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One of the key steps in photosynthetic solar-energy con-
version performed by plants, algae, and cyanobacteria is the
splitting of water into molecular oxygen and hydrogen
equivalents.! To achieve this challenging task photosynthetic
organisms use a protein complex that remained almost
unchanged during the evolution in the last two and a half
billion years: the photosystem IT (PSII). The reaction pro-
ceeds by the accumulation of four oxidizing equivalents on
the {Mn,CaOs} cluster through five (S—S;) oxidation states
that are sequentially attained during water splitting (Kok
cycle).”) The deep understanding of the way nature has found
to perform this difficult task efficiently has a great relevance
not only for biology but also for inspiring the development of
biomimetic artificial systems that can be used to store solar
energy in an environmentally friendly way.’! Atomic details
of the structure of the oxygen-evolving complex (OEC) of
PSII have been revealed by extended X-ray absorption fine
structure (EXAFS) experiments and by X-ray crystallogra-
phy at increasing resolution levels.! However, the accurate
position of the {Mn,CaOs} cluster atoms and its ligands
emerged only when a X-ray structure at 1.9 A resolution
became accessible.”! However, the effect of a possible X-ray
photo-reduction, in particular on the characterization of the
Kok’s state described by this structure and on the unrealistic
bond lengths between the oxygen atom OS5 and the two
manganese ions Mn1 and Mn4, is matter of debate./! Addi-
tionally, important contributions to the structure refinement
came from theoretical studies.!™”!

Apart from a detailed characterization of the molecular
structure of the OEC, an exact description of the water-
splitting catalytic mechanism cannot leave aside an accurate
investigation of the electronic and magnetic properties
characterizing the {Mn,CaOs} cluster. In the past three
decades electron paramagnetic resonance (EPR) experiments
represented an extremely effective tool to explore such
properties. In particular the S, state has been investigated in
detail since the early 1980s.®) The S, EPR signals include
a multiline signal (MLS) centered at g =2.0 and a broad signal
centered at g~4.1 (reviewed by Haddy”). The MLS is
indicative of a ground-state characterized by a spin S=1/2
whereas signals at g > 4.1 seem to be consistent with a spin S >
5/2. Intriguingly the presence of the two signals was shown to
depend on the temperature as well as on a variety of
conditions in the sample preparation. In particular Casey
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and Sauer reported that the signal at g~ 4.1 can be generated
by illumination at 130 K.[* The subsequent warming of the
sample at 200 K leads to a conversion of the signal back to the
MLS. Boussac et al.®™ showed that if the illumination is
carried out on the untreated PSII in dark-adapted membranes
filtering out the near-infrared component at 130 K, only the
MLS is detected. Thereafter the state responsible for the MLS
was converted into that corresponding to the g~ 4.1 signal by
excitation with near-infrared light at 150 K. Finally when
temperatures of 200 K or more are reached, only the MLS is
observed. Beside the large number of experiments performed
on PSII in the past years, theoretical studies have provided
new insights into the structural, electronic, and magnetic
properties of PSIL®7' In a recent contribution Pantazis
etal" proposed the existence of two interconvertible
structures consistent with the S, state and generating the
two EPR signals. The two structures differ mainly in the
position of the oxygen atom OS5 (see inset in Figure 1), which

Figure 1. Snapshot of the oxygen-evolving complex in its PSII environ-
ment from DFT + U ab initio molecular dynamics at the quantum
mechanics/molecular mechanics level. A selection of the atoms
considered is represented by solid sticks and spheres. Green C, red O,
blue N purple balls Mn, green ball Ca, gray H.

is, in one case (Model A), bound to Mn4 to form a § = 1/2 spin
state responsible for the MLS, and in the second case
(Model B), to Mnl in a §=5/2 state associated with the g
~ 4.1 signal. The close energies and the low barriers reported
for gas-phase models of the Model A and Model B, referred
hereafter as S,* and S,° suggest they can interconvert.
Furthermore, it would be important for calculations to
consider the effect of the full surrounding protein environ-
ment as well as the effect of molecular dynamics. Beside the
importance of simulating temperature effects, the dynamic
description is also crucial to escape from the local energy
minima of such a complex hydrogen-bonding network."?
Both the temperature and environmental effects can be
explicitly taken into account by ab initio molecular dynamics
(AIMD) simulations performed within a quantum mechanics/
molecular mechanics framework.'¥ Herein we will charac-
terize, by AIMD using the CP2K package,*"! the intercon-
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version between the two states on different spin surfaces from
the electronic, structural, and thermodynamic point of view.
This approach will clarify the role of the different spin states
on the stability of the two minima and on the transition
between them, giving a framework for the interpretation of
the rich literature available on the different stable and
metastable states of S,. In addition, our simulations suggest
a new structural model for the S, to S; state transition,
providing new insights on the water-splitting mechanism.

