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ABSTRACT: Cholophylls are at the basis of the photo-
synthetic energy conversion mechanisms in algae, plants, and
cyanobacteria. In photosystem II, the photoproduced electrons
leave a special pair of chlorophylls (namely, PD1 and PD2) that
becomes cationic. This oxidizing pair [PD1,PD2]

+, in turn,
triggers a cascade of oxidative events, eventually leading to
water splitting and oxygen evolution. In the present work,
using quantum mechanics/molecular mechanics calculations,
we investigate the electronic structure and the dynamics of the
PD1PD2 special pair in both its oxidized and reduced states. In agreement with previously reported static calculations, the
symmetry between the two chlorophylls was found to be broken, the positive charge being preferentially located on PD1.
Nevertheless, this study reveals for the first time that large charge fluctuations occur along dynamics, temporarily inverting the
charge preference for the two branches. Finally, a vibrational analysis pinpointed that such charge fluctuations are strongly
coupled to specific modes of the special pair.

■ INTRODUCTION
When two and a half billion years ago the ancestors of
cyanobacteria started to perform the photosynthetic water
oxidation, molecular oxygen was released into the atmosphere
leading to a deep transformation of the biosphere on the Earth.
Since then, plants, algae, and cyanobacteria use photosystem II
(PSII) in order to catalyze the water oxidation reaction, thus
converting the light energy absorbed from the Sun into
chemical energy.1

Photosystem II is a membrane protein complex, acting in the
thylakoid membrane of oxygenic photosynthetic organisms as a
water/plastoquinone oxidoreductase.2 The light energy neces-
sary to perform its catalytic function is first absorbed by the
antenna system (i.e., a network of protein/pigment complexes)
and afterward transferred to the reaction center (RC) of PSII.3

Here, a charge separation occurs, leading to the oxidation of the
substrate water molecules, taking place on the Mn4CaO5
oxygen evolving complex (OEC), and to O2 release. Apart
from the Mn4CaO5 cluster, the reaction center of PSII consists
also of two polypeptide chains (D1 and D2), the chlorophyll a
“special pair” (PD1 and PD2), the two accessory chlorophylls a
(ChlD1 and ChlD2), two pheophytins a (PhD1 and PhD2), two
quinones (QA and QB), and a bicarbonate ion (BCT)
coordinated with a non-heme iron (see Figure 1).
Intriguingly, the cofactors embedded in the reaction center

are organized in a pseudo-C2 symmetry, being arranged in two
branches differing mainly by the presence or absence of the
Mn4CaO5 cluster. Despite their geometric symmetry, the two
branches show different activities. On the D1 side, where the
OEC is located, after the charge separation occurring on the
ChlD1,

4 an electron is removed from the neighboring tyrosine,
Tyr-Z, which in turn oxidizes the Mn4CaO5 cluster, generating

a sufficient oxidation power to oxidize the substrate water
molecules. On the acceptor side, the electron is therefore
transferred from ChlD1 to PheD1, which in turn reduces the final
electron acceptor, the quinone, to hydroquinone, finally
released into the thylakoid membrane.5 In contrast, the D2
branch shows no primary electron transfer activity,6,7 and it is
thought to have a role in the protection of the reaction center
of PSII from uncontrolled oxidative reactions8−10 and from
photoinhibition.11

Accordingly with the functional asymmetry of the two RC
branches, the radical cation generated on the special pair PD1/
PD2 after its oxidation was found to be mainly localized on the
PD1 chlorophyll.12,13 In this regard, based on the high-
resolution crystal structure of PSII solved in 2011,2 Saito et
al. determined by static quantum mechanics/molecular
mechanics(QM/MM) calculations the ratio between the charge
assigned to PD1 and that assigned to PD2 within the oxidized
special pair (PD1/PD2)

•+ to be ∼80/20.14 They additionally
suggested that such delocalization is mainly due to the
electrostatic asymmetry of several conserved D1/D2 resi-
dues.14,15 Nevertheless, local protein motions could affect the
cationic distribution among the pigments in the RC region
resulting in different charge separation pathways. At cryogenic
temperature, for instance, different charge separation pathways
were suggested to exist, maybe playing a role also under
physiological conditions.16 Still, at low temperatures, the
excitation can be easily trapped on the ChlD1 chlorophyll,
thus promoting the subsequent cationic localization on the
adjacent PD1.

