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Chapter 1

Introduction

The reaction centre of the Photosystem-II, named Oxygen Evolving Complex (OEC), is a
fundamental catalyst for most of the terrestrial life. The enzyme provides the driving force
for the carbon fixation and evolve, as side product, the oxygen that nowadays compose our
atmosphere. Its efficiency and essentiality are inspirational for bio-mimetic artificial struc-
tures, which could achieve similar catalytic properties in inorganic environment.

An extensive and in-depth comprehension of peculiar features of the reaction centre struc-
ture alongside with the process mechanism is crucial for such task.

Theoretical studies can elucidate the molecular features of the catalysis from the role of the
whole protein structure to the atomic level detail. Such type of contribute aims at eventually
connecting the points in the foggy picture of the many experimental evidences which often
seem to disprove each other.

The catalytic process performing water oxidation is called Kok-Joliot’s cycle and is com-
posed of 5 states named Sy to S4. The progress of the cycle is triggered by the absorption of
4 photons. Most of the chemistry connected to the catalysis takes place in the metal cluster
present in the OEC, whose composition is MnsCaOs. The crucial steps in the mechanism
reside in the supplying of substrate water molecules (5,,54) and in the bond formation be-
tween the oxygen substrates (Sy).

Recent huge advancements in the crystallographic techniques provided all the data neces-
sary to an extensive theoretical contribution to the research field.

Multiscale methods allow to improve the goodness of the atomistic model by coupling to-
gether different levels of theoretical description. An higher one is used for the core where
the reactions take place and a lower one for the environment in order to preserve the full
structural and electrostatic effects of the protein complex. In order to characterize the molec-
ular features of the water oxidation process it is appropriate to employ quantum mechanics
(QM) for the catalytic core, while classical molecular mechanics (MM) is enough to represent
electrostatic and structural effects of the enveloping protein.

Using DFT based methods involving QM /MM dynamics and gas-phase calculation of Min-
imum Energy Paths, a comprehensive pathway of intermediate steps at molecular detail
has been built. Molecular dynamics methods have been massively involved to observe phe-
nomena induced by thermal fluctuations which would be precluded in static models, such
as changes in protonation pattern.

A detailed model of molecular motions related to the final stage of the catalytic cycle will be
shown and discussed, from the last photon absorption, to the full regeneration of the cata-
lyst.

Employing both dynamic and static computational methods, an energy profile connect-
ing all the intermediates and in agreement with the experimentally measured timescales
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has been estimated. The study provides molecular bases for a preferential reaction mecha-
nism in water oxidation which underlines the crucial features of the manganese cluster in
Photosystem-1I OEC.

Eventually, on the basis of the discussed results and the previously published data, a com-
plete and extensive model for the entire catalytic cycle is proposed and discussed.

In the same framework of dynamics-static comparison the results obtained from infrared
(IR) spectra calculations will be discussed, in order to improve the understanding of the
vibrational fingerprint related to the progress in the reaction cycle. Static calculation, as
Normal Mode Analysis, and Fourier Transform of dynamic dipole correlation results have
been compared to understand their predictive power on extremely complex atomistic mod-
els. From the same QM/MM calculations it is possible to extract the total dipole or partial
dipoles in order to obtain total spectra or the contribute of a single moiety to the total spec-
tra.

The study focused on the mid region (1800-1100 cm ') and low region (800-350 cm™!) of
infrared electromagnetic radiation range. In the first range, the major contribution of the
spectra is due to the OEC amino-acid residues and in the second mostly arises from the
metal catalyst modes. While the static modes are widely used since many years, the dynam-
ics based method required an ex-novo decomposition strategy to improve the robustness of
the bands identification. Robust bands localization for the OEC protein residues will be re-
ported, based on the kind of the coordinated metals.

Also, the results obtained from low frequency modes decomposition will be discussed,
which allowed to reproduce very well the experimental signature of the OEC S-states tran-
sitions. Eventually, the decomposition of the spectra allowed to confirm and improve the
understanding of all the modes arising from the manganese cluster wireframe.

The complete and shared understanding of the molecular mechanisms behind the water
oxidation process, obtained with the joint contribution of experimental and theoretical work
from all around the globe, would set the basis for a structured research in the artificial pho-
tosynthesis, a cutting-edge theme in modern research. As a matter of fact, the development
and use of artificial and bio-compatible water oxidation catalysts would provide a huge help
solve the issues of energy demand which dominates the modern times. The strategy devel-
oped in this thesis for IR spectra investigation provides a useful tool in order to calculate,
with good accuracy, the dynamic effects in large biological reaction centres. In addition, the
working scheme proposed in this elaborate provides an efficient method to approach the
study of the several biological reactions which are still not fully understood.
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Photosynthesis

2.1 Photosynthetic Reactions

Enargia luminosa

F

 Dssigeno

ik
e :-“
% A
- e\ 4
Anidride AV
carbonica

processo della fatosintos:

Photosynthesis is defined as the biological
process in which sunlight energy is absorbed
and stored by photosynthetic organisms and
used as driving force for cellular processes. This
general definition allows to include all the prin-
cipal and collateral metabolisms which have in
common the light-driven activation and con-
tribute to sustain the organisms. The main
photosynthetic process allows the conversion
of sunlight into hydrocarbon-based chemical

species starting from carbon dioxide and water,
which is virtually the inverse of the cellular res-
piration.

nCO» + nH,O s n(CH,0) + nO,

Afterwards, these energy-rich chemical species are used as energy source by the photo-
synthetic organisms themselves and all the higher organisms in the food chain.

In the early XX century the common knowledge believed that during photosynthesis
sunlight reduced directly the CO, which combines with water to produce carbohydrates.
In the actual process the reaction is divided in two phases. In the first and light-dependent
phase (Light Phase), water oxidation takes place producing molecular oxygen, electrons
(stored as reduced species) and protons (as lowered pH):

2H,0 M Oy +4HT + 4o~

The obtained reducing potential is therefore used in the Calvin cycle (Dark Phase) to reduce
carbon dioxide as precursor carbohydrates with a backbone of 3 Carbon atoms (Cs):

COy +4HT +4e~ —3 (CH,0) + Hy,O

The photosynthetic biological reactions are very ancient. Even if a precise estimate is not
yet possible, on the basis of the dating of the first traces of metal oxides it is thought that
the appearance of the first photosynthetic organisms can be placed in the Archean, approx-
imately 3 billion and half years ago [147, 14].
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The possible differentiations between the organisms that operate photosynthesis are many,
firstly of all based on the reactive center. The most widespread is based on the chlorophyll
family, present in plants, algae, cyanobacteria and bacteria. The photo-induced electron
transport mechanism is basically analogous in all of these organisms and involves the for-
mation of oxygen as a secondary product. However, different types of bacteria do not exhibit
oxygen evolution associated with light absorption. There are also some organisms in which
the reaction center is based on the Rhodopsin protein, whose mechanism is totally differ-
ent and is based on the cis-trans isomerization of the retinal in the active site of Rhodopsin
coupling it with trans-membrane proton transport. Even if this photosynthetic pathway par-
allel is present in some archeobacteria only, recently, also marine proto-bacteria exploiting
Protorodopsin, a Rhodopsin analogue, have been discovered.

Another important distinction is based on the importance of luminous metabolism in the
survival of the organism. We classify photosynthetic organisms as those that predominantly
derive energy for their sustenance from light, such as plants, algae and cyanobacteria. On
the other side in phototrophic organisms luminous metabolism is only a part of the overall
metabolism or however strongly influenced by external conditions. The dependence of this
regulation on the environment is such that in some cases the photosynthetic metabolism is
even absent.

2.2 Chloroplasts

The eukaryotic cell organelles, in which the photosynthesis takes place, are the chloro-
plasts. These ellipsoidal-shaped organelles are present in large quantities, up to 1000 per
cell and with a length of about 5 ym, although their dimensions can however considerably
vary. Since also the chloroplasts, like the mitochondria, have a genome of their own, it is
thought they originally were ancestral autonomous photosynthetic bacteria later incorpo-
rated in larger organisms, surviving first in a synergistic way and then becoming a whole
being together with the symbiont. The structure of chloroplasts is characterized by a very
permeable external membrane, which allows the free flow of nutrients and an almost imper-
meable internal membrane that encloses the stroma. The stroma is a concentrated cellular
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FIGURE 2.1: Schematic structure of the Chloroplast.
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solution of enzymes, necessary for the biosynthesis of carbohydrates, DNA, RNA and ribo-
somes, in order to keep the biosynthesis of the aforementioned enzymes and other structural
proteins necessary for chloroplasts always active. In the stroma we find a further membra-
nous substructure, the thylacoid (from the Greek “thylakos”, bag), a sort of vesicle with high
folding level consisting of piles of discoidal vesicles called grains and connected together
by flat channels called stromal lamellae. On this membrane are present protein complexes
active in photosynthesis and therefore, this is where the several photosynthetic reactions
take place, from photons capture to RedOx processes. In the disposition of photosynthetic
complexes the substantial difference between plants and photosynthetic bacteria lies. The
ancient complexes are however membrane proteins, but are located on the cytoplasm mem-
brane, while plants have specialized organelles where the photosynthetic complexes reside.
Also in the less specialized organisms multi-lamina folded structures are often present, sim-
ilar to grains of the thylacoid membrane [147, 14].

2.3 Pigments of Photosynthesis

As already mentioned, the main pigment for light absorption in photosynthesis is chloro-
phyll. The chlorophyll is a cyclic tetrapyrrolic molecule with high conjugation, in which the
four central nitrogen atoms coordinate a cation Mg>* (Fig, and which biosynthetically
derives from protoporphyrin IX obtained from Succinyl-CoA. Chlorophyll actually does not
exist as a single entity, but belongs to a family of molecules generally called chlorophylls in
which the central conjugate ring is substantially analogous, but differs for the lateral sub-
stituents of the macrocycle resulting in significant variations in the absorption spectrum.
The most diffused Chlorophylls in plants are Chlorophylls 'a” and ‘b’ (Chl 4, Chl b). In the
bacteria, the bacteria-Chlorophylls a e b are widely present (BChl a, BChl b).

The strong conjugation present in the chlorophyll molecules is responsible for intense
absorption in the visible frequencies, which is also evolutionarily directed since this is the
solar radiation section that undergoes the least atmospheric shielding and is therefore the
most intense at the ground level. These four variants of chlorophyll are the most repre-
sented in the existing pigments, in fact many species strongly modify the side chains of the

P spettro solare
—— clorofilla & T
clorofilla «
_carotenoidi
§ ficoeritrina
ol
a X CH=CH, Y:CHs £
b X:CH=CH, Y:CHO =
d X:CHO Y: CH; Z B
\ ficocianina —
CHj; CH; CH; L . \//\\//\v/
T T T
H,C x 400 500 600 700

lunghezza d’onda (nm)

FIGURE 2.2: Different absorption spectra depending on the terminal functional groups
of the ring.
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porphyrinic macrocycle or even use completely different pigments, having evolved to ex-
ploit non used areas of the solar spectrum. For example in the sea, after a few meters the
blue and green light are completely absent and aquatic photosynthetic organisms show sub-
stitution of the Chla with phycoerythrin and ficocianobinin (a family of linear tetrapyrroles)
succeeding into carrying out photosynthetic reactions in an extremely efficient way. A sim-
ilar behavior was also seen in the organisms present in the undergrowths of dense forests,
in which the light that filters from the tops of the tallest trees is strongly impoverished in
the green. Consequently, the pigments of these organisms have evolved to preferentially
absorb in the areas of the visible spectrum still available. The pigment molecules present in
the neighborhood of a photosynthetic reaction center, however, are many more than those
in the catalytic center, in fact, if only those of the reactive center were present, the absorp-
tion of photons per second would be not enough to guarantee a continuous metabolic flow.
Evolution has compensated for this problem by aggregating catalytic proteins with light
harvesting complexes (Light Harvesting Complexes-LHC), each containing tens of chloro-
phylls each, which guarantee a supply of photons with a turnover rate of 10 times bigger.

ht Acceptor

/,ﬁ

Reaction
center

\Lig

9

Light harvesting antenna Donor

FIGURE 2.3: Scheme of solar energy collection to reaction center and LHC structure.

LHCs are located in the protein membrane. Their structure is composed of different pro-
tein subunits to obtain a symmetrical shape acting as a skeleton for pigment placemen{2.3]
The reciprocal orientation of the pigments was observed not to be random, but evolutionar-
ily selected to obtain the maximum coupling between different photo-receptors. In this way
the energy can be transferred from one complex to another quickly and without losses up
to the true reaction center. In most of the LHCs, chlorophylls are not the only photorecep-
tors present, as other photoabsorbent species commonly known as “accessory pigments” are
also involved. Even if they are not strictly necessary, their presence completes the absorp-
tion spectrum of LHC thus maximizing the exploitation of the solar spectrum. Among the
“accessory pigments” there are carotenoids (family of conjugated linear polyenes) responsi-
ble for the intense colors of autumn leaves. These pigments, and in particular carotenoids,
are central in the protection mechanism against photo-oxidative damage 14].
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2.4 The Light Reactions

In photosynthesis the photo-excited electrons of chlorophylls are transferred to accep-
tors in a cascade process which guides their chemical energy [147]. The absorption of light
energy by pigments is quantized, so it takes place only if the frequency associated with elec-
tromagnetic radiation, that is to say, the incident photon, corresponds to the energy of the
transition between the fundamental/excited states. The relation is expressed by Plank’s law:
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FIGURE 2.4: Z-Scheme of the photosynthesis from

“http:/ /www.life.illinois.edu/govindjee/”.

When the molecule is in its excited state, it will tend to dissipate the energy associated
with the transition through different possible mechanisms and with a speed proportional to
the value of the AE. The various dissipation modes are: 1) Internal conversion, in which
the decay energy of the electrons is converted into kinetic energy and transmitted as heat to
the surrounding environment. 2) Fluorescence, in which the absorbed photon is re-emitted
together with the decay to ground state, generally associated with a small loss of energy (the
emitted frequency is less than the frequency absorbed). Additionally we have the two mech-
anisms that are fundamental for the photosynthetic process: 3) Excitonic transfer, the trans-
fer of the excitation energy to a nearby non-excited molecule of which the energy transition
results in resonance. Exciton transfer allows the transport of the absorbed energy between
the antenna complexes to the reaction center, whose excited state results in lower energy,
thus trapping the excitation at the catalytically active chlorophylls. Eventually we have 4)
Photo-oxidative mechanism, in which an excited donor molecule is oxidized by transferring
the electron to a reducing acceptor molecule, thus converting the light energy into chemical
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energy necessary for the catalyzed process. In the photosynthetic reaction centers the cat-
alytic chlorophyll is oxidized by photo-excitation becoming a radical cation, which decays
to the initial state by oxidizing a suitable nearby molecule and regenerating itself for a new
reaction cycle.

The electron transport chain in plants and cyanobacteria is a linear process that generates
reducing potential and proton gradient from the photo-induced oxidation of H,O, which is
then used as a driving force for the biosynthesis of NADPH and ATP. The entire chain of
reactions is displayed in the Z diagram (Fig[2.4), named so because of its Z shape due to the
flow of electrons from negative redox potentials to more positive values. This multi-stage
process requires different enzymes with different catalytic centers. The first protein com-
plex is Photosystem-II (PSII) and is active in the oxidation of H,O, then Photosystem-I (PSI)
exploits light energy and the product transferred from PSII to reduce NADP* to NADPH.
Eventually, ATP-synthase coupled to two photo-oxidative enzymes, dissipates the proton
gradient accumulated in the thylacoid lumen producing ATP (Adenosine-Tri-Phosphate),
an high energy compound used as fuel in cellular processes, from ADP (Adenosine-Di-
Phosphate) + inorganic phosphate. The two photo-oxidation centers therefore work syn-
ergistically for the storage of energy with an independent light activation mechanism. Here
the electron transport between the membrane protein complexes involves different stages
and different structures, resulting in a mechanism which is much more complicated than in
the bacterial reaction center, where the cyclical reaction chain occurs entirely in the photo-
synthetic protein PbRC. Additionally, the cytochrome membrane protein bef can be defined
as a fundamental component in addition to PSI and PSII. All three are linked to the thylakoid
membrane to build a poly-protein complex in which the electrons are transferred between
enzymes by mobile transporter particles that can diffuse into the membrane.

chloroplast stroma

ferredoxin-NADP reductase

ey

.
.
o,

oxygen-evolving complex

thylakoid lumen

FIGURE 2.5: Membrane complexes associated with photosynthetic reactions.

After the photo-oxidation of PSII reaction center, the electron migrates through plas-
tokinone (PQ) which is reduced to plastokinol (PQH;) moving up to the cytochrome qite
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bef. Then, a mobile peripheral protein outside the membrane, the plastocyanin (PC), de-
taches from the cytochrome bgf and physically diffuses to PSI. Finally, from PSI the electrons
reach the enzyme active in the biosynthesis of NADH (ferredoxin-NADP™ reductase, FNR)
through an electron transfer protein belonging to ferredoxine. The initial oxidation step of
the H,0, in a way similar to cytochrome bgf redox process, releases a large number of H30O™
molecules in the lumen of the thylacoid decreasing its pH. This proton gradient is exploited
and dissipated by membrane ATP-synthase, which pumps H3O™ through the phospholipid
bilayer by coupling the dissipation of the gradient with the biosynthesis of ATP [14,147].

2.5 The Dark Reactions

During the dark phase, that is “independent” one from light, the reactions of interest are
CO; fixation and, in plants, the photorespiration [147]. Even if this phase is considered "light
independent”, light plays a role here acting as a regulator of the enzymatic activity linked
to these biological processes. The metabolic pathway through which carbon from carbon
dioxide is fixed in the form of metabolically available sugars is called Calvin-Benson cycle
after its discoverers which investigated the phases between 1946 and 1953. The scientists
followed the metabolic flow in the algae with the aid of CO, labelled with C and found
that the cycle can basically be divided into three phases (Fig[2.6):

e Carbon Fixation, in which 3 molecules of CO, are bound to 3 molecules of ribulose-
5-phosphate (Ru5P) to obtain 6 molecules of 3-phosphoglycerate (3PG) at the cost of 3
ATP.

e Reduction, in which 6 molecules of 3PG are converted into Glyceraldehyde-3-phosphate
(GAP) at the cost of an ATP and a NADPH each.

e Regeneration, in which 3 GAP are converted to 3 Ru5P (Ribulose-5-Phosphate).

The cyclic nature of the metabolic pathway means that, for each cycle, three molecules of
CO; are converted into one of Glyceraldehyde-3-phosphate used in other metabolic cycles
for the biosynthesis of sugars. The other 5 GAP molecules produced are all used as substrate
of a long series of enzymatic reactions in order to regenerate the 3 initial RuSP molecules.

The most interesting enzyme of the Calvin-Benson cycle is the carbo-fixative enzyme
Ribulose-bisphosphate carboxylase (RuBisCO), which is probably also the most important
enzyme among all the existing ones, since the survival of all life forms depends on it. It is
worth to mentioning that it is present in an incredibly large amount. In fact, around 30%
of the terrestrial biological mass consist of RuBisCO enzyme. The necessity of such large
a expression of the enzyme is due to its very low catalytic efficiency (k~ 3s~!). Moreover,
RuBisCO also has a poor capability of discerning between O, and CO,, so about 20% of
reactive cycles are wasted in a futile reaction with oxygen called photorespiration. This col-
lateral metabolism dissipates the energy produced by the light phase reactions in a series of
reactions that leads to the partial oxidation of Ru5P to CO;. The low selectivity is thought to
be due to the evolution period of RuBisCO, probably prior to the formation of most of the
atmospheric oxygen. The inability to adapt to the new atmosphere composition has been
balanced with a strong cellular expression. The reaction catalysed by RuBisCO requires the
activation of a molecule of carbon dioxide with ATP and its addition to the Ru5P substrate
in the form of enediolate.
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FIGURE 2.6: General scheme of Calvin-Benson cycle. Picture by Mike Jones, dis-
tributed under a CC-BY 2.5 license.

The global stoichiometry of the Calvin-Benson cycle is:
3CO, +9ATP + 6NADPH — GAP +9ADP + 9P; + 6NADP™"

GAP, primary product of photosynthesis, is used in a multitude of metabolic pathways as ex-
ample to obtain the Glucose-1-Phosphate (G1P), precursor of sucrose and all the long chain
carbohydrates. It had been previously emphasized that light plays a role also in the so called
“dark phase”. Obviously, at night, when plants cannot use photosynthesis they must pro-
duce high-energy compounds by other routes such as glycolysis. However, a control system
that inhibits RuBisCO is necessary to prevent consumption of ATP and NADPH produced
by catabolic processes that already produce GAP. Inhibition of RuBisCO is regulated by two
main factors, both light-dependent. 1) pH, which in the non-lighting condition is lowered
and comes out of the narrow pH range for optimal operation, (pH~8). 2) Mg?* concentra-
tion, which increases in the stroma where the RuBisCO is located as consequence of charge
balancing of HT translocation through the lumen membrane. High concentration of Mg?"
stimulates the activity of RuBisCO. Since at night H' translocation from photosynthesis is
blocked, also the RuBisCO it is strongly inhibited.

Eventually, there is also a biosynthetic mechanism linked to the pH and magnesium con-
centration that produces analogues of the transition state, and therefore a further inhibition
of the enzymatic activity.
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2.6 Artificial Photosynthesis

In the last years eco-sustainability, imposed by the exponential scale of development
and energy demand pushed the frontiers of the renewable energy to less canonical and
widespread solutions [7].

One of these solutions is the Artificial Photosynthesis, a chemical process which stores the
solar energy as chemical energy in the so called Solar Fuels. Several compounds, like CH;0OH
or Hy, represent a good compromise between the emancipation from the fossil fuels and the
need of more sustainable energy sources, still without abandoning modern engines and
infrastructures.

———————————————————————————————————————————

H,

catalyst ‘h/

fuel cell

2H,0
N, o, co, co,

OO

energy storage

FIGURE 2.7: General scheme of artificial photosynthesis from Ref. [34].

In order to obtain such kind of reactions, several catalysts are necessary. The standard
approach for such kind of complex task is the bio-inspiration, learning from the natural en-
zymes and trying reproduce their properties in a small inorganic compound. The best candi-
dates as main characters are the transition metals. Their elevate catalytic activity in electron
transfer reactions is extremely suitable for the task. Many of them have been used for the aim
with good results, like Ruthenium or Palladium, but non-toxic and bio-compatible metals
like Iron, Nickel, Cobalt or Manganese usage should be the final goal. Oxides of the last four
metals had an outbreak due to their limited but stable catalytic activity, also as consequence
of the self-assembly and self-repair mechanisms present in Co based compounds.

Even if the catalytic activity is still limited compared to the natural analogues or even to
the efficiency of other photo-conversion methods and the way to a sustainable and practical
usage of such techniques is still long, it represents a valid option to partially solve the energy
problems.

2.7 Photosystem-II

Photosystem-II (PSII) is the first enzyme in the Z-scheme (Fig[2.4) and its activity fulfills
the photo-induced water oxidation.
In all the organisms in which is present, PSII is expressed as a large membrane enzymatic
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complex. The structural reference has been performed on cyanobacteria since their protein
is easier to crystallize; anyway, the structural organization in algae and plants is analogous.
The first crystallographic structure from 2001 on Synechococcus elongatus resolved
at 3.8A showed a PSII composed by 20 protein subunits, 17 trans-membrane protein and
3 peripheral. The total dimension is 350 KDa for the monomer form, but PSII is typically
present as a dimer with C; symmetry as shown in Fig2.§|

In higher plants PSII is present as larger aggregate of 25 subunits including several an-
tenna complexes reaching ~1000 KDa. The protein part containing the very reaction centre
of PSII is composed of 4 trans-membrane subunits: D1 and D2 contain all the main cofactors
necessary for water oxidation (Orange domain in Fig2.8). Chlorophyll Proteins CP43 and
CP47 (red and green in Fig[2.8) are present next to D1 and D2. Those two subunits are very
rich in chlorophylls to help the photon collection to the very reaction centre. In addition to
these four larger components there are ten other small trans-membrane subunits, each with
a molecular weight lower than 10 KDa. Finally, there are three peripheral chains in contact
with the stromal lumen, which are necessary as well to the completion of the hydrolysis.

The actual catalytic center of PSII is very large (FigP2.9) and contains 6 chlorophylls,
of which 4 are catalytic, two pheophytes (chlorophyll without Mg?"), the metallic cluster
MnyCaOs, two plastokinones Q4 and Qg, two beta-carotenes and a non-heminic Fe.
The four catalytic chlorophylls together are called P680 and this consist in the primary
photo-excitation site. The name derives from the absorption peak that undergoes the great-
est alteration during the photo-oxidation which falls at 680 nm wavelength. PSII catalytic
pigment cluster differs greatly from the primary photo-excitation centers of the other pho-
tosynthetic proteins. Generally, in fact, two tightly coupled chlorophylls called special pairs
are present which allow an efficient charge separation. Here, instead, the absorption of the
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FIGURE 2.8: X-ray structure of PSII dimer. Labels highlight the main components and
the most relevant sites [@ .
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FIGURE 2.9: Reaction centere of PSII, black lines and red arrows indicate the electrons

cascade path [9 [141].

photon and the subsequent oxidation is facilitated by the presence of four chlorophylls, but
the separation of charge and the following oxidation appears to occur only on one of them.

When P680 is excited by a photon, an electron-hole charge separation is generated on
it. At this point the electron must be quickly removed to prevent recombination. Then,
the neighboring phaeophytin (Pheo D1 in Figl.9)), the primary acceptor, which definitively
oxidizes chlorophyll D1 in a process probably mediated by another nearby chlorophyll.

The electron from the phaeophytin is removed with tunneling mechanism by first pass-
ing the plastoquinones Q4 and Qg. When the second plastoquinone has received two elec-
trons (QpHo>) it leaves its binding site and yields its two reducing equivalents to the group
of molecules of plastoginones bound to the membrane, that in turn, transfer it to the Cy-
tochrome bgf and beyond (Fig[2.4).

On the other side of the transport chain, the P680 in its oxidized form P680T, regenerates its
initial state taking an electron at the nearby Tyr161 (subunit D1) also called Tyrz (Fig[2.9).
Yz, in turn, oxidizes the manganese cluster to return to its fundamental state.

When this RedOx scheme is completed four times, the manganese cluster Mn,;CaOs also
known as Oxygen Evolving Complex (OEC), accumulates enough oxidizing power reach-
ing a potential sufficient to complete water oxidation. Finally, O, is released and the protons
related to the two water molecules are gradually released together with the single photo-
oxidative steps.

The water splitting reaction, leading to the formation of O,, is incredibly hard for a biolog-
ical system, as the P680 has a reduction potential of +1.2 V, the highest known value for
a biological reaction center. The presence of such an oxidizing site requires very efficient
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control and protection mechanisms, even in the presence of many water molecules. Failing
to control the direction of such high oxidation potential would result in a waste of energty,
first, and then also serious photo damages to the protein structure.

2.8 The Kok-Joliot’s cycle in Oxygen-Evolving-Complex

The very water oxidation reaction takes

e place entirely in the MnyCaOs metal clus-

HV-IV-V ter and is a cyclic catalytic path divided into

five phases. The discovery of the pathway

[ dates back to the studies of Pierre Joliot and

Bessel Kok, who have been able to resolve

e+H" the steps using O, yield measurement as a

function of light flashes. After minutes of

wvavnvay  dark adaptation, the photosynthetic organ-

isms showed a first spike of O, production

@+ after three flashes with a periodicity of four
flashes [75].

) N e+’ On the basis of these observations, Kok and

Joliot hypothesized that each absorbed pho-

FIGURE 2.10: Kok-Joliot’s cycle. ton induce a single electron transfer event

and that four photons are required to fulfill

the entirety of water oxidation. The steps characterizing the reactivity of the OEC were

named Sy, S1, S2, Sz and Sy, where cycle closing transition Sy to Sy is characterized by the

O; release. Furthermore, due to the presence of a very high O, release peak at three flashes,

they deduced that the resting state is S;, and not Sy, the state with the lowest oxidation.

As shown in the Fig[2.11] the gradual convergence of the yield to an average value was ex-

plained with de-coherence of reaction centers due to many secondary reactions, like photons

catch failing, thermal relaxation, photo damage etc. In 2001, the first structural data about

PSII with a 3.8A resolution allowed to determine most of the tertiary structure of the pro-

tein, but not the position of the atoms in the metal cluster. The presence of four Manganese

II-IV-IV-IIT

e+H*

60 —

40 -

20 |-

Relative Oxygen Yield per Flash

1 1 1
5 10 15 20 25
Flash Number

FIGURE 2.11: O; yield as function of the flashes number [75].
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atoms and one Calcium atom was identified. However, due to the high concentration of
electrons, a proper localization and characterization of the bridge between the ions was pre-
vented. Other techniques allow to further refine the structural properties of the reaction
centre. From EXAFS (extended X-ray absorption fine structure)[153]], FTIR (fourier trans-
form infrared spectroscopy)[28,38], NMR [76] and EPR [24] the notion of the great intrinsic
flexibility of the reaction center arises.

This flexibility is supposed to be a required feature for the OEC allowing it to undergo

a severe structural reorganization during the S-states. It seem that high flexibility is the key
feature of the water oxidation catalyst.
This, besides being a simple chemical intuition, rising from the fact that a certain mobility
is necessary to induce the coupling of two molecules, is also supported by the evidence
that biomimetic catalysts for the hydrolysis reaction are much more efficient if they have an
amorphous structure compared to a crystalline structure [88, 12].

In the last years, the theoretical approach could become part of the game thanks to the
first high resolution crystallographic structure. In 2011 Umena et al. produced a 1.9A reso-
lution structure well below the average Mn-O distance (2.5 A) finally obtaining trustworthy
internal distances for the atoms in the cluster. Unfortunately, some of the distances strongly
disagree with the typical coordination distance for Mn(IIl) ions, therefore, the presence of ra-
diation damage due to the X-ray beam has been proposed [86]]. Anyway, from this structure
it was possible to reconstruct the stable conformation of most of the S-states.

