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ABSTRACT High efficiency of light harvesting in photosynthetic pigment-protein complexes
is governed by evolutionary-perfected protein-assisted tuning of individual pigment properties and
inter-pigment interactions. Due to the large number of spectrally overlapping pigments in a
typical photosynthetic complex, experimental methods often fail to unambiguously identify
individual chromophore properties. Here we report a first principles-based modeling protocol
capable of predicting properties of pigments in protein environment to a high precision. The
technique was applied to successfully uncover electronic properties of the Fenna-Matthews-Olson
(FMO) pigment-protein complex. Each of the three subunits of the FMO complex contains eight
strongly coupled bacteriochlorophyll a (BChl a) pigments. The excitonic structure of FMO can be
described by an electronic Hamiltonian containing excitation (site) energies of BChl a pigments
and electronic couplings between them. Several such Hamiltonians have been developed in the
past based on the information from various spectroscopic measurements of FMO; however, fine
details of the excitonic structure and energy transfer in FMO, especially assignments of short-lived
high-energy sites, remain elusive. Utilizing polarizable embedding QM/MM with the effective
fragment potentials (EFP) we were able to compute the electronic Hamiltonian of FMO that is in
general agreement with previously reported empirical Hamiltonians and quantitatively reproduces
experimental absorption and circular dichroism (CD) spectra of the FMO protein. The developed
computational protocol is sufficiently simple and can be utilized for predictive modeling of other

wild type and mutated photosynthetic pigment-protein complexes.
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41 Plants, algae and photosynthetic bacteria capture solar radiation by means of pigment-protein
antenna complexes. A variety of natural antenna complexes evolved to maximize photosynthetic
46 efficiency in different environments. The light harvesting and energy transfer efficiency of these
48 complexes approaches 100% and is governed by electronic properties of individual light-
absorbing pigments as well as by couplings between the pigments. While molecular structures of
53 many antenna complexes have been determined by x-ray diffraction, the information about

55 electronic energy levels and energy transfer dynamics often lacks desired precision as it is
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primarily deduced from optical data. Most of the antenna complexes contain large number of
pigments (up to ~250,000 in chlorosome antennai) with overlapping optical spectra leading to
spectral congestion that precludes unambiguous identification of properties of individual

pigments and, as a result, multiple models can be proposed to fit the same data.

The Fenna-Matthews-Olson (FMO) pigment-protein complex, found in green sulfur bacteria,
is one of the most thoroughly studied photosynthetic proteins (see Figure 1).2-37 The primary
function of FMO is to transfer the excitation energy from a much larger chlorosome antenna to
the intramembrane reaction center complex, where electronic excitation initiates charge transfer

process.

(b)

Figure 1. (a) FMO trimer of the Chlorobaculum Tepidum, (b) FMO monomer with BChl a

pigments.

The FMO complex is a trimer possessing C3 symmetry. Each subunit encloses seven
bacteriochlorophyll @ (BChl a) chromophores and binds the eighth BChl a pigment between the

subunits. Close packing of BChl a pigments in each monomer subunit leads to strong excitonic
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interactions and delocalization of excited states over multiple pigments. A relative structural
simplicity combined with intricate excitonic structure makes the FMO complex a favorite object
for developing and testing new computational and experimental techniques. For example, FMO
was the first pigment-protein complex, for which quantum coherences and beatings between
excitonic states were observed by Savikhin ef al in 1997.38 The study of excitonic structure and
coherence in this complex led later to the development of a two-dimensional spectroscopy 8, 39-41.
To model excitonic interactions and energy transfer in FMO, a number of different electronic
Hamiltonians have been proposeds, s, 10, 12, 14, 18-19, 23, 25, most of which were obtained by a
combination of structural data and fits to available experimental measurements. While the off-
diagonal elements of a Hamiltonian represent electronic couplings between pigments and can be
estimated using dipole-dipole approximation from available x-ray structures, the diagonal
energies (individual transition energies) cannot be observed directly in experiment and are
inferred from fits to spectroscopic data. This approach results in a significant ambiguity in
determination of BChl « site energies and typically does not account for environment-driven
variations in transition dipole moments of individual pigments and inter-pigment couplings.
While molecular modeling based on structural data could provide unambiguous assignment of
excitonic interactions and energy flow in FMO, internal complexity of the system and necessity
to sample protein degrees of freedom, accurately describe electronic structure and couplings
between BChl pigments, and vibronic interactions between pigments and the protein

