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Abstract

Photosystem Il is a large oxidoreductase protein complex with a crucial role in oxygenic
photosynthesis where it makes use of its unique catalytic ability to facilitate water
oxidation. Apart from this fundamental importance, the research on this protein has
attracted extra attention over the last couple decades as PSlI also serves as a paragon
for the development of synthetic catalysts for solar fuel production. Consequently, great
advancements have been made, with important contributions from crystallography,
spectroscopy, and computational methods, so that the structure and reactive cycle of
PSIl is now much better understood. Although some questions remain open, like the
identities of the substrate water molecules, the type of mechanism involved in the
formation of the O-O bond, the proton dynamics around the reaction center of PSII, the
role of structural and molecular reorganizations and the impact of special features, like
red-shifted pigments in the catalytic cycle. To tackle the first question, and indirectly the
second, a temperature dependent study of the interaction of ammonia, a substrate
water analogue that binds directly to the Mn-cluster of PSIl, was performed. From it,
three possible binding spots directly to or in the close vicinity of the Mn-cluster were
suggested, one of which might be a substrate water binding site. Further O;
polarography measurements of several PSIl cores with unique point mutations of H-
bond active residues offered a broader perspective on the protonation dynamics away
from the OEC specially identing the broad channel as the most probable H* pathway in
S32>So, with E65 as a key participant in this process. As most dynamics of the S-state
cycle freeze out below 200 K, an investigation of dark-adapted PSIl by means of a
temperature-dependent EXAFS study identified a breakpoint in the Debye-Waller factor
at this exact temperature point, revealing the importance of vibrational mobility and
molecular reorganizations in the S-state transitions, which may relate to the much
slower t-value than theoretically predicted for the ET from OEC - Yz**. Lastly, the study
of PSIl containing red-shifted chlorophylls showed for FRL C. thermalis a significant
slowdown of the O; release and an increase in a AG* 40 mev higher than the average
value found for common PSlls, further supporting that the reaction center of PSIl from

FRL C. thermalis have at least one Chl replaced by a red-shifted one.






Zusammenfassung

Photosystem Il ist ein Schliisselenzym der oxygenen Photosynthese, das als Oxidoreduktase die
Wasserspaltung ermoglicht. Neben dieser Eigenschaft, hat das Enzym in den letzten Jahrzehnten
zudem weitere Aufmerksambkeit als Vorlage fiir die Entwicklung synthetischer Katalysatoren fiir
die Gewinnung von Brennstoffen mittels Sonnenenergie erhalten. Durch die Nutzung
verschiedener Methoden wie Rontgenkristallographie, Spektroskopie oder
Computersimulationen konnten grundlegende Erkenntnisse Uber dessen Funktion und Struktur
gewonnen werden, wobei einige Fragen aber weiterhin offenblieben. So ist weiterhin unklar,
welche Wassermolekiile als Substrat dienen, wie die O-O-Bindung im Detail erfolgt, welche
Protonierungsdynamiken im Reaktionszentrum ablaufen und wie sich strukturelle und
molekulare Umorientierungen im Proteinkomplex , wie z.B. die Einlagerung rot-verschobener
Pigmente auf den katalytischen Zyklus auswirken. Um die ersten beiden Fragen zu adressieren,
wurden im Rahmen dieser Arbeit, temperaturabhdngige und zeitaufgeloste
Sauerstoffmessungen mit Ammonium, einem Substratwasseranalogon, das direkt an den PSII-
Mangan-Cluster bindet, durchgefiihrt. Diese zeigen drei Bindungsmoglichkeiten in der
unmittelbaren Nahe des Mn-Clusters, mit einer als mogliche Substratwasserbindungsstelle.
Weitere Sauerstoffpolarografie-Experimente mit PSlI-Varianten bei denen Wasserstoffbriicken-
bildende Aminosduren ausgetauscht wurden, ermoglichten die Untersuchung der
Protonierunsgdynamiken um den OEC (oxygen evolving center) und unterstitzen die
Hypothese, dass der breite Kanal mit E65 als Hauptprotonenweg im S3=>S, Ubergang fungiert.
Durch temperaturabhdngige EXAFS-Studien an dunkel-adaptiertem PSIl konnte ein
Umschlagpunkt des Debye-Waller-Faktors bei 200 K bestimmt werden, der auch dem
Temperaturpunkt entspricht, an dem der S-Zyklus zum Erliegen kommt. Diese Ergebnisse
unterstitzen, dass Vibrationsmobilitdt und molekularer Umorientierung wahrend der S-Zyklus-
Uberginge eine entscheidende Rolle spielen und in Verbindung mit dem im Vergleich zur
Theorie deutlich verlangsamten t-Wert beim Elektrontransfer vom OEC zu Y;** stehen kdnnten.
AbschlieBende  Untersuchungen an  einer  PSll-Variante mit  rot-verschobenen
Chlorophylimolekiilen, zeigte eine deutliche Verlangsamung der Sauerstofffreisetzung und eine
Erhéhung in AG* um 40 meV im Vergleich zu gewdhnlichen Chlorophyll a-PSll-Varianten. Diese
Unterschiede stiitzen die Hypothese, dass mindestens ein Chlorophylimolekil im

