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Streszczenie

Kierunek rozwoju zycia na Ziemi zostat zdeterminowany przez fotosynteze
tlenowa. Pierwsze organizmy zdolne do jej przeprowadzenia pojawity sie ponad 3 mlid
lat temu. Sinice, glony i rosliny wyzsze potrafig wykorzystywaé $wiatto stoneczne do
pobierania elektronéw z wody, gdyz posiadajg fotosystem Il (PSll). Produktem ubocznym
tego procesu jest Oa. PSIlI jest nie bez powodu nazywane "sercem" fotosyntezy, ktérej
dalsze etapy sg uzaleznione od aktywnosci kompleksu wydzielajgcego tlen (OEC - oxygen
evolving complex). Zrozumienie struktury i mechanizmu dziatania OEC pozostaje
najwiekszym wyzwaniem wspodtczesnej nauki, pomimo ogromnego postepu, jaki
dokonat sie w ostatnich latach dzieki potgczonym wysitkom wielu grup badawczych z
réznych dyscyplin i stosujgcych rézne podejscia badawcze. Trudno$¢ w zrozumieniu
funkcjonowania OEC, ktéry stanowi kompleks MnsCaOs, polega na pozyskiwaniu
eksperymentalnych danych, ktére pozwalatyby jednoznacznie przypisa¢ je do jego
posrednich standw katalitycznych. Nie ma wcigz spdjnego modelu OEC, ktéry datoby sie
stworzyé w oparciu o dostepne dane. Gtdwnym problemem jest rozpad kompleksu
Mn4CaOs podczas procesu izolacji z PSII, jego struktura ulega degradacji. Tylko wtedy,
gdy jest zwigzany z matrycg biatkowa PSl|, istnieje jako wysoce aktywny zwigzek zdolny
do gromadzenia czterech fadunkdw dodatnich i ekstrakcji elektronéw z wody. Pytania,
ktdre pozostajg wcigz otwarte: (i) jak zmieniajg sie stany kompleksu Mn4CaOs w cyklu
Koka, (ii) jakie sg drogi odprowadzania protonéw i O oraz przytaczania czgsteczek wody,
(iii) jakie mechanizmy regulujagce s3 odpowiedzialne za wysoky efektywnos¢ OEC i
wreszcie (iv) ktéry etap w cyklu Koka jest ‘waskim gardtem’ (ang. bottleneck) i co jest
tego przyczyna.

Mechanizm dziatania OEC jest niezwykle inspirujgcy i poznanie go bedzie miato
ogromny wptyw na projektowanie wydajnych ogniw paliwowych. Obecnie jednymi z
najbardziej rozpowszechnionych uktadéw s3 zwigzki potprzewodnikowe bazujgce na
metalach, zdolne do utleniania wody. Miedzy innymi zalicza sie do nich zwigzki
wolframu. Niestety ich wydajno$¢ w produkcji O jest zwykle o ok. pieé rzedow wielkosci
mniejsza niz ta osiggana przez naturalny uktad PSIl wyposazony w kompleks Mn4CaOs.
Innym  problemem  jest waski zakres  dlugosci fal promieniowania
elektromagnetycznego, ktére je aktywujg, podczas gdy superkompleksy PSIl przyswajg
Swiatto w szerokim zakresie spektralnym (w zakresie Swiatta widzialnego) z duzg
wydajnoscig dzieki obecnosci komplekséw antenowych. Dlatego tez podejmowanych
jest coraz wiecej prob wytwarzania uktadéw bio-nano-hybrydowych z potgczenia
potprzewodnikdw z izolowanymi badz catymi strukturami aparatu fotosyntetycznego.

Niniejsza praca koncentruje sie na badaniu wptywu czynnikdw endogennych i
egzogennych na wydajnos¢ i heterogeniczno$¢ wytwarzania tlenu przez PSII BBY

17



(tylakoidy wzbogacone w PSIl). W pierwszym przypadku badany byt wptyw biatek
zewnetrznych (PsbO, PsbP i PsbQ), o ktorych wiadomo z jednej strony, ze stabilizujg
kompleks MnsCaOs, a z drugiej strony, ze mogg by¢ odpowiedzialne za formowanie
kanatéw, ktérymi dostarczana jest woda w poblize kompleksu manganowego i
odbierane sg protony i O;. Jako czynnik egzogenny zostaty wybrane nanoczastki (NPs)
WO3, gdyz znana sg ich zdolno$¢ do utleniania wody i odpornos¢ na sSrodowisko wodne.
Czyni je to atrakcyjnym kandydatem do wytwarzania uktadu hybrydowego PSII BBY —
WOz NPs, ktéry mogtby wykazywaé zwiekszone wydzielanie tlenu stymulowane
oddziatywaniami z PSIl w porédwnaniu do czystego uktadu pétprzewodnikowego. Ze
wzgledu na rozmiary nanoczastek od ok. 1-3 nm mozna byto sie spodziewaé, ze bedg sie
one wbudowywac¢ w btony i bedg mogty oddziatywac zaréwno ze strona donorowa, jak
i akceptorowg PSII. Aby méc bezposrednio badaé udziat oraz kinetyke wydzielania tlenu
w PSIl wolng i szybka Sciezka, opracowano nowy protokdt pomiarowy wykorzystujgcy
szybka polarografie trojelektrodowy (elektrode typu Joliot). Eksperymenty
przeprowadzono na PSIl BBY izolowanych ze $wiezych lisci tytoniu (Nicotiana tabacum
var. John William’s Broadleaf (JWB)) w przypadku badan wptywu biatek zewnetrznych
na aktywnos¢ PSIl oraz ze Swiezych lisci szpinaku (Spinacia oleracea) w badaniach
uktadéw hybrydowych PSII BBY - WO3 NPs. W zadnym z eksperymentéw nie dodawano
akceptoréw zewnetrznych, ktére mogtyby wptyngc na prace PSII.

W pracy osiggnieto dwa wazne wyniki. Jeden jest zwigzany z bezposrednimi
pomiarami heterogenicznosci uwalniania tlenu przy uzyciu szybkiej polarografii i
identyfikacjg czynnikdéw wptywajacych na przetaczanie PSIl miedzy szybkimi i wolnymi
fazami produkcji tlenu. Drugie osiggniecie dotyczy nowego podejscia do rozwoju
systeméw biohybrydowych wykorzystujgcych mechanizmy PSIl  niezbedne do
optymalizacji wydajnosci hybrydy w warunkach zblizonych do naturalnych, tj.
Srodowiskowych.

Wykorzystujgc heterogeniczny 5-cio stanowy rozszerzony model Koka,
uwzgledniajgcy istnienie metastabilnego stanu S4, przeprowadzono analize oscylacji
ewolucji tlenu pod wptywem krotkich wysycajgcych btyskéw biatego swiatta uzyskanych
dla PSIl BBY niepoddanego wymyciu biatek i pozbawionego zewnetrznych biatek
otaczajgcych kompleks MnsCaOs. W prébce kontrolnej wszystkie przejscia pomiedzy
stanami Si = Si+1 53 wysoce efektywne poza przejsciem ze stanu Sz do S3, co swiadczy o
jego wyjatkowym charakterze. Co wiecej, prawdopodobienistwo tego przejscia jest
niezalezne od obecnosci biatek zewnetrznych. Zaobserwowano, ze usuniecie dwdch
biatek PsbQ i PsbP powoduje w réoznym stopniu spadek prawdopodobienistwa przejscia
pomiedzy stanami Sp = S1, S1 > S2i S3 & So. Najwieksze zmiany zaobserwowano dla
przejscia Sp = Si. Usuniecie dodatkowo trzeciego biatka spowodowato znaczny spadek
aktywnosci PSIl BBY o ok. 60%. Nie miato to jednak wptywu na efektywnosc przejsé
pomiedzy stanami S; = Six2. Natomiast ponad 80% udziat szybkiej fazy wydzielania tlenu
w kontrolnej probce PSII BBY zmniejszyt sie prawie 4-ktornie w PSIl pozbawionych PsbP
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i PbQ. Wymycie wszystkich trzech biatek spowodowato prawie catkowity zanik fazy
szybkiej wydzielania O,. Takze wyniki z pomiaréw zaleznosci zmian amplitudy
wydzielania tlenu pod wptywem trzeciego btysku w funkcji odlegtosci pomiedzy
pierwszym i drugim btyskiem, jak i pomiedzy drugim i trzecim btyskiem potwierdzity
podobny zanik szybkiej fazy uwalniania O, w badanych prébkach. Jednoczesnie jego
niezaleznos¢ od przyjetego protokotu pomiarowego potwierdza sekwencyjny przebieg
kontrolnej z ok. 4 ms wzrosta do ok. 6 ms w PSIl BBY pozbawionych dwdch biatek
zewnetrznych. Zaskakujaca jest zmiana wolnej statej czasowej, ktéra w prébce
kontrolnej wynosi ok. 60 ms, a nastepnie przysSpiesza odpowiednio prawie 2 i 4-krotnie
w PSlI-PsbQ, PsbP i PSIl — PsbQ, PsbP, PsbO. Wszystkie zaobserwowane zmiany zostaty
omoéwione w odniesieniu do przyjetej wiedzy na temat budowy kompleksu MnsCaOs i
funkcjonowania PSll oraz istniejgcych modeli opisujgcych przejscia pomiedzy stanami S;
- Si1. Wyjasnienie tych zjawisk wymagato wziecia pod uwage zaréwno zmian
organizacyjnych kompleksu MnsCaOs z uwzglednieniem blizszych i dalszych sfer
koordynacyjnych manganu i wapnia, jak i zmian w funkcjonowaniu rozpoznanych
kanatéw O1, 04 i Cl1 oraz ich roli kontrolnej w doprowadzaniu H,0 do i odprowadzaniu
protonow i Oz poza OEC.

Praca ta dostarcza rowniez nowych informacji na temat projektowania systemow
nano-biohybrydowych wykorzystujgcych fotosystem Il do produkcji Oz. Powszechnie
badane nanostruktury pétprzewodnikowe 2D/3D wymagajg duzej powierzchni aktywnej
wykazujgcej wysoce specyficzne potaczenie z PSIl w celu uzyskania prawidtowo
zorientowanych systemoéw PSIl o wysokiej gestosci upakowania. Wymaga to, z jednej
strony, funkcjonalizacji tych mezo-nano powierzchni, a z drugiej strony, genetycznej
modyfikacji samego PSIl. Zazwyczaj wprowadza sie mediatory elektronowe, aby
zapewnic¢ cykliczny obieg elektrondw. Niemniej jednak, najwyzsze tempo uwalniania
tlenu zarejestrowane dla tych systemodw, ktére osiggnety w poczatkowej fazie dziatania,
przeliczone na g katalizatora, tj. superkompleksu PSIl, pozostaje o 2-3 rzedy wielkosci
nizsze niz to wykazywane przez izolowane systemy PSIl w ich natywnych warunkach. W
niniejszej pracy zademonstrowano nowe podejscie do konstruowania systemow
hybrydowych opartych na naturalnym PSIl BBY, ktéry wykazuje najwyzszg zdolnos¢ do
ewolucji tlenu zademonstrowang do tej pory. Superdrobne nanoczgstki WOs3 zostaty
wprowadzone do PSII BBY. Wykazano zalezny od ich stezenia wptyw na organizacje tych
bton i funkcjonowanie PSIl. Najwieksze zmiany wywotane dziataniem NPs
zaobserwowano dla procesu ewolucji O2. Maksymalng wydajnos¢ Oz na poziomie 70%
odnotowano dla prébki kontrolnej oraz dla stezen 0,02-0,03 pg NPs/ug Chli0,15-0,3 ug
NPs/ug Chl. Korelowato to z niewielkim spadkiem wydajnosci fotochemicznej, co
pozwolito zidentyfikowa¢ mechanizm odpowiedzialny za to zjawisko. Mianowicie,
wysoce specyficzne dziatanie WO3 NPs po stronie donorowej, ich zdolno$¢ do pobierania
elektronéw z OEC oraz tworzenie tancuchdéw przewodzacych docierajacych do strony
akceptorowej PSIl, umozliwito im przenoszenie elektronéw do chinondéw zwigzanych w
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miejscach Qa i Qs. Wptyw NPs na zwarto$¢ superkomplekséw PSII ma ogromne
znaczenie. W ten sposéb NPs mogg modyfikowac potencjaty redoks Qa i Qg, a takze
regulowaé dostep PQ z zewnetrznej puli chinonéw do miejsca wigzania Q.
Zaproponowane podejscie moze przynie$¢ korzysci w projektowaniu systeméw
biohybrydowych, ktére przeksztatcajg energie stoneczng w paliwo. Pozwala ono na
wykorzystanie catego spektrum dtugosci fal emitowanych przez storice w zakresie UV-
VIS z wysoka wydajnoscig kwantowg reakcji rozszczepiania wody i produkcji tlenu na
poziomie natywnej aktywnosci PSIl. System dziata przy pH 6,5 i nie wymaga
dodatkowych akceptoréw elektronéw. Oczywiscie stabilno$¢ takiego uktadu
hybrydowego jest kluczowa i zalezy miedzy innymi od szybkosci wychwytu O, (mniejszy
wychwyt O, = mniejsza generacja ROS) oraz zdolnosci do regeneracji PQox, co moze
wymagac zewnetrznego mediatora elektronéw. W tym drugim przypadku wymaga to
interakcji dwoch systemdw, z ktérych drugim moze by¢ system zdolny do produkcji Ha
(wymagatoby to ich separacji przestrzennej) lub energii elektrycznej przy uzyciu
odpowiedniej elektrody zdolnej do ekstrakcji elektronéw z PQH..
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Abstract

The direction of life on Earth was determined by oxygenic photosynthesis. The
first organisms capable of carrying out this process appeared more than 3 billion years
ago. Cyanobacteria, algae and higher plants are able to use sunlight to extract electrons
from water, as they have photosystem Il (PSIl). A side-product of this process is O2. PSII
is not without reason called the 'heart' of photosynthesis. The following steps which
occur during photosynthesis depend on the activity of the oxygen-evolving complex
(OEC). Understanding the structure and mechanism of action of the OEC remains the
greatest challenge of modern science, despite the enormous progress made in recent
years thanks to the combined efforts of many research groups from different disciplines
and using different research approaches. The difficulty in understanding the functioning
of the OEC, which is formed from the Mn4CaOs complex, lies in obtaining experimental
data that would allow it to be unambiguously assigned to intermediate catalytic states.
There is still no consistent model of the OEC that can be constructed from the available
data. The main problem is that the Mn4CaOs complex cannot be isolated from PSII; it
degrades. Only when bound to the PSIl protein matrix, does it exist as a highly active
compound capable of accumulating four positive charges and extracting electrons from
water. Questions that remain open are: (i) how do the states of the Mn4CaOs complex
change in the Kok cycle, (ii) what are the pathways of proton and oxygen release and
water molecule binding, (iii) what are the regulatory mechanisms responsible for the
high efficiency of the OEC, and finally (iv) which stage in the Kok cycle is the bottleneck
and what is the cause of this.

The mechanism of action of the OEC is fascinating, and its understanding will
have a massive impact on the design of efficient fuel cells. Currently, the most
widespread systems are semiconductor compounds capable of oxidising water. These
include tungsten compounds. Unfortunately, compared to a natural PSIl system
equipped with the Mn2CaOs complex, their efficiency in Oz production is usually about
five orders of magnitude lower. Another problem is the narrow range of wavelengths
that activate them. PSIl supercomplexes absorb light in a wide spectral range (visible
light range) with high efficiency due to the presence of antenna complexes. This is why
attempts are increasingly made to create bio-nano-hybrid systems in combination with
isolated or entire structures of the photosynthetic apparatus. For this reason, more and
more attempts are being made to produce bio-nano-hybrid systems by combining
semiconductors with isolated or whole structures of a photosynthetic apparatus.

This work focuses on studying endogenous and exogenous factors in the
efficiency and heterogeneity of oxygen production by PSIl BBY (in PSll-enriched
thylakoids). In the first case, the influence of external proteins (PsbO, PsbP and PsbQ)
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was investigated. These proteins are known to stabilise the MnsCaOs complex and may
be responsible for forming channels through which water is supplied near the
manganese complex and H* and O, are extracted. WOs nanoparticles (NPs) were chosen
as the exogenous agent because of their known ability to oxidise water and their
resistance to aquatic environments. This makes them an attractive candidate for the PSII
BBY - WO3 NPs hybrid system, which could exhibit enhanced oxygen release stimulated
by interactions with PSIl compared to a pure semiconductor system. The size of the
nanoparticles is about 1-3 nm. It was expected that they would be able to incorporate
into the membranes and interact with both the donor and acceptor side of PSII. A new
measurement protocol using fast three-electrode polarography (Joliot-type electrodes)
was developed to directly study the contribution and kinetics of oxygen release in PSII
via the slow and fast pathways. Experiments have been carried out using PSIl BBY
isolated from fresh tobacco leaves (Nicotiana tabacum var. John William’s Broadleaf
(JWB)) to study the effect of external proteins on PSII activity and from fresh spinach
leaves (Spinacia oleracea) to study PSIl BBY - WO3 NPs hybrid systems. No external
acceptors were added in any of the experiments, which could alter the acceptor side of
the PSIl and thus alter how it works.

There are two main achievements of this work. One is related to direct
measurements of oxygen release heterogeneity using fast polarography and identifying
factors influencing PSII switching between fast and slow phases of oxygen production.
The other is related to a new approach to developing biohybrid systems using the PSII
mechanisms necessary to optimise hybrid performance under near-natural, i.e.
environmental, conditions.

Using the heterogeneous 55 — state extended Kok model, which considers the
existence of a metastable S; state, an analysis of oxygen evolution oscillations under the
influence of short saturating flashes of white light has been carried out. The data were
obtained for untreated PSII BBY and depleted of external proteins surrounding the
MnsCaOs complex. All transitions between the S; = Si.1 states are highly efficient in the
control sample, except the transition from the S, to the S; state, proving its unique
nature. Moreover, the probability of this transition is independent of the presence of
external proteins. It was observed that the removal of the two proteins PsbQ and PsbP
caused a decrease in the transition probability between the states Sp - S1, S1 = S2and
Sz > Soto different degrees. The most considerable changes were observed for the Sp
-> Sitransition. However, the contribution of the fast phase of oxygen evolution of more
than 80% in control PSIl BBYs decreased almost 4-fold in PSIl depleted of PsbP/PbQ. The
elution of all three proteins almost entirely abolished the fast phase of O; yield. A similar
disappearance of the fast phase of O; release in the samples studied was also confirmed
by the results from measurements of the dependence of the changes in the amplitude
of oxygen release under the third flash as a function of the distance between the 15t and
2" flashes and between the 2" and 3™ flashes. At the same time, its independence from
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the measurement protocol adopted confirms the sequential nature of the Kok cycle. The
time constant of the fast oxygen evolution pathway determined for the control sample
increased from about 4 ms to about 6 ms in PSIl BBY depleted of the two external
proteins. The change in the slow time constant is surprising, which is about 60 ms in the
control sample and then accelerates almost 2 and 4 times in PSII-PsbQ, PsbP and PSII-
PsbQ, PsbP, and PsbO, respectively. All of the observed changes were discussed in
relation to the accepted knowledge of the structure of the Mn4CaOs complex and the
functioning of the PSII, as well as existing models describing the transitions between the
Si = Si+1states. To explain these phenomena, it was necessary to take into account both
the organisational changes in the MnsCaOs complex, including other coordination
spheres of manganese and calcium besides the immediate ones, as well as changes in
the functioning of the identified O1, O4 and Cl1 channels and their controlling role in
the supply of H,0 to and removal of H* and O, from the OEC.

This work also provides new insights into the design of nano-biohybrid systems
using photosystem Il for O, production. Commonly studied 2D/3D semiconductor
nanostructures require a large active surface showing a highly specific junction with PSII
in order to obtain correctly oriented PSIl systems with high packing density. This
requires, on one hand, the functionalisation of these meso-nano surfaces and, on the
other hand, genetic modification of the PSII itself. Usually, electron mediators are
introduced to ensure electron cycling. Nevertheless, the highest rate of oxygen release
recorded for these systems, which they achieved in their initial phase of operation,
converted per g of catalyst, i.e. PSIl supercomplex, remains 2-3 orders of magnitude
lower than that exhibited by isolated PSII systems under their native conditions. This
work demonstrated a new approach to constructing hybrid systems based on natural
PSII BBY, which displays the highest oxygen evolution capacity observed so far. Superfine
WO3s nanoparticles were introduced in PSIl BBY. They have been shown to have a
concentration-dependent effect on the organisation of these membranes and the
functioning of PSIl. The most remarkable NP-induced changes were observed for O;
evolution. The maximum O; yield of 70% was detected for the control sample and for
concentrations of 0.02-0.03 ug NPs/ug Chl and 0.15-0.3 pg NPs/ug Chl. This correlated
with a slight decrease in photochemical yield, which made it possible to identify the
mechanism responsible for this phenomenon. Namely, the highly specific action of WO3
NPs on the donor side, their ability to take up electrons from the OEC, and the formation
of conducting chains reaching the acceptor side of PSIl enabled them to transfer
electrons to quinones bound at the Qa and Qg sites. The effect of NPs on the
compactness of PSIl supercomplexes is of great importance here. Thus, NPs can modify
the redox potentials of Qa and Qg and regulate PQ's access from the external quinone
pool to the Qg binding site. This approach can benefit the design of biohybrid systems
that convert solar energy into fuel. It allows the use of the entire spectrum of
wavelengths emitted by the sun in the UV-VIS range with a high quantum efficiency of
water-splitting reactions and oxygen production at the level of native PSII activity. The
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system operates at pH 6.5 and requires no additional electron acceptors. Of course, the
stability of such hybrid systems is crucial. It depends, among other things, on the rate of
02 uptake (lower O, uptake = lower ROS generation) and the ability to regenerate PQox,
which may require an external electron mediator. In the latter case, it requires the
interaction of two systems; the second could be a system capable of producing H (this
would require their spatial separation) or electricity using a suitable electrode capable
of extracting electrons from PQH..
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1. Background and motivation

The greatest challenge of humankind in sustaining the development of
civilisation is finding efficient, safe, and widely available energy sources. Given the
depletion of hydrocarbon resources or nuclear fuels currently used for energy
production, scientists are working on renewable energy sources, which would
additionally provide countries with independence and security. Renewable and effective
energy sources are also an opportunity to develop poor regions of the world (Shahsavari
& Akbari, 2018). On-site energy generation is essential due to other unresolved issues,
namely the lack of large-scale energy storage capacity (Burheim, 2017) and long-
distance transmission and distribution losses, which depend on the energy conversion
efficiency in the various supply pathways (DeSantis, James, Houchins, Saur, & Lyubovsky,
2021). In addition, environmentally friendly solutions are being sought, especially as
human activity is responsible for accelerating the greenhouse effect, climate change,
and environmental pollution (Akella, Saini, & Sharma, 2009; Shahsavari & Akbari, 2018).

Fuel cells are a perfect solution for developing a clean, renewable, and,
therefore, continuous source of energy that comes from storable compounds produced
using solar energy (Lewis & Nocera, 2006). These solar collectors and solar fuel reactors
based on a photoelectrochemical process that is a biomimicry of the light phase of
photosynthesis seem to be the expected solution (Fujishima & Honda, 1972; Grétzel,
2001; Jafari et al., 2016; Krasnovskii & Brin, 1962; Lewis & Nocera, 2006; Zamaraev &
Parmon, 1980; Zeradjanin, Masa, Spanos, & Schlogl, 2021). In photosynthetic organisms,
their reaction centres (RCs) trap energy and use it for charge separation. With the
presence of light-harvesting complexes (LHCs) that transfer energy to RCs, the energy
capture cross-section is increased. In addition, pigments such as chlorophylls (Chls) or
carotenoids (Crts) embedded in the LHC extend the range of absorbed sunlight. It is
estimated that about 50% of the wavelength range of sunlight reaching the Earth's
surface is used by photosynthetic organisms. The high efficiency of light absorption and
charge separation in RCs makes photosynthetic systems very attractive for their
application in biohybrid solar cells/reactors (Gust, Moore, & Moore, 2009; J. Liu & van
lersel, 2021; McCree, 1972; Sager, Smith, Edwards, & Cyr, 1988; Wasilewski, 2009; Y. Xu
et al.,, 2017).

Photosystem Il (PSIl) has the most efficient light transformative capability on Earth
(energy efficiency for absorbed photons with respect to charge separation is ~ 84%)
(McConnell, Li, & Brudvig, 2010). Moreover, it can drive the solar water splitting process
due to its extremely high oxidative power (highest among natural photosynthetic
systems: 1.8 V at each photochemical step) and the presence of a MnsCaOs cluster
(called oxygen-evolving complex — OEC or water oxidising complex — WOC) located on
its donor side. Under environmental conditions, PSIl is able to use 75% of the energy
absorbed by its reaction centre to split water and has 1.2 V of its oxidising power to do
so at each oxidation step (Pecoraro, Baldwin, Caudle, Hsieh, & Law, 1998). Mimicking
the action of photosystem Il (PSII) is a likely strategy for the production of renewable
fuels, mainly H, and O, using water as an electron and proton donor (Z. Han, Qiu,
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Eisenberg, Holland, & Krauss, 2012; He, Zhao, & Hou, 2013; Hou, 2017; D. Kim, Sakimoto,
Hong, & Yang, 2015; Tachibana, Vayssieres, & Durrant, 2012; Y. Wang et al., 2020).

It is challenging to develop 'super-catalysts' for the anodic reaction to increase the
kinetics of O, evolution and avoid the formation of other chemicals on the photoanode
surface. The disadvantage of metal oxides (mainly TiO,, ZnO, or WOs) working as a
photoanode is their high overpotential. This directly impacts the conversion efficiency.
The current direction of research on photocatalytic water splitting focuses on designing
a photoanode with efficient charge separation and fast charge transfer kinetics,
activated by a wide range of visible light and operating under ambient conditions. These
problems were addressed through various attempts, including doping, surface
functionalisation, use of dyes, deposition of noble metals, and construction of
cooperative heterostructures according to the Z-scheme [reviews:(Jafari et al., 2016; B.-
H. Lee et al., 2019; Y. Li & Tsang, 2020; Sumathi, Prakasam, & Anbarasan, 2019; Y. Wang
et al., 2020)].

Photo-catalysts producing even approx. 1 mmol O, gcat th™! are still too inefficient
to be used in fuel cells. Photosystem Il shows a much higher activity in recovering O3
from water than the known anode photocatalysts. Isolated photosynthetic membranes,
thylakoids, depending on various cofactors (for example, the way of preparation,
nutrients, buffer composition, light conditions, external acceptors used, and presence
of external proteins), have oxygen evolution activity ranging from about 250 to 10000
mmol Oz genit h'! (per gram of chlorophyll, Chl). Thylakoids enriched in PSII (PSII BBY)
usually show an O; yield > 500 mmol gent ht (Berthold, Babcock, & Yocum, 1981;
Ghanotakis & Yocum, 1986; lkeuchi, Yuasa, & Inoue, 1985). For a review, see also (Croce
& van Amerongen, 2011). By rough estimation?, one may find a rate of oxygen evolution
per gram of RC camnaos-CP43-CP47 (reaction centre including inner light-harvesting
antennae CP47 and CP43), the photocatalyst of PSII. It gives > ~1950 mmol O3 gecat tht in
PSII BBY.

It seems natural, therefore, for the first approach, involving bionanotechnologies
to develop a new generation of systems capable of oxidising water with efficiency equal
to evolutionarily selected photosystems, to explore biohybrid systems based on natural
PSIl and n-semiconductors known for their advantages. In particular, they should be
materials that show high stability in agueous environments over a wide pH range. By
coupling to PSII and external photosynthetic antennas, biohybrid anodes have no
limitation in the range of sunlight absorbed, whereas most efficient semiconductors
absorb below 500 nm. There is growing interest in the possibility of photocurrent
generation by photoelectrodes and H; production by combining semiconductor

@ A rough estimate of the oxygen evolution rate per gram of RC-CP43-CP47 (PSIl + two internal light
collecting antennas CP43 and CP47, binding a total of 35 Chls) in thylakoids enriched in PSIl (BBY PSII)
isolated from higher plants was performed assuming that per one BBY PSIl reaction center there are
additionally 13 LHCII units (units of external light harvesting complex - each unit contains 12 Chls) forming
two tetramers and one heptameter and three minor antennas CP29, CP26 and CP24 (three monomers
containing 27 Chls in total) (Cinque, Croce, Holzwarth, & Bassi, 2000; Croce & van Amerongen, 2011; Saito,
Kikuchi, Nakayama, Mukai, & Sumi, 2006), review: (Miih & Zouni, 2020; V. H. R. Schmid, 2008) The mass
of protein units forming RC, CP43 and CP47 (in total 17 proteins) was taken from (Ke, 2001).
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compounds with isolated photosynthetic structures or even whole chloroplasts, mainly
due to the increased use of sunlight by such biohybrids [for review, see: (Gongalves Silva
et al., 2022; Y. Liu, Daye, Jenson, & Fong, 2018; Pang et al., 2018; J. Z. Zhang & Reisner,
2020)]. Biohybrid systems that combine inorganic semiconductors/metals and naturally
occurring photosynthetic isolated antenna complexes or more complex protein-lipid-
pigment systems open up a promising area for new research on water photocatalysis
(Badura et al.,, 2006; Grimme, Lubner, Bryant, & Golbeck, 2008; lhara et al., 2006;
Iwuchukwu et al., 2010; M. Kato, Cardona, Rutherford, & Reisner, 2013; Kawahara et al.,
2020; J. Li et al., 2016; Miyachi et al., 2017; Nagakawa et al., 2019; Riedel et al., 2019;
Tahara et al., 2017; Terasaki et al., 2008; Tian et al., 2021; Utschig et al., 2011; Vittadello
et al., 2010; Voloshin et al., 2022; Yehezkeli et al., 2012; Yehezkeli, Willner, Tel-Vered,
Michaeli, & Nechushtai, 2014; J. Z. Zhang & Reisner, 2020). The biohybrid system should
be self-organising, environmentally safe, and efficiently utilise radiation energy close to
100%.