environment, makes this task challenging. 10, 15, 19-24,26-27, 29, 35, 42-44

In this contribution, we report a multi-scale first-principles modeling that accurately
reproduces the absorption and circular dichroism (CD) spectra of the FMO complex based solely

on its x-ray structure and uses no other input from experiments. We show that a quantum
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mechanical description of internal structures of BChl a pigments and embedding of pigments in a
polarizable protein environment are the leading factors that provide excitonic structure consistent
with experimental absorption and CD spectra. The developed protocol can be readily applied to
other pigment-protein complexes with computational time scaling linearly with the number of

antenna pigments.

The computational protocol, described in detail in Supporting Information, consisted of three
main steps. First, the structure of the FMO trimeric complex from Chlorobaculum tepidum,
formerly known as Chlorobium tepidum, (PDB ID: 3ENI) was protonated, immersed in water
solvent, and equilibrated in a series of molecular dynamics (MD) simulations at ambient
conditions with Amber03 classical force field. 100 configurations were extracted from the last 30
ns of the equilibrated MD trajectory, shown in Figure S1. Second, constrained quantum
mechanics / molecular mechanics (QM/MM) geometry optimizations, with QM regions
containing one BChl a pigment and few strongly-interacting amino acids (AA) including the
Mg-coordinating AA, were performed for each BChl a at each of the 100 selected
configurations. Only the QM regions described with PBE0/6-31G(d) and shown in Figure S2 of
Supporting Information were subject to geometry optimizations, thus removing inaccuracies
caused by a classical force field description of the chromophore pocket. Finally, excited state
calculations were performed at each structure with electrostatic embedding QM/MM and
polarizable embedding QM/EFP model (EFP - effective fragment potential) models. The extent
of the quantum and classical regions for each BChl a is outlined in Supporting Information
(Figures S5 and S6); time-dependent density functional theory (TD-DFT) PBE0/6-31G(d) was

used to describe electronic excitations. These calculations produced excitation site energies and
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transition charges for each BChl g; the latter were used to compute electronic couplings between

pigments.

In the described computational procedure, two steps critically affect the quality of results, as
we demonstrate below. These are (1) QM/MM geometry optimizations with sufficiently large
QM regions, and (i1) excited state calculations in a polarizable protein environment. As shown in
Figure 2a, the electronic excitation energies of BChl a pigments (without inclusion of protein
environment, aka “gas phase” site energies) with structures extracted directly from the MD
trajectory snapshots are essentially indistinguishable between each other due to large fluctuations
of BChl a internal structures during molecular dynamics and general limitations of the classical
force field. On the other hand, gas-phase site energies computed at the QM/MM optimized
structures fluctuate much less, such that energy differences between different sites become more
pronounced. The differences in gas-phase site energies originate in geometrical constraints
imposed by the protein scaffold on each BChl a pigment. Comparison of site energies computed
at the MM-optimized and QM/MM optimized structures, shown in Fig. S7 of SI, further

demonstrates importance of correcting the BChl a structures at the QM level.

We also found that inclusion of several neighboring AAs in the QM regions significantly
influenced the BChl a internal structures during the QM/MM geometry optimizations. The
guideline for selecting these “critical” AAs came from considering effects of individual AAs on
BChl a excitation energies, i.e, solvatochromic shifts due to individual neighboring AAs. Details

of that procedure are discussed in Supporting Information.