Reaktionszentrum durch ein rot-verschobenes Chlorophyll ersetzt wurde.
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Chapter 1 — Introduction

To convert solar energy into electrochemical energy, ancestral photosynthetic
organisms found a way to put together the complex series of optimized and
interconnected processes, molecules and structures that evolved to make oxygenic
photosynthesis possible. Knowing that the Sun provides most of the energy that arrives
to the surface of the earth daily, this was a great achievement, that not only sustains
most of the life on earth since a few billions of years ago but also made it possible for
the development of more complex life across the globe. An urgent goal of our present
society, with its ever-increasing energy demand, is to switch progressively to more and
more sustainable energy sources. Maybe there is not a single unique end to this
problem, but certainly that learning from the biological systems that have been
successful in utilizing energy from the sun, may contribute a possible solution.
Therefore, in the last decades the study of photosynthesis, especially related to
Photosystem I, caught extra attention from researchers who still try to uncover the
dynamics and mechanisms of this protein that serves as a source of inspiration for the
development of artificial methods and materials for the production of solar fuels (Dau

et al., 2010; Faunce et al., 2013; Gust et al., 2009; Lewis & Nocera, 2006).

1.1 Oxygenic phtosynthesis

Photosynthesis is an efficient biological process that captures and stores the light energy
arriving from the Sun, through a series of conversion events into chemical energy
(Blankenship, 2021; Noring et al., 2008). The excitation of light harvesting pigments by
an incident photon causes an electron to be transferred along biochemical pathways
that lead to the reduction of CO; into a carbohydrate. Particularly in oxygenic
photosynthesis, the most widespread form of photosynthesis, electrons are harvested
from water molecules (the reductant) to fuel chemical reactions that include the

production of glucose and molecular oxygen (Eq. 1.1) (Kiang et al., 2007).



h
6COz+ 12 H:0 — (CsH1206) + 6 H20 + 6 02 (Eq. 1.1)

Two parts compose this process, the light dependent reactions, and the light
independent reactions. The Z-scheme of photosynthesis (Shevela & Bjorn, 2017)
describes the linear electron transport of the light dependent reactions of oxygenic
photosynthesis that occur in the thylakoid membranes and where the main protein
complexes involved in light capture are located (Dekker & Boekema, 2005). The main
goal of these reactions is to fix the energy and convert it into energy carriers either by
the production of NADPH by the ferredoxin-NADP-reductase (FNR), or by pumping
protons across the membrane to the lumen side to create the proton motive force
required to produce ATP by the ATP synthase. A summary scheme that describes these

reactions can be seen on Fig. 1.1.

