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Abstract Accumulation of reduced pheophytin a (Pheo-
D1) in photosystem II reaction center (PSII RC) under illu-
mination at low redox potential is accompanied by changes in
absorbance and circular dichroism spectra. The temperature
dependences of these spectral changes have the potential to
distinguish between changes caused by the excitonic interac-
tion and temperature-dependent processes. We observed a
conformational change in the PSII RC protein part and
changes in the spatial positions of the PSII RC pigments of
the active D1 branch upon reduction of Pheo-D1 only in the
case of high temperature (298 K) dynamics. The resulting
absorption difference spectra of PSII RC models equilibrated
at temperatures of 77K and 298 Kwere highly consistent with
our previous experiments in which light-induced bleaching of
the PSII RC absorbance spectrum was observable only at
298 K. These results support our previous hypothesis that
Pheo-D1 does not interact excitonically with the other
chlorins of the PSII RC, since the reduced form of Pheo-D1

causes absorption spectra bleaching only due to temperature-
dependent processes.
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Introduction

Photosystem II (PSII) is one of several protein assemblies
that function cooperatively in photosynthesis. Despite great
progress in the study of the molecular structure and protein
composition of PSII by electron microscopy [1] and X-ray
crystallographic analysis, the resolution is not yet sufficient
to detect individual atoms [2–6]. As more structural data on
PSII become available, new questions arise concerning the
nature of the so-called exciton interactions between the PSII
reaction center (PSII RC) chlorin pigments (chlorophyll a
and pheophytin a). The exciton interactions (delocalization
of the excited states) are caused by dipole–dipole coupling
between proximal pigments, and they are important for
photosynthetic function in defining the precursor state to
the initial charge separation. Such exciton interactions can
be essential in the interpretation of experimental results
because they can strongly influence the properties of the
optical transitions monitored in many studies of photosyn-
thetic complexes. In contrast to bacterial RCs, in which the
interaction between two bacteriochlorophylls of a specific
pair dominate, there is comparable exciton interaction
among core pigments in the PSII RC [7]. Chlorin pigments
are collectively responsible for a ‘multimeric’ absorption
band S0−S1 (Qy transition) around 680 nm, which is red-
shifted relative to monomeric chlorophylls. Some important
details on exciton interactions within chlorin aggregates and
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photosynthetic pigment-protein complexes have been re-
vealed by circular dichroism (CD) and absorption spectros-
copy, single-molecule spectroscopy, and also from theoretical
approaches using molecular structure-based computational
models [8–11].

Within the computational approach, some approxima-
tions in the molecular exciton model are required. The
magnitudes of transition dipoles of chlorophylls, character-
izing the transition of ground to low-lying electronic
excited states, are quite large and usually it is the lowest
electronic transitions, so-called Qy exciton states, that are of
interest because higher excited electronic levels of pigments
overlap significantly. The computational molecular struc-
ture-based exciton method can be divided into two main
computational parts. The first consists of the construction of
the Hamiltonian matrix, in which the interaction energies
between the molecules (pigments) form non-diagonal
matrix elements, whereas individual transition energies of
the PSII RC chlorins form diagonal matrix elements. The
interaction energies can be calculated by several ap-
proaches, but the most popular is the method of point
dipole and point-monopole interactions. The point-dipole
method [12] concerns the interaction energy between the
transition dipole moments, whereas the point-monopole
method [13] describes the interaction energy between
transition monopoles. Both approximations are popular for
their simplicity and also reliability since they provide
optical spectra (absorbance, linear and circular dichroism
and triplet-singlet difference absorption) comparable with
those obtained from experiments [8, 10, 11, 14–19]. The
second computational part of the exciton spectra calculation
involves matrix diagonalization in order to obtain matrix
eigenvectors along with the molecular electric transition
dipoles. One may then calculate dipole strength as well as
rotational strength (related to absolute molar extinction or
absolute molar ellipticity, respectively) for each of the
matrix eigenvalues (related to exciton energies). The stick
spectra obtained can be completed with Gaussian forms in
order to simulate the true inhomogeneously broadened
spectra caused by stochastic fluctuations in the protein
environment.

The final band shapes of the absorption spectra depend
significantly on the relative strength of the energy param-
eters entered in the Hamiltonian equation. A very important
factor affecting the quality of optical spectra calculations is
the molecular structure of the system studied. Calculated
optical spectra of PSII RC cofactors taken directly from X-
ray crystal structures have been very often in good
accordance with experimental spectra. However, it has
been suggested recently [8] that time- and temperature-
dependent processes should be studied on the dynamic 3D
molecular structures obtained from molecular dynamics
(MD) simulations.

