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First—principles calculations within the framework of real-space time—dependent density functional theory have been performed
for the complete chlorophyll (Chl) network of the light—harvesting complex from green plants, LHC-II. A local-dipole analysis
method developed for this work has made possible studies of the optical response of individual Chl molecules subject to the
influence of the remainder of the chromophore network. The spectra calculated with our real-space TDDFT method agree with
previous suggestions that weak interaction with the protein microenvironment should produce only minor changes in the absorp-
tion spectrum of Chl chromophores in LHC-II. In addition, relative shifting of Chl absorption energies leads the stromal and
lumenal sides of LHC-II to absorb in slightly different parts of the visible spectrum providing greater coverage of available light
frequencies. The site-specific alterations in Chl excitation energies support the existence of intrinsic energy transfer pathways

within the LHC-II complex.

1 Introduction

Central to the continued existence of life on Earth, the conver-
sion of solar energy into a chemical form that can be stored
until needed, transported to different parts of an organism and

1 Electronic Supplementary Information (ESI) available: [Additional spec-
tra for LHC-II chromophores, decomposition of LHC-II spectra into re-
gional contributions, images of complexed chlorophyll geometries and inter-
chromophore distances.]. See DOI: 10.1039/b000000x/
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released as required in order to drive the fundamental pro-
cesses of biology is one of the most highly studied of all
biochemical phenomena. Developing a detailed understand-
ing of the microscopic physical processes involved in pho-
tosynthesis has the potential to directly impact upon a wide
range of technological applications. These range from optimi-
sation of food crop production % to aiding attempts to utilise
aspects of photosynthetic light harvesting to generate usable
energy either directly in conventional solar cell apparatus>*
or through secondary processes such as hydrogen combustion
in photosynthesis-driven (bio)reactor systems.>8

More than 50% of the light captured by green plants for use
in photosynthesis is absorbed by the major light harvesting
complex (LHC-II).? LHC-II is a trimeric protein assembly
with three—fold symmetry and containing over 17,000 atoms.
Complexed within the protein framework, each monomer unit
contains 14 chlorophyll (Chl) molecules (both type a and b)
that are the key functional units in the light-harvesting process
in LHC-II (Figure 1).*!9 Additionally, each monomer con-
tains four secondary carotenoid chromophores (lutein (x2),
neoxanthin and violoxanthin) that play important roles in pho-
toprotection and energy transport within LHC-IL. '1-13 Ap-
proximately 7,000 of the LHC-II atoms belong to the chro-
mophores (Figure 1). Usually bound within cell membranes in
vivo, LHC-II possesses a robust structure and maintains struc-
tural integrity during purification and crystallisation meaning
that the detailed structure has been obtained from crystallo-
graphic studies and that it has become possible to perform ex-
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Stroma (outside membrane)

Fig. 1 LHC-II trimer, showing locations of protein, carotenoid and
Chl molecules (Chl a in blue and Chl b in green) of one monomeric
unit. For improved visability hydrogen atoms, Chl phytyl chains and
primary structure of the protein are not shown.

perimental studies of isolated LHC-II. 1416

After absorption of light, excitation energy is transferred
from the LHC-II antenna to a photosynthetic reaction center
complex. At low light levels the quantum efficiency of this
process approaches unity.# It is interesting to note that at chro-
mophore concentrations three orders of magnitude smaller
than those found in biological light harvesting systems, so-
lutions of chlorophyll display negligible radiance due to con-
centration quenching of the fluorescence process. !’ The elec-
tronic structure of the chromophores within LHC-II clearly
must undergo considerable modification relative to the same
group of chlorophyll molecules in bulk solution. '

Various models based on excitonic coupling between the
Chl units and/or modulation of the chromophores’ energy lev-
els by the protein environment have been invoked to explain
the high efficiency of excitation energy transfer (EET) in pho-
tosynthesis. 1822 In bacteria the excitonic mechanism domi-
nates, however there is evidence supporting a more micro—
environment driven mechanism being most important in plant
LHC-IL. %1516

The electronic structure of the Chl antenna molecules of
LHC-II is well understood as are the nature of the excitations
involved in photo—absorption by Chl in the relevant regions
of the solar spectrum. Whilst the effect of the protein envi-
ronment on the optical response of the Chl chromophores is
accepted as being minimal, the role of chromophore packing
remains less well studied but can be expected to have a greater
impact on the absorption spectra due to the interaction of elec-
tronic states of very similar energies. Due to difficulties in ap-

plying computational electronic structure methods to systems
of this size, previous theoretical studies have tended to focus
on the individual chromophores in isolation with some sim-
ple model of the complex micro—environment or by a small
explicit portion of the complex.