5 It was additionally proposed that, in the presence
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of high photon flux, the removal of the electron may result in a
localization of the cation on the ChlD2 chlorophyll. In this case,
the D2 branch could carry out a photoprotective function,
promoting the electron transfer from the side-path donors (i.e.,
β-carotene (CarD2), cytochrome b559, chlorophyll Z).17,18

In the last years, different structures of photosystem II at
increasing resolution levels were solved by X-ray crystallog-
raphy2,19−22 shedding light on the atomistic details behind the
catalytic function of PSII. Either way, it has to be pointed out
that when the excitation reaches the reaction center of PSII,
due to the thermal fluctuations, the excitation could be easily
delocalized over the four central chlorophylls as well as the two
pheophytins.5 The subsequent localization of the cation on the
PD1 chlorophyll occurs in the next tens of picoseconds.12 An
accurate investigation of the first steps of the oxidation of the
special pair requires therefore a quantum mechanical
description of the two PD1 and PD2 chlorophylls in their
protein environment at physiological temperature.4 The
knowledge of the exact localization of the cation after the
primary charge separation as well as the respective fluctuations
turns out to be crucial to understand the catalytic function of
PSII. In this respect, several studies were performed in the past
decades, based on both experimental12,13,23−26 and theoreti-
cal4,14,15,27,28 approaches. Additionally, mixed experimental/
theoretical studies turned out in recent years to shed light into

the role of quantum coherence in determing the charge
separation efficiency and clarify the influence of the vibrational
modes on the electronic coherence.29,30 Here, performing both
static and molecular dynamics QM/MM calculations following
a scheme already employed in recent works,31,32 we
characterized at physiological temperature the cationic state
distribution over the [PD1,PD2] special pair in the reaction
center of photosystem II. Our data reveals the crucial role of
the dynamics in modulating the charge distribution, allowing us
to identify the molecular motions that modulate the asymmetry
of the two chlorophylls.

■ RESULTS

The distribution of the cationic state in the [PD1,PD2] special
pair in the reaction center of PSII was first studied by means of
DFT-based gas phase and QM/MM static calculations. In this
context, the calculations were performed on the atomic
positions determined by X-ray crystallography2 as well as
after geometry optimization of the quantum region.
In a second step, considering the same system and

parameters used in the static QM/MM calculations, we carried
out QM/MM molecular dynamics simulations, one in the
electronic neutral state of the two chlorophylls, [PD1,PD2]AIMD

0 ,
and the other in the oxidized state, [PD1,PD2]AIMD

•+ . The
localization of the highest occupied molecular orbital as a

Figure 1. Simulated system. In the left panel, a portion of the simulated system is shown. The protein chains are represented as cartoons. The
chlorophylls, β-carotene, pheophytins, plastoquinone, bicarbonate ion, and two tyrosines, Tyr-Z and Tyr-D, are shown in sticks. The Mn4CaO5
cluster is represented in balls and sticks. In the right panel, the region of the system treated at DFT level is shown in stick representation.

Table 1. Comparison of Chargesa

neutral system oxidized system

model HOMO (% PD1) LUMO (% PD1) charge PD1 HOMO-α (% PD1) LUMO-β (% PD1) charge PD1

X-ray QM/MM 97.7 1.0 0.801
Opt QM/MM 98.6 0.7 0.841 5.5 87.5 0.865
X-ray GP 58.6 5.6 0.549
GP from Opt QM/MM 81.1 2.4 0.546 3.6 61.5 0.610
Opt GP 93.8 0.6 0.585 6.5 57.7 0.577
QM/MM MD 73.5 (29.9) 20.8 (30.4) 0.541 (0.05) 22.8 (23.9) 59.0 (6.5) 0.580 (0.060)

aPartial charge of PD1 calculated by static (X-ray and Opt) and dynamic (MD, averaged over the simulation time with standard deviations shown in
brackets) calculations. The percent of HOMO and LUMO localized on PD1 is also shown. Calculations were performed in gas-phase (GP) and in
QM/MM models, optimizing the systems in their respective oxidation state.
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function of the time was determined for the neutral system,
while in the oxidized system the dynamical localization of the
electronic hole was monitored along the simulation time.
Static Calculations. Starting from the X-ray structure, after

geometry optimization of the added hydrogens, we calculated
in QM/MM framework the percent of HOMO and LUMO
localized on the two PD1 and PD2 chlorophylls. We found that
the HOMO is mainly localized on the PD1 chlorophyll
(∼97.7%) whereas the LUMO is more localized on the PD2
pigment (∼99.0%). Consistent with these results, we also
estimated the ratio between the charge localized on PD1 and
that localized on PD2 after the removal of one electron from the
quantum region. This ratio, hereafter indicated as PD1