The QM/MM computational setup was based on the
recent high-resolution crystal structure® of PSII. We treated
at the DFT+ U level a portion of the system consisting of
202 atoms around the {Mn,CaOs} cluster (see Figure 1). The
classical system consists of the D1, D2 and CP43 polypeptide
chains and the neighboring cofactors and water molecules
present in the structure. Convergence tests on quantum
regions of similar sizes recently confirmed the reliability of
our model.™ As starting positions for both S,* and S,°
models of the {Mn,CaOs} cluster we used the coordinates
reported by Pantazis et al.'!! Further details on methods,
setup, and computational methods are provided in Supporting
Information.

We analyzed the two minima S,* and S,®. In the QM/MM
optimized structures the spin ground-state for S,* corre-
sponds to low spin (LS) S=1/2 and for S,® corresponds to
high spin (HS) S=5/2, in agreement with previous results in
the gas phasel'!l (details concerning the broken symmetry
states are described in Table S1). In particular we found that
in S,* the LS (ground) state is 0.5 kcalmol~! more stable than
the HS state. Conversely, in the S,® state, we estimated an
energy gap of 0.7 kcalmol™' between the HS (ground) state
and the LS state. For both states the optimizations were
followed by 15 ps of QM/MM ab initio molecular-dynamics
simulations at 7=298 K. Both models were found to be fairly
stable, each Mn atom maintaining its initial coordination
number and its spin population. Geometric properties of the
two models, as calculated along the QM/MM dynamics, are
reported in Table S2 and compared with values extracted
from the optimized structures. In addition to the different
coordination and oxidation states of the Mnl and Mn4 ions,
the S,* and the S,® models are characterized by the fact that
the average Mn1-Mn4 distance increases by about 0.1 A on
passing from S," to S,®. The room-temperature fluctuations
are rather large revealing that, within S,®, distances larger
than 5.4 A are significantly populated during the QM/MM
dynamics (Figure S2). This evidence might have important
consequences on the rearrangement of binding water mole-
cules and on the water splitting mechanism, as will be
discussed below.

To investigate the relative stability of the two states and to
estimate the free energy profiles for the S,* and S,°
interconversion we carried out thermodynamic integration
using as reaction coordinate & the difference between Mn4—
O5 and Mnl1-O5 distances (see Supporting Information).
Along the constrained dynamics on the LS surface (S,=1/2)
we observed a decrease of the Mn4-Mnl distance as the
systems approach the transition state, to a minimum of 4.5 A
(Figure 2a). At the same time, as shown in Figure 2b, the
coordination number of Mn1 and Mn4 exchanges (thick lines)
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Figure 2. Geometric, electronic, and thermodynamic properties of the
OEC along the interconversion path between the S,* and the S,
states. a) Average Mn1-Mn4 distance extracted from each QM/MM
ab initio MD trajectory used in the calculation of the LS free-energy
surface. b) Spin populations (SP; dashed lines) and coordination
numbers (CN; solid lines) for Mn4 (red) and Mn1 (blue). c) Free-
energy profiles of the low-spin (red) and high-spin (blue, green)
surfaces.

and a simultaneous inversion of the spin populations (dashed
lines) of the two Mn ions occurs, consistently with a transition
from Mn1™Mn4" to Mn1™VMn4™ states. The free-energy
profiles for different spin states reported in Figure 2¢ show
that the interconversion always occurs on the low-spin
surface, also in the S,® to S,* case, where, despite S,=5/2
being the ground state, it has a higher barrier.