Here, we report a first—principles study of the electronic ab-
sorption spectrum of the full LHC-II Chl chromophore net-
work in which all atoms were treated at the same theoreti-
cal level using real-space time-dependent density functional
theory (TDDFT)?* as implemented in the OCTOPUS code.?
Some of the TDDFT calculations performed in this work are
at the edge of what is feasible with today’s computer resources
and required extensive optimisations of OCTOPUS. These in-
volved not only the parallel execution?®, but also issues related
to memory management27, the Poisson solver?3, the initial-
isation?’, input/output efficiency? and post-processing. To
the best of our knowledge the geometry optimisation of the
full 17,000 atom LHC-II complex performed in this work us-
ing the MOPAC electronic structure package is the largest per-
formed to date using semi-empirical electronic structure meth-
ods.

Using a newly implemented charge density decomposition
method we have obtained results which highlight alterations in
individual Chl spectra within the complete Chl network which
contribute to broadening the coverage of the optical spectrum
by LHC-II in green plants. Similarly, our decomposition anal-
ysis indicates that the Chl chromophores located at the stro-
mal and lumenal sides of the thylakoid membrane provide dis-
tinctly different contributions to the total LHC-II absorption
spectrum. Furthermore, relative shifts of the stromal/lumenal
Chl spectra suggest possible intrinsic directions for the flow of
excitation energy within the complex.

2 Methods

2.1 Preparation of LHC-II Geometry

The initial geometry of LHC-II was extracted from the crystal
structure of the spinach major light-harvesting complex (PDB
accession code 1IRWT).3! Several lipid molecules originating
in the experimental crystallisation mixture that remained in
the crystal structure, 3-nonylglucoside and digalactosyl diacyl
glycerol, were removed as these were not part of the biological
unit. Furthermore, these were expected to have little or no
impact on the excited state electron dynamics of the LHC-II
chromophores.

Hydrogens were added using the Chimera molecular mod-
eling package.3? At this stage it was necessary to select the
protonation state of acidic residues located at the stromal and
lumenal membrane/aqueous interfaces of LHC-II. It was de-
cided to protonate all acidic side chains at these interfaces
since it was considered that in the cellular environment the
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charges associated with these side chains would be effectively
shielded by counter-ions in solution or by association with
other charged bio-molecular species. Since accurate modeling
of this shielding was beyond the scope of the present study the
simplified approach of capping these side chains with protons
was considered most likely to provide a reasonable model of
the charge environment in these regions of the LHC-II struc-
ture. The initial structure prepared in this way possessed a net
charge of +30. The total number of atoms in this structure was
17,280.

Following the initial placement of the hydrogens on the
LHC-II structure it was necessary to refine their positions
and since there was a strong possibility that protonation states
could have been misassigned it was decided to use a method
that would permit the migration of protons away from un-
favourable sites and/or towards more favourable ones. This
requirement meant that approaches that used classical force
fields, and therefore had fixed bonding connectivities, could
not be employed. A solution to this problem lies in quantum
mechanical electronic structure methods where no bonds are
enforced and atomic nuclei are free to move in the potential
created by the electronic structure of the system being stud-
ied.