However, there are few reports on the effectiveness of such systems in splitting
water to produce O; for fuel cells (M. Kato, Cardona, Rutherford, & Reisner, 2012; M.
Kato et al., 2013; R. Liu et al., 2011; Mersch et al., 2015; Noji et al., 2011; Sokol et al.,
2018; Tian et al., 2021; W. Wang et al., 2016). Mainly, they focus on the problem of light-
to-current conversion efficiency (Goncalves Silva et al., 2022; Pang et al., 2018). This is
one of the reasons to study the effect of tungsten oxide nanoparticles (WO3z NPs) on PSlI
activity. This photosystem is responsible for the uptake of electrons and protons from
water and the evolution of O,. Secondly, the operation of such solid-state biohybrids has
so far been studied in configurations where photosynthetic systems were deposited on
non-functionalized or functionalised surfaces, which limited the density of
photosystems that could attach to and come into direct contact with flat electrodes.
This also forced the orientation and packing pattern of the photosystems. The porosity
of inorganic substrates has been shown to be an essential factor in enhancing the
activity of engineered biohybrids, as it allows them to increase their contact area with
biological molecules (Hardee & Bard, 1977; Huang et al., 2015; M. Kato et al., 2012; Pang
et al., 2018; Tian et al., 2021; W. Wang et al., 2015; J. Z. Zhang & Reisner, 2020).

In the presented approach, a colloidal system was used, i.e. superfine WOs NPs
suspended with PSll-enriched thylakoids (PSII BBY) in an aqueous buffer. This ensures
that the biohybrid system works as a photoanode self-organizes, and the superfine NPs
have complete contact with the photosynthetic membrane and its photoactive protein-
dye complexes (i.e. the PSII reaction centre and light-harvesting complexes).

Tungsten oxide nanoparticles (NPs) were chosen to investigate their impact on the
efficiency of charge separation and oxygen evolution, driven by the visible region of
sunlight, in a hybrid system formed by PSIl BBY and WO3 NPs. WOs belongs to
‘chromogenic’ materials and has found many applications, including optoelectronics and
microelectronics (Bourdin et al., 2020; Chang, Sun, Dong, Dong, & Yansheng Yin, 2014;
Deb, 2008; Granqgvist et al., 2018; Sdnchez Martinez, Martinez-de la Cruz, & Lopez
Cuéllar, 2011; C.-K. Wang et al., 2013). Nanomaterials based on low-dimensional WO3
structures exhibit chemical sensing properties and are being widely studied for
applications as sensors in environmental engineering (L. Zhang et al., 2011). Due to their
catalytic properties, they are among the materials with potential applications for water
photolysis and H; production (in combined systems), as well as degradation of organic
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pollutants [for review, see (Huang et al., 2015) and references therein; (lsari et al.,
2020)]. Therefore, tungsten oxide nanoparticles may be a key material in fuel cell
technologies in the near future.

In these colloidal systems, WO3 NPs were expected to interact with both the
acceptor and donor side of PSIl. That duality of the WO3 NPs functioning would stimulate
the evolution of oxygen from water in this biohybrid system without any additional
intermediate molecules. This may have profound consequences for the understanding
of the system. Mn-oxo complexes/tungsten oxide heterostructures have been shown to
be robust catalysts for the photodissociation of water, although the exact mechanism of
the process is not fully elucidated (Chou et al., 2012; R. Liu et al., 2011).

However, to be able to design new generation biohybrid systems that are self-
regulating, using the working capabilities of the PSIl donor side with particular emphasis
on the OEC, it is desirable to fully understand the mechanism of O, evolution and which
factors are triggers/regulators of this process. Understanding the relationship between
the structural changes in the Mn4CaOs complex and the protein-water matrix in which
it is located could provide a breakthrough in designing n-type semiconductor systems
for renewable energy. Research efforts over the last few decades have provided a broad
and diverse understanding of the functioning of PSII, including its donor side (for review,
see: (Guo, Messinger, Kloo, & Sun, 2023; Pantazis, 2018)). The study of photosynthetic
water oxidation is an interdisciplinary field. The interpretation of experimental results
often depends on the theoretical approach used to develop them. Different research
methods, including in silico, naturally lead to other suggestions regarding how the OEC
works (more details are given in Chapter 6.1.2). However, all of these studies have one
overarching cognitive objective in common. Indeed, a major step forward in
understanding the functioning of the OEC was Joliot's observation of periodic
oscillations of oxygen evolution in dark-adapted chloroplasts under the influence of
short saturating flashes (P. Joliot, Barbieri, & Chabaud, 1969) and the linear four-step
model of the oxidation cycle proposed by Kok et al. (Kok, Forbush, & McGloin, 1970).
Extending the Kok model to a 55 - state model by explicitly including the metastable S4
state resulted in an excellent reproduction of the experimentally observed patterns of
02 release (Burda & Schmid, 1996). The presented studies focused on investigating the
effects of the external proteins PsbO (~33 kDa), PsbP (~23 kDa) and PsbQ (~16 kDa) on
the heterogeneity of the process of oxygen evolution in a higher plant. Although the role
of these proteins is not yet fully understood, it is known that they play a protective role
in stabilising the binding site of the Mn4OsCa complex, ensuring ionic balance in its
environment (mainly preventing the loss of calcium and chlorine ions). In addition, they
are probably involved in regulating the access of water molecules to the OEC and
removing O; and hydrogen ions from it (Barry, Brahmachari, & Guo, 2017; Bricker &
Frankel, 1998; Cammarata & Cheniae, 1987; Enami, Tomo, Kitamura, & Katoh, 1994;
Hussein et al., 2021; Ifuku & Noguchi, 2016; Kruk, Burda, Jemiofa-Rzeminska, & K., 2003;
Sakashita, Watanabe, lkeda, & Ishikita, 2017; Vass, Ono, & Inoue, 1987). Studying the
heterogeneity of the OEC functioning modulated by endogenous factors, in this case
external proteins, will contribute to a deeper understanding of the mechanism of water
oxidation by PSII. In particular, they will provide insight into how long- and short-range
interactions influence the OEC to ensure its operation under less favourable conditions.
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2. The aim of the studies

Light-driven processes in the light phase of photosynthesis are the subject of
research. In particular, the studies focused on Photosystem Il (PSIl) activity. Water is
essential for the functioning of PSII. It is not only an electron donor for PSII. It is also
crucial for transporting protons to and from the OEC catalytic centre and maintaining
the entire network of hydrogen bonds involving amino acid residues responsible for the
structure and dynamics of the protein matrix.

Although much is known about how PSIlI works, many questions remain to be
answered before we can say that the fascinating mystery of water oxidation has been
solved. The static picture of the functioning of the oxygen-generating complex
containing the Mn4CaOs complex is widely discussed. However, it is already known that
to understand how it works, it is necessary to consider the coordinated cooperation of
its entire environment. For example, the heterogeneity of MnsCaOs complex states at
different stages of the Kok cycle is well documented, but its significance is unknown.
This raises the question of whether these states, which can change dynamically in
response to PSIl conditions, are transient states that serve to optimise the functioning
of the OEC enzyme or whether they determine two separate pathways of oxygen
evolution within the system.

Aim 1: How does the heterogeneity of oxygen release depend on external proteins
that stabilise the Mn4CaOs complex and participate in forming water channels?

In order to achieve this goal, PSIl BBY isolated from tobacco (Nicotiana tabacum
var. John William’s Broadleaf (JWB)) was studied using a fast three-electrode
polarographic system with a standard measurement protocol and a newly developed
protocol to measure the kinetics of different oxygen release pathways.

Another critical aspect of the research presented, in which PSII plays a significant
role, is the design of an n-type self-organising semiconductor system that would operate
in environmentally friendly conditions with the efficiency of oxygen release from water
comparable to natural PSIl and stimulated by electromagnetic radiation from a wide
range of visible light. A colloidal system is the simplest of all. This allows the selected
compound to interact with PSII without needing additional functionalisation or genetic
modification of the biomaterial. A known semiconducting material stable in aqueous
environments at neutral pH is WOs.

Aim 2: How do WOs NPs affect the organisation of the PSIl BBY membrane? How
does this affect light harvesting? How does this affect the process of oxygen
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evolution? Can WOz NPs modify the heterogeneity of O, release? Under what
conditions can WO3 NPs stimulate oxygen production?

To answer these questions, the effect of different concentrations of WO3
nanoparticles on the activity of PSII BBY isolated from spinach (Spinacia oleracea L.) was
investigated. Several complementary imaging techniques (AFM - atomic force
microscopy, TEM — transmission electron microscopy), spectroscopic methods
(absorption and steady-state fluorescence spectroscopy, light-induced variable
fluorescence) and different measurement protocols using fast electrode polarography

were applied.
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3. Introduction to oxygenic
photosynthesis

Photosynthesis is crucial for the existence of life on Earth as it is the primary
energy source for most living organisms. Photosynthetic organisms convert solar energy
into chemical energy in the form of organic compounds, such as glucose, which can be
used to power cellular processes. Simultaneously, it plays a critical role in regulating the
Earth’s atmosphere by removing carbon dioxide and releasing oxygen as a byproduct,
which maintains the conditions necessary for the development of life on our planet. In
addition, photosynthesis is an essential food source and fossil fuel for humans.

The earliest forms of photosynthesis likely evolved in single-celled organisms
around 3.8 — 3.5 billion years ago. These autotrophs possessed only one type of reaction
centre (RC). Organisms capable of carrying out the currently known anaerobic
photosynthesis absorb near infrared (NIR) light and use, among others, as electron
donors: hydrogen sulfide or iron compounds. Unlike organisms capable of oxygenic
photosynthesis, they cannot use water as a source of electrons. This is due to the low
redox potential of their reaction centre and the lack of a structure capable of catalytic
oxidation of water.(Bjorn & Govindjee, 2008, 2009) In Figure 1 the evolution direction
of photosynthetic organisms is presented.

Q-type FeS-type

Heliobacteria

Purple and
green Green
filamentous sulphur
bacteria bacteria

PSII PSI

[Cyanobacteria ]Mmmws{ Algae }
S

Higher plant

Figure 1 The evolution from anoxygenic to oxygenic photosynthesis. The scheme was based on (Bjérn & Govindjee,
2008, 2009) and references therein.
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1.1 Oxygenic photosynthesis

Even though we use a simple notation to describe the oxygenic photosynthesis
(Equation 1), it is a convolution of extremely complex biochemical processes.

hv, chlorophyll
6C0, + 6H,0 CeH1,04 + 60, (1)

where CO; is carbon dioxide, H,O is water molecule and CgH1206 is glucose.

Oxygenic photosynthesis is a two-phase process. The light energy is absorbed in
the light-phase by pigments such as chlorophylls (Chls), or carotenoids (Crt), which are
embedded in the thylakoid membranes. The captured energy is then converted into
chemical energy in the form of adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide phosphate (NADPH). ATP and NADPH are used in the second phase of
photosynthesis, called the dark phase or the Calvin cycle, and provide the energy and
reducing power needed to fix carbon dioxide into organic molecules (e.g. glucose).

Protein-pigments complexes organisation in thylakoid membranes

Chloroplasts’ inner membranes, called thylakoids (Figure 2), are flattened,
interconnected sac-like structures stacked together, forming grana. Grana are
connected by intergranal lamellae (regions of unstacked thylakoids) (Staehelin &
Paolillo, 2020). Over the years, many theories and models have been developed to
define the structure of thylakoids. Nowadays, the helical model of higher plants’
thylakoid membranes presented in Figure 2b is widely accepted.

Figure 2 The structures responsible for running photosynthesis are chloroplasts (a). Their inner membranes, thylakoids
(T), contain complexes of proteins, lipids and pigments activated by light, called photosystems. The fluid-filled internal
space within the chloroplasts is called stroma (S). It encircles the thylakoids. b) Grana thylakoids (GT) are stacks of
thylakoid discs. They are primarily enriched in PSll, while unstacked thylakoid membranes, stroma thylakoids (ST),
contain PSI and ATP synthase. Plastoglobules [PG] are lipoprotein subcompartments of the chloroplasts. The helical
model of higher plants’ thylakoid membranes was adapted from (Staehelin & Paolillo, 2020).

Thylakoid membranes comprise highly specific complexes of proteins, lipids and
pigments activated by light, called photosystems. Photosystems contain specialised
chlorophyll molecules and associated proteins that initiate light-dependent reactions by

absorbing photons and transferring the energy to RCs. Thylakoids stacked in discs
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(grana) include PSII — LHCII supercomplexes and PSIl monomers, while PSI is embedded
in unstacked parts of the membrane (Staehelin & Paolillo, 2020). Figure 3 presents a
detailed description of Chlamydomonas reinhardtii thylakoid membranes and their

embedded complexes.
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Figure 3 Architecture of photosynthetic apparatus. The native architecture of thylakoid membranes was obtained
using cryo-electron tomography. All the pictures are taken from [4]. A chloroplast tomogram a) cross-section was
obtained from an undamaged Chlamydomonas cell. The arrowheads indicate ribosomes bound to the membrane
(vellow), ATP synthase (magenta), and PSIl (blue). In the corresponding 3D segmentation of the chloroplast b), the
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non-appressed membranes facing the stroma are represented in yellow, and the stacked membranes in close contact
are depicted in blue. The diagram on the left (c) illustrates the extension of each molecular complex from the thylakoid
membrane into the stroma (St) and lumen (Lu). In the lumen, large PSIl (¥4 nm) and smaller Cyt. be¢f (~¥3 nm) are
observed. Thylakoid-bound ribosomes (Ribo) extend roughly 25 nm into the stroma. Also, PSI and the F1 region of ATP
synthase (ATP-S) extend into the stroma at about 3 nm and 15 nm, respectively. Three segmented thylakoids from the
region indicated in c) are examined on the right. Membranes 1-3 (M1-M3) are colour-coded to correspond to the (b).
The eye symbol and arrow indicate the viewing direction. Membranogram renderings of M1-M3 are shown in d). All
membranograms depict densities approximately 2 nm above the membrane surface, except for the top
membranogram, which is expanded to display densities around 10 nm into the stroma. The stromal surfaces are
underlined with solid colours, while the luminal surfaces are highlighted with a dotted colour pattern. The identified
complexes on each surface are indicated on the right. A model representation of M1-M3 is provided in e), illustrating
the organisation of all the thylakoid complexes. The colours used in the model correspond to the schematic in part c)
(Wietrzynski et al., 2020).

Linear and cyclic electron transfer

The primary role of the photosynthetic pigments is to absorb sunlight. Absorbed
energy activates charge separation within PSIl, which is the first step of the
photosynthetic process. A linear electron transfer from PSII to PSI via cytochrome bef
complex starts, and so does proton pumping from the stroma to the lumen (Figure 4).

ATP
NADPH

NADPQ Synth as
=
@ STROMA

\ 10 nm
e PC e '

LUMEN

Thylakoid
membrane

H,0 \\\\\
0,

Figure 4 Electrons are extracted from water molecules in OEC embedded on the donor side of PSIl. They are linearly
transferred through PSll, cyt. bef, plastocyanin (PC) and then PSI. After absorbing a photon, PSI continue an electron
transfer to FNR (ferredoxin — NADP+ reductase). FNR completes the reduction of NADP* to NADPH. The dotted arrows
indicate the pathway of cyclic electron transport around PSI. Simultaneously, an occurring proton gradient is used by
ATP synthase to form ATP. The scheme was based on (Shikanai & Yamamoto, 2017).

When the pigment molecules in PSIl absorb light energy, it excites electrons,
raising them to a higher energy level. These excited electrons are then passed through
a series of electron carriers in the thylakoid membrane, collectively known as the linear
electron transport chain. As the electrons move along this chain, they release energy,
which is used to pump protons (H*). The electron transport chain culminates in PSI,

where the electrons are re-energised by absorbing more light energy. This energised
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state allows the electrons to be transferred to a final electron acceptor, ferredoxin (Fd),
and next to be used to reduce NADP* to NADPH. This reduction reaction is catalysed by
the enzyme ferredoxin-NADP*-reductase (FNR) (Shevela, Kern, Govindjee, & Messinger,
2023; Shikanai & Yamamoto, 2017).

Considering structures shown in Figure 4 as redox carriers characterised by their
redox potential, one can construct a Z — scheme. The Z — scheme in Figure 5 visualises
photosynthesis from an energetic perspective. Chlorophylls in P680 and P700 reaction
centres are excited as a result of absorbing photons, and therefore, they increase their
energy (Shevela et al., 2023).

Excited P680* is a highly reducing agent that passes an electron to a pheophytin
(Pheo). This electron is further transported via a primary electron quinone acceptor (a
plastoquinone molecule, (PQ) bound at a Qa site to a secondary electron quinone
acceptor (PQ) bound at a Qg site. After accepting two electrons and two protons from
the stroma, plastoquinol (PQH>) is released from the Qg site. Palstoquinol delivers two
electrons to cytochrome cyt. bsf and ‘pumps’ two protons from the stroma to the lumen
(inner side of thylakoids). Plastocyanin (PC) accepts an electron from cyt. bef and passes
it to the PSl reaction centre, P700. Only after absorbing a photon is PSl able to continue
electron transfer from PC to ferredoxin (FD). The following protein which transfers the
electron is ferredoxin-NADP* reductase (FNR). FNR completes the reduction of NADP*
to NADPH (Shevela et al., 2023).
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Figure 5 Z-Scheme is an electron pathway from OEC in PSIl to NADP*. It shows the change of chemical potential in
light-dependent reactions, which indicates the ability of a molecule to transport electrons. A linear electron transfer is
marked with a solid black line. The diagram was based on Z-scheme by Govindjee, available on
https://www.life.illinois.edu/govindjee/textzsch.htm.
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1.2 Photosystem Il in higher plants

Photosystem Il is a crucial pigment-lipid-protein complex where photosynthesis
starts. It contains about 20 subunits and has a molecular weight of about 300-350 kDa
(Umena, Kawakami, Shen, & Kamiya, 2011). Mechanisms which occur in PSII are
particularly noteworthy because of the PSIl’s ability to oxidise water. The structure of
PSII is known from crystallographic measurements at 3.8, 2.9 and 1.9 A resolutions
(Ferreira, lverson, Maghlaoui, Barber, & Iwata, 2004; Umena et al., 2011). The material
used in those experiments originates from cyanobacteria as it is more stable and less
complicated than photosystems in higher plants. By combining data from X-ray
crystallography ,Cryo-Electron Microscopy (cryo-EM) or X-ray free electron laser (XFEL),
researchers have been able to determine the structure of PSIl in higher plants (with an
average resolution of 2.79 A), providing detailed insights into its organisation,
arrangement of protein subunits, and the positions of pigments and cofactors involved
in light harvesting and electron transfer (Graga, Hall, Persson, & Schroéder, 2021).

Structure & functions

In higher plants, LHCII is a PSIl antenna complex located on its periphery (Figure
6). The primary role of the light—harvesting system is to absorb a photon and transfer
energy to the P680 reaction centre. Figure 6 presents plant PSII-LHCIl supercomplexes
of market spinach (a) and Arabidopsis thaliana (b) obtained using cryo-EM.

b) S LHCIl M LHClI

CP26

Figure 6 PSIl supercomplexes. a) the upper part presents the contours of the complete C252M2 supercomplex in the
tomographic slice of grana thylakoids. Green and red contours represent the positions of PSIl complexes with no or
significant clashes with neighbouring PSIl complexes, respectively. White arrows point to smaller densities that have
not been assigned but could potentially represent PSII monomers. At the bottom, a model illustrating the higher
organisation of PSIl supercomplexes is presented. A blue asterisk marks the corresponding area of the tomographic
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data (Kouril, Oostergetel, & Boekema, 2011). Figure b) shows an exemplary PSIl — LHCII megacomplex (C25,M;) model
found in green plants and algae based on (C. -K. Lee, C. -W. Pao, & B. Smit, 2015b). Large PSll supercomplex is strongly
(S) or moderately (M) bound to LHCII trimers.

Thylakoid macro-organization depends on environmental stimuli, so thylakoids
are dynamic structures (Anderson, Horton, Kim, & Chow, 2012; Dekker & Boekema,
2005). Their optimal architecture is determined by PSII supercomplexes, which can vary
in size depending on the number of LHCII trimers attached. The largest supercomplex
contains strongly and moderately-bound LHCII trimmers (C,S;M,, Figure 6), and the
minimal unit (C,S;) is separated from the two moderately-bound LHCII trimmers (2M).
Still, intermediate states (C2S:M1, C2S1M1, C;M1) and much smaller ones (C2S1, C:M1, Cy,
C1S1) and larger supercomplexes are possible (Pagliano, Saracco, & Barber, 2013). The
transformation between these different forms of PSIl supercomplexes and their
temporal and spatial stabilisation under specific conditions, depending on internal and
external factors, aims to regulate and optimise the harvest and utilisation of light to
facilitate diffusion processes inside and outside the membrane and to keep diffusion
times short supporting the repair of light-damaged PSII [reviews: (Kirchhoff, 2008;
Mullineaux, 2005)]. At the same time, LHCIl aggregates may form (Johnson et al., 2011),
and PSII core dimers can be reorganised, even leading to PSIl monomerisation (Caffarri,
Koufil, Kereiche, Boekema, & Croce, 2009). Dissociation of the PSIl supercomplex C;S:M;
is one of the photoprotective mechanisms essential for triggering non-photochemical
fluorescence quenching (NPQ) (Betterle, Ballottari, Morosinotto, Zorzan, & Bassi, 2009).
A significant challenge is to experimentally follow the different mechanisms that control
the self-assembly of PSII-LHCII supercomplexes. In this case, the modelling approach has
proven to be very helpful. Using a coarse-grained model of thylakoids, including two
LHCII trimers (S2) firmly bound to the PSII core on antenna complexes CP26 and CP43
and two LHCII trimers (2M) moderately bound to the PSIl core on antenna complexes
CP24 and CP29 (see Figure 6), it was reported that there is a correlation between the
free LHCII:PSII ratios, the membrane protein packing fraction, and the transitions
between the ordered and disordered PSIl supercomplex structures. It has been shown
that the shifts of the equilibrium states between the individual superstructures C,S; +
2M & CS; M1 + M < CS;M; are reversible and that the long-range order depends on
the fluidity of the membrane, and thus, in particular on temperature (C. -K. Lee, C. -W.
Pao, & B. Smit, 2015a). In addition, different conformers may occur within the
supercomplexes. For example, it has been shown that in eukaryotic PSIl, a monomeric
CP29 antenna can switch between two different C;S, conformations, stretched C;Sastr
and compact C;S2comp, by changing its orientation, each of which may exhibit additional
structural heterogeneity (Caspy, Fadeeva, Mazor, & Nelson, 2021). This flexibility of the
PSIl dimer core most likely ensures its optimal functioning under global as well as local
variable conditions, including (i) efficient utilisation of light for charge separation, (ii)
access of water and plastoquinones to the donor and acceptor PSII sides, respectively,
and (iii) discharge of O, and H* outside the OEC.
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Figure 7 presents the most famous cyanobacterial structures of Photosystem Il at
1.9 A resolution and 3.5 A. The core complex of Photosystem Il (Figure 8) in higher plants
consists of several integral membrane proteins and cofactors responsible for light
absorption, electron transfer, and water splitting. It includes the following major
components:

e D1 and D2 proteins also known as PsbA and PsbD, respectively, are the
core reaction centre proteins that coordinate the electron transfer
process. They consist of transmembrane helices spanning the thylakoid
membrane, with their N-termini facing the lumen (inside the thylakoid). D1
and D2 proteins harbour several redox-active cofactors, including
chlorophyll a, pheophytin, plastoquinone, and iron-sulphur clusters,
facilitating electron transfer within the reaction centre. Additionally, the
D1 protein plays a critical role in the water-splitting process of oxygenic
photosynthesis. It is associated with the OEC (Knoppova et al., 2022).

e (P43 (PsbC) and CP47 (PsbB) proteins form the core antenna system,
which consists of chlorophyll and carotenoid pigments that capture light
energy. CP43 and CP47 proteins play a role in stabilising the overall
structure of the PSIl complex. They provide a scaffold for assembling other
PSII subunits and help maintain the integrity and functionality of the entire
complex (Bricker & Frankel, 2002).

e Extrinsic proteins: They are a group of proteins associated with the PSII
complex but located on the lumenal side of the thylakoid membrane. They
are involved in regulating water-splitting and thus oxygen evolution, and
protecting the OEC from various environmental stresses. By interacting
with the core components of PSlI, these extrinsic proteins contribute to the
overall efficiency of the photosynthetic process in plants. The main
extrinsic proteins in plant PSIl are PsbO, PsbP, and PsbQ (De Las Rivas,
Balsera, & Barber, 2004; Enami et al., 2008; Nagao, Tomo, & Noguchi,
2015).

e Oxygen-Evolving Complex (OEC): The OEC is responsible for the water-
splitting reaction that releases molecular oxygen. It comprises manganese
ions (Mn), calcium ions (Ca), oxo-bridges and associated protein subunits
(Umena et al., 2011).
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Figure 7 a) PSlI structure isolated from thermophilic cyanobacteria Thermosynechococcus vulcanus at 1.9 A resolution.
The round orange points represent water molecules. There are visible two layers of water separated from each other
with a layer of proteins (D1/D2- reaction core subunits, CP43/CP47- the proximal antenna proteins, cyt. ¢550, 12 and
33 kDa proteins). In higher plants, 33kDa accompanies two additional external proteins: 16 kDa and 23 kDa instead
of 12 kDa, and cyt. c550. The left side of the figure shows green cofactors, invisible on the other side from the dashed
line. The proteins are designated by colourful units on the right. Adapted from (Umena et al., 2011). b) The electron
transfer cofactors are depicted perpendicular to the internal pseudo-twofold axis. Adapted from (Lubitz, Pantazis, &
Cox, 2023). c) The cryo-electron microscopic structure of the spinach PSII protein complex (PDB: 3jcu?)(Taguchi et al.,
2020).
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Figure 8 The core of the PSII reaction centre (RC) is a heterodimer D1/D2. Cytochrome b559 (cyt. b559) and proximal
antenna proteins CP47 and CP43 are located in the vicinity of the RC core, as shown in the picture. The scheme also
presents LHCII (light-harvesting complex Il). Components of the donor side: OEC- oxygen-evolving complex, Y- tyrosine
161 of the D1. The extrinsic proteins (33, 23, and 16 kDa) protect the OEC on the lumen side. The acceptor side consists
of Pheo- pheophytin, PQ- plastoquinone, Qa- plastoquinone bounded at the Qa site, and Qg- plastoquinone at the Qg
site. Additional components, plastoquinol (PQH;) and tyrosine 160 (Y;) of the D2 protein are shown in the presented
picture. A non-heme iron is located between Qa (D2 protein) and Qg (D1 protein) plastoquinones. Black arrows indicate
the direction of linear electron transport.

Electron transport within PSI|

The processes which occur both on the donor and acceptor sides of PSIl are
marked in Figure 8. Although D1 and D2 proteins form a symmetrical reaction centre
that provides two potential electron transport pathways, only one of them, whose
components are located mainly on D1, is active(Allen & Williams, 1998). Excited P680*
is an electron donor to pheophytin (Pheo), a primary electron acceptor bound on the D1
protein. Pheophytin has a structure of Chl a compound without a central magnesium
atom. Instead of magnesium, two hydrogen ions are attached inside the tetrapyrrole
ring. After electron acceptance, pheophytin becomes a radical (Pheo™). P680°* reacts
with electrons provided by molecules from the reducing side of PSIl, while Pheo™
reduces compounds on the oxidising side of PSIl. These processes are responsible for
the charge separation within photosystem Il (Vinyard, Ananyev, & Dismukes, 2013).

An electron from Pheo™ is transferred to a primary electron acceptor, a
plastoquinone (PQ) tightly bound at the Qa site on the D2 unit. Finally, Qa™ reduces a
secondary plastoquinone acceptor, PQ, at the Qg site on the D1 peptide. A non-heme
iron atom supports the reaction between Qa and Qg. After receiving the first electron,
partly reduced PQ remains at the Qg site in a semiquinone form (PQ*), waiting for a
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second electron from Qa. Qg is the only component of the system which can be double-
reduced. After accepting two electrons, the secondary quinine acceptor binds two
protons from the thylakoid stroma. Oxidised PQ exchanges reduced PQH: at the Qg site
from an external plastoquinone pool in the membrane. Radical cation P680°* is an even
more potent oxidant than molecular oxygen. It is reduced by tyrosine Yz (D1- Tyr161)
bound on the D1 protein. Yz accepts an electron from the OEC (Heathcote & Jones,
2012).