In our previous theoretical study [11], we provided an
explanation of our former experimental results [20]
concerning reversible bleaching of absorbance and CD
spectra upon selective light-induced oxidation of the
primary electron donor P680. The effects of the light-
induced reduction of the primary electron acceptor pheo-
phytin a (Pheo-D1) [20] in the presence of the artificial
electron donor sodium dithionite could be also analyzed
using a similar theoretical approach. It was observed that, at
high temperature (277 K), the resulting absorbance differ-
ence and CD spectrum bleaching were much lower
compared to primary donor oxidation, and that, at low
temperature (77 K), no reversible light-induced change in
the CD spectrum was detected. Because of this temperature
dependence in the light-induced absorbance and CD
changes we have suggested that, at room temperature,
reduced Pheo-D1 induces a conformational change in the
protein surroundings, and consequently affects the original
optical spectra. These charge-induced processes do not
occur at low temperature, and therefore the reduced form of
Pheo-D1 should not affect the CD and absorbance spectra.
This hypothesis is also supported by previous suggestions
[18, 21] that charge-induced processes cause conformation-
al changes in protein surroundings, which consequently
influence energy transfer and primary charge separation
reactions in the PSII RC.

Here, we present a theoretical study on light-induced
effects in the PSII RC embedded in a lipid-like membrane,
by application of a molecular structure-based model
consisting of an exciton model coupled with MD simu-
lations. The equilibrium structure of the PSII RC was
negatively charged (reduced) on Pheo-D1 by an electron to
observe any possible characteristic bleaching in the absorp-
tion difference (neutral minus charged) spectra for the Qy

transition at two significantly different temperatures (77 K
and 298 K).

Materials and methods

Model of PSII RC

The initial 3D molecular structure of PSII RC was inferred
from X-ray diffraction experiments on PSII isolated from
Thermosynechococcus elongatus at 3.0 Å resolution (PDB
2AXT) [2]. Our model consists of four large protein
subunits of a D1/D2 heterodimer (psbA, psbD) and light-
harvesting proteins CP47 and CP43 (psbB, psbC), a
heterodimer of cytochrome b-559 (psbE, psbF), and nine
low-molecular weight membrane subunits (psbH, psbI,
psbJ, psbK, psbL, psbM, psbT, psbX and psbZ). Three
membrane extrinsic subunits, PsbO, PsbU, and PsbV,
interacting with the extended loop regions of D1, D2,
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CP43 and CP47 are relatively far from the membrane-
associated parts of the PSII RC complex and have not been
included in the model. The disulfide bond between D1-Cys
212 and D2-Cys 211 was created, and protonation of His,
Asp and Glu residues was predicted by the pKa prediction
subroutine in the molecular modeling package YASARA
[22, 23]. The carboxyl groups of all Asp and Glu residues
were not protonated. Two histidines, CP47-His 157 and
CP47-His 201, were protonated at the Nɛ2 nitrogen. Twelve
histidines, D1-His 92, D1-His 190, D1-His 195, D1-His
337, CP47-His 343, CP43-His 74, CP43-His 91, CP43-His
398, D2-His 61, D2-His 87, D2-His 189 and D2-His 336,
were protonated at the Nδ1 and Nɛ2 nitrogens. In order to
obtain appropriate initial geometries, the remaining His
residues were protonated at the Nδ1 nitrogen. Missing N-
terminal and C-terminal residues, five isoprene groups of
plastoquinone-9 (PQ9) molecules, and some parts of non-
protein molecules were modeled using the YASARA and
ModLoop server [24]. Hydrogen atoms of the protein part
of the PSII RC complex were added automatically by the
modeling package WHAT IF or added manually. Chlorin
cofactors [six chlorophyll a (Chl-a) molecules and two
pheophytin a (Pheo-a) molecules] were arranged in the
heterodimeric D1/D2 subunits with pseudo-C2 symmetry
and are labeled as follows: Chl-a-3, Chl-a-4, Chl-a-5, Chl-
a-6, Pheo-a-7, Pheo-a-8, Chl-a-9 and Chl-a-10. Other
cofactors—11 beta-carotenes (β-Car), one non-heme iron,
Fe2+, one heme of cytochrome b-559 and the Mn4–Ca
cluster (forming the water oxidation catalytic site)—were
also included in our model.