1-D1 70

D1-E333

FIGURE 2.12: X-ray structure of the OEC reaction center in the S;. The MnCa cluster
and the closed ligands are shown [136].

In FigP.12} the structure of the rest state S; is shown. The “distorted chair” shape con-
tains four Mn ions, one Ca ion and five bridging oxygen atoms. The four Mn ions are named
from Mn1 to Mn4 from right to left, the first three and the Ca constitute the cubane part and
the last one dangles outside of it.

Analogously, the mu-oxo oxygen connection bridges are called from O1 to O5.

The most interesting for the catalytic mechanism it is the O5 since is the only one that can
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exchange with bulk water within a timescale similar to the catalytic activity of the cluster.
Many residues have a template and positioning role for the cluster in building the first co-
ordination shell, mosltly bidentate carboxylates (-COO™): Glu333, Glu354, Glu189, Asp170,
Asp342, Ala344 between Manganese of Manganese and Calcium. The aforementioned ala-
nine is a very particular case: it is, in fact, the C-terminal residue, and this is one of the very
rare cases in which a terminal residue has catalytic importance. Arg357 also is a positive
bidentate ligand to the oxygen atoms on the side of the Ca. There are also two nitrogen
monodentate ligands present in the first shell: His332 and His337. Very close to the clus-
ter, in the second coordination sphere TyrZ is present and strongly coupled with the His190
through an hydrogen bond. As mentioned before this residues couple is active part of the
electronic transfer.

Nowadays, a crystallographic structure obtained with incredibly short X-ray Free Elec-
tron Laser (XFEL) is present which should prevent any damage to the sample [136].
However, the exact positioning of all the atoms is still matter of debate. The critical point
of the dark state S; is the O5 position, whose coordination with Mn1 and Mn4 still remains
unlikely. The scientific debate converged on two possible interpretations:

1) The resting structure is mixed with Sp which has a different protonation state and provid-
ing a superposed structure of both states, as also proposed at the beginning by Kok[75]], and
in depth discussed by a recent paper[101].

2) The resting state has an hydroxide in O5 position like for So. Therefore, the distances
become totally reasonable.

Also, recent study hypothesized a possible incorrect usage of electron density treatment al-
gorithms for such a dense condition like a metal cluster leading to a wrong interpretation of
the data [4].

The impossibility to obtain a shared interpretation for high resolution structure of S; and
further states casts a shadow on the exact molecular mechanisms of the natural water ox-
idation. Theoretical methods largely helped decipher the complicated picture connecting
some of the points.
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Chapter 3

Computational Methods

3.1 Molecular Dynamics

Molecular Dynamics (MD) define in a general way all the computational techniques that
make use of the integration of Newton’s equation to study the over time evolution of an
atomistic model.

The over time evolution of a system is represented by the trajectory, that is to say, the evo-
lution of the atomic coordinates during the simulation time. Using Newton’s equation of
motion, the force applied on each atoms is the gradient of the potential:

oV (ry, 1p...1N)

Fi=—
1 arl

V(rq, 12...rN) is the potential energy of i-th particle and its form depends on the method used
to represent the interaction between the atoms.

Molecular dynamics techniques are classified in two main branches:

1) the Classical-Mechanics MD, which uses classical physics to describe the interaction be-
tween the atoms.

2) The Quantum-Mechanics MD, which uses the quantum physics to describe the interaction
between atoms with ab-initio calculations.

Classical mechanics or Molecular Mechanics (MM) takes into account only the nuclei
and involves simple equations to describe the atomic interactions. MM requires an initial
molecular connectivity, a chosen set of bonds between the atoms, that does not change along
the simulation. This approach is incredibly useful to analyze structural properties of very
large systems (thousands of atoms) since it is computationally cheap, but cannot describe
fine chemical reactions involving breaking or formation of molecular bonds.

Quantum Mechanics (QM) approach takes into account also the electronic contribution
using wavefunction based description. QM calculations start from mass and charge of the
nuclei, which identify the atom kinds, and the number of electrons. All the bonds are de-
fined only by the inter-atomic distances and can change during the simulation. This ap-
proach satisfactorily describes the fine properties of atoms and small molecules, but is com-
putationally expensive and cannot go beyond hundred of atoms.

Coupling different methods in an hybrid approach called “"Multiscale” is also possible.
Here, the description of the most interesting part of the atomistic model uses a higher level
of detail whereas the rest uses a less detailed technique. In this thesis work a wide use of
Quantum Mechanics/Molecular Mechanics (QM/MM) coupling was made.

In QM /MM the core of the model, in which the reactions take place, is studied at quantum
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level, whereas the rest of the system is described with classical mechanics.

This hybrid approach allows to exploit the strengths of each technique since very large sys-
tems can be studied, but it is possible to preserve the fine chemistry of the reaction centers.
With this approach it is possible to reduce the computational cost of the simulations still
guaranteeing an accurate study of large protein systems.

3.2 Molecular Mechanics

In the classical approach the potential felt by each atom is composed of two kind of
interactions called bonding, or intra-molecular, and non-bonding, or inter-molecular [150,
33].

V(xN) = V(EN)intra—molecolar + V (EN)inter—molecolar
The first term includes all the effect which are transmitted by the covalent bonds of the

molecule, while the second includes all the interactions that are transmitted across the space.
The typical and most simple description of the intra-molecular interactions is the following;
b
ki

K¢
Vira= ), 5O =P+ Y @ =07+ ) Kl +costp—7] (1)
bonds angles dihedrals

The potential in Eq3.Ttakes into account the basic molecular motion internal to any molecule
using harmonic approximation. The three terms are graphically represented in the left part
of Fig[3.T and characterize respectively:

e Stretching of the distance of two bound atoms around an equilibrium value b) along
the axis connecting the two atoms. k! is the bond force constant.

e Bending the angle between three atoms around an equilibrium value 69. k! is the force
constant on the angle variation.

e Torsion of the dihedral angle between four atoms, defined by ¢ and the force constant
k‘f in a periodic function.

The typical intra-molecular potential is described by:

12 6
Vinter = E 4€ij [(},U) - <rl]> ] + 2 ﬁ (3.2)
pairs(if) ol Y pairs(if) P

The potential in Eq[3.2]is typically composed of two terms, but further terms can be added
if necessary. The components are respectively:

e Lennard-Jones (12-6) potential [64]: negative part describes Van der Waals interac-
tion, positive term describes the core electrons repulsion at very short distance.

e Electrostatic potential between two atomic charges g;, g; at the r;; distance. The
atomic charges g; are fixed non-integer charges localized on the nuclei due to the asym-
metrical distribution of electrons in chemical bonds and calculated a priori.
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FIGURE 3.1: Graphical representation of the the classical interaction forces.

The composition of different potential terms with their peculiar constants associated
with a chosen set of atomic kinds is called Forcefield (FF). Since different molecular systems
can have different principal effects which drive the chemical interactions, is it best practice
to adopt different forcefields to study different classes of systems. In protein simulations, for
example, it is mandatory to include in the FF a term for hydrogen bond interactions. Also,
in very large systems it can be advantageous to describe a given amount of atoms as one
entity and reduce the computational cost.

3.2.1 Integration of Motion Equations

Into dynamics the so called trajectory of the atoms is calculated through the integration
of Newton’s equation of motion:
82 I;

miw

The numerical integration can be done using several algorithms, the most famous and

used is the Velocity Verlet [139]. The i-th particle position after each timestep (t + At) is
calculated as second order Taylor expansion:

F;(t) At?
I'i(t =+ At) = I'i(t) —+ Vl(t)At —+ %T
1

At?
Vi(t + At) = Vz'(t) + ﬁ[Fl(t) + Fi(t + At)]

1
The Velocity Verlet, differently form standard Verlet algorithm [146], has only two time
steps (t and t+At) and does not require simultaneous usage of the two values of the forces
(F(t) and F(t+At)). The calculation of the updated velocity can be split into two parts, the first
using F(t) and the second after the forces update with F(t+At)). Furthermore, the Velocity
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Verlet is a simplectic algorithm and retain both the total momentum and the total energy
even for a large number of timesteps. Additionally, the timestep of the simulation can vary
significantly without affecting the momentum and energy conservation.

3.2.2 Ensambles

An ensamble is an idealization which consists of a large number of virtual copies of a
system, considered all at once, each of which represents a possible state that the real system
might be in. A statistical ensemble is a probability distribution for the state of the sys-
tem [47]. Each ensamble can be characterized by a set of conserved quantities such as: parti-
cle number N, volume V, pressure P, temperature T or energy E. Every simulation is carried
out in one specific kind of ensamble depending on the kind of study.

The most used ensambles are:

e (NVT) Canonical Ensambe: number of particles, volume and temperature are con-
served.

e (NVE) Micro Canonical Ensamble: number of particle, volume and energy are con-
served.

e (uVT) Grad Canonical Ensamble : chemical potential, volume and temperature are
conserved.

3.3 Quantum Mechanics

In quantum-mechanics based molecular dynamics the electronic contribution to the tra-
jectory is obtained solving the Schrodinger equation. In QM the system is represented as a
wavefunction ¥, which is the most accurate description of a system (Copenhagen Interpre-
tation).

In the time-independent form, the system can be described by stationary states of the wave-
function, all the observables are independend from time, strongly simplifying the task of
solving Schoedinger equation [63].

HY(R,r) = EY(R,r)

The H operator is the Hamiltonian, which applied on the stationary state wavefunction gives
the energy of the system. This quantity can be divided into independent components, that
is to say, Kinetic energy and Potential energy. Therefore, the Hamiltonian can be written as
sum of their operators:

H=T+V

Due to the large mass ratio between nuclei and electron (> 1836), in the energy calcula-
tion it is possible to consider the nuclear positions fixed within respect to the motion of the
electrons. The parametric dependence of electron energy on the nuclear position, together
with the assuption that thermal energy is much lower than the electronic excitation energy,
it is called Born-Oppenheimer approximation [15]. It is also called adiabatic approximation,
since under these conditions the the wavefunction evolves adiabatially on potential energy
surface with the nuclear motion.
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The two kinetic terms are expressed simply as the sum of the contributes of the single parti-
cle, but each one depends only on the nuclear or electronic positions:

T = Tn(R;) + Te(r))

N hz
Tn(R)) = Z(‘MV%q)

i=1

n hz )
Te(rj) = Z <_ 2m, Vrj)

i=1

Here N, n, Ry, rj,M| and m, are respectively the number, the coordinates and the masses of
nuclei and electrons.

The potential part of the Hamiltonian contains also several contributes, that is to say, the
nuclei-nuclei, nuclei-electron and electron-electron interactions:

V= VNN +VNE +Vee

N 7,7e%
4]
Vnn = T S———
1; IR; — Ry
N,n 2
o ZIE
A
e ; IR — 1]
n 62
Vee = Z
= Iri = 1j]

The notation is analogous to the previous equation. Unfortunately, even with born-oppenheimer
approximation, an analytical solution is possible only with single-electron systems like H
atom or H ion due to the quantum nature of the electrons interaction. Other approxima-
tions are necessary approach larger systems and their nature often depends on the purpose

of the calculation. One of the most successful approach both for small and large system is

the Density Functional Theory (DFT).

3.3.1 Density Functional Theory

The DFT is based on the mathematical demonstration of Hohemberg and Kohn [48] ac-
cording to which the ground state of a quantum system can be fully described by its only
electron density n(r). In other words a direct correspondence exists between the energy of
the system and the electron density of its fundamental state [63].

This intuition is based on simple considerations about p done by E.B. Wilson[85]:

e The integral of n defines the number of electrons.
e The cusps of n correspond to the nuclei positions.
o the heights of the cusps define the charge of the nuclei.

A n electrons system is described by a wavefunction with 4n variables, three spatial and a
spin variable. Therefore, the complexity increases quickly with the number of electrons. The
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electron density n(r) is always described only by the three spatial coordinates, regardless of
the number of electrons. This approach strongly simplifies the problem, but still does not
allow a straight solution since it requires a functional connecting the electron density to the
energy of the system. A functional is a prescription for producing a number from a function,
which in turn depends on variables. The goal of DFT methods is to design functionals
connecting the electron density with the energy [63].

3.3.2 Kohn-Sham method

The method proposed by Kohn and Sham starts taking into account a fictitious sys-
tem in which the electron-electron interaction is absent and allows an analytic solution of
Schrodinger equation [74]. An external potential v; is imposed in the fictitious system, that
equals the real electron density with the fictitious one.

ns(r) = 11y(r)

In KS method the Hamiltonian of the fictitious system is:

NV N
H; Z |:_ 21—1—05(1‘):| :th‘

i=1 i=1

hXS is KS single electron Hamiltonian, the factorization is possible since the N electrons are
mutually independent and the eigenvalue obtained on the single KS orbitals is the single
electron energy. In the same way, also the electron density can be calculated using the KS

orbitals:
KS KS _ _KS (KS
hi” ¢ = €;°¢;

n() =Y |9

The kinetic energy of the fictitious system is the sum of the single electron contributions:

my =3 (0] - 5 L)

i=1
Es = (Ts) + /Us(r)n(r)dr

\V£3

2

Therefore, the total energy of the fictitious system is:

Each term is known and can be calculated separately due to the independence from the
others. This equation for the fictitious energy can be used to describe the real system adding
a term which takes into the equation the quantum interaction between the electrons. The
resulting equation can be arranged to highlight the unknown term as difference between
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the real term and the fictitious term:

2
Eln(] = 12 (91| = 5 o)+ [ ot + / [ e+
+{T[n<r>] 2< Ks| _ ZKS>}+

i {V i) — | // n(r) n(r/) }

The first three terms are: kinetic energy of the electrons, nuclei-electron and electron elec-
tron interactions calculated on KS orbitals. The two last terms are the differences between
fictitious and the real system, but they still cannot be calculated since the functional form is
unknown. In order to simplify the equation these two terms are grouped into a single func-
tional named exchange and correlation functional Vy[n(r)] since it arises from the quantum
properties of the electrons. To overcome the problem of the unknown form of V,,, Kohn
and Sham introduce the variational calculation in a self consistent field (SCF) approach.

Starting form trial wavefunctions ¢°, those are minimized in order to obtain the minimum
eigenvalue of energy in the Eq[3.3.2] With each SCF step, a new set of KS orbital is obtained
and used in the next step to calculate the electron density and a new and lower energy until

2

Convergence.
V? Zr 1 [ n() KS KS
{2 Do e ol =t
n(r) = Y ¢k (3.3)
i

Since a functional form for V. potential it is necessary, in the years many different ways
have been proposed to introduce the contribute due to the electrons interaction . The most
used approximation for exchange and correlation term in strongly correlated system are lo-
cal density approximation (LDA) [74] and generalized gradient approximation (GGA) [80].
In LDA, the electron density is considered to change very slowly, therefore, locally the elec-
tron density can be considered homogeneous. In the homogeneus electron gas approxima-
tion the exchange and correlation functional is known:

ELDA[n(r)] = / n(r)exe(n)dr

When the electron density has large fluctuations a more generalized form is required. In
GGA both the dependencies on the density and its gradient are included.

E)%EA[”T/ ni] = /”(T)exc(”TI nt, |VTIT‘, |V1’l¢|)d1’

In some cases the correlation part is determined with Monte Carlo methods at different elec-
tron densities. The complexity of the V,. can increase to achieve finer calculation, but the
computational cost increases as well.

One of the most used functional is B3LYP [81,11], an hybrid functional which include wave-
function based term from Hartree-Fock theory(HF), significantly enhancing the exchange
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and correlation description. Being B3LYP based on wavefunctions calculations, the compu-
tational cost strongly depends on the used basis set for the orbitals description.

E)B;?)CLYP — E)L(DA + ao(E;I}IF _ E)L(DA) + ax(E§GA _ E)L(DA) 4 E(L:DA + aC(E((:}GA _ E(L:DA)

In most cases, the functionals are very efficient to calculate some properties but very poor in
others. Nowadays, a universal functional which is able to finely describe every system still
do not exist.

3.3.3 Hubbard Correction

QM-MD is a very demanding computational technique and often requires the usage of
lighter functional. Highly correlated and multimetallic models represented with GGA or
LDA are poorly described. The issue is caused by partial delocalization of the electrons
in d-orbitals. A partial electron occupation is wrong in many transition metal compounds
where the band gap between occupied and unoccupied molecular orbitals is large and the
electrons are well localized. Fock’s exchange insertion (hybrid functionals) in the calcula-
tion can reduce the error. A similar result can be obtained adding a correction term to the
Coulomb potential on the metal site depending on the parameter U and named Hubbard
correction [83, 42].

Expauln®)] = Erpalni)] + 1 W 1r(ut —

Where U,y is the hubbard correction term and n? is the atomic orbital occupation matrix.
This can be considered as adding a penalty functional to the DFT total energy expression
that forces the on site occupancy matrix in the direction to either fully occupied or fully un-
occupied levels.

The U value can be obtained by interpolation between several QM calculation which use
different U values to eventually match experimental results or other finer QM data.

The U parameter used in the present work have been previously chosen using a fitting pro-
cedure that minimizes the distance between the coupling constants J;;, magnetic coupling
betwen the metals i and j, calculated with DFT+U and the ]53“”3 evaluated by hybrid func-
tional [19].

3.3.4 Broken symmetry

In highly correlated and multimetallic models the issue of spin configuration has arisen,
since the spins momenta may not be all coupled in a closed shell pattern. When unpaired
electrons are present, the broken symmetry approach allows to force the system in a partic-
ular state of the spin-ladder. It is also possible to modify the pairing of the electrons on a
spin site with many electrons to produce local high spin or low spin. In transition metals, d
electrons are easily unpaired and can couple with other metals producing a magnetic spin
moment S; different from zero. The Hamiltonian can be modified to include such contribu-
tion with the Heisenberg-Fermi-Dirac-Van Vleck formulation [142, |52, 40]:

H; = -2 Z ]ijSiSj
L,j(i>])
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Here S; and §; are the spin operator of magnetic momenta of metal center i and j. J;; is the
coupling constant between the metal centers.

The sign of | defines the kind of coupling, positive if ferromagnetic (same spin direction),
negative if antiferromagnetic (opposite spin direction).

In the case of more than two metal centers the mathematical description is complicates but
largely described in literature [142, 52, 40].

3.3.5 Multiscale Modeling: QM/MM coupling

In order to improve the size of the simulations, a smart technique has been developed
since the late "70s [82]. In the multiscale framework, only a small portion of the model is
treated with an higher theory level, meanwhile the rest is described in a cheaper way.

In the present thesis a QM /MM scheme has been employed, with the reaction core treated
at DFT level and the rest with molecular mechanics. Here, the Hamiltonian can be written
in as sum of the QM contribute, MM contribute and the interaction between them.

Hior = HMM + HQM + Hinteruction

The classical term and the quantum term of the Hamiltonian have been already described in
the previous sections, while the interaction term can be divided alike in the classical scheme.

Hiyteraction = Hbound + Helectrostatic + Hateric

The Hy,,,,q term is used in the case when the QM/MM interface is located between two
covalent bound atoms. In such case the so called ”link-atoms” are inserted, the MM atom
is represented from the QM side as a hydrogen atom, saturating the QM region with virtual
atoms. Commonly, in a proteic environment, link-atoms are placed on the atom adjacent to
the C, of a amino-acid residue, position which is often fixed tor preserve the global structure.
The Hgeric term is treated with Lennard-Jones potential, while the Hejoctrostatic is the hardest
to evaluate.

Since the number of electrostatic interactions in a big atomistic model would be impossible
to calculate, in the used simulation program, a Gaussian representation is employed [79, 78].

Helectrostatic = Z qr /P(I')VI(‘I'— RI’)dr

Ie MM

Here, qr and p(r) are respectively the charge and the charge density . The charge interaction
is therefore represented as a Gaussian that reduces the total number of interactions to be
calculated. The presence of the virtual potential V(|r - R;|), which tends to Coulomb po-
tential for long distance and to a constant for very short distances, prevents the formation
of unphysical bonds between the QM and the MM region due to the absence of the Pauli
repulsion (“charge leakage”).

3.4 Minimum Energy Path

In order to fully understand the features of a reaction mechanism it is important to
achieve information beyond the simple thermodynamics. The knowledge of the relative
energy between two close points of the Potential Energy Surface (PES), such as reactants
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and products, for example, allows to understand the preferential state of the system, but
having information about the PES between these points makes the prediction of the kinetics
associated with the process possible.

Most of the time, a molecular system is trapped in the “holes” or local minima of its PES,
but time to time, it can move and overcome barriers reaching another local minima. The
molecular motion which connects a local minimum to another one and demands the smallst
amount of energy is called minimum energy path MEP (red line in Fig[3.2]left panel). The
mathematical definition of the MEP is the ensamble in which each point of the path ¢ has
the orthogonal component of the potential gradient as zero:

(VV)H(9) =0

This only path represents the least energy demanding path from the starting minimum and
reach the final minimum, overcoming the barrier between them.

The same scheme can be represented in two dimensions considering the energy as y axis
and a multidimensional composition of molecular motion named reaction coordinate as x

axis (Fig[3.2 right panel) [2].
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FIGURE 3.2: Minimum energy path profile in three (left) and two (right) dimensions.
Figure from "http:/ /www.treccani.it/enciclopedia/cinetica/”

The molecular geometry corresponding to the saddle point of the energy surface is called
transition state and represents the highest energy point of the MEP.
The energy difference between the starting minima and the TS is called activation energy
E,. A more accurate description of kinetic theory uses the difference of free energy AGH?,
more reliable and measurable. The resulting equation, which allows to calculate the kinetic
constant of a reaction by Eyring-Polanyi theory [43] is:

kikgT < AG¢>
= ex

k h  kgT
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The pre-exponential factor stands for the symmetrical vibration frequency of the transition
state. Such vibration will allow the TS to evolve towards either the product or the reactant:

AB+C—A---B---C— A+BC

k¢ is the transmission factor, that is to say, the probability of the TS to evolve to the product,
typically assumed as unity.

All the point of the MEP can be calculated using DFT tools. Due to the intrinsic approxi-

mation of the methods the final result will be an approximation of the real value. The MEP is
the joint of the steepest descent minimization trajectory, starting from the TS down through
to the two minima.
Dynamic based approach can explore unknown energy surface away from local minima but
are very expensive in computational cost. On the other hand, static approach requires a
small a priori knowledge of the surface and therefore are much less demanding. A widely
diffused static method is the nudged elastic band algorithm (NEB) [92, 93].

3.4.1 Nudged elastic band

This algorithm allows to calculate the MEP knowing the initial and final molecular ge-
ometries. The method is iterative and starts from a rough representation of the reaction
coordinate composed by a chosen number of clones of the system (replicas) placed on the
energy surface between the starting state and the final state. The initial replicas to calculate
the MEP are typically obtained with linear interpolation of the farthest structure represent-
ing the minima (See Fig[3.3). Other methods are possible in order to consider more complex
reaction coordinates [54]. To prevent the undesirable convergence of all the replica into the
minima a spring force is applied between adjacent replicas.

FIGURE 3.3: Linear interpolation of geometries between reactant R and product P
(NEB) and the final MEP. In the box is shown a foucs of the forces decomposition on
each replica [54].
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Therefore, the energy of each replica is minimized taking into account the gradient of
the energy surface and the elastic constraint. The peculiar approach of this algorithm is
the force decomposition in perpendicular components as shown in Fig[3.3] Each replica is
optimized using the perpendicular component with respect to the MEP of the gradient, and
the parallel component to the MEP of the elastic force. This prevents deviating or worthless
forces that could shift the path convergence from the MEP, and is done introducing the local
tangent on each i-th replica:

_ Riy1—Ri
Ti=v5——=
[Ris1 — Ri-1]

From this formulation the applied force on each replica can be expressed:
Fi=[E], - [VVR) - VVR) - 7] |

The MEP is reached when the F; on each replica reached the convergence. Several formula-
tions of the NEB algorithm exist, the Improved Tangent - Nudjed Elastic Band (IT-NEB) is the
the most robust, simple and widely used of them [55].

3.4.2 TIT-NEB

In this algorithm a new formulation of the tangent is defined since the original one can
cause convergence issues when the gradient changes steeply [55].
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FIGURE 3.4: Comparison of the MEPs calcualted with NEB and IT-NEB algo-
rithms [55].

The improved tangent is defined by domains:

T = T?_ for Vi1 >Vi >V,
"\t for Vi <Vi <V

Where V; is the energy of the i-th replica and the two new tangents are:

+_ - _
T, = Rit1 — Rita, T, =Ri-1 —Riq
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The IT-NEB introduces a smoother variation of the tangent and therefore grants a smoother
MEP. Eventually, it allows to identify an higher number of intermediates along the energy
surface and prevents ripples in the energy curve leading to a better approximation of the
real MEP and fewer convergence issues.

3.5 Vibrational Properties

Infrared wavelengths are approximately included in the wavelength range ~ 1+ 1000mm

or ~ 14000- 10 cm~! in wavenumbers and correspond to molecular vibrational energies.
Infrared spectroscopy is widely used as a recognition technique in chemical analysis since
every molecular vibration is associated with a specific infrared frequency. Nowadays, un-
known compounds can be recognized on the basis of the huge sampling of IR fingerprints
of many chemical group in many conditions.
The MID-IR range is particularly interesting (4000 - 400 cm™!), in which the majority of the
structural analysis is carried outs. In simple compounds, the assignment is reasonably sim-
ple, but the quick increase of complexity with the molecular size requires often theoretical
tools to decipher the spectra.

One of the most used computational approach approach is the Normal Modes Analysis
(NMA) which allows to decompose the molecular vibrations, or molecular modes, of a lo-
cal minima, at zero temperature and with harmonic approximation. A simple example of
NMA, the infrared spectrum of a water molecule is shown in Fig
In systems including loose bound species, harmonic approximation can be very poor and
therefore it is necessary to employ algorithms which include finite temperature and anhar-
monic effects. It is possible to include these effect in NMA, but dynamics based methods are
often employed in highly flexible molecules.

3.5.1 Normal Mode Analysis

A normal mode (NM) of an oscillating system is a pattern of motion in which all the parts
of the system move sinusoidally with the same frequency and with a fixed phase relation.
The free motion described by the normal modes takes place at the fixed frequencies. These
fixed frequencies of the normal modes of a system are known as its resonant frequencies.
In molecules, the NMs are fully independent molecular vibrations involving at least two
atoms, but can be also largely diffused. At zero temperature and in a local minimum of
the energy surface there is no kinetic energy and the energy associated with each atom is
exactly the potential energy. At the minimum, or very close to, the Morse potential which
characterizes the bond energy diagram superposes with the harmonic potential which has
the least characterizing parameters. In this context the system is usually described with a
different set of coordinates q;, named mass weighted, which takes into account the mass of
each atom (m;) and the Cartesian coordinates (r;):

qi = \/mit;
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Potential energy V can be formulated as Taylor expansion up to the second order term in
harmonic approximation:

IN oV 13N [ PV
V(g)=V(0)+ ; <8qz> i+ 5 ; (8&]1851]> qiq;

The first term is a constant and can be arbitrary set to zero. The second term is the gradient
of the potential, which equals to zero if the structure is correctly relaxed in the minimum.

Therefore the final equation is:
3N

1
Vig) = 5 ZHUWI]‘
ij

In which H;; is the mass weighted matrix of energy’s second derivative for each couple of
atoms i, j, also called the mass weighed Hessian matrix. The mass weighted Hessian matrix
can be diagonalized to obtain the diagonal matrix containing the vibrational frequencies
eigenvalues:

0 ... 0
2
0
A A= A= f? . -
0 0 ... f2

Three rigid translations and three rigid rotational degrees of freedom lead to zero value of
the eigenvalues. For a non linear molecule the total number of vibrational frequencies is
3N-6, where N is the number of atoms.

The final frequencies is typically expressed in wavenumbers (w) by the expression:
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FIGURE 3.5: Theoretical IR spectra of water molecule with NMA.
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3.5.2 Fourier Transform of Dipole Autocorrelation Function

As introduced before, it is possible to include anharmonic and temperature effects into
vibrational properties by using MD trajectories. In the linear response theory the formal-
ization vibrational modes, frequencies and intensities can be directly obtained as Fourier
transformation of dipole time auto-correlation [89]:

2mBw? [ :
3V _oodt (D(t) - D(0)) exp (iwt) (3.4)

IrR(w) =

Total dipole is a property easy to calculate in QM /MM simulation and is therefore ac-
cessible all along the ab-initio MD simulation. Unlike harmonic calculations, these infrared
spectra are not modified with any scaling factors because in ab-initio MD the thermal and
anharmonicity effects are already included. Therefore, the discrepancy with respect to the
experimental values is attributable principally to the method chosen for the electronic struc-
ture calculations.

With the aim of spectral decomposition it is necessary to have a computational approach ca-
pable to decompose the total dipole as a sum of local terms arising from molecular moieties.
The total dipole of the system is the sum of the nuclear dipole and electron dipole:

N
D(t) =Y Ri(t)- Zj —e / n(r)dr
I

The nuclear positions R;(t) can be taken from the MD trajectory, and atomic charges Z} de-
pend on the atomic kinds. The electron contribution, expressed using the electron density
n(r), is impossible to decompose.