Due to the size of the LHC-II system the only feasible
choice in this case was to use a semi-empirical electronic
structure method. The recently developed PM7 Hamilto-
nian as implemented in the MOPAC semi-empirical electronic
structure package was selected as this has been shown to
closely reproduce molecular geometries calculated with high
level quantum chemical methods and also provides a good
model of weaker interactions such as hydrogen-bonding and
dispersion forces. 3>

The initial step in the refinement of the crystal structure at
the PM7 level involved optimisation of the positions of only
the hydrogen nuclei with all other atoms fixed in space. In ad-
dition to refining the hydrogen positions this highlighted some
cases where the initial guess for the protonation states of ion-
isable residues had been incorrect. In these cases occurrences
such as the formation of salt bridges or the presence of very
long bonds between acidic groups and protons were taken as
indicators that the local protonation state had been incorrectly
assigned. This hydrogen optimisation procedure was repeated
in an iterative fashion each time correcting the protonation as-
signments until no further change was observed. This proce-
dure resulted in a reduction of the total charge to zero giving
an overall neutral structure.

Next, a full geometry optimisation was carried out on all
ligand molecules including waters. The rationale for this
was that the ligand molecules (including all important chro-
mophores in the LHC-II system) would be the most impor-
tant for the later calculations of the optical absorption pro-
cesses and these should be optimised as fully as possible.

During this process it was found that the parameterisation of
the PM7 Hamiltonian for the interaction between nitrogen and
Mg was incorrect and gave rise to overly long internuclear
distances that resulted in the Mg?" ions being displaced out
of the plane of the chlorophyll macrocycle by up to 1.4 A.
Re-optimisation of the necessary PM7 parameters was per-
formed so as to reproduce a chlorophyll geometry calculated
at the DFT/PW91D/6-31G(d) level of theory. The improved
PM?7 description of this interaction produced out of plane dis-
placements closer to 0.3 A. The improved PM7 parameters
were used in all subsequent semi-empirical calculations in the
present work and have been incorporated into all distributions
of MOPAC released since the beginning of 2014. An overall
gradient cutoff of 25 kcal mol~! A~! was employed and this
gave final gradients for the individual chromophores and lig-
ands of less than 4 kcal mol~! A~! which is not much above
that which could be expected to be achieved in the optimisa-
tion of small to medium sized molecule in isolation.

The final stage was to refine the crystallographic structure
of the full system of proteins, ligands and waters to attempt to
produce a total structure that was as well optimised as possi-
ble. Given the complexity of the biological setting of LHC—
IT where the system exists embedded in a lipid bilayer and
has numerous interactions with other proteins and biochem-
ical structures it was not feasible to attempt to replicate the
packing effects of this environment. Similarly, the crystal en-
vironment was too complex for any attempt to model its ef-
fects. For this reason it was decided to perform a constrained
refinement of the total LHC-II system that would permit local
optimisation of bond lengths and angles but incorporate suf-
ficiently strong restrains that larger movements involving e.g.
torsional rotations would not occur. The reason for this be-
ing that test optimisations where no such restraints had been
applied had shown that the protein structure began to slowly
unravel in the absence of any environment (limitations in the
accuracy of the PM7 method may also be expected to play a
part in this process).

Table 1 Restraint strengths and final RMSD values for the
constrained PM7 refinement of the full LHC-II system

Restraint strength / kcal mol~! A2 Final RMSD / A
10 0.044

5 0.064

1 0.151

0.5 not converged
0.1 not converged

A series of these constrained refinements were performed
with restraint values of 10, 5, 1, 0.5 and 0.1 kcal mol~! A—2,
With values of 10, 5 and 1 kcal mol~! A2 convergence
was achieved and low total RMSD values with respect to
the crystal structure of the protein were obtained (see Table
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1). The lower restraint values did not converge to a steady
RMSD even after several hundreds of refinement steps. Thus,
it was decided that the LHCII geometry obtained from the
refinement using a restraint strength of 1 kcal mol~! A2
(final RMSD = 0.151 A) was the best possible structure
using this methodology and this was chosen to be used in the
subsequent TDDFT calculations.