Force field parameters of the cofactors

For the protein part of the PSII RC model, the all-atom
AMBER99 force field (FF; release 2005) [25] was chosen.
However, photosynthetic cofactors, Chl-a, Pheo-a, heme,
β-Car, PQ9, bicarbonate ion (BCT) and the manganese
cluster of the oxygen evolving complex (OEC), are not
implemented in any extensive bio-molecular FFs, like
AMBER [26], CHARMM [27] and Gromos [28]. Fortu-
nately, the molecular structure of these cofactors is very
similar to that of bacterial Chl-a (BChl-a), bacterial Pheo-a
(BPheo-a) and a derivative of ubiquinone, for which
AMBER-like FF parameters have been developed [29].
Thus, new FF parameters had to be developed [9] only for
structurally different parts like the saturated imidazole ring
II on the chlorin macrocycle ring, the vinyl group
CH2=CH– on imidazole ring I, two CO2–CH2–CH2 groups
attached to heme, part of the phytyl tail, PQ9 head, isoprene
units, double-bonds of β-Car, BCT and the OEC–BCT
complex. FF parameters, describing equilibrium values of
bonds, angles and dihedral angles and their force constants,
were developed by performing a series of quantum mechan-

ics (QM) ab inito calculations at HF/6-31G* level of theory
[30] according to the AMBER developing scheme [25].
Partial atom centered point charges for all PSII RC
pigments, including the neutral and reduced state of the
Pheo-D1 molecule, were developed according to the
restrained-electrostatic potential (RESP) method [31] using
QM HF/6-31G* calculations.

Preparation of reduced Pheo-D1

Ab initio QM calculations on the charged (reduced) system
containing only a Pheo-D1 molecule and 21 surrounding
amino acids revealed the charge distribution; 94% of charge
from the electron donated to this system was found to be
localized on a cyclic part of Pheo-D1, 1% on the rest of the
Pheo-D1 atoms, and only 5% on surrounding amino-acids.
Therefore, we approximated the light-adapted PSII RC
using the equilibrated model of PSII RC (Eq-PSII RC;
details on preparation given below), in which the donated
electron is fully localized on Pheo-D1. The point atomic
charges of Pheo-D1 were placed into the Eq-PSII RC model
according to our QM calculations.

Preparation of an equilibrated model of PSII RC

The model of the PSII RC pigment–protein complex1 was
put into the simulation cell with dimensions extended by
1.2 nm along each axis. Final cell dimensions after energy
minimization and geometry optimization were 14.82 nm ×
12.46 nm × 11.06 nm. This size ensured that no self-
interaction of the PSII RC complex would appear during
MD simulation. In order to simulate the infinite size of the
system and to establish a natural-like density of the whole
cell, periodic boundaries were used for cell walls. The
natural environment of the PSII RC pigment–protein
complex is thylakoid membrane formed by a lipid bilayer
surrounded by water solution. The membrane was replaced
by an assembly of octane molecules [32–35] due to the lack
of electron density for lipid components and computation-
ally demanding geometry optimization of lipid–protein
complexes. The middle part of the cell was filled up with
octane, while the extrinsic parts of the PSII RC complex,
located in the center of the cell, were solvated by water (see
Fig. 1). The cavities around D2-PQ9, OEC and the putative
water channel were also partially filled with water mole-

1 Multiple time steps of 1 fs for intramolecular and 2 fs for
intermolecular forces was found the most appropriate. A cutoff of
0.8 nm was used for Lennard-Jones and electrostatic interactions. To
treat long-range electrostatic interactions outside the cutoff region, the
particle mesh Ewald (PME) method [53] with a grid spacing < 0.1nm,
4th order B-splines and a tolerance of 10−4 for the direct space sum
were used. The temperature was adjusted by Berendsen thermostat
[54] based on the time-averaged temperature.
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cules. First, close contacts between the PSII RC pigment–
protein complex and octane molecules were allowed to
equilibrate by a combination of geometry optimization and
further MD optimization. Fixation of positions of all pigment
molecules, extrinsic water molecules and Cα backbone
carbons was needed to avoid unfavorable conformational
changes. After 500 ps of MD simulation, protein subunits
and water molecules forming the walls and entering buried
PSII RC cavities, were released to move. Octane and water
molecules could freely penetrate and fill the cavities.
Additional octane molecules gradually entered the system
until a natural-like density of octane environment was
achieved.