•+/PD2
•+, was

calculated to be 0.80/0.20 (see first line in Table 1). For clarity,
it has to be pointed out that the charge localization determined
on the neutral system was calculated after the removal of one
electron from either the X-ray structure or the structures
optimized in the neutral state in both the QM/MM and gas
phase (GP) framework.
The X-ray structure was subsequently optimized considering

the same QM/MM coupling scheme above employed (details
reported in the Methods section) in both neutral and oxidized
state. The calculation of the PD1

•+/PD2
•+ charge ratio showed a

more localized cationic state on the PD1 chlorophyll after the
optimization of the neutral system (second line in Table 1)
with respect the structure determined by X-ray crystallography
(0.84 vs 0.80). The localization is even stronger when the
calculation is carried out on the structure optimized in the
oxidized state (∼0.87). These results are consistent with the
respective localization of the HOMO and LUMO. Indeed, in
the neutral state, the HOMO is well localized on the PD1
pigment indicating that the oxidation of the system will
preferentially take place on this chlorophyll as in the case of the
nonoptimized X-ray structure. Similarly, in the oxidized system,
the LUMO is mainly localized on the PD1 chlorophyll,
confirming that the electron hole is placed on it.
The calculations were repeated for the gas-phase model (GP)

considering the atom positions found in the X-ray structure (X-
ray GP in Table 1). Additionally, the calculations were repeated
on the gas-phase models extracted from the two (neutral and
oxidized) QM/MM optimized structures (GP from Opt QM/
MM in Table 1) as well as on the two (neutral and oxidized)
structures optimized in gas-phase (Opt GP in Table 1). As
previously observed by Saito et al.,14 the exclusion from the
calculation of the electrostatic contribution due to the
surrounding environment leads to a redistribution of the
cationic charge over the two chlorophylls. Albeit the HOMO
calculated on the neutral system remains more localized on the
PD1 pigment, the PD1

•+/PD2
•+ charge ratio calculated after the

removal of one electron decreases to ∼0.55/0.45 in both the
GP X-ray structure and the GP structure extracted from the
optimized QM/MM system. The further optimization of the
special pair in gas-phase (Opt GP in Table 1) leads to a PD1

•+/
PD2
•+ charge ratio of ∼0.59/0.41. Similar results were obtained

for the GP models optimized in the oxidized state in the QM/
MM framework (GP from Opt QM/MM in Table 1, PD1

•+/PD2
•+

≈ 0.61/0.39) and in the gas-phase framework (Opt GP in
Table 1, PD1

•+/PD2
•+ ≈ 0.58/0.42).

Our results confirm the importance of the electrostatic
interactions between the special pair and the surrounding
residues in determining the charge separation between the two
pigments as already pointed out by previous studies.14,15

Additionally, these results serve to validate the technical

procedure adopted here in order to characterize the electronic
structure and more specifically the cationic distribution over the
chlorophyll special pair at finite temperature, as described in the
next sections.

Dynamics of the Neutral Special Pair, [PD1,PD2]AIMD
0 .

Apart from the influence of the protein environment on the
electronic properties of the special pair, the effects of the
thermal fluctuations at physiological conditions could play an
important role in the oxi-reduction properties of the P680. In
order to investigate such aspect, we carried out QM/MM
molecular dynamics simulations of the reaction center of
photosystem II using the same level of theory employed in the
static calculations. After ∼3 ps of thermalization, the
production run was carried out for ∼12 ps, considering the
system composed by the two PD1 and PD2 chlorophylls and the
two respective coordinated histidines in their neutral state.
The average distribution of the HOMO over the two

chlorophylls along the 12 ps of MD simulation showed a
reduced localization on the PD1 pigment (73.5% see Table 1)
with respect to the QM/MM calculation performed on the
single X-ray structure (97.7%). Nevertheless, the time evolution
of the HOMO distribution is characterized by large fluctuations
(standard deviation ∼30%) indicating the possibility of
temporary inversions of such distribution over the two
pigments. This behavior is clearly evident plotting the
HOMO distribution over the time as reported in Figure 2.
Using structures extracted every 50 fs from the MD

trajectory, we have additionally, performed single point
calculations removing one electron from the system. In this
way, we may estimate the partial charge present on the PD1 and
the PD2 immediately after the oxidation and prior to structure