2.2 Real-space time—propagation TDDFT calculations

All absorption spectrum calculations of the LHC-II com-
plex were performed with the real-space/time—propagation
TDDFT code OcTOPUS.253435 [n OcToPUS, all the rele-
vant functions are discretised in a real-space regular rectan-
gular grid. To make the calculations computationally afford-
able, the core electrons were treated using norm-conserving
Troullier-Martins pseudopotentials. These pseudopotentials
were filtered using the scheme proposed by Tafipolsky and
Schmid to remove the high frequency components that can-
not be described accurately in the grid.3® The grid parame-
ters that control the numerical convergence are the spacing
between the grid points and the size of the simulation box.
We found that a grid spacing of 0.2 A and simulation boxes
constructed from a union of spheres of radius 4 A centered at
the nuclei were necessary to converge the position of the main
spectral peaks within 0.1 eV in all our calculations. All cal-
culations were performed using the Perdew-Burke-Ernzerhof
(PBE) exchange—correlation functional corrected using the
averaged—density self—interaction (ADSIC) method proposed
by Legrand and co-workers which reduces the self-interaction
error of the semi—local DFT approach and restores the correct
—1/r asymptotic behavior of the exchange functional.3”-3

Absorption spectra were computed using time—propagation
TDDFT as implemented in the OCTOPUS code.?>3*3> In this
approach the time—independent Schrodinger equation for the
system, eqn (1), is initially solved using the Kohn—Sham
ansatz to obtain the electronic wavefunctions y;(r) and the
N-electron ground-state charge density n(r) of the ground—
state:

hiswi(r) = &yi(r) (1)

N
n(r) =Y | i) | @
n=1

It should be noted that only occupied states need be calcu-
lated as unoccupied states are not used in the subsequent steps.

An instantaneous electric field perturbation x is applied to
the Kohn—Sham states ;(r) in one of the cartesian directions
s0 as to introduce a small momentum to the electrons and the
states are then repeatedly propagated for short time steps 07

i(r, 81) = ¢ “y;(r,0) 3)

to obtain the time-dependent charge density n(r,7). This is
repeated for each of the x,y,z directions and the absorption
spectrum is then obtained from the relationship between the
dipole strength function S(®) and the dynamical polarisability
()

2

S() = :Sa(w)

4)

where the frequency—dependence of o(®) is obtained as in
eqn (5) from the Fourier transform of the time evolution of the
induced electric dipole [d(¢) —d(0)].

a(w) = % / dt ¢ [d(t) —d(0)] 5)

The time—propagation after the perturbation was continued
until 60 7i/eV (39.49 fs) for the isolated chromophores and
chromophore networks. A total propagation time of 60 7i/eV
was also used for the study of the protein environment. This
simulation time allows a good peak resolution (being the full
width at the half maximum 27 /T = 0.105 eV) for both Q— and
Soret-band. The largest time—step that ensured the numerical
stability of the time propagation in all calculations was found
to be 0.003 7i/eV (0.00197 fs).

The contribution of each individual chromophore to the
optical response of the whole system was obtained by per-
forming an a posteriori decomposition of the electronic den-
sity. The local electronic density corresponding to each chro-
mophore has been obtained by performing a division of the
ground-state density based on the Bader charge-topological
approach.3® The dynamical polarisability tensor assigned to
each chromophore can then be obtained by applying the cor-
responding Bader volume to the time-dependent electronic
densities of the entire system. Figure S1 shows the conver-
gence of the simulated spectra while increasing the size of
the chromophore Bader volume with respect to the one ob-
tained for the chlorophyll molecule 60756 (numbering from
PDB file IRWT). These tests indicated that the phytyl chain
does not play an important role in the absorption process, and
these were therefore removed when computing the spectral
decomposition of the chlorophyll network. Figure S2 shows
the selected Bader volumes for the chlorophyll network of the
monomer for which the local dynamical polarisability tensors
have been computed.

Although alternative schemes for partitioning of the charge
density exist, methods such as those of Voronoi#® or Hirsh-
feld*!*? require that assumptions must be made concerning
the partitioning based on pre—computed promolecular/atomic
densities whereas the Bader method relies purely on the fea-
tures of the density in question, removing the need for such
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Fig. 2 Distribution of peak energies in Chl TDDFT spectra. Q-band
excitations occur between 1.9-2.0 eV and those of the Soret—band
between 2.5-2.9 eV. Chl numbering taken from PDB file IRWT.
Solid lines correspond to isolated Chl spectra and dashed lines to
spectra of the individual Chl within the LHC—II monomer Chl
network, calculated using our local-dipole method. Vertical lines
indicate the position of the maxima of the Q— (1.86 eV) and
Soret—band (2.62 and 2.85 eV) found experimentally. 3

approximations. Similarly, testing convergence of the calcu-
lated spectra with respect to the selected density volumes in a
first—principles manner as described above would be compli-
cated by the approximations involved in these other methods
and so they were not considered for the present work.