In the next step, extrinsic water molecules were also
released to move. An equilibrated contact layer between
octane and water was observed after approximately 2 ns
simulation. At this point all atoms in the simulation cell
were released and MD simulation with a time step of 1.0 fs
was used to complete the geometry optimization. The
content of the simulation cell was neutralized by 13 sodium
cations (by using the automatic procedure for cell neutral-
ization and pKa prediction in YASARA, [22, 23]). The net

charge of the cell after correction of two histidines close to
the OEC was −2. Except for the last 1 ns of Eq-PSII RC
preparation, where NPT ensemble was used, NVT ensemble
was used during the whole energy minimization and
geometry optimization process. The process was finished
when there was no change in dimensions of the simulation
cell, and the root-mean-square deviation (RMSD) of
positions of PSII RC pigments and Cα carbons fluctuated
around values typical of a thermal movement. The total
simulation time of the Eq-PSII RC model was approxi-
mately 5 ns. The application of relatively small octane
molecules ensures their relatively fast equilibration (from 1
to 3 ns) [33], in contrast to complexes containing lipid
layers [36, 37], which have a typical equilibration time of
10–20 ns. The final Eq-PSII RC model contained overall
204.680 atoms, including 26.582 water molecules, 2.411
octanes and 13 sodium cations. The resulting Eq-PSII RC
model embedded in the simulation cell is shown in Fig. 1.

MD simulations of the Eq-PSII RC model

We performed six various MD simulations on Eq-PSII RC
models according to our previous experimental conditions
[11, 20]. To account for the wide range of dynamic motions
in the Eq-PSII RC model, a 1 fs time step in a 20 ns MD
trajectory was chosen. MD simulations on a dark-adapted
Eq-PSII RC model with all pigments in neutral form at
temperatures 298 K and 77 K were termed Neutral-MD;
MD simulations on the light-adapted Eq-PSII RC model,
with negative charge on Pheo-D1, were termed Pheo–-MD;
and MD simulations on the light-adapted Eq-PSII RC
model, with slightly different starting conditions from
Pheo–-MD, were termed collateral-Pheo–-MD simulations.
A schematic representation of the MD simulations de-
scribed above, omitting collateral Pheo–-MD simulations, is
given in Fig. 2.

Fig. 1 Equilibrated photosystem II reactive center (Eq-PSII RC)
model embedded in a periodic simulation cell. View along the
thylakoid membrane with the stromal side of the PSII RC pigment–
protein complex heading up. The water layers are located above and
below the centered PSII RC complex; water molecules are represented
by red (oxygen) and white (hydrogen) sticks. The protein part of PSII
RC is shown as a gray cartoon model with cylinders and tubes
representing secondary structure. D1 and D2 protein subunits are
colored yellow and orange, respectively. The non-protein part of PSII
RC is shown by a green and magenta ball-and-stick model.
Pheophytins are colored red. The octane environment surrounding
the PSII RC complex is hidden and only head group atoms of PSII RC
pigments are shown for clarity. Counter ions, which are localized
mainly at the lumenal surface of the PSII RC complex, are represented
as blue balls

Fig. 2 Schematic representation of initial Eq-PSII RC model
preparation and four parallel MD simulations on the dark-adapted
and the light-adapted Eq-PSII RC model. 2AXT X-ray crystal structure
of PSII RC [2], gray circle Eq-PSII RC model obtained after ∼5 ns of
energy minimization and geometry optimization, two black circles
(located at the beginning of the 77K-branch and 298K-branch) points
at which Pheo-D1 was reduced. The short, 1.5-ns-long section prior to
the 77K-branch illustrates further energy minimization and geometry
optimization of the Eq-PSII RC model originally prepared at 298 K.
More details are given in the text
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Exciton absorption spectra of PSII RC

The spectral properties (absorption spectra) of PSII RC
were simulated by a molecular exciton matrix method [38]
based on the PSII crystal structure (accession code 2AXT
[2] in RCSB Protein Data Bank).

An electronic Hamiltonian for the Frenkel exciton was
used, taking only the lowest excited state Qy into account
[39]:

H ¼
X

i; j

E þ Di þ $ið Þ ih jii þ Vij ih j ji;

in which E is the electronic monomer transition energy of
non-interacting PSII RC pigment i, Di is the solvent shift
(origin of spectral heterogeneity), and Δi is an origin of
inhomogeneous broadening of the pigment i caused by
stochastic fluctuations in the protein environment. To
account for Δi as a random shift from average energy
E+Di, Gaussian distribution of transition energies repre-
sented by diagonal elements of Frenkel Hamiltonian is
commonly used. Full-width at half-maximum (FWHM) of
210 cm-1 was used following previous finding [7, 16, 40].
A nondiagonal energetic disorder caused by fluctuations of
intermolecular interactions could be omitted due to its
negligible effect on the spectra [39].

For the dark-adapted PSII RC system (without charge
separation on the pigments) the one-exciton Hamiltonian of
eight chlorins was given by the matrix containing 8×8 two-
pigment coupling energies. The main diagonal consists of
the monomer transition energy of pigments (seven Chl-a
and one Pheo-a). The unperturbed site energies of the
excited states have been adapted from the linear OD/LD/
CD/FL spectra fit based on an evolutionary algorithm [10].