Figure 2. Neutral QM/MM simulation. In the top panel, the percent
of HOMO localized on the PD1 chlorophyll is plotted as a function of
the simualtion time (blue line). The difference of the partial charges
present on the two chlorophylls calculated after the removal of one
electron from the snapshots extracted by the neutral dynamics (red
line) is also plotted. The value of the charge difference and the percent
of HOMO are smoothed averaging over 10 frame blocks. In the
bottom panel, the distribution of the HOMO over the two
chlorophylls for two representative snapshots of the dynamics
characterized by opposite charge distributions are shown as isosurface.
Blue and red isosurfaces corresponds to electrons in the HOMO with,
respectively, α and β spin momenta.
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relaxation. The difference between the two charges as a
function of the simulated time was reported in Figure 2
together with the time evolution of the HOMO distribution. As
expected, the two plotted variables are highly correlated, and
for values of the HOMO distribution smaller than 50%, the
difference of the partial charges assumes negative values (i.e.,
the cationic charge is more localized on the PD2 chlorophyll).
The average value of the charge ratio PD1

•+/PD2
•+ along the

dynamic, reported in Table 1, was found to be equal to 0.54/
0.46, appreciably smaller than the respective ratio calculated on
the atomic positions in the X-ray structure. The HOMO for
two representative snapshots corresponding to the maximum
and minimum values of the charge ratio PD1

•+/PD2
•+ was also

plotted with surface representation (see Figure 2) on the two
structures, showing clearly the net distribution of this orbital on
one of the two pigments. It has to be pointed out that the
values reported in Figure 2 are smoothed for clarity. The
original values of the partial charges PD1 and the PD2 pigments,
as obtained from the QM/MM MD simulations and plotted in
Figure 1S in Supporting Information, lead to a maximum PD1

•+/
PD2
•+ value ≈ 0.7/0.3.
Dynamics of Oxidized Special Pair [PD1,PD2]AIMD

•+ . The
first events occurring after the oxidation of the special pair were
monitored by carrying out a QM/MM MD simulation after the
removal of one electron from the QM system. A snapshot
extracted from the neutral system trajectory, [PD1,PD2]AIMD

0 , was
taken as starting point of such simulation. In Figure 3, we

report the time evolution of the LUMO distribution over PD1
along 8 ps of production run. Additionally, the partial charges
present on the PD1 and the PD2 pigments were also computed,
and their difference is reported in the same graphic. As
expected, the LUMO was found to be mainly localized on the
PD1 chlorophyll (on average ∼60% of the time, see also Table
1). Consistently, the partial (positive) charge localized on PD1 is
∼0.59 (see Table 1) and the difference between the partial
charges distributed over the two pigments evolves in time
following nearly the same trend of the LUMO distribution.
The variance of the cationic distribution over the two

chlorophylls due to the thermal fluctuations translate into
episodic inversions of the cationic character of the pigments. In
particular, the PD1

•+/PD2
•+ charge ratio was found to oscillate

between a maximum value of ∼0.8/0.2 and a minimum value of

∼0.4/0.6 (see also Figure 2S in Supporting Information).
These results clearly show that, apart from the electrostatic
coupling of the [PD1,PD2] moiety with the protein environment,
the thermal fluctuations play a crucial role modulating the
cationic distribution over the two chlorophylls, at least in the
first picoseconds following the oxidation event.

Charge Dynamics and Molecular Motion. The charac-
teristic frequencies of the charge fluctuations of the oxidized
special pair were obtained by Fourier analysis of the charge
difference between PD1 and PD2, as reported in the top panel of
Figure 4. The picture indicates that the molecular motions
influence the charge distribution on a broad range of
frequencies. In order to understand which molecular vibrations
are coupled to the characteristic frequencies of the charge
fluctuations, we have also carried out the effective normal mode
vibrational analysis of the [PD1,PD2]AIMD

