigation.

V. CONCLUSIONS

We developed the computational chemistry code for treatment
of electronic couplings within the FMO method and
investigated how the utilization of the fully quantum
mechanical description of the protein environment and
transition density approximation affects the accuracy of
electronic Hamiltonian of the FMOc. The all-electronic
description accounts for self-consistent polarization of the
environment that is overlooked with the standard non-
polarizable QM/MM description, while the utilization of
transition density approximation captures fine-tuned variations
of the electronic coupling. The transition from the QM/MM
description to the FMO description of the protein affects the
values of site energies and electronic couplings by hundreds
and tens of cm™}, respectively. Analysis of model dimer
systems and calculations on the whole protein suggests that the
transition dipole approximation tends to overestimate the
electronic coupling between BChls, but the discrepancies
depend on the relative orientation of pigments and cannot be
predicted a priori.

Accurate calculations with the FMO method and transition
density approximation require proper fragmentation of the
system, which is achieved through finding the balance between
the computational cost and inclusion of functional groups
involved in electronic excitations. We find that inclusion of
phytol tails and an Mg-coordinating AA residue into a single
BChl fragment critically improves the accuracy of the
description of excitation energies and electronic couplings
within the FMO method. Additionally, the pairwise combina-
tion of the charged fragments separated by not more than § A
improves the convergence of the self-consistent monomer
cycle of FMO calculations.

We demonstrated that the description of the polarizability of
the protein environment as well as the approximation utilized
for calculation of the electronic couplings qualitatively affect
the shape of modeled absorption and CD spectra in FMOc.
Thus, development of a rigorous quantum mechanical
approach is essential for predicting accurate Hamiltonians,
optical spectra, and energy transfer pathways in PPCs. In the
present work we demonstrated such a possibility by extending
the FMO method to computing excitation energies and
excitonic interactions in a multichromophore system within a
single calculation. While being all-electron in nature, the FMO
method cuts the computational cost by fragmenting the system
and recovering critical interactions within the system by
embedding each fragment into a polarizable Coulomb bath of
other fragments and introducing excitonic couplings between
photoactive fragments. Thus, this development provides users
of the free electronic structure package GAMESS with an
efficient tool for investigating excitonic interactions and FRET
in a variety of molecular systems, such as natural and artificial
PPCs, organic molecular crystals, and biomimetic devices.

B ASSOCIATED CONTENT

© Supporting Information

The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jctc.9b00621.

Mlustration of positive direction of transition dipole
vector defined for BChl, model of BChl containing only

DOI: 10.1021/acs.jctc.9b00621
J. Chem. Theory Comput. 2020, 16, 1175—-1187


http://pubs.acs.org/doi/suppl/10.1021/acs.jctc.9b00621/suppl_file/ct9b00621_si_001.pdf
https://pubs.acs.org/doi/10.1021/acs.jctc.9b00621?goto=supporting-info
http://dx.doi.org/10.1021/acs.jctc.9b00621

 ndfelement

The Trial Version

Journal of Chemical Theory and Computation

bacteriochlorin part of pigment, models of BChls with
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of BChls in bare BChl model, electronic Hamiltonian for
bare BChl model calculated with FMO method and
fragmentation scheme with exclusion of phytol tails,
electronic Hamiltonian for bare BChl model calculated
with FMO method and fragmentation scheme with
inclusion of phytol tails, absorption and CD spectra for
bare BChl model calculated with FMO method and
fragmentation scheme with inclusion and exclusion of
phytol tails, electronic Hamiltonian for full FMOc
monomer model calculated with FMO method and
transition density approximation, electronic Hamiltonian
obtained with transition dipole approach and QM/MM
method for full FMOc monomer model, excitation
energies of BChls 1, 3, 5, and 6 and electronic couplings
for BChl pairs 2—3, 6—7, and 7—8 at five different
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charged fragments combined pairwise in FMO method
calculations, and atomic Cartesian coordinates of BChl
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