Thylakoid lumen

Figure 1.1 — Generic scheme of the thylakoid membrane showing the key proteins and processes
involved in photosynthesis. The blue line-arrows show the linear electron flow and the red
arrows the proton movement/pumping. PSll is the oxy-reductase photosystem Il that contains
the oxygen evolving complex which splits water and evolves oxygen, extracting electrons from
the water to facilitate the reduction of plastoquinones (PQ). The Cytochrome bsf mediates the
electron transfer from the plastoquinol (PQH.) to the Plastocyanin (PC) while pumping a proton
to the lumen side of the membrane. Photosystem | (PSI) utilizes light energy to promote the
reduction of ferredoxin (Fd) by the transfering of electrons across the membrane from PC. FNR
(ferredoxin-NADP-reductase) utilizes the reduced Fd to reduce NADP* to NADPH. Lastly ATP
synthase can use the proton gradient to produce ATP from ADP. The cyclic electron flow (from
reduced Fd to bgf) is not shown for simplicity.



The light independent reactions make use of the produced energy carriers (NADPH and
ATP) and captured CO; to produce glucose in a series of cyclic reactions called the Calvin
cycle (Raines, 2003). Even though these are known to be light independent because they
don’t require photon activation, they mostly do not occur in the absence of light since
they rely on the short lived NADPH produced in the light dependent reactions (Lonergan,
2000).

1.2 Photosystem Il

Photosystem Il (PSIl) is a large oxy-reductase protein-complex that is involved in the first
step of light dependent reactions in oxygenic photosynthesis. Its main task is to extract
electrons from H,0, making use of an excited state promoted by photon absorption, to
reduce a plastoquinone to plastoquinol, which serves as an electron carrier along the
thylakoid membrane. Generally this protein complex functions as a dimer but the
occurrence of monomers can be seen in isolation extracts as they may be an
intermediate in the dimmer’s assembly and/or reparation mechanism (Hankamer et al.,

1997).

1.2.1 Structure

Each monomer is then composed of at least 20 subunits, the exact amount varying
slightly on the specific organism. Among them the main subunits are the PsbA (D1
protein) that contains most of the reaction center, the PsbB (CP47) and PsbC (CP 43)
that are light harvesting complexes (LHC), the PsbD (D2 protein) which envelop part of
the reaction center and the PsbO which is the manganese stabilizing protein (Barber,
2002). Understanding the structure of the protein has been one of the main paths
towards the comprehension of its function. In 2001 a great leap forward was made with
the first x-ray crystal structure of PSII at a resolution of 3.8 A, which gave a much better
perspective on the spatial organization of the subunits and cofactors (Zouni et al., 2001),
when compared with the previously available 15-30 A resolution electron microscopy
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structure for active PSII (Nield et al., 2000) or the 8 A electron crystallography of two-
dimensional crystals of unactive PSII core fragments. From there, further experimental
improvements made it possible to progressively increase the resolution (3.5-3 A) of new
crystal structures (K. N. Ferreira et al.,, 2004; Loll et al., 2005), which allowed to
understand the arrangement of the cofactors more precisely, especially the positions of
the metal atoms of the oxygen evolving complex (OEC). Furthermore in 2011, a structure
with even higher 1.9 A-resolution made it possible to access the distribution of water
molecules in PSIl including the ones connected to the manganese cluster and its
composing oxygen atoms arranged in p-oxo bridges (Umena et al., 2011). The structure
was later confirmed to be very similar to the PSII structure at room temperature (Young
et al., 2016). Fig 1.2 shows a representation of a more recent structure of dark adapted

PSIl at room temperature (6DHE from PDB) (Kern et al., 2018).

Figure 1.2 — Structure of a dark adapted PSIl monomer with highlighted cofactors from the
reaction center, including the OEC, which is identified by the chemical formula Mn,CaOs, the
redox active tyrosine Yz, the special chlorophyll unit P680, the pheophytins (Phe) and the
qguinones Qa and Qg. Also, the distribution of the other chlorophylls in the protein can be seen
as thin green lines and resolved water molecules as small blue dots. Figure made with pymol
based on the structure 6DHE from PDB (Kern et al., 2018).