3.2.1 Acceptor side of PSIl — Fe-quinone complex

The Qa and Qg binding sites in Photosystem Il (PSIl) play crucial roles in the
electron transfer process. The plastoquinone molecule that binds to the PSIl complex in
Qa binding site accepts an electron from the primary electron acceptor, P680°**. Once Qa
receives the electron, it becomes reduced (Qa*). From there, it transfers the electron to
the plastoquinone bound to the Qg binding site. It accepts the electron from Qa* and
becomes reduced (Qg*). Qg can undergo a two-electron reduction process, accepting
two electrons and two protons from the surrounding medium. This reduction reaction
converts Qg to plastoquinol (QgHz), which then is released from its binding site and
migrates to Cyt. bef. Once QgH: is released, the binding site becomes vacant and ready
to accept a new plastoquinone molecule (Q) from the surrounding pool of plastoquinone
molecules in the thylakoid membrane (Vinyard et al., 2013).

There can be structural differences between Qa and Qg sites in plants,
cyanobacteria, and algae. The Qa and Qg sites are located on the D2 and D1 protein
subunits, respectively, within the PSIl complex in plants and cyanobacteria (Grabolle &
Dau, 2005; Umena et al., 2011).

As one can see in Figure 8, there is a non-heme iron (NHFe) molecule between
Qa and Qg binding sites. Figure 9 provides a closer look at the NHFe vicinity. The exact
role of NHFe is still under investigation.
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Figure 9 The scheme of Thermosynechococcus vulcanus PSll acceptor side (Miih & Zouni, 2020, Umena et al., 2011).
The ligand environment of non-hem iron (Fe) is also visible.
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3.2.2 Oxygen Evolving Complex

The process of water oxidation is the greatest mystery of photosynthesis. The
unit responsible for water splitting is called an oxygen-evolving complex (OEC). Many
scientific groups try to solve the puzzle and explain how it works. Frédéric Joliot made
the most significant contribution to our understanding of the OEC mechanisms. His
experiments and subsequent theoretical work (Kok model, thermodynamic calculations)
show that the extraction of electrons from 2H20 can be summarised in a simple
notation, as in Equation 2 (P. Joliot et al., 1969; Kok et al., 1970):

2H,0 + 4 quanta of 680 nm light - 0, + 4H™ + 4e~ (2)

Organisation & structure

Despite the extensive work of different groups worldwide and their laboratory
experiments, the complete structure and mechanisms of the OEC still need to be
resolved. For now, this insuperable obstacle makes the OCE mechanisms impossible to
explain thoroughly. However, constant progress is being made. To examine the OEC, a
lot of experimental techniques are used, like: electron paramagnetic resonance (EPR),
electron nuclear double resonance (ENDOR), extended X-ray absorption fine structure
(EXAFS), mass spectroscopy (MS), polarography, or free-electron laser (FEL), for
example, see: (Narzi, Mattioli, Bovi, & Guidoni, 2017; Pantazis, 2019; Yang, Lakshmi,
Brudvig, & Batista, 2021).

The OEC is bound to the D1 protein from the lumen side of the thylakoid
membrane and the CP43 protein. It consists of four manganese atoms, a calcium atom,
and five oxygen atoms, creating a Mn4CaOs cluster, also referred to as a manganese
complex (or Mn-cluster). Its environment is highly specific. It provides particular
catalytic features of the OEC, such as the ability to split water molecules. This cubane-
like structure is presented in Figure 10a. All manganese and calcium atoms are linked by
di-p-oxo- or mono-p-oxo- bridges. Due to some significant differences in bond lengths,
the cubane-like structure is not ideal but resembles a distorted chair. There are other
molecules visible in the surrounding of the Mn4CaOs cluster, for example, chloride
atoms, as well as many water molecules (Umena et al., 2011).

Possible models of oxygen evolution. S — states

The OEC undergoes a series of redox reactions and structural changes during the
four-step water oxidation process. Kok observed that oxygen production in dark-
adapted PSII systems exhibits damped oscillations with a periodicity of four (Kok et al.,
1970). Kok et al. proposed a linear 4-step model that allowed coupling the four-electron
oxidation of water to the single-electron turnover of the PSIlI reaction centre
components under a photon absorption by the RC chlorophylls. This model assumes the
successive accumulation of four positive charges through the OEC transient states called
Si states, where (i =0, 1, 2, 3, 4) indicates the number of positive charges stored in the
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OEC on the Mn4CaOs complex). When sufficient oxidising power is accumulated, water
molecules are split, an O - O bond is formed, and O3 is released (Kok et al., 1970).
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Figure 10 a) the OEC structure isolated from thermophilic cyanobacteria Thermosynechococcus vulcanus at 1.9 A
resolution (Umena et al., 2011). The distances are provided in A. The labels Mn1-Mn4, 01-05, Ca and W1-W4 follow
the standard notation. b) The currently accepted scenario consists of open and closed conformations of the S, and S3
states, and their possible transformations upon attaching a water molecule are adapted from (Lubitz et al., 2023)
after modifications.

Some believe that forming a bond between two oxygen atoms is possible only
after the accumulation of 4 positive charges, i.e. during the manganese complex's
transition to the S; state (de Lichtenberg, Avramov, et al., 2021; Ibrahim et al., 2020;
Kusunoki, 2007; Vinyard, Khan, & Brudvig, 2015; B. Zhang & Sun, 2018). In contrast,
others think it can already happen during the formation of the S; state, which shows
heterogeneity like the S, state (Corry & O'Malley, 2018; Cox et al., 2014; Klauss,
Haumann, & Dau, 2012; Mandal, Saito, & Ishikita, 2020; Pantazis, 2019; Pérez-Navarro,
Neese, Lubitz, Pantazis, & Cox, 2016; Pushkar, Davis, & Palenik, 2018; Renger, 2012;
Shoji, Isobe, & Yamaguchi, 2015; P. E. M. Siegbahn, 2008, 2009, 2018; Suga et al., 2017).
Based on the crystal studies, it was concluded that the Mn4sCaOs complex, which
accumulates two positive charges and is in the S; state, can adopt two different forms,
open and closed. Examples of possible Mn4CaOs cluster configurations that can coexist
are shown in Figure 10b. Each of the possible configurations of the Mn4CaOs complex at
the various stages of its reorganisation associated with the accumulation of positive
charge, the attachment of further water molecules and the release of protons is closely
related to the valence changes of specific Mn ions, and consequently to the magnetic
properties of the entire manganese cluster [for review see (Pantazis, 2019)]. Due to the
very short lifetime of the S; state, one can only try to determine the organisation of the
OEC by modelling. This means it is impossible to say unequivocally what the actual stage
of O=0 formation and O release looks like.
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The failure rate a of the trapping centres (called misses) leads to a redistribution
of the S; states and, consequently, to a damping of the oscillations of the O, release. In
prolonged darkness, the OEC is mainly in the S; state (usually ~75%) due to the oxidation
of the Sp state by an electron carrier Tyr D (tyrosine of peptide D2, Figure 8) (Vermaas,
Renger, & Dohnt, 1984; Zimmermann & Rutherford, 1985). So, the Sp state remains
occupied at about 25%. Therefore, the first maximum is observed under the third flash.
A small occupancy of the S; state is also detected (a small O, yield is observed under the
second flash), but the higher states are unstable (Burda & Schmid, 1996). The original
Kok model assumed equal misses for light-driven transitions S, < Sp+1 and doubled
effective excitation in a fraction y of the centres in the Sp and S; states (called double
hits and equal). However, it has been shown that when this homogeneous model is used,
there are significant discrepancies between the theoretical and experimental O, yield
patterns (Thibault, 1978). Moreover, it has been shown that the progressive damping of
the oscillations is mainly due to misses. The heterogeneous model with different «;
misses, omitting double hits, gives a better quantitative agreement with the
experimental data obtained for other systems (Burda & Schmid, 1996; Delrieu, 1974,
1983; Lavorel, 1976, 1978). Additionally, it was found that the extension of the 4S-state
Kok model to the 55-state model (Figure 11), when the S, state is introduced explicitly
and its longer living isomer is considered, results in a much better fit between the
theoretical and experimental data (Burda & Schmid, 1996).

b) Cscs Co %%

2H,0 —— 0, + 4e"+ 4H* C)

a)

0]

0-0 formation Mn=O-Z'Mn-O'
Reactive intermediate formed after 1 e and 3 H* move

Figure 11 The OEC undergoes cycling between different states, referred to as S-states. a)The original ‘Kok clock’ was
adapted from (Kok et al., 1970). b) One of the contemporary representations of the extended Kok model adapted from
(Pantazis, 2023). The sequence and timing of individual steps during the transition from Ss to S4 and then to Sp have
been shown by Bhowmick et al (Bhowmick et al., 2023). and Greife et al. (Greife et al., 2023). These events encompass
movements of both e and H*, involving transfers and exits in the vicinity of the OEC, which includes Yz and other amino-
acid residues. A crucial reactive group (Mn—0°) is generated at the S, stage, and this specific step serves as the rate-
limiting factor, being the representation of a kinetic bottleneck for the entire reaction. The wavy line running through
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the bond of the carboxyl group presents its attachment to an amino-acid residue (Pantazis, 2023). c) The S; state is
assigned to a specific arrangement and oxidation state of the OEC, where i = 1, 2, 3, 4. After the OEC accumulates 4
positive charges, the O, molecule is evolved, and the complex returns to its initial state. The model assumes two ways
of oxygen evolution: fast and slow. Solid and dashed lines indicate a heterogeneous character of the OEC. The scheme
is adapted from (Burda & Schmid, 2001).

Channels for H+ and O2 and water transfer

In Photosystem I, water, Oz, and proton channels are structural features that
play essential roles during water oxidation process. There are many channels recognised
within the whole complex and its vicinity (Hussein et al., 2023; Hussein et al., 2021;
Sakashita, Watanabe, lkeda, & Ishikita, 2017). Exemplary visualisations are presented in
Figure 12. Water channels in PSIl refer to specific pathways through which water
network connects the OEC with the lumen side. These channels can provide routes for
water molecules to reach the catalytic site where water splitting occurs. The water
channels ensure a continuous supply of water molecules to sustain the oxygen-evolving
reaction. Oz channels are channels through which molecular oxygen is released as a
byproduct of the water-splitting. These channels allow the O, molecules to exit the PSII
complex and diffuse out of the thylakoid membrane. The proton channels in PSIl are
pathways that facilitate the movement of protons within the protein complex (Hussein
et al., 2021; Sakashita, Watanabe, lkeda, Saito, & Ishikita, 2017).

W1 ligand of Mn4 (Figure 10) is located at the entrance of the so-called ‘narrow
channel’ (or 04 water chain) and is thought to be involved in proton removal from the
OECtothe lumen and water entry (Dilbeck et al., 2012; Flesher et al., 2022; Ho & Styring,
2008; Vassiliev, Zaraiskaya, & Bruce, 2012; Yang et al., 2021). In cyanobacteria, the 04
channel is formed by residues of D1, D2, CP43, CP47, PsbO (a 33 kDa external protein,
MSP - manganese stabilising protein) and PsbU (external protein subunits) connecting
D1-D61 to the lumen. Still, on the other side of D1-D61, a ‘broad channel’, called also
Cl1 channel, exists at the interface of the D2 and PsbO subunits (Ho & Styring, 2008;
Umena et al., 2011; Vogt, Vinyard, Khan, & Brudvig, 2015). The ligand O5 is nominally
closest to the Cl1 channel entrance. The Cl1 channel with its branching arms is indicated
as an H*-channel rather than a water delivery path (Bondar & Dau, 2012; Ishikita,
Saenger, Loll, Biesiadka, & Knapp, 2006; Vogt et al., 2015), but the latter function cannot
be ruled out either (Sakashita, Watanabe, Ikeda, Saito, et al., 2017). The so-called ‘large
channel’ (or O1 water chain), a branched network, is formed in cyanobacteria by the
identical protein subunits as the Cl1 channel with one difference: instead of PsbO, the
PsbV subunit is involved. This channel is thought to remove O, and deliver water to the
OEC (A. G. Gabdulkhakov, Kljashtorny, & Dontsova, 2015a, 2015b; Ho & Styring, 2008;
Vassiliev, Zaraiskaya, & Bruce, 2013). On the other hand, the sometimes recognised so-
called ‘back channel’ appears to be inaccessible to water but permeable to O; (Ho &
Styring, 2008; Murray & Barber, 2007). Among the many water channels reported in
cyanobacteria, the organisation of amino acids that form narrow and large channels is
evolutionarily conserved in higher plants. In this case, a smaller number of PSII subunits
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are involved in their formation. The subunits D1, CP43, PsbP (23 kDa external protein),
and PsbQ (16 kDa external protein) are involved in the formation of the O1 water chain
and D1, CP43, PsbP, and D2 in the construction of the 04 water chain (Sakashita,
Watanabe, lkeda, & Ishikita, 2017). The small radius of the 04 channel of about ~1.4 A
in spinach suggests that water molecules are also arranged as a single chain in higher
plants. A rigid water chain with powerful hydrogen bonds between the initial water
molecules near the MnsCaOs cluster and with its O4 atom indicates that the ‘narrow
channel’ can transport protons via the Grotthuss mechanism since the activation energy
of proton transfer is lowest when all water molecules are firmly bound in the H-bond
network (Saito, Rutherford, & Ishikita, 2015; Stuchebrukhov, 2009; Takaoka, Sakashita,
Saito, & Ishikita, 2016). Recently, a fascinating observation has been made. Namely,
glycerol (commonly used as a cryoprotectant and stabiliser of isolated PSIl),
incorporated into the ‘narrow channel’ in cyanobacteria at a distance > 10 A from the
OEC, affects the LS stabilisation of the S, state of the Mn4CaOs complex, which adopts
the ‘open’ conformation (Figure 10) as a result of disruption of the hydrogen bond
network involving D1-D61 when it remains protonated. In the absence of glycerol (D1-
D61 becomes deprotonated), both states of S, i.e. LS and HS (open and closed
conformations), are virtually isoenergetic (Flesher et al., 2022). An analogous effect of
regulation of the Mn4sCaOs complex by allosteric interactions may also occur in higher
plants, as indicated by the usual occurrence in their case of both spin states of the S,
state and the disappearance of the HS signal for S, with an increase in the concentration
of glycerol (Zimmermann & Rutherford, 1985).

The search for water, proton, and O; transport pathways continues to be carried
out by in silico experiments with various computational methods - including QM
(quantum mechanics) / MM (molecular mechanics), MD (molecular dynamics), and CE
(continuum electrostatics) / MC (Monte Carlo studies) using available PSII structures,
even PSII thylakoid membrane model (Ogata, Yuki, Hatakeyama, Uchida, & Nakamura,
2013). Various research groups have pointed out similar patterns of water channels in
cyanobacteria, but their purpose can only sometimes be clearly determined. Some
counterparts have been found in higher plants. Still, even minor differences from
cyanobacteria may be relevant to their precise control of protons and O; output during
water oxidation or water delivery to the OEC. Identifying these mechanisms is the
greatest challenge. Learning about them is the key to getting a complete picture of how
the OEC and PSll as a whole function. In general, water diffusion tends to require water-
filled channels. Each water channel can potentially evacuate Oy, but its diffusion can also
occur through hydrophobic pathways. It has been suggested that lipid clusters within
PSlI, due to their predominantly hydrophobic nature, may serve as an oxygen drain and
mediate efficient, PSll-safe, and rapid release of O; (A. Gabdulkhakov et al., 2009). A
highly conserved small hydrophobic pathway in cyanobacteria and algae (prokaryotes
and eukaryotes) has been identified at the beginning of the O1 channel and suggested
to be responsible for facilitating O, release from the OEC (Caspy et al., 2021).
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Figure 12 The figure presents different channels recognised in PSII of different species. A map a) adapted from (Hussein
et al., 2023) reveals the presence of the three main water channels conserved in all species (the exact location, shape,
and length can vary depending on the species). The O1 channel (branches A and B) is called ‘the large channel’ by
some researchers. The 04 channel can be named ‘the narrow channel’, and branch A of the Cl1 channel is also referred
to as ‘the broad channel’. b) The channels present in the plant Spinacia oleracea adapted from (Hussein et al., 2023).
¢) The calculated CIA channel and its surrounding environment in cyanobacteria Thermosynechococcus vestitus are
coloured green, adapted from (Hussein et al., 2023). The d) panel depicts the O1-PsbU/V channel in cyanobacteria,
coloured in violet, compared to the O1-PsbP channel in plants coloured in green (Sakashita, Watanabe, Ikeda, &
Ishikita, 2017). The dotted squares demonstrate the D1 protein region. The panels presented in e) deliver the O4
channel: cyanobacterial 04-PsbU (left) and plant O4-PsbP (middle) channels. Also, on the right, the cyanobacterial O4-
PsbU channel space is superposed into the plant cryo-EM structure (with a well-visible O4-PsbP channel) adapted from
(Sakashita, Watanabe, lkeda, & Ishikita, 2017; Wei et al., 2016).
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4. Inorganic semiconductive systems

Nanomaterials based on low-dimensional WOs structures exhibit chemical sensing
properties and are being widely studied for applications as sensors in environmental
engineering (L. Zhang et al., 2011). Due to their catalytic properties, they are among the
materials with potential applications for water photolysis and H, production, as well as
degradation of organic pollutants [for review, see (Huang et al., 2015) and references
therein; (Isari et al., 2020)]. Therefore, tungsten oxide nanoparticles may be a key
material in fuel cell technologies in the near future. Moreover, it is considered a non-
toxic, inexpensive material with good light resistance. It is chemically stable in aqueous
media at pH < 7.0 (Chen et al., 2016; Hardee & Bard, 1977; Hill & Choi, 2012). WO3 NPs
possess different physicochemical properties depending on their size and structure
(triclinic, monoclinic, orthorhombic, or tetragonal) (Cong, Tian, Li, Zhao, & Geng, 2014;
Gullapalli, Vemuri, & Ramana, 2010). In WOs (a stoichiometric compound), the metal
centre is +VI and has no valence electrons (6s°5d°). Therefore, the energy band gap
corresponds to electronic transitions from the top of the valence band formed by filled
O 2p orbitals to the conduction band formed by empty W 5d orbitals (Deepa, Srivastava,
Kar, & Agnihotry, 2006; Washizu, Yamamoto, Abe, Kawamura, & Sasaki, 2003). The
observed size-phase-property correlation indicated that the decrease of grain size from
about 50 nm to 9 nm results in a phase transition from a tetragonal to a monoclinic
phase and an increase of the energy band gap (E4) from about 2.92 to 3.25 eV (Gullapalli
et al.,, 2010). In contrast, the E4 value for WOs bulk was estimated to be 2.62 eV
(Koffyberg, Dwight, & Wold, 1979). Furthermore, quantum size effects determine the
superiority of tungsten oxide NPs over bulk WOz due to the increased efficiency of
photoelectrochemical processes taking place in them. This is related to the increased
stability of the photogenerated electron-hole pairs and the higher concentration of
carriers on the grain surface (S.-H. Lee et al., 2006; Park et al., 2018; Sdnchez Martinez
et al., 2011; Zheng et al., 2011). In bulk tungsten oxide material, there is the problem of
high electron-hole pair recombination rate or low electron transfer rate to molecular
oxygen (Sclafani, Marci, & Venezia, 1998). Oxygen vacancies in nanostructured WO3
photoanode may modulate the charge carrier densities and the recombination kinetics
across (Deb, 2008; Joya, Joya, Ocakoglu, & van de Krol, 2013). It was reported that a
concentration of oxygen vacancies on the level of about ~ 2% in the tungsten oxide
provides optimal photoelectrochemical water oxidation in 0.1 M H,SO4 solution (Corby,
Francas, Kafizas, & Durrant, 2020).

As early as the 1960s, WOs was reported as an inorganic semiconductor capable
of oxidising water in the presence of Fe3*/Fe?* as an electron acceptor (Krasnovskii &
Brin, 1962). The quantum yield of O, production from H,O reached ~ 3%. It was also
observed that the deposition of 0.1% RuO; or prior stirring of the WO3 powder for three
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days in water increased the oxygen evolution rate by 2.5 and 2.0 times, respectively
(Darwent & Mills, 1982). In these experiments, the highest observed rate of O evolution
was about 4.8 umol geatth™ (per mass of catalyst, i.e. WO3s). Low visible light utilisation
and low O; production make tungsten oxide an unattractive material for commercial use
in fuel cells. The formation of Z-scheme heterojunction composites/complexes of WO3
with inorganic or organic compounds does not significantly change oxygen yield in these
systems. For example, the performance of CuO/WOs3 and FePc/P-WO3 was 2.79 and 3.6
umol geattht, respectively (B. Li et al., 2020; Shi et al., 2019). Functionalisation of WO3
by covalently anchoring a phosphonate-derivatized complex, Fe(tebppmcn)Cl;
(tebpmcn = tetraethyl N,N’-bis(2-methylpyridyl-4-phosphonate) —N.N’-
dimethylcyclohexyldiamine) increased the rate of water oxidation by 60% (Klepser &
Bartlett, 2014). A stable and reproducible rate of O evolution at 18 umol geat *th™ from
water over 14 h was observed in the system consisting of Pt-dopped WO3 and g-CsNs at
a weight ratio 1:1 (Martin, Reardon, Moniz, & Tang, 2014). In an optimised system
composed of co-doped WOs with B and N anions, graphene (rGO), and CdSe quantum
dots (6%CDSe/1%rGO3%BN-WO03s), the oxygen evolution was 10-times higher than in
WOs3, i.e. 25.5 umol Oz geat*h™, but in the presence of cocatalyst 0.5%Rh«Cr,03(0.5RCr)
(Razig et al., 2022). An order of magnitude higher efficiency of oxygen yield was detected
in a two-step photocatalytic water splitting system (Z-scheme) consisting of a modified
ZrO2/TaON and Pt-loaded WOs (Pt/WO03), working as H, and O; evolution
photocatalyst, respectively, in the Nal presence ( ~ 266 pmol O; gat*h?) (Maeda,
Higashi, Lu, Abe, & Domen, 2010). But nano WOs yellow-green powder from Aldrich
Chemicals (estimated size of the grains: ~33 nm) in an aqueous solution of AgNOs
showed even higher O, production, about 468 pmol gt th™}(Mills & Valenzuela, 2004).
However, tungsten oxide nanoparticles from the same source with a radius five times
greater exhibited twice less efficiency under the same experimental conditions.

For comparison, three examples of other Z-type heterojunction catalysts
operating under optimised conditions, for which a significant increase in molecular
oxygen emission under radiation in the visible spectral range was observed, are
presented below. The rates of O release given below have been converted, as before,
per hour and gram of catalyst. For example, a high rate of oxygen evolution was reported
for BiVO4/Au/CdS heterostructure, 138 pmol Oz get*h?, for long-term water overall
splitting (X. Xu et al., 2021). 2D/2D polymeric Z-scheme heterostructures composed of
ultrathin carbon nitride (g-CsN4) nanosheets (CNN) with varying levels of boron and
nitrogen defects dopants (BDCNN3so/BDCNNa4ys) achieved excellent performance for
catalytic O, evolution up to 700 umol gettht in the presence of Pt and Co(OH); co-
catalysts (Zhao et al., 2021). However, a rate of O, production in 50Nb-TiO2/50 g-C3N4
(mole percentage of Nb-TiO2/(Nb-TiO2 + g-C3N4) was 50/50) was more than 2.4-time
higher than in CNN, i.e. 1702 umol O gcat th™* (Thanh Truc et al., 2019). The most efficient
catalyst mimicking the activity of MnsCaOs, i.e. the natural OEC,
[OH;(terpy)Mn(0),Mn(terpy)OH:] (NOs3)3¢6H,0 in a solution of 0.07 M NaCl evolved O3
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with an initial rate 15 mmol/ geat*h™! within the first 15 minutes. However, during the
first 2 hours, its activity dropped to about 1.5 mmol/ geat th}(Limburg et al., 1999).

This shows that the rate of oxygen evolution under the influence of light per gram
of active unit (i.e. CRcamnaos-CP43-CP47 complex) in PSIl BBY is three to five orders of
magnitude higher than that of WOs-based catalysts and other inorganic or organic
anode catalysts with high performance in water splitting systems.
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5. Materials & methods

5.1 Biological material

The research was conducted on higher plants: a) freshly harvested laboratory-
grown tobacco, Nicotiana tabacum var. John William’s Broadleaf (JWB) and b)
spinach Spinacia oleracea, purchased from the local market, freshly harvested (Figure
13).

Figure 13 Spinach purchased from the local market (a) and tobacco grown in laboratory conditions (b) were prepared
for the studies presented in this work. Tobacco plants were grown in a plant growth chamber under moderate
insolation conditions at 25 °C.

Thylakoids isolation

Thylakoid membranes enriched with photosystem Il (PSII BBY) were isolated from
spinach or tobacco according to the procedure described in (Berthold et al., 1981) with
some minor modifications. Tobacco PSII BBY samples were used to study the effect of
proteins on oxygen evolution. PSIl BBY from spinach were used in experiments on WOs3
— PSII hybrid systems.

Freshly picked leaves were stored in the fridge at 42C for an hour. They were then
cut and mixed with cold elution buffer containing 10 mM NaCl, 5 mM MgCI2 - 6H,0, 0.4
mM sucrose and 50 mM TRIS, pH 7.8 (Table 1).The obtained suspension was centrifuged
at 1,500 rpm for 3 minutes at 42C to separate the chloroplasts from the starch, and then
the supernatant was centrifuged at 3,500 rpm for 10 minutes at 42C. The sediment was
washed twice with HEPES | buffer (pH 6.5). It was centrifuged at 3500 rpm for 10 minutes
at 49C. The chloroplasts were washed with HEPES Il buffer (pH 6.5) and treated with 25%
Triton X-100 for 20 min on ice. After incubation in Triton, the sample was centrifuged at

53



3500 rpm for 10 min. at 4 °C. The supernatant was centrifuged at 35,000 rpm for 12 min.
at 49C. The last step was repeated until the supernatant was colourless and clear.

Table 1 The buffers and solutions used in the thylakoid isolation procedure.

Buffer/Solution Ingredients

HEPES | 15 mM NacCl

5 mM MgCl,

20 mM HEPES

HEPES Il 15 mM NacCl

5 mM MgCl;

20 mM HEPES

400 nM SUCROSE

ELUTION BUFFER 10 mM NadCl

5 mM MgCl

400 mM Sucrose

50 mM TRIS

TRITON X-100 25% TRITON X-100 in HEPES 1l

Chlorophyll concentration determination

The chlorophyll concentration in the samples was determined by absorption
spectroscopy according to (G. H. Schmid, 1971). The suspensions contained MeOH,
distilled water and the sample were mixed in a Vortex-Mixer (PV-1 — MLS) and
centrifuged (5000 rpm, 4 min, MiniSpin Plus — Eppendorf).

The following Equations 3 and 4 were used to determine the concentration of Chla
and Chlb in the sample:

_ (E663X45.6—E645X9.25)X1.16><VR
[Chla] = 3585xV, (3)
S

_ (E64-5 ><82.04—E663X16.75)X1.07><VR
[ChL D] = 3585%Vg (4)

where Eggz stands for the absorption intensity for the wavelength 663 nm, and Eesss
stands for the absorption intensity for the wavelength 645 nm. V is a total solution
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volume equal to 3 ml (methanol-based: 2.7 ml of 90% MeOH, 270 ul of distilled water),
and Vsis a sample volume equal to 0.03 ml.

The samples were diluted with HEPES Il to a final total chlorophyll concentration of
2 mg/ml (PSII BBY from tobacco) and 1.13 mg/ml (PSII BBY from spinach), and stored at
-80 °C.

Elution of the external PSII proteins

Part of the PSII BBY sample from Nicotiana tabacum was used to prepare samples
with eluted PSIl extrinsic proteins according to the procedure described in (Burda,
Strzatka, & Schmid, 1995; Ono & Inoue, 1983). Three sets of samples were prepared:

e PSII BBY control (all extrinsic proteins intact)

e PSIl BBY depleted of two extrinsic proteins 16 kDa (PsbQ) and 23 kDa (PsbP),
called later PSII BBY —16,23;
PSII BBY were washed with 1.5 M NaCl for 30 min.

e PSII BBY depleted of three extrinsic proteins 16 kDa (PsbQ), 23 kDa(PsbP) and 33
kDa (Psb0), called later BBY PSII — 16,23,33;
PSII BBY were washed with 1.5 M MgCl; for 30 min.

5.2 WOs3 nanoparticles

WOs3 NPs were obtained from tungsten trioxide hydrate. A complete synthesis
procedure is given in (Gotic, lvanda, Popovic, & Music, 2000), sample W3600. Briefly,
300 ml of 0.7 M HCl was added to 100 ml of the 1.0 M Na;WQ4:2H,0 solution until the
final pH of the clear solution was 1.4. The obtained solution was autoclaved at 60°C for
48 h, then isolated by centrifugation, and then dried in a Petri dish at 60 °C. This white
powder sample (W03:0.33H,0) was thermally treated at 600 °C to obtain yellowish
mWQOs3 nanoparticles.