In order to separate the electrons contribution, their positions can be obtained with the Wan-
nier function center (WFC) approach. The procedure is based on the property of the Kohn-
Sham solution of being invariant after a unitary transformation of the orbitals:

wi(r) = Z U;¥;(r)
j

To determine the Wannier orbitals, the Uj; transformation is chosen to minimize the spread
of the orbitals and gives the maximally localized orbital [87, 46] and r; as the centroid of the
probability distribution. In this condition the total dipole moment of the system along the
trajectory can be calculated as:

N n
D(t) = Y Ri(t)- 2 —e Y )+ (3.5)
I i

This approach provides a very useful tool for spectral decomposition since it allows to
split the total spectrum and identify the molecular moiety behind each band [61} 21]].
Applying the eq[3.4to the sub-section of the dipole (D;) it is possible to calculate the infrared
intensity of the selected moiety:

jodt (Di(t) - Dy(0)) exp (icwt) (3.6)
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The partial dipole D;(t) is obtained from the Eq[3.5)applied on the particles from a chosen

region of the system. The results of this approach are a good alternative to the zero temper-
ature normal mode analysis, giving intensities corrected to finite temperature and with an
estimation of the dynamical properties of the studied system.
Nevertheless, in strongly interacting chemical models, the correlation terms can be very
large and the sum of the I; spectra is not equal to the total one I;z. This can induce mis-
leading interpretation in the total spectra. Eq[3.7] takes into account correlation factor and
guarantees equality between the calculated total IR intensity I;g and the sum of all the con-
tribute I;(w). The explicit from that ensure the equality is:

Iig = Zli(w) + ZI{(CU) =

_ 2npw?
T3¢V

(i ﬁ O:Odf (Di(t) - Di(0)) exp (iwh)+ (3.7)

+2i / "t (Di(t) - Di(0)) exp (iwt))

i<jvo

The I/(w) term in eq is the correlation term and the sums are on the number of decom-

position of the model m. When the correlation term is very small the I;(w) spectra represent
the effective infrared absorption of the i-region, otherwise other interpretations can be done.
This means also that if the global trajectory can be divided into several sub-trajectories, the
oscillation of the region dipole is influenced by the neighbor atoms that were present in the
dynamic, leading to the appearance of vibrational bands originated from the strongly inter-
acting moiety.
In order to rationalize this effect a different formulation is used, in which the contributes
to the dipole, in which the IR intensities are calculated as Fourier transform of the dipole
correlation function, in this case between the sub-section dipole and the global dipole. This
formulation has the advantage that I/’ is the algebraic contribute of each i-th selection to the
global spectrum, as shown in the equation:

m 2 m o)
Ig =) I'(w) = 27;5;] Z[mdf (D;i(t) - D(0)) exp (iwt) (3.8)

1

The algorithm provides a clearer assignation of the bands, but these so called “power
spectra” do not represent anymore real infrared spectra. In fact, at the correlation condition,
negative peaks can appear. However, very meaningful observations can be made on the
negative peaks, as they represent the frequencies of the strong interaction of i-region and
they may be useful to elucidate any unusual correlation or to suggest geometrical effect by
the shift of those bands.

A very simple example is the water dimer in Fig[3.6] Even in such a small system can be
identified a difference can be identified between the two water molecules contributions to
the total spectrum. As expected, the band is very broad due to the presence of a hydrogen
bond. The two main peaks arising from the stretching are very similar, but the second one
at ~3300 cm~! appears only in W2 which acts as proton donor in the hydrogen bond. Here,
W1 decomposition has a negative peak which means that it is partially contributing to band,
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FIGURE 3.6: Correlation based decomposition of water dimer model.

but the main actor is W1. Otherwise, W1 is the oxygen donor of the hydrogen bond and the
bending peak is largely affected in the decomposition, which presents an almost-split peak.

This example has only testing interest, since in a large model of many water molecules all
the hydrogen bond effects would be averaged over all the water molecules.
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Chapter 4

On the Kok-Joliot’s Cycle Mechanism

The actual mechanism describing all the reactions involved in the water oxidation cycle
has been debated since decades, but now, thanks to the joint efforts of experimental and
theoretical research, we are close to a complete understanding of the water oxidation. In the
next sections the state of the art about each meta-stable state and the features characteriz-
ing each transition will be described. Also, a brief introduction to the main experimental
techniques used into the water oxidation investigation will follow.

4.1 Experimental Techniques in Photosynthesis Research

In the years, in order to unveil the peculiar features of the photosynthetic reactions, sev-
eral experimental techniques have been employed.
One of the most trusted and used technique is the X-ray crystallography (XRC), which uses
X-ray diffraction phenomena in crystals to provide structural information.
Also, using X-ray emission, it is possible to excite the core electrons to acquire local struc-
tural and electronic information by means of X-ray absorption spectroscopy (XAS), and re-
emission scattering from the close atoms in Extended X-ray absorption fine spectroscopy
(EXAFS).
Electron Paramagnetic Resonance (EPR) is also very used in all the enzymes bearing metals
atoms with unpaired electrons in their reaction core. Using microwave-frequency electro-
magnetic radiation it is possible to excite the electronic spin providing information about
the close environment of the spin system.
Another widely used technique to monitor the kinetics of chemical reactions is isotope ex-
change. Given the change of atomic mass between the isotopes, it is possible to measure a
different speed for the reaction in exam, which depends on which atom is involved in the
rate limiting step of the reaction. .
As last, also infrared spectroscopy is largely used and will be discussed in detail in the next
chapter.

4.1.1 X-Ray Crystallography

Using X-ray diffraction on crystals and measuring the specific directions of the diffracted
rays allows to obtain high resolution 3D structural information [84) |6]].
The diffraction surface for X-ray electromagnetic radiation (emr) are the electrons, or better,
the electron density. Therefore, is possible to identify the positions of all the nuclei which
have enough electron density around them.
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FIGURE 4.1: Braggs diffraction effect on a multilayer crystal.

The X-ray irradiation on electrons produce a spherical wave form the electron, an effect
knows as elastic scattering. In the crystals, the ordered atoms scattering produce an or-
dered set of spherical waves which interfere constructively only in few directions defined
by Bragg’s law:

2dsinf = nA

As shown in Figl4.T} d is the distance between the scattering planes, which defines also the
structural resolution, and 6 is the angle of the X-ray beam. Only in directions where their
optical path is an integer multiply of 2dsinf a constructive interference is observed. The
typical resolution of an XRC structure is around 2 A.

In an X-ray diffraction experiment, the single crystal is placed on a goniometer to select the
orientation and illuminated with a monochromatic X-ray beam. The result is a regularly
spaced diffraction pattern. Each diffraction spot is called reflection. The ensemble of the
reflections on the 2D surface, taken at different angles of the crystal, are translated into a 3D
dataset of the electron density using Fourier transform based algorithms.

Structural variation and flexibility inside the crystals, as well as the presence of crystals of
small dimensions, can lower the structural resolution. Low resolution issues in proteins can
be covered, as example, with the knowledge of the amino-acidic sequence from other exper-
imental techniques.

The greatest limitation of XRC consists in the need of a crystal, which is not always avail-
able, but huge advancements in the crystallization techniques and automation have been
achieved in the recent years. Biological structures like protein require a particular care in
order to preserve their active structure also after crystallization treatment.

Nowadays, a huge amount of protein structures are present in dedicated online libraries.
In Photosystem-II research, due to technical difficulties, only in 2012, a high resolution struc-
ture has been obtained, giving way to many theoretical studies [141].

However, despite this huge improvement in the structural knowledge, , still there are some
issues to be addressed. First, the availability of the single dark-adapted structure. Being the
catalytic cycle very dynamic from the structural point of view, nothing else than the general
stoichiometry composition of the reaction pocket is provided.

Second, the radiation damage due the X-ray illumination induces changes in the oxidation
pattern of the metals in the core, which makes the so-obtained interatomic distances.

In order to fix such issues, femtosecond X-ray Free Electron Laser (XFEL) has been used to



4.1. Experimental Techniques in Photosynthesis Research 37

avoid radiation damage, and time-resolved XRC has been developed to highlight the dy-
namics of the catalytic mechanism.

4.1.2 X-Ray Free Electron Laser

Free-electron lasers (FELs) operating in hard x-ray spectral range produce femtosecond
pulses that are several orders of magnitude brighter than pulses produced by any other
femtosecond x-ray source [57, 53]. Such pulses are generated by a beam of electrons acceler-
ated at nearly speed of light into an undulator. The undulator is a periodic device of alter-
nated magnetic fields which induce the electrons to travel with a sinusoidal path. When the
electron turns, the traversal acceleration results into an emission of a photons, named syn-
chrotron radiation. With long undulator and a carefully prepared electron beam, an effect
arises that is known as the FEL instability. This instability produces exponential growth of
the intensity of the emitted radiation at a particular wavelength. The radiation field that ini-
tiates the instability can be either the spontaneous undulator radiation or an external seed
field. In the case of FEL action arising from spontaneous radiation, the process is called
self-amplified spontaneous emission (SASE). If an external seed is used then the FEL is re-
ferred to as an FEL amplifier [45]. The produced laser is monochromatic, but still incoherent.
Several technique for the phasing of the radiation have been developed, depending on the
spectral range of the laser [45]. Also the duration of the pulses can be modulated with ad-
justment of the length of the electrons pack. The compression of the electron beam allows to
produce pulses form femtoseconds to sub-femtoseconds [45]. Well-controlled X-ray pulses
with duration shorter than few tens of femtoseconds produced at XFELs facilities are a nec-
essary for the investigation of ultrafast processes on the time scale of the motion of bound
electrons helml2017ultrashort. The extremely high energy delivered from the XFEL pulses
produce an almost instantaneous destruction of the irradiated sample. Has been proved that
such short pulses, on the order of few femtoseconds, allow to collect the diffraction pattern
before any displacement of the atoms or electron transfer phenomenon can possibly take
place [136, 102].

The most common XFEL approach is to collect diffraction data from nanocrystals using

t=—2fs t=2fs t=5fs t=10fs t=—20fs t=50fs

FIGURE 4.2: Ionization of Lysozyme with 2fs XFEL pusle from Ref. [102].

the method of serial femtosecond crystallography (SFX), in which a stream of nanometre-to-
micrometre sized crystals flows across the XFEL beam and a large number of single-crystal
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diffraction data are collected in random orientations at room temperature, and the data ob-
tained are processed by a Monte Carlo approach [136, 66].
However, since the diffraction intensities are proportional to the diffraction volume and in-
versely proportional to the unit cell volume, the obtained resolution is limited. Especially
for large membrane protein complexes such as PSII, large crystals are required in order to
obtain a reliable resolution for Mn-O distances. In order to reach such resolution the XFEL
pulses have been apllied on hundreds of large, highly isomorphous PSII crystals [136]
Recently, a very delicate technique time-resolved XRC has been developed. Using a dif-
fernt number of laser flashes to trigger the S-state advancements together with XFEL on
PSII micro-crystals, it is possible to collect diffraction patterns on structure different from
the dark-state S; [67]. The technique requires an accurate positioning of the crystal in order
to obtain a correct light flashing and proper advancement in the catalytic cycle. The problem
has been addressed using ultrasound droplet generator to locate the micro-crystal on a gel
carrier and prepare the sample both for visible light and X-ray irradiation.
This incredibly advanced technique still requires some refinement due to the intrinsic miss-
factor of PSII photon absorption. Failure in photon absorption in some of the reaction cen-
ters prevents the concerted advance of all of them, causing structural contamination from
precedent S-states.

4.1.3 X-Ray Absorption Spectroscopy
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FIGURE 4.3: Example XAS spectrum showing the three major data regions. Picture by
M. Blank distributed under a CC-BY 2.5 license.

Absorption of X-ray photons, produced with synchrotron facilities, can excite electrons
from the core in levels 1s (K-Edge), 2s or 2p (L-Edge) to empty electron orbitals or to contin-
uum.

The starting point of the XAS spectra defines the metal oxidation state and, in some cases,
allows to define electronic configuration [84, 6].

Using the back-scattering effect of the nearby atoms, also the neighborhood of the metal ions
can be identified alongside with the coordination geometry. This high resolution technique
is called Extended X-ray Absorption Fine Structure or EXAFS (right part of the spectrum in
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Figl4.3). Very good results are obtained when the ligands around the metal are more sym-
metrical.

X-ray Absorption Near-Edge Structure (XANES) corresponds to the XAS spectra section
where the X-ray wavelength is larger than the shorter interatomic distance, providing infor-
mation about the identity of the atom involved (left part of the spectrum in Fig[4.3).

Unlike from XRC, XAS only provides indirect information about the in-study structure in-
formation, which anyway contributed hugely to the discovery of the structures of many
metal-proteins.

In particular, EXAFS provided very interesting results in the PSII research field allowing to
identify the radiation damage in the first XRC structures. The presence of Mn?" ions was
detected, which are not consistent with a fully working PSII core.

4.1.4 Electron Paramagnetic Resonance

In a ground state condition, the two possible magnetic spin states of an electron are de-
generate. When a compound with at least one unpaired electron is immersed in a magnetic
field, the two possible spin states differentiate from each other and occupy two different
energy levels, depending on the alignment with the magnetic field. The spin state which is
aligned (parallel) to the magnetic field became lower in energy, viceversa the opposite spin
direction became higher. The more intense is the magnetic field By the more separated be-
came the two spin directions [84, 6].

The typical energy splitting is very small and the transition energy corresponds to the ab-
sorption of microwave photon. Therefore, very strong magnetic fields, produced by super-
conductors electromagnets, result in a measurable a measurable difference in populations.

mg=—1/2
2
5— AE=E_ip-E 1
s
mg=+1/2
By=0 Bo#0  Magnetic field

FIGURE 4.4: Spin states splittin with magnetic field intensity.
The difference in energy is defined by the Zeeman effect:
AE =2g.upBo = hv

Where g, is the electron g-factor (2.0023 for the free electron), up is the Bohr magneton and
By is the magnetic field intensity. As shown in the equation, an EPR spectra can be registered
with fixed field and frequency modulation or viceversa. When the photon matches the AE
a net absorption is observed, and a peak at the corresponding field or frequency appears
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(Figli.5). Very often, the EPR spectra are reported as first derivative spectra, in order to
highlight the real maximum value of the absorption peak.
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FIGURE 4.5: Field modulation EPR spectra in absorbance and first derivative.

When only one unpaired electron is present, as in the example reported in Figlt.5] the
spectrum is very easy to interpret, but become more and more complicate when multi-spin
systems are present, like in OEC.

Another very interesting information in EPR spectra is the “hyperfine-coupling”, as in XAS,
the presence of close atoms with non zero nuclear spin induces a splitting of the peaks. The
splitting multiplicity depends on the nuclear spin value (I) and the number of equivalent
nuclei (M) with the 2MI+1 rule.

Similarly to the other techniques, EPR is extremely useful to identify the metal-protein co-
ordination when an XRC structure is not present, but it can be applied only on systems with
paramagnetic metals or radical related mechanism.

PSII satisfies both these requirements. Tyr-Z radical EPR signal is frequently used to follow
the S-state advancement and the large number of manganese ions produce an EPR signal in
most of the states.

The EPR contribution in PSII research is fundamental. In particular, this technique allowed
to identify the structural isomerism in S, state, which was crucial for the progression of the
researches in the following years. This feature will be discussed in detail in the next sections.

4.1.5 Isotope Exchange

The position of an atom within a molecule can be followed throughout a reaction (or a
metabolic way in biological systems) by means of isotopic labelling, a technique consisting
in the use of unusual isotopes as tracers or markers [2, {84, 6]. Isotopes are variants of a
chemical element which differ in neutron number.

Replacing an atom with its isotope, a process called “labelling”, can have different effects.
Primarily, when the labelled atom is involved in the rate limiting step of a reaction, this
results in a more or less significant change in the kinetics. Since the magnitude of the al-
teration depends on the difference in atomic mass between the isotopes employed, kinetic
isotope effect (KIE) is extremely relevant in the case of Hydrogen/Deuterium (H/D) pair.
Therefore, the measurement of KIE when such substitution is operated gives many useful
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information when proton transfer characterizes the rate limiting step of a reaction.
Otherwise, is possible to follow the presence of isotopes along incorporation or degradation
reactions, providing useful insights in mechanistic study. Isotope presence can be measured
with vibrational spectroscopy, mass spectrometry (MS) or radioactive decay when the iso-
tope is unstable.

Also Nuclear Magnetic Resonance (NMR), based on the same theory of EPR but applied
on nuclear spins is largely used in isotope labeling experiments. Isotopic enrichment can
increase NMR signal when the most common isotope has nuclear spin I1=0, alike for 2c/13¢
substitution. This technique is extremely useful in metabolomics.

Also MS measurements are very useful in metabolic flux, following a marked metabolite
throughout the related metabolic way and analyzing the final products by mass variation
analysis.

In OEC research, isotope labeling has been largely applied using 'O substituted water and
heavy water (D,0O) in order to identify the nature of the substrate water molecules in the
catalytic cycle. Also, in the next chapter the vibrational effects of oxygen isotope incorpora-
tion will be discussed.

As example, the dramatic change in single and double 'O incorporation velocity between
S; and Sj states provides the information that both the substrates are already bound in
Sz(Fig. Also, the coordination became stronger in Sz preventing fast exchange after the
transition [104]. Unfortunately, this technique has a limitation: it provides qualitative indi-
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FIGURE 4.6: Oxygen exchane kinetic in S, and S3 states of Kok-Joliot cycle [104].

cation on the process, but not the identity of the actors, which needs to be addressed with

careful comparisons with model systems or other techniques, experimental or theoretical.
None of the techniques briefly mentioned in this section is able to provide alone infor-

mation to elucidate the complete mechanism. Therefore, all of them, and others, have been

jointly used in the attempt to investigate on the entire photosynthetic mechanism.

In the following sections, the known sequence of events composing Kok-Joliot’s cycle will
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be discussed at molecular level, with the aim of providing a starting point for the discussion
of the results in the next section.

4.2 S, State

S, state is the dark stable state, the one to which all the reaction centers relax after some

minutes of darkness. This state is the only one which has been largely studied with XRC
since the first crystallographic structure obtained in 2011 [141]. Many other structures were
provided later in years with the same means, but in all of these the position of the O5 re-
mained unclear. The problem about O5 are the distances between Mn1 and Mn4, too long
for the hypothesized oxidation state of the Mn ions. On the basis of theoretical calculation
this S-state should have the Mn1-O5 distance much larger than the Mn4-O5 distance which
characterizes an incomplete cubane structure. In the 2011’s structure the O5 is in the middle
and therefore both Mn1 and Mn4 do not have a proper coordination. It has been hypoth-
esized that a reduction damage caused by the experimental conditions (X-ray pulse) is the
reason for the lower oxidation state of some Mn ions and making such a loose coordination
possible [3]].
Nevertheless, later studies with X-ray free electron laser (XFEL) whose very short pulses
should prevent any reduction damage, but provided the same O5 position [136]. Recently
on the basis of theoretical calculation have been propose a different framework in which the
dark state of OEC is a combination of two states, Sp and S;. Here the structural superposi-
tion would result in unphysical distances between O5 and Mn1 or Mn4 [101] which would
reconcile the experimental data with the coordination properties of Mn ions. Eventually, the
most recent XRC structure, provided by time resolved XFEL [67], reported the final evidence
of the presence an open cubane fashion in the S; state.

43 S; — S, Transition

Each transition is triggered by the photon absorption of the P680 and the next oxidation
which induces further oxidation of Mn cluster. A proton release is associated with each ox-
idation, preventing charge accumulation. On the basis of electrochemical measurements it
has been established that in this transition no proton release is associated with the oxida-
tion [73]], as shown in the Figl2.10] Since the total proton electron ratio is 1, subsequently
a single oxidation will correspond to the release of 2 protons. The single oxidation of Mn4
does not produce significant changes in structure, only few internal distances are affected,
but it is enough to generate strong spectroscopical differences that will be discussed in detail
in the next chapter.

44 S, State

This metastable state of the Kok-Joliot’s cycle is the most studied in all its features and
with all the possible techniques, both experimental and theoretical.
Since it is the first state after the dark stable state it is possible to reach it without big loss of
coherence between the reaction centers as explained in the oxygen production yield Fig2.11]
A huge amount of spectroscopic data were obtained at several wavelengths, revealing many
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FIGURE 4.7: EPR spectra in S; state and the theoretically derived structures, OPEN on
the right and CLOSED on the left [114].

features of the reaction, but before the X-ray structure was obtained, none of those was able
to define the catalytic centre structure. A substantial complication arose from the electron
paramagnetic resonance (EPR) measurement in this S-state, as two signals two signals are
present suggesting two distinct electronic ground states [16, 51]. One of the peaks is a wide
band at g~24.1, while a multiline signal is present at g~2, as shown in Fig

The 4.1 signal is associate with S=5/2 ground state or high spin (HS) and the multiline
with S=1/2 or low spin (LS). The two ground states are in chemical equilibrium, but the con-
version is strongly dependent to the temperature. In fact, if the S; — S, transition happens
under the critic temperature of 130K, g=4.1 signal is totally absent. A subsequent heating of
the sample above the critic point produces spontaneously the g=4.1 signal. Thanks to theo-
retical studies and to the structure of Suga et al. it was possible to assign a structure to each
ground state [119, 114]. Performing EPR spectra simulations with several possible magnetic
coupling constants between the Mn ions produced two identical structures exception made
for the O5 position. In one case it is bound to Mn1 completing the cubane structure in the so
called CLOSED cubane. In the other case it is bound to Mn4 forming an OPEN cubane. In
the theoretical EPR calculated form the two isomers totally superpose with the experimental
one, and place a fundamental piece of the puzzle in the game.

On the basis of S; isomerism, the energetics of the conversion were studied in detail [20].
Using QM /MM DFT+U calculations the free energy surface connecting the two structural
minima: OPEN (S ) and CLOSED (S ) both in LS and HS was analyzed. The thermody-
namic integration considers the reaction coordinate in which the O5 goes from the bond
distance with Mn4 to the other ion Mn1.

The results in Fig4.8|show that the equilibrium between OPEN isomer and CLOSED iso-
mer is slightly shifted to the first of ~1 Kcal/mol and confirm the experimental observation
of multiline as the only signal produced by S; —S; advancement below 130K.

Also, the exchange of O5 coordination between Mn1 and Mn4 has a calculated activation
barrier of ~10 kcal/mol, that corresponds to fast conversion at room temperature on the ba-
sis of Eyring-Polanyi kinetic theory. On the other hand, below 130 K conversion constant 7 is
on days order, fully in agreement with the prohibited conversion at cryogenic temperature.
It is worth mentioning that those data showed a concerted mutual oxidation between the Mn
ions with the O5 movement, which means that the Mn(IlI) needs to be penta-coordinated
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FIGURE 4.8: Free energy surface along the reaction coordinate of O5 displacement in
S, state on different spin configurations [20].

while the Mn(IV) needs exa-coordination.

The open structure for S state have been confirmed by recent time resolved X-ray crys-
tallograpy [67]. Internal distances almost superpose with S; state, also confirming the ex-
perimental and theoretical prevision of negligible variation with the transition.

Unfortunately, up to now it has not yet been possible to observe a CLOSED cubane struc-
ture in X-ray crystallography experiments, still leaving the doubt in the scientific community
about the very existence of such isomer.

45 S, — S; Transition

The second transition of the Kok-Joliot’s cycle is without doubt the most studied. The
interest is due to the key role of it in the positioning of the substrate water molecule for
the next phase of oxygen coupling in S4 state. Furthermore, it is the phase in which the
flexibility of the cluster is maximally expressed, therefore a detailed comprehension of its
intermediates will help to understand the catalytic efficiency of the OEC. Otherwise from the
previous transition, it involves both the removal of one electron and one proton as reported
in Ref.[73].

4.6 S; Intermediate

Similarly to S state, the same research group carried out the same energetic study in the
S, intermediate, advancing of one oxidation step[99].
The free energy profile showed as the HS system undergoes an inversion of the isomers rel-
ative stability, CLOSED cubane 2 Kcal/mol more stable than OPEN isomer (Figl4.9| lower
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panel). Otherwise, the LS showed an unchanged energy profile between the two isomers.

The reason behind the different behavior is in
the dynamic evolution of the spin populations
(Figl4.9) top panel). Spin populations in LS sys-
tem are stable all along the MD, the only change
is about oxidation state exchange between Mn1
and Mn4 after O5 displacement. Along all the
I R simulation the electron hole caused by the oxida-
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state for LS and HS configuraions [99)]. one of the water ligands of Mn4 (W1) to the

Asp61 residue close by. Summarizing, only the

CLOSED isomer can undergo oxidation because it has all the proper interactions with the
environment allowing the reaction, which are not present in the OPEN isomer.

Another fundamental difference between OPEN and CLOSED is the possibility of procur-
ing substrate. In a theoretical workthe energy profile of water binding for several candidates
in OPEN and CLOSED isomers was calculated [25]. In the study, the closest water molecules
to Mn4 were considered in the CLOSED isomer and the closest to Mn1 in the OPEN isomer.
Due to the intrinsic vicinity of Mn4 to the so called "narrow” water channel, it has access

0.00 ps 0.02 ps 0.40 ps

FIGURE 4.10: Molecular detail about Mn4 oxidation in CLOSED isomer in HS config-
uration [99].
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to many other water molecules and therefore many possible pathways. On the other hand,
Mn1 that is more internal to the cluster structure, have less possibilities. It is clear thatm bas-
ing on simple structural observations Mn4 is much more accessible from the solvent than to
Mnl. In the work tree possible pathways for water binding to Mn4 and one for Mn1 were
described, as shown in Fig[4.11]

In the study the selected water molecules have been approached with constrained QM-
MD simulation to reach the bound state and using NEB algorithm the energetics of the
molecular motions has been calculated. The reported results proposed an high discrepancy
between the solvent affinity of OPEN and CLOSED isomers in their spin ground states. All
the three water molecules selected for CLOSED HS model can bind to the cluster within
a kinetics compatible with measured halftime of the S, —S3 transition, in any case more
than 12 Kcal/mol. In a peculiar path the water binding require less than 10 Kcal/mol, result
which has been also confirmed by other research groups on the basis of crystallographyc
data [148]. Otherwise, the OPEN LS model would require much longer time to coordinate
a new water molecule, on the edge of 20 Kcal/mol. Those results add further credibility
to the hypothesis of a mechanistic necessity of the transition to a CLOSED isomer for the
advancement into the catalytic cycle.

Reaction Coordinate

FIGURE 4.11: Sketch of OEC reaction core and binding energy profile of the four se-
lected water molecules [[25]].

4.7 S; State

Thanks to both theoretical and experimental data, the ground state structure of last
metastable state of the Kok-Joliot’s cycle has been identified as an OPEN isomer. At first,
the suggestion came from the results obtained with several like EXAFS and EPR [35]. Those
results had in common a high symmetry of the structure, which it is compatible with an
OPEN isomer. Lately, by time resolved X-ray crystallography a structure of an Sz enriched
sample was obtained confirming the presence of the OPEN isomer and of a freshly inserted
water molecule.
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Initially this evidence was confusing and put in doubt the real role of the CLOSE isomer
since both S; and S3 ground state are represented by OPEN structures. Additional signif-
icance to the isomerisation hypothesis was placed by further time resolved ERP cryogenic
experiments, supporting that only the reaction center in HS configuration could achieve the
Sy —S3 transition meanwhile the LS remain trapped in S, [18]. Together with all the ev-
idences, the presence of CLOSED isomer as mandatory intermediate cannot be ruled out,
but the mechanistic model lack of a back process for the final conversion of CLOSED to
OPEN in the early S; state.

In 2015 an isomerisazion process in this late stage of the cycle was proposed on the
basis of NEB algorithm for minimum energy path calculation [26]. The work suggested
a p-oxo bridge reorganization of O5 with hydroxo ligand of Mn4 (W2) going from a full
exacoodinated cluster in CLOSED to the same coordination in OPEN isomer reaching a
structure which superposes with the X-ray proposed one. The calculated barrier for the
conversion is ~12 Kcal/mol, compatible with the rate limiting step and leading to a large
thermodynamic stabilization.
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FIGURE 4.12: Energy profile of the O5 and W2 exchange in S; state.[[26]]

One last discrepancy between the calculations and the experimental data is the final
distance between the oxygen atoms. The two oxygens connected to Mn1, Mn3 and Mn4
have a peculiar distance of 2.09 A which is not compatible with any bound or unbound
state and still lack a reasonable explanation. In the theoretical studies, the O5 and OW2
oxygens have the typical distance of a short hydrogen bond ~2.6 A.

4.8 S; —S( Transition

The further absorption of one electron and, subsequently, the Mn cluster oxidation trig-
gers a double transition since Sy is a transient state and spontaneously evolves without any
other input to Sp. The S3 —Sp transition couples the removal of one electron with the re-
lease of two protons balancing the total charge displacement of the catalytic cycle. Since
the key features which characterize the MnyCa cluster efficiency in water splitting are still
debated [115], over the years many possible pictures have been proposed which lead to the
final O, release starting from the present concept of Sz [123].
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Unfortunately due to the instability of the peroxide entity in the cluster, the evolution
from S3 to Sy state represents the most elusive section of the whole catalytic cycle. The
global scheme of the transition involves the peroxide formation, the release of O, molecule
and the insertion of a water molecule to regenerate the initial structure of the Mn cluster in
S0. All the hypotheses for O-O formation can be divided into two main branches:
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FIGURE 4.13: Sketch of the most reliable peroxide formation mechanisms in Sy state.

1) Nucleophilic attack scheme (D in Fig[4.13) [24}[123, 49} 137, |8, [155]

2) Radical coupling scheme (A, B, C in Figl4.13) [152} (131, [124} [123, 50, 132} [49]. Given the
impossibility of isolating S, theoretical methods of investigation turn out to be fundamental
and to be maybe the only tool which could unveil the mechanism of such a crucial step. The
main problem of such state is the fact that the identity of the two oxygens forming the peroxo
bond completely depends on the scheme used to interpret the mechanism, and is therefore
still elusive [127, [115, 122, 69]. In this regard, isotopic substitution of the oxygen atoms
during the advancement of the Kok-Joliot’s cycle suggested that both the substrate water
molecules are already bound in the S3 state [104] excluding the new bound water, com-
monly named WX, from the substrate candidates and ruling out the scheme A in Figlt.13]
Also theoretical calculations suggest the exclusion of Ca coordination water molecules from
the act of oxygen coupling [25]. A different result is obtained by means of FTIR measure-
ments which strongly suggest W3 from Mn3 as one of the substrate water[68]].
NMR-ELDOR (Electron—electron double resonance) measurements identify one of the sub-
strates as an oxygen interacting with Ca ion[35] and oxygen isotope substitution constant
identifies it as bridging oxygen [104] and therefore the only candidate is O5 atom. Many
possible reaction pathways have been studied on such basis [124} |131]] using transition state
search algorithms.