•+ trajectory (see
Methods section). This procedure consists of decomposing
the total vibrational density of states of the system into
molecular motions, which are localized in frequency and
represent the finite temperature analogues of the normal-mode
analysis.
In the same plot, we also report the power spectra of four

specific effective normal modes that have frequencies clearly
resonating with the charge fluctuations on PD1 and PD2
chlorophylls. These modes are representative of bands that
are involved in the charge modulations. More in detail, the low-
frequency band (340−400 cm−1) involves out of plane motions
of the PD2 chlorophyll rings and magnesium−nitrogen
stretching (e.g., PD2−ENM C), whereas the high-frequency
band in the range 1520−1600 cm−1 involves mainly the C−C
and C−N stretching of the pyrrolic rings (rings I, II, and III) of
the PD2 chlorophyll (e.g., PD2−ENM B). In the middle range,
between 650 and 800 cm−1, we found several motions
characteristic of the PD1 chlorophyll resonant with the charge
fluctuation frequencies involving torsions of the pyrrolic rings I,
II, and III and a band at 870 cm−1 resonant with motions
involving the torsion of ring IV of PD1 and the Mg−N
stretching (e.g., PD1−ENM A). Additionally, the out of plane
motions of ring III and the bending of the monomethyl ester of
PD2 chlorophyll (PD2−ENM D) seems to modulate the charge
fluctuations at 790 cm−1.
All the above-mentioned bands modulate the charge

fluctuations by favoring or disfavoring charge localization on
PD1 or PD2 via molecular distortions and coupling with the field
of the environment. Considering the different environment
surrounding the two pigments, we can suggest that motions of
ring III of PD2 can be influenced by the proximity of the D2-
Trp191. The same residue was suggested to be involved in the
“saddling mode” of PD2 using s normal-coordinate structural
decomposition.15

A number of modes that mostly contribute to selected
characteristic frequencies of the charge fluctuations are
identified and projected on the atoms of the PD1 and PD2
chlorophylls. With the purpose of defining which moiety of the
two pigments most contributes to the modes extracted by the
vibrational analysis, we reported the structure of the special pair
in the bottom panel of Figure 4 with the atoms colored on the
basis of the respective contribution to the previously identified
modes.
Although there is an overall symmetry of the regions most

contributing to such charge fluctuations, some specific
differences are present between PD1 and PD2. In particular,
the Mg atom and the vinyl group bound to ring I are

Figure 3. Charge fluctuations in the oxidized system. The percent of
LUMO localized on the PD1 chlorophyll is plotted as a function of the
simualtion time (blue line). The difference of the partial charges
present on the two chlorophylls is also reported (red line). The value
of the charge difference and the percent of LUMO are smoothed
averaging over 10 frame blocks. Since the simulation of the neutral
system was carried out removing an electron with spin α, the reported
LUMO refers to the electron with the β spin.
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significantly involved into the effective normal modes of the
PD2, whereas no contribution of such moieties was found in
PD1.
In addition to the frequency analysis detailed above, we have

systematically searched for time correlations between charge

fluctuations and intra- and intermolecular geometrical
descriptors, with the aim to monitor the contributions of the
slowest motions, which cannot be properly described by a
Fourier analysis of a picosecond trajectory. Among the others,
we checked the possible correlations between the orientations

Figure 4. Charge fluctuation frequencies. (top) Frequencies of the charge fluctuations obtained by Fourier analysis on the QM/MM MD simulation
of the oxidized system [PD1,PD2]AIMD

•+ are shown in red. A set of four effective normal modes (ENM) representative of the motions of the PD1 and PD2
chlorophylls resonant with charge fluctuations are also reported. The ENMs are shown as solid lines for PD2 and dashed line for PD1. (bottom)
Structure of the special pair, coloring atoms based on the respective contribution to the ENMs resonant with the charge fluctuation frequencies.

Figure 5. Slow molecular motions correlating with charge fluctuations in the [PD1,PD2]AIMD
•+ system. (a) Time evolution of the partial charge present