The Hamiltonian matrix for the light-induced PSII RC
with negatively charged Pheo-D1 was constructed differ-
ently. In order to involve the presence of the reduced form
of Pheo-D1, electrochromic shifts in site energies [10] of
the remaining PSII RC pigments (Fig. 3) were included and
could be computed as the interaction energy between
atomic partial charges of Pheo-D1 and differential dipole
moments of the excited and ground states of PSII RC
pigments. The negative charge that was distributed mostly
over the head group atoms of Pheo-D1 molecule (exactly
95% on head group atoms and less than 5% over the atoms
in the surrounding environment, according to our QM
calculations; data not shown) affects transition energies of
all other PSII RC pigments in the ground state. The
electrochromic shift of transition energy ΔE was calculated
as the interaction energy between all atomic partial charges
δqi of reduced Pheo-D1 and the vector $ m! of the pigment
in the ground state. The vector $ m!¼ m!e � m!g, defined as
the difference between the permanent dipole moment of the
excited and ground state, is oriented approximately in the

direction of two nitrogen atoms NA → NC from the
macrocycle head group of chlorophyll [41], and has a
magnitude of around 1 Debye. The electrochromic shift is
defined by $E ¼ 1

�
4p"eff

� �P
i dqi ri

!�
r3i

� �
$ m!, where εeff

is the effective dielectric constant and ri
! is a vector

connecting the center of the PSII RC pigment in the ground
state and all atoms from reduced Pheo-D1. A value of εeff =
1.5 was used in all calculations according to previous
similar studies [10]. For simplicity, the oscillator strength
and exciton couplings of the reduced form of the Pheo-D1
pigment were neglected.

The non-diagonal exciton coupling energies Vij were
computed by using the transition dipole [19] and also
transition monopole methods [13]. The dipole–dipole
interaction energy Vij (in cm−1) between transition dipole
moments of pigments is defined by:

Vij ¼ 5:04

"

m!i � m!j

r3ij
�

3 rij
!� mi

!� �
rij
!� mj

!� �

r5ij

2

4

3

5;

where ε is a dielectric constant and m!i is the transition
dipole moment (in Debye), Qy transition dipoles were
assumed to be oriented from the NA atom (on pyrrole ring I)
to the NC atom (on pyrrole ring III) of the chlorophyll
molecules and r!ij is the vector connecting the centers of
the i-th and j-th PSII RC pigments (in nm).

The interaction energy within the transition monopole
approximation [42] is expressed by the sum of the Coulomb
interactions of all transition monopoles. The non-diagonal
interaction matrix elements are calculated as:

Vila; jlb ¼
X

n

X

m

qinlaqjmlb
Rin; jm

;

where qinla is transition monopole n associated with the
transition l → a on chromophore i, and Rin,jm is the distance
between monopoles in and im. The values of transition

Fig. 3 Nomenclature and spatial organization of PSII RC pigments.
Odd-numbered pigments represent active branches and those with
even numbers represent inactive branches of the PSII RC complex.
The special pair chlorophylls are labeled as Chl-a-3 and Chl-a-4.
Accessory chlorophylls are named Chl-a-5 and Chl-a-6. Two
pheophytins are labeled as Pheo-a-7 and Pheo-a-8. For reduced
Pheo-a-7 the abbreviation Pheo-D1 is also used. Chlorophylls Chl-a-9
and Chl-a-10 represent peripheral chlorophylls. The numbering of
pigments was taken from the crystal structure PDB 1S5L [4]. Only
chlorin head groups of all pigments are shown for clarity. Pigments are
oriented along the plane of the thylakoid membrane with stromal side
heading up
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monopole charges for Chl a and Pheo-a were obtained from
published data [13].

Formally, it is also advisable to improve Hamiltonian by
involving the influence of charge-transfer (CT) transitions
[43, 44] in which an electron from a ground state of one
molecule is transferred to an excited state of another.
However, the optical absorption of CT states is often weak
and usually masked by vibronic replicas of Frenkel states
[45]. According to previous similar studies, several other
effects, such as simultaneous excitation of more than one
reaction center chlorin, and electron-phonon coupling,
could be also neglected in the exciton Hamiltonian.

In the next step, we diagonalized Hamiltonian repre-
sented by a matrix Hij to find its eigenvalues and
eigenvectors. The energies of the PSII RC exciton states
are given by the eigenvalues of Hamiltonian, whereas the
components of the corresponding normalized eigenvectors
specify the amplitude of each pigment’s contribution to
each exciton state. The resulting steady-state optical spectra
arising from these eigenvalues and eigenvectors were
calculated as follows [19].