Nowadays, the most trusted mechanism follows the scheme B in Figl4.13] but the energetic
features have been evaluated only on the basis of static calculations. All the calculations
propose barriers lower than ~14 Kcal/mol, in agreement with kinetic measurements which
estimate the halftime for the full transition on ~1.1 ms, the slowest transition in all the Kok-
Joliot’s cycle. However, MD based approach would provide useful insights into the dynamic
stability and the protonation role in this transition as well, as it has been already done in the
previous S-states.
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Chapter 5

State of the Art About PSII Infrared
Investigation

5.1 Infrared Spectroscopy

IR spectroscopy exploits the light-matter interaction in the range between 0.7-1000 ym
in wavelength or 14000-10 cm ™! in wavenumbers.
IR photons interact with the molecular vibrations inducing the transition from the ground
state to the exited state. In order to allow the photon absorption, the vibrational mode fre-
quency needs to match exactly the frequency of the incident photons (resonating frequency),
each specific wavelength corresponds the vibration of a specific chemical moiety. Very im-
portantly, not all the vibrations are “IR active”. Only the molecular modes corresponding
to a change of the molecular dipole moment are active. IR absorption signature can be used
to recognize functional chemical groups by comparison with the large literature libraries of
known molecular vibration.
In Fig5.T|the most important resonating frequencies in the MID-IR (400-4000) are shown, the
most useful for molecular recognition. Every chemical moiety is shown as a range and not
as a single value due to the effect of the environment, which can slightly vary the resonating
frequency.

N=C=N
N=C=S
N=C=0 c-Cl cH
CONH c=N Cc=N C-F C-Br
N-H OH c=cC -C halogenated
4000 3200 2800 2300 2100 1800 1500 C-O-C
X-H heteroatoms C-H C=0 - organometallic
e e e b e |
4000 3000 2000 1000 0

FIGURE 5.1: Chemical functional group distribution in the MID-IR range. Picture by
Faverik distributed under a CC BY-SA 4.0 license

As mentioned before, a non-linear molecule has 3N-6 vibrational modes, where N is the
number of atoms in the molecule. The 6 removed degrees of freedom are the 3 x,y,z total
translations and rotations, which obviously do not affect the molecular dipole.

As an example, the water molecule has 3 vibrational modes, as shown in Fig.3.5. The most



50 Chapter 5. State of the Art About PSII Infrared Investigation

simple is the stretching, that is to say, oscillation of the bonds length around a mean value. If
more than one bond is present, the vibrations are usually coupled together in a synchronized
way or an anti-synchronized way. Water molecule is also characterized by a bending mode,
also named scissoring mode, corresponding to the oscillation of the molecular angle H-O-H.
In Fig[5.2]are shown the most common vibrations for a generic dummy molecule.
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SNp o P
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FIGURE 5.2: Most relevant vibrational modes.

A mentioned before, non every molecular vibrations is IR-active. As an example, in the
CO; molecule, the symmetrical stretching on the C=0O bonds does not change the molecular
dipole, therefore is not IR-active. Otherwise, the asymmetric one is active.

The typical IR spectra can be reported in absorbance, highlighting the frequency of the ab-
sorbed photon as positive peaks, or in transmittance, showing the absorbed photons as neg-
ative peaks from the baseline.

5.2 Differential Infrared Spectroscopy

An incredibly useful approach in IR spectroscopy of chemical reactions is the differential
infrared spectroscopy.
As the name suggest, this technique is performed by subtracting the IR intensities of adja-
cent meta-stable intermediate states of multi-step reaction pathways. The difference has the
great advantage of removing the vibrational signature of the chemical groups whose bands
are not affected along the reaction and therefore reasonably involved.
Differential Fourier Transform Infrared (Diff-FTIR) spectroscopy represents a valid tool to
follow the fine structural modifications occurring along reaction pathways involving both
small molecules [96] and enzymes [10], catching in-time modifications involving e.g. pro-
tein backbone, protonation patterns and hydrogen bond reorganization.
Fourier transform infrared spectroscopy is a specific kind of infrared technique using the
interference generated with optical walk variation to improve sensibility and resolution
power.
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Application of Diff-FTIR spectroscopy on light triggered transition between stable meta-
stable states in the Kok-Joliot’s cycle started in early "90. Because of the difficulties in crystal-
lization and impossibility to obtain structural data from crystal X-ray diffraction, Diff-FTIR
have been used as a probe to provide information about structural changes in ligands coor-
dination and cluster conformation occurring along the catalysis.

Two specific regions have aroused great interest, being strongly correlated with the struc-
tural features of the Mn cluster. The first is the region between 1750 and 1200 cm ! (mid-
region), since in this range most of the vibrations from the ligands of the MnyCaOs cluster
resonate, typically carboxylate from glutamic or aspartic side-chains.

The second is the region between 400 and 700 cm ™! (low-region), where the Mn-O vibration
resonate, structural modes typical of the manganese oxides.

Since the first report of differential spectra S;-minus-S; (or S2/S; ) of PSII[107], many other
experiments have been carried out [56, [13] analysing all the spectral regions of the MID-IR.
As mentioned before, the complexity of the reaction core, fully enveloped in the protein en-
vironment, prevented any decisive role of this technique in step-by-step deciphering of the
structural features.

5.3 Differential FTIR of OEC in Mid-range

The first band /structure identification made in these regions were based on isotope total
substitution of *C or °N to the natural isotope in all the residues, allowing the recognition
of the bands from some specific chemical groups [108].

Tracking the down-shift of the labeled samples, the amide I modes were localized in the
1630-1700 cm !, while between 1500 and 1630 cm ! the vibrational modes related to amide
IT and asymmetric carboxylate stretching were localized [Vssym(COO™)]. The vgy,(COO™)
modes are localized in the 1450 to 1300 cm ™! region.

Amide I and II bands refer to backbone modes, which are quite difficult to associate to local
structural changes involved in the catalytic reactions.

The observed differential spectra of this region can be intuitively associated with the chang-
ing in the carboxylate ligands alteration due to the oxidation and structural modification
of MnyCaO:s cluster along the Kok-Joliot’s cycle. Indeed, it is reasonable to think that all
the remaining carobylate residues side-chain remain unchanged along the reaction cycle.
This long-standing consideration have been recently confirmed with Diff-FTIR on crystals
of PSII [65]. Since the differential spectra is mostly the same, in condition strongly limiting
the confrontational degrees of freedom, it is reasonable that the structural modifications are
small, therefore correlated with the close neighborhood of the cluster.

Also, the negative band at 1114 cm ! was associated to a N-C stretching of a N7t protonated
His[106]. Here Noguchi et al., using comparison between 15N /14N, ['°N]His and 2H/'H
substituted differential spectra were able to identify a His residue which is strongly affected
in the S; to S; transition. The assumption that such residue is a cluster ligand was confirmed
afterwards through crystallographic refinement[137], and identified as His337.

In the early years of this century an overall coverage of all the differential patterns, using
flash induced FTIR, from S;-minus-Sp up to Sp-minus-Sz was reported[31, [109].

Also in these other differential spectra, several characteristic bands can be observed, but the
differential spectra intensities are generally lower and less interesting than S;-minus-S;.
Other experimental analysis show a significant resemblance between the S3/S; from WT
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and the same transition fingerprint from Ca-depleted samples (S;/5}), generating some am-
biguities in the real contributors of the differential spectra at least in this transition [32].

In order to improve the significance of the results and provide clear information about
the identity of the single bands, a methodical process started at the beginning of the century
involving direct site mutagenesis. A large selection of site-directed mutations of PSII was
prepared, modifying highly conserved residues in the reaction pocket.

Among all the experiments, one mutants one was particularly effective since it combined
site-directed mutagenesis experiments with isotopic labelling, providing a unique opportu-
nity to interpret the data.

The C-terminus A344 in different PSII preparations was mutated to Gly, to Cys and also la-
belled L-[1-13C]Ala [30, 71].

This led to very localized modification in the differential spectrum, which is the key feature
for a clear identification of the observed bands. This experiment represents one of the best
examples of a clear and reliable reference for comparison with theoretical studies.

Using double Diff-FTIR of WT and mutants, therefore subtracting the two differential spec-
tra, labeled and not labeled, the vsym(COO*) of such residue has been localized in the nega-
tive band(S;) at 1355 cm ™! and in two possible positive bands in S, 1320 or 1340 cm L.
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FIGURE 5.3: Differential spectra along the cycle from Ref.[105].
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FIGURE 5.4: Differencies between influencing and uninfluencing mutations. Asp61
mutation strongly affect Diff-FTIR for all the transition as shown in Ref., while
E189 mutation affect very few the bands intensities and positions || .

Based on the high sensibility to the transition, the Ala344 was supposed to bind a Mn ion
that undergoes oxidation in this step. The spectra of some mutants such as E354Q[121] and
D61A[37] (See Fig[.4) also were significantly altered during the S to S transition.
Conversely, and in some extent surprisingly, the differential spectra of other mutants (D170H[39],
E189Q[134] (Fig5.4), E333Q[120], D342N[135] did not show any significant changes with re-
spect to the WT sample.
It is also worth noting that mutations resulting in a modified spectrum do not cause a lo-
calised modification, but produce major variations in all the reported width of the spectra.
This aspect makes really hard any possible assignment, since local mutations reasonably
bring to long range effects on ligands providing no help in the investigation of the complex
picture.
From those evidences the rational conclusion was that most of the mutated amino acids that
were candidates to be Mn-ligands are not interacting with Mn ions undergoing oxidation,
since the Mn4 oxidation between S; and S; would influence for sure their vibrational signal.
All those structural hypotheses have been disproved by the first high resolution crystallo-
graphic structure of PSII which has showed how all the above mentioned residues are
indeed ligands of the cluster (See Figl5.5).

The heterogeneous results provided from the direct site mutagenesis approach leave se-
rious concerns about the interpretation of the observed different spectra.
The most straightforward assumption was that changes in IR spectra between S-states should
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FIGURE 5.5: Focus on the cluster’s coordination residues in the OEC reaction pocket.

be ascribed to the neighborhoods of the Mn cluster, but the large amount of experiments
strongly suggest a different picture, since most of the first shell ligands mutation do not af-
fect in a predictable or significant way the differential FTIR results.

In this regard, the very reasonable interpretation [38] is that the first shell contribution on the
FTIR transition spectra is small or on a different order of magnitude compared to changes
farther from the Mn cluster.

One may also argue that small changes in the proton occupancy of the different S states
might have a relevant effect in the observed spectra also at large distances from the cavity.
Indeed, this might explain the strong effects due to some mutations on second shell ligands
as Asp61 ( Figl5.4]), already proposed as proton gate regulator[19} 145, 37].

Furthermore, as also pinpointed in crystallographic studies [154, [137], the positions of
the water molecules seem to be strongly affected from the step of the Kok-Joliot’s cycle.
Small changes in H-bond and protonation pattern along proton channels would therefore
influence the peak positions of the nearby protonable residues, like carboxyls and imida-
zoles. The possibility of such long range effects on the FTIR differential spectra is also in
line with PsbO,PsbP and PsbQ depletion experiments [113], that reported a strong depen-
dence of the spectra on the S state. These proteins are involved in water delivery and proton
channels [125] which may differ in different states. Their FTIR differential spectra is also
significantly affected by temperature changes. This fact is compatible with the presence of
competitive patterns of proton locations and hydrogen bonding network that may intercon-
vert their stability according to temperature changes.

In summary the above experimental evidences provide a contradictory background in



5.3. Ditterential FTIR of OEC in Mid-range 55

1320
14‘36 13|62 1328 a 1339
a
1418 b
)
—_ ! - 1302
:i 1401 3 1356
8 8 b
> >
o= =
4] 7]
C C
[] [0}
c c| e
n_c o_t ¢
d
d
e N ——
1450 1400 1350 13001 1250 1350 1300 1
Wavenumber (cm) Wavenumber (cm )

FIGURE 5.6: Theoretica Diff-IR spectra in 1500-1250 cm ™! region varing protonation
and oxidation pattern (A). Panel B show focus on the 1400-1270 cm ! of double Diff-IR
of isotope substitued Ala344 [98].

the assignment of the majority of the peaks in Diff-FTIR of PSII. This makes hard or impossi-
ble to connect structural changes of OEC reaction core along the cycle with spectral features
only on the basis of the present experimental evidences.

On the other hand, Diff-FTIR made on PSII microcrystals[65] provides a spectrum which
totally superposes to the one in solution, suggesting that the results are robust with respect
to the organism and the experimental condition.

The above considerations are quite crucial for the comparison between experimental data
and calculations.

Recently a theoretical multiscale study provided some interpretation of the differential

spectra in a narrow window characterizing the COO symmterical stretching region [98].
With a large set of NMA calculation Nakamura et al. were able to identify the oxidation
pattern and ligands protonation which provide the best fitting result compared to the the
same experimental spectra.
Within this framework, normal mode decomposition allowed to localize the bands for all
the Mn cluster ligands. Lines’ different colours in Fig[5.6|represent the two possible isomers
open and closed, for S, state. Anyway, the suggested water ligands conformation disagree
with the actual knowledge of the chemistry related to the peroxide formation step. The con-
temporary presence of two water molecules on Mn4 instead of one water and one hydroxide
would prevent the proton flowing from the substrate oxygens to the proton gate represented
by Asp61[126].
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This last piece of the puzzle further increases the contradictory theoretical and experimental
observation about the global picture of water oxidation.

In early 2020, a new experimental study about the single residue mutation, using the

mass spectrometry as additional validation for the mutation presence, provided the infor-
mation that some of the mutants may not be real mutants [72]. In particular two mutants
are discussed, the D170H and S169A. The differential spectra of S,-minus-S; measured from
D170H mutant is virtually indistinguishable from the WT, while the S169A differential spec-
tra shows significant differences in the ~ 1600 cm~! zone. Both the mutants show the pres-
ence of a mutated gene encoding for D1 domain, but surprisingly, ~70 % of the isolated
PSII presents a WT amino-acidic sequence. On the other hand the S169A mutants has a con-
firmed mutation both in the gene and in the expressed protein.
This evidence arise several doubts about the real nature of all the mutation experiments
done in the years, in particular about the first shell ligands of the Mn cluster. Indeed, the
work suggests that the complete superposition of the partial D170H mutant with the WT is
caused bey the absence of MnCa cluster in fraction of mutated D170, which therefore do not
produce a detectable differential spectra. The conclusion that the presence of D170 residue
is mandatory for the Mn cluster formation could be in principle extended to all the other
first shell ligands, but since an accurate analysis of the expressed sequence of the PSII still
lack for all the other ligands, this hypothesis remains a speculation.

5.4 Differential FTIR in OEC Low-range

In 2000, improvement in FTIR technique allowed also to register a vibrational transition
fingerprint in the IR low frequency region (700 - 400 cm™!). The majority of the modes
arising from the Mn cluster wireframe can be addressed to this region of the spectra [31].
Typically Mn-O-Mn modes in a single oxo-bridged structure appear at below 700 cm™1.
Therefore, the wide presence of modes below this value suggest that such modes arose from
more structured moieties.

Chu et al., using 80 and 2H labeling, identified some Mn-O-Mn cluster vibrational
mode.

Two bands affected from the same shift with isotope labeling resonate at 625 cm~! in S; and
at 606 cm~! in S,. The same band is up-shifted by Sr/Ca substitution identifying the atoms
related to this band as connected to the ion [31].

Isotope substitution on the Ca ion does not affect this band [31} |71]].

The band at 577 cm ™! is found to be insensitive to N and 13C total substitution, therefore
associate with Mn related modes [70]].

The positive peak at 621 cm ™! in S3-minus-S; is attribuited to Mn-O-Mn mode for it sensi-
tiveness to isotope labeling [71].

Also NHj treating of the PSII samples strongly affect the differential spectra, in particular in
this range, the 606 cm ! peak [30, 44]. This would be reasonable with the perturbation of S,
isomerism by ammonia[60, 23].

All together, those evidences point at O5 related mode for these bands, indeed its flexibility
and involvement in the S, isomerism fits well with the fast substitution rate and ammonia
perturbation.

Ligand mutation also affects this region additionally highlighting the strong cluster/lingand
structural coupling [29, 94, |71]].
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FIGURE 5.7: Isotope substitution effect on Diff-FTIR spectra along the catalytic
cycle from Ref.[71]. Positive peaks at 590 cm~! are the redox buffer Ferro-
cynide/Ferrocianine [31].

Recently on the basis of VDOS calculated by dynamic simulation the vibrational modes
for S, state in both isomers have been calculated for the first time [22]], overcoming the
theoretical limit of harmonic approximation in the low frequency region.

In this study, the total spectra were calculated from Fourier transform of atom velocities
autocorrelation, therefore not properly an IR spectra. However, it was hypothesized that all
the vibrations of a so charged structure would produce a dipole fluctuation and therefore an
IR signal.

Here the Effective NMA was used, allowing the decomposition in a NMA way and in-
cluding the finite temperature and anharmonicity effects with the MD contribution. Using
Mn-O-Mn-O moieties for ENMA it was possible to decompose the spectral contribution to
identify the atoms involved in each band. The result of this work recognized the 606 cm ™!
band as Mn3-O5 and Mn2 related.

Since the study was done only on S, it is not possible to infer other features of the differen-
tial spectra, but it still represents a strong bridge between the unexplained IR data and their
structural-mechanism connection.
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Chapter 6

Modeling of Water Oxidation
Mechanism

In order to provide a dynamic theoretical characterization of the last phases of the Kok-

Joliot’s cycle, a sequence of Molecular Dynamics and Minimum Energy Path calculations
has been performed on a selections of residues from the PSII super-complex from cyanobac-
teria.
Each intermediate of the reaction’s chain have been reached by electron depletion or pro-
ton reorganization and water displacement achieved with restrained dynamics. The last
phase, the S3 — Sy transition is characterized by the peroxide formation, oxygen release
and cluster reorganization via water insertion. All the intermediate of such reaction chain
have been simulated for at least 10 ps of QM/MM-MD, and the energetic evaluation for
the transition between them have been performed via MEP calculation on the QM region
of the model. The dynamic characterization, additionally to the previous static one, allows
to include dynamics effect of residues side-chain, cluster wire-frame and hydrogen bond
network into the reaction coordinate. A rationalization of the protein contribute to the reac-
tions is fundamental for the comprehension of the natural process and, also, the design of
artificial photosynthesis devices, which require all the fundamental properties of the natural
catalyst.

This results chapter includes the characterization of the oxidized Sz and the molecular
reorganization required to achieve the peroxide formation. All these calculations are per-
formed in the high spin state inherited by the S3 state. Therefore, the stability of the newly
formed peroxide is evaluated with dynamics, in this case considering also the possibility of
a low spin state, which characterize the Sy state. Subsequently, different paths of molecular
oxygen release, at the same time or not, to the water insertion are explored. Also, different
possible candidates for water insertion are evaluated. In the end, also the stability of the
eventually regenerated cluster is evaluated by QM/MM-MD simulations.

The selected QM /MM model and the theoretical characteristic of the calculation are de-
scribed in the next section. Afterwards, a detailed description of the dynamic results for the
stable intermediate and the reactions energetic are discussed in the next sections.

6.1 OM/MM PSII Models and Computational Set-Up

Similarly to many previous theoretical work, the quantum region of the QM /MM model
was treated with DFT. This approach allows to include a large enough number of proteic
residues with a good accuracy of the energetic results. Even if the energetic, geometric and
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electronic properties in DFT calculations strongly depends on the exchange and correla-
tion functional, those effects can be reasonably controlled using standard functional as PBE
and B3LYP. Such functional provides robust and comparable geometric results, but different
electronic properties. Also, BBLYP functional is at least ~10 times more demanding from the
computational time point of view. It is not possible to perform long MD simulation using
B3LYP, therefore, all the MD simulation employ the PBE functional, whereas the static and
accurate simulations of electronic properties and energy profile are done with B3LYP func-
tional. This trade-off allows to perform long QMMM-MD simulations in order to sample a
large number of structural configuration, mandatory for a proper reaction coordinate design
and perform accurate MEP calculations.

All the atomic positions included in the PSII model are derived from crystallographic data.
The heavy atoms position chosen as the starting point for our calculations were taken from
the crystallographic structure of the oxygen-evolving Photosystem II at 1.9 A resolution
(PDB ID: 3ARC, [141]).

AMBER99SB force field [59] was used to describe the classical portion of the protein, while
the other cofactors present in the structure were described using the general AMBER force
tield (GAFF) [149]. Only a portion of ~40.000 atoms taken from the crystal structure was
used for the QM /MM calculations, and contains: the MnsCaOs cluster, the D1, D2 and
CP43 protein domains and the cofactors and water molecules present in such region. The
usage of a classical envelope for the QM region allows to include the electrostatic and polar
effect of the protein environment, producing a more realistic time evolution of the model
with respect to a gas-phase model. It is common use to employ a spherical MM envelop, but
in protein environment the extraction of a compete protein domain has been preferred. All
the used domains: D1, D2 and CP43 take part to the construction of the core of the reaction
centre.

The quantum region treated at DFT level consists of the MnsCaOs cluster, its first sphere
ligands (Asp170, Glul89, His332, Glu333, Asp342, Ala344, and CP43-Glu354), and the sec-
ond sphere residues (Asp61, Tyr161, His190, His337, Ser169 and CP43-Arg357), and the four
water molecules directly bound to the metal cluster (see Figl6.1} Additionally, the ten water
molecules closest to the cluster and the chloride anion close to Glu333 were also treated at
DEFT level.

The selection of QM atoms is based on precedent works in order to compare efficiently the
energetic results and the dynamic behavior [19,[116]]. The selection of residues is commonly
accepted in the theoretical literature as sufficient to characterize most of the features of the
PSII reaction center. It has to be pointed out that many other residues with long range in-
teractions seems to be involved in the fine tuning of the catalytic activity, but the correct
representation of such effect is not guaranteed at QM timescale, while the computational
cost for a much larger model would increase dramatically.

All the QM /MM calculations were carried out using the CP2K package in a mixed quan-
tum/classical approach [77]. The electrostatic coupling between the the classical and the
quantum region of the system was treated by means of fast gaussian expansion of the elec-
trostatic potential [144].

The system temperature was stabilized with a thermal bath at 298.15 K using Nosé-Hoover
algorithm [112, 111} 58] and using a time constant of 0.1 ps. The QM region, contained
in a cubic cell of side 28.0 A, was described using the PBE functional with the Hubbard
correction scheme []1, 41, 42], with plane-wave expansion cutoff set to 320 Rydberg, using
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DZVP-MOLOPT-SR-GTH Gaussian basis [[143].

The C, atoms coordinate were fixed in the starting positions along the dynamic. The S3
state have been modeled within respect the previous states inserting an additional hydroxo
ligand of Mn1, as expected from water ligation and subsequent deprotonation.

The procedure have been done previously of the last crystallographic date reporting a proper
identification of the atoms position in S3 [67]. However,the structural deviation found is
very small so it was considered unnecessary to reconstruct the models.

6.2 S;to S, Transition

6.2.1 Characterization of the S; State

QM/MM molecular dynamics simulations of the two isomers have been carried out for
20 ps each. In the top panel of Fig6.2)are reported the distribution of the Mn-Mn distances
sampled along the two simulations. As expected, the two isomers show similar values for
the distances Mn1-Mn2 and Mn2-Mn3. Conversely, in the closed cubane isomer the dis-
tance between Mn3 and the dangling Mn4 ion turns out to be larger when compared with
the respective distance in the open cubane isomer. In the case of the Mn1-Mn3 distance
the situation is opposite, with a larger distance found in the open cubane structure. It is
worth to mention that the distance between Mn1 and and Mn4 results in average slightly
reduced in the closed cubane isomer, in contrast with the case of the S, state. Indeed, previ-
ous QM/MM MD simulations carried out on the two isomers representative of the S, state
showed a larger Mn1-Mn4 distance for the closed cubane isomer [20], thus helping the in-
sertion and the coordination with the Mn4 ion of an additional water molecule between the
S, and the S3 states. This additional water molecule (namely WX, see also Fig has been
previously identified in as a water arising from the D61 channel [25]], also in agreement with
studies based on classical mechanics [145]. The insertion of the water molecule from below
the cluster makes really unlikely for it to act as a substrate of the present catalytic cycle as
suggested from O, labeling experiments [103].

Here, in the S3 state, the situation is inverted being now the open cubane isomer character-
ized by the larger Mn1-Mn4 distance. In both the S3 isomers simulations Mn-Mn distances
are stable along the 20 ps of simulated trajectories.

Moreover, also the spin populations of the four Mn ions show a remarkable stability
along the trajectories, keeping values consistent with their expected oxidation states, i.e. 4
Mn(IV), with the Mn4 anti-ferromagnetically coupled with the remaining three Mn ions.
The high stability of the two isomers as found along 20 ps of QM /MM MD simulations is
not surprising. Indeed, albeit the open cubane isomer was found to be largely more stable
than the closed cubane one [35], the estimated energy barrier between the two conformers,
calculated for the reorganization of the y-oxo O5 and the hydroxide group W2 bound to Mn4
(i.e. ~12 Kcal/mol) [26], prevents the transition from the local minimum corresponding to
the closed cubane S; state to the most stable open cubane isomer within the time scale of the
simulated trajectories.

Despite the overall structural and electronic stability characterizing the open cubane iso-
mer, a significant structural rearrangement involving Glul89, the calcium ion and the hy-
droxyl group bound to Mn1 was found to occur along the simulated trajectory. Indeed, as
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pled along the QM /MM dynamics simulations of the S3 state are shown for both the
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lution of the spin populations of the four Mn ions along QM /MM dynamics for the
open cubane (upper plot) and the closed cubane (lower plot) conformers.

shown in Fig6.3} the H-bond between Glu189 and the hydroxyl group, present at the be-
ginning of the simulation, is lost after ~4 ps, resulting in a reorientation of the hydrogen to
form an H-bond with the oxygen of the y-oxo bridge originated from the W2 reorganization
(namely Owy,). The H-bond breakage with Glul89 results in an increased flexibility of the
Glu189 itself. After this reorganization, Glul89 adopts a conformation allowing the coordi-
nation of the Ca ion (with an average distance between Ca ion and the carboxyl oxygen of
Glu189 of ~2.7 A). Such conformation is temporarily lost at ~15 ps, as shown by the spikes
in Figl6.3], but shortly restored and stable until the end of the simulation.

The QM/MM MD simulations show that the S3 open cubane isomer, supposed to be only
one significantly populated at physiological conditions [35], probably maintains the H-bond
between the Mnl-bound hydroxyl group and the p-oxo Oy, after the conversion from
the closed to open-cubane conformation supposed to occur during the S, to Sz transition
[26]. Additionally, in this conformation the average distance between the carboxyl atoms
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of Glu189 and the Ca ion, is significantly smaller than the respective distance found in the
XFEL structure [136] (~2.7 A vs ~3.1 A), thus allowing (transient) epta-coordination of the
Ca ion. It is worth pointing out that, assuming that Oy, and the oxygen of the hydroxyl
group bound to Mn1 are the substrate oxygens, the H-bond between such moieties should
be broken with the following release of the hydroxyl proton and the formation of the perox-
ide bond.

In a recent study was observed, after few hundreds of fs by the radicalization of Tyr-Z in
the oxidized S; state, the spontaneus oxidation of the Mn(IIl) ion by Tyr-Z with the simulta-
neous protonation of Asp61, leading to the predicted Sz electronic state (i.e. 4 Mn(IV)) [99].
A such behavior indicates the absence of an activation barrier associated to this proton cou-
pled electron transfer (PCET) mechanism.

Aware of this results,the further step is to verify if a similar PCET event may occur sponta-
neously also after the oxidation of the S3 state. Therefore have been carried out QM/MM
MD simulations of the oxidized S3 open cubane isomer, removing an electron from the sys-
tem considering both the possible spin states, with 5/2 and 7/2 spin multiplicity. The results
are reported in the next subsection.

6.2.2 Characterization of the Oxidized S; State

Starting from the first frame of the QM /MM simulation of S; state in the open cubane
conformation, two simulations considering the two possible spin multiplicities M arising
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from the oxidation of the system have been performed.

Removing one spin « electron leads to a system with total spin equal to 5/2 and multi-
plicity equal to 6 (namely S; M6). While removing one spin § electron leads to a system with
total spin equal to 7/2 and multiplicity 8 (namely S;M8). The distribution of the Mn-Mn
distances sampled along the 11 ps of simulations (see top panel of Figl6.4) turns out to be
independent on the multiplicity of the system. Moreover, the sampled Mn-Mn distances are
virtually identical to that sampled along ~20 ps of simulation of the open cubane isomer
before the oxidation (top panel of Fig.

The spin populations of the four Mn ions, reported in Fig6.4]as function of time, show a
substantial stability along both simulations. Such behavior indicates that the removal of an
electron in the S3 state does not affect the oxidation state of the Mn ions in the first 10 ps sub-
sequent to the removal. Indeed analysing the spin populations of Tyr-Z and Asp61 (Figl6.5)
is evident that the oxidation of the S3 state is mainly localized on such moieties. The sum of
the spin populations of the Tyr-Z and Asp61 hovers around 0.7 for both multiplicities.

A previous study based on the same model [99] showed that the removal of one electron
from the S; state in the closed cubane conformation is followed by the rapid oxidation of the
Mn4(III) to Mn4(IV) by the nearby Tyr-Z, where the radical is localized in the first hundreds
of femtoseconds.