on on PD1 in the oxidized system (red line) and the dihedral angle ϕ of the vinyl group of PD2 (blue line). The value of the charge and the dihedral
angle is smoothed averaging over 40 frame blocks. The value of the dihedral angle relative to the the X-ray positions is indicated as blue dashed line.
(b) Time evolution of the angle γ (defined in panel c) is shown as blue line. The value of the angle γ relative to the the X-ray positions is indicated as
blue dashed line. The same smoothing procedure was adopted as in panel a. (c) Definition of the angles ϕ and γ.
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of the vinyl groups and the charge fluctuations. The vinyl group
corresponds to the acetyl group of the bacteriochlorophyll-a
special pair, whose orientation was suggested to effect the redox
potential of the special pair. We found no correlation along the
trajectory between the orientation of the vinyl group and the
partial charge localized on the PD1 chlorophyll, whereas a poor
correlation (R2 = 0.32) was found between the dihedral angle ϕ
of the vinyl group on the PD2 pigment and the charge
fluctuation (see Figure 5a). A slightly higher correlation (R2 =
0.50) was found between the charge fluctuations and the angle
γ, describing the reciprocal orientation of the two rings I
belonging to the PD1 and the PD2 (see Figure 5b,c). Additional
analysis of the data using the Eureqa software33 indicates that
nonlinear functions of the two variables ϕ and γ lead to higher
correlation, suggesting that they are important in the charge
modulation. Our results indicate that charge fluctuations
between the special pair chlorophylls of PSII are affected by
both intra- and intermolecular motions at different time ranges.

■ DISCUSSION
Understanding of the determinants responsible for the charge
separation occurring in the chlorophyll special pair of
photosystem II is of central importance to obtain a clear and
complete view of the enzyme function and, eventually, its
photoprotective mechanism. Here, using both static and ab
initio QM/MM molecular dynamics calculations, we addressed
the issue of the influence of thermal fluctuations on the charge
distribution over the oxidized chlorophylls special pair.
From static calculations carried out on the X-ray structure as

well as the geometry optimized structure, we found a charge
ratio of the two chlorophylls, PD1

•+/PD2
•+, close to 0.80/0.20, in

agreement with previous theoretical14,15 and experimental12,34

studies. Nevertheless, to obtain a detailed picture of the events
occurring at physiological temperature in the first picoseconds
following the oxidation of the special pair, the effect of the
thermal fluctuations on the charge distribution has to be taken
into account.4 Moreover, the thermal effects can strongly effect
the short-range interactions that modulate the electronic
coupling in such systems.35 In this regard, from comparative
studies with the purple bacterial PL/PM pair, it was suggested
that the reciprocal orientation of ring I in the chlorophylls
special pair in PSII may have a deep impact on the orbital
overlap.5 We therefore carried out MD simulations at a
temperature of 298 K in a QM/MM framework considering the
quantum center composed by the chlorophyll special pair rings
and the two coordinated histidines in both neutral and oxidized
state. In the neutral state, the average charge ratio PD1

•+/PD2
•+ was

found to be equal to 0.54/0.46 with several charge inversions
between the two pigments. To simulate the first picoseconds
following the initial charge separation, we carried out a QM/
MM simulation starting from one snapshot of the neutral
system simulation removing an electron from the quantum
center. Along the ∼8 ps of simulation, we found an average
charge ratio PD1

•+/PD2
•+ equal to 0.59/0.41 with large charge

fluctuations (from ∼0.8/0.2 to ∼0.4/0.6). From our analysis,
we found that the main determinant for the different charge
distribution in the X-ray structure compared with the QM/MM
molecular dynamics resides in the relative orientation fo the
two rings I in the chlorophylls PD1 and PD2. Indeed, the value of
the angle γ (defined in Figure 5c) as found in the X-ray
structure is 114.8° (see dashed line in Figure 5b), which is
considerably larger compared with the average value calculated
along 8 ps of simulation (γ = 108.9°). Although additional

determinants contribute to the modulation of the charge
distribution over the two pigments, the relative orientation of
the two rings I experienced along the dynamics strongly affects
such modulation, increasing or decreasing the coupling
between the two chlorophylls and the respective charge
distribution.
The effect of the dynamics is therefore changing qualitatively

the picture of the charge delocalization, which, at physiological
temperature, is much less pronounced than previously though.
Whereas the preferential localization of the cation is, as
expected,13,24 still the PD1 chlorophyll, occasional inversions of
the charge distribution are always present even along short
picosecond dynamics. This behavior can have a strong impact
in photoprotection mechanisms of photosystem II. Indeed, the
transient localization of the cation on PD2 may serve as an
electron acceptor from the β-carotene/Cyt b559/ChlZD2 side
pathway,5,17,18 playing a crucial role in the PSII cyclic electron
transfer.36 Another photoprotective mechanism fulfilled by the
photosystem II supercomplex consists of non-photochemical
chlorophyll fluorescence quenching. Two different hypotheses
have been proposed about the location of the charge
recombination at the basis of this mechanism. The quenching
could either arise from a charge recombination between the
P680+ and the acceptor side of photosystem II or occur in the
antenna system of PSII, this second proposal being the most
widely accepted in the last years.37 Although based on our
calculations it is not possible give a definitive answer, the high
degree of charge delocalization found in the present study
discourages the hypothesis of a fast charge recombination
between P680+ and the acceptor side of PSII.
The calculations also revealed the role of the protein