The overall transition from S, low spin to S,® high spin
states is slightly endergonic, (AG ~1.1 kcalmol ') with an
activation barrier of AG"210.6 kcalmol™, which is slightly
larger than a previous estimate (i.e. AG* < 9.0 kcalmol ' ["!]).
Assuming that the relation between the Gibbs energy of
activation and the reaction rate constant can be described by
the Eyring-Polanyi equation, a barrier of 10.6 kcalmol™
would correspond at room temperature to an half-life time
7o~ 1-10 ps, indicating that in these conditions the inter-
conversion is thermally activated. Conversely, at lower
temperatures (7< 130 K) the half-life time becomes 7,5 >
1 day, denoting that the crossing between the two states is
kinetically inactivated on the typical time and temperature
ranges of cryogenic EPR experiments. A summarizing
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diagram is reported in Figure 3 a. The endergonicity of the S,*
to S,® transition and the height of the kinetic barrier between
the two states have important consequences for the interpre-
tation of previous experiments observing the transition
between the EPR multi-line signal, associated with S,*, and
the g~ 4.1 signal, assigned to S,[%)

According to our free-energy landscape, at room temper-
ature (and in general for 7> 200 K) both S,* and S, states
are appreciably populated. When cryogenic EPR experiments
are recorded, the sample is brought to 10 K and during the
cooling time only the thermodynamically more stable S,*
state remains populated leading to the MLS.™-? This process
is described in Figure 3b1l. When near-infrared light is used at
low temperatures (7'< 130 K), the barrier can still be over-
come, by either a spin-allowed d—d transition in the Mn™ ion
or a charge transfer within the {Mn,CaOs) cluster,’) thus
resulting in the simultaneous population of both the S,* and
S,® states. At variance with the situation for 7>200 K the
estimated half-life time is 7,5~ 10-10% hours, therefore the
thermal interconversion is kinetically inhibited. In these
conditions both states remain populated when samples are
brought to 10 K for EPR measurements, leading to the
appearance of the g=4.1 signal as reported in the experi-
ments from Boussac et al.®™" (Figure 3b2). A further increase
of temperature, such as in Ref. [8ck], brings 7,5 to the ms
time range, therefore allowing the population to relax to the
most thermodynamically stable state during the EPR experi-
ments, as shown in Figure 3b3. When an infrared filter is
applied to dark-adapted states at 130 K only S,* is selected,®!

a b
1) T=200-220 K Illumination B EPR recorded at 10 K
4.1 signal S OB > o 2 Y S;*  Ref[8f,8K]
i-Line si =4.1 signa —_— 2 ef.[8f,
Multi L.me signal g. g 1 7 _~ms S8 [S VIS, > 0
Low Spin (LS) High Spin (HS)
2) T =130-140 K Illumination N EPR recorded at 10 K
(VIS +nearIR) S (7, > years) S,B
= 1 > Ref.[8k,81]
,' 1 7,5~ hours S, S,
1
]
\ 3) T=130-140 K
,’ T>150Ky 5 . N EPR recorded at 10 K
S, Warming to 200K S, (,,, > years)
\ >( -_— S,*  Ref[8k.8c]
\‘ S, 7,, hours>ms S [S,°V[S,A1>0
\J
4) T=130K Illumination EPR recorded at 10 K
S, B (VIS) (7, = years)
21s S S, = > S, Ref[8K]
\ 7,5~ hours
| I
SZAHS 1
AG*=10.6 keal/mol 5) T=130K IR illumination EPR recorded at 10 K
SA A at120-150 K S,° (7,p>years) 8P
Ls 2 > Ref.[8]]
7,,~hours S,A S,
AG, 5=+ 1.1 keal/mol 6) T=130K EPR recorded at 10 K
ga  Warming to 200 K S,? (7, > years) A
2 —_— N 2 Ref.[8]]
7,;, hours > ms S, [S,°V[S," 1> 0
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since at this temperature the interconversion is not thermally
activated, consistently with our scheme (Figure 3b4). The
behavior of other similar experimental procedures reported
in literature can be interpreted using the same scheme, as
shown in Figure 3b5/6. The landscape of the spin states, the
value of the calculated free-energy barrier, and the slight
endergonicity of the interconversion seems to provide a con-
sistent scheme in which to rationalize the temperature and
procedure dependence of several experiments.