As already mentioned in the previous section, the oxidation of the Mn4(Ill) in the S, state
was found to be coupled to a relocation of the hydrogens in a PCET mechanism sponta-
neously leading to the typical S; electronic configuration (i.e. 4 Mn(IV)) [99]. In the present
simulations of the S] state no spontaneous transitions have been found to occur in the first
picoseconds after the electron removal. This means that a non negligible energy barrier,
possibly associated with rearrangements of the hydrogen bond network, has to be overcome
after the oxidation of the system and before the subsequent formation of a peroxide bond, as
also reported in Ref.[118]. Indeed, independently on which oxygen atoms are involved on
the O-O formation, a deprotonation of an oxygen atom should occur to eventually produce
the molecular oxygen. It has to pointed out that the reported MD simulations of the S; state
cannot clarify whether the deprotonation of the substrate oxygen triggers the O-O bond for-
mation or vice versa. Nevertheless, our simulations suggest that such event requires the
crossing of an energy barrier too high to be crossed in the simulations time scale.
Interestingly, the S state, in both the simulated multiplicities, showed a different orienta-
tion of the hydroxyl group bound to the Mn4 ion if compared to the simulation of the S3
state in the open cubane conformation prior the oxidation event (see Fig}6.6). The H-bond
between such hydroxyl group and the carboxylate group of Glu189, which was lost after 4
ps in the simulation of the S3 state with the subsequent formation of a stable H-bond with
Owp, is now maintained along 11 ps of simulation with only sporadic breakages. Compar-
ing the two simulations of the S; state it is possible to notice how such H-bond appears to
be slightly more stable in the simulation with multiplicity 6 than in the simulation with mul-
tiplicity 8, as shown by the distance distributions reported in the bottom panel of Figl6.6}
The present results suggest that the H-bond network found in the SJ state, on the contrary
with that present in the open cubane conformation of the S; state before the oxidation, could
facilitate the proton release from the hydroxyl oxygen bound to Mn4. In order to support
such hypothesis, two further simulations for both multiplicities of the S have been carried
out starting from structures where the PCET has been achieved (in analogy with the PCET
reported during the S; to S3 transition [100]).
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The energy difference between the two spin states has been estimated by QM gas phase op-
timizations of structures extracted from the QM /MM MD simulations, revealing that they
Sy M6 and S; M8 states are substantially isoenergetic.

6.2.3 Proton exchange upon Tyr-Z reduction

Previous simulations showed how the S, to S3 transition requires the proton transfer
from a water molecule bound to the Mn4 ion followed by the oxidation of the Mn4 ion itself
by the radical Tyr-Z [99]]. This mechanism was found to happen spontaneously in the closed
cubane conformer of the S, state after the removal of an electron from the system.

In contrast, as shown in the last subsection, the oxidation of the S; state is not followed by
a spontaneous PCET mechanism on the simulations time scale of tens of ps, thus indicating
the presence of an energy barrier that cannot be crossed throughout our simulations. Aware
of the previous results obtained in the study of the S, to S3 transition, two further simula-
tions (for both multiplicity 6 and 8) of the S state in open cubane conformation have been
modified by forcing the reduction of Tyr-Z.

In order to simulate the system in presence of the reduced Tyr-Z, the Tyr-Z/His190 moiety
was treated at classical level considering a reduced and protonated state of the Tyr-Z itself.
Such approach is equivalent to simulate the system after the reduction of the Tyr-Z. The clas-
sical treatment of the Tyr-Z/His190 moiety turns out into localization of the electron hole on
the MnyCa cluster, therefore forcing its oxidation. Additionally, Asp61 was simulated as
protonated by the WX water molecule, in agreement with the previous work on the S;-to-53
transition[99](see Figl6.1]

For the S; M8 system, along 7 ps of ab-initio molecular dynamics was not observes either
evident conformational changes nor protonation changes, if compared to the previous sim-
ulation of the S state with deprotonated Asp61.

On the contrary, in the S;r M6 simulation, was observed a concerted proton transfer between
the hydroxyl group O5 bound to Mn1, the W3 water molecule bound to the Ca?" ion and the
hydroxyl group W1 bound to Mn4 (see Fig. [6.7). It is worth to mention that a similar mech-
anism was also suggested by Siegbahn, albeit in this model a water molecule not directly
coordinated to the Ca?" ion was involved in the proton transfer from the hydroxyl oxygen
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atom bound to Mnl1 [126]. This concerted transfer of protons reveals the presence of a clear
pathway for the removal of the proton from the substrate. It can be also speculated that this
pathway might eventually continue towards Asp61, which is supposed to be connected to a
proton channel [145].

As consequence of the proton release, O5 oxygen bound to Mn1 gets fully deprotonated,
thus being available for a bond formation with the oxygen Oyy». The average distance be-
tween the two oxygen atoms is significantly reduced after the proton release, fluctuating
around 2.23 A after 2.0 ps. This distance indicates that a peroxide bond between the two
oxygen atoms is not yet formed within the simulation time length. Nevertheless, the O-O
average distance calculated after the H-bond rearrangement turns out to be smaller if com-
pared with the respective average distance calculated over 11 ps of trajectory of the S state
with deprotonated Asp61 and protonated O5 oxygen (see middle panel in Figl6.7, where a
dashed line corresponding to 2.47 A average distance for the S; simulation). Interestingly,
upon the O5 deprotonation, the average distance between the E189 and the Ca?* ion is re-
duced to ~2.9 A (data not shown), thus being close to the typical coordination distance for
Ca2" ions.

In order to provide a semi-quantitative picture of the energetics associated to the proto-
nation of the Asp61 and the subsequent deprotonation of O5, have been also carried out full
QM geometry optimizations starting from structures representative of the different hydro-
gen bond networks (HBN).

The first model named S M6-HBN-1 is composed by the following protonation pattern:
O5[OH], W1[OH], WX[H,0] and Asp61[COO~]. This HBN is not present in any QM /MM
simulations, and has been built moving the proton from the Asp61 to the WX water molecule
by hands. The second model S; M6-HBN-2 extracted form the firs part of the QM /MM MD,
is characterized by protonated Asp61 and O5 as hydroxide O5[OH]. In the last model S; Mé6-
HBN-3, which was extracted from the last part of the QM /MM MD, O5 is deprotonated and
the pattern is the following: O5[O'], WX[OH], W1[H;O] and Asp61[COOH].

These calculations shows that the protonation of Asp61, with consequent deprotonation of
WX, going from the named HBN-1 to HBN-2, leads to an increase of energy of about 3
kcal/mol.

After this event the proton rearrangement leading to deprotonated O5 and the proton trans-
fer on W1, going from the HBN-2 to HBN-3, is characterized by an energy stabilization of
about 8 kcal/mol. This trend is consistent with the reaction path emerging from ab initio
MD. Nevertheless, such energy estimations, deriving from calculations performed on single
snapshots extracted by QM /MM simulations, should be taken only as qualitative.

The deprotonation of the O5 oxygen leads to a partial radicalization of this atom, being its
spin population decreasing up to an average value of -0.4 after the proton transfer. As shown
in the second middle panel in Fig}6.7} the electron hole resides predominantly on the oxygen
O5 with an antiferromagnetic coupling of the unpaired electron with the attached Mnl. A
smaller but not negligible fraction of the spin density is localized on the Oy, oxygen ferro-
magnetically coupled with O5. The spin population of Oy, changes, passing from 0 to an
average value of -0.15. This evident radicalization of the oxygen suggests as most probable
mechanism of the bond formation the radical coupling of the oxygen[128], shadowing the
possible nucleophilic attack mechanism.

In the time scale of the simulation the concordance of the spin sign prevent the direct forma-
tion of the O-O bond, further the Mn1-O5 distance is shortened with a stabilization of the



70

Chapter 6. Modeling of Water Oxidation Mechanism

E189

Distance (A)

0.5 | | | | | | | | |
0 1 2 3 4 5 6 7 8 9 10
Time (ps)
011 =
02 - O -

Spin population

Time (ps)

E189

}
!

t=0ps Y t=25ps
o

D

[=2)

1

FIGURE 6.7: Proton reorganization in the S; M6 simulation. The two middle panels
show the time evolution of the distances and the spin populations indicated in the
model of the MnyCa complex represented on the top panel. Both spin and distances
are calculated on the simulation of the S M6 state with protonated Asp61 and the
Tyr-Z/His190 moiety treated classically. Two snapshots of the simulation extracted
before and after the proton transfer are also reported in balls and sticks representation,
indicating the mechanism of the concerted transfer of protons occurring in the S3 (M6)
state.
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oxyl radical on the O5 (data not shown). Indeed, to achieve the peroxide bond formation is
also required the homolytic breaking of the Mn4-Oy, bond as suggested previously [129],
reaching a properly formed O-O bond. This electron reorganization event should be in-
duced from the presence of a full radical on the O5 atom, eventually leading to the O-O bond
formation reasonably in a pseudo-concerted mechanism, event that has not been sampled
along our simulation time. The reason of the lack of similar electron and proton rearrange-
ment in the S; M8 simulation are intuitively clear. As explained before, the two different
multiplicities have been obtained removing one « electron in the M6 simulation and one
electron in the M8 simulation. In the latter one a Mn4-Oy, homolytic bond breaking event
consistent with the high spin paradigm could not lead to an antiferromagnetic coupling of
the two substrate oxygen atoms suggested as O5 and Oy (see fig[6.8).
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FIGURE 6.8: Schematic representation of the putative Mn4-Oyy, homolytic bond break-
ing in the two simulated multiplicities with the consequent spin configuration.

These results based on QM/MM MD suggest a possible direction for the O-O bond for-
mation between the deprotonated O5 oxygen atom and different putative substrate oxygen
atoms, with Oy, as preferred option. It is also worth to mention that in this framework
other substrate water molecules would require additional proton reorganization steps, in
contrast with the two mentioned substrate oxygens that showed an autonomous depro-
tonation mechanism in the ab-initio QM /MM MD without being directly modified in the
models.

6.2.4 Energetics of Peroxide Bond Formation

The keypoint of this transition is widely recognized as the formation of O-O bond, re-

cent crystallographic data suggest that this bond could be already formed in S3 state[137],
hypothesis in strong contrast whit discusses QM /MM simulations. Otherwise recent crys-
tallographic refinement disprove such speculation [67].
In order to characterize the energetic profile of suggested mechanism for the peroxide for-
mation we employed Minimum Energy Path calculations. The MEP calculations have been
carried out in S;“ state, i.e. a formal oxidized S; state, in a spin configuration consistent with
previous works [100, 26]]. In this framework the spin multiplicity was set to 6 (ms = 5/2) in
which the three of the four manganeses ions of the cubane are ferromagnetically coupled.

The proposed reaction pathway involves proton reorganization that precedes the final
oxygen coupling in a 0xo-oxyl mechanisms.

As observed in a previous QM/MM MD simulation [100], the proton can flow from O5 to
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W1 with a Grotthuss-mechanism via W3, and from this position, directly to the Asp61 (D61)
water channel. As consequence of this protonation pattern rearrangement, the two oxygen
atoms approach up to the proper distance for a peroxide bond formation.
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FIGURE 6.10: Top panel: MEP profile associated with protonation pattern reorganiza-
tion and peroxide formation. Bottom panel: Mulliken spin population of the species
involved in the electron transfer.

Such proton flow was found to occur spontaneously in QM /MM MD as consequence of
a constrained protonation of D61 and deprotonation of WX. To quantitatively evaluate the
effect of the constrained protonation of D61 in the previous QM /MM MD simulation, such
proton movement from WX to D61 have been includes in the hypothetical MEP as first step

of the reaction coordinate.
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In this regard, as starting point for the MEP calculation, have been employed the S geome-
try shown as sketch in Figl6.9] presenting Asp61 as carboxylate, O5 and W1 in the hydroxide
form and WX as water molecule.

The calculated MEP, show in Fig indicates that the proton transfer mechanism, that
comes before peroxide bond formation, occurs in a fully concerted way, simultaneously
with de-protonation of O5 and WX and protonation of Asp61. The energy barrier needed to
be overcome to reach the new protonation pattern is estimated ~7 Kcal/mol so eventually
occurring in the ns time range.

Additionally, the concerted proton transfer appears to be highly exergonic, with an energy
difference between the starting state and the final state of about -19 kcal/mol. The exact
value of the thermodynamic stabilization has been shown to be strongly dependent from
the exact water orientation[62], which is fundamental in the theoretical models but more
fluid in the real system, anyway it is clear that a large stabilization is achieved in this part of
the reaction coordinate.

The optimized MEP for such path identified two well distinct steps for O5 oxidation
and the subsequent peroxide formation, excluding in first approximation the possibility of
a concerted mechanism.

In the first part of the reaction coordinate, the localization of the electron hole, arising

from the oxidation of OEC in the S; state, is shared between the deprotonated D61~ and
Y7 as shown in the bottom panel of Figl6.10] (black and blue lines). The sum of the spin
populations of these two moieties is equal to ~-0.8 in the first part of the MEP.
It is worth to mention that also previous QM /MM MD simulations showed the contribution
of D61 to the delocalization of electron hole, up to the protonation of such residue[100].
The large fluctuation of the Asp61 spin population depends strongly on the strength of the
hydrogen bond with WX, stronger is the HB and lower is the population on the carboxylate,
therefore higher is the population on the Yz. The starting point of the calculated MEP is
the closer in energy to the proton movement from WX to Asp61, however it is possible to
infer that different hydrogen bond conformation would add a small entropy contribute to
the first activation barrier.

The initial increase of the energy profile along the reaction coordinate is due to the
change in the orientation of the O5-H moiety, resulting into break of H-bond with Glu189
and the subsequent interaction with W3. Such reorientaion allows the following deprotona-
tion of O5-H, thus giving rise to the proton exchange mechanism discussed previously [100].
Simultaneously with deprotonation of O5-H, the oxidation of O5 occurs giving to this atom
a well defined radical character (Mulliken spin population ~ 0.8).

After the first energy peak, both Yz and D61 turn closed shell and the spin fluctuations of
such moieties thereafter result negligible if compared to the other actors involved in the
electron transfer.

Protonation pattern reorganization within the O5-W3-W1 and WX-D61 moieties, cou-
pled to the electron transfer to radical Yz, shows an activation energy barrier of ~7Kcal/mol
(first peak of the red line Fig. The energy profile close to the first transition state is very
sharp, this is the consequence of sparse sampling in that part of the reaction coordinate.
Unfortunately these point would require very unphysical angle of MNn1-O5-H which are
hard to optimize without a strong force restraining the replicas. This computational setup
would lead to instability along the reaction coordinate and poor characterization of the local
minima. In our scheme this is the best compromise between smoothness and accuracy in
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the description of the energetic profile. It is also worth to mention that due to the very small
mass of the proton it would be possible to observe tunnel effect for the proton displacement
avoiding the transition to unphysical coordination structures.

By Transition State theory, such barrier corresponds to an upper limit kinetics in the order
of us. On the basis of experimental measurements, the kinetics associated with the S3 =Sy
transition is in the order of ms[117, [36| [118]. Therefore this transition cannot be the rate
limiting step for this step of the Kok-Joliot’s cycle.

Moreover, the value of the energy barrier confirms that the constrained applied in the
previous QM /MM simulation [100] to keep Asp61 in a protonated state did not affect sig-
nificantly the energetic of the transition. Indeed, based on the presented MEP calculation,
the protonation of Asp61 and deprotonation of WX, necessary for the progress of the S3-to-S4
transition along the suggested pathway, requires a time largely lower than the experimen-
tally known time necessary for such transition.

The energy stabilization due to the new protonation pattern and to O5 oxidation is

~20Kcal/mol. Such large stabilization is in agreement with previous geometry optimiza-
tion calculations, with an additional stabilization due to the approach of one water molecule
coordinated to Cl~ ion to the coordination sphere of D61[100]. The absolute energy stabi-
lization in this case could have partial uncertainty due to border effects of the gas-phase
models, but the trend is clear, and in agreement with other theoretical studies [126].
In the second part of the reaction coordinate, the system proceeds towards the second tran-
sition state (TS2 structure shown in Fig6.9) with an activation energy cost of ~7Kcal/mol
coupled with the break of the Mn4-OW2 bond. The spin population evolution of Mn4 along
the reaction coordinate (shown in bottom panel of Fig}6.10) is consistent with a homolytic
break of the Mn4-OW?2 bond turning out into reduction of Mn4 from IV to III and the sub-
sequent formation of the OW2-O5 bond. As already proposed by Sieghban[130], also this
study indicates that the Mn4-OW?2 bond is the first Mn-O to break in the 54 state prior the
O-O bond formation.

Four principal actors are involved in the electron transfer pathway here described: Tyr161,
Asp61, O5 and the Mn4. The other atoms show no involvement in the redox process at this
stage, remaining their spin populations mostly unchanged along the full MEP. As expected,
the only affected oxidation state is the one of Mn4. The others, aside some small fluctuations,
show no significant change in the spin population.

From a geometrical point of view, after the O-O bond formation, the internal Mn-Mn
distances turn out to be larger with respect to the starting structure. The Mn1-Mn4,Mn2-
Mn4 and Mn3-Mn4 distances increase respectively from 5.37, 5.34 and 2.82 A t0 5.59, 5.70
and 3.18 A respectively. The wider opening of Mn4Ca cluster is another relevant feature
related with the O, release in the next step of Kok-Joliot’s cycle. It has to be pointed out
that the calculated MEP show a small endergonic character for the peroxide bond formation
(~2Kcal/mol). Such energy profile could indicate a possible instability of the O-O bond in
the Sy state. Nevertheless, the following entropic increase associated with the O, release,
would be large enough to ensure the global reduction of the free energy and the respective
evolution of the reaction.

Additionally, different protonation pattern could have a strong impact on the energy pro-
file describing the peroxide bond formation. In this regard, in order to take into account
possible H-bond reorganization which could stabilize the final stage of S, state, have been
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investigated the energetics of the peroxide bond formation for different protonation states
of the non-oxo oxygen atoms coordinated with Mn4 ion (i.e. Ow; and Owx).

6.2.5 Effect of protonation on peroxide bond formation

In order to evaluate the effect of the protonation of Mn4 coordination waters on the per-
oxide formation, two other models have been built on the basis of the geometries extracted
from QM /MM simulations.

The first additional reaction coordinate taken into account for minimum energy path cal-
culations concerns the “canonical” protonation pattern for OEC PP2: W1[OH]WX[H,O] in
Figl6.T1).

Proton exchange between W1 and WX is necessary from the previous calculated protonation
pattern model PP1 in Figl6.11|left panel.
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FIGURE 6.11: Left panel: Draw sketch structures of the three protonation pattern mod-

els. Right panel: MEP profile for only O-O bond formation for the difference protona-

tion pattern and Mulliken spin populations of involved species for PP2(dashed lines)
and PP3 (dotted lines) along the reaction coordinate.

The molecular motions in this path are mainly described by the O5-OW?2 distance, de-
creasing from 2.40 to 1.41 A and the OW2-Mn4 distance, increasing from 1.83 to 2.50 A.
These motions overlap with the final part of the MEP described in the previous subsection.
Differently form the previous MEP carried out in PP1 state, the final state is highly stabi-
lized and the global character of the reaction is exergonic, with a stabilization of about ~12
Kcal/mol (See right panel of Figl6.11] blue line).

Additionally, in contrast with the previous one, in the PP2 MEP have been observed a dif-
ferent behavior of E189. In the first part of the reaction coordinate the Ca-O(E189) distance



76 Chapter 6. Modeling of Water Oxidation Mechanism

decrease from 2.91 to 2.47 A, thus resulting in a full coordination of Ca ion by E189. In this
way, the carboxyl oxygen of E189 substitutes O5 in the coordination sphere of Ca, with the
distance between Ca and O5 increasing from 2.50 to 3.03 A, as shown in Fig

Such reorganization of the coordination sphere of Ca ion has the effect of stabilizing the
transition state up to nullify the activation barrier for the peroxide bond formation for this
specific protonation pattern. Analysing the spin population calculated for this path (PP2),
the same behavior of the PP1 is observed. Mn4 reduction is synchronized with the detach
of OW2 and with O-O bond formation.

Also in this case the other atoms are just onlookers, being OW2 and Y totally or almost
in a closed shell configuration along the whole reaction coordinate (right panel of Figl6.1T]
dashed lines).

Based on the present results, the most suitable hypothesis is that after the deprotonation of
O5 with the proton transfer to W1 (PP1 state), a subsequent proton transfer from W1 to WX
(i.e. a transition from PP1 to PP2 state) has to occur prior the peroxide formation. In this
framework, the less crowded W3/Ca/E189 region, compared to PP1, allow the E189 to af-
fect the O-O bond formation in a Neighboring Group Participation (NGP) scheme, reducing
severely the activation barrier.

The second alternative protonation scheme here evaluated consists of both the non-oxo lig-
ands of Mn4 fully protonated (PP3:W1[H,0][WX[H,O], see Figl6.11).

This protonation pattern for MnsCa Cluster has been proposed in recent works based on
virbational spectroscopy [98,[151], pointing out a better fitting of the vibrational property in
a fully protonated neighbourhood of Mn4. It is worth to mention that the NMA calculations
performed in this thesis and successively disucssed do not support this model [27]].

Alike the previously calculated MEPs for PP1 and PP2, the prevalent molecular motion here
consists in the elongation of the Mn4-OW2 and the shortening of O5-OW?2 distances. In this
case, the activation barrier is slightly higher with respect to the first case, with an activation
barrier associated with the O-O bond formation of ~10 Kcal/mol.

Mulliken spin populations show the same profile with the reduction synchronized with
peroxide formation. The only and major difference is the slightly different starting and final
spin population of Mn4, which have a higher spin population, therefore closer to Mn(III)
oxidation state than the one found in the PP1 and PP2 states.

This is a reasonable consequence of the double water ligand which have a lower coordina-
tion power, therefore preferring a delocalization of such electron on Mn1 and Mn4 as shown
in Figl6.11] (dotted cyan line).

Also in this case any NGP from the E189 can be observed, consequence of the orientation of
W3 hydrogen bond, same of PP1 scheme.

The present calculations point to a fundamental role of the coordination sphere of Mn4,

which affects largely the activation barrier of the peroxide formation, key step of water ox-
idation mechanism. The discussed results show both long range and short range effects
depending on the specific Mn4 coordination. On the short range, presence of a water ligand
on the axis of the bond which is going to brake (PP2 state) creates a distortion of the octahe-
dral coordination of Mn4 making less expensive the Mn4-OW?2 detach.
Eventually, the coordination of two water molecules on Mn4 (PP3 state) weakens enough
the coordination of Mn4 making again less efficient the O-O bond formation. From the long
range point of view, differences in the W1 protonation affect the interaction with W3 and
therefore the space available for E189 movements.
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E189

FIGURE 6.12: Rendered strucuture close to the TS showing different cooridnation of
Ca ion to Glu189.

Lastly, it is worth to point out that all the discussed activation barrier have been also calcu-
lated using the same theory level of the QMMM-MD. PBE functional leads to 1.5, 2 times
higher activation barrier due to the very small charge localization typical of GGA functional.
Looking back to previous QM/MM MD simulations it seems inevitable that the O-O
bond formation event have not been observed, because in that set up it is not possible to
overcome the barrier in the simulated time-scale. Unfortunately hybrid functional MD sim-
ulations is still computational too heavy to be approached, GGA functional set-up is still
the only affordable option to sample the dynamic evolution for system of such complexity.
However, employing lower theory level for dynamics and higher for quantitative energetic
evaluation still provide very useful results providing a good mechanistic scheme.

6.2.6 Characterization of S, State

Once the H-bond network reorganization and the peroxide bond formation are fulfilled,
a pseudo S, state is reached. Following the experimental interpretation [73] in order to ar-
rive to the formal Sy state is necessary balance the charge of OEC removing one positive
charge. This condition have been met by removing the proton present on Asp61, suggested
to be the gate for the proton release from MnyCa cluster towards thylakoid lumen [95, 145].
The same protocol was adopted in previous studies to investigate S, —S3 transition [26, 25].
The structure of this state is not experimentally established, being still impossible to iso-
lated an intermediate of S3 —Sy transition. Therefore, a reasonable atomistic model can be
only built on postulates arising from previous simulated states and indirect experimental
evidences.
In order to provide mechanistic insight for oxygen evolution a QM /MM molecular dynam-
ics have been performed on the newly formed S, state. Aware of the close spin crossing
event occurring within S3 —Sy transition, two possible spin states have been considered,
consistently with the previous S3 and the next Sy step respectively . It is known from spec-
troscopic data that Sz state show a HS [35] configuration, with a ferromagnetic coupling of
the Mn ions of the cubane, while Sy state show a LS character [90].
As previously discussed, the removed electron is supposed to be in a spin configuration,
being the MnyCa cluster more incline to be oxidized in such condition.

The total spin of the two simulations are 5/2 (M=6), consistently with the spin state of Sz
and the O-O bond formation calculations, and 1/2 (M=2) consistently with the spin state of
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the next Sy step. The magnetic coupling of the Mn ions in those simulations are AAAB for
M6 and ABAB for M2. The two spin configurations considered here are the only two that
are compatible with evolution of a triplet oxygen for the suggested peroxide bond formation
mechanism.

Eventually, Mn1 and Mn3 need to be ferromagnetically coupled otherwise a singlet O, will
be produced.

The calculated MEP shown the exergonic formation of the peroxide for the PP2 state,

with a stabilization of the final state of about 12 Kcal/mol. Hereafter proton removal, dur-
ing the entirety of both QM /MM MD simulations an overall stability of the newly formed
structure have been observed. Neither back reaction is observed in the 10 ps of simulation
for both the spin configurations, nor evolution toward O, molecule formation. By mean of
Eyring-polany equation, the stability of the so built S4 correspond with at leas 6.5 Kcal/mol
barrier for oxygen evolution.
The cubane Mn-Mn distances calculated along the two trajectories show similar distribu-
tions in both simulations (Top panel Fig. A moderate divergence is however observed
for the Mn1-Mn4 distance. An average value of 542 A for the LS system compared to
5.37 A in HS system have been calculated. In this regard it is worth to mention that an even
slight longer Mn1-Mn4 distance can provide an easier insertion of a novel water molecule.
Nevertheless, at the present time there are no experimental evidences whether such event
occurs in concert with the release of the O, molecule or after the release.
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FIGURE 6.14: The dihedral angle defined by the atoms Mn3-0W2-O5-Mn1 is shown

in the top panel as function of time for both the simulated spin states. In the bottom,

two snapshots extracted form the simulated trajectory of the M2 state are shown as

balls and sticks. The snapshot on the left, representative of the dihedral angle sampled

before 5 ps and after 6.5 ps, was extracted at t >~ 2 ps. The snapshot on the right was
extracted at t ~ 6 ps.

Albeit the apparent stability of the two systems shown along the simulation time, a dif-
ferent dynamical behavior for the two simulated spin states was found when the Mn3-OW2-
O5-Mn1 dihedral angle was analyzed. For the M6 system, the dihedral angle reported in
Fig. shows an average value of about 50° with no evident transitions. Conversely, in
the M2 system, the dihedral angle undergoes a drastic conformational change around 5.3
ps, changing from an average value of ~50° to a value of ~-50°. This new conformation
leads to the break of the Ca?"-OW?2 bond and the formation of Ca?"-O5 bond as shown in
Fig. where two representative snapshots extracted at t ~ 2 ps and t ~ 6 ps from the low
spin trajectory are reported. Such conformation, occurring only in the M2 system, turns out
to be transient, being the original conformation restored after about 1 ps.

Intriguingly, the renewed conformation, obtained after 6.3 ps, is characterized by a dif-
ferent H-bond network around Ca?* ion, Tyr-Z and Glu189 with respect to the starting con-
formation. In particular, the water molecule bridging Glu189 and Tyr-Z via H-bond with
its hydrogen atoms (here indicated as H, and H; respectively) undergoes a reorientation
resulting in the loss of the H-bond with Glul89 (see snapshots reported in Fig. . The
reorientation of the water molecule leads the H, atom, originally H-bonded to Glul89, to
form a H-bond with the tyrosyl oxygen of Tyr-Z. Simultaneously, the H; atom originally
H-bonded to Tyr-Z goes to form a H-bond with a nearby water molecule.
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the water molecule bridging these protein residues, are reported as function of time for

the simulation of the low spin state (M2). In the bottom, two representative snapshots

extracted from the simulated trajectory of the M2 state before 5 ps (left) and after 6.5

ps (right) are shown as balls and sticks. The H-bond network involving Glu189, Tyr-Z,
and the bridging water molecule is highlighted with red dashed lines.

The rearrangement of the H-bond network occurring in the low spin state after 6.3 ps of sim-
ulation has as major effect the net loss of one H-bond by Glu189, with a consequent effect on
the coordination of the Ca?" ion. Indeed, looking at the distance between the carboxylate
oxygen of Glu189 and the Ca®" ion (maroon line in Fig. , it appears evident a decrease
of such distance, from an average value of 3.0 + 0.2 A before the transition, to an average
value of 2.7 + 0.2 A after 6.3 ps.

Recently, Kern et al. were able to identify a conformational change involving Glu189, con-
sisting of detachment from the Ca?* ion upon insertion of the upcoming oxygen atom dur-
ing the S to S; transition. The Glu189-Ca?" distance was found to pass from 2.7 to 3.0 A.
In the subsequent transition, from S3 to Sy, the coordination of Glul89 with Ca?t is re-
stored [@] The present results suggest that the Glu189-Ca?* bond could be restored before
the O, removal, thus being not an effect of the O, ejection but rather a support for it.
Albeit, have not been observed further conformational changes or breakage of bonds after
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6.3 ps, therefore can reasonably speculated that the strengthening of the coordination bond
between Glu189 and Ca?" could result in a subsequent weakening of other bonds involv-
ing Ca?". Among these bonds, Ca?"-OW2 plays a central role, being designed to break in
order to release molecular oxygen. Thus, the H-bond rearrangement above described could
indicate the low spin state, in which such rearrangement occurs, as the favorite spin state
to evolve towards the O, formation. It has to be pointed out that, due to the limited time
range accessible to QM /MM MD simulations, cannot observe transitions involving energy
barriers larger than 6 kcal/mol. Nonetheless, this theoretical approach is able to describe
phenomena, such as fast H-bond rearrangements, occurring in the ps time range, possibly
shading light on the first steps of slower chemical transformations.