surroundings and of the dynamics on tuning of the asymmetric
behavior of the charge. Albeit, based on static QM/MM
calculations, the asymmetric charge distribution between the
PD1 and the PD2 pigments was found to mainly be due to the
electrostatic interaction with different protein residues, the
dynamical charge fluctuations reported in this study clearly
show a strong modulation by intra- and intermolecular
conformational changes. In particular, combining the vibra-
tional analysis of the special pair and the Fourier analysis of the
charge displacement between PD1 and PD2, we showed that
specific frequencies in the charge oscillations can be associated
with specific effective normal modes of the two pigments.
In a recent paper, Romero et al.29 revealed the presence of

coherence between excitons and charge-transfer states. They
suggested that such coherence is maintained by vibrational
modes. In this regard, our results identify the power spectrum
of the charge oscillation between the chlorophills and may
therefore help to rationalize which intramolecular motions
mostly contribute to the observed coherence effects.
Apart from fast intramolecular nuclear motions, we also

monitored slower intra- and intermolecular motions, although
this analysis may suffer from the short sampling. Nevertheless,
we were able to identify significant correlation between the
charge fluctuations and the relative orientation of ring I in the
two PD1 and PD2 chlorophylls. It was suggested that the
different behavior between the chlorophylls pair of the bacterial
reaction center and the special pair of the photosystem II may
arise from the different overlay of the two ring I.38 Indeed in
the X-ray structure of PSII, the π-stacking interaction is
disrupted by an in-plane tilt of the macrocycle that was
proposed to be necessary to localize the hole state.38 Our
results corroborated this hypothesis finding in the relative
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orientation between the two rings a determinant for the
localization of the cationic state over a specific chlorophyll.
Different studies focused on the localization of the excited

state over the six pigments of the reaction center, which was
found to depend on the temperature. In particular, at 5 K, the
excited state was suggested to be strongly localized on ChlD1,
while at 300 K, it turns out to be delocalized over the six
pigments as assumed in the multimer model.38 Although in our
calculations we did not explicitly take into account excited
states and the calculations are restricted to two chlorophylls, we
can suggest that, as thermal fluctuations modulate the HOMO
distribution over the neutral special pairs of chlorophylls, a
similar mechanism may modulate the localization of the excited
state. Overall, our results confirm the importance to take into
account the conformations sampled by the pigments of PSII at
physiological conditions and the subsequent effect on their
coupling in order to accurately describe the charge separation
and the excitation energy transfer mechanisms.39

In conclusion, finite temperature dynamics has an important
effect on the charge distribution of the special pairs of
chlorophylls in photosystem II. Charge is indeed much less
localized than in the usual static picture, and the two
chloropylls are strongly coupled, in line with the idea that
collective motions are dominant, as was suggested for the
primary charge separation.40

■ METHODS
Simulated System. The QM/MM model considered in the

present study was built by extracting a region of about 40 000 atoms
from a model of the dimeric PSII complex embedded in a membrane
bilayer after performing a classical MD simulation with position
restraints on the X-ray coordinates (PDB ID 3ARC2). The QM/MM
model includes, as classical part, all of the amino acids of the D1, D2,
and CP43 polypeptide chains, the neighboring cofactors, and the water
molecules present in the structure (further details reported in ref 41).
From this model, we have selected as quantum region the two
chlorophyll rings, PD1 and PD2 (without their phytol side chains), and
the side chains of the Mg-coordinated histidines, D1-His198 and D2-
His197 (see also Figure 1). Both the histidines and the chlorophylls
are saturated with capping hydrogen atoms on the carbon atoms
linking the QM and the MM systems. In QM/MM and gas phase
calculations, two different oxidation states of the quantum system were
considered: the reduced state, [PD1,PD2]

0 (neutral QM system with
singlet multiplicity, treated with restricted Kohn−Sham DFT scheme),
and the oxidized state, [PD1,PD2]

•+ (+1 charged QM system with
doublet multiplicity, treated with unrestricted Kohn−Sham DFT
scheme). For both QM/MM oxidation states, ab initio molecular
dynamics, [PD1,PD2]AIMD