The intensity of a spectral band is proportional to the so-
called dipole strength, which is the transition dipole
moment squared, μ2. Dipole strengths of the particular
exciton states k were calculated as:

m2
k ¼

Xn

i;j

m!i � m!j

� �
UikUjk ;

where Uik and Ujk are corresponding eigenvectors [18].
Position vectors r!ij and the orientation of the dipole
moments m!i were taken from selected MD snapshots
holding equilibrated dynamic structures of PSII RC (for
more details see Results and discussion). Monomer transi-
tion energies of PSII RC pigments for the Qy transition
were taken from recently published data [10]. Transition
dipole strengths of 23 and 14 Debye2 for Chl-a and Pheo-a,
respectively, were used [7, 16]. The stick spectra were then
completed with Gaussian forms. Each of the envelopes has
the FWHM of 150 cm−1, which corresponds roughly to the
homogenous line-width of Chl-a at room temperature [46].
An ensemble averaging over 10.000 RC spectra generated
the presented plots of oscillator strength against wavelength
for the exciton states of PSII RC.

Software and hardware facilities

The non-diagonal Hamiltonian matrix elements (within
transition monopole and dipole approximation), eigenvec-
tors and eigenvalues were calculated using the mathemat-
ical software package MATLAB [47]. All QM calculations
concerning molecular geometry optimizations and FF
parameter development were performed using Gaussian

98 [48]. The AMBER-like atomic partial RESP charges
were obtained by Antechamber, which is an accessory
module of AMBER version 7 [49]. Hydrogenation of PSII
RC protein was performed by WHAT IF [50]. For viewing
and rendering of a molecular structure, protein solvation in
periodic cell, MD simulations and MD trajectory analysis,
RasMol [51], GROMACS [52], and YASARA [22, 23]
software packages were applied. MD simulations in
YASARA (version 8.10.30) and QM calculations in
Gaussian 98 were carried out on a high-performance
parallel computing cluster (Beowulf design).

Results and discussion

Light-induced conformational changes

The conformational changes close to the position of
reduced Pheo-D1 have been evaluated in Pheo−-MD
simulations by the RMSD of Cα carbons positions within
the D1 and D2 protein subunits. The X-ray crystal structure
of PSII (PDB ID 2AXT) was used as a reference structure
for all Cα RMSD calculations. Translation and rotation of
the PSII RC complex in the simulation cell was eliminated
during MD simulations by using superimposition. To gain
more detail about the conformational changes within MD
simulations, three protein shells of the Eq-PSII RC model
were selected at different distances from the Pheo-D1 head
group. The first protein shell, within 0.23 nm of the Pheo-
D1 head group (marked as 0.23 nm-Cα layer), involves
amino acids D1-Tyr 126, D1-Gln 130, D1-Tyr 147, D1-Val
283, D2-Leu 205, D2-Leu 209 and D2-Ala 212. The
second protein shell, defined within the distance range of
0.23 nm–0.5 nm from the Pheo-D1 head group (0.5 nm-Cα
layer) involves D1-Ile 143, D1-Ala 146, D1-Ala 149, D1-
Pro 150, D1-Val 205, D1-Pro 279, D1-Val 280, D2-Ala
208, D2-Cys 211, D2-Ile 213, D2-Ala 216, D2-Trp 253,
D2-Ile 256 and D2-Phe 257. The last protein shell (0.7 nm-
Cα layer) contains 24 amino acids of D1 and 13 amino
acids of the D2 protein subunit. The results of conforma-
tional analysis of Neutral-MD and Pheo–-MD simulations
at 298 K for selected protein shells are shown in Fig. 4. For
better readability, a polynomial fit was applied to all of the
Cα RMSD raw data (the RMSD raw data with related
polynomial fits is depicted in Fig. S1a and b). It is evident
that the Cα RMSD of the protein increases with distance
from Pheo-D1 head group because of thermal movement
within interior of the protein, particularly in the D1 protein
subunit. Small conformational changes detected at 298 K
for Neutral-MD result from thermal movements and those
are given here as reference data. The shape of Cα RMSD
plots obtained from 298 K Pheo–-MD provides reasonable
evidence that the equilibrated light-adapted Eq-PSII RC
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model has changed its conformation slightly within both
D1 and D2 subunits, particularly in proximity to reduced
Pheo-D1.