5.3 Electrophoresis

Sample purification determination by SDS — PAGE

Sodium dodecyl sulphate — polyacrylamide gel electrophoresis (SDS — PAGE) is an
electrophoretic method developed by U. K. Lammli in 1970 (Laemmli, 1970). It is
commonly used to separate any proteins with molecular masses ranging from 5 — 250
kDa. The SDS—PAGE method was used to determine the elution efficiency of the three
external proteins (PsbQ, PsbP and PsbO) from the PSII-LHCII complexes. Qualitative
electrophoretic gel analysis aims to show the presence of a given protein by comparing
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individual bands visible in a gel and the marker description provided by its manufacturer
(Walkowiak B. & V., 2002).

Experimental setup
Denaturing SDS — PAGE was performed in a vertical polyacrylamide gel system,
[https://www.bio-rad.com/en-pl/product/mini-protean-tetra-cell] a Mini — Protean

Tetra Cell apparatus (BioRad) presented in Figure 14. The setup consists of a buffer tank,
an electrode assembly, a lid with power cables, a cell buffer dam, and a power supply.
It enables researchers to perform electrophoretic separation on gels with 8.6 x 6.8 cm
dimensions and a 0.75 — 1.5 mm thickness.

Lid

Cell buffer dam

Electrode
assembly

Buffer tank
Power supply

Figure 14 A Mini — Protean Tetra Cell apparatus.

Measurement protocol

The detailed SDS-PAGE protocol based on (Laemmli, 1970) used in the present study
was kindly provided by prof. Elzbieta Romanowska from the Department of Molecular
Plant Physiology, Faculty of Biology, University of Warsaw. Minor changes were made
to adapt the procedure to the biological material tested.

30% acrylamide solution (30 % AB solution) consisting of 29.2% acrylamide (Carl
Roth) and 0.8% N, N-methylenebisacrylamide (Carl Roth) was used to prepare the
running gels for the samples isolated from spinach 40% AB solution (38.9% acrylamide
and 1.1% N, N-methylenebisacrylamide) was used to prepare the gradient running gel
for the samples isolated from tobacco. Tables 2 and 4 show the compositions of running
gels; Table 3 shows the composition of gel buffer used to prepare the gradient gel, and
Table 5 shows the composition of stacking gels.

Table 2 The composition of the standard running gel, 1 mm thick, given in quantities (ml) to
prepare 1 gel.

15 %
30% AB solution 2.5
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1.5 M Tris, pH 8.8 (Carl Roth) | 1.3
H.0 1.1
10% SDS (POCH) 0.05
10% APS (Carl Roth) 0.05
TEMED (Carl Roth) 0.002

Table 3 The composition of a gel buffer used to prepare the 10-20% gradient gel, given in
quantities ml or g.

1 MHCI | 24 ml

Tris 18.2¢g

SDS 04g

TEMED | 230 pl

H,O Fill up to 100 ml, adjust pH to 9.4

Table 4 The composition of a 10-20% gradient running gel, 1 mm thick, given in quantities (ml)
to prepare 1 gel.

10 % [20%
Gel buffer | 1.9 |1.6
40% AB 19 3.7
1.5% APS | 1.9 |1.6
H20 19 0.7

Table 5 The composition of a stacking gel given in quantities (ml) to prepare 1 gel.

5%
30% AB solution | 0.33
1.0 M Tris, pH 6.8 | 0.25

H.0 1.4
10% SDS 0.02
10% APS 0.02
TEMED 0.002

Before pouring the stacking gel, a 10-well comb was placed between the glass
plates. The maximum volume of such a gel well was approximately 35 pl.

Protein samples were suspended in a 1:1 volume ratio in a denaturation buffer. The
composition of the buffer is given in Table 6. Then, the samples were incubated at a high
temperature (50°C) for 30 min and centrifuged at 12.000 x g, at room temperature, for
2 min. The adjusted amount of supernatant containing different concentrations of
subsequent samples was injected into wells. Two wells were filled with the same
amount of commercial protein ladder (ThermoFisher Scientific). The electrophoresis
separation was conducted at 4°C, for 110 min, with constant current (30 mA for two gel
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plates), using a running buffer composed of 192 mM glycine (POCH), 25 mM Tris (pH
8.3), and 0.1% SDS.

Table 6 The composition of a denaturation buffer given in quantities ml or g.

Glycerine (Lach:ner) 10 ml

SDS 2g

Bromophenol Blue (POCH) | 0.01 g

1.0 M Tris, pH 6.8 complete the buffer up to 100 ml
DTT (Carl Roth) 0.015 g per 1 ml of the buffer

After the separation, the gels were stained in the staining buffer (0.1% Coomassie
Brilliant Blue G-250, POCH) for 3 hours. Then, the gels were decolourised by washing
them in a 7% acetic acid (POCH) solution.

Results

The electrophoretic separations performed confirm the correct procedure for
isolating PSIl BBY and eluting external proteins (Figure 15). Figure 15a shows the
electrophoresis result obtained for the C1 control for PSIl BBY isolated from spinach.
Figure 15b shows the electrophoresis result obtained for the C3 control for PSIl BBY
isolated from tobacco and PSII BBY — 16, 23 (washed with NaCl) and PSII BBY - 16, 23, 33

(washed with MgCl;), second and third column respectively. M1 and M2 are the protein
ladders.

a) b)

M, C C; NaCl MgcCl, M,
70kDa =TT ' SOKDA
2(5) II:Ba - — 60 kDa
25kDa | " g 30 kDa
15kDa | .. 20 kDa
10 kDa 10 kDa

Figure 15 The SDS — PAGE results for the PSII BBY isolated from a) spinach and PSII BBY isolated from b) tobacco. In b)
the results for PSII BBY - 16,23 and PSII BBY - 16,23,33 are also shown.

Both Ci, and C3 Controls have well-visible bands representing PSIl RC and its
accessory components, i.e. LHCII or extrinsic proteins (Caffarri et al., 2009). There are
PsbO (33 kDa), PsbP (23 kDa), and PsbQ (16 kDa) bands visible. The second column in
Figure 15b shows BBY PSIl — 16, 23 sample where PsbP and PsbQ were disassembled
from the complex. The third column in Figure 15b shows that the three extrinsic
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proteins were removed in the sample PSIl — 16, 23, 33) (Z. G. Wang, Xu, Liu, & Yang,
2010).

5.4 X —Ray Photon Spectroscopy — WOs NPs characterisation

X —Ray Photoelectron Spectroscopy (XPS) is an analytical technique based on the
photoelectric effect and uses the radiation discovered by W. Rontgen. XPS was
developed by Kai Siegbahn’s group at Uppsala University in Sweden in the late 1960s (K.
Siegbahn & Edvarson, 1956). By studying the energy of the photoelectrons, XPS can
provide information about the sample’s chemical composition, as different elements
and chemical states have distinct binding energies (Hrynkiewicz & Rokita, 2013). In the
presented research, XPS was used to determine the chemical composition of WOs3
nanoparticles. These WOs NPs were used to create colloidal systems with biological
membranes. The XPS measurements were performed at the Jerzy Haber Institute of
Catalysis and Surface Chemistry Polish Academy of Sciences in Krakéw.

Experimental setup

The atomic composition and the chemical state analysis of the samples were
carried out using an Electron Spectroscopy for Chemical Analysis/X-ray Photoelectron
Spectroscopy (ESCA/XPS) spectrometer equipped with a hemispherical analyser SES
R4000 (Gammadata Scienta), pass energy 100 eV, presented in Figure 16. Core
excitations were generated using an unmonochromatised Al Ka X-ray source (1486 eV,
12 kV, 15 mA) without a charge neutraliser. The energy resolution of the system,
measured as the full width at half maximum Ag 3ds,; excitation line, was 0.9 eV. The
spectra were calibrated for a carbon C 1s excitation at a binding energy of 285 eV.
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Figure 16 The ESCA/XPS spectrometer equipment. The photo provided by dr inz. Ewa Madej from IKiFP PAN.

Measurement protocol

For XPS measurements, powder samples were pressed using a steel roller into a
99.9% pure indium piece. The prepared sample was mounted on a molybdenum holder
(Figure 17).

a) b)

Figure 17 A steel roller a), an exemplary sample pressed into an indium piece b), a molybdenum holder c).

The holder with the sample was pumped for several hours (4-12 hours) to
achieve a vacuum of 3 x 10”7 mbar. Subsequently, the sample was transferred to the
measurement chamber, where the base vacuum is 6 x 10° mbar. The standard
photoelectron spectrum was collected at an angle of 90° relative to the sample surface.
The analysed surface area was 3 mm?. The overall spectrum was measured for each
sample with a sampling step of 0.25 eV. The sampling step for the detailed spectrum in
a narrow range was 0.025 eV.

Data analysis
The spectra were analysed using the CasaXPS software and later presented using
OriginLab. The background was approximated using the Shirley algorithm, and the
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spectral lines were fitted using the Voigt function (a combination of Gaussian and
Lorentzian functions in a 70:30 ratio).

Results

In the overview spectrum of the WO3 NPs sample (Figure 18), tungsten, oxygen
and carbon predominate, accounting for 11.2%, 39.9%, and 44.1%, respectively. The
sample also contains sodium 2.8% and nitrogen 1.8%.
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Figure 18 The high-resolution X-ray photoelectron spectrum of the WO3 NPs.

On the tungsten core level line (Figure 19), a W 4f doublet is visible at an energy
of 36.1 eV (W 4f7/2) and 38.2 eV (W 4fs/,). The intensity ratio of the lines is 0.75, and the
spin-orbit splitting of the W 4f line is 2.1 eV, indicating that tungsten is in a 6* oxidation
state (Cai, Li, Yang, & Guo, 2015; Keereeta, Thongtem, & T., 2015). This indicates the
monoclinic structure of these WO3 NPs.
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Figure 19 The high-resolution X-ray photoelectron spectrum of W 4f core level of the WO3 NPs sample.

5.5 Dynamic Light Scattering — WO3 NPs characterisation

Dynamic Light Scattering (DLS) is based on light scattering and Brownian motion
principles. The concept was first proposed by British physicist Peter Debye in 1947, but
the first experiments validating its theoretical foundations were conducted in the 1960s
(Berne & Pecora, 200). DLS is widely used in various fields of science and industry,
including nanoparticle characterisation, protein aggregation studies, colloidal stability
analysis, and biomolecular interactions. It provides valuable insights into particle sizes,
size distributions, and molecular dynamics in solution (D., 2010; Lim, Yeap, Che, & Low,
2013). Together with XPS, the DLS method was used in presented studies to characterise
WOs3 NPs. The DLS experiments were carried out at the Jerzy Haber Institute of Catalysis
and Surface Chemistry Polish Academy of Sciences in Krakéw with the kind permission
and assistance of prof. P. Warszynski.

The applied analyser Zetasizer Nano ZS (Malvern Panalytical Instruments)
presented in Figure 20 can detect NPs sizes from 0.3 nm to 10 um. The instrument is
equipped with a 4 mW He-Ne laser. The laser wavelength is 633 nm, and the scattered
light is measured at a distance of 173 degrees
[https://apinstruments.pl/aparatura/malvern-panalytical/rodzina-zetasizer/zetasizer-
nano/].
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Figure 20 The Zetasizer Nano A analyser. The photo provided by
[https.//www.malvernpanalytical.com/en/support/product-support/zetasizer-range/zetasizer-nano-
range/zetasizer-nano-zsj.

Measurement protocol

WOs3 NPs were suspended in the HEPES | buffer (15 mM NaCl, 5 mM MgCl,, 20
mM HEPES) at the initial 2 mg/ml concentration. Before each experiment, they were
sonicated in a water bath for 20 min at 20°C. The DLS method checked their size
distribution in the aqueous environment. After sonication and shaking, the samples
were placed in a cuvette with an optical path length of 10 mm. The time of the

measurements ranged from 70 to 80 s for solutions with NPs concentration 2 1% and 0.2

:ln—gl, and from 150 to 170 s for solutions with NPs concentration 0.02 % and 0.002 :ln—gl.

Data analysis

The data were automatically analysed in the Zetasizer software provided by
Malvern Panalytical Instruments. The obtained parameters were the size of the
nanoparticles, the standard deviation of that size, and the contribution. The data were
later presented in OriginLab.

Results

The intensity distribution can be converted into a volume or particle number
distribution using the Mie scattering theory, refractive index and absorption. Due to the
nature of the sample (polydispersity, aggregation of nanoparticles), the contributions of
the fractions of NPs with different size are given by volume, instead of the intensity.

Figure 21 presents the example data obtained for NPs samples containing 0.002 % and

0.02 X2Wo03 NPs
ml
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Figure 21 An example DLS results for monoclinic WO3 NPs suspended in HEPES | observed after sonification; the upper
and lower graphs are for the concentration used: 0.02 and 0.002 :;—gl, respectively.

Example volume distributions for nanoparticles with concentrations
corresponding to the ratio 1 ug NPs/ug Chl and 0.1 pg NPs/ug Chl in the hybrid systems
are shown in the upper and lower graphs, respectively (Figure 21). The HEPES | buffer
gave no signal in DLS measurements. In the lower graph, the contribution of the NPs
with an average size of about 0.7 nm and 1.3 nm is about 35 % and 65 %, respectively.

The results of DLS measurements of sonicated NPs suspended in the HEPES |
buffer showed the presence of ultrafine WO3 NPs with sizes of 0.68+0.10 nm, 1.30+0.30
nm, and 1.78+0.31 nm. They accounted for 70 to 100% of the volume fraction in samples
containing the highest nanoparticle concentrations tested. The fractions of larger
nanoparticles and their sizes depended mainly on the time since sonication. However,
larger crystalline structures were also present in the samples. In the DLS measurements,
the larger nanoparticles observed had a size of about 809 nm or from about 130450 to
530+150 nm, having a large dispersion. Theoretical calculations show that in monoclinic
WOs crystals the W-0O bond distance is about 1.8 A, and the W-W distance between two
corner [WOg]-octahedra about 3.8 A (Juelsholt et al., 2021). Theoretical data usually
yield parameters slightly overestimated than the experimental data, which for W-O
distances vary between 1.72 and 2.15 A (Loopstra & Boldrini, 1966). The experimentally
determined size of WO3 elemental cell is about 7.3 A x 7.53 A x 7.68 A (Tanisaki, 1960).
Thus, the smallest WO3 nanostructures observed correspond to a cell containing eight
molecules of WOs. A similar result is obtained by assuming that the tungsten trioxide
nanoparticles are spherical with a diameter of about 0.7 nm (a volume of ~0.179 nm?3),
the average radius of a WOs particle is about 1.8 A (a volume of ~0.024 nm3) and the
distance of the W-O-W bond is about 3.6 A. Similarly, it can be estimated that the
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nanoparticles with diameters of about 1.3 nm (a volume of ~¥1.150 nm?3) and 1.78 nm (a
volume of ~2.953 nm3) contain about 48 and 123 WOjs particles, respectively. Note that
these numbers are of the same order as 43 and 53, which would result from a
dimensional analysis. WO3

NPs solutions, consist of small nanoparticles (~ 1-3 nm ); therefore, it can be
concluded that they both are able to penetrate inside the thylakoid membranes.

5.6 Absorption Spectroscopy

Absorption spectroscopy is a technique used to study the interaction of
electromagnetic radiation (typically in the ultraviolet (UV) or visible (Vis) regions) with
the matter. It involves measuring the amount of light absorbed by a sample as a function
of the wavelength or frequency of the incident light. The sample absorbs specific light
wavelengths, corresponding to the energy required to promote electrons from lower to
higher energy states. The absorption spectrum obtained provides information about the
electronic and molecular structure of the sample and its activity in charge separation
and recombination (Dittrich, 1988; Kozak & Niedzielski, 2011).

Experimental setup

The influence of NPs on the PSIl BBY was monitored by absorption measurements
using UV-VIS Spectrophotometer Varian Cary 50 Bio (USA) presented in Figure 22. A 1
cm path-length quartz cuvette was used.

Measurement
chamber

Figure 22 UV-VIS Spectrophotometer Varian Cary 50 Bio [https.//americanlaboratorytrading.com/lab-equipment-
products/varian-cary-50-bio-uv-visible-spectrophotometer-6069].
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Measurement protocol

PSII BBY untreated or treated with NPs, suspended in the HEPES | buffer (3 ml
volume), were incubated on ice for 7 minutes in the darkness. During this time, they
were shaken. They were then placed in the measuring chamber under dim light
conditions and incubated again for 10 minutes in the darkness before measurement.
The experiments were conducted in the wavelength range from 200 nm to 800 nm.

Data analysis

Collected absorption spectra were analysed using OriginLab. The HEPES | spectrum
was subtracted from the spectrum of the solution. Subsequently, the exponential part
was removed from the resulting plots.

Results

For the nanoparticle solutions, the wavelength value was then converted to energy
units. This operation allowed determining the energy gap values for WO3 NPs used in
the research. Figure 23 shows the relationship between (Ahv)? and hv of WO3 NPs at a
concentration of 0.1 ug NPs/ug Chl suspended in HEPES | buffer, pH 6.5. Parameter A is
the absorption intensity, h is Planck's constant, v is the photon frequency, and Egy is the
band gap. The optical absorption for the direct transition has the following form near

1
the band edge: Ahv = (hv - Eg) /Z(Butler, 1977). From this relation, the optical band
gap was determined. In our case, it is ~ 3.45 eV, which is larger than the bulk WOs.

i

Figure 23 Energy gap values defined for WO3 NPs.

The exemplary absorption spectrum for a photosynthetic sample is presented in
Figure 24. The results and discussion of the data can be found in Chapter 6, Results and
Discussion.
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Figure 24 An example absorption spectrum of PSIl BBY sample.

5.7 Fluorescence Spectroscopy

Fluorescence spectroscopy measures the emission of light from the sample after it
has absorbed light energy. It provides information about the wavelengths and intensity
of the emitted light. When a sample absorbs light at a specific wavelength, it can become
excited to higher energy states. As the excited state is typically unstable, the sample
relaxes back to its ground state by emitting light at longer wavelengths, usually in the
visible or near-infrared regions. This emitted light during the transition of an excited
molecule between the lowest level of the first excited singlet state (S1) and the ground
singlet state (So) is known as fluorescence. Fluorescence spectroscopy is widely used in
photosynthetic research to assess energy transfer dynamics and efficiency of energy

transition from light-harvesting complexes to reaction centres (Maxwell & Johnson,
2000).

Experimental setup
A fluorometer Cary Eclipse Fluorescence Spectrometer Agilent (USA) is shown in
Figure 25. For the measurements, a 1 cm path-length quartz cuvette was used.
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Measurement
chamber

Figure 25 Cary Eclipse Fluorescence Spectrometer Agilent (USA) [https.//www.agilent.com/en/product/molecular-
spectroscopy/fluorescence-spectroscopy/fluorescence-systems/cary-eclipse-fluorescence-spectrophotometer].

Measurement protocol

Untreated or NP-treated PSIl BBY samples, suspended in a 3 mL volume of HEPES |
buffer, were incubated for 7 min on ice in the dark with gentle shaking. Subsequently,
the samples were transferred to the measuring chamber under dim light conditions and
incubated for an additional 10 minutes in the darkness prior to the measurement.
Emission fluorescence experiments were conducted in the wavelength range from 600
nm to 850 nm, under excitation radiation varying from 375 nm to 495 nm in 5 nm
increments.

Data analysis

The fluorescence spectroscopy data were collected as 3D fluorescence maps
presented in Chapter 6, Results and Discussion. Collected absorption spectra were
analysed using OriginLab. An exemplary fluorescence spectrum for PSII BBY isolated
from spinach excited with the radiation of a 480 nm wavelength is shown in Figure 26.
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Figure 26 An example fluorescence spectrum of PSIl BBY isolakted from spinach.

The spectra for excitation radiation 440 and 480 nm were extracted for further
analysis to obtain information on the energy transfer from LHCII and the minor antenna
to PSII RC in the PSII BBY samples. Next, they were normalised to the value registered
for an emission wavelength of 720 nm. The difference spectra A = 480-440 nm were
prepared from such normalised spectra obtained for PSIl BBY control sample and the

colloidal systems PSII BBY- WOs NPs.

5.8 Pulse — Amplitude Modulated Fluorescence

In Pulse-Amplitude Modulated (PAM) fluorescence, a modulated light source
excites the photosynthetic pigments, typically chlorophylls. The modulation involves
periodic light pulses with varying intensities, typically in the form of rapid on-off cycles.
The fluorescence emitted by the sample is detected and analysed to derive several
parameters that reflect the photosynthetic performance. A characteristic rise in
chlorophyll fluorescence emission due to transitions from a dark-adapted state to an
illuminated state is a visualisation of the Kautsky effect (Kautsky & Hirsch, 1931).

Experimental setup
The double modulation fluorometer FL 3300 (Photon Systems Instruments, Czech

Republic) used in the experiments is presented in Figure 27. The fluorometer allows

recording the initial fluorescence signal with a 20 us time resolution.
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Figure 27 The measuring head of double modulation fluorometer FL 3300 with the scheme of light sources (Trtilek,
Kramer, Koblizek, & Nedbal, 1997).

The instrumentation applies continuous actinic light (time duration up to several
seconds, 2300 pEm2s?) having a wavelength maximum at 480 nm and measuring
orange flashes (Amax = 620 nm) of 2-5 ps length. It uses two light sources to separate
photosynthesis-driving reactions (actinic light) and fluorescence emission (low-power
light).

Measurement protocol

The fluorescence induction curves were observed in dark-adapted samples. PSII BBY
untreated and treated with various WO3 NPs concentrations were suspended in the
HEPES | buffer (7 ml volume) and incubated on ice for 7 minutes in the darkness. They
were then placed in the measuring chamber and incubated again for 10 minutes in the
dark before measurement.

Data analysis

The collected data were analysed using OriginLab. They are presented and discussed
in Chapter 6, Results and Discussion. An exemplary fluorescence induction curve of the
Kautsky effect is shown in Figure 28:
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Figure 28 The Kautsky curve of the PSIl BBY fluorescence. The plateau of fluorescence Fp value includes the initial
fluorescence Fy (related to the amount of ‘closed” RCs) and Fr — fast fluorescence variable. Fys stands for slow
fluorescence variable.

Photosynthetic activity spectra were evaluated with the theoretical fit described by
Equation 5:

t-tg

()= Yo+ Tl A (1—e b (5)

where yo stands for the value of the dark signal (equals 0 for normalised curves), n stands
for the minimal number of components necessary for fitting the data, A; is the
contribution of a component ‘', and t; is a time constant of a component ‘i’.

5.9 Fast Polarography (Joliot’s Type)

The three-electrode system developed by Pierre Joliot in the mid-20th century is a
modification of the traditional Clark electrode, explicitly used to measure
photosynthetic oxygen evolution in by oxygenic photosynthetic organisms under short
saturating flashes. The system consists of a platinum working electrode, an Ag/AgCl
reference electrode and a silver auxiliary electrode. By measuring the current generated
at the working electrode due to the oxygen evolution reaction, the rate of
photosynthetic oxygen production can be determined (P. Joliot et al., 1969).

Experimental setup
The scheme of the three-electrode system based on (G. H. Schmid & Thibault, 1979)
is presented in Figure 29. The disc-shaped Pt electrode placed in the centre is

71



surrounded by a concentric Ag/AgCl electrode. They are both set in an epoxy resin and
linked by an electrolyte solution (KCl). The potential of the working electrode is settled
at -680 mV. Thus, oxygen can be efficiently reduced, forming H,0,. The polarity changes
during measurements, and the voltage difference is proportional to the amount of
reduced O.

Figure 29 A scheme of the three-electrode setup: 1 —the Pt electrode, 2 — the Ag/AgCl electrode, 3 — the Ag electrode,
4 — electric connections, 5 — the KCl inlet, 6 — thermoregulation, 7 — the sample.

The applied flashes with an intensity of 1200 uEm-2s-1 and duration of ~3 pus at half
intensity were generated by a xenon lamp (X-strobe. Perkin Elmer, Salem, MA, USA).

Measurement protocol

The PSIl BBY membranes were suspended in the HEPES | buffer for all fast
polarography experiments. To test the NPs' influence on oxygen evolution, the specified
amounts of NPs were added to the suspension. In each case, the total volume of the
sample was 500 pl. After 7 min dark incubation on ice and sedimentation on a filter,
samples were transferred to the electrode in dim light conditions (the filter was centred
on two external electrodes) and incubated for another 10 min in darkness. The
measurement procedure (Figure 30) differs depending on the tested sample.
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Figure 30 The experimental protocol for oxygen evolution experiments. The time separation between the 15t and the
2nd or the 2" and the 3™ flash varied from 10 to 500 ms.

Two protocols were applied to measure oxygen evolution under 15 short saturating
flashes in PSII BBY isolated form tobacco (control samples and depleted of extrinsic
proteins) consisted of two parts:

(i) time between the first and the second flash was changed,

(ii) the time between the second and the third flash was was changed.

In both cases the time intervals varied from about 10 to 500 ms. The intervals
between the remaining flashes were constant, equal to 300 ms. In the standard
protocol (which is the reference protocol), the distance between flashes was
constant. It was 300 ms.

In the measurements studying the influence of NPs on oxygen evolution, only the
second protocol was applied.

Data analysis

As a result of a singular experiment, a plot of picks representing the amount of
evolved oxygen is obtained (Figure 31a). The data for the samples depleted of extrinsic
proteins were analysed using the 55-state model (Burda & Schmid, 1996) presented in
Chapter 3, Figure 11c, assuming the heterogeneity of oxygen evolution. The parameter
d was introduced, representing the fraction of the O; released through the fast
transition, whereas 1-d corresponds to the slower transition.
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Figure 31 a) The flash-induced O, yield oscillations in the control sample for the interval between the 2" and the 37
flash equal 300 ms. b) The exemplary normalised amplitudes of O2 evolution under the 3" flash for BBY PSII. The solid
line represents a theoretical fit using the biexponential function.

The intensities of peaks were evaluated for all sets of the collected data (for the
samples depleted of extrinsic proteins as well as for the samples treated with NPs). Then,
the amplitude of the oxygen evolution under the third flash was normalised to the sum
of all amplitudes for each run of the experiment. The exemplary normalised amplitudes
for the control sample are presented in Figure 31b. These data was fitted using Equation
6:

X—=X0

y(®) = EisgAi(1—e %) (6)

where n stands for the minimal number of components necessary for fitting the data, A;
is the contribution of a component ‘', and t; is the time constant of a component ‘i’. In
detecting a multiexponential behaviour of oxygen evolution under the third saturating
flash, we should be able to get the contribution of different pahses and characterizing
them time constants. This protocol allows to directly check the heterogeneous character
of the O3 yield suggested earlier in (Burda & Schmid, 1996).

5.10 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a powerful imaging technique used to
study the fine structure of materials at the nanometer to atomic scale. It is a type of
electron microscopy that involves the transmission of electrons through a thin sample
to create detailed images and gather information about the sample's internal structure.
For the last decades, TEM has been widely used in various scientific fields, such as
materials science, nanotechnology, biology, and metallurgy (M. Li et al., 2020). In the
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studies here performed TEM was applied to follow possible changes in thylakoid
membrane architecture due to action of WO3 NPs).

Experimental setup

The measurements were performed in Instituto de Nanociencia y Materiales de
Aragon, Zaragoza, Spain, using The FEl Tecnai T20 (ThermoFisher Scientific) with an
image resolution of 0.24 nm at 200 kV (Figure 32).

Field Emission Gun

Condenser aperture
and lenses

Cryo holder

Objective aperture
and lenses

Projective aperture
and lenses

Camera

Control panels

Figure 32 The body of Tecnai T20 TEM, the column, consists of a FEG (Field Emission Gun), apertures and lenses, a cryo
holder, a camera, and control panels.

The condenser lenses and apertures control the spot size and beam size. The
objective lens focuses the beam to transmit through the specimen, while the objective
aperture selects electrons near the optical axis, enhancing image contrast. Finally, the
projectors form the image’s ultimate magnification.

Measurement protocol

The native and NPs-treated thylakoid membranes enriched in PSII (PSIl BBY) were
initially fixed by immersing them in a solution of 4% glutaraldehyde in 0.2 M sodium
cacodylate for 2 hours at 4 °C. After fixation, the membranes were centrifuged at 180 G
for 10 minutes and then rinsed with 2 ml of a 2% glutaraldehyde solution in 0.1 M
sodium cacodylate buffer. Then, they were centrifuged and washed with 0.1 M sodium
cacodylate buffer three times.

The samples’ staining and inclusion in resin were performed in Centro de
Investigacion Principe Felipe, Valencia, Spain. The fixed membranes were stained using
Osmium Tetroxide 2% solution (EMS) and Uranyl Acetate 2% solution (EMS), embedded
in Epoxy resin and dried in the oven at 70°C for 48h. After drying, the samples were cut
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into ultrathin 60-80 nm sections and mounted on carbon-coated copper grids with a
mesh structure for microscopic analysis.

Before the measurement, the grid is fastened on the specimen holder, inserted into
the TEM column and pumped for several minutes to achieve a vacuum of ~10°® mbar in
the column and ~103 mbar in the camera. Setting microscope parameters includes, e.g.
adjusting magnification, spot size, aperture, centring the beam, and adjusting Z-height.
The images are recorded with a digital camera.

Data analysis

The recorded data were analysed using Imagel software. The images of thylakoid
membranes were evaluated in terms of their resistance to the isolation from the leaves
process and the study of the difference of their dimensions depending on the variable
concentration of nanoparticles introduced into the system. The results were presented
in OriginLab software.