Additional information about the S, to S,® transition is
gained from a careful analysis of the Mn coordination (red
solid line in Figure 2b). We observe that during the dynamics
simulation one additional water molecule can be occasionally
added to the Mn4™ coordination shell, close to the S,°
minimum. We explored the room-temperature stability of
such a hexacoordinate structure by an additional ab initio
QM/MM dynamics simulation performed constraining the
reaction coordinate to assume a value of £=1.6 A. In this new
structure, the W3 water molecule, originally coordinated to
the calcium atom (Figure 4a), becomes bound to Mn4 at
a distance of 2.3 A. Interestingly this provoked a rearrange-
ment of the surrounding water molecules which move
concertedly in single file as shown in Figure 4. The coordina-
tion of the W3 molecule with the Mn4 ion is preceded by the
coordination of a neighboring water molecule (namely Wa) to
the calcium ion and the subsequent movement of the water
molecule Wb into the original position of Wa. This coordi-
nation pattern with Mn4™ and the other three Mn'"" centers of
the cluster hexacoordinate, is maintained after the constraint

Figure 3. Energy landscape of the S," and S,® transition suggests an interpretation for the dependence of EPR experiments on temperature,
illumination conditions, and procedures. a) The thermodynamic and kinetic parameters for the S, to S,® transition in the LS (solid line) and
HS (dashed line) states. b) Proposed interpretation of the several experiments involving the passage between the two EPR signals in S,.
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channel terminating at the calcium ion may serve as

GIn165

Asp170

CP43-Glu354

a substrate delivery channel.

Summarizing, we provide new insights on the
intricate puzzle represented by the large amount of
historical and recent EPR experiments on the S, state.
As already suggested by Boussac et al.,*™ the appear-
ance of the g~4.1 signal at T~130K can be
interpreted as the occurrence of two distinct phenom-
ena: first the formation of the S, state associated with
the multiline signal and in the second moment the
subsequent conversion of the S, state into the g~ 4.1,
as a result of the crossing of the energy barrier
triggered by excitation with infrared light. In this

Figure 4. Possible pathway for the substrate water as obtained by ab initio MD
calculations: a) Representative structure of S,". b) Representative structure of
S, c) Representative structure of a configuration with all the manganese ions

hexacoordinate.

release during 4.0 ps of dynamics carried out in both the HS
and LS states. During these simulations the distance between
the Mn4™ and the Mn1" centers increases up to 5.5 A
allowing the oxygen atom of W3 to undergo large oscillations,
reaching a minimum distance of 2.5 A from the O5 atom. The
observed hexacoordination of the Mn™ center may addition-
ally have important implications for the formation of the S;
state, probably favoring the oxidation of Mn4 by Tyrl6l.
Supposing an oxidation number of IV for all the Mn ions in
the S; state,l'” such a conformation with all the manganese
centers hexacoordinate could be regarded as a precursor of
the S; state. The insertion of a water substrate molecule in the
S, to S; transition was already suggested in recent studies.'>!”!
Additionally, in an alternative to previously proposed mech-
anisms'%*! our calculations show that the originally calcium-
coordinated water W3 may serve as a substrate for oxygen
formation after becoming coordinated to Mn4 during the S, to
S, transition.

The combination of our results and the available EPR
data may have important implications on the water-splitting
mechanism. The presence of two EPR signals representative
for the S, state was interpreted from time to time as an
indication of either the g~4.1 signal as being that of the
precursor state of the low-spin state®™ or the contrary.®
Recently, owing to the almost isoenergetic nature of the two
states S,* and S,” it was also suggested that the transition
between the S, and S; state could proceed through different
possible non-exclusive pathways.''l The dynamic character-
ization, reported herein, strongly suggests that the transition
between the S;, S,, and S; states should pass through the prior
formation of a S, state characterized by a conformation with
a low-spin ground-state (S,"s). Subsequently the {Mn,CaOs)}
cluster undergoes a structural change reaching the conforma-
tion with a high-spin ground-state (S,%ys), a hypothesis
recently proposed by Cox and Messinger.'”! This path
towards the S; state is corroborated by the increased Mnl-
Mn4 distance found in S,”, thus promoting the coordination of
the Mn4 ion with an additional water molecule. Moreover, the
dynamic investigation of this process revealed that the water

© 2013 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

respect the S, ¢ state represents a precursor of the
S,Pus state in the direction of the S; formation. Our
calculations also suggest the existence of a subsequent
intermediate state characterized by the presence of
four hexacoordinate manganese ions. Such a confor-
mation appears to be a reasonable candidate as
a precursor of a S; state, consistent with recent
theoretical studies!™® and gives the opportunity for further
interpretation of the available experimental data."”>!! Char-
acterization of this novel intermediate state from structural,
thermodynamic, and a magnetic point of view is in progress.
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