We have also evaluated the spatial orientation and
position of PSII RC chlorin pigments (shown in Fig. 3)
within MD simulations by a RMSD of NA (on pyrrole ring
I) and NC (on pyrrole ring III) chlorin atoms. The results
from NA-RMSD and NC-RMSD analysis of the pigment
part of the light-adapted Eq-PSII RC model obtained from
Pheo–-MD simulation at 298 K and 77 K are shown in
Fig. 5. For all NA-RMSD and NC-RMSD calculations, the
equilibrated molecular geometry of PSII RC pigments of
the dark-adapted Eq-PSII RC model was used as a
reference structure. Due to the 9th order polynomial fit
applied to all RMSD graphs (the RMSD raw data with
related polynomial fits depicted in Fig. S2), the zero values
of all NA-RMSD and NC-RMSD at 0 ns cannot be seen.
Figure 5 consists of two main parts, the first (Fig. 5a) shows

the NA-RMSD and NC-RMSD plot at 298 K, and the
second (Fig. 5b) at 77 K. The first column shows the results
of conformational analysis of particular PSII RC pigments
from the active branch, and the second column results from
the inactive branch, respectively. Values of NA-RMSD and
NC-RMSD fluctuating around 0.05 nm could be assigned to
thermal movements typical of these types of atoms at 298 K
[8]; however, changes in positions of PSII RC pigments
were also detected. Not surprisingly, major changes have
been observed for PSII RC pigments from the active branch
at both temperatures. Accessory chlorophyll Chl-a-5, which
is the pigment closest to reduced Pheo-D1, exhibits con-
siderable change during 298K-Pheo–-MD. No substantial
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rotations of head groups of PSII RC pigments were
observed except for peripheral Chl-a-9 (not shown). In the
case of 77K-Pheo− -MD, values of NA-RMSD and NC-
RMSD fluctuated around 0.025 nm, which is typical of
thermal movements of these types of atoms at 77 K.
Figure 6 illustrates the detected position change of PSII
RC pigments (Fig. 3) and D1 protein environment
surrounding PSII RC pigments of the active branch during
298K-Pheo–-MD.

We have summarized the results presented in Fig. 5 by
calculating weighted average RMSD of PSII RC pigments
at 298 K and at 77 K. First, an average value of NA-RMSD
and NC-RMSD of six PSII RC pigments, Chl-a-3, Chl-a-4,
Chl-a-5, Chl-a-6, Pheo-a-7 and Pheo-a-8 was calculated.
Next, weighted average RMSDs of peripheral chlorophylls
Chl-a-9 and Chl-a-10 were calculated by using factor 0.5 to
account for their smaller exciton coupling to the rest of the
PSII RC pigments. Considering both average RMSD
values, the final average value of RMSD of PSII RC
pigments was obtained. In the case of 298K-Pheo–-MD, the
biggest position change of PSII RC pigments was observed
during the first 3 ns; after 8.2 ns, the positions of the PSII
RC pigments stabilized and an equilibrated system was

established. The biggest position change of PSII RC
pigments in the case of 77K-Pheo–MD was detected during
the first 6.3 ns, and after equilibrating the system for
11.4 ns. The average 77K-RMSD plot was of much lower
magnitude when compared to the average 298K-RMSD
plot and thus reduction of Pheo-D1 at 77 K did not
significantly affect mutual positions and orientations of
PSII RC pigments. Thus, the 3D position change of PSII
RC pigments and the conformational change in the protein
part of the PSII RC complex could be observed only in the
case of 298K-Pheo–-MD.

Fig. 6 Conformational changes in pigment and protein environment
in PSII RC upon Pheo-D1 reduction at 298 K. a Changes in positions
of PSII RC pigments. b Detailed insight in the vicinity of the active
branch of PSII RC. Dynamic structures of PSII RC pigments colored
in green were obtained from 298K-Neutral-MD and those colored in
blue from 298K-Pheo–MD (developed after 8.2 ns simulation). Protein
backbone of D1 subunit is shown as a gray ribbon. Other PSII RC
protein subunits are hidden and only chlorin head groups of PSII RC
pigments are shown for clarity. The pigments are oriented as in Fig. 3

Fig. 7 Comparison of calculated dark-adapted absorption spectra of
PSII RC pigments developed by Neutral-MD simulation at 298 K
(solid line) and 77 K (dashed line) with experimental dark-adapted
absorption spectra of PSII RC measured at 273 K (circles) and 77 K
(triangles) [11]. For clarity, only spectra calculated with inclusion of
inhomogeneous broadening are shown. All spectra are normalized to
their maxima using arbitrary units