5.11 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a powerful imaging and probing technique for
nanoscale characterisation and manipulation. It was invented in the 1980s and has since
become a widely used tool in nanotechnology, materials science, and biology to study
surfaces at the nanoscale level. The advantages of AFM include its high spatial resolution
(typically down to atomic scales), ability to work in various environments (air, liquid,
vacuum), and versatility in characterising materials, such as polymers, metals,
semiconductors, and biological samples [https://www.azonano.com/article.aspx?
ArticlelD=5182]. AFM was used to monitor the organisation of PSIl BBY untreated and
treated with different WO3 NPs concentrations.

Experimental setup
The topography of the samples was examined in a liquid cell with AFM 5500 (Agilent,
USA), presented in Figure 33.
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Figure 33 AFM 5500, Agilent, USA.

Silicon nitride probes with a soft triangular cantilever (Veeco, model MLCT, tip radius
nom.: 20 nm, tip radius max.: 60 nm) with a nominal spring constant value of 0.01 N/m
were used.

Measurement protocol

A glass slide used as a substrate was kept for 24 h in ethanol. Then, it was flushed
with distilled water and dried by evaporation in the air at 20°C. A sample drop was put
on the glass surface and kept for 12 h in the air at 20°C in the darkness. Then, it was
flushed with the HEPES | buffer and finally covered with it. All samples were prepared in
the same way. Images were collected in a contact mode at 20°C with a resolution of
515x512 points/line. The scan speed was 0.35 In/s.

Data analysis

The images of thylakoid membranes were evaluated regarding changes in their
organisation (under the influence of nanoparticles introduced into the system) using
Gwyddion software. The computational analysis of the recorded data (histogram
analysis applying the Gaussian function) was performed using MATLAB software. The
results were presented in OriginLab software.
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6. Results and discussion

6.1 The role of the extrinsic proteins on the heterogeneity of
oxygen release

In the standard procedure for the measurement of oxygen release under short,
saturating flashes using a fast three-electrode system, the time interval between the
flashes is 300 ms, which provides optimal experimental conditions. Experimental and
theoretical data of the flash-induced oxygen evolution in native and two or three
extrinsic-protein-depleted PSII BBY are shown in Figure 34.

In this study, no external acceptors were introduced. Therefore, the total
oscillatory oxygen release signal slightly decreases with an increasing number of flashes.
This is due to the partial depletion of a natural acceptor (plastoquinone PQ-9), which
reduces the number of active photosystems. In our case, this is determined by the C
parameter, which is 1 for a fully functional system with a sufficient abundance of the
acceptor, which means that the number of active centres is maintained (i.e., Z;LO Si =
1, where S; is a fraction of the OEC in a specific oxidized state i/, Markov chain). The
guenching of the total signal is stronger in PSIl BBY — 16,23 than in the control sample
because the elution of two external proteins reduced the available plastoquinone pool.
In contrast, elution of three external proteins (16 kDa, 23 kDa, and 33 kDa), when the
number of active centers is significantly reduced (maximum signal after the 3™ flash
does not exceed 20-30% of the control sample), the effect of signal quenching due to
PQ deficiency is much less pronounced (Table 7).

The failure rate a of the trapping centers (called misses) leads to a redistribution
of the §; states and, consequently, to a damping of the oscillations of the O, release.
During prolonged darkness, the OEC is mainly in the S; state. This is due to the oxidation
of the Sy state by an electron carrier, Tyr D (tyrosine Tyr160 of peptide D2, Figure 8)
(Bondar & Dau, 2012; Dismukes & Siderer, 1981; Mandal, Kawashima, Saito, & Ishikita,
2020; Sakashita, Watanabe, lkeda, Saito, et al., 2017; Styring & Rutherford, 1987). It has
been proposed that S; is stable in the dark because the oxidation of Mn3(lll) to Mn3(IV)
forces the deprotonation of a p-hydroxo group at the O4 position in the Mn4CaOs
cluster, and the proton is transferred along the 04 water channel (broad channel) up to
~13.5 A from 04 (Saito et al., 2015). So, the S; state does not return to the ground state
of Sp in the usual experimental time of a few minutes. Consequently, the occupancy of
the Sop state is much lower (usually < 25%). Therefore, the first maximum is observed
under the third flash. A small occupancy of the S, state may also be detected (a small O3
yield was observed under the second flash), but the higher states are unstable (Burda &
Schmid, 1996; Pokhrel, Service, Debus, & Brudvig, 2013; Yano & Yachandra, 2014). The
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original Kok model assumed equal misses for light-driven transitions S, < Sp+1 and
additionally doubled effective excitation in a fraction y of the centers, which are in the
So and S; states (called double hits and also equal). However, it has been shown that
when this homogeneous model is used, there are significant discrepancies between the
theoretical and experimental O; yield patterns (Thibault, 1978).
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Figure 34 Flash-induced oxygen yield pattern in intact PSIl BBY (a) and PSIl BBY depleted of the extrinsic proteins by
NaCl (b) and MgCl; (c) washing. Samples were suspended in the HEPES | buffer pH 6.5. Amplitudes are always
normalized to the amplitude of O,-evolution under the third flash.

Moreover, it has been demonstrated that the progressive damping of the
oscillations is mainly due to misses, and the heterogeneous model with different a;
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misses, omitting double hits, gives a better quantitative agreement with the
experimental data obtained for other systems (Burda & Schmid, 1996; Delrieu, 1974,
1983; Lavorel, 1976, 1978). Unequal misses for S, = Sp«1 transitions for n=0, 1, 2, 3, 4
were also experimentally proven by EPR measurements (G. Han, Mamedov, & Styring,
2012). Furthermore, it was found that extending the Kok model to a 55—state model by
explicitly including the S; state and introducing its longer-lived isomer resulted in an
excellent reproduction of the experimentally observed patterns of O; release (Burda &
Schmid, 1996). The distinction between the short-lived and the metastable S; state
allowed to estimate the contribution of PSIl involved in the fast and slow evolution of
the oxygen molecule; see the scheme in Figure 11c. The results of the theoretical
evaluation of the experimental data for the control sample, PSII BBY - 16,23 and PSII BBY
—16,23,33 kDa obtained using the 5S — state heterogeneous model are shown in Table
7.

Table 7 Transition parameters and the initial S-state distribution estimated according to the 55-
state model (Burda & Schmid, 1996) for the PSII BBY control sample and PSII BBY depleted of two
or three external proteins. Theoretical data are presented in Figure 34 (red-filled circles).

Parameters aop o ay a3 d So S1 S, S3 C
PSII BBY control 0.001 | 0.001 0.785 0.001 0.85 0.05 0.87 0.08 0.00 0.995
PSII BBY -16,23 0.55 0.28 0.78 0.12 0.30 0.04 0.88 0.08 0.00 0.967

PSII BBY -16,23, 33 0.51 0.27 0.79 0.16 0.02 0.282 | 0.530 | 0.130 | 0.058 | 0.990

The removal of the two outer 16 kDa and the 23 kDa proteins did not affect the
initial occupancy of the S; states in comparison to the control. In both samples, the S3
state occupancy was >86%, but a low S; state occupancy comparable to the Sp state was
also observed. However, in PSIl BBY — 16,23, a significant decrease in transition
efficiency between the S; states was observed. There was an increase in the parameter
a: (total miss: o = Zi3=0 a;) mainly due to an increase in ap and a1, while the parameter
a2 remained unchanged. The value of parameter a3 also increased, indicating that about
88% of the S3 states efficiently transitioned to S states. The probability of this transition
in the control sample was nearly 100%. At the same time, the contribution of the fast
mode to the O, yield decreased (parameter d decreased almost threefold compared to
the control sample). Removal of all three extracellular proteins did not affect the
transition probability between S; - Si:1 states compared to PSII BBY — 16,23. However,
the removal of the additional 33 kDa protein affected the initial distribution of S;states
and further reduced the d parameter to a value of about 0.02, indicating almost
complete inactivation of the fast O, release channel. It is noteworthy that in the case of
the control sample, the misses came exclusively from a2, which maintained its value in
samples lacking outer proteins of two or three, giving the highest contribution to a:. The
lowest efficiency of the transition S, = Sz is consistent with the unique character of this
transition, confirmed by various measurements sensitive to the reorganization and
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charge transfer changes during this step of the cyclic transformation of the OEC (Hussein
etal., 2021; Ibrahim et al., 2020; Suga et al., 2017; Suga et al., 2019). EXAFS experiments
implied significant structural changes during the S, to Ss transition, observing the Mn-
Mn and Mn-Ca distances (Liang et al., 2000; Pushkar, Ravari, Jensen, & M., 2019).

The structural changes observed around the Yp under illumination with two
flashes suggest a partial oxidation of the Yp, probably due to an inefficient electron
donation from the Mn4CaOs complex (Suga et al., 2017). The significant value of the miss
parameter a, may reflect this. In addition, FTIR measurements showed that the binding
of one of the substrate water molecules to the Mn4CaOs complex occurs during the S,
- S3 transition and the other during the S3 >( S4 )= So transition (Noguchi & Sugiura,
2002; Suzuki, Sugiura, & Noguchi, 2009). It has been suggested that releasing a proton
during the S; = Ss transition could be a rate-limiting step in this transition (Takemoto,
Sugiura, & Noguchi, 2019). The Mn4CaO:s cluster consists of five oxo-/ hydroxo-bridges
connecting Mn and Ca atoms and binds four water molecules. Two water molecules,
called W1 and W2, are ligated to Mn4, and two others, W3 and W4, to Ca (Figure 10a).
During the S, to S transition, additional bridging oxygen (06) ligated to Mn1 near O5
(probably a water molecule between Mn1 and Ca) was observed (lbrahim et al., 2020;
Kern et al., 2018; Suga et al., 2017; Suga et al., 2019).

The sixth oxygen bound to Mn1, presumably as an OH group, may originate from
substrate water directly bound to Mn1 earlier in the S; = S, transition (Pushkar et al.,
2019) or from a water molecule already present in the S; state, proposed to be a Ca (W3)
(C. J. Kim & Debus, 2017; P. E. M. Siegbahn, 2018; Ugur, Rutherford, & Kaila, 2016) or
Mn4 (W1) ligand (Askerka, Wang, Vinyard, Brudvig, & Batista, 2016; Capone, Bovi, Narzi,
& Guidoni, 2015; Narzi, Bovi, & Guidoni, 2014). In the latter case, when an additional
water molecule is bound to the Ca or Mn4 ion (which requires Mn4(1V) in the S, state)
during the S; = Ss transition, one of the internal water molecules (W1 or W3) moves to
a new position, i.e. 06 (Cox & Messinger, 2013; P. E. M. Siegbahn, 2013; J. Wang,
Askerka, Brudvig, & Batista, 2017).

Moreover, two redox isomers of the S, state with distinctive EPR signals were
detected (Casey & Sauer, 1984; Dismukes & Siderer, 1981; Hansson & Andréasson, 1982;
Zimmermann & Rutherford, 1984). It was shown that the S, state may exist in a low spin
(LS) state characterized by a multiline signal with g=2 and in a high spin (HS) state with
g = 4. These two states are isoenergetic and can be converted into each other. The
transition between open (denoted A, LS) and closed (denoted B, HS) Mn4CaOs structures
is associated with changes in the coupling between the Mn ions forming the manganese
cluster, resulting in an Mn1(llI)Mn4(1V) <> Mn1(IV)Mn4(lll) electron exchange and O5
ligand displacement (Pantazis, Ames, Cox, Lubitz, & Neese, 2012). Recently, even two
stable transient S; closed conformers were suggested (Miyagawa et al.). The
heterogeneity observed in S; may already be the result of two different intermediate
states S:Yz* (where Yz* is a tyrosyl radical) (Sioros, Koulougliotis, Karapanagos, &
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Petrouleas, 2007), for which two isomeric S; states can coexist as a consequence of a
quasi-reversible structure change induced by proton migration (Kusunoki, 2011). Two S
conformations resembling S, states have been proposed, closed and open (Narzi et al.,
2017). Due to the orientational Jahn-Teller isomerism, they could convert to each other
(open with LS =1 and closed with HS = 3), and this would determine which Mn(lll) (Mn1
or Mn4) would get oxidised (Campbell, Peloquin, Pham, Debus, & Britt, 1998; Dexheimer
& Klein, 1992; Drosou, Zahariou, & Pantazis, 2021; Yamauchi, Mino, Matsukawa,
Kawamori, & Ono, 1997). Two Sp isomers (Mn(lll, IV, Ill, 1ll) with relatively similar
energies analogous to the open and closed states of S, were also considered. This time,
a singly protonated O5 was assumed in both structures and assigned as a slow H,0O-
exchanging substrate (Hillier & Wydrzynski, 2004; Messinger, Badger, & Wydrzynski,
1995), but the open form of Sp was indicated as more preferred (Lohmiller et al., 2017).
In the subsequent steps of the cyclic water oxidation, the Ss3 state, activated by two
flashes, also shows isomerism. This is probably closely correlated with the two different
conformations of the S; state. In the S3 state, all manganates remain oxidized Mn(1V),
but depending on whether Mn4(IV) is five- or six-coordinated, the MnsCaOs complex
adopts different spin and conformational states, respectively, a low spin state (S=3) with
a stable closed cubane form and a high spin state (5=6) with a stable open cubane form
(Boussac, Rutherford, & Sugiura, 2015; Cox et al., 2014; Drosou et al., 2021; V. Krewald
et al.,, 2016). Thus, the Si, S, and S; states can all adopt two potentially stable
conformations, while it is proposed that the Sp state exists rather as an open cubane (V.
Krewald et al., 2015; Lohmiller et al., 2017), see also Figure 10b.

In order to unravel the mystery of the mechanism of O-O bond formation and
oxygen release, it seems crucial to know the last of the metastable states of the Kok
cycle, i.e., the Szstate. Therefore, knowing the individual stages of the S,-S; transition is
as important as understanding the possible intermediate Ss states during the flash that
triggers the Ss3-(S4)-So transition (Ananyev, Roy-Chowdhury, Gates, Fromme, &
Dismukes, 2019; Bhowmick et al., 2023; Greife et al., 2023; Kern et al., 2018; Lubitz et
al., 2023). It is now known that any electron uptake from Mn4CaOs is preceded by the
oxidation of Y; and its deprotonation (Ibrahim et al., 2020; Retegan, Cox, Lubitz, Neese,
& Pantazis, 2014) and that the accumulation of positive charges on the manganese
cluster during the transitions between S; - Si;1 states requires a prior proton release
(Haumann, Liebisch, et al., 2005; Klauss et al., 2012; Lavergne & Junge, 1993; Pushkar et
al., 2019; Rappaport & Lavergne, 1991; Saito et al., 2015; Suzuki et al., 2009; Yang et al.,
2021). The only exception is the transition from So -S1 when the transfer of electrons
to Yz* precedes the deprotonation(Klauss et al., 2012; Saito et al., 2015). There is
consensus that at the Sp = S;and S:=> S transitions, the oxidation is concentrated on
Mn (Haumann, Miiller, et al., 2005; luzzolino, Dittmer, Dérner, Meyer-Klaucke, & Dau,
1998), but there is no such consensus for the S, = Sz transition, where some groups
favor an interpretation of the data as Mn-centred oxidation (Cox et al., 2014; Dau,
luzzolino, & Dittmer, 2001; Dau, Liebisch, & Haumann, 2003; Schuth et al., 2018) and
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others as ligand-centered oxidation (Guiles et al., 1990; MacLachlan, Nugent, & Evans,
1994; Mandal, Kawashima, et al., 2020; Messinger et al., 2001; Roelofs et al., 1996).

There are several experimental approaches, combined with computational ones,
that attempt to explain how the different conformational forms of the S; states, in
particular S; and S3, can affect the mechanism of oxygen release and its efficiency. At
present, two pathways of O-O bond formation involving MnsCaOs are the most
commonly considered for reconstructing the Kok cycle. One of them assumes an oxo-
oxyl radical coupling mechanism, where the S; intermediate state may involve the
electrophilic Mn(V)-oxo or Mn(IV)-oxyl radical (Haumann, Liebisch, et al., 2005; X. Li &
Siegbahn, 2015; P. E. M. Siegbahn, 2009, 2017; Suga et al., 2017). The other one would
involve a mechanism of nucleophilic attack by water (Barber, 2017; Guo, Messinger,
Kloo, & Sun, 2022; Sproviero, Gascén, McEvoy, Brudvig, & Batista, 2008; Vinyard et al.,
2015). A completely different mechanism has been proposed for O-O bond formation
within the MnVII dioxo site on Mn4 (B. Zhang & Sun, 2018). Furthermore, different
scenarios for the pathway leading to the formation of the O-O bond have been
proposed, depending on the assumption of the conformation of the subsequent S; states
and the stage at which the second exchangeable substrate water is bound to the
MnsCaOs cluster. For example, one of the models considers additional H,O binding
during the S,->S3 transition and only open structures of S; states (Kern et al., 2018) while
the other assumes structural changes of the Mn4CaOs complex (open ¢ close) for S;
states, facilitating coordination of substrate water binding, proton release and oxygen
formation (Cox & Messinger, 2013; Guo et al., 2017; Lubitz et al., 2023; Suga et al., 2019;
B. Zhang & Sun, 2018). The high degree of conformational variability of the individual S;
states may suggest an adaptive ability of the Mn4CaOs complex to maintain an optimal
level of OEC activity under certain external conditions. However, it is currently
impossible to determine whether the heterogeneity in the structures of the S; states
discussed above might indicate different pathways for forming O-O bonds, or rather a
single pathway optimized during the cycle, leading to the release of O, (Chrysina et al.,
2019; Cox & Messinger, 2013; Cox, Pantazis, Neese, & Lubitz, 2013; Guo et al., 2017;
Isobe, Shoji, Suzuki, Shen, & Yamaguchi, 2021; V. Krewald et al., 2015; Lubitz et al., 2023;
Pushkar et al., 2019). In the latter case, the different conformations of the S; would be
transition states that occur in a single chain of events in the Kok cycle. For example, the
topology of a high-spin closed cubane in the S, state (formed, e.g., when H* is released
from the S,Y- state) was proposed to be essential for the transition to the HS S3 (closed
cubane) state, which changes to the low spin LS S3 (open cubane) state on the addition
of H,0 (Orio & Pantazis, 2021; Zahariou, loannidis, Sanakis, & Pantazis, 2021). It is often
suggested that the emergence of a high spin closed cubane topology in the S; state is of
mechanistic importance for the subsequent catalytic steps (Narzi et al., 2014; Retegan
et al., 2014). However, the specific steps leading to the formation of O-O and the release
of 02 may be much more complicated or different from those mentioned above. For
example, the observed HS S; may not result from conformational changes in the
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MnsCaOs complex but from the protonation of 04 in the open cubane form (Corry &
O’Malley, 2019). Proton isomerism of the S, state has been independently suggested in
(P. E. M. Siegbahn, 2018). Proton isomerism of high and low spin Sz states has also been
proposed (Isobe et al., 2021; Rogers et al., 2022).

Furthermore, the question arises as to the causal relationship between the
changes in the manganese complex itself and the protein network of its proximal and
distal environment. This point is crucial because of the need to synchronize the delivery
of water, the reception of protons, and the release of O, with the cycling of the Mn4CaOs
complex. Obtaining a complete picture of the process of OEC functioning is hampered
because of, among other things, the insufficient resolution of PSIl structures, the
blurriness of the images obtained from them, the difficulty of capturing the various
stages of the Kok cycle (mixing of Sj states), the influence of the measurement conditions
on the stability of the sample and the oxidation states of the manganese cluster or the
preparation method on the functioning of PSII, the degree of its hydration and simplified
theoretical models applied (Amin, Askerka, Batista, Brudvig, & Gunner, 2017; Guo et al.,
2017;Y. Liet al., 2020; Mandal, Saito, et al., 2020; Nass, 2019; Nass et al., 2015; Sirohiwal
& Pantazis, 2022; Suga et al., 2020; Tanaka, Fukushima, & Kamiya, 2017).

The coupling of PSIl conformational changes, which can lead to a reorganisation
of the immediate environment of the OEC, regulating substrate water access, proton
release, and ultimately dioxygen formation, and thus affecting its enzyme activity, has
been suggested many times, for example (Burda, 2007; Isobe et al., 2021; Linke & Ho,
2014; Suga et al., 2019). In addition to the protein network, the stability/variability of
the hydrogen bonds between the water molecules, as well as between the water
molecules and the amino acid residues, plays a vital role in this process [for review, see:
(Linke & Ho, 2014)]. The presence of more water molecules in the vicinity of the
manganese complex, which may be directly or indirectly involved in the oxygen
evolution process, was predicted by EPR, mass spectroscopy, or FTIR measurements,
among others (Burda, Bader, & Schmid, 2001; Hansson, Andréasson, & Vanngard, 1986;
Suzuki et al., 2009), and further confirmed by structural studies of the OEC (Ferreira et
al., 2004; Loll, Kern, Saenger, Zouni, & Biesiadka, 2005; Umena et al., 2011).

Due to the cyclic nature of the light-driving force-dependent operation of the
Mn4CaOs cluster and its location and protection by external proteins on the lumenal side
of the thylakoids, it has been suggested that the pathways for the entry and exit of
substrates (water molecules) and products (protons and Oz) may be essential for the
efficient functioning of PSII (Anderson, 2001; Anderson & Chow, 2002; Rutherford, 1989;
Wydrzynski, Hillier, & Messinger, 1996). To date, based on theoretical studies, three
water channels have been identified that have counterparts in cyanobacteria, algae, and
higher plants (Hussein et al., 2021; Sakashita, Watanabe, lkeda, Saito, et al., 2017). Two
of them, large and broad, are branched and, using the nomenclature based on the entry
point of each channel into the OEC region, are also known as the O1 and ClI1 channels,
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respectively. The third one is a single narrow channel, also known as the 04 channel. In
cyanobacteria, the O4 channel is formed by residues D1, D2, CP43, CP47, PsbO (a 33 kDa
external protein, MSP - manganese stabilizing protein), and PsbU (external protein
subunits). It connects 04 to the lumen with the participation of protonated D1-D61. But
on the other side of D1-D61, there is the Cl1 channel that is at the interface of D2 and
PsbO subunits (Ho & Styring, 2008; Umena et al., 2011; Vogt et al., 2015). The Cl1
channel with its branching arms is indicated as an H-channel rather than a water delivery
path (Bondar & Dau, 2012; Guskov et al., 2009; Ishikita et al., 2006; Vogt et al., 2015)
although the latter function cannot be ruled out either (Sakashita, Watanabe, Ikeda,
Saito, et al., 2017; Umena et al.,, 2011). The O1 water chain, a branched network, is
formed in cyanobacteria by the same protein subunits as the Cl1 channel, with one
difference: instead of PsbO, the PsbV subunit is involved. This channel is thought to
remove O, and/or deliver water to the OEC (A. G. Gabdulkhakov et al., 2015a, 2015b;
Ho & Styring, 2008; Vassiliev et al., 2013). On the other hand, the sometimes recognized
so-called back channel appears to be inaccessible to water but permeable to O, (Murray
& Barber, 2007; Vassiliev et al., 2012). However, even if it were accessible to H,0, it
would still be effective at O, removal (Ho & Styring, 2008). Among the many water
channels reported in cyanobacteria or algae, the organization of amino acids of the Cl1
(broad) channel starting at Mn4, W1, W2, and W3 is the most evolutionary conserved.
The recognized proton gate residues D1-E65/D2-E312/D1-R334/D1-335 associated with
the proton network rearrangement along this channel were found in all photosynthetic
species (Hussein et al., 2021). The 04 (narrow) channel is also very conservative at its
entrance to the manganese complex near 04 and W1, including D1-D61, but shows a
different orientation at its end near the surface. The O1 (large) channel, like the 04
channel, shows a high degree of conservatism in the vicinity of the Mn4CaOs complex,
reaching Ca, 01, and W4, but at the same time, has different orientations at the end of
the path close to the bulk, as well as different degrees of branching. For more details,
see: (Hussein et al., 2023; Hussein et al., 2021; Sakashita, Watanabe, lkeda, & Ishikita,
2017). In plants, however, fewer PSII subunits form the channels mentioned above. The
subunits D1, CP43, PsbP (23 kDa external protein), and PsbQ (16 kDa external protein)
are involved in forming the O1 water chain, D1, D2, CP43, CP47, and PsbP in forming the
04 water chain and only three subunits D1, D2 and PsbO (33 kDa external protein) in
forming the CI1 water chain (Hussein et al., 2023; Sakashita, Watanabe, lkeda, & Ishikita,
2017). The small radius of the ‘narrow channel’ (~1.4 A) in all species suggests that water
molecules are also arranged as a single chain in higher plants as well (Sakashita,
Watanabe, lkeda, & Ishikita, 2017). A rigid water chain with particularly strong hydrogen
bonds between the initial water molecules near the Mn4CaOs cluster and with its O4
atom indicates that the narrow channel can transport protons via the Grotthuss
mechanism since the activation energy of proton transfer is lowest when all water
molecules are strongly bound in the H-bond network (Saito et al., 2015; Stuchebrukhov,
2009; Takaoka et al., 2016). Proton release during the Sp - S: (Kern et al., 2018; Saito et

86



al., 2015; Shimizu, Sugiura, & Noguchi, 2018; Takaoka et al., 2016) and S, = S3 transition
via this channel was proposed (Suga et al., 2017). However, the involvement of the 04
channel in the removal of protons during the S> - Ss3 transition was considered rather
unlikely (Hussein et al., 2021; Kern et al., 2018), and the CI1 channel has been proposed
as a proton release pathway during this transition (Guerra, Siemers, Mielack, & Bondar,
2018; Kuroda et al., 2021; Okamoto, Shimada, Nagao, & Noguchi, 2021; Takemoto et al.,
2019), with the D1-E65 (branch CI1A) as the gate for proton transport to minimize the
back reaction (Bhowmick et al., 2023; Hussein et al., 2021), On the other hand, the 04
channel is suggested to be responsible for supplying water to the OEC during the S; -
So transition (Guo et al., 2017). By analogy with the binding of ammonia to Mn4CaOs,
water with similar structural and electrical properties was suggested to be supplied to
Mn4 also through the 04 channel during the S; = Ss transition (Askerka, Brudvig, &
Batista, 2017; Askerka et al., 2016; Vassiliev et al., 2012). Especially in spinach, it is
expected that the 04 channel is able to deliver water efficiently to the manganese
complex. This is because the entrance to the channel is wider due to the presence of Ala
in D1 at position 87 than in cyanobacteria, where Asn is found (Retegan & Pantazis,
2016, 2017). The competing hypothesis is that during the transition from S, to S3, a water
molecule is introduced into Mn4CaOs through the O1 channel on the Ca side (Askerka et
al., 2017; Bhowmick et al., 2023; Hussein et al., 2021; Ibrahim et al., 2020; Kern et al.,
2018; Ugur et al., 2016). This channel has been shown to exhibit the highest water
exchange rate (Hussein et al., 2021). It has also been proposed that in cyanobacteria,
the 01 channel may supply water, and both O1 and CI1 channels release protons in the
S>> Szand Sz = (S4) = Sotransitions. But during the So = Si transition, the 04 channel
has been suggested to be the proton exit pathway, which was found to be disconnected
in the S, state and restored only in the Sy state (Kern et al., 2018). Recently, a fascinating
observation has been made. Namely, glycerol (commonly used as a cryoprotectant and
stabiliser of isolated PSIl) incorporated into the O4 channel in cyanobacteria at a
distance > 10 A from the OEC affects the LS stabilization of the S; state of the MnsCaOs
complex, which adopts the ‘open’ conformation (Figure 10b) as a result of disruption of
the hydrogen bond network involving D1-D61 when it remains protonated. In the
absence of glycerol (D1-61 becomes deprotonated), both states of S, i.e. LS and HS
(open and closed conformations), are virtually isoenergetic (Flesher et al., 2022). An
analogous effect of regulation of the MnsCaOs complex by allosteric interactions may
also occur in higher plants, as may be indicated by the usual occurrence in their case of
both spin states of the S, state and the disappearance of the HS signal with an increase
in the concentration of glycerol (Zimmermann & Rutherford, 1986).

The search for water, proton, and O transport pathways has been and continues
to be carried out by in silico experiments with various computational methods - including
QM (quantum mechanics) / MM (molecular mechanics), MD (molecular dynamics), and
CE (continuum electrostatics) / MC (Monte Carlo studies) using available PSlI structures,
even PSlI thylakoid membrane model (Ogata et al., 2013). Various research groups have
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pointed out similar patterns of water channels in cyanobacteria, but their purpose
cannot always be clearly determined. Some counterparts have been found in higher
plants, but even minor differences from cyanobacteria may be relevant to their distinct
control of protons and O output during water oxidation or water delivery to the OEC.
Identifying these mechanisms is the greatest challenge. Learning about them is the key
to getting a complete picture of how the OEC and PSIl as a whole function. In general,
water diffusion tends to require water-filled channels. Each water channel can
potentially evacuate Oy, but its diffusion can also occur through hydrophobic pathways.
It has been suggested that lipid clusters within PSIl, due to their predominantly
hydrophobic nature, may serve as an oxygen drain and mediate efficient, PSlI-safe, and
rapid release of O, (A. Gabdulkhakov et al., 2009; Guskov et al., 2009). A highly
conserved small hydrophobic pathway in cyanobacteria and algae (prokaryotes and
eukaryotes) has been identified at the beginning of the O1 channel and has been
suggested to be responsible for facilitating O, release from the OEC (Caspy et al., 2021;
A. Gabdulkhakov et al., 2009). As can be seen, the factors regulating the process of water
evolution by PSIl are extremely complex. To understand them, it is necessary to consider
not only the conformation of the OEC and its immediate environment but, most likely,
the entire PSII, which is a dynamic system.