Eventually, gas-phase optimization of the QM region extracted from the QM /MM simula-
tion provide a picture of the relative energy about the HBN and dihedral variation. The
dihedral change from ~50 (left in Figl6.14) to ~-50 (right in FigJ6.14) correspond an increase
of almost 5 Kcal/mol. Otherwise the change of HBN from the left in Figl6.15to the right in
Figl6.15|provide a stabilization of ~10 Kcal/mol. These observation are completely in agree-
ment with the transient nature of the opposite dihedral angle and with the large stability of
the final hydrogen bond network.
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Looking to the Mulliken spin population of the Mn ions and the oxygen atoms (Figl6.13]
lower panel), the LS system shows larger range of values within respect the typical 4443
oxidation state. At first sight Mn2 and Mn3 have are more close to a proper Mn(IV) state
balancing Mn1 behavior, which show peaks of spin population up to 3.8 and more spread
values if compared with the respective spin population in the HS system, therefore more
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prone to be reduced to (III) oxidation state.

Nevertheless, even if the spins population probability are slightly different in some cases,
both the system maintain the same oxidation scheme along all the simulations.

In the TabJ6.1]are reported the average values and the respective standard deviations of the
Mulliken spin populations for the atoms directly involved in the redox process. Oxygen
atoms O5 and Ow2 also shown a moderately larger fluctuations of Mulliken spin popula-
tions and higher spin localization in the LS trajectory with respect to the HS simulation.

As last analysis, looking to the total spin population probability of the O, proto-molecule,
it is clear that in M2 multiplicity the O, present an higher triplet character, with ~0.1 more
electron localization on the average value (see Tab.1 and bottom panels of Figl6.16).

The overall conclusion is that O, release is more favorable in M2 multiplicity than in M6,
both for the HBN effect on Ca-Glul89 coordination and electron localization of the two
peroxo oxygen atoms. Eventually, on such basis is possible to hypothesize that the spin
configuration change take place at this point of the Kok-Joliot’s cycle, just before the oxygen
evolution process.

Multiplicity | Mnl Mn2 | Mn3 | Mnd | O5 OW2
(0) (0) (0) (0) (0) (0)
M2 (T41)) 3.301 | 3.155 | 3.129 | 3970 | 0215 | 0.184
(0.119)| (0.051)| (0.103)| (0.045)| (0.084)| (0.753)
M6 (T111) 3.300 | 3.190 | 3.177 | 3.978 | 0.188 | 0.156
(0.100)| (0.062)| (0.102)| (0.042)| (0.072)| (0.064)

TABLE 6.1: Mulliken spin populations average of main atoms in both LS and HS mul-
tiplicities.

Since the experimental kinetics measurements of such transition indicate a ms time-scale,
it has to be pointed out that the energy barrier associated with the first O-O bond formation
is lower than 10 Kcal /mol, therefore associated with a ys kinetics cannot be the rate limiting
step. It is possible to speculate that O, evolution and/or the new water insertion represents
the real rate limiting step of the transition. The apparent stability of the simulated state
on the time scale of the QM /MM MD simulation is reasonably consistent with such obser-
vation, and further confirms the presence of an energy barrier subsequent to the peroxide
bond formation determining the rate of the S3-to-Sp transition. In this regard it is possible
that short and constrained QM /MM MD simulation cannot provide a extensive description
of this transition. On the basis of recent experimental measurement, this transition would
have a strong entropy contribute to the activation barrier reasonably correlated with the pro-
ton dislocation prior the O-O bond formation [5]. This observation would be also supported
by the lack of intermediates after the last absorbed photon to the full regeneration of the
cluster.

6.3 S;to S transition

6.3.1 O release from MnCa cluster

The most clear result from S state QM /MM MD is the evident stability of the peroxo-
bond in both the spin multiplicities. Alongside, the Mn1-O5 and Mn3-OW2 bonds, the
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two forming the peroxo bridge, do not present any significant oscillation far away from the
expected average value.

The O, expulsion process is not barrierless in these conditions and can not be observed
spontaneously in ps timescale.

Indeed, experimental measurements indicate the timescale of the S3 to Sy transition on the
ms order [36].

Since no barrier related to the molecular events happened from S; state up to the peroxide
bond formation can be associated to a rate limiting step, a constrained QM/MM MD has
been used to overcome the major energy barrier of this transition.

A distance restrained MD simulation has been employed to smoothly increase the Mn1-O5
and Mn3-Oyy; distances up to a metastable value applying a force constant of 0.01 a.u. on
both the bonds.

The restraint on the newly formed O, is maintained until a formal unbound state from the
MnCa cluster is reached. This means that a small activation barrier is present, and for simple
optimization the O, does not fall back to the bound state and represented in the top right
structure of Figl6.17]

This intermediate of the complete expulsion of O, from the PSII has been reached with
Mn1-O5, Mn3-O5 and Mn4-O5 distances corresponding to 2.49 A (blue dotted line in Figl6.17)
,3.45 A, 3.38 A , and the Mn3-OW2 corresponding to 4.5 A (black dotted line in Fig:6.1 ).
The O5 is the closest oxygen while Oy, is directed outside in a vertical position with respect
to the MnCa cluster as shown in Fig6.17}

At ~2.5 A the O5 still have electrostatic interaction with Mn1, but O-O distance decreases to
1.21 A highlighting a full formation of double bound oxygen molecule. The presence of an
electrostatic interaction between Mn1 and O5 is noticeable also by the O5 spin population (
black line of the lower panel of Figl6.17), which is slightly lower than the one of OW2 (red
line), being the second oxygen completely detached from the cluster.

On the side of spin population, the presence of parallel unpaired electrons on both the oxy-
gens firmly indicates the O} formation.

Basing on this, and on the initial state of the S4 MD, the hypothetical reaction coordinate
has been built by coordinate interpolation between the initial and final structures. The same
reaction coordinate has been calculated in both the typical spin configurations of OEC in
order to evaluate the possibility of a spin crossing event. The first, HS (AAAB, red line in
Figl6.17) is inherited from the S3 state and the second is LS (ABAB, green line in Figl6.17)
which will be the ground spin state in Sy.

The final MEP is very similar in both the multiplicities, the only differences being the slight
higher energy of the LS spin starting point, and, a slight lower energy at the final point. This
evidence, together with the different behavior of the two multiplicity during the QM/MM
MD, discussed in the previous section, suggests that the spin crossing event that brings the
cluster from the spin surface typical of the last steps of the Kok-Joliot’s cycle to multiplicity
typical of the fist steps should take place together with the O, release.

The global trend of the of O, release reaction is slightly esoergonic and the highest energy
point of the profile coincides with the homolytic breaking of Mn3-OW2 , Mn3 reduction and
simultaneously Oy, exit from the Ca ion coordination sphere ( respectively black and or-
ange dotted line in Figl6.17). Similarly, Mn1 is reduced when Mn1-O5 distance overcomes
2.0 A (blue dotted line in Fig.

The activation barrier at such point is ~14 Kcal/mol, corresponding to the highest barrier
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FIGURE 6.17: MEP profile for O, detach in both HS and LS surfaces.

in the catalytic cycle up to now. The final frame is characterized by a metastable penta-
coordination oxidized (III) manganese ions with octahedron shape for Mn1, Mn3 and Mn4.
In the calculated reaction path, while the O5 remains in the interaction sphere of MnCa clus-
ter, the Ow, moves far away and its detach from Mn3 matches the transition state of the
current phase of Kok-Joliot’s cycle.

After O, detaches, it is reasonable to to hypothesize that it will move away from the reaction
centre through the wide channel close to the E189. As shown in the spin plot of Fig[6.17/O,
is released in triplet state, its ground state spin configuration.

Triplet configuration on O; is observed in both the multiplicities, HS(AAAB) and LS (ABAB),
as result of the ferromagnetic coupling of Mn1 and Mn3, for sake of clarity only the LS pop-
ulations are shown in the Figl6.17] Any other spin configuration in which Mn1 and Mn3
do not show the same spin projection and require its change after O, detach from MnCa
cluster.
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For all the other moieties present in the QM model no involvement in the reaction is ob-
served.

6.3.2 Dynamic Exploration of Water Insertion

Once O; release is achieved, the further step to elucidate is the substrate supplying and
catalyst regeneration.
Removing the eventually detached oxygen molecule from the model is the easiest way to
sample the possible and preferential paths for water entrance, to define a reasonable reac-
tion coordinate for MEP calculation. Eventually, a coupling of the water insertion MEP and
the oxygen detachment MEP would provide a complete description of the transition on a
molecular basis.
The simulated state is formally still S4 with O, removed, and it will be therefore named S4'.
This intermediate of S4 to Sy transition lacks water binding and one additional deprotona-
tion to complete the advance to Syp. Reasonably, the most suitable water molecule would
be the W3 for its closeness to the binding site left empty by O, removal. The W3 binding
to MnCa cluster shows a reasonable activation barrier for the same reaction in S, [25, 20].
Nevertheless, actors as W1 or other water molecules close by could not be ruled out a priori.
To preserve and evaluate the spin duality and identify the very time of the spin crossing
event, the heterogeneity of HS and LS in MD simulations has been preserved also in this
phase of the Kok-Joliot’s cycle. Clearly, the spin momentum of these states changes from the
S, state due to the absence of OI. The actual LS corresponds to total multiplicity M=1, and
HS to M=4.
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FIGURE 6.18: Mn ions spin population distribution along the LS (solid lines) and HS
(dashed lines) QM /MM MD.

Spin population distributions from both the QM /MM MD simulations is reported in
Figie.18|
It is worth pointing out that in LS the Mn2 ion have the opposite spin moment direction with
respect to the HS, and in the Fig}6.1§|the data have been reported as absolute value highlight
the differences in clearer way. As in the previous simulations, the spin configuration is still
aaxf for HS and aBap for LS.
The peaks representing the spin population are very sharp, indicating a large stability of the
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manganese ions oxidation pattern for the entirety of both MD simulations. The only differ-
ence between LS and HS on the spin population side is observed on Mn2, range which is
slightly wider with a corresponding, but smaller, similar increase on Mn1 and Mn3 popu-
lation. However, the differences are very small and are not expected to induce a different
chemical reactivity within the two spin configuration.

HS - Mn1-Mn2 Mn1-Mn2

LS — Mnl-Mn3 Mn1-Mn3
Mn1-Mn4 Mn1-Mn4
Mn2-Mn3 - Mn2-Mn3 e
Mn3-Mn4 - Mn3-Mn4 e

Distances Probability [a.u.]

2 2.5 3 3.5 4 4.5 5 5.5 6
Distance[A]

FIGURE 6.19: Distance distribution of Mn-Mn internal distances for LS ad HS
OM/MM MD simulations.

Mn3-W3 ---- Mn3-W2 ---- Mn3-W3 — Mn3-W2 —
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FIGURE 6.20: Distance evolution along QMMM MD simulation of Mn3-OW2(yellow)
and Mn-OW3 (cyan) distances in both HS(dashed) and LS(solid) spin configuration.

This behavior is not surprising since no electron transfer process is expected to occur
before the Sy to S; transition.
Although the formal oxidation pattern of Sy is reached and maintained, this intermediate
cannot be identified as Sy since Mn ions still lack of the proper coordination.
Moreover, an important information can be extrapolated from distance probability distribu-
tion of Mn-Mn ions distances (Figl6.19). Comparing the range with the previous S-state in
which a peroxo bond is present (546.13) and a oxo-hydroxo interaction between Mn1 ad Mn4
(Ss Figl6.4) it is observed that, independently from the number of oxygen atoms present in
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the reaction cavity, there is not a significant effect on the global shape of the cluster along
all the final steps of the reaction cycle. The only difference is a slight shortening of the Mn1-
Mn4 distance in the S, state when the peroxo moiety restrains the internal distance of the
cluster.

This significantly strong template effect, very well evidenced in the QM /MM MD simula-
tions can represent one of the most important features of the PSII reaction core. The con-
servation of the cluster’s shape performed by the cluster’s ligands is also observed in the
cluster depleted PSII crystallographic structure [157]. The depleted structure shows funda-
mentally an unchanged relative distance of the coordination sphere, demonstrating the high
template effect of the coordination residues.

The most interesting evidence obtained from S|, simulations is shown in Fig[6.20l Moni-
toring the distances of the closer non structural oxygen atoms to Mn3 along the ~10 ps
QM/MM MD it is possible to observe the propensity of such substrate to bind the cluster
and therefore infer some mechanistic features.

The first monitored water is W1 bound to Mn4, which could enter in the cavity with a
“carousel” like mechanism as happened in S;-to-S3 water insertion [25, (148]. The second
is W3, bound to Ca and very close to the cavity left from the O,.

The last one is very likely to bind the cluster, since some FTIR study suggests this substrate
as the one binding also in S;-to-S3 transition [68]]. This mechanism would imply having a
single water channel providing all the substrates of the catalysis, therefore globally making
less robust and more error prone the PSII machinery.

As shown in Figl6.20after few ps of simulation, W3 distance with Mn3 is very shortened,
and increases again afterwards, but with large oscillation. The lowest value of the Mn3-W3
distance is reached with a Ca-W3 coordination still preserved.

Also, it is observed that W3 oscillates closer to Mn4 in LS than it does in HS, whereas, the
different spin surfaces do not affect the Ca-W3 coordination. Therefore, it seems that spin
states affect more the bond formation with the cluster than the coordination expulsion from
Ca sphere.

Otherwise, W1 is rather stable coordinated to Mn4 and establishes a stable HB with W3
when it approaches Mn3.

After the very close encounter at ~1.5 ps, W3 oscillates between 3 and 4.5 Afrom Mn3 sug-
gesting that a full water molecule is unlikely to bind to the cluster and an additional proton
reorganization is required for efficient binding. It is worth mentioning that a stable HB bond
between W1 and W3 provides some rigidity to W3, preventing an easy approach to Mn3,
but on the other hand it would offer an easy way out for the proton. Eventually, W3 is the
only water molecule which showed a strong propensity to enter in the catalyst, and it is
therefore the best candidate for this process in the S4-to-Sy transition.

Adding this piece to the global puzzle, the scheme of preferential water oxidation mecha-
nism based on QM /MM simulations, identifies WX (from "narrow” channel) and W3 (from
"wide” channel) as binding water molecules along the Kok-Joliot’s cycle.

This assertion may be trivial since these two water molecules are the closest not parteci-
pating as substrate, but this point is still matter of debate due to the large number of close
water molecules and the presence of several contradictory experimental and theoretical ev-
idences [103,|68,/128].
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6.3.3 Water insertion in S/,

Using constrained QM/MM-MD simulations the Mn3-W3 distance is decreased whereas
the the intramolecular O-H distance of W3 is increased, to release the proton in the direction
of the HB with W1. Along with u-hydroxo formation on Mn3, both the water ligands of
Mn4 become fully protonated water.

Simultaneously with the approach of W3 to Mn4, in the dynamics a replacement of the Ca
coordination vacancy left from W3 is observed, by a close water molecule named W5 from
the vicinity of Y,. Thanks to W5 dynamic replacement the coordination sphere can remain
complete avoiding the transition to high energy under-coordinated intermediates.

On the basis of such coordinates a trial reaction coordinate for water insertion in S} has been
prepared.

<™ W5,
wi g w4 <« f‘ w4
°

) Mnl

Energy [Kcal/mol]
Distance [A]

Reaction Coordinate

FIGURE 6.21: MEP calculated for W3 insertion.

The chosen reaction path is quite simple with respect to the global reaction because it

neglects the O, release contribute to the steric hindrance of the reaction cavity, but is partic-
ularly helpful to design a full reaction pathway for the transition.
In the chosen reaction coordinate, W3 approaches to Mn4 and simultaneously it is depro-
tonated in favour of W1. This movement is concerted with the insertion of W5 in the co-
ordination sphere of Ca ion. This water molecule is located nearby the Yz and makes two
hydrogen bonds with W1 and W3, therefore, when the latter is dragged inside the reaction
pocket by the O, displacement, W5 fills the empty space and recovers the hydrogen bond
network.
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The final state is formally a S§, differing from Sy only by the deprotonation of W1.

The energy barrier for this reaction is low (AE* ~4Kcal/mol), and the reaction is reason-
ably exergonic with AE ~9 Kcal/mol. The first increase in energy corresponds to the W3
deprotonation which occurs prior to the complete binding. The second, corresponding to
the transition state, coincides with proper binding of W3 to Mn3 and Mn4.

Also here a marked independence of the energy profile from the spin state is observed.

The internal energy required for the water insertion is almost negligible, albeit a small en-
tropy effect could be present due to the cluster hydration. However, the entropy contri-
bution is expected to be very small due to the very ordered nature of the structural water
molecules included in the reaction pocket.

6.3.4 Water insertion coupled with O, evolution

In order to evaluate the possibility of synchronized O,-release/W-insertion, the results
obtained from the QM/MM MD and gas-phase MEP calculation on shorter and simpler
reaction coordinates have been summarized to build an extensive one, involving all the pre-
viously described features of the reaction.

In these models the O, release together with the insertion of the new water molecule to a
fully regenerated cluster are included. In has to been pointed out that, at this point, the
cluster has an excess of a positive charge.

Holding the O, within the close vicinity of the Mn cluster has the aim to describe the steric
hindrance of O, with the rest of the molecular motions required for the regeneration of the
manganese cluster.

Additionally, some experiments pointed out an involvement of the Vall85 residue in the
release mechanism [69, 138], therefore this residue has been included in the gas-phase QM
models for the MEP calculations. The insertion of this residue in the gas-phase has the only
purpose to evaluate its energetic contribute to the reaction. Nevertheless, in the QM /MM
models the Val is present at MM level, therefore the steric hindrance is present and influ-
ences the dynamics.

This first reaction coordinate has been built using the oxygen detachment MEP as first part,
and using the W3 water insertion QM /MM dynamics and MEP as blueprint to reach the
final coordination of the Mn cluster. The MEP calculated on such structures provides an
unexpected picture, with a very high activation energy compared with the previously cal-
culated results and the experimental measurements.

The fundamental structures, features and energy profile of the MEP are shown in Fig[6.22]
The first molecular motion involves the peroxide detachment towards the Val185 residue
with the almost complete reduction of both Mn1 and Mn3 and full formation of the triplet
oxygen (second structure in Figl6.22). The activation barrier associated with this first part
is similar, but higher than the previously discussed one due to the slight approach of W3.
Afterwards, the W3 completes its approach to Mn4 and Mn3 with a concerted deprotona-
tion to W1 which becomes a full water ligand. Alongside with the W3 insertion, the W5
approaches the Ca ion replacing the W3 in its coordination sphere and restoring the hydro-
gen bond network structure (fourth structure in Fig[6.22).

The final position of the hydroxide is very central, with very similar Mn1-W3 and Mn4-W3
distances. This observation is in agreement with the preferential pentacoordination of all
the close Mn(IIl) ions. Recent crystallographic data [67] suggest a proper open shape also
for Sy state. Such condition could be verified after W1 is also deprotonated and the correct
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charge of cluster is reached.

Together with the deprotonation, also the Mn1 is completely reduced and detached from the
cluster to the external region of the QM selection. The O, way out is in the direction of the
chlorine anion and requires a small rotation of the Vall85, in agreement with the suggested
fundamental role of such residue [138], 169]. If the discussed reaction occurs in a concerted
reaction, the O, movement in the direction of the wide channel is mechanically blocked by
the W3 insertion and the movement towards the negative anion is more favored.

The very high barrier, almost 30Kcal/mol, calculated for this MEP could be due to several
reasons. First, the lack of complete convergence of the calculation, which is unlikely due to
the high stability of the energy profile. Another reason could be the closeness of the released
O; to the edge gas-phase model preventing a proper stabilization with the close moieties,
which in turn cannot discharge the perturbation on the close residues of the protein in a large
structural stabilization scheme. Additionally, the constraint binding together the replicas in
the NEB calculation could prevent the achievement of a stable MEP. Such problems could
be avoided employing a higher number of replicas and reducing the spring force on each
structure. This solution would require a huge amount of computational effort which could
not pay in terms of scientific results.

In the end it is also possible that the oxygen release and substrate supply are not concerted,
therefore the coupled movements only provide an increase of the real activation barrier. This
possibility can not be ruled out neither on the basis of the computational nor the experimen-
tal results, the latter of which lack of any identification of intermediates.

In order to examine the hypothesis of a “carousel” mechanism also in this case con-
strained QM /MM MD has been carried out, in order to induce W1 rotation inside of the
vacancy left from the oxygen release, in a mechanism similar to oxygen reorganization pic-
tured for the S; to S3 transition [148), 26].

The formal starting structure is the same of the previous MEP, but the W2 insertion induces
different structural modifications along the reaction coordinate. The first part overlaps, with
the Mn3-OW2 bond breaking and superoxide formation which points towards the Val185
residue. Differently from the previous discussed MEP, W1 rotates towards Mn3 providing
the coordination required by the manganese ion and eventually pushing away the molecu-
lar oxygen. In the current case, deprotonation is not required because W1 is already in its
hydroxide form. Eventually, W5, in a similar way to W3 insertion MEP, is dragged to Mn4
by the W1 rotation, restoring the coordination sphere of Mn4. The highest structure corre-
sponds to the undercoordinated configuration of Mn3, having a partially inserted W3 and
almost totally detached O,. The formal final state is very similar to W3 insertion MEP. Mn4
ligands WX and W5 are both present as water and the W1 embedded between Mn1,Mn3
and M4 is an hydroxide.

The Spin population profile shown in Figl6.23)is very similar to the previous one, likewise
the energy profile, which is still too high compared with experimental measurements. The
main difference, beside the identity of the new "O5” bridge, is the oxygen molecule position,
not close to chlorine ion, but in the external part of the gas-phase model close to Val185. In
this MEP, W3 exhibits a very stable position, therefore the wide channel is easily accessible
for O, release, in fact the molecular oxygen moves towards that direction, requiring also in
this case a small rotation of the Val185 residue.

Here, the reasons for the unphysical energy of the MEP are the same discussed for the pre-
vious MEP, but other mechanistic information can be deduced. As an example, it is worth
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noting that in both cased W5 water molecule provided the replacement for the undercoor-
dinated metal ions, first on Ca and now on Mn4. This has several mechanistic implications,
since in every transition which requires a water insertion, a substrate from a different posi-
tion seems to carry out the task.

In the computational study about water insertion in Sy-to-Sz [25]], at least two water molecules
provided fitting energetic results with the experimental evidences. It is possible that no very
specific pathway is selected for the full cycle, but a ramification of analogous processes is
possible from a hypothetical starting structure, relying on intrinsic disorder of the hydro-
gen bond network around the cluster. This would intuitively provides more robustness to
molecular mechanisms of the PSII reactions. However, the so defined pathway suggests that
both the water molecules binding along the catalytic cycle serve as substrate for the upcom-
ing cycle, in agreement with the measurements of oxygen isotope substitution [103].

It has to be pointed out that both the full reaction path MEP have been calculated in Low
Spin configuration since no significant effect of the spin state has been observed in the pre-
vious calculations.

Both the obtained reaction coordinates shown an hysteresis effect of the O5, still interact-
ing with Mn1 which increases the total energy. In the discussed calculations the algorithm
could not separate these movements. In recent computationl studies about synegicity of O,
release with water insertion, shorter and less complex reaction coordinates provided a lower
activation barrier similar to the ones discussed in the previous section [124].

The results obtained from the discussed MEP calculations may need further refinement,
but on the basis of the current results, the magnitude of the barriers suggests a two-phases
mechanism. First, the oxygen is released from the cluster and moves away from the reac-
tion pocket, only after this event, the water insertion occurs without a noticeable barrier (see

Figl6.24).
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FIGURE 6.24: Sketch of the reaction scheme correspondig to the S4 to S transition.

Eventually, it is also a possibility that the reliability limit of the MEP approach has been
reached. Including too many flexible residues within a too small model could prevent a
proper characterization of the reaction features in the late states of the Kok-Joliot’s cycle. In-
creasing the quantity of replicas could solve the problem, but this would require an amount
of computational effort which is not balanced with the trustworthiness and the scientific
value of the results.
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6.3.5 Structural Stability of Regenerated Catalyst

In order to characterize the structural stability and the reactive features, QM /MM MD
have been carried out of the freshly regenerated MnCa cluster in both LS and HS states.
Even if the ground state is largely agreed to be LS, it is important to explore the structural
stability in both multiplicities in order to investigate the possibility of spin induced iso-
merism similarly to S; and Sz states.

The internal topology of the QM part of the multiscale models has been built on the basis
of the previous S dynamics which provides overlapping models regardless of the inserted
water molecule, W1 or W3. This state describes a fully recovered cluster, exception made
for the charge which is still +1 with respect the formal Sy, therefore it will be named S; . It
worth mentioning that such intermediate differs from the previous S dynamics only by the
atom positions of W3, and from the insertion of a new water molecule in the QM region to
guarantee proper hydrogen bond chain after W3. It also differs from Sy only for the proto-
nation state of the ligands of Mn4.

The just inserted water molecule is positioned inside the cluster as hydroxide on Mn3 and
can alternatively bind to Mn1 or Mn4. Mn2 is the only oxidized (IV) manganese ion, while
all the others are Mn(IIl). In the current condition half of the manganese ions are over-
coordinated, because the Mn(IlI) ground state coordination is bi-pyramidal.

The first observation which can be made is the stability of the obtained structure looking

to the internal Mn-Mn distances in Fig Therefore, the modelled S structure represents
a stable conformer of the MnCa cluster confirming a correct regeneration of the catalyst in
the QM /MM framework. On such basis, hereafter the W3 will be named O5 in order to
underline the complete regeneration. In the same way, the two Mn4 water ligands will be
renamed with the canonical nomenclature W2 the opposite lignad to O4, and W1 which
forms hydrogen bond with Asp61.
Comparing the internal distances fluctuation, in particular the Mn-Mn distances, it is pos-
sible to observe some differences from the previous states. After the O, release, the Mn1-
Mn4 distance is heavily affected with a shortening of the average distance. This is a totally
reasonable behavior given the presence of only one oxygen in the space between the two
manganese ions. The others Mn-Mn distances are less affected, being compatible with all
the previous states. This feature confirms the template role of the amino-acid residues close
to the catalyst, which define the reaction pocket.

Also the spin populations overlap to the ones resulting from the previous dynamics and
are extremely stable. This is not surprising given the absence of electron transfer processes
in the late part of the regeneration reaction.

Another important structural feature is the new O5 position which defines the isomer
fashion along the dynamics. This key property has been monitored by the Mn1-O5 and
Mn3-O5 distances, red and blue lines respectively in Fig}6.27, The other Mn4-O5 distance
is redundant with the first one and will be neglected for sake of clarity. The Mn3-O5 dis-
tance, even if is larger than the typical Mn(III)-O distance, shows good stability and narrow
oscillations around 2.3 A, defining the formation of a proper bond. Otherwise, the Mn1-O5
distance shows wide oscillations between 2 to 3 A.

Such flexibility represents more a coordination than a proper bound state suggesting a very
weak interaction of O5 with Mn1 or Mn4. On this aspect, both HS and LS seem to have the
same behavior with very low flexibility on Mn3-O5, which defines the proper regeneration,
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whereas the Mn1-O5 distance, which defines the shape of the cluster, is much more affected
by the spin state.

In order to improve the isomer analysis on this S-state the distance difference between

Mn1-O5 and Mn4-O5 have been plotted. Positive values define an open shape and, con-
versely, negative values define a closed conformation. The oscillation of this distance func-
tion highlights the frequency of the transition between open and closed isomers. In Figl6.28|
the closed representation in the dynamics is red and the open is blue.
Frequent oscillation, therefore fast exchange between the isomers, suggests a flat poten-
tial energy surface relative to the O5 position on the direction Mn1-O5-Mn4. This effect is
reasonably produced by the equivalent oxidation state of the Mn4 and Mn1, which as dis-
cussed before, has a penta-coordinated ground state. The exchange frequency can be further
increased by the additional distortion of the cluster due to the oxidation state (III) even on
the Mn3.
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FIGURE 6.27: Time evolution of the Mn-O distances along S QM /MM MD simulati-
nons.

The high flexibility of O5 is reasonably the origin of the problems about S; X-ray struc-
tures which caused for many years great uncertainties on the correct assignment of its po-
sition, while now it is commonly accepted that in the dark adapted state both Sp and S; are
present [75,(101].
Additionally, this fast exchange could be the consequence of the positive charge exceeding
due to the presence of two water molecules on Mn4. The deprotonation of one of the ligands
would provide a stronger coordination to the Mn4 increasing the average Mn4-O5 distance,
which is unlikely. However, such factor would have smaller effects than altering the oxi-
dation state as discussed in the section where the ligands orientation led to stronger
effects with respect to the ones caused by a change in the ligand kind.

On the isomerization feature a difference in the time evolution is also observable be-
tween the LS and HS.
In the LS configuration, even if the open shape appears more often, the difference in the iso-
mer representation is rather small. Also, in HS configuration many fluctuations have been
observed, but the open isomer is more represented in the simulated timescale. This behavior
is similar to the isomerism of S, state, but less defined.
The LS configuration is slightly lower in energy as observed in Figl6.21} but presents higher
structural flexibility. Albeit, the HS configuration is slightly higher in energy but has a more
localized distribution of isomers.
A partial broken symmetry analysis of the SJ” and Sy can provide a more detailed picture of
the protonation effect on the regenerated cluster. In Tab6.2the relative energies in Kcal/mol
of the total high spin are reported with HS(M=8) and LS(M=2).

Multiplicity | Spin pattern | OPEN energy | CLOSED energy
THS 1 0.0 +7.0
8 ™M1 +1.5 +7.4
2 Tl +1.6 +6.3

TABLE 6.2: Partial broken symmetry analysis of the S{ state. In all the isomers and
multiplicities the oxidation pattern is (IILIV,IILIII).
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FIGURE 6.28: Isomers Distribution along S;” QM /MM MD simulatinons.