Fig. 8 Comparison of calculated difference (dark minus light-
adapted) absorption spectra of PSII RC pigments [developed from
Neutral-MD and Pheo–-MD at 298 K (solid line) and at 77 K (dashed
line)] with experimental difference absorption spectra of PSII RC
measured at 277 K (circles) and 77 K (triangles) [20]. For clarity, only
those spectra calculated with inclusion of inhomogeneous broadening
and electrochromic shift (applicable for light-adapted spectra) are
shown. The spectra were normalized using arbitrary units, maintaining
the ratio between the minimum peak of the 298K-plot and the
minimum peak of the 77K-plot
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Absorption spectra of PSII RC pigments

Optical spectra of PSII RC are sensitive to changes in the
mutual positions of transition dipole moments of the
pigments. According to several previous studies, the vector
of the transition dipole moment of the Qy transition for Chl-
a and Pheo-a pigments has almost the same orientation as a
vector connecting NA to the NC atom. The molecular
coordinates of PSII RC pigments (Fig. 3) were taken by
averaging coordinates extracted from MD snapshots in
order to calculate dark-adapted and light-adapted absorp-
tion spectra. In the case of the 298 K-light-adapted
absorption spectrum, an 8.2 ns snapshot of 298K-Pheo–-
MD simulation was applied. For a 77 K-light-adapted
absorption spectrum, an 11.4 ns snapshot of 77K-Pheo–-
MD was used. In order to minimize thermal fluctuations of
coordinates of PSII RC pigments, we applied short energy
minimization to the whole Eq-PSII RC complex.

A comparison of calculated absorption spectra from
Neutral-MD and experimental dark-adapted absorption
spectra of PSII RC [11] is shown in Fig. 7. Clearly, both
calculated 298 K-plot and 77 K-plot share the same spectral
features with both experimental analogs [11]. The position
of maximum peak of calculated 298 K-plot at 675.7 nm is
almost identical with position of maximum peak of
experimental 273 K-plot at 675.2 nm. The two peaks of
calculated 77 K-plot at 671.5 nm and 678.6 nm are also in
good accordance with the peaks of the experimental 77 K-
plot at 672.0 nm and 678.5 nm. Small differences in the
shape of the calculated and experimental dark-adapted
absorption spectra are the slightly higher intensity of the
77 K-graph maximum at 671.5 nm, and small blue and red
shifts of the envelopes of both calculated graphs. We can
state that the positions and orientations of PSII RC
pigments developed during Neutral-MD simulations at
298 K and 77 K were equilibrated, and that their dark-
adapted absorption spectra were almost identical to their
experimental analogs.

The difference absorption spectra of PSII RC pigments
developed from Neutral-MD and Pheo–-MD at 298 K and
77 K were compared with the experimental difference
absorption spectra of PSII RC measured at 277 K and 77 K
[20] (see Fig. 8). A considerable bleaching of the
absorption spectra observed experimentally at 277 K is
comparable with our computed difference absorption
spectra at 298 K. The position of the absorbance minimum
peak of the calculated 298 K spectrum at 681.9 nm is
almost identical with those of the experimental 277 K-
graphs at 682.0 nm. The blue shoulder of the calculated 298
K-graphs at 667.8 nm is slightly shifted compared to the
blue shoulder of experimental 277 K-graphs at 666.9 nm.
Two peaks of the calculated 77 K-graphs at 662.4 nm and
681.8 nm are in accordance with two peaks of the

experimental 77 K-graph at 666.7 nm and 682.1 nm,
respectively. Differences in shape between the calculated
and experimental difference absorption spectra could be
explained by the limits of MD and also point-dipole
approximation, which does not consider coupling of Qy to
higher excited states.

Summary

Conformational changes in the protein part of PSII RC
upon reduction of Pheo-D1 were detected only in the case
of high temperature dynamics (298K-Pheo–-MD). Changes
in position and orientation of particular PSII RC pigments
during 298K-Pheo–-MD were also observed. Significant
conformational changes were detected only for interior
parts of the D1 protein in proximity to Pheo-D1. The spatial
positions of the PSII RC pigments from the active D1
branch changed more then their symmetrically located PSII
RC pigments from the inactive branch within 298K-Pheo–-
MD and also 77K-Pheo–-MD simulations.

The resulting absorption difference spectra of PSII RC
models equilibrated at temperatures of 77 K and 298 K
were highly consistent with our previous experiments in
which light-induced bleaching of the PSII RC absorbance
spectrum was observable only at 298 K. Since temperature
does not influence excitonic interaction, the temperature
dependence of absorption spectra bleaching upon Pheo
reduction does not support a model wherby Pheo-D1
excitonically interacts with other chlorins of the PSII RC.
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