3 Results and discussion

3.1 Individual LHC-II chromophores

3.1.1 Isolated chlorophylls. Initial calculations focused
on the spectra of the isolated Chl chromophores using geome-
tries obtained from the structure optimisation of the full com-
plex (Figures S3-S4). The peaks corresponding to the Q- and
Soret-bands were calculated to occur between 1.9-2.0 eV and
2.5-2.8 eV, respectively (Figure 2). The experimental Q-band
energy obtained from the LHC-II spectrum is 1.86 eV whilst
the Soret-band contains two peaks at 2.62 and 2.85 eV (as-
signed to Chl b and a, respectively).*> Recent in vacuo exper-
imental studies of the Chl absorption spectra put the lowest
energy excitation (Q-band) at 1.93 eV (Chl @) and 1.98 eV
(Chl b) whilst the Soret—band was found to have its maximum
at 3.06 eV (Chl ) and 3.00 eV (Chl b).*** Good performance
of the TD-PBE-ADSIC method for the Q—band excitation and
worse performance for the Soret-band might reasonably be
expected since the former is a predominantly single electron
excitation, which is well described by TDDFT, whilst the lat-

Fig. 3 Model system used in evaluation of effect of protein
environment on chlorophyll absorption spectrum. Chlorophyll 608b
carbons shown in grey, amino acid side chain carbons in brown.
Except for water molecules, all hydrogen atoms are omitted to aid
visualisation. This Chl was selected because of its more complete
protein surroundings as compared with other Chl which overlapped
significantly with neighboring chromophores (Figure S9).
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Fig. 4 Effect of inclusion of surrounding amino acid residues on the
spectrum of Chl 608b. Vertical lines indicate the experimental
position of the Q-band (1.86 eV) and Chl b component of the
Soret-band (2.62 eV).*3

ter is known to possess significant multiple—electron character
that is not properly described in the adiabatic TDDFT frame-
work. *¢47 However, tests of the current methodology with the
optimised geometries that were used in the analysis of the ex-
perimental in vacuo absorption spectra®** indicate that our
real-space TD-PBE-ADSIC approach in fact performs very
well in predictions of the experimental Q- and Soret—band
maxima (Figure S5).
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3.1.2 Effect of protein environment. A test to investi-
gate the effect of the protein environment on the spectrum of
chlorophyll was performed for Chl 608b. This Chl from the
stromal—side of LHC-II was selected because of its more com-
plete protein surroundings as compared with other Chl which
overlapped significantly with neighboring chromophores (Fig-
ure 3). The plots in Figure 4 compare the calculated spec-
tra with an experimental LHC-II absorption spectrum*? and
show that the overall effect of the protein environment is a
red—shifting of the Chl spectrum, with the low energy Q-
band being shifted by -0.1 eV but the Soret-band undergoing
a larger shift of -0.3 eV. The red—shift of 0.1 eV for the low
energy excitation is the same as that seen in the experimen-
tal in vacuo spectra of both the a and b forms of ChL.* A
second effect observed was that the ratio of peak intensities
Q:Soret (1:10 in vacuo) also changed on inclusion of the pro-
tein environment to 1:2, the same as seen for the experimental
spectrum in Figure 4. The appearance of the small peak at
~ 1.65 eV is most likely due to transfer of oscillator strength
from the red—shifted Soret-band peaks. Similar promotion of
dark states was also observed in the local-dipole analysis of
the individual Chls (Figure S4).

Based on the data obtained from the Chl 608b/protein study
it was decided to remove the majority of the protein from the
optimised LHC-II structure in order to reduce the dimension
of the electronic structure calculation. Amino acid side chains
and waters directly complexed to Chl Mg+ ions were retained
as were charged species lying close to the chlorin ring (Figure
S3) because these were expected to play a major role in mod-
ulating the details of the absorption spectrum.