Based on the existing knowledge, we are able to identify the possible causes of
the changes in the a; parameters due to the extraction of the two outer proteins, PsbP
and PsbQ. As a first approximation, the removal of these two extracellular proteins
should primarily be attributed to proton channel dysfunction. This is based on the
assumption that the Sp = S1, S1 > S5, S2 = S3,and S3 = (S4) > So transitions primarily
require efficient proton extraction to minimize 'back reactions', mainly related to
electron flow. This will, of course, be accompanied by changes in the coupling efficiency
within the MnsCaOs complex, as well as changes in its interaction with the immediate
protein-water environment. They will certainly be reflected in the conformation and
stability of the subsequent states resulting from these transitions. Referring to the
proposed contribution of PsbP in stabilising O1B and O4 channel outlets and PsbQ in
stabilizing O1A channel outlet recognized in higher plants (Hussein et al., 2023;
Sakashita, Watanabe, Ikeda, & Ishikita, 2017), the observed increase in miss parameters
very well reflects the changes in the activity of these channels. Thus, the lack of
regulation of electron uptake at the output of the 04 water channel, which has been
shown to be the main, if not the only, electron transfer channel for the Sp = S: transition
(Kern et al., 2018; Mandal, Kawashima, et al., 2020; Saito et al., 2015; Shimizu et al.,
2018), translates into a high increase in ap. The dysfunction of both the 04 channel and
the two branches of the O1 channel leads to an increase in a; and asz but to a much
lesser extent. For S1 = S, and Sz - Sp transitions, a;, and asz are approximately 2 and
more than 4 times lower than ayo, respectively. This may indicate a smaller contribution
of the O4 channel to deprotonation processes during these transitions, especially at the
S3 > Sotransition, and a larger contribution of the other channels. It has been suggested
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that the O4 channel is opened only during the So— S:transition. It is also likely that the
smaller changes in O1 channel function induced by the deletion of PsbQ and PsbP
proteins are due to the specificity of this channel, which is wider than others, contains
highly mobile water molecules over almost its entire surface, and may function primarily
as a water channel (Hussein et al., 2021). Among the known channels, the CI1 channel
is the only one that is currently a candidate for these transitions. Since the extraction of
all three outer proteins, i.e. PsbQ, PsbP, and PasbO, did not further alter the parameters
ap, a1, and as, it can be expected that mainly the CI1A branch is responsible for the
reception of H+ during the S; - S, and Sz - Sop transitions. It is also the most
evolutionarily conserved water channel. It contains the very important conserved amino
acid sequences E65/E312/R334, which are indicated as gates regulating the release of
protons into the lumen (Service, Hillier, & Debus, 2010; Shimada, Sugiyama, Nagao, &
Noguchi, 2022) as well as the possible uptake of water (de Lichtenberg, Kim, Chernev,
Debus, & Messinger, 2021; Vassiliev et al., 2012). The ClI1 ion in this channel is also
conserved in higher plants (Haumann et al., 2006; Lindberg & Andréasson, 1996; Olesen
& Andréasson, 2003; Rivalta et al., 2011). Since no proton release to the bulk is observed
during the S; = S transition (Junge, Haumann, Ahlbrink, Mulkidjanian, & Clausen, 2002;
Yang et al.,, 2021) it is proposed that in this case, the proton is temporarily stored in the
form of hydronium in the hydrogen bond network in the vicinity of Ca (Polander & Barry,
2013; Tanaka et al., 2017) or in the Cl1 channel to which it can be transferred via D61
(Rivalta et al., 2011). For example, Asp 170 has been suggested to be involved (P. E. M.
Siegbahn, 2009) in this process, but other deprotonation pathways of MnsCaOs cannot
be excluded. Indeed, the formation of a cationic water cluster was observed, which
indicates transient storage of the proton in the S, state in the form of the nH20(H30)*
cluster, where n=5 (Barry et al., 2017). It should be noted here that the proton network
of the CI1 channel, which connects to the O4 channel in the vicinity of 04, extends
through a network of hydrogen bonds involving unbound and bound water molecules
on the Mn4CaOs cluster and neighboring amino acids up to TyrZ (Ho & Styring, 2008;
Kern et al., 2018; Umena et al., 2011). On the opposite side of the manganese complex,
close to Ca, water molecules can penetrate from the O1 channel (Kern et al., 2018). The
highest value of a, independent of the presence of external proteins, indicates the
special nature of the S, = S3 transition. As mentioned above, this transition requires
large rearrangements of the Mn4CaOs cluster associated with substrate water binding.
Water availability and binding it to a specific site for the required conformation of the
complex may be the main reason for the low efficiency of this transition (de Lichtenberg,
Kim, et al., 2021). The independence of the S; > Ss transition from the presence of PsbQ,
PsbP, and PsbO suggests that CI1A could act as a water transport channel during this
transition. This is consistent with previous predictions (Shimada et al., 2022). On the
other hand, if access to substrate water is not the bottleneck for this transition, then
perhaps the assumption of a mechanism ('carousel or 'pivot') suggesting that the 06
position is occupied by one of the internal waters already present in the manganese

89



cluster, which changes its position, is correct (Askerka et al., 2017; Bovi, Narzi, &
Guidoni, 2013; Ibrahim et al., 2020; Kawashima, Takaoka, Kimura, Saito, & Ishikita, 2018;
Lubitz et al., 2023; Retegan et al., 2016). Then, the high stabilization of the S, transient
state before the electron flow to Yz and/or the instability of the S3 state would explain
the low efficiency of this step of the Kok cycle. The much higher probability of the S; >
(S4) = So transition than in the previous step suggests that, in this case, the problem is
not water access but deprotonation and probably O-O bond formation, the initial stage
of which begins with the formation of the S3 state. This could mean that during the
formation of the So state, the water molecule is already attached in the immediate
vicinity of the MnsCaOs cluster.

The deletion of the PsbQ and PsbP proteins did not affect the initial distribution
of the §; states. However, the additional removal of the PsbO protein significantly
affected their distribution. On the one hand, it decreased the stability of the S; state in
the dark and, on the other hand, increased the stability of the S; and S; states. This
observation is consistent with the fact that PsbO is an already-known MSP protein. As
can be seen, it is responsible for stabilizing not only the Mn4CaOs complex but also the
cluster's environment, including TyrD. The effect of increased stability of the higher
states caused by the PSIl depletion of PsbO is well known (Bricker, Roose, Fagerlund,
Frankel, & Eaton-Rye, 2012; Popelkova & Yocum, 2011). We suspect that these changes
observed by us are related to increased uncontrolled access of water molecules to the
OEC.

The 55 — state model we have used has allowed us to investigate further the
influence of external proteins on the heterogeneity of the oxygen evolution process. The
decrease in the d parameter in samples without external proteins indicates a reduction
in the contribution of the fast oxygen release pathway. Extracting PsbQ and PsbP
reduced the contribution of the fast pathway to O; evolution almost threefold. In the
case of PSII lacking all three extracellular proteins, namely PsbQ, PsbP, and PsbO, the

evolution of O; occurred almost exclusively via the slow pathway (the metastable S4
state).

To verify the heterogeneity of the oxygen release process in a direct
measurement, we used a new protocol for measuring oxygen release using a fast
electrode type, as presented in this paper. Two protocol variations were used, see
Chapter 5.9, Figure 30. Figure 35 shows the dependence of the changes in the oxygen
evolution after the third flash as a function of the flash interval when Ati-2 (red symbols)
and when Atz (black symbols) were changed. Note that for a given sample, whether
the intervals between the first and second flashes or between the second and third
flashes were altered, the dependence of the changes in oxygen evolution after the third
flash on the flash interval is the same. This is in accordance with Kok's linear sequence
of transitions between the S; states. The experimental data were fitted using a dual
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relaxation function, defined as the sum of two exponential relaxations (solid lines in
Figure 35 a, b, and ¢):

t

t
Y3 = Apgse (1 — €xXp (_ )) + Agiow (1 — exp (_ Tszow)' (7)

Tfast

where Afast (Asiow) and Trast (Tsiow) are amplitudes and time constants characterizing the fast (slow)
O, release, respectively. For the data that were normalized to the amount of oxygen released
when the time interval between flashes was 300 ms, Ass:and Asow denote the contributions of
the individual phases. The parameters Agast, Asiow, Tfast, and Tsow Obtained from the data for control
PSII BBY and PSII depleted of two or three external proteins are listed in Table 8.

In the case of the control sample and PSIl BBY — 16,23, two components were
necessary to obtain a satisfactory fit to the experimental data, whereas in the case of
PSII BBY — 16,23,33, one component was sufficient. This is consistent with the
information obtained from the 5S — state model. The contribution of the fast amplitude
corresponds to the fast phase of O; release from the 55 — state model. It shows an
excellent agreement with the values and the direction of the change of the d parameter
obtained for the control sample and for the PSIl sample with eluted proteins. The time
constants of the fast and slow pathways of oxygen release in the samples studied were
also determined using this experimental approach. For the control sample, the time
constant of oxygen release in the slow (~44 ms) and fast (~4 ms) phases differs by an
order of magnitude. In the sample lacking the two extrinsic proteins, PsbQ and PsbP, the
difference is only about 3.5 times. This is because the fast phase is slowed down by
about 2 ms, while the slow phase is twice as fast. The elution of all three proteins
resulted in a further acceleration of the slow phase by a factor of about 1.7 (Table 8).
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Figure 35 The dependence of O; release under the third flash on the time interval between the first and second flashes
(red symbols) and the second and third flashes (black symbols) for control PSIl BBY (a), PSII-BBY — 16,23 (b) and PSlI-
BBY — 16,23,33 (c). Each experimental point is a mean of at least 3 independent measurements. Error bars represent
the root mean square error. The theoretical curve shows the fit obtained using a biexponential function (eq. 1).
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Table 8 Fitted parameters Asast, Asiow, Trast, aNd Tsiow related to the amplitudes and time constants
characterizing the fast and slow mode of O, release. The dashed lines represent the mean values
of the parameters obtained for the control samples.

Parameters Afast Tfast [MS] Asiow Tsiow [Ms]

PSII BBY control 0.73 £0.08 41+1.8 0.27 £0.08 442 +14.7
PSII BBY -16,23 0.26 £ 0.09 6.2+3.6 0.74 £ 0.06 22.2+44
PSII BBY -16,23,33 o | e 1.00 £ 0.03 13+2

Oxygen release times obtained using the fast polarographic method are typically
in the range of 0.8 ms to 4 ms, depending on the measurement technique and
conditions, type of the sample, and how the O, release times are determined (Bouges-
Bocquet, 1973; Canaani, Malkin, & Mauzerall, 1988; Etienne, 1968; Jursinic &
Dennenberg, 1090; Lavergne, 1989; Mauzerall, 1990; Tang, Moussavi, & Dismukes,
1991). The lower limit of oxygen release, determined experimentally from EPR oximetry
measurements and obtained by direct analysis of the signal after the third flash from
the fast electrode, is approximately 500 us (Schulder, Burda, Strzatka, Bader, & Schmid,
1992; Strzalka, Walczak, Sarna, & Swartz, 1990). This limitation is also due to the
electron transfer time between Qa and Qg, which depends on the Qg redox state and the
number of positive charges accumulated in the OEC (0.2 + 0.8 ms) (de Wijn & van
Gorkom, 2001; Vinyard et al., 2013), The transfer of an electron from Qa* to oxidized
PQ bound at the Qg site typically takes about 200-400 ps and to Qg® about 500-800 s
(Bowes, Crofts, & Arntzen, 1980; Robinson & Crofts, 1983; Weiss & Renger, 1984). If the
observed specific PQ diffusion pathway between the membrane and the Qg binding
pocket allows the generation of an internal pool of quinones (Krivanek, Kern, Zouni, Dau,
& Haumann, 2007; Loll et al., 2005) the acceptor side of PSIl would not be a bottleneck
in the kinetics of the oxygen release process. The approximately 10-fold slower time
constant of the O; signal observed here is comparable in magnitude to the oxygen
release times observed for thylakoids isolated from Synechocystis sp. PCC6803 mutants:
D1-V185N, D1-V185T, D1-D61N, and D1-61A, for which the time after which the oxygen
release signal reached a maximum was about 29 ms, 20 ms, 23 ms, and 33 ms,
respectively, at pH 6.5 (Bao & Burnap, 2015; Sugiura et al., 2018). It is important to note
that these times are about 20 to 30 times longer than those obtained for the wild form
of Synechocystis sp. PCC6803. The D1-D61 and D1-V185 mutants were selected because
molecular modelling confirmed the hypothesis that they could mediate the release of
protons from the OEC and the stabilisation of the water cluster adjacent to the O5 of
the Mn4CaOs complex, respectively (Ho & Styring, 2008; Ishikita et al., 2006; Sproviero
et al., 2008). This has also been confirmed by experiments (Debus, 2014; Dilbeck, Bao,
Neveu, & Burnap, 2013; Dilbeck et al.,, 2012; Hundelt, Hays, Debus, & Junge, 1998;
Sugiura et al., 2018). It has been suggested that the D1-V185 residue may be involved in
tuning the effective relaxation processes of H-bond networks and/or proteins in the
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vicinity of the OEC (Sugiura et al., 2018). The D1-V185 side chain is located about 3.7 A
from the Mn4sCaOs complex and faces the Cl1 channel, which interacts with TyrZ, D1-
Aspl170, D1-D61, D2-K317 and contains water clusters. The hydrogen bonding network
of these H,0 clusters probably facilitates low-energy hydrogen bonding between TyrZ
and D1-H190. Thus, it is expected that D1-V185 mutations may modify the
protonation/deprotonation processes of MnsCaOs and the efficiency of electron
transfer to TyrZ*. It has been shown that PSIl point mutations at two separate sites on
the D1 core protein, D1-D61A/N, and D1-V185N, but located close to the MnsCaOs
cluster and affecting OEC functioning differently, slowed oxygen release similarly. It has
been, therefore, suggested that in these mutants, the Mn4CaOs complex has adopted a
structural rearrangement and/or tautomerism that allows a similar mechanism of 0-O
bond formation and oxygen release (Bao & Burnap, 2015).

The following examples illustrate how difficult it is to pinpoint the leading cause
that determines whether PSIl will release oxygen at a fast or a slow rate, namely, by
studying a mutant of Synechocystis sp. PCC 6803, when valine was replaced by threonine
in the D1 subunit, D1-V185T, in one case, no effect of this mutation on the rate of O,
release (ti2 = 1.5 ms, similar to the control) was observed, except for a reduction in
oxygen production efficiency of about 40% (Dilbeck et al., 2013). An independent
experiment found a significant slowing of O release to t1/2 = 20 ms (Sugiura et al., 2018).
In the same work, it has also been shown that D1-V185 is involved in stabilizing the S;
state of the Mn4CaOs complex in the low spin state (LS, S =), whereas, in the D1-V185T
mutant, which released O3 slowly, the high spin S, state (HS, S = 5/2) was dominant.
Therefore, it seems that stabilizing the Mn4CaOs complex in different conformations of
the S, state open and closed (Figure 10b), characterised by different magnetic properties
LS and HS, respectively, is closely related to the fast and slow mechanism of oxygen
release. However, for the S, and S; states, there are potentially more possible
configurations if, in addition, differences in the hydration of the Mn1CaOs cluster are
taken into account (Shoji, Isobe, Miyagawa, & Yamaguchi, 2019; Yamaguchi et al., 2022).
In contrast to the V185T mutant (Sugiura et al., 2018), the MnsCaOs complex in the
V185N, D61A, and D61N mutants, for which slow O evolution was observed, gives rise
to a multiband S, state signal that is qualitatively similar to the S,-LS state favored in
wild-type cyanobacteria at pH ~6 (de Lichtenberg, Avramov, et al., 2021; Kaur et al.,
2019; Oyala, Stich, Debus, & Britt, 2015). Nevertheless, it is unlikely that differences in
the OEC due to the conformational heterogeneity of the S; and/or S; states themselves
can explain the observed biphasic oxygen release. The magnetic state of the MnsCaOs
complex in the S, state is apparently not unique for fast or slow oxygen release. Indeed,
the elucidation of the reasons for the divergent values of O3 release times in the D1-
V185T mutant obtained by the different groups significantly contributes to
understanding the mechanism regulating the rate of this process.
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Thus, based on the results obtained for the mutants mentioned above, it can be
concluded that disruption of the hydrogen bond network in the immediate vicinity of
the Mn4CaOs complex slows down the release of oxygen as a result of delayed proton
and/or electron transfer. In contrast, studies of Synechocystis sp. PCC 6803 mutants, D1-
N181A/S, have led to the conclusion that proton transfer is not impaired in their case
and that the significant slowdown in oxygen yield is due to delayed O-O bond formation
(Pokhrel, Debus, & Brudvig, 2015). Interestingly, the S, state was observed in both the
LS and HS states in these mutants. The authors suggested that the positions and
dynamics of critical water molecules required for efficient 0—O bond formation may be
perturbed in these mutants. Similarly, in the case of the D1-V185 and D1-D61 mutants,
it was suggested that the changes introduced could affect substrate water's movement
and possibly the cluster's associated isomerisation (Dilbeck et al., 2013; Dilbeck et al.,
2012). Mutations of hydrophobic D1-V185 and hydrophilic D1-N181 are located near
water molecules situated between TyrZ and D1-D61 and disrupt the extensive hydrogen
bonding network between water molecules in the CI1 water chain (Ishikita et al., 2006).
D1-N181 interacts with the chloride ion via hydrogen bonding and is one of the closest
residues for water W2 bound to Mn4 (Pokhrel et al., 2015; Umena et al., 2011). The
residue D1-D61 is directly hydrogen-bonded to the W1 ligand of Mn4 and is thought to
be involved in proton removal from the OEC to the lumen and/or water entry (Dilbeck
et al., 2012; Flesher et al., 2022; Ho & Styring, 2008; Vassiliev et al., 2013; Yang et al,,
2021).

Thus, it is clear that many factors can determine whether the release of oxygen
in PSII will be fast or slow. Identifying the sequence of events that make a system fast or
slow is currently very difficult, especially as it is so far not even certain when and how
the 0-0 bond is formed [for review, see: (Lubitz, Chrysina, & Cox, 2019; Lubitz et al.,
2023; Orio & Pantazis, 2021; Pantazis, 2019)]. Some believe that the formation of a bond
between two oxygen atoms is possible only after the accumulation of 4 positive charges,
i.e., during the transition of the manganese complex to the S; state (de Lichtenberg,
Avramoy, et al., 2021; Ibrahim et al., 2020; Kusunoki, 2007; Vinyard et al., 2015; B. Zhang
& Sun, 2018), while others think that it can already happen during the formation of the
S3 state, which, like the S, state, shows heterogeneity (Corry & O'Malley, 2018; Cox et
al., 2014; Klauss et al., 2012; Mandal, Saito, et al., 2020; Pantazis, 2019; Pérez-Navarro
et al., 2016; Pushkar et al., 2018; Renger, 2012; Shoji et al., 2015; P. E. M. Siegbahn,
2008, 2009, 2018; Suga et al.,, 2017). Examples of possible Mn4CaOs cluster
configurations that can coexist are shown in Figure 10. Each of the possible
configurations of the MnsCaOs complex at the various stages of its reorganization
associated with the accumulation of positive charge, the attachment of further water
molecules, and the release of protons is closely related to the valence changes of specific
Mn ions, and consequently to the magnetic properties of the entire manganese cluster
[for review see: (Pantazis, 2019)]. Due to the very short lifetime of the S, state, one can
only try to determine the organization of the OEC by modelling. This means that it is not
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possible to state unequivocally what the actual stage of O-O formation and O; release
is. How the reorganization of the Mn4CaOs cluster itself may occur during the Kok cycle
has been the subject of many hypotheses [for review, see: (Hatakeyama et al., 2016; V.
Krewald, Neese, & Pantazis, 2019; Retegan et al., 2016; Yamaguchi et al., 2022; Zahariou
et al.,, 2021; B. Zhang & Sun, 2018)]. Recent studies of the S3—>(S4)>So transition kinetics
using microsecond Fourier transform infrared (FTIR) spectroscopy (Greife et al., 2023)
and serial femtosecond X-ray crystallography snapshots (Bhowmick et al., 2023) have
allowed approximating the timescale of subsequent steps in the multistep O, formation
process. At least a two-step deprotonation of Mn4CaOs was observed in the stage before
Tyrz* reduction and after water binding refilling the vacant site created by O» release.
Both experiments showed that the appearance of the peroxide after about 1.2 - 2.5 ms
is the intermediate and slowest step before forming the O, molecule. Furthermore, in
both works, the D1-D61 pathway (Cl1 channel) was identified as responsible for the exit
of both protons from MnsCaOs and D65/D312 as a regulator of these deprotonations.
The mechanism of MnsCaOs cluster reorganization and substrate water binding
proposed by both groups is based on its open cubic structure. This structure is typically
observed in cyanobacteria. In higher plants, high-spin S, and S; states are detected,
which are often explained by the closed cubic structure of the MnsCaOs complex
(Zahariou et al., 2021). Consequently, there have also been theoretical proposals for a
different pathway leading to O-O bond formation and O; release than the one proposed
for example, in (Greife et al., 2023), involving Ca/Mn3/Mn4 u3-oxo (05) and Mn1(IV)-
oxyl (Ox), or in (Bhowmick et al., 2023), where different variants have been suggested,
not excluding the possibility of the involvement of the Mn(V) state in the final transition
step, i.e. in the S4 state, prior to water binding to the substrate. A 'nucleophilic oxy-oxo
coupling' mechanism between Mn4(V)=oxo and p3-oxo (O5) has been proposed for the
final S4 state in the case of the closed cubic structure of the Mn4sCaOs complex (Guo et
al., 2022). However, even here, a second pathway for the open cubic structure in the S4
state leading to an identifiable final Sp state has not been ruled out.

Each of the proposed scenarios for O-O bond formation and O; release requires
synchronized receipt of protons (H*) and Oz and the binding of water to restore the Sp
state.

Both the theoretical approach to analysing the oxygen release sequence under
the influence of short flashes, which takes into account the metastable state of S4, and
the experimental approach, based on a time-dependent measurement of the increase
in 02 release under the influence of the third flash, allow us to conclude that the
observed heterogeneity is due to the functioning of the OEC. The consistency of the
observed changes in the proportions of fast and slow O, release pathways for the
different samples, control, and PSIl with external proteins removed allows us to relate
the obtained times to the fast and slow release of the oxygen molecule and thus to the
kinetics of the processes occurring on the donor side of PSIl. The reduction of the fast
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phase in the PSIl — 23 kDa, 16 kDa water oxidation process indicates a destabilisation of
the proton network of water inside the O4 and O1 channels due to the destruction of
their outputs towards the lumen. This indicates not only an impairment of proton
transport through these channels but also a reduced control of water access to the
MnsCaOs complex. The impairment of the proton uptake through these channels is also
manifested by the hindered transitions between the Sp = S1, S1 = S2 and S3—> So. The
additional extraction of the 33 kDa protein had no further effect on the efficiency of the
transitions between the S; = Si:;1 states. Still, it did result in the disappearance of the fast
oxygen release phase. This means the transition between the Sz and Sp states in PSII - 33
kDa, 23 kDa, and 16 kDa occurs via the metastable S; state. In this case, the only
functional channel is ClI1A, as mentioned above, although some modifications of its
functionality cannot be excluded. The 33 kDa protein has a region containing a
hydrogen-bonding network near Cl-1 and a conserved residue R262 near the lumenal
side, which can interact with the MnsCaOs cluster through a D1-D6l-mediated
hydrogen-bonding network extending to the PSIl core proteins (Taguchi et al., 2020). So,
the organizational modification of D1 and D2 on the donor side of PSIl due to the
extraction of external proteins, particularly the 33 kDa protein, is possible in several
ways. The absence of this protein destabilizes the Mn4CaOs complex, affecting not only
the organization of its protein ligands but also the entire proton network, to which water
molecules and amino acids from the first and further coordination spheres contribute.
The critical role of the hydrogen bonding network on the lumenal side of PSII, not only
in the immediate vicinity of the OEC, was discussed in (Vogt et al., 2015). The observed
slowing of the fast phase in the sample lacking the 23 kDa and 16 kDa proteins compared
to the control is not surprising, as one would expect that a disruption of the coordinated
deprotonation with water binding would lead to a slowing of the O evolution. Disabling
some channels and undoubtedly reducing their efficiency in both transport and gating
contribute significantly to this effect. The structural change of the MnsCaOs complex
must also be considered. In contrast, the acceleration of oxygen release via the slow
pathway may seem surprising. However, assuming that water is mainly supplied to the
Mn4CaOs complex through the O1 channel, the lack of gating of the water flow as a
result of modification of the channel is the simplest explanation for the observed effect.
Such a mechanism to control water access to the O1 channel with D1-E329 has been
proposed for cyanobacteria (Vassiliev et al.,, 2013). The above hypothesis is highly
plausible if one assumes that water binding to the manganese complex is an equally
important mechanism regulating OEC function in addition to proton extraction. The
further significant acceleration of the oxygen release in PSII BBY — 16,23,33 - when open
access of the MnsCaOs complex to the aqueous environment is observed only supports
this thesis. In addition, open access to the aquatic environment suggested that the
aqueous network could provide an effective channel for the removal of oxygen
molecules. On the other hand, if the hydrophobic matrix is responsible for the removal
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of Oy, this would imply that the penetration of the oxygen molecule into the lipid layer
is enhanced.

However, a completely different scenario can be outlined to explain the
observed changes in the contribution and rate of these two O3 release pathways due to
depletion of external proteins. EPR measurements showed that both LS and HS S, states
exist in higher plants (Taguchi et al., 2020). This is attributed to the coexistence of two
different isomers of the MnsCaOs complex (see discussion above). The depletion of the
two outer proteins PsbQ and PsbP led to a significant decrease in the ratio of the HS
signal to the LS signal for the S, state. The depletion of all three outer proteins, i.e.,
including the PsbO protein, resulted in a complete loss of the HS signal for this state
(Taguchi et al., 2020). These results provide evidence for a regulatory role of the external
proteins in stabilizing the HS S, state. Thus, the fast transition pathway from Sz to So
could be associated with the HS-S, state and the slow pathway, which requires
consideration of the metastable S; state, with the LS S, state. We do not know how the
following stages of the Kok cycle proceed. However, this direct correlation of the two S
spin states with the respective fractions of the two oxygen release pathways suggests
that the bifurcation of the mechanism leading to O-O bond formation and O, release
occurs at an earlier stage, than the final transition Sz = So.

Thus, taking into account the experimental and theoretical evidence for the
existence of a relationship between the spin and protonation states of the S; states, it is
clear that the O, evolution process cannot be considered without taking into account
the interrelationships between the structural changes of the Mn4CaOs complex and the
functioning of the channels. The influence of external proteins on the stabilisation and
activity of the Mn4CaOs complex has been shown many times (Barry et al., 2017; Burnap,
Shen, Jursinic, Inoue, & Sherman, 1992; Campbell, Gregor, et al., 1998; Enami et al.,
2008; Ifuku & Noguchi, 2016; Nagao et al., 2015; Offenbacher, Polander, & Barry, 2013;
Tomita, Ifuku, Sato, & Noguchi, 2009), but never in the context of PSIl heterogeneity.
Finally, it should be borne in mind that the oxygen release process is part of the dynamic
protein-lipid-dye matrix, i.e. the PSIl system. In addition to the local dynamics of the
hydrogen network formed by amino acids and water near the OEC, the reorganization
capacity of the entire PSIl system, also near the acceptor side, is undoubtedly essential
for oxygen release efficiency. Changes in the acceptor side have been observed to
accompany structural changes in the donor side (lbrahim et al., 2020; Kern et al., 2018;
Suga et al., 2017). Considering the two-cycle acceptor side and the four-cycle donor side,
it can be assumed that the exchange rate of PQ from the external quinone pool would
be responsible for the heterogeneity of oxygen release. This aspect cannot be ignored.
However, in PSII samples depleted of PsbQ, PsbP, and PsbO, it would be rather difficult
to explain an acceleration of the slow path as a result of conformational changes of the
Qs binding site. Moreover, no further changes in transfer probabilities between §; states
were observed compared to the PsbQ and PsbP depleted sample. In this work, we did

98



not investigate the influence of Cl-ions on the heterogeneity of the O, evolution process.
However, it cannot be ruled out that the release of the CI ion could influence the
observed effects (Boussac, Setif, & Rutherford, 1992; Saito, Rutherford, & Ishikita, 2013;
van Vliet & Rutherford, 1996; Wincencjusz, van Gorkom, & Yocum, 1997). However, it
appears that these modifications would primarily affect the activity of the Cl1 channel,
i.e. its effectiveness in the uptake of protons from the MnsCaOs complex and the
delivery of water molecules to it.