As reference, the energy value of the Total High Spin (THS) open isomer is used. M2
and M8 multiplicities of such isomer are isoenergetic, and slightly higher in energy of the
THS isomer. Using on single structures calculation ~1 Kcal/mol is not a significant value
to distinguish a propensity, and on the basis of simple geometry optimization is therefore
indistinguishable by THS.

Multiplicity | Spin pattern | OPEN energy | CLOSED energy
THS ™M +2.8 +0.7
8 ™M1 +3.1 +0.4
2 Tt +2.7 0.0

TABLE 6.3: Partial broken symmetry analysis of the Sy state.

In order to have an idea of the proper Sy state stability, connectivity and multiplicity, the
same partial broken symmetry analysis has been calculated. From the previous models one
proton has been removed from W1 ligand to balance the charge of the cluster.

In TabJ6.3|an almost overlapping scheme is reported if compared the TabJ6.2| The only differ-
ence is a slight shortening of the Mn3-O5 and alternatively Mn1-O5 distances for the closed
isomer, and Mn4-O5 distance in the open isomer.

In this state a small propensity of the system to the closed isomer is observed. This is a
consequence of the presence of O5 as hydroxide, which points its hydrogen bond to W2, be-
havior that is not possible in the open isomer. The exceeding positive charge of the previous
state weakened the O5 interaction with the three manganese ions preventing a stabilization
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Structure RMSD
Sy 2016 [[154] | 0.094
S1 2018 [67]] 0.0

So Optimized | 0.123

TABLE 6.4: RMSD calculated between the last tow S; XRC dataset and the final S
structure

of one of the isomers. The propensity of Sy state to adopt the closed isomer is observed also
in another theoretical work [101], but disagrees with the last crystallographic data. It is pos-
sible that in such a delicate state, similarly to S3, a partial contribute of the previous states is
present and some refinement is still necessary. Additionally, a comparison of the optimized
structure with the last two S; crystallographic structures [154} 67] have been done. The ref-
erence for the calculated root mean square deviations (RMSD) shown in Tab are the four
Mn ions and the Ca ion, and the last . Such a small deviation between the three models,
compatible with the differences between the two XRC dataset, confirms the reliability of
the Sy structure obtained via QM/MM MD simulation, since it preserved all the structural
properties of the initial model.
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Chapter 7

Modeling of Vibrational Properties

7.1 Gas-Phase Models

7.1.1 Natural Mns;CaO5 Models

For the static calculations the PSII reaction center geometries have been extracted from
QM/MM calculations of WT organism built on 1.9 Aresolution crystallographic structure
(PDB ID: 3ARC, [141])). The set up of the QMMM simulation is based on previous calucla-
tion done on the same models [19,|99),100, 20].

For the wild type models the QM region extracted from QM/MM consists of 219 atoms con-
tained in a 28.0 A cubic box in both S; an S; states, according to the hypothesis of no proton
release in the S;-to-S; transition.

In the QM/MM MD simulations the C, carbon position have been fixed on their relaxed
coordinates to preserve the protein structure. In the same way, in the gas phase models the
Ca coordinates have been fixed to preserve partially the structural effect of the protein back-
bone.

The quantum region extracted from the QM /MM simulations contains the most important
moieties of the reaction core: the MnysCaOs cluster, its first sphere ligands (Asp170, Glu189,
His332, Glu333, Asp342, Ala344, and CP43-Glu354), and the second sphere residues (Asp61,
Tyr161, His190, His337, Ser169 and CP43-Arg357), and the four water molecules directly
bound to the metal cluster, consistently with previous calculations [19, 99, 100, 116]. Addi-
tionally, the ten water molecules closest to the cluster and the chloride anion close to Glu333
were also treated at DFT level.

For all the the S; state models have been imposed a (IILIV,IVIII) oxidation state and ABAB
spin configuration [101]. For the S, state have been chosen the open cubane conformer
(named S2') proposed by Patanzis et al. as the most stable one [114, 20] with oxidation and
spin state in agreement with the EPR results [(IILIV,IV,IV) ABBA].

Different protonation patterns of Mn4 ligands in WT structures have been investigated
named as PP1 and PP2. The first pattern is consistent with our group previous work consis-
tently with the most accepted protonation pattern, W1 is fully protonated [W1(H,O);W2(OH)]
and W2 is present as hydroxide. In the second one both the W1 and W2 are water molecule.
The latter one was obtained adding a proton on W2 and re-performing a full QM optimiza-
tion (220 atoms and +1 charge with respect to PP1 ) [W1(OH),W2(H,O)].

On both models have been built single amino acid mutations inspired to the experimental
reported ones.
The geometries of the mutants have been built on the assumption that punctual mutation
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do not affect significantly the tertiary structure, and therefore preserving the C, carbon po-
sition of the WT structure. This assumption is widely used in protein structure research.

In order to obtain mutation of the —CH; — COO side chains on the proper residue, have been
substituted with —CH3 for D61A mutation and with —CH, — CON H, for E189Q mutation.
In the last mentioned mutant, the NH; function coordinates the Ca ions, preferential coor-
dination on the base of soft-soft interaction between the ions polarization sphere. Changing
the atomic mass of the C1-A344 from 2C to '>C have been calculated also the isotope labeled
IR spectra of PSIL

7.1.2 Synthetic Mn;CaO, Model

The starting geometry of the artificial cluster heavy atoms have been extracted from the
monomer A of the crystallographic structure reported by Zhang et al. in ref.[156].
Before a full QM optimization of the monomer, hydrogens position have been relaxed while
tixing the other atoms position. This model consists of 184 atoms and have been simulated
in a cubic box of 25.0 A side. To assess the different factors limiting the comparison between
computational and experimental data, have been carried out calculations on selected models
of the natural system and its biomimetic compound.

FIGURE 7.1: Schematic representation of the QM models of synthetic MnyCaO, and
the natural Mn4CaOs clusters.

7.2 Basis Set and Functional Dependence of IR Spectra

As first have been performed a general set of calculations to have a scale of the effects
of different computational parameters, such as the basis set and the choice of the exchange-
correlation functional
As testing case, have been carried out normal mode analysis in gas-phase on a propionate
(CH3CH,CO,) molecule, similar to the ligands present in the artificial catalyst.

On this model have been used four different combinations of functionals (PBE and B3LYP)
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and basis sets (TZVP and DZVP). Tab[7.1] summarizes computational and experimental re-
sults for the propionate case [133].

Mode Exp. gas-phase B3LYP-DZ B3LYP-TZ PBE-DZ PBE-TZ MD PBE-DZ
Symm. Stretch. (vs) 1305 1366 1354 1299 1314 1291
Astm. Stretch. (v,) 1600 1663 1630 1625 1668 1657

TABLE 7.1: COO stretching modes calculated with several theory set-up. Both differ-

ent basis set and functionals have been employed. Experimental assignment reported
from Ref. [133]

A bare comparison between calculations and experiments would lead to the conclusion
that PBE-DZVP provide the best agreement. However is worth to note that DZ basis set is
typically not yet at convergence with the size of the basis set, and B3LYP functional gener-
ally provides a better description of vibrational properties.

It is remarkable how such observable are sensitive to computational details and an abso-
lute value for the peaks is difficult to localize with a precision smaller than 20-30 cm~!. In
practice, to better match experimental peaks, a scaling factor is often applied to vibrational
frequencies to overlap with experimental results.

Even using this empirical remedy, the uncertainty still remain and sums up to other effects
such as temperature and anharmonicity that also provide a shift in the same range as shown
in Tab[Z.1

Using ab initio molecular dynamics description of the system (MD PBE-DZVP), the calcu-
lated values of symmetric and antisymmetric stretching are also shifted with respect those
obtained using a static description (PBE-DZVP). The uncertainty on the position of the peaks
became crucial in a crowded difference spectra, where even a small difference in few fre-
quencies might lead to qualitative different picture and wrong interpretation, therefore a
careful and accurate analysis is mandatory.

7.3 Hessian Based Method

7.3.1 Mn,CaO, Artificial Complex

In order to gradually approach to the PSII complexity level, we studied the vibrational
properties of the artificial PSII mimic complex recently synthesized by Zhang et al.[156].

In contrast with the case of PSII, for such model complex experimental absolute IR spectra
are available for the S; state. It is therefore possible to make a direct comparison of peaks
position and intensities between calculated and experimental data.

The overall results obtained by standard normal mode analysis performed on the relaxed
crystallographic structure and reported in Fig[7.2)are encouraging. Even if the absolute po-
sition of the peaks cannot be predicted with high accuracy, the relative position and the
global shape of the spectra is well reproduced and allow a fair comparison between calcu-
lated spectra and experiments.

In particular, due to the typical overestimation of methyl bending by DFT calculations,
some intensities are not exactly defined. However, the calculated IR spectrum can be consid-
ered in good agreement with the experimental one, being most of the peaks well reproduced.
Therefore, demonstrating that despite uncertainty on the absolute values, a full assignment
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FIGURE 7.2: Comparison of different QM set-up with experimental FTIR of artificial
MnCa cluster. Experimental spectra reported for Ref. [156]

of all the peaks is possible in the COO ligands region. On the contrary, at lower frequency
values the NMA technique drastically loses in accuracy. In addition to the superposition
of different modes, the soft modes of this regions are more sensitive to anharmonicity and
thermal effects. In this cases would be also important to obtain spectra from ab initio molec-
ular dynamics.

Further investigations on the effects of the DFT functionals or the different theoretical meth-
ods on the calculation of IR spectra of such system are required. A detailed description of
the study about this artificial compound can be found on Ref.[140] and on the PhD thesis
Aliya Tychengulova, member of our research group.

7.3.2 Mn4CaOs5 Photosystem-II Complex

To show the weaknesses and the critical points of the direct calculation of difference
spectra, have been investigated several models of the natural MnyCa cluster present in PSII
As fist, similarly to what reported in a recent work [98], have been considered two different
protonation patterns, in which the W2 molecule coordinating the Mn4 ion is present either
as hydroxide or water molecule. In agreement with the literature, has been found a dra-
matic effect of the specific protonation pattern (PP) of the W1 and W2 molecules, namely
PP1(W1=H,O,W2=0H) and PP2(W1=H,0,W2=H,0), on the calculated differential spectra
(Fig7.3).

This point is a warn about the lack of general robustness of such calculations and the cru-
ciality of having the correct protonation pattern to have a spectra which can be compared
with the experiments. The dramatic changes occurs regardless if dynamics (e.g. QM molec-
ular dynamics) or static (NMA calculations) approach is employed to calculate the spectra.
In particular the the protonation pattern for the region surrounding the MnyCa cluster has
been extensively studied by several energetic studies [91, [114] establishing PP1 as the most
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FIGURE 7.3: Comparison between infrared spectra calculated on different protonation
patterns of a model of PSII active site.
PP1 = [W1(OH);W2(H20)] PP2 = [W1(H20);W2(H20)].
Experimental spectra in the figure is reported from Ref.[37]

probable pattern. Despite these evidences, the second PP2 pattern is reported to have a bet-
ter agreement with differential spectra. by [98] [151].

Comparing the band positioning of the ligands in both the protonation patterns some

information can be further extrapolated. The ligands having direct interactions with Mn4,
having the modified their first coordination sphere upon protonation, show the major shifts
as shown in Fig[7.4l Another significant change is the increase of the band shift due to the
transition from S; to Sy, or transition shift, in the case of ligand D170 bridging Mn4-Ca ions.
This behavior can be associated with the lack of a proper octahedral coordination of Mn4
after its oxidation in the S, state.
On the other hand, bi-dentate Mn; bridging ligands, like E354 and D342, show a small ab-
solute shift and even smaller transition shift. The above considerations suggests a robust
positioning of the spectra contribution of such ligands with respect the details of the proto-
nation pattern.

The interesting observation from the theoretical point of view, is that is present a clear

separation of resonating frequency based on the kind of cluster ligands. This aspect that will
be further investigated later.
In order to directly compare the results obtained from NMA calculation with experimental
spectra, the first step is to introduce a scaling factor. This value need to be extrapolated from
previous calculations on simpler system, like the previous shown propionate case (Tab[7.1)),
or using already identified peaks in the experimental spectra. This kind of approach would
required a large dataset of previous calculations or at least partially described experimental
spectra, which are not always available. Eventually the choice of a scaling factor is highly
arbitrary and could not give more than qualitative information.
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FIGURE 7.4: Comparison between peak positions of 4 particular ligands in the two
simulated protonation patterns. As in differential spectra the negative peak are from
Sy and positive from S;. The box fill refers to the ligand, the box border to the model.

Moreover, the ligand E189 has a peculiar coordination condition, having a proper coordina-
tion only with Mn1, while a partial coordination with the Ca ion. In QM Gas-Phase models,
when the geometry is relaxed, the Ca-O distance is elongated from 3.06 A t03.98 A , there-
fore NMA calculations on this ligand will not well describes its vibrational properties.

The utility of a similar approach is basically restricted to the identification of the relative
positioning of the ligands. For instance, bands associated with bi-dentate Mn-Mn bridg-
ing ligands appear generally at higher frequencies with respect to Ca-Mn bridging ligands.
Nevertheless, a straightforward comparison is still difficult because the very different na-
ture of the three Ca-Mn ligands.

To further investigate the real capability of a theoretical calculations to rationalize such dis-
cordant results, have been built some QM gas-phase mutant models starting from the wild
type structures. With the assumption that single amino acid mutations do not drastically
affect the overall structure, the results of the mutants can be compared with the wild type
ones.

In particular, have been selected two different mutants, one reported as non-influencing
mutant (E189Q)[134] and another as high-influencing mutant (D61A)[37] regarding the in-
tensities of the differential infrared spectra. The relative effect of each mutation is reported
in Tab[7.2]as ratio of the double difference spectra with respect the WT intensities.

As comparison and control we present the double differential spectra of the isotope la-
beled >C-1 A344 (See Fig and Fig, similarly as what previously reported by another
work [98]. In the latter case, as expected, the effect of the isotopic exchange is localized in a
relatively small spectral window, modifying mainly the neighborhood of the A344. In this
case the interpretation is clear: very local effects besides differences of the models and the
difference spectra is well reproduced, confirming the right assignment done by experiment.

Surprisingly, the calculated spectra for both the non-influencing and the high-influencing
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TABLE 7.2: PSII mutation and labeling effect on the IR absorbance and its ratio change

compared to the WT differential spectra.

Sample AA Effect
WT [107] 5*10E-4 -
WT* [30] 6*10E-5 10%
D61A [37] 3*10E-4  50%
A344G [30] 2*10E-5 5%
E189Q [134] 5*10E-4 ~
D170H [39] 5*10E-4 ~
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FIGURE 7.5: Comparison of theoretical and experimental double difference on A344
1-13C. Experimental data reported from Ref. [30]

mutants show very similar intensities at variance with the experimental results. This demon-
strate that in our reduced model of the PSII Mn cluster surroundings, the effect of both mu-
tants should be of the same order of magnitude. If a large difference is reported by experi-
ments this is likely due to second shell or more distant portions of PSII. As discussed before,
different equilibrium patterns in the proton distribution between the Kok-Joliot states can
also provide a strong non-local effect.

As observed for the A344 labeled spectra, the very local effects are less affected by the
model choice. Therefore performing ad-hoc calculations, selecting those strictly local vibra-
tions, would provide very helpful information for at least qualitative experimental interpre-
tation.

However, the comparison between several methods and models suggest that a direct com-
parison with the NMA calculated spectra can be misdealing and hardly could provide quan-
titative information about the peaks identity. Eventually many information could be extrap-
olated from relative consideration of the bands position or following the shift of the single
ligands along the transitions which show mainly a robust behavior in the different models.

In order to provide a more clear visualization of the results, Figl[7.7|reports the positions

Vs of the symmetric stretching frequencies of the bidentate ligand carbonyls as a function
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FIGURE 7.6: Sp-minus-S; double difference infrared spectra calculated from WT mod-
els and 13C labelled (red line), D61A (green line) and E189Q (blue line) single point
mutation models.

of the coordinated metals, bridging two Mn ions or one Ca and one Mn. The plot can be
observed that the Mn-Mn bridging ligands belongs to the same spectral region and are posi-
tioned at highest frequency values. Additionally, Mn-Ca bridging ligands have much more
asymmetric charge localization and belongs to lower frequency domain. Apart from some
small superposition, the calculated Normal modes show a net separation of resonating fre-
quency.
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FIGURE 7.7: Distribution of carboxylate ligands vibration in the Symmetrical stretch-
ing region.
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7.4 Molecular Dynamic Based Method

In this section the approach developed to interpret the infrared spectra by spectral de-
composition in moieties of high interest will be discussed. The calculation method for the
infrared spectra is based on the Fourier Transform of the total dipole autocorrelation func-
tion (Eq3.4) [21]]. This approach is very efficient for small systems with very few peaks, but
for such a complex system like the PSII core, a simple autocorrelation faces the impossibility
of a one-to-one assignment due to the huge amount of vibrational modes. Here the result of
the developed method based on the dipole correlation function will be discussed.

741 QM/MM PSII Models and Computational set-up

The computational set-up is the same described in section
The starting position for S; state has been taken from the crystallographic structure [136],
and optimized in the oxidation and protonation patterns typical of this state.
S, is assumed as open cubane conformer (named Sﬁ‘) proposed by Pantazis et al. [114], which
is considered the ground state also in the latest crystallographic results [67].
S3 state is the same described in section 6.2, the geometry was obtained adding a water
molecule and removing one electron and one proton, and eventually optimized in open
cubane form as suggested by EPR measurements [35]. The spin ground states for the three
systems have been chosen consistently with computational [114, 20] and experimental data
reported in literature [17, 35] (S=0 for the Sy, S:% for S, and S:g for S3). The QM /MM ab-
initio molecular dynamics simulations have been carried out in NVT ensamble with ~ 3 ps
of equilibration and at least 30 ps of production, with time-step of 0.5 f.

7.4.2 Convergence of IR Spectrum

Since the reliability of the spectra depends on the sampling of each vibrational mode,

which must be observed a reasonable numbers of times, the first step is to test the conver-
gence of the relative intensities and band positions with the increase of the sampling. The
maximum accessible length of the QM /MM MD simulation with the current set-up is on
the order of tens of picoseconds. In order to properly simulate the IR spectra 30 ps for each
S-state have been simulated.
The convergence of the all the portions of the spectra is not simultaneous. As an example
high frequency modes have a shorter period and, therefore, shorter simulation times are
enough to properly sample them. In the table below the periods of the peculiar vibrations
are shown. The O-H bond, which is characterized by a high frequency of vibration, oscil-
lates ~100 times in 1 ps, while sampling the same number of vibrations for modes vibrating
at low frequencies, like Mn-O bonds, requires ~5 ps.

In order to analyse the convergence, different spectra have been compared, produced
with different lengths of trajectory. The results are shown in Fig[7.§|

cm ™! ‘ THz ‘ fs
600 18 | 55.6
1500 | 45 | 222
3000 | 90 | 111
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FIGURE 7.8: Convergence of the S; infrared spectra increasing the simulations time.

In the spectra the region around 600 cm ™! is expected to be significantly intense, arising

from the Mn-O modes of the metal cluster, as well as the region between 1100 and 1800
cm™! arising from the ligands of the cluster, and the region from 2800 to 3500 cm~! due to
the water molecules.

As shown, the Signal/Noise ratio increases with the length of the simulation, sharpen-
ing every vibration compared to the baseline. The S/N increase has a big spike within the
first 15 ps and then it decreases with the increase of the simulation time (Fig[7.8). However,
the profile of the spectra is globally conserved after ~15 ps of sampling.

In order to analyse in detail the convergence of each single region of the spectra, the conver-
gence has been tracked on the base peak (most intense peak) for each region.

The high frequency region in Fig[7.9] after 20 ps of sampling, is fully converged, since
just few bands show relative intensity variations. These variations at high frequency are not
surprising, since several water molecules interact directly with the cluster, therefore their
modes are influenced by the slower Mn oxide vibrations and convergence.

The mid frequency region in Fig[7.10} involving the ligands vibration, shows more fluctu-
ations with the increasing of the simulation length, but still a good global convergence is
reached after 20 ps. Also in this case, the main changes are in the relative intensities, but the
bands position is stable as well as the overall profile of the spectrum.

The last region is the most difficult to interpret, in Fig[7.11] the spectra in the low frequency
region are shown, which comprehends the metal cluster modes. This is also the most in-
teresting region, but, as explained before, it requires the longest simulation time in order to
properly sample all the modes. For this reason the simulation was pushed to 30 ps, which is
an outstanding effort for a model of hundreds of atoms at QM level.

Also, a general convergence of the bands after 20 ps of simulations can be observed.

In the end, the bottleneck is clearly the convergence of the slowest largely interacting moiety,
in this case the Mn cluster.
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FIGURE 7.9: Convergence of S; IR spectra in high frequency region.
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FIGURE 7.11: Convergence of Sy IR-spectra in low frequency region.
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7.5 Mn,CaOs Cluster Fingerprint

Without any doubt the most interesting part of the spectra is the low frequency region
which encloses the secret of the catalytic property of the metal cluster.

7.5.1 Differential Spectra Calculation

As the first step, using the total dipole of the system and the Eq[3.4} it is possible to
calculate the theoretical IR spectra of the reaction core of the PSII, which is fully included in
the QM region.

Assuming that the major modifications of the photosynthetic protein during the Kok-Joliot
states occur within the very close surrounding of the metal cluster, it would be possible to
reproduce with a good approximation the differential FTIR spectra between the S-states.

In the previous section the uncertainty of such assumption in the mid frequency region was
discussed, where most of the backbone modes resonate. At low frequencies few modes from
the protein appear, therefore the assumption is still valid.

Experimental S2-S1 -
heoretical S2-S1 -

AR /‘O\\Af?\mf
WY W\/ \/ -

650 600 550 500 450 400

Experimental S3-S2 -
heoretical S3-52

d/\vv/ \\VI/\\,\____/ \-\\_\// /\//\/\\

650 600 550 500 450 400
Wavenumber[cm~!]

FIGURE 7.12: Differential spectra obtained with FT-Dipole autocorrelation. The specta
are not scaled.

In Fig the differential IR spectra for S;-minus-S; and S3-minus-S, transition are re-
ported. The represented wavelength range is from 680 to 400 cm ! and involves mainly the
Mn-O vibrational modes. The superposition of the experimental diff-FTIR is quite promis-
ing and a further spectral decomposition to assign the single bands is required.

As discussed before, the auto-correlation spectra of the full system do not allow a direct in-
terpretation of the single bands but only a qualitative reproduction of the total spectra.



7.5. MnyCaOs Cluster Fingerprint 111

The further step to simplify the IR spectra interpretation is to proceed with a different

method for the IR spectra calculation. Here sub-dipole i-th based spectra, calculated only
on the atoms belonging to a single moiety of interest, have been used.

Taking into account only the nuclei and the Wannier particles from the selected chemical
species, the dipole fluctuation of the residues can be collected along all the simulation time.

Eventually, the IR spectra of the selected moieties can be calculated.

The calculated FT dipole autocorrelation reports the hypothetic total spectra of such moi-
eties preserving the effect of the simulated environment (Eq [21]].

This dipole decomposition framework allows a more straightforward identification of the

bands of the full-system spectra looking at the regions, one by one, of the model.
Nevertheless, in strongly interacting systems, the electron density, and so the electrons, are

dM—system — COO ligar{ds — TyrZ‘—Hisl9O
Asp6l —

S1 [a.u]

S2 [a.u]

A v
W \J’%&/L st A s 5o

1800 1600 1400 1200 1000 800 600 400
wavenumber [cm™!]

FIGURE 7.13: Spectral decomposition of the states S;(top), Sp(middle), S3(bottom)
showing: the total IR spectra(black), the correlated intesities of Mn cluster(green), and
the ligands of first and second shell(see legend. Spectra not scaled.

highly influenced from all the sub-sections that share them. This strong interaction induces
a ”"contamination” of the spectra and peaks belonging to a single chemical species appear
also in the spectra of other moieties. The MnsCaOs cluster and its ligands are interested by
this phenomenon, making really hard the assignment of the bands to a single COO ligand,
or to a Mn-O bond. The further approach, developed here to enhance the decomposition, is
based on the correlation function between the i-th dipole and the total dipole (Eq[3.8). This
alternative mathematical representation leads to the calculation of the formal contribute of
each moiety to the total IR spectra, which makes the assignment of the peaks easier. On
the other hand, this contribution is not an IR spectrum since it is not calculated by autocor-
relation of the dipole function. This approach is explained in detail in the computational
methods section.
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The decomposition and analysis of the spectra obtained from the Fourier transform of the
dipole auto-correlation and correlation has been applied with the same framework for all
the mentioned spectral regions and for all the three simulated metastable states of the Kok-
Joliot’s cycle: Sq, S; and Ss.

7.5.2 Low Frequency Modes Decomposition

In order to assign the vibrational modes arising from the MnCa cluster, core of the PSII
reaction center, a direct decomposition containing the whole MnyCaOs (Fig|[7.13} green line)
does not provide significant insight, since the multitudes of vibrational modes are still in-
distinguishable. Therefore, the same decomposition scheme for ENMA applied on our pre-
vious work[22] has been adopted.

The procedure consists in dividing the cluster in diamond-like moieties composed of four
atoms, two manganese ions and two p-oxo bridge connecting them to form a quadrilateral
object. Unlike the ENMA, in which the normal modes corrected to finite temperature are
automatically calculated, in the present case we developed an empirical approach to assign
each mode to a frequency value. Eventually, as fundamental unit of the cluster for the vi-
brational modes assignment a diatomic unit was chosen, composed of one manganese and
one oxygen.

In the figures[7.15][7.16|and [7.17]the contributions to each total spectrum of the cluster modes
are shown, and the fine contributions of each diamond. In the second part of the figure the
single diamonds profile and the principal Mn-O moiety contribution are shown to clarify the
identification process. This procedure uses the redundancy of the sides of the diamonds to
improve the robustness of the assignment. Starting from two chosen diamonds which share
a side, a band which is present in both the spectral decomposition of the two diamonds with
an high intensity is identified. As an eventual confirmation of the correct assignment, the
two diamonds spectral decomposition is compared with the FT of the two Mn-O dipole-
correlation verifying the presence and superposition of the band.

Globally the main contribution of such modes can be localized between 650 and 450 cm 1.

S; decomposition analysis

Starting from the higher frequency in S; spectral decomposition (Fig[7.15) a double peak
between 660 and 640 cm ™! can be observed. The peaks are present only in the diamonds
including Mn3, therefore they can be straightforwardly assigned to Mn3-Ox vibrations. Fur-
thermore, the 660 cm ™! peak is relatively more intense when the Mn3-O3 edge is present,
like in D2 and D3. On the other hand, the 640 cm ! peak is more intense when only Mn3-O5
is present. As shown in the last box of Fig[7.15, Mn3-O5 decomposition covers completely
the contribution in D5 peak, in the same way as Mn3-O3 decomposition does in D2 for 660
cm ! peak. Therefore, Mn3-O5 vibration can be assigned to 640 cm ! and Mn3-O3 vibration
to 660 cm L.

620 cm ™! peak is shared in most of the diamonds and represents one of the modes which
are strongly coupled within all the cluster.

The peak at ~ 600 cm™! is strongly shared between D1, D2 and D3 which share Mn2 and
two of 01,02 or O3. The same behavior is observed for the wide peak between 540 and
560 cm~!. This strong coupling of such vibration is expected since it identifies the vibration
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of the cubane portion of the cluster. Using the intensity of the superposition between dia-
monds and further decomposition the ~ 600 cm~! peak can be identified as Mn1-O2-Mn2
based, and in the same way, 580 cm ! peak can be ascribed to Mn1-O1-Mn2 and 540 cm ! to
Mn1-O3-Mn2. Therefore, slight different frequencies of the 3 vertexes of the internal cubane
of the cluster can be observed.

D3 fully covers the band at ~535, as well as, moderately, the band at 660 cm~ L. The latter
contribution is reasonable since the bridging to Mn3 couples the vibrational modes. Ad-
ditional decomposition of 535 cm~! band shows a strong coupling between Mn3-O4 and
Mn4-O4 edges, therefore representing the vibrational mode of the external hook of the clus-
ter.

In the end the 500 cm ! peak is still due to low frequency modes related to Mn2.

It is possible to roughly identify 3 main regions. First, the high frequencies, 650-600
cm™1, related to highly flexible bridges like Mn3 related ones. Then, a middle region, be-
tween 600-550 cm !, mainly related to the skeletal modes of the cubane core of the cluster.
Eventually, a low region, below 550 cm ™!, related to the modes of the external bones of the
cluster and other highly coupled vibrational modes.

S, decomposition analysis

With the same scheme of the previous section the assignment of the vibrational modes
of S, cluster modes has been approached.
In S, vibrational modes appear more coupled than in S;. This effect can be explained with
an increased homogeneity of the Mn-Mn and Mn-O distances. The distance distribution of
the internal distances is shown in Fig[7.14] In particular Mn4 undergoes oxidation, and as
expected Mn4-O5 distance is hugely affected.
Like for Sy, the first peak at ~ 630 cm~! arise from Mn3 related modes, 20 cm ! blue-shifted
from the S; position.
Also the bands at ~590 show the same couplings observed in the S; state. Further decom-
position shows a large coupling also with the Mn4-O vibrations, and therefore creating a
coupled set of modes arising from the diamond composed by Mn3-O4-Mn4-O5. It is worth
mentioning that the Mn3-O5 decomposition gives a noticeable contribution to the 590 cm ™!
band. This great increase in the Mn4 related modes, is no surprise since the sharpening of
the distance distributions shown in Fig[7.14|necessarily induces an increase of the frequency.
609 cm~! peak is strongly shared between D1,D2 and D4 and can be assigned to Mn1-O1-
Mn2-O2 side of the cluster.
The peaks at 565 and 555 cm ™! are related to Mn2-O vibrations. 535 cm~! mode is shared
between D2,D4,D5 and the most intense peak arise from Mn2-O2 and Mn3-O2 decomposi-
tions, like the peak at ~515 cm L. Since the 515 cm ™! band disappears in D3, in which only
Mn3 is present and no oxygen atoms, the first mode is assigned to Mn3-O2 and the last to
the Mn2-O2 edge.
Eventually, also in S, decomposition a low frequency mode is identified around 490 cm™
related to Mn2-O modes.
The general observation of flexible modes localized at higher frequencies and largely cou-
pled modes at lower ones is preserved also in S, calculation.