The OEC s an inorganic MnsCaOs cluster that appears as a Mn3CaQs structure where the
metal atoms are linked through p-oxo bridges in a hetero-cubane manner that is then
connected to an extra dangler Mn via an additional p-oxo bridge (Fig. 1.3) (Vinyard &
Brudvig, 2017). The Mn atoms are numbered from 1 to 4 as well as the five bridging
oxygen atoms which are numbered from 1 to 5, furthermore four water molecules are
bond to the manganese cluster in the So— S, states, two of them are bound to the
dangler Mn4 which are named W1 and W2 and the other two to the Calcium atom and
are named W3 and W4 (Fig 1.3) (Umena et al., 2011). The Mn cluster is ligated to the
protein environment by several amino acid residues mostly via carboxylate groups

(Debus, 2008).

Figure 1.3 — Structure of the Mn4CaOs cluster from dark adapted PSII centers according to the
X-ray structure 3WU2 from PDB (Umena et al., 2011). The purple spheres represent the four Mn
atoms, the red spheres the five bridging oxygens, the orange balls the four water molecules and
in green the coordinated Ca?* ion can be seen (Figure from Assunc3o et al. (2019)).

1.2.2 Photochemistry and electron transfer pathway

The photochemistry of PSIl starts with light absorption by one of the chlorophylls (Chl)
that will quickly funnel via FRET the excitation energy to the special Chl unit (Psso) in the
reaction center, unless it directly absorbs a photon. The created excited state P680*

drives a series of redox reactions (Fig 1.4), starting with electron transfer to the



pheophytin (Phe) that in turn transfers the electron to quinone A (Qa) these initial two
reactions happen within 20 and 300 ps, respectively, ending up with the redox pair
Psso"Qa” (Klauss, Haumann, et al., 2012). The Qa is strongly bound and thus not mobile,
neither in the oxidized nor the reduced state, and is stereochemically unable to be
reduced through the same process a second time. Qg is the final electron acceptor in
PSIl and receives the electron from Qa” with a 0.5-10 ms time constant via the non-heme
Fe(ll). Qg is loosely bound but the formation of an extra hydrogen bond after the first
reduction increases its affinity to its binding site, ensuring that the Qg /QgH intermediate
will not be replaced and will serve as the substrate for the second reduction. This way
the final quinol product, QgH,, is formed, which then leaves PSIl and works as an electron
transporter towards cytochrome bgsf (Muh et al., 2012). This process in the acceptor side
of the PSII reaction center has a cycle that comprises of two light absorption instances
that correspond to the two reductions of the Qg which after being fully reduced to QgH:
is replaced by a nearby quinone to restart the cycle. On the donor side, the positive
charge at the P680°* is reduced by the nearby redox active tyrosine (Yz) within 100 ns of
the radical formation. Furthermore, Yz** oxidizes the MnsCaOs-cluster with time
constants varying between 40 us and 2 ms depending on the oxidation state of the OEC

(Haumann, Liebisch, et al., 2005; Klauss, Haumann, et al., 2012).

For the OEC to split water, it needs to accumulate four oxidizing equivalents achieved
through the absorption of four photons. This four-step reaction cycle of the Mn-cluster
is most commonly called the extended S-state cycle (Klauss, Haumann, et al., 2012),
which is a more complete version of the initial Kok cycle (Kok et al., 1970). In this cycle’s
nomenclature, S stands for state and the subscript, from 0 to 4 corresponds to the
number of oxidations above the most reduced state So where three Mn atoms are in the

oxidation state lll and one in IV (Kulik et al., 2007).



“““““ S1—S>2 100 ps
Mn4q05Ca 55,53 300 ps
S3—Sp 1.6 ms

Figure 1.4 — Main cofactors in the reaction center of PSII as in the X-ray structure 3WU2 from
PDB (Umena et al., 2011), with the main electron transfer pathway evidenced by the black
arrows and respective time constants (Figure from Assuncdo et al. (2019))

h .’
f Sp—S1 40 ps

1.2.3 The S-state cycle

While using a precursor of the time resolved O, polarography technique, primarily used
during the course of this thesis work, Joliot et al. could measure on dark adapted
samples of an algae of the genus Chorella, for the first time a flash induced pattern with
a period of four oscillation (Joliot et al., 1969). The following year after the publishing of
these results Kok and co-workers performed similar experiments and came up with a
model for the reaction cycle that refuted the initial one proposed by Joliot and co-
workers (Kok et al., 1970). This model became to be known as the Kok cycle or S-state
cycle, which was later confirmed by both research groups in a series of independent

experiments (Joliot & Kok, 1975). A historical review up to this point can be read in