The second critical step in our computational protocol is employing polarizable QM/EFP

modelss-s1 for describing excitation energies of BChl a chromophores. The EFP method is a
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model potential providing a rigorous description of intermolecular interactions from first
principles.49, 52-59 The EFP method treats a molecular system as a collection of rigid EFP
fragments, interactions among which are described as a sum of Coulomb, polarization,
dispersion, and exchange-repulsion terms. QM/EFP model, i.e. coupling of EFP subsystem to an
ab-initio region, can be classified as a polarizable embedding QM/MM approach in which
effective fragments interact with the QM region via electrostatic and polarization one-electron
operators. 47,51-52, 60 Therefore, charge distribution on EFP fragments is able to respond self-
consistently to electron density fluctuations of the QM region.47-48 Electrostatic potential of EFP
fragments is modeled using multipoles up to octupoles centered at atoms and bond-mid-points;
polarization potential is modeled using induced dipoles created as a response of distributed
anisotropic polarizabilities to the electric field due to surrounding fragments and QM region.
Distributed multipoles and polarizabilities are pre-computed for each unique fragment and stored
as fragment parameters. A peptide chain is split into individual AA fragments along C-C bonds,

as described in Ref. 50 and Supporting Information.

To demonstrate the importance of polarizable embedding in description of excitation energies
in the FMO complex, we compare the site energies (averaged over 100 snapshots) computed
with electrostatic embedding models QM/MM and QM/EFP-noPOL and with polarizable
embedding QM/EFP (see Figure 2b). Partial charges (Amber03, the same as in classical MD
simulations) were used to represent the environment in QM/MM model, while distributed
multipoles up to octupoles centered on atoms and bond mid-points were used in QM/EFP-
noPOL model. QM/EFP utilizes both distributed multipoles and polarizabilities to account for
self-consistent polarization of the QM region and its environment. As Figure 2b demonstrates,

the QM/EFP-noPOL and QM/MM schemes produce similar average site energies implying that
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the inclusion of higher electrostatic multipoles in the description of electronic densities of AAs

does not contribute significantly to solvatochromic shifts of BChl a pigments in the FMO

oNOYTULT D WN =

complex. Noteworthy, both electrostatic embedding models do not differentiate well between

10 different sites, producing similar solvatochromic shifts of 70-130 cm-1 for sites #1, #3, #4, #5,
#6, and #7 (110-130 cm-1 shifts for sites #4, #5, #6, #7). In contrast to the electrostatic

15 embedding models, the polarizable embedding QM/EFP results in distinct site energies and

17 dramatically stabilizes excitation energy of site #3, which has been proposed to be an exit site of

the FMO complex.s-s, 8, 15-16, 19, 23, 25

23 --Gasphase (MD) -*-Gasphase (opt) -==QM/MM -=QM/EFP (noPOL) --QM/EFP
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47 Figure 2. BChl a site energies averaged over 100 structures with standard deviations shown as
49 vertical error bars. (a) Gas-phase (without protein environment) site energies computed for
structures directly extracted from MD snapshots (black) and after QM/MM geometry
54 optimizations (orange). (b) Gas phase (orange), QM/MM (blue), QM/EFP-noPOL (green) and

56 QM/EFP (red) site energies computed for structures after QM/MM geometry optimizations.
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Fluctuations of the QM/EFP site energies, originating in thermal motion of a protein scaffold
captured by sampling of 100 protein structures, are visualized in Figure 3. Figure 3 also
compares the average values of the QM/EFP site energies (shown with black vertical lines) with
the excitation energies utilized in empirical Hamiltonians by Kell and Brixner (shown with blue
and red arrows, respectively). 8,25 For an easier comparison with empirical Hamiltonians and
experimental spectra, QM/EFP site energies are shifted by -2430 cm-1 and QM/MM and
QM/EFP-noPOL site energies are shifted by -2800 cm-1. A mismatch between absolute values of
experimental and computed excitation energies of BChls originates in well-known intrinsic
inaccuracies of a chosen level of theory (PBEO functional in 6-31G* basis set).s1-62 However, it
is expected that the chosen level of theory reasonably describes a potential energy surface of the
excited state (i.e., relative energy changes due to vibrational motion of a chromophore), and
relative energy changes due to interaction of the excited state with the protein environment. It is
these relative energy changes (due to slight geometrical distortions and interactions with the
heterogeneous protein environment) that determine energetic order of site energies and shapes of

the absorption and CD spectra.