1
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FIGURE 7.14: Cluster’s internal distance distributions along the Kok-Joliot’s cycle.

S3 decomposition analysis

Looking to the distance distribution along the QM /MM MD of S in Fig[7.14}, no signif-
icant shift with respect the previous state can be found. Only a small shift in Mn1-O3 and
Mn3-O3 distance distribution is observed with an increase of the gaussian tails to higher
values.

Also Mn1-Mn4 average distance increases, which is a consequence of the insertion of the
new coordination hydroxide on Mn1, consistently with its oxidation.

The global effect of the transition is the sharpening of the vibrations range, losing a signif-
icant portion of the modes whose frequencies are lower than 600 cm~!. Moreover, all the
modes are greatly coupled together with respect to the previous S-states, mainly restricted to
the 660-550 cm ! region. Again the highest vibrational mode is related to Mn3, and shared
between D2,D3 and, to a minor extent, D5.

Further dipole decomposition assigns these bands mainly to Mn4-O4-Mn3 motions, the ex-
ternal and flexible part of the cluster.

The band at 635 cm ™! is strongly shared in all the diamonds and couples together many



7.5. MnyCaOs Cluster Fingerprint 115

edges of the cluster. In particular, this band can be associated to the diamond of Mn4-O5-
Mn3-03, which also produces the ~615 cm~! band.

This portion of the cluster resonates at frequencies lower than the opposite side of the clus-
ter (Mn3-O4-Mn4) due to the presence of hydrogen bond with the hydroxide O6-H.
Nevertheless, also a significant contribution to this band arose from O1-Mn2-O2 modes.
The rest of the modes below 550 cm™! are less incisive than in S; and S,. Similarly to the
other cases, all those modes arose from Mn2 related vibrations. The absence of vibrational
modes in this region for D3 is also noticeable.

In the current S-state, all the modes are globally more mixed than in the previous two states.
Such modes are also more localized and mainly positioned between 550 and 650 cm ™!,
which is in agreement with the overall superposition of all the internal distances of the
cluster.

7.5.3 Differential FTIR Interpretation

The final goal of spectral decomposition is to decipher the experimental differential spec-
tra arising from the vibration of the cluster. In particular, the present study, as well as mod-
ern literature, is mainly focused on the low frequency region, therefore on the vibrational
modes of the MnCa cluster.

In the S;-minus-S; differential spectra firstly reported by Chu et al. it is noticeable that the
most relevant peaks are between 630 and 560 cm ™!, region which is particularly well repro-
duced in the discussed calculations (Fig[7.12] top panel). The peaks taken into account are
located the at 631(+), 618(-), 606(+), 592(+) and 570(-) cm~!. The positive sign means that
such peaks arise from S;, whereas the negative ones from S;. The current state of the art
ascribes the positive peak at 631 cm~! to O4-Mn4-O5, the peak at 606 to Mn1-O1-Mn2-O2
and the peak at 590 cm ! to O4-Mn3-O5. On the contrary, the negative peak at 618 cm ! is a
coupled mode of many cluster vibrations and not faithfully identifiable with a single mode
in the Sy calculations.

The confirmation of the involvement of O5 into these modes is not surprising at all. In fact,
several experiments suggested that such vibrations are strongly affected by 80 labelling.
Once it was obtained the structural definition of the reaction core by X-ray diffraction, those
modes were connected with the most flexible Mn-O bonds. Also the presence of Mn1/Mn2
related modes is not surprising at all. In fact, in both S; and S, the large flexibility of the
Mn4-O5 to Mn1 direction, in the first case for the low oxidation of Mn4 and in the other case
for the possible isomerization of the cluster, would influence as well the Mn1/Mn2 related
vibrations when the oxygen atoms are labelled.

The previous results about S; using the ENMA [22] are validated also with the dipole based
method, indeed the modes associated with the experimental identified band for S, in T.
Elongatus and spinach at 604/606 cm~! were originated from Mn2-O1 and Mn3-O mixed
modes.

The agreement of the calculated S3-minus-S, differential spectra with the experimental one
is less satisfactory, but on the calculations basis, the nature of the two main positive peaks at
628 and 590 cm ! can be identified, as well as the small negative one at 606 cm ™! (Fig
bottom panel).

The first wide band between 640 and 610 cm ™! is originated by the slight blue-shift of the
Mn3 and Mn2 related mode which were resonating around 600 cm~! in the previous S-state
(negative peak of the spectra.) The most intense peak of the spectra, at 590 cm~!, can be
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FIGURE 7.15: Spectral decomposition of S; state highliting the contributes of each dia-
mons to the total spectra.



7.5. MnyCaOs Cluster Fingerprint 117

MnyCaO; IR = Diamond 3 =
Diamond 1 @m Diamond 4

Diamond 2 m Diamond 5

IR [a.u.]

| | | |
50 700 650 600 550

|
800 7

Ca — O1

Mn4 — 05 | Mn1

\ \ =l

04 —— Mn3 — 03

/Mn1 \03

Diamond | o1

\an/

Mn2-O1 —

T TR T AT R L
600 550 500 450 400 mn2

Diamond 2 02 03

|
400

/Mns\

Diamond 3 04 05

IR [a.u.]

Diamond 4 01\

02
Mn2 /

L L L L ‘ L L L L ‘ L L ‘ L L ‘ L L ‘ L L ‘ L L L L ‘
750 700 650 600 550 500 450 400 ca
Mn3-05 — Diamond 5 02 05
Mn3
L L L L L L L L ‘ L L L L ‘ L L L L L L L L
800 750 700 650 600 550 500 450 400 350

wavelength [em™!]

FIGURE 7.16: Spectral decomposition of S, state highliting the contributes of each dia-
mons to the total spectra.



118

Chapter 7. Modeling of Vibrational Properties

IR [a.u.]

Mn4CaOﬁ IR —= Diamond 3 o

Diamond 1 @ Diamond 4

Diamond 2 @ Diamond 5

700

Ca — O1

el

Mn1

1
800 750

Mn4 — 05

\ O\

04 —— Mn3 — 03

02

Mn2
/

650

600 550 500 450

Mn2-O1 —

Mn1
Diamond 1 01/ \0

\an/

3

650

450 400 Mn2

600

Diamond 2 02

IR [a.u.]

o
o
(=)

5

400 gy

e

Diamond 4 01 02

650

600 550 500 450 400

Diamond 5 02 05

!
6

50

350

1 1 1
600 550 500 450
wavelength [cm™]

FIGURE 7.17: Spectral decomposition of S3 state highliting the contributes of each dia-

mons to the total spectra.



7.6. Carboxylate ligands fingerprint 119

associated to a skeletal vibration of the entire cluster. Nevertheless, the width of the vibra-
tional modes range is significantly reduced in the S; state, accordingly with the increased
symmetry of all the Mn-O distances and the reduced distribution range of such distances.
Also, other reasons for the general discrepancy between theoretical and experimental
data can be discussed.
First of all, every metastable S-state seems to be composed of a ratio of different states, with
a majority of one state [101], therefore a theoretical model, composed of one state alone, can-
not completely overlap with the experimental data. On the other hand, particularly for the
S, —S;3 transition, in which another water molecule binds to the cluster, some of the struc-
tural features based on the S; X-ray structure could not be clarified. Also, the Mn3 related
modes would be in agreement with isotope labelled FTIR experiment, in which this band is
affected from the 80 substitution, suggesting that it is originated by a more flexible Mn-O
moiety, likely associated with Mn4 or Mn3 related modes.
Furthermore, the presence of a stable moiety like the Mn2-O1 with an increased intensity
along the states, consequence of the sharpening of the distance distribution, explains also
the ubiquity of the 606/604 cm~! peak in all the experimental FTIR differential spectra.
As a general observation, since it is possible to assign specific bands to a specific edge or
vertex of the cluster, it would be remarkably interesting to see the effect of residue muta-
tions on the low frequency vibrational modes, while the main focus of such experiments has
always been the mid-region.

7.6 Carboxylate ligands fingerprint

The second most studied contribution to the IR absorption arise from the carboxylic lig-
ands of the cluster.

The moieties taken into account are the same of the static method described in the zero-
temperature section, but the analysis applies the correlation framework similarly to what
happens for the MnCa cluster. In a way similar to the diamonds decomposition, the Wan-
nier sub-dipole was chosen as small as possible to prevent any kind of contamination from
other vibrational modes not belonging to the carboxylic group stretching modes. The se-
lected atoms for each ligand are the two binding oxygens and the carboxylic carbon.

In the case of the carboxylate ligands there are less interactions between their sub-dipoles
compared with the ones of the Mn-cluster, therefore the assignment is remarkably more
straightforward. However, the interaction with the cluster affects the ligand’s dipole induc-
ing negative peaks in the low frequencies region.

Taking in mind the large effects on the spectra induced by a small change in protonation
state, a direct peak-to-pack comparison could lead to misleading results. Therefore, an
accurate localization of the vibrational mode is mandatory for a comparison with finite-
temperature method.

In the zone above 1000 cm ™! the stretching modes appear well localized. Unfortunately,
many other modes, arising from amides, terminal bending or skeletal modes, fall in this
region.

With dipole decomposition approach it has been possible to easily identify the wavenum-
bers associated with both the symmetrical and the asymmetrical stretching, but, as said
before, the absolute value can be not robust enough to be compared with the experimen-
tal data. The interaction between the several COO is very small, and, consequently, the



120 Chapter 7. Modeling of Vibrational Properties

wavenumber of the modes could be calculated also with the auto-correlation based algo-
rithm. Anyway, for the sake of consistency, the peaks assignment has been used the cor-
relation based algorithm in all the cases. The ligands taken into account are the residues
Alanine-344, Glutamic- 189, Glutamic-333, Glutamic-354, Aspartic-170 and Aspartic-342.

Mn%IVK-MnéIV; = Mn%V)-Ca = Mn(IIT)-Ca

Mn(III)-Mn(IV
= ,i/ >/

1450 1400 1350 1300 1250
wavenumber [cm ']

Intensity [a.u]

FIGURE 7.18: Frequency dstribution of the ligans as function of the bridging kind.

In agreement with the experimental data about the vibrational properties of the car-
boxylic species, all the ligands that bridge the Mn and the Ca show a wider Symmetrical-
Asymmetrical spectral distance if compared with the Mn-Mn bridging ligands, underlining
the consistence of the chosen model. This reflects the highest localization of the negative
charge on the oxygen that binds the Ca ion, making the ligand features more compatible
with a protonated carboxylate. This effect is correctly simulated also in our QM /MM PSII
models.

In the same way as the previous NMA case, all the modes arising from a different bridg-
ing kind of all the carboxylate ligands from all the S-states have been grouped together and
plotted as frequency probability.

The frequency probability distribution generated this way, shown in Fig[7.18} strongly over-
laps with the ones obtained from NMA and shown in Fig[7.7]

This result shows that a more general approach, like bridge kind separation, provides ro-
bust results independently from the method applied. This also means that in well localized
modes like carboxylate stretching, a simpler approach like NMA could be enough to de-
scribe this aspect of the models.

The major difference between NMA and MD-based methods resides in the Glul89 and
Ala344 positioning, which in the MD based approach are fairly lower in frequency than
in NMA.

In particular, the Glu189 behavior in MD simulations is strongly different from the behavior
ruled out by geometry optimisation.

The loose coordination of Glul89 with the Ca ions is not well represented in the relaxed
structure since the Ca-Glu189 distance can vary from 2.70 Ato more than 3.5 A. In NMA
only one structure is chosen, therefore the coordination flexibility cannot be represented.
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On the other hand, in MD simulations, a proper representation of such aspect is possible.
In fact, the Ca-O average distance is 3.06 A, much closer to the crystallographic distance of
3.10 Aas shown in Tab[z.3|

It is worth noting that in the QM /MM NMA presented in Nakamura et al. paper this dis-
tance is significantly lower ~2.7 A, very close to the value of the most recent crystallographic
structure[67].

Therefore, since Glu189 is the only ligand with this peculiar coordination, it has been repre-
sented as single moiety, appearing at a much lower frequency than the other ligands (cyan
curve in Fig[7.18).

It is also interesting how such distance is changing on a yearly basis, since the preparation
of the crystal seems to affect such coordination. As a matter of fact, the observed result is
always different from one crystallographic structure to another. This can be clearly associ-
ated with a very loose coordination, therefore a low frequency of the vibrational mode is
expected, much closer to 1250 cm ™!, value typical of a totally localized charge on only one
of the oxygens.

From experimental evidences and from NMA, the symmetrical stretching of such residue
appears around 1350 cm !, while in the MD dipole decomposition is localized around 1290
cm~ L.

Generally the MD approach lowers the frequency of a vibrational mode with respect to the
NMA approach, therefore a slight downshift is reasonable, but in this case such shift is quite
large.

Comparing the coordination distance of the ligands between the structure optimization and
the MD averages is possible in order to categorize the ligands and rationalize the results.

State Ala344 Aspl170  Asp342 Glu189
S1Exp  243/190 236/2.03 222/213 3.10/1.79
SIMD  248/195 248/2.01 223/2.08 3.06/1.93
SINMA 242/190 237/215 213/2.12 3.98/2.00
S2MD  250/192 246/1.99 214/2.08 2.95/1.92
S2NMA 252/191 243/196 212/2.06 2.93/2.06

TABLE 7.3: Coordination distances experimental/theorecial comparison along the S-
states

Since the large flexibility of such kind of structures, a single structure approach cannot
provide a really representing result. On the other hand, an averaging of several structures
done by mean of MD simulation can improve for sure the final result and the understanding
of the phenomena.

Nevertheless, as hypothesized recently, second sphere ligands and long range effects hap-
pening in timescales longer than our simulations could have major effect on the final spectra.
Therefore, such kind of effects would be out of the method’s possibilities.

Another ligand largely affected by the method is the Ala344, which is also the only lig-
and to be identified experimentally with a reasonable confidence. Ala344 has a remarkable
environmental stability along all the states, bridging Ca and Mn2 which is always oxidized
IV, therefore no significant shift would be expected as explained in the previous section. This
simple intuition is in strong contrast with the experimental results, that propose a downshift
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of ~ 40 or ~ 20 cm™! for this residue [30] on the basis of double differential spectra. NMA
suggested a similar behavior, which is not retained in the MD based spectra even if the co-
ordination distances shown in Tab[7.3|almost overlap.

Using dipole correlation, Ala344 is responsible for a very stable band in all the simulated
states, confirming what would be expected on the basis of chemical intuition. Due to the
intrinsic complexity of the spectra, and the several controversy present regarding the real
actors in the absorption IR spectra, the fact that other effects have been neglected in the
experimental interpretation cannot be ruled out. Nevertheless, it is also possible that short
time structural averaging, on the tens of ps, have hid some specific effect which was high-
lighted on the single structure spectra.

Unfortunately, a direct comparison of experimental double difference spectrum with a QM/MM
based spectrum is not possible, due to the large computational cost of a large set of multi-
scale simulations taking into account each labeling or mutation.

Further studies on this aspect are necessary to finally elucidate such point.

On the other hand, ligands like Asp342 or Asp170 do not present large discrepancies be-
tween the two used approaches, being the differences on the order of few wavenumbers.
The coordination distances are very similar (Tab[7.3), and also the slight downshift in the
S1-to-S; transition has similar magnitude in both NMA and MD based approaches. Other
ligands like Glu354, which are not significantly upshifted in NMA, present a stronger effect
in MD spectra. A variation of sim20 cm~! is anyway a very small change, and reasonably
below the real spectral resolution of such kind of methods.

The most interesting result is the robustness of ligands type band distribution, which is well
reproduced by means of both methods. Ligands bridging high oxidation manganeses ap-
pear at higher frequencies (red), close to a total delocalization of the chanrge between the
oxygen atoms. Then, at lower frequencies mixed valence manganeses (orange) and Mn(III)-
Ca (light green) can be found. Eventually, Mn(IV)-Ca (dark green) and the monodentate
Glul89 (cyan) appear.

To fully rationalize the results of this method a table with all the wavenumber values of the
most intense bands in each ligand decomposition is reported.

7.6.1 Histidine Ligands

Also the two Histidine ligands (332 and 337), belonging to the first coordination sphere,
require additional characterization.
In the employed models the His332 interacts as Lewis base with the Mn2 ion, while the
His337 (protonated in all the S-states) interacts by hydrogen bond with the O3.
The close interaction and the conservation of those residues suggest an involvement in the
catalytic cycle, and could consequently appear in the IR differential spectra. Even though,
an in-depth analysis of the two Histidine decomposition with the approach of the dipole
correlation shows very few major contributions or modifications of the decomposition pro-
file.

In the S, state for the His337 a clear and sharp peak is present around ~1150 cm™!
(shown as brown line in Fig[7.19). This peak can be easily assigned to the imidazole ring
mode, which was identified also in the experimental diff-FTIR.

This different behavior in the QM /MM models is the consequence of a different geo-
metrical orientation between the cluster and the histidine residues in the different states,



7.6. Carboxylate ligands fingerprint 123

Residue S1-state S2-state S3-state
Ala344-sym 1288 1293 1289
Aspl70-sym 1347 1327 1308
Asp342-sym 1378 1365 1406
Glu189-sym 1283 1286 1273
Glu333-sym 1346 1321 1322
Glu354-sym 1343 1367 1372

Ala344-asy 1577 1584 1568
Asp170-asy 1546 1555 1565
Asp342-asy 1546 1513 1518
Glul89-asy 1634 1623 1618
Glu333-asy 1509 1500 1482
Glu354-asy 1504 1488 1492

TABLE 7.4: Most intense point of single ligand spectral decomposition in both sym-
metrical and antysimmetrical stretching regions. ( Values are expressed in cm™ 1),

therefore causing a different interaction of the intrinsic dipole of the three moieties.

For His337, the length of the hydrogen bond changes of 0.1 A in the S;-to-S; and the ring-O3
angles differ of more than 4° suggesting the presence of a stronger HB in S, than in S3. In
the S,-to-S3 transition there are also small changes, but not of the same order of magnitude.
Otherwise, the His332 the N-Mn mean distance is unchanged and the mean angle between
the ring and the Mn2 differ less than from 1° in both transitions.

A stable hydrogen bond requires a very specific geometry to maximize its effectiveness, and
usually also small changes in the angle and distance largely affect the properties of the sys-
tem, and therefore the molecular dipole and vibrational modes. This is exactly the condition
met in the S, state dynamics.

7.6.2 Second sphere ligands

In order to explore the recent hypothesis [38] which suggested that the changes in the
differential S, 1)/Sy arise from modification of interaction and conformation in the second
coordination shell sphere of the Mn cluster, also the fluctuations of the spectral decomposi-
tions due to the residues which do not interact directly with the Mn Cluster have been in-
vestigated. The moieties taken into account and present in the QM portion of the QM/MM
models are the TyrZ-His190 couple, the Ser169 and the Asp61 residues.

The last one has been already identified in previous works as preferential proton gate and,
therefore, heavily involved in the catalytic process of the manganese cluster in the OEC.
Indeed, in our calculations, significant variation are observed in the intensity in both sym-
metrical and asymmetrical stretching modes. On the other hand the profile and position
change only slightly.

As proton gate, Asp61 would provide an easy escape for the proton keeping balanced the
cluster’s total charge. However, the behavior is expected to be similar in all the S-states,
which is what has been observed in the spectral decomposition. This residue could be
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FIGURE 7.19: Spectral decomposition of second sphere coordination ligands along the
S-states.

much more interesting in time resolved FTIR, in order to track the effective contribute to
the catalysis in transient states. This approach has been employed very recently and is still
in progress [110].

In TyrZ-His couple only minor changes in the spectral decomposition can be identified,
but no connection to the catalytic properties can be done. On Yz-His couple the previous
statement is valid as well. Being this species the electron acceptor, only in transient states
a mechanism-correlated variation of the spectra should be visible, which is not present in
diff-FTIR nor in our spectral decomposition. In each decomposition of this residues couple
both the intensity and the band positions are roughly similar and smaller in magnitude than
the other moieties (Fig[7.19 pink line).

In regard of the Ser169 decompositions, no significant modifications can be identified. Only
a peak at 1100 cm !, correlated with the peak at 1115 cm ™! of the His337, is observed. Since
no significant peaks are present in this region of the experimental spectra, it is plausible that
this peak arise from a flaw of the decomposition method and dipole splitting on the protein
backbone.

In summary, using the spectral decomposition method based on dipole correlation FT, some
minor modification in the second sphere contribution to the spectra can be identified. From
these results no evidences that could support the hypothesis of a dominant contribution of
second sphere ligands, since the main peaks always arise from the residues which are closer
to the MnCa cluster.
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Conclusions

In order to improve the understanding of the molecular mechanism of the Photosystem-
IT reactions, different computational approaches have been applied within the framework
of the multi-scale QM /MM simulations.
In the thesis work both static and dynamics based calculations have been employed, using
the density functional theory to solve the quantum mechanics equations. The discussed re-
sults, provided by a combination of ab-initio molecular dynamics and minimum energy path
calculation algorithm, completed the final part of a reaction scheme which spans from the
initial dark state S; to the regenerated structure of Sp. The entirety of the catalytic cycle re-
quires the storage of four oxidation equivalents on the metal cluster and the release of four
protons outside the reaction pocket. This process involves several molecular movements in
order to be achieved.
The total scheme of the catalysis, inferred by all the past and present theoretical calcula-
tions, is reported in Fig[8.1} Previous studies provided a detailed description of the transi-
tions from S; to S, unveiling the fundamental mechanistic role of the spin driven isomerism
present in such states. The S;-to-S; transition ( first transition in Figl8.1]) requires only the
electron transfer from the metal cluster to the outside of the PSII by the Tyrz [36, 73]. Other-
wise, the Sp-to-S3 transition requires a double conversion ( second transition in Figl8.1]) [114,
35, 20, 26, 25,199, 18]. The first converts the open isomer into the closed one, allowing the
oxidation of one manganese ion and the binding of a novel water molecule. The second, con-
verting the closed isomer to the open, completes the transition reaching the S3 ground state.
A very interesting feature, observed in the process, is the proton coupled electron transfer
(PCET), which underlines the necessity of a flexible hydrogen bond network around the re-
action pocket.
Afterwards, in the S3-t0-Sy transition ( third and forth transition in Fig ), the open/closed
isomerization is not relevant anymore, but other molecular motions take place. First, an-
other PCET takes place, in order to localize the last oxidation equivalent on the cluster, and,
precisely, on the O5. The PCET process has been observed to occur in QM /MM MD simu-
lations, providing a track for a in-depth energetic evaluation [100]. Then, the O5 oxygen is
the main character of the next process in which a oxo-oxyl radical coupling occurs with the
adjacent oxo-bridge. The first oxygen-oxygen bond has been turned into a peroxo bridge
species. A strong influence on the energetic features of the peroxo-bond formation from the
protonation pattern has has been observed. Different protonation patterns grant higher or
lower flexibility to the close protein residues, and, therefore, a different stabilization of the
transition state. This part of the transition was found to have a surprisingly low activation
barrier and could therefore be affected by an entropy contribution. This has been experi-
mentally measured for the PCET process, but it is extremely hard and expensive to quantify
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in computational models. Further studies in this direction are required in order to complete
the understanding of the oxygen formation reaction.

The next step of the reaction cycle is composed by the release of the newly formed per-
oxo moiety and the regeneration of the cluster architecture by the insertion of a new water
molecule. Such aspect has been hypothesised to occur via two alternative mechanisms, a
two-stage and a single-stage scheme [126,124]. For the former one, the most demanding re-
action has been identified as the molecular oxygen release, corresponding to the rate limiting
step or highest barrier of the catalytic cycle. Assuming the oxygen as completely released
from the reaction pocket, the water insertion and regeneration of the cluster is almost barri-
erless.

On the other hand, the latter scheme did not provide convincing results in both the sampled
water insertion paths. The very high barrier associated with the water insertion suggests
that the so built reaction mechanism is unlikely to take place. The discussed results suggest
a two stage mechanisms as the most fitting with the measured kinetics for S3-to-Sy transition.
The stability of the final model is confirmed by QM/MM dynamics on the final structure.
Here, open/closed isomerism appears again whit a slight influence by the spin state, sim-
ilarly to S, state. QM /MM MD simulations and optimizations of the regenerated cluster
confirmed the robustness of the employed methods.

Alongside the modeling of the molecular mechanisms, an improvement of the current
understanding and description of the transition signature FTIR infrared measurements has
been attempted.

The employed methods involve hessian based calculations (NMA), on optimized single
structures of the metastable states, and calculation based on the Fourier transform of dipole
correlation, obtained from molecular dynamics. While the NMA approach has been largely
tested on many models of different complexities, the dynamic approach has been used here
for the fist time on such large models [22, 21} 46]].

In order to improve the prediction power of the FT method a new form of the algorithm has
been developed. Within such framework it is possible to assign more straightforwardly the
single bands contribution in the IR spectrum. The discussed results, obtained by the NMA
method, were focused on the S;-to-S, transition, since it is the most peculiar transition [27],
and, also, the only one with a theoretical counterpart [98]. Comparing the same method
but using different simulation programs can also give strength to the modelling process or
underline the weakness of the method. In the discussed research the protonation effect on
the band positions arising from the amino-acid ligands has been explored. Additionally, the
effects of single amino-acid mutations on the differential spectra has been analyzed. The cal-
culated spectra show effects with the same magnitude in both types of perturbation, which
makes not possible to identify the protonation pattern from such results.

Differently, in the other reported study, which made use of NMA based vibrational modes
prediction, a specific protonation pattern is suggested in order to maximize the superposi-
tion with the experimental data [98]. However, this protonation pattern is the opposite to
the most widely accepted for the MnCa cluster. This mismatch could arise from the use of
the harmonic approximation and the DFT theory level for the calculations, but also, from
the possibility that the principal molecular moieties contributing to the differential spectra
are not present in the small model which includes only the reaction core. This hypothesis,
recently proposed on the basis of the almost complete absence of differential spectra mod-
ifications with reaction pocket residues mutations, suggests that most of differential peaks
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arise from long range modifications. Therefore, they are not reproducible with hundreds of
atoms models. In this regard, the NMA results show that all the mutations of the model
induce a comparable modification of the differential spectra, which is a reasonable observa-
tion. Since only few mutations show differential spectrum modification [39, 134, 107, 30],
and all of them are related to the proton channels [97, 37], it is reasonable to conclude that a
reaction pocket mutation produce spectral modifications on a smaller order of magnitude,
therefore very difficult to be observed [38]. A recently proposed explanation for the lack
of effects on the differential spectra is that the mutation of the first shell residues do not
produce a real mutated PSII, but a mixture of WT and mutated PSII in which the mutated
fraction is inactive [72]. This hypothesis have been verified for the D170H mutant, but not
yet for all the others, therefore a extensive validation on all the mutations is required to ra-
tionalized the conclusions of current state of the art.

It is worth mentioning that, in both the theoretical studies, very local modifications of the
model, like single residue '3C substitution, provided a very good superposition with the
experimental measurements [30, 98, 27|]. This result is reassuring since it provides the con-
firmation of the prediction power of the model when the modification is known and well
modellable, and it suggests the possibility of an incomplete representation of the model
properties from our actual knowledge.

Thanks to the discussed large sampling of PSII models, all the vibrational modes of the lig-
ands have been condensed into a plot representing the mode positioning as function of the
coordination kind.

In order to improve the comprehension of the vibrational modes about the PSII reaction
core, also the dynamic dipole decomposition method has been used to identify the spectral
region typical of the ligands vibration. Since a quantitative comparison could be misleading,
a similar decomposition, on the basis of the ligands coordination. With this method, only the
states 51,5, and S3 have been simulated, but using QM /MM MD many conformations have
been sampled. The very good overlap between the two methods confirms the proper repre-
sentation of the carboxylate ligand vibrations with respect to the coordination pattern. The
result obtained by these means is reasonably robust and allows to define a trustworthy iden-
tification of the most affected moieties by structure perturbation. Eventually, it provides the
backbone for the deciphering process of future experiments regarding local modifications in
order to complete the picture of the mechanistic detail of the water oxidation.

On the other hand, the low frequency region between 800 and 350 cm~!, is dominated
by the MnCa cluster vibration. As a matter of fact, both experiments and preliminary calcu-
lations confirmed such evidence.

In the discussion, on the basis of dipole correlation function FT, most of the bands observed
in the S;-minus-S; and S;-minus-S3 differential spectra have been identified. Thanks to the
new decomposition algorithm, and using a proven four atoms diamond separation, a clearer
and more efficient assighment was possible. Also, QM /MM MD allowed to introduce an-
harmonic effects and therefore a proper description of the slow vibrations typical of a metal
cluster. The discussed results confirmed the previous hypotheses on the experimental shift
due to isotope labelling [31} 71} 30, 44] and allow a structured interpretation of the dynamic
effects in the IR differential spectra along the cycle catalytic cycle. The consecutive increase
of symmetry in the cluster, transition by transition, leads to a reduction in the vibrational
modes range, reaching the apex in S3. This rationalizes the decrease of differential peaks
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with the advance of the S-state in the experiments, observed as well in the calculated S;-
minus-S; and S;-minus-S; spectra.

In the end, this approach has made accessible the identification of many vibrational
modes along the OEC catalytic cycle, and, therefore, builds the basis for further mechanistic
employment of FTIR differential spectroscopy in the investigation of multi-states reaction.
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