0/•+ , and QM/MM geometry optimization with a
constraint to the MM part, [PD1,PD2]QM/MM

0/•+ , were carried out. To
better understand the role of the geometry and the protein
environment on the charge stabilization, we also considered analogous
models as gas phase isolated systems: [PD1,PD2]GP−X‑ray

0/•+ (with heavy
atoms constrained to X-ray coordinates),2 [PD1,PD2]GP

0/•+ (fully relaxed
in gas phase), and [PD1,PD2]GP−from‑QM/MM

0/•+ (same geometry as
[PD1,PD2]QM/MM

0/•+ but without the protein field).
Computational Details. QM/MM calculations were performed

using the CP2K package.42,43 General AMBER force field (GAFF)44

was used for the classical description of the cofactors embedded in the
QM/MM region, whereas the standard protein residues were
described by AMBER99SB force field,45 consistently with our previous
studies.31,32,41 For the description of the electronic structure of the
quantum region, we used the Kohn−Sham DFT scheme using the
functional Perdew−Burke−Ernzerhof.46 Goedecker−Teter−Hutter
pseudopotentials47,48 were used for all the atoms in the QM region.
The Gaussian/plane-wave scheme42 implemented in the CP2K
package was used in all the QM/MM calculations with DZVP-

MOLOPT-SR-GTH Gaussian basis set optimized for molecular
systems.49 A cut off of 320 Ry was set for the plane-wave basis set.

The QM/MM Born−Oppenheimer ab initio molecular dynamics of
the reduced and oxidized systems, [PD1,PD2]AIMD

0/•+ , were performed with
a time step of 0.5 fs in NVT ensemble with the Nose−́Hoover
thermostat50−52 (T = 298 K). During the dynamics, the positions of all
α-carbon atoms as well as the Mn4CaO5 cluster were kept fixed. The
two QM/MM ab initio molecular dynamics were carried out for a total
computed time of 3 ps of thermalization and 12 ps dynamics for
[PD1,PD2]AIMD

0 and 3 ps of thermalization and 8 ps dynamics for the
most expensive unrestricted [PD1,PD2]AIMD

•+ system.
To follow the electronic structure properties of the special pair

along dynamics, snapshots were extracted from both the reduced and
the oxidized AIMD every 50 fs. The localization of molecular orbitals
on the two chlorophylls was followed by projecting the electronic
density of states on the PD1 and PD2 atoms. Similarly, to follow the
charge localization in the oxidized dynamics, we sum the total charges
of the atoms of the two chlorophylls as derived by population analysis.
In the reduced dynamics, [PD1,PD2]AIMD

0 , we have also monitored the
asymmetry in the propensity for oxidation by analyzing the electronic
structure upon removal of one electron for each of the frames
extracted.

Vibrational Analysis. The characteristic frequencies of the charge
fluctuations of the oxidized special pair were obtained in the range of
300−1800 cm−1 by the Fourier analysis of the charge difference
between PD1 and PD2, calculated by summing the Mulliken charges on
each chlorophyll.

In order to understand the dependence of the charge on the
molecular motions, the vibrational analysis of the PD1 and PD2 atomic
trajectories from the [PD1,PD2]AIMD

•+ was performed and the frequency
couplings were evaluated. The total vibrational density of states
(VDOS) has been computed through the Fourier transform of the
atomic velocity−velocity autocorrelation function. Collective molec-
ular motions associated with the peaks observed in the VDOS are
obtained by effective normal-mode analysis, that is, the finite-
temperature analogous to zero-temperature normal-mode analysis.
The vibrational analysis of the single chlorophylls were obtained by
extracting the atomic coordinates and velocities of the two
chlorophylls singularly. Effective normal mode decomposition was
carried out by maximally localizing the vibrational density of states of
each normal mode, using the techniques described in ref 53, already
successfully applied to characterize biomolecular vibrations at finite
temperature in solution.54,55 The vibrational spectrum of each normal
mode was compared with the charge DOS spectrum, calculating the
overlap with selected peaks.

To visualize which moieties of the chlorophylls are involved in such
charge-modulating modes, we evaluated the atomic contribution to
each of the above-selected effective normal modes, calculating the
square of the corresponding displacement vector times the atomic
mass. The influence of each atom on the charge fluctuations is
obtained by summing the atomic contribution of every effective
normal mode weighted according to its overlap factor. The data are
therefore visualized on the PD1 and PD2 molecular structures using a
color scale.
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