As seen in Figure 3, there is a remarkable agreement between the average site energies from
the QM/EFP model and Kell’s and Brixner’s Hamiltonians for the three lowest sites #1, #3, #4,
and #7, while the energies of higher-energy sites deviate from each other. The deviations
between empirical model Hamiltonians for high-energy sites are not surprising as it is harder to
unambiguously deduce these energies from experiment due to short lifetimes and broader
spectral bandwidth of high-energy states. On the other hand, the accuracy of the QM/EFP site

energies is expected to be similar for all sites.

ACS Paragon Plus Environment
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As follows from Figure 3, widths of energy distributions of sites #3, #4, #6, and #7 are
comparable to each other. In general, bacteriochlorin heads of these sites have at least one H-
bond with neighboring AAs in addition to coordination with N atoms of histidine (HIS) residues
(see Figure S2 in Supporting Information). On the contrary, sites #1, #5 and #8 do not have H-
bonds to nearby AAs and are somewhat weaker bound to the protein scaffold. As a consequence,
the excitation energy distribution of site #5 is wider than that of BChls that are H-bonded to a
protein. Additionally, as site #8 is not fully embedded in a protein envelope, its motion is even
less constrained, resulting in a significantly larger spread of excitation energies. In the case of
site #2 that also shows a very large spread of energies, Mg is coordinated by a water molecule
that moves freely in MD simulations such that BChl a #2 is found four-coordinated in about half
of the snapshots. Additionally, several other water molecules that are present in a cavity near the
BChl a #2 head-group change their positions and H-bonding patterns during MD simulations and
produce significant fluctuations to the site energy. Hence, we conclude that the width of the site
energy distribution is largely governed by the effective H-bonding of BChl a heads with the

protein scaffold as well as fluctuations of Mg-coordinating residues.

As a side note, analysis of excitation energies computed at 100 protein structures does not
show any statistically significant correlation in fluctuations of site energies of different pigments,

which agrees with previous discussion of this subject in literature.1s, 29

Electronic couplings were computed using transition charges TrEsp of each pigment obtained
by a fit to a transition density with a constraint preserving the value of the transition dipole
moment (TDM). Further, for computing electronic couplings, transition dipoles and
corresponding transition charges were scaled to match (on average) experimental TDM of BChl

a, as explained in detail in SI. No additional environment-induced screenings were utilized in

ACS Paragon Plus Environment
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coupling calculations. Influence of polarizable environment on the electronic couplings in
photosynthetic complexes was explored previously and found to be nonnegligiblesz, 63-64;

however, we leave a detailed analysis of these effects to future work.

Combining site energies with electronic couplings between different pairs of BChls, computed
using transition charges TrEsp as explained in detail in Supporting Information, results in an
electronic Hamiltonian that determines excitonic interactions in the FMO complex. The thermal
motion of the protein produces fluctuations both of site energies and electronic couplings, such
that each structural snapshot produces a unique Hamiltonian. Figure 4 provides an averaged
QM/EFP Hamiltonian in which each matrix element is computed as an average of the
corresponding matrix elements from 100 structures. Standard deviations of all Hamiltonian
matrix elements are also shown in Figure 4. Analogous average QM/MM and QM/EFP-noPOL
Hamiltonians are reported in Figure S9 of Supporting Information. Note that these Hamiltonians
include BChl a #8’ that is the closest to BChl a #1 (see Figure 1). While BChl a #8” formally
belongs to a different protein subunit, it interacts stronger with the pigments in this subunit than
BChl a #8 that is positioned further away and has negligible interactions with pigments of the
same unit. Inspection of the average Hamiltonian in Figure 4 shows that the couplings are the
strongest between neighboring pigments, i.e. in pairs #1-#2, #2-#3, etc., which agrees with
empirical Hamiltonians. Additionally, central BChl a #7 interacts strongly with sites #3 and #4.

Significant fluctuations in couplings are observed in pairs #5-#6, #3-#4 and #3-#7.