3.1.3 Carotenoids. In addition, the absorption spectra of
the carotenoid molecules in isolation were calculated after ex-
traction from the optimised LHC-II structure. Although the
applicability of TDDFT methods to the calculation of the ex-
cited states of polyene molecules such as the carotenoids is
known to be problematic,*’ the agreement between computed
and experimental results was found to be very good in terms
of excitation energies (Figure S6). This can most likely be
attributed to the geometry optimisation which produced some
distortion (relative to the planar gas-phase geometry) of the
polyene chain due to the effects of the LHC-II microenviron-
ment. *34 However, because of the lack of polyene chain mo-
tions in the simulations the peaks themselves were overly in-
tense and interfered with the interpretation of the Chl network
spectrum (Figure S7).

The main roles of the carotenoids, besides providing cover-
age of the green region of the optical spectrum, are accepted as
being involved with photoprotection and energy transfer. %52
The location of the carotenoid absorption maxima means that
their influence on the absorption spectrum of the Chl network
should be minimal and this is supported by the calculated
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Fig. 5 LHC-II monomer (red), dimer (blue) and trimer (green)
TDDFT spectrum. The absorption intensities of the dimer has been
scaled by half and the trimer by one third to aid in comparison of the
spectra. The filled gray curve is the experimental absorption
spectrum of LHCII.* Here the lower absolute accuracy of TDDFT
for the predominantly multi-electron Soret-band excitation energies
(discussed above) can be seen.

spectra in Figure S7. It was therefore decided to also remove
the carotenoid molecules so as to facilitate the analysis of the
calculated Chl spectra.

The resulting simplified LHC-II trimer chromophore net-
work contained 6075 atoms corresponding to 15600 explicitly
calculated electronic states (after removal of core electrons by
the pseudopotential approximation).

3.2 Chlorophyll network in LHC-II monomer, dimer and
trimer

The calculated spectra of the LHC-II monomer, dimer and
trimer Chl networks are shown in Figure 5. The experimental
LHC-II absorption spectrum (filled grey curve) displays the
Chl Q- and Soret—bands at approximately 1.85 and 2.6/2.8 eV
for the b and a forms, respectively.*3 Our calculated spectra
show good agreement with experiment; very little deviation
was observed for the Q-band (approximately 0.05 eV), while
the Soret-band was found to display a larger deviation of ~
0.35eV.

This Soret-band shift relative to the independent Chl
molecules is similar to that seen for Chl 6085 in the tests of the
effect of the protein environment (see above) and suggests that
a similar non-specific environmental effect on the Chl Soret—
bands can be expected from the presence of adjacent Chl chro-
mophores.

From these spectra, and the inter-monomer local-dipole
analysis (Figure S8), it appears that the contribution of each
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Fig. 6 LHC-II monomer TDDFT spectrum. Contribution from Chl
at stromal side (left) and lumenal side (right) of the membrane. Chl
a are in red and Chl b in green, the gray line shows the calculated
spectrum for the full monomer chlorophyll network. Individual Chl
contributions are summed to give the curves shown here.

monomer to the total spectrum is essentially independent and
only minor inter-monomer perturbations exist.

3.2.1 Local dipole analysis of individual chlorophyll
spectra. In order to study the contribution of the constituent
Chl chromophores, the absorption spectrum for each was com-
puted in situ by selecting the corresponding charge density
based on a Bader charge—topological analysis3® (Figure S2)
and studying its time-dependent induced dipole moment ob-
tained from the TDDFT charge density propagation. Analyzed
in this way, these spectra differ from the separate Chl spectra
(Figure S4) due to the fact that they include the influence of
the remainder of the Chl network system, thus providing an
accurate representation of the absorption spectrum of a given
chromophore within the LHC-II (minus the shift due to the
protein environment which, as discussed above, is essentially
constant).