The proposed method of measuring oxygen evolution time using fast
polarography has significant advantages over the common use of the shape of the
electrode response signal. As shown in (Schulder et al., 1992) the signal recorded on the
electrode is strongly dependent on the contact of the sample with the electrode or its
thickness, apart from the voltage applied to the electrode. However, the porosity of the
sample and/or its external potential, which can change due to sample modification, also
affect the signal's shape. This is demonstrated by the typical polarographic signals
shown in Figure 36, obtained for the control PSIl, PSIl BBY — 16,23, and PSII BBY —
16,23,33 under the same experimental conditions.
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Figure 36 The typical polarographic signals of oxygen evolution after the 3™ flash of light (the first maximum of oxygen
evolution) for the control PSIl BBY, PSIl BBY — 16,23, and PSIl BBY — 16,23,33.
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6.2 The action of WOz NPs on PSII BBY

6.2.1 WO3 NPs influence on PSIl organisation

Some data presented below have been already published in (Krysiak et al., 2023).
Figure 37 shows a SEM image of the mWOs3 NPs used in the experiments provided by M.
Gotic. Irregular NPs of about 100 nm in size predominate. The fine overlying structures
in the magnifications suggest that these NPs may be formed from small, superfine
nanoparticles. This was proved by the DLS results presented in Chapter 5.5.

A,

| 50 nm

Figure 37 a) TEM image of sonicated WO3 NPs. b) SEM image of the mWOQO3 NPs used in our experiments.

The small nanoparticles ranging in size ~1-3 nm can easily penetrate PSIl BBY
membranes. To see how different concentrations of WOs NPs can affect the
organization of PSIl BBY, AFM topography measurements were performed. Figure 383,
c show example AFM images of PSII BBY untreated and treated with WO3 NPs at a weight
ratio of 1 ug NP/ug Chl. Visible protrusions ~0.3 nm high (Figure 38b, d) are the external
proteins protecting OEC (see Figure 8) The heights of the protrusions and the heights of
the concavities they form, estimated from AFM measurements carried out in an
aqueous environment using the tapping mode, were about 2 nm and 1 nm, respectively
(Stoichev et al., 2015; Sznee et al., 2011), while Cryo-EM allowed setting the upper limit
of the protruding structure height at about 5 nm (Nield et al., 2000). The root mean
square (RMS) roughness obtained for the PSII BBY control and NPs-treated samples
(Table 9) show that the observed protrusions are similar in all cases, but their heights
are lower than those found in other experiments. This is due to the fact that the AFM
measurements were performed in a liquid environment in the contact mode and to the
tip used. Thus, they indicate the distribution of PSIl in the membranes studied. The
results of the analysis of the distribution of PSIl in the control sample and in samples
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containing strictly defined concentrations of NPs are shown in Figure 38e. Parameters
of the theoretical fits using modified Gaussian function are collected in Table 9. The
deviations from the Gaussian shape are modelled by making the standard deviation
linearly dependent on the argument: 0 = gy(1 + €(x — xy )). This is an effective

description that can be applied only in a specific range of x, i.e. when ¢ < g since o has

to be positive. This approach allowed us to simplify the description of the observed
asymmetry of PSIl separations.
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Figure 38 Example AFM image of PSll BBY untreated (a) and treated with mWQO3 NPs at a weight ratio of 1 ug NPs/ug

Chl (b). Cross sections through the protrusions marked on the topographies are shown below the images (profiles 1
and 2). c) Distribution of PSIl in the control sample of PSII BBY and samples containing indicated concentrations of NPs.
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The lines are theoretical fits using a modified Gaussian function (as described in the text). The fitted parameters are
summarized in Table 1. Measurements done in a contact mode using a liquid cell, in the Hepes | buffer.

Table 9 Parameters of the theoretical fits of the distribution of PSIl in the PSIl BBY (AFM
(e 2
experiments) using modified Gaussian function y=C*exp(%), where C is the

amplitude, x, is the abscissa of the maximum value, ¢ is the standard deviation linearly
dependent on the argument o = g5(1 + €(x — xy )). The last row contains the root mean
square (RMS) roughness obtained for the PSIl BBY control and NPs-treated samples

Concentration [ug NPs/pg Chl]
Parameters 0 0.0001 0.001 0.01 0.1 1
control

c 0.24 0.26 0.43 0.22 0.19 0.21

Xo [nm] 7.09 6.26 4.77 7.49 9.19 8.66

o [nm] 1.57 1.32 0.83 1.69 2.05 1.95

& [nm] 0.06 0.14 0.16 0.08 0.02 0.01
RMS [nm] 0.26 0.23 0.18 0.26 0.24 0.26

The estimated average PSll spacing was ~7.1 nm in the control sample and varied
with increasing concentrations of added WOs3 NPs. The smallest distance of ~4.8 nm was
observed for a sample containing 0.001 pug NPs/ug Chl. At higher concentrations of the
NPs tested, the average separation between PSIl complexes increased and was greater
than that found for the control sample. The largest distance between the PSIl complexes
was observed to be ~9.2 nm for a weight ratio of 0.1 pg NPs/ug Chl. The parameter &,
which is related to the asymmetry of the distribution, has the highest values for the two
lowest concentrations of NPs applied. It decreases as the concentration of nanoparticles
increases. For the two highest NPs concentrations used, the PSIl distance distributions
are close to a Gaussian function.

At the same time, it is noteworthy that even at the highest concentrations of WO3
NPs used, fragments of the PSll-enriched thylakoids do not disintegrate (Figure 39). Due
to the need for a contrast agent, it is not possible to indicate the fine WO3 NPs in
thylakoid membranes, but this was possible on the observed isolated structures of LHCII-
associated and LHCIl-free PSII complexes, C;S;M. (its size estimated on the high-
resolution cryo-EM map: 19.5 nm x 31.0 nm x 12.2 nm : width x length x height) (van
Bezouwen et al., 2017) and C; (about 10 nm x 19 nm x 11 nm: width x length x height)
(Boekema et al., 1995; Haniewicz et al., 2015; Nield & Barber, 2006; Umena et al., 2011),
respectively, see inset in Figure 39d.
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Figure 39 TEM images of BBY PSlI: (a) and (c) untreated; (b) and (d) treated with 1 ug NPs/ug Chl. In the inset of figure
(d), the structures of PSIl complexes with bound LHCII antennas (C,S.M,, surrounded by a dark blue frame, the right
image) and PSIl dimer (Cs, surrounded by a light blue frame, the left image) are shown. Some of the visible superfine
WO; NPs embedded in these structures are indicated by red arrows.

6.2.2 WOs3 NPs influence on PSII functioning

6.6.2.1 Energy utilisation and photosynthetic efficiency

6.6.2.1.1 Absorption and fluorescence measurements
Some data presented below have been already published in (Krysiak et al., 2023).

Absorption spectra of the control sample and PSIl BBY treated with different
concentrations of WOs NPs are shown in Figure 40. They show that the absorption is
enhanced for samples containing 0.01 and 0.1 ug NPs/ug Chl. All spectra show two
absorption bands for pigments present in both the PSIl and LHCII complexes. The first is
visible in the range from 300 nm to about 525 nm. It is characteristic of Chls a and b
(Soret B- bands) and carotenoids.(Lichtenthaler & Buschmann, 2001) The second band
for wavelengths > 560 nm comes from Chl b and Chl a (Q bands; Q, bands at A > 600
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nm): (i) Chl a and b from LHCII and the minor antenna with maxima at ~ 670-678 nm and
~ 640-654 nm, respectively, (ii) Chl a from the PSIl complex with maxima at ~ 668 nm
(accessory Chl a in the PSIl core) and between 668 and 700 nm (PSIl inner antenna: CP43
and CP47), and at ~ 654 nm (CP43), and (iii) a possible small contribution of Chl a from
the PSI complex (in our case it is a possible minor contaminant) at around 690 to 705
nm (Alfonso, Montoya, Cases, Rodriguez, & Picorel, 1994; Bassi, Riconi, & Giacome,
1990; Groot et al., 1999; Groot, Peterman, van Stokkum, Dekker, & van Grondelle, 1995;
Jennings, Zucchelli, & Garlaschi, 1990; Konermann & Holzwarth, 1996; Pan et al., 2017).
To estimate the position of the bands of different dyes, data obtained for low-
temperature spectra with higher resolution can be used because in the 650-690 nm
wavelength range, the bands with energies < ~14760 cm (A > ~677 nm) are blue-shifted,
and at energies >~ 14760 (A < ~677 nm) the higher energy components are red-shifted
by no more than ~1 nm. Only the half-widths AAY: of the individual bands increase with
increasing temperature from cryogenic to room temperature (up to 40%) (Konermann
& Holzwarth, 1996). We can directly compare the spectra because all samples contained
the same amount of Chl. From the differential spectra between NP-containing samples
and control shown in Figure 40Db, it can be seen that for the two lowest concentrations
of WOs3 NPs, the contribution of LHCII pigments (chlorophylls a and b and carotenoids)
in absorption spectra decreases (Bressan et al., 2016; Croce, Remelli, Varotto, Breton, &
Bassi, 1999). An increase in absorbance was observed for the 0.01 and 0.1 pug NPs/ug Chl
weight ratios. In the first case, the shape of the differential spectrum is characteristic of
PSII super-complexes with a few LHCII trimmers attached to them (Caffarri et al., 2009)
and probably LHCII, as indicated by the absorption maximum at ~523 nm (Ruban, Rees,
Pascal, & Horton, 1992), It seems that the higher concentration of WO3 NPs resulted in
an increased absorption only in the PSII RC since the peaks at 674 nm, 442 nm, and 419
nm were shifted to 677 nm, 438 nm, and 418 nm, respectively (Seibert, Picorel, Rubin,
& Connolly, 1988). In this case, however, the effect of the increased absorption is less
pronounced. For a sample containing 1 ug NPs/ug Chl, an inverse trend of the changes
in absorbance is observed when the absorbance decreases again in comparison to the
control. The shape of the differential spectrum indicates a decrease in the absorption
efficiency of the entire PSII-LHCII supercomplex.(Eshaghi, Andersson, & Barber, 1999).

104



()
S—
=

1.0 0.08 -
T 0.8/ 3 0.04
S 3 0.00
g 0.6+ control “5: ’
- — ) I
L =N
2 0.1 wﬁ -0.08 -
< _ 2 Q
0.2 < 012
<
0.0 1< . : : - \ -0.16 - ; ; ‘ ; ,
300 400 500 600 700 800 " 7300 400 500 600 700 800
Wavelenght [nm] Wavelength [nm]

Figure 40 a) Absorption spectra of the control sample and PSIl BBY treated with different concentrations of m-WO3
NPs indicated in the figure. The samples were suspended in the Hepes | buffer, pH 6.5. b) Differential absorption spectra
between samples containing different concentrations of NPs and the control sample.

Steady-state fluorescence measurements were performed to investigate the
influence of MWO3 NPs on the energy transfer efficiency of PSIl BBY. Figure 41a-f shows
an examples of excitation-emission spectra at room temperature. To obtain information
on the energy transfer from LHCIl and the minor antenna to PSIl RC, we subtracted the
fluorescence spectrum obtained by excitation at 440 nm (when equal excitation of Chl
a and Chl b is expected) from the fluorescence spectrum excited at a wavelength specific
for Chl b, i.e., 480 nm (E. Kim, Akimoto, Tokutsu, Yokono, & Minagawa, 2017; Mackinney,
1941). The emission spectra were previously normalized to a wavelength of 720 nm. At
this wavelength, the fluorescence of Chl a from PSI dominates. These differential spectra
for untreated and NP-treated PSIlI BBYs are shown in Figure 41g These data provide
information on light harvesting and energy transfer from the outer to the inner antenna
and PSII core chlorophylls. The differential spectra obtained for the control and NP-
containing samples are clearly different and depend on the concentration of WO3 NPs.
In the control sample, there are some characteristic bands with maxima at about 657.5
nm, 662.5 nm, 677 nm, 684 nm, 690 nm, 700 nm, and 715 nm are visible (black line in
Figure 41g). The two bands at the shortest wavelength are most likely related to Chls b,
which could be observed in quenched PSII complexes, aggregated LHCII, and when Chls
b are uncoupled in the light-harvesting antenna (Horton et al., 1991; Santabarbara,
Neverov, Garlaschi, Zucchelli, & Jennings, 2001). Bands with maximum emission at
about 677-680 nm are from Chl a, mainly from monomeric/isolated LHCIl trimmers
(Standfuss & Kihlbrandt, 2004), while at 700-715 nm from LHCII aggregates (Horton et
al.,, 1991; Yamamoto et al., 2014). In the wavelength range of 680-700 nm, Chls a of the
inner antenna emit radiation, but CP47 has a larger contribution in the emission at A >
690 nm, while CP43 has its maximum at ~ 683-685 nm (Alfonso et al., 1994;
Andrizhiyevskaya et al., 2005; Andrizhiyevskaya, Frolov, van Grondelle, & Dekker, 2004;
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Dang et al., 2008; Shibata, Nishi, Kawakami, Shen, & Renger, 2013). A fluorescence
maximum that is usually observed at 693-695 nm is related to the fluorescence of the
lowest excited state of CP47, most likely Chl 612 (Hall, Renger, Miih, Picorel, & Krausz,
2016). Core chlorophylls are expected to show fluorescence between 682-687 nm (Chen
et al., 2015). Therefore, it is likely that the emission of Chls coupled to the PSIl core and
CP43 contributes to the band with a maximum at 684 nm, while the band with a
maximum at 690 nm is dominated by the emission from the CP47 antenna. Therefore,
it can be concluded that the LHCII is effectively transferring energy to the PSII reaction
center and that there is good connectivity between the internal and external antennas,
as well as with the PSIlI core. It turned out that even the lowest concentration of 0.0001
pug NPs/ug Chl (red line in Figure 41g) caused a disruption of the energy transfer from
LHCII to CP47 and from the PSII core to CP47 (which occurs when the reaction centres
are closed), since the fluorescence at 684 nm decreased and, decreased in the whole
range from 686 nm to 700 nm. In addition, there are two minima at these wavelengths,
at 690 nm and 697 nm, characteristic of CP47. On the other hand, there are two strong
bands with maxima at about 677 nm and 704 nm, which may indicate the
monomerization and aggregation of the LHCII trimmers. A ten-fold higher concentration
of NPs leads to an attenuation of the fluorescence over almost the whole range (green
line in Figure 41g), indicating a disturbance of the energy transfer between LHCII and
the two internal antennas, CP43 and CP47, in some PSIl supercomplexes. For the
concentration of 0.01 ug NPs/ug Chl (dark blue line in Figure 41g), we observed the
occurrence of positive bands at 680 nm and 686 nm, which can be attributed to LHCII
and PSII core/ CP43, respectively, as well as a band at 708 nm which indicates antennas
aggregation. The broad band at around 665-670 nm may come from decoupled Chls
and/or aggregated Chls b as well as from minor complex antennas. This differential
spectrum indicates an increase in absorption by LHCIl and their partial aggregation, but
also an effective transfer of energy to the PSII core, probably with the participation of
CP43. However, the energy transfer from Chls, coupled to the PSIl core, to CP43 is
significantly reduced in comparison to the control sample. The differential fluorescence
spectrum of the sample treated with a concentration of 0.1 ug NPs/ug Chl (light blue
line in Figure 41g) showed positive maxima at about 682 nm and 689 nm, indicating
effective energy transfer from LHCII to both internal antennas, i.e. CP43 and CP47,
respectively, and their good connectivity to PSIl core Chls. The bands with maxima at
about 660.6 nm and 674.4 nm are most likely derived from decoupled Chl b and Chl a
within the LHCII. The two small bands at about 705 nm and 715 nm are associated with
LHCII aggregates. The highest concentration applied (magenta line in Figure 41g) results
in an increased fluorescence at about 680.5 nm, 688 nm, and 697 nm. The first band is
from monomeric LCHII, while the other two are from CP47. The band at about 712 nm
is probably related to some LHCIl aggregates. The maximum band at 672 nm comes from
decoupled Chls a, and these two bands at 651.5 nm and 660.5 nm are from decoupled
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Chls b. The data indicates that the transfer of energy from the LHCIl to the CP43 is
disrupted but that the LHCII is able to transfer energy to the CP47.
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Figure 41 Room temperature excitation-emission spectra for a control sample of PSIl BBY and treated with different
concentrations of m-WQOs NPs as indicated in the figures (a-f). g) Differential fluorescence emission spectra at 440 nm
excitation (when equal excitation of Chl a and Chl b is expected) and at 480 nm (Chl b excitation) obtained for the

control and PSII BBY treated with different concentrations of NPs. The samples were suspended in the Hepes | buffer,
pH 6.5.
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6.6.2.1.1 Variable fluorescence measurements (PAM fluorescence)
Variable changes in Chla a fluorescence measured in dark-adapted samples under

continuous illumination, the so-called Kautsky effect, provide information about the
photochemical quantum yield of PSIl photochemistry and the activity of electron
transfer within this reaction center (Figure 42) (Kautsky & Hirsch, 1931; Stirbet &
Govindjee, 2011). In particular, we performed experiments in a time range not
exceeding a few seconds to focus on the photosynthetic activity of water-plastoquinone
oxidoreductase, i.e. the light-driven reaction localized within PSIl RC depended on the
state of its donor and acceptor side (see Figure 8), as our systems are enriched in PSII.
Fluorescence is highest when the plastoquinone (PQ) bound to the Qa site (later named
plastoquinone Qa) is in the reduced state. This is because Qa in the oxidized state is a
known, highly efficient fluorescence quencher (van Gorkom, Pulles, & Etienne, 1978).
PQ at the Qa site can only accept one electron. The non-photochemical quenching in our
samples may be due to the oxidized PQ pool (unbound external quinones) (Vernotte,
Etienne, & Briantais, 1979). In the dark-adapted samples, all quinone acceptors should
be in the oxidized state, and these RCs are called ‘open’. The small fraction of
fluorescence that occurs immediately after exposure to light results from the light-
driven accumulation of Qa* " in PSIl RCs due to charge separation that occurs in less than
300 ps after P680 excitation (Dau & Sauer, 1996; Grabolle & Dau, 2005). Reaction
centers capable of further electron transfer beyond Qa, having oxidized PQ at the Qg
site, contribute to this fastest phase. This phase saturates at the electron transfer rate
from Qa* to Qg (Qa*Qs - QaQs" ). They are referred to as active ‘open’ PSlls and
contribute to the fastest phase of the induction fluorescence curve, which is known as
Fo (Figure 42a). However, among PSII systems, one should also expect RCs with a single
reduced PQ at the Qg site (Qg° ) and an empty secondary quinone acceptor site or one
occupied by Qg? (the plastoquinone bound at the Qg site can accept 2 electrons). Under
prolonged illumination with saturating light, all Qas are reduced within seconds since all
quinone acceptors are reduced in PSII BBY, and such PSII RCs are called ‘closed’ active
centres. The fluorescence intensity reaches its maximum, Fu. The difference Fy—Fo=Fy
is called variable fluorescence and is related to the maximum quantum vyield of primary
PSII photochemistry (Genty, Briantais, & Baker, 1989). Our typical Kautsky curve (already
normalized to Fu) is shown in Figure 28, and one can see a characteristic plateau to
which Fp and fast variable fluorescence (Fs) contribute, Fp = Fo+ Fp. Thus, when the
Kautsky curve reaches its first plateau (at time < 1 ms), F, is a measure of the
fluorescence value. A slow variable fluorescence (Fsy) can be evaluated as indicated in
the graph. However, in order to get a quantitative and qualitative insight into the
process of Qa formation and its oxidation processes, we have fitted the experimental
data with the following multi-exponential function:

y(t) = ywiﬁ{l—eXp(—t;t(’)j, ®)
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where n is the minimum number of components required to obtain a reasonable fit, A;
is the contribution of each component, and t; is a characteristic time constant, yo is the
background of the signal before illumination (y0=0 for normalized curves). In the end,
we needed 4 components to get a reasonable fit to the experimental data. A; and A;
correspond to the Fo and Fs phases, respectively. A3 and Az contribute to the slow
variable fluorescence phase (a second plateau at time < ~5 s but > 1ms), and we will now
call them Fs1 and Fsy2, respectively, so that Fs = Fsv1+Fs2. The fluorescence induction
curves were normalized to the Fy value before fitting, so the parameters Fo, F, Fsv1, and
Fsv2 represent the contribution of the subsequent phases to the observed Kautsky effect.
They are defined by the fluorescence growth times ti=to, to=tf, t3=t svz, and ts=t 52,
respectively. The fitted parameters Fo, Fs, Fsv1, and Fs,2 are shown in Figure 42a, and the
time constants tj, tsvz, and ts,2 are shown in Figure 42b.
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Figure 42 Fitted parameters Fo, F, Fsi1, and Fsz characterizing fast and slow phase contributions as a function of NPs
concentrations. d) Time constants ts ts,1 and t. describe each phase’s kinetics versus NPs concentration. To get a
good fit, a multi-exponential function assuming four components was sufficient. The dashed lines represent the mean
values of the parameters obtained for the control samples. The values shown are the mean values of at least four
independent measurements for the control samples and the samples containing different concentrations of NPs.
The mean values of to, ts, tsvz, and ts2 obtained for the control samples are 478 +
36 us, 1.39+0.12 ms, 127 + 4 ms, and 381 + 15 ms, respectively. These values indicate
that the subsequent phases are undoubtedly due to oxidation of Qa*" by: (i) oxidized PQ
bound in the Qg site (Qa"Qs > QaQs") in the case of the fastest phase, (ii) already
reduced PQ*" bound in the Qg site (Qa" Qs —> QaQs*) for the phase characterized by the
time constant of ~1 ms, (iii) PQ, which must first bind to the empty Qg site (Qa"@ > Qa*™
Qs =~ QaQs") for the third phase saturating in ~100 ms and (iv) PQ, which must replace

QgH2 temporarily blocking the Qg site (Qa*"QsH2 = QA" @ > Qa* Qs > QaQs") in the case
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of the slowest phase observed by us (de Wijn & van Gorkom, 2001). Slower values of
the ts: and ts2 constants in our experiments are due to the limited external
plastoquinone pool available in PSII BBY.

The values of the parameters describing the fluorescence induction curves (Figure
42) show oscillations as a function of the applied concentration of WOs NPs. The
contributions of Fp and Fs show opposite changes in monotonicity with increasing NPs’
concentration. Similar complementary behaviour is observed for changes in the
contributions of Fs: and Fs2. Interestingly, analogous oscillatory changes in Fp and Fiys
are observed in the NPs’ concentration range 0.001 pg NPs/ug < cnps < 0.3 pg NPs/ug
Chl. Consequently, the same effect is also observed for the oscillations of Fs and Fsy2 in
this concentration range. The time constants also show oscillatory changes with
increasing NPs concentration and, in certain concentration ranges, are significant in
relation to the values obtained for the control samples. Furthermore, changes in the
values of ts, ts1, and ts2 in the concentration range from 0.001 to 0.2 ug NPs/ug Chl
show opposite monotonicity to the changes in the contributions of the phases
characterized by these time constants, i.e. Fs, Fsv1, and Fsy2, respectively. This means that
the growth of a given phase is accompanied by an increase in the flow rate of electrons.
For cnes 2 0.3 pug NPs/ug, the time constants of the slow phases increase with increasing
NPs concentration. The time constant tp showed no significant changes within the error
limits. Its average value for the whole range of NPs concentrations is about 514 + 24 ps.

6.6.2.1 Oxygen evolution

The influence of WOz NPs on the donor side of PSII, particularly the OEC action,
was monitored by direct measurement of oxygen evolution under short saturating
flashes using a fast three-electrode system. The polarographic method was developed
by Joliot et al.(P. Joliot et al., 1969), who observed that oxygen production in dark-
adapted PSII systems exhibits damped oscillations with a periodicity of four. Kok et al
(Kok et al., 1970). proposed a linear 4-step model that allowed coupling the four-
electron oxidation of water to the single-electron turnover of the PSII reaction center
components under a photon absorption by the RC chlorophylls. This model assumes the
successive accumulation of four positive charges through OEC transient states called S;
states (i=0, 1, 2, 3, 4 and indicates the number of positive charges stored in the OEC on
the MnsCaOs complex). When sufficient oxidizing power is accumulated, water
molecules are split, an O = O bond is formed, and O is released. The failure rate a of the
trapping centers (called misses) leads to a redistribution of the S; states and,
consequently, to a damping of the oscillations of the O; release. In prolonged darkness,
the OEC is mainly in the S; state (usually ~75%) due to the oxidation of the Sy state by
an electron carrier Tyr D (tyrosine of peptide D2, Figure 8) (Vermaas et al., 1984;
Zimmermann & Rutherford, 1985). So the Sy state remains occupied at about 25%.
Therefore, the first maximum is observed under the third flash. A small occupancy of
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the S, state is also detected (a small O3 yield is observed under the second flash), but
the higher states are unstable (Burda & Schmid, 1996). The original Kok model assumed
equal misses for light-driven transitions S, - Sp+: and additionally doubled effective
excitation in a fraction y of the centers, which are in the Sp and S; states (called double
hits and also equal). However, it has been shown that when this homogeneous model is
used, there are significant discrepancies between the theoretical and experimental O3
yield patterns (Thibault, 1978). Moreover, it has been shown that the progressive
damping of the oscillations is mainly due to misses, and the heterogeneous model with
different a; misses, omitting double hits, gives a better quantitative agreement with the
experimental data obtained for different systems (Burda & Schmid, 1996; Delrieu, 1974,
1983; Lavorel, 1976, 1978). Additionally, it was found that the extension of the 4S-state
Kok model to the 5S-state model, when the S4 state is introduced explicitly and its longer
living isomer is taken into account, results in a much better fit between the theoretical
and experimental data (Burda & Schmid, 1996). The distinction between the short-lived
and the metastable S; state allowed us to estimate the contribution of the PSII CR
involved in the fast (d) and slow (1-d) evolution of the oxygen molecule. The share of
the fast and slow phases in the O; yield depends on the species, cultivation, and
experimental conditions. The contribution of the fast and slow phases to O, evolution
depends on the species, cultivation, and experimental conditions (Burda, He, Bader, &
Schmid, 1996; Burda & Schmid, 2001).

The experimental data were evaluated using a double relaxation function given by
Equation 6 in Chapter 5. Asast (Asiow) and Trast (Tsiow) are amplitudes and time constants
characterizing the fast (slow) O release, respectively. For data normalized to the
amount of oxygen released, when the time interval between flashes was 300 ms, Afast
and Asiow denote the contributions of each phase. Their dependence on the increasing
concentration of NPs WOs3 in the samples is shown in Figure 43a. The time constants are
shown in Figure 43b.
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Figure 43 a) and b) Fitted parameters Agst (Asiow) and Trast (Tsiow) related to the amplitudes and time constants
characterizing the fast (slow) O; release, respectively, versus NPs concentration. The dashed lines represent the mean
values of the parameters obtained for the control samples

The values of the contributions and time constants oscillate in the range of the
applied NPs’ concentrations. At dilutions of NPs < 0.0005 pug NPs/ug Chl, Afss: varies
within ~ 38+76% and is higher than in the control sample (black dashed line in Figure
43), while Agow varies within ~ 24+62% and is lower than in the control sample (red
dashed line in Figure 43). The values of Tss: and Tsiow are equal to or higher than those
obtained for the control sample. The time constants tfst = 564 ps and Tsiow = 23 ms, so

the ratio r = :Slﬂ = 41. This ratio even increases to 150-200, resulting from the
fast

reduction of tss: by a factor of 1.3-2.8 with a simultaneous increase of 50w by a factor
of 2.8-1.9. So high values of the r parameter are observed for the NPs dilutions: 0.005,
0.1, and 1 pg NPs/ug Chl. Low values of the r parameter in the range of 5 to 8 (i.e. about
8 to 5 times lower than in the case of the control) were observed for NPs dilutions:
0.0005, 0.02, 0.01, 0.5, and 0.7 ug NPs/ug Chl. This effect is associated with an increase
in Trest by order of magnitude and no change in tsow oOr its increase by a factor not
exceeding 2.0 + 0.3. It is worth noting that monotonic changes in the fast phase
contribution Ass: correlate with changes in the fast time constant in the following NPs
concentration ranges: 0.0001 + 0.005 pg NPs/ug Chl, 0.03 + 0.23 ug NPs/ug Chl and 0.5
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+ 1 pug NPs/ug Chl. However, taking into account the amount of oxygen released by the
fast pathway, correlations between Afst and trs: are observed in the concentration
range of 0.005 + 0.02 ug NPs/ug Chl (Figure 43). Similar monotonic changes of tss: and
Tsiow are found in the range of NPs concentrations 0.0001 + 0.005 pg NPs/ug Chl, 0.07 +
0.1 pg NPs/ug Chl and 0.15 + 0.5 pg NPs/ug Chl automatically indicating a negative
correlation between ts0w and An_siow for these concentrations of WO3 NPs.
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Figure 44 Changes in the amplitude of fast and slow O; release, Asst and Asow, normalized to the values obtained for
control samples as a function of NPs concentration. b) Dependence of the amount of total oxygen evolution (blue
diamonds) and O; released by the fast (black open squares) and slow (red open circles) pathways, normalized to the
control samples, on the NPs concentration. The data shown (blue stars) are averages of the total amount of oxygen
released during the 15 flashes (calculated from raw data normalized to the control - the average of 21 experimental
points for one concentration of NPs) and after taking into account all measurements for different distances between
the second and third flashes. The amount of oxygen released by the fast and slow pathways was determined after
considering each phase’s contribution based on the Afst and Asow parameters. Errors were defined as standard
deviation. c¢) Changes in the F, and F,s parameters normalized to the control sample values versus the NPs
concentration. The values shown are the mean values of at least four independent measurements for the control
samples and the samples containing different concentrations of NPs. The apparent characteristic oscillations of F, and
F.s are preserved even after averaging several independent measurements (data shown). In order to make their
oscillations more apparent, the typical mean square error for the data shown has been plotted only for the point
obtained for the lowest concentration of NPs used. The dashed lines indicate the level of control for each of the
parameters shown in figures a, b, and c.