ACS Paragon Plus Environment
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Figure 3. QM/EFP site energy fluctuations and comparison to model Hamiltonians by Kell2s and
Brixners. QM/EFP excitation energies are shifted by -2430 cm-1 to match experimental absorption
and CD spectra. Note that the Brixner Hamiltonian contains only seven pigments. QM/EFP site
energy stick spectra of 100 snapshots of MD trajectory are broadened by gaussians with FWHM
of 20 (thinner black lines) and 100 cm-1 (thicker black lines). Average QM/EFP site energies are
shown with black vertical lines; the site energies from Kell and Brixner empirical Hamiltonians

are shown with blue and red arrows, respectively.

Average Hamiltonian Standard Deviation
QMm/EFP| 1 2 3 4 5 6 7 8 QM/EFP| 1 2 3 4 5 6 7 8
1 14830.4| -113.4 53 -6.5 6.4 -8.9 -2.7 24.0 1 94.3 6.4 0.5 0.5 0.6 3.7 14 4.5
2 -113.4 |15058.8| 36.8 9.5 16 11.7 6.9 5.7 2 64 | 1460 | 1.9 0.8 0.8 13 2.0 15
3 5.3 36.8 |(14585.3| -52.0 -2.0 -10.1 1.2 1.4 3 0.5 1.9 79.2 7.4 1.2 0.4 5.0 0.4
4 -6.5 9.5 -52.0 |14736.3| -84.0 | -19.3 | -54.3 -2.0 4 0.5 0.8 7.4 64.8 6.5 13 6.6 0.2
5 6.4 1.6 -2.0 -84.0 |14959.2| 51.2 5.0 4.4 5 0.6 0.8 1.2 6.5 95.4 7.4 3.0 0.3
6 -8.9 11.7 -10.1 | -19.3 51.2 |14932.0| 26.7 -11.2 6 3.7 1.3 0.4 13 74 54.7 4.3 1.4
7 2.7 6.9 7.2 | -543 5.0 26.7 |14815.3| -14.1 7 14 2.0 5.0 6.6 3.0 4.3 63.3 0.8
8 24.0 5.7 1.4 -2.0 44 | -11.2 | -14.1 [14904.9 8 45 1.5 0.4 0.2 0.3 1.4 08 | 1239

Figure 4. Averaged QM/EFP Hamiltonian and standard deviations of all matrix elements. All

values are in cm-1. The 8th pigment is BChl a #8” as shown in Figure 1.

Diagonalization of the electronic Hamiltonian produces excitonic states that are visualized and
analyzed in Figure S11 of Supporting Information. Overall, an excitonic map of a 7-site model
(when BChl a #8’ is excluded from the Hamiltonian) is in an excellent agreement with that from
Brixner’s Hamiltonians, while the 8-site model differs from Kell’s Hamiltonian2s in the relative

order of pairs of excitons 5 and 6, and 7 and 8.

The excitonic Hamiltonian can be utilized to model absorption (OD) and CD spectra. Detailed

comparison of spectra built off on the average electronic Hamiltonian and by averaging the
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spectra of different structural snapshots, as well as comparisons between transition charges and
point dipole approximation models, is provided in Supporting Information (Figures S12, S13,
S14, S15). Here we concentrate on comparing the absorption and CD spectra computed with the
three embedding models, QM/MM, QM/EFP-noPOL, QM/EFP. All spectra are computed as
averages of spectra of individual structural snapshots, i.e. thermal motion of the protein is
directly accounted for. These data are presented in Figure 5, together with experimental
absorption and CD spectra measured at 295 K and 77 K, as further described in Supporting

Information.

It is known from experimental studieses that BChl a #8 is only weakly bound in the FMO
protein and an occupancy of site #8 depends on a protein preparation procedure. It is estimated
that in the procedure utilized in samples that were used for measuring the spectra shown in
Figures 4a and 4b, BChla a #8 is present in ~55% of cases.17,28 Thus, we mimicked a partial
occupancy of site #8 by combining spectra of individual snapshots with a proportion of 45% of

7-site Hamiltonians and 55% of 8-site Hamiltonians.