Figure 2 shows the variation in the location of the peaks
for each individual Chl molecule within the chromophore net-
work. Overall, the inclusion of interactions with the other
chromophores leads to a red-shift in the peak energies. In
general, the major influence of the chromophore network on
the individual chlorophylls appears to be similar to that found
previously for the protein environment effect, i.e., that an elec-
trostatic interaction is sufficient to explain the observed spec-
tral shifts. The largest observed effect was a strong red—shift
(~ 0.2 eV) on the Soret-band of the Chl » molecules chloro-
phylls in the lumenal side of the LHC-II complex. Contrary to
the non-specific electrostatic red—shift, this larger alteration in
absorption energy can be attributed to an electronic interaction
due to a close overlap between 605b, 606b and 607b. This is
highlighted in Figure S9 which shows schematically the spa-
tial distribution of the Chl molecules within a single LHC-II

monomer.

Figure 6 shows the contributions of the Q— and Soret— band
of the different chlorophylls obtained from the local Bader
analysis of the total monomer charge density. This approach
facilitates the separation of the chromophore contributions to
the photo-absorption profile of the LHC-II system. These
data indicate that the LHC-II Q-band can be attributed mainly
to Chl a. Furthermore, this analysis suggests that the small
Q-band shoulder observed experimentally is due to differ-
ences in absorption energy between lumenal and stromal chro-
mophores. Given that energy transfer pathways should be de-
termined in our static model system by excitation frequency
gradients alone, our results can be taken to indicate that the
most probable energy transfer after an excitation in the Q-
band region should take place following an energy descent
path from lumen to stroma, in agreement with data obtained
using femtosecond transient absorption spectroscopy.>>

Two key observations were made regarding the Soret—band
in the present work. Our simulations indicate that the Chl a
molecules located on the lumenal side are subject to a blue—
shift relative to the Chl a on the stromal side of LHC-II, broad-
ening the LHC-II complex Soret-band. This enables LHC-II
to absorb light across a broader range of frequencies. In addi-
tion, our calculations show that the peak at approximately 2.3
eV (2.6 eV experimentally) is due to the Chl b molecules. As
a result of the local-dipole analysis it was found that lume-
nal chlorophylls (6056-606b—607b) cause broadening of the
Soret—band to the red. These results, which display a signif-
icant difference in Soret-band energy in the chlorophylls in
different locations within the complex, suggest a route for the
LHC-II system to absorb blue light on the stromal side and
then transfer the excitation energy down the energy gradient
to the center of the complex where 6075 is located.

These spectral alterations are most pronounced for a small
subset of the chromophores studied; the majority of the Chl
spectra do not undergo large alterations when the influence
of the chromophore network is taken into account (Figure
S4). This suggests that the overall electronic structure of the
Chl is not altered significantly when the entire network is in-
cluded, and the small observed red—shift can be attributed to
a Coulombic effect. This suggests that most of the excita-
tion energy transfer (EET) ought to be reasonably described
by the electric dipole moment coupling scheme proposed by
Forster.”* However, due to the specific relative orientation of
Iumenal Chl b molecules, a strong red—shift and change of the
shape of the Soret—band are observed, which suggest that non-
electrostatic effects are relevant and Forster’s theory is not suf-
ficient to describe the EET between Chl chromophores on the
Iumenal side of the LHC-II trimer.
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4 Conclusions

The absorption spectrum of the full Chl network of the ma-
jor light harvesting complex, LHC-II, has been simulated us-
ing first-principles electronic structure methodology. We have
demonstrated that the electrostatic and non-electrostatic effect
of the environment as well as specific Chl-Chl interactions are
essential for theoretical investigations of systems of this type
and that these effects combine to produce significant modula-
tion of the LHC-II absorption spectrum. Local analysis of the
contribution of each Chl has been introduced and shown to be
a powerful tool for use in studying inter-chromophore inter-
actions and site-specific contributions to the total absorption
spectrum.

This work indicates that after light absorption in the Q-
band region of the LHC-II spectrum the most probable excita-
tion energy propagation will take place from lumen to stroma
(Figure 6 and S10). The major source of absorption in the
Soret—band region can be attributed to the Chls situated in the
stromal side of the thylakoid membrane. Thus, light energy of
around 2.5 eV absorbed in the stromal half of LHC-II should
be transferred to the low—energy lumenal grouping of Chl b
in the center of the complex. Ongoing studies using our real-
space TDDFT method on the Chl network aim to quantify the
proposed coupling between chromophores and distinguish its
different components in order to clarify the EET mechanisms
within LHC-II.
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