113



6.2.3. Discussion

Photosynthetic membranes are complex biological membranes enriched in
proteins and pigments. Their macro-organization depends on environmental stimuli, so
thylakoids are dynamic structures (Anderson et al., 2012; Dekker & Boekema, 2005).
Their optimal architecture is determined by PSIl supercomplexes, which can vary in size
depending on the number of LHCII trimers attached. The largest supercomplex contains
strongly and moderately - bound LHCII trimmers (C2S;M,, Figure 6a), and the minimal
unit (C,S2) is separated from the two moderately - bound LHCII trimmers (2M), but
intermediate states (C2S2M1, C2S1M1, C:M1) and much smaller ones (C,S1, C2M1, Cy, C1S1)
are possible (Caffarri et al., 2009), as well as larger supercomplexes (Pagliano et al.,
2013), The transformation between these different forms of PSIl supercomplexes and
their temporal and spatial stabilization under specific conditions, depending on internal
and external factors, aims to regulate and optimize the harvest and utilization of light,
to facilitate diffusion processes inside and outside the membrane and to keep diffusion
times short supporting the repair of light-damaged PSIl [reviews: (Kirchhoff, 2008;
Mullineaux, 2005)]. At the same time, LHCII aggregates may form (Johnson et al., 2011),
and the reorganization of PSIl core dimers can occur, even leading to PSIl
monomerization (Caffarri et al., 2009). Dissociation of the PSIl supercomplex C2S;M; is
one of the photoprotective mechanisms essential for triggering non-photochemical
fluorescence quenching (NPQ) (Betterle et al., 2009). A major challenge is to
experimentally follow the different mechanisms that control the self-assembly of PSII-
LHCIl supercomplexes. In this case, the modeling approach has proven to be very
helpful. Using a coarse-grained model of thylakoids, including two LHCII trimers (S2)
strongly bound to the PSIl core on antenna complexes CP26 and CP43 and two LHCII
trimers (2M) moderately bound to the PSII core on antenna complexes CP24 and CP29,
it was reported that there is a correlation between the free LHC:PSIl ratios, the
membrane protein packing fraction, and the transitions between the ordered and
disordered PSIlI supercomplex structures. It has been shown that the shifts of the
equilibrium states between the individual superstructures C,S; + 2M < C;5:M1 + M <
C2S2M; are reversible and that the long-range order depends on the fluidity of the
membrane, and thus, in particular on temperature (C.-K. Lee et al., 2015a) In addition,
different conformers may occur within the supercomplexes. For example, it has been
shown that in eukaryotic PSIl, a monomeric CP29 antenna can switch between two
different C,S; conformations, stretched C,S;str and compact C;S.comp, by changing its
orientation, each of which may exhibit additional structural heterogeneity (Caspy et al.,
2021). This flexibility of the PSIl dimer core most likely ensures its optimal functioning
under global as well as local variable conditions, including (i) efficient utilization of light
for charge separation, (ii) access of water and plastoquinones to the donor and acceptor
PSlII sides, respectively, and (iii) discharge of O, and H* outside the OEC.
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S LHCII

M LHCII

M LHCII

Figure 45 A Large supercomplex with strongly (S) and moderately-bound (M) trimer (C2S2M2). Prepared on (Dekker &
Boekema, 2005; C.-K. Lee et al., 2015a), adopted from (Krysiak et al., 2023). Interaction sites of superfine WO3 NPs
are indicated.

Our BBY PSIl membranes contain almost exclusively PSIl supercomplexes, as
confirmed by the AFM measurements, absorption, and fluorescence experiments.
Analysis of the distance between the protrusions corresponding to the external OEC
protective proteins (Figure 38) observed in the AFM images of BBY PSII in their native
liquid environment revealed structural changes in the PSIlI supercomplexes caused by
the presence of superfine WO3 NPs embedded in the membranes. The mean distance
between protrusions decreased in PSII BBY treated with 0.0001 pug NPs/ug Chl (~6.3 nm)
compared to the control sample (~7.1 nm). What's more, the PSII distribution obtained
shows the greatest asymmetry with a simultaneous decrease of the standard deviation
at the two lowest NPs concentration tested. However, the highest density of packing
was observed at the concentration of 0.001 pug NPs/ug Chl (distance ~4.8 nm), for which
the standard deviation is the smallest, but the asymmetry of the distribution is large
(Figure 38, Table 9). With further increase of NPs concentration, the separation between
PSIl cores increases. The standard deviation of the PSII distribution also increases and
changes towards a Gaussian distribution as the asymmetry parameter decreases. All the
above-described changes in the organization of PSII BBY under the influence of superfine
WOs3 NPs show that they strongly depend on the concentration of these nanoparticles.
The observed differences in the distribution of PSIl in supercomplexes are related to
compositional and structural changes occurring within them and can therefore be
expected to affect the efficiency of energy capture and transfer from external antennas
to internal antennas and the PSII reaction center. Indeed, absorption and fluorescence
measurements showed differences between the control sample and PSIlI BBY treated
with NPs. For the two lowest concentrations of NPs, we observed a reduced contribution
of chlorophylls a and b from LHCII in the absorption spectra(Bressan et al., 2016; Croce
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et al., 1999). At a concentration of 0.0001 pug NPs/ug Chl, this was accompanied by an
attenuation of the energy transfer from LHCII to CP47, and at a concentration of 0.001
ug NPs/ug Chl, the energy transfer between LHCII and both internal antennas of CP47
and CP43 within the PSIl supercomplexes was impaired. At the same time, we observed
monomerization and aggregation of LCHII trimers. The direction of these changes is
consistent with the knowledge of how the disassembly of large PSIlI supercomplexes
(C2S2M3) and the formation of smaller ones affect the energy transfer capabilities of its
outer antenna complexes to the inner ones (Barera, Pagliano, Pape, Saracco, & Barber,
2012; Caffarri et al., 2009; Caspy et al., 2021; Wei et al., 2016). In samples treated with
higher concentrations of 0.01 pug NPs/ug Chl and 0.1 ug NPs/ug Chl, the absorbance
unexpectedly increased compared to the control. In the first case, the differential
spectrum was characteristic of PSIl supercomplexes lacking part of the LHCII trimer and
the appearance of LHCIl aggregates (Caffarri et al., 2009; Ruban et al., 1992). This is
consistent with the observation of decoupling the LHCII trimmers from CP47 and the
appearance of antenna aggregates, disconnected Chls and disconnected minor
antennas, and eventually aggregated Chls b resulting from the analysis of fluorescence
spectra. However, the energy flow from LHCII to PSII RC involving CP43 was still efficient.
At 10-fold higher concentrations, energy uptake by PSIl core dimers increased. This was
accompanied by an increase in the efficiency of energy transfer from LHCII to both CP43
and CP47. Other changes regarding the appearance of disconnected Chl b/a and the
aggregation of LHCIl and Chls observed at the lower NPs concentration also occur here
and are intensified at the highest NPs concentration tested. At a concentration of 1 pg
NPs/ug Chl, the decrease in absorption was due to a decrease in the absorption
efficiency of large PSII-LHCII supercomplexes. In this case, energy transfer from LHCII to
CP43 was impaired but still possible to CP47.

The observed changes in light energy absorption and transfer from the external
LHCII antenna complexes to the internal CP43 and CP47 and further to the PSll reaction
center are undoubtedly dependent on these variable organizations of the PSlI
supercomplexes, but a direct effect of WO3 NPs on their individual components, i.e.,
antenna complexes and/or PSll core proteins, cannot be ruled out.

Knowing the ability of WOs to oxidize water, the most intriguing problem was
learning how these nanoparticles interact with a system that is the only one found in
nature that can use light energy to extract electrons and protons from water. Self-
organized WO3NPs - PSIl BBY biohybrids are a very good material to study the effect of
these nanoparticles on the functioning of PSIlI and its efficiency in oxygen release.
Moreover, the mechanism of water oxidation by PSIl is not yet understood, and the
interaction of tungsten oxide NPs with PSIl may provide information that sheds new light
on this process.

Our results from measurements of the Kautsky effect and oxygen evolution at
short saturated flashes showed that superfine WO3 NPs could interact with both the
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donor and acceptor sides of PSIl. The quantum vyield of PSIl photochemistry and OEC
activity strongly depend on the concentration of NPs (cnpes). Moreover, the parameters
describing the operation of the acceptor and donor sides show an oscillatory
dependence on cwes (Figure 42 and 43). We observed four phases of variable
fluorescence, two of which we call fast, characterized by times < 1 ms (Fo and Fy), and
two slow with times > 100 ms (Fsvz and Fsy2). Plastoquinone Qa can be efficiently reduced
under light at photoactive PSIl centers. When the Qg site is inactive or empty, and there
is no access for the oxidized PQ plastoquinone pool, Qa~ accumulates very rapidly at <
500 ps (Schatz, Brock, & Holzwarth, 1987; Shuvalov, V., Sharkov, Kryukov, & Bacon,
1979), and fluorescence reaches a maximum already in the fast phase. However, if Qa~
can further transfer an electron to a quinone bound to the Qg site, the fast fluorescence
variable phase saturation occurs before it reaches a maximum. If Qg is in the oxidized
state, the transfer occurs in about 200-500 us, and if it is in the reduced Qg™ state, the
time is longer and is of the order of ms (Cao & Govindjee, 1990; A. Joliot & Joliot, 1964;
Robinson & Crofts, 1983). This is consistent with our results. The slow phases result from
the fact that the acceptor side works in a bicycle, i.e., Qg, after absorbing two electrons,
binds two H*, and is exchanged with oxidized PQ with the outer quinone pool (Figure 8).
The tw: and ts, times may be slowed if, among other things: (i) the Qg binding site
undergoes conformational changes that prevent PQ binding and release; (ii) PQ access
to the Qg binding site is impeded; or (iii) PQ from the external pool is further reduced,
and the number of available oxidized PQ decreases. This should be accompanied by
increasing F, = Fo+ Fp and decreasing Fsy = Fsv1 + Fsv2. We can see the above relationship
by comparing the time dependencies for the slow fluorescence variable kinetics (tsvz and
ts2) and the change in the proportion of fast and slow phases (Fpand Fus) as a function
of NPs concentration (Figure 42a and b). In addition, it is noteworthy that the oscillations
of tsv1 and tsv2 correspond to the oscillations of Fs» and Fs 1, respectively, over the entire
concentration range NPs < 0.3 pug NPs/ug Chl. On the one hand, this is a consequence of
the limitation of the available pool of oxidized plastoquinones, POox (we did not use any
external acceptors). Thus, accelerating the attachment of PQox to an empty Qg site (tsv:
\I) decreases the probability of exchanging QgHz for PQox (Fsv2 N and Fsy1 A). In contrast,
an increase in the exchange rate of QgH; to PQox (tsv2 N) results in an increase in the
contribution of this process at the expense of PQox binding to the empty Qg site (Fvs2 2
and Fsz N). These processes may additionally depend on the mechanism of PQ
reduction and PQH: exchange at the acceptor side of PSII, taking into account an
additional PQ binding site, i.e., Qc coupled to the Qg site, proposed in (Guskov et al.,
2009). On the other hand, considering the very similar variation of Fp and Fs: as a
function of NPs concentration and the similar variation of Fs and Fsy», it can be concluded
that the above effects are also influenced by the different actions of nanoparticles on
the acceptor side depending on the state of the Qg binding site, and in particular on
whether the quinone bound there is reduced or not.
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Using a new protocol for measuring oxygen evolution with applied a Joliot-type
electrode, we have here demonstrated, for the first time in direct measurements, the
heterogeneity of the oxygen evolution process. Previously, we proposed an extension
of the Kok model to the metastable S's state, thus taking into account, in addition to the
fast oxygen evolution pathway, a second slower one (Figure 31) (Burda & Schmid, 1996,
2001). Based on the oscillatory pattern of O release under the influence of short flashes,
we were able to monitor the contribution of the two phases, fast and slow, in different
photosynthetic systems under various experimental conditions (Burda et al., 1996;
Burda & Schmid, 1996, 2001). For a control sample containing PSII BBY isolated from
purchased spinach, the slow and fast phases of oxygen release were about 66% and 34%,
respectively. We found that the O; evolution time via the fast pathway was ~564 us, and
via the slow pathway was ~23 ms. The difficulty in identifying the main cause of why PSII
releases oxygen via a fast or a slow pathway has been also discussed in the previous
chapter.The rise times of the fast and slow O; signal obtained after the third flash are
consistent with literature reports, although agreement may result from other aspects,
see discussion in chapter 6.1.

In this work, we showed that WO3 NPs have a strong concentration-dependent
effect on regulating fast and slow oxygen release. They cause changes in the proportions
of both phases as well as in the times of fast and slow O, evolution. Only the lowest
concentration of NPs used did not cause any change in the heterogeneity and activity of
OEC compared to the control. All other concentrations of WO3 resulted in an increase in
the fraction of the fast phase with a decrease in the fraction of the slow phase of O3
release. For concentrations of 0.001, 0.01, 0.02, 0.05, 0.07, and 0.7 ug NPs/ug Chl, this
increase in the contribution of the fast phase of oxygen release was even about twofold
(Figure 43a and 8a). In addition, the already low concentration of 0.0005 pg NPs/ug Chl
caused a decrease in oxygen release by about 60%, and the two highest concentrations
used even by about 75% compared to the control (Figure 44b). This suggests that WO3
NPs affect the activity of the donor side of PSII. Of particular interest is the oscillatory
increase in oxygen release for certain ranges of NPs concentrations, namely: (i) an
increase up to about 45% for a concentration of 0.002 pg NPs/ug Chl and a monotoni7c
decrease for increasing NPs concentrations up to 0. 01 ug NPs/ug Chl, (ii) an increase to
about 50% for a concentration of 0.07 ug NPs/ug Chl, and finally (iii) an increase to about
70% for concentrations of 0.02-0.03 pug NPs/pg Chl and 0.15-0.3 pg NPs/ug Chl of the
control sample level. There is no correlation between the contribution of any of the
phases or the times of fast or slow oxygen release on the performance of this process
(Figure 44a and b). However, if the changes in the total amount of oxygen released
under the influence of 15 short saturating flashes, obtained from polarographic
measurements normalized to controls, are compared with the changes in the values of
the parameters Fp and Fys, also normalized, obtained from measurements of the Kautky
effect, a surprising regularity can be observed. For NPs concentrations = 0.0005 ug
NPs/ug Chl, changes in the amount of oxygen released correlate with changes in F,
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(Figure 44b and c). Such a course of F, changes as a function of WO3 NPs concentration
is determined primarily by Fo (Figure 42a). But plotting the sum of the fast phases F,
and the sum of the slow phases Fs, allows us to visualize an additional effect. Namely,
the strongly increasing F, (decreasing Fs,) for cnes > 0.1 ug NPs/ug Chl clearly indicates
the progressive depletion of the available electron acceptor, PQox, as the NPs
concentration increases in this range. This is why we observe such a strong decrease in
oxygen release for the last two highest concentrations. The intriguing increase in oxygen
release with a concomitant decrease in the maximum photochemical yield of dark-
adapted PSII under the influence of superfine WO3 NPs can only be consistently
explained in one way. It has been known for more than half a century that WO3 can
oxidize water because the energy of its valence band has a much higher potential than
the oxidation potential of water (see Figure 46). However, in order for this process to
occur, an electron acceptor must be introduced into the system. To maintain the
continuity of the process, the electron acceptor must be constantly replenished or
regenerated in another independent cycle if it is a closed system. The reduction
potential of the acceptor must be more positive than the conduction band of the WO3
NPs. The superfine WO3 NPs studied by us have a much higher energy band gap than
bulk WOs, which is ~3.4 eV (Figure 23). Considering also that the redox potentials of the
guinones bound at the Qa and Qg sites can be modified under the influence of even small
changes in the organization of the PSII BBY induced by the presence of embedded small
NPs, an additional electron flow involving NPs can take place in the formed hybrid
system, as shown in Figure 45 and Figure 46. Potentially, WOs NPs could receive
electrons directly from the water. However, the fact that: (i) the heterogeneity of the
oxygen evolution process is preserved, (ii) no background enhancement was observed
on the electrode, (iii) and the amount of oxygen evolution shown in Figure 44b was
determined as an area based on the O; evolution pattern with a periodicity of 4, we can
confidently conclude that the NPs receive electrons from the Mn4CaOs complex or water
molecules connected to it. A single nanoparticle is too small to be in contact with both
the Mn4CaOs cluster and Qa or Qg. Therefore, it is only when the reorganization of PSII
BBY under the influence of NPs allows enough nanoparticles to be incorporated into a
single PSIl system that chain electron transfer from the MnsCaOs complex via WOs NPs
to Qa and Qg can occur. At high concentrations of WO3 NPs, branched electron transfer
pathways can form that extend to more distant regions of the thylakoid membrane,
leading to PQ reduction from the extrinsic plastoquinone pool. Due to the increased
accumulation of PQred, We observe an additional accumulation of reduced Qa* and Qg*
, and consequently, a decrease in Fs, and the saturation rate of both its components (Fsvz
and Fs2) for the highest applied concentrations of NPs. A scheme of the electron flow
from the MnsCaOs complex to the quinones bound at the Qa and Qg sites and to PQ from
the external quinone pool through the NPs chain is shown in Figure 45. This is a
tunnelling electron transfer process because it requires contact between NPs. Since the
heterogeneity of oxygen evolution is the same whether the time intervals between the

119



first and second flashes or the second and third flashes were changed, the pattern of O,
evolution was preserved, and it can be concluded that electrons were transferred from
the OEC to NPs only when the MnsCaOs complex was in the S3/S, state. Surprisingly, the
increase in oxygen evolution stimulated by WO3 NPs at their strict concentrations shows
no correlation with either fast or slow O release (Figure 44a and b). This means that the
oxygen release efficiency depends on a variety of factors that determine the flexibility
and structural changes of PSII within both its donor and acceptor sides. However, the
influence of changes in the organization and dynamics of the entire WO3 NPs - PSII BBY
hybrid system cannot be overlooked either, as indicated by the results obtained by AFM,
as well as absorption and fluorescence spectroscopy. For example, embedding NPs in
PSIl BBY may lead to local separation of protein and lipid structures, affecting the
organization and packing of PSIl supercomplexes and weakening the coupling of LHCII-
PSll interactions, as well as modifying the lateral diffusion of PQ across the membrane
and PQ access to the Qg binding site (Caspy et al., 2021; Haferkamp, Haase, Pascal, van
Amerongen, & Kirchhoff, 2010; Kirchhoff, 2008).
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Figure 46 Schematic illustration of the proposed photogenerated carrier transfer mechanism in the nanohybrid system
PSII BBY - mWOQO3 NPs, occurring at specific NPs concentrations (see discussion). Redox potential values of PSII redox
active components are taken from.(De Causmsecker, Douglass, Fantuzzi, & Rutherford, 2019; Geijer, Morvaridi, &
Styring, 2001, Golbeck & Kok, 1979; Ishikita & Knapp, 2006; Y. Kato, Sugiura, Oda, & Watanabe, 2009; Klimov,
Allakhverdiev, Demeter, & Krasnovskii, 1979; Mandal, Kawashima, et al., 2020; Rich & Bendall, 1980; Rutherford &
Faller, 2003; Rutherford, Mullet, & Crofts, 1981, Shibamoto, Kato, Sugiura, & Watanabe, 2009; Vass & Styring, 1991;
Wraight, 2004) The energetic gap for superfine mWO3 NPs is taken from the present work. The thick red line shows
the excitation, the black arrow shows the forward electron transfer pathways within PSll, the dashed red arrow shows
the electron transfer from the Mn4CaOs complex to the valence band of WO3; NPs, and the thick yellow-red line shows
the opposite hole H* transfer. The yellow-grey lines show the possible electron transfer pathways from the WO3 NPs
conducting band to the Qa and Qg-bound plastoquinones and PQ from the external plastoquinone pool. All redox
potentials are set to pH 6.5.
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Based on data from testing various Photosystem ll-based hybrid systems for use
in solar energy conversion, electricity generation, and Oz (and H; in some systems)
production, it was possible to determine the oxygen evolution efficiency per catalyst, in
this case, PSIl, to compare their ability to oxidize water. None of the systems
(mesoporous indium tin oxide ITO-PSII (M. Kato et al., 2012), I0-mesolTO-PSlI(Mersch
et al., 2015), PSIl anchoring polyethylenimine-coated microporous carbon (Tian et al.,
2021), macroporous I0-TiO2/dpp/Pos electrodes filled with a blend of PSII (Sokol et al.,
2018), or CdS-PSII (Z. Li et al., 2017) showed comparable oxygen evolution efficiencies
to natural PSII systems, despite the introduction of external electron acceptors involved
in mediated electron transport. Their initial activity, when at its highest, ranged from
about 2 mmol 02/ gcar h* to 30 mmol 02/ gear hL. This is still 2-3 orders of magnitude
lower than the activity of isolated free PSII structures in the presence of external
acceptors. Only His-tagged PSIl core complexes immobilized on Au NPs (diameter - 20
nm) via nickel-nitrilotriacetic acid (Ni-NTA) in the presence of two external acceptors,
phenyl-p-benzoquinone and ferricyanide, showed an activity of about 2200 mmol O,/
gear h'l, i.e. about 23% of the activity measured for free PSIl complexes (Noji et al., 2011).
The lower O3 evolution efficiency of the PSII-Au NPs system was explained by the need
to remove Ca*? and CI- ions from the reaction buffer in the case of the hybrid system to
avoid aggregation of Au NPs. In the PSII BBY - WOs NPs systems we studied, we did not
use any external acceptors. Superfine NPs were incorporated into PSll-enriched
thylakoid membranes. The size of PSIl of about 10.5 nm in depth, 20.5 nm in length, and
11.0 nm in width (Umena et al., 2011) provides enough space for such small NPs to build
in between the structures of this photosystem. We obtained a self-assembling system
that, at specific, well-defined concentrations of NPs, exhibited an oxygen-releasing
capacity of up to 70% of the activity of untreated PSII BBY (control sample) under the
same measurement conditions.
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7. Conclusions

These studies were aimed at answering questions about how selected
endogenous and exogenous factors affect photosystem Il activity and what role they
play in regulating oxygen-evolving complex heterogeneity. In particular, the research
focused on the effect of (i) external proteins that stabilise the function of the oxygen-
evolving complex on the donor side of PSIl as an endogenous factor and (ii) monoclinic
superfine WO3 NPs, known to have n-type semiconductor properties, as an exogenous
factor.

The 16 kDa (PsbQ), 23 kDa (PsbP) and 33 kDa (PsbQ) proteins not only play a
protective role for the OEC, but also provide a protein matrix with multiple cross-linked
water channels, the functions of which have recently been widely discussed in the
literature. Analysis of the oxygen release pattern measured under short saturating
flashes of white light using a fast Joliot-type electrode with a standard measurement
protocol showed that, compared to the control sample:

(a) deletion of the two outer proteins (16 kDa and 23 kDa) resulted in a decrease
in the efficiency of the transitions between the S; states of the MnsCaOs complex (except
for the S; = S; transition, which already showed low efficiency in the control sample)
and a fourfold decrease in the probability of oxygen release via the fast pathway, which
already showed low efficiency in the control sample) and a fourfold decrease in the
probability of oxygen release via the fast pathway

(b) deletion of the three outer proteins (16 kDa, 23 kDa and 33 kDa) did not alter
the probabilities of S; & Si.1 transitions, but affected the initial distribution of S; states
and caused the disappearance of the fast phase of O, evolution.

The heterogeneity of OEC operation was confirmed not only by the theoretical 5
— state model with consideration of the metastable Ss state, but also by an independent
measurement using a new measurement protocol, which allows determination not only
of the proportion of fast and slow oxygen release paths, but also of the kinetics of these
processes. The contribution of the fast and slow oxygen evolution paths changed in the
samples similarly to that determined from the theoretical model. However, with the
elution of two and three proteins, the time constants of the two phases showed
opposite changes. The fast phase became slower while the slow phase became much
faster. For PSII BBY-16,23,33 the slow phase time constant was approximately 13 ms,
whereas for the control it was approximately 44 ms. The observed changes in PSIl BBY
activity resulting from the removal of external proteins led to extensive discussion of
what factors might determine the direction of changes in OEC functioning. A strong
correlation was suggested between the MnsCaOs complex reorganisation and
uncontrolled water permeability through the remaining 04, 01 and CI1 channel
fragments. This is inextricably linked to a less efficient removal of the protons into the

123



lumen of the cell. It is evident that the absence or disruption of the recognised sites
controlling water access to the OEC and the simultaneous destabilisation of hydrogen
bonds, both near the Mn4CaOs cluster and at a distance greater than 10 A, cause the
disappearance of the fast phase of O; evolution. The results of this experiment suggest
that the entire water-protein network, linked by hydrogen bonds, influences the
efficiency of OEC operation. This is also an indication that the dynamics of the system as
a whole will play an important role in this process. Indeed, this seems to be confirmed
by the results of the research carried out on how WO3 NPs affect the functioning of PSII
BBY. The effect of WO3 NPs on changes in PSIl BBY organisation and the fluctuations in
photochemical yields accompanying oscillatory changes in the contributions and kinetics
of the fast and slow O3 release pathways suggest a complex and multilevel regulation of
the oxygen-evolving complex. It has to be emphasised that the heterogeneity of the
oxygen evolution has also been observed in the PSII BBY isolated from spinach. In this
case, about 35% of the reaction centres for the control sample showed a fast and 65% a
slow release of oxygen with a time constant of about < 1 ms and 20 ms, respectively.

Another aspect of the work is a new approach to the design of biohybrid systems
using PSIl mechanisms that are essential for the optimisation of hybrid performance
under near-natural, i.e. environmental, conditions. In particular, it was expected that
the colloidal hybrid system PSIlI BBY - WOsz NPs would show significant efficiency in
producing oxygen. The ease of fabrication is a major advantage over commonly studied
2D/3D semiconductor structures, which are limited in their ability to tightly pack
biomolecules, especially large ones such as PSIl complexes. A new approach to
constructing hybrid systems based on natural PSIl BBY was demonstrated, which
exhibits the highest oxygen evolution capacity observed so far. Very fine WO3 NPs (~ 1
2 nm) were introduced into PSII BBY. It was observed that both the organisation of the
membranes and the functioning of these systems showed a strong, oscillatory
dependence on the NPs concentration. The process of O; evolution showed the greatest
changes caused by the effect of NPs. At concentrations of 0.02-0.03 pug NP/ug Chl and
0.15-0.3 pg NP/ug Chl, the maximum O yield achieved 70% of the control sample. There
was a correlation with a slight decrease in photochemical yield, which led to the
identification of the mechanism responsible for this phenomenon. It is suggested that
In fact, at certain concentrations, WOs NPs were able to form conductive chains
between the donor and acceptor sides of PSIl by forcing changes in the PSIl BBY
organisation. This facilitated the transfer of electrons from the Mn4CaOs complex to the
qguinones bound to the acceptor side of PSIl. In addition, these NPs can alter the redox
potentials of Qa and Qg. They can also interfere with the access of PQ from the external
qguinone pool to the Qg binding site. It is very likely that the observed variable
dependence of the oxygen release efficiency on the concentration of WO3 NPs is due to
the variable flexibility / mobility of the whole system and that this is a dynamic effect.

On one hand, the above observations make a significant contribution to
understanding the photosynthetic process of water oxidation. On the other hand, the
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colloidal hybrid system PSII BBY - WO3 NPs was found to be very efficient. In the future,
it may be possible to use it in more advanced systems that will be used in high
performance solar reactors.
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8. Prospects for the future

The complexity of the oxygen release process during photosynthesis is
increasingly discussed in scientific papers. At present, there is no single model that can
explain all the phenomena associated with the splitting of water by the different types
of photosynthetic organisms. It is also unknown whether the heterogeneity we observe
is due to the different states of the PSIl complexes, and thus of the OECs, or whether
there are at least two possible paths that each system can take at any given time through
dynamic changes. However, it cannot be excluded that oxygen release in PSIl can occur
in different locations. Thus, further studies are needed to understand how PSII functions
heterogeneously in different organisms. Further important observations may also be
made by studying the effect of chloride or calcium ion deficiency on the fast and slow
phases of oxygen evolution. There is also a need to answer the question of whether
there is a relationship between the fast and slow binding of water to the Mn4CaOs
cluster and the fast and slow pathways of O; release.

In the context of further research on PSII BBY - WOs3 NPs colloidal hybrids, one of
the most important aspects will be the study of the stability of its functioning in various
external conditions, including: light intensity and temperature.

Scientists are actively involved in the research and development of hybrid
systems consisting of PSIl and nanoparticles in order to overcome the challenges and
improve their performance. The development of new and more efficient systems is not
possible without a thorough understanding of the structure and functioning of the PSII.
Optimising the architecture of hybrid materials can lead to significant improvements in
their performance. PSIl — NPs hybrids have the potential to contribute to the
development of sustainable technologies for the conversion of energy.
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