Analyzing Figure 5, it is noteworthy that the quality of the QM/MM, QM/EFP-noPOL and
QM/EFP models cannot be deduced from comparing absorption spectra alone, as all three
models produce two intense central peaks and red- and blue-side shoulders. However, the
QM/EFP absorption spectrum appears to be somewhat more structured with a more pronounced
red-side shoulder that corresponds to the absorption of the lowest energy excitonic state. CD
spectra provide a more stringent test for the model accuracy, as the signal from different
excitonic transitions can have both positive and negative signs. Out of the three computational
models, only QM/EFP manages to reproduce characteristic (starting from the red side) down-up-

down-up-down sequence of peaks observed both in high and low temperature CD experiments,
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while the QM/MM and QM/EFP-noPOL models fail to reproduce a qualitative shape of the
experimental CD spectra. A decomposition of the absorption and CD spectra into contributions
of individual excitonic states is provided in Supporting Information (Figures S12 and S13), from
which it follows that the first (right-most, negative) and second (positive) peaks in CD are
produced by the lowest energy excitons 1 and 2, while exciton 4 determines the third (negative)
peak of CD. Interestingly, exciton 3 has opposite (positive or negative) CD signals in 7-site and
8-site models, due to the contribution of BChl a #8’. Overall, we conclude that only the
polarizable QM/EFP model faithfully captures excitonic interactions in FMO and is capable of

reproducing quantitatively both absorption and CD spectra.

Absorbance
Circular Dichroism

@ o) © (@ K

1|

NalaainaiDisg

Expt. 295K Expt. 77K am/MM QM/EFP-noPOL QM/EFP

-0.4

Absorbance and Circular Dichroism, a.u.
o
N

760 780 800 820 840 760 780 800 820 840 760 780 800 820 840 760 780 800 820 840 760 780 800 820 840
wavelength, nm

Figure 5. Absorption (green) and CD (blue) spectra of the FMO complex. Experimental spectra
measured at 295 K (a) and 77 K (b) and computed spectra using QM/MM (c), QM/EFP-noPOL
(d) and QM/EFP (e) models. Computed spectra are obtained by combining spectra of individual
snapshots with a proportion of 45% of 7-site Hamiltonians and 55% of 8-site Hamiltonians. For a
comparison with experimental spectra, QM/MM and QM/EFP-noPOL spectra are shifted by -

2800 cm-1 and QM/EFP spectra are shifted by -2430 cm-1.
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We note in passing that the spectra modeled using electronic couplings computed with
transition charges and point dipole approximation are qualitatively similar, with the transition
charge model producing a better-resolved lowest-energy (first exciton) shoulder in the absorption
spectrum and a better-resolved middle region (795-805 nm) of the CD spectrum. Detailed
comparisons of transition charges and point dipole approximation models are provided in

Supporting Information (Figs. S9, S11, S15).

To summarize, we developed a multi-scale modeling strategy for describing excitonic
properties of pigment-protein complexes. The modeling is based solely on the x-ray structure of
the protein complex and does not use other input from experiments. The main steps of the
modeling procedure include classical MD simulations, followed by partial correction of pigment
structures by constrained QM/MM geometry optimizations. Then the excited state calculations of
electronic states and transition charges of chromophores are conducted with TD-DFT PBE0/6-
31G(d) in polarizable embedding in which the protein is modeled with the Effective Fragment
Potentials. This computational protocol was successfully applied to model the excitonic
properties of the Fenna-Matthews-Olson photosynthetic complex and resulted in the electronic
Hamiltonian that is in an excellent quantitative agreement with previously proposed empirical
Hamiltonians. The theory reproduces all major features of absorption and CD spectra of the
FMO protein complex. We demonstrate that such an agreement between modeling and
experiment becomes possible due to (i) utilizing accurate structures of photosynthetic pigments
for computing excitation energies, and (ii) representing the protein environment with a
polarizable model. Successful first principles-based modeling of the FMO complex opens

exciting avenues for predictive modeling of other wild type and mutated photosynthetic pigment-
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protein complexes that will provide mechanistic understanding of interactions in these complex

systems.

Supporting Information. Supporting Information includes description of experimental methods

and computational details.
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