(Joliot, 2003). The Kok cycle comprised of a four-step reaction cycle that included the So
and S; dark stable states, the S; and S3 semi-stable states and the transient Ss state. In
dark adapted PSII a mixture of both So and Si1 occurs, and the ratio depends on the
preparation, however a majority of Si (about 75%) is often observed. This occurs
because in the steady state, all states are present and mixed in about equal proportions
of about 25% each, and in the dark the S; and Ss states decay to the Si state. Moreover,
the Kok’s model already considered the existence of a miss factor (a) and double hits
(B). The miss factor is the percentage of PSIl centers that do not advance to the next S-
state upon saturating light flash excitation and the double hits are the few cases where
a PSll center advances two S-states with a single saturating light flash excitation (Forbush
et al., 1971). Nowadays extended Kok models are commonly used to fit flash induced
oxygen patterns (FIOPs) as they consider S; dependent miss factors. An application and
comparison of a few models can be seen in (Noring et al., 2008). As there is at present
much more knowledge about the reaction cycle of PSIl than when the S-state cycle was
initially proposed, it is often referred as the “extended S-state cycle”. Fig. 1.5 shows a
comparison between the classical S-state cycle (inner circle) and the extended version

(outer circle).

H,O
0z - 50+‘<®;/
S 40 us
’ -
Sy
@ S4+ p: 0 e
1.6 msY ; Sy
S4 100 us
S3n \

Figure 1.5 — Reaction cycle of the Mn complex in PSIl. The inner circle shows the classical S-state
model, and the outer circle shows the extended S-state model which includes the alternating
electron and proton removal (Klauss, Haumann, et al., 2012) and the respective superscript
notation n for neutral and + for positive. The know time constants for the events are shown and
the H,0 uptake and oxygen release are shown in green. (Figure from Assuncdo et al. (2019)).
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As each of the four transitions in the S-state cycle of OEC have unique features and

events that makes all of them different, it is important to address them separately:

S; = S, transition

In the S; state, the Mn cluster (Fig 1.3) is diamagnetic and has the oxidation states (lll,
IV, IV, 111) (Koulougliotis et al., 1992), which follow the same numbering as in the picture.
The transition to the S, state involves only an electron transfer meaning that in S, the
OEC has a positive charge and so this transition can also be more accurately represented
as S1" = S;* (Klauss, Haumann, et al., 2012). The electron transfer has a time constant of
100 ps with practically no pH dependency (at 23 °C (Gerencser & Dau, 2010) or at 20 °C
(Klauss et al., 2015)). A low KIE 1.1-1.3 has also been recorded for this transition
(Gerencser & Dau, 2010; Klauss et al., 2015; Zaharieva, Dau, et al., 2016). Structurally
the S, state recorded recently at room temperature by femtosecond X-ray
crystallography shows almost no difference when compared to S; (Kern et al., 2018) just
like it has been suggested by an EXAFS study before (Yano & Yachandra, 2014). The S»
state is paramagnetic and its possible to generate by applying continuous illumination
at low temperature (140-200 K) (Casey & Sauer, 1984), as such, it has been extensively
studied by EPR spectroscopy (Pokhrel & Brudvig, 2014). In these studies, clear
identification of two isomers was achieved, generally referred as the low-spin open
cubane with a multiline 1/2 spin g = 2 signal and the high-spin closed cubane with a 5/2
spin g = 4.1 signal, being that the isomer seen in by crystallography was the low spin
one. These two isomers are interchangeable in a tautomerism manner by placement of
Mn oxidation obtained by electron transfer either on the Mn1 or the Mn4 which make
the O5 bond shift towards the higher oxidation Mn. As the EPR experiments were
performed at low temperature the existence of the 5/2 isomer at room temperature is
still in discussion but it could represent a minor fraction <20%, a transient state or have
a different structure from the proposed “closed cubane” (Chatterjee et al., 2019;

Pantazis, 2018).



S, = Sstransition

As at least a great majority of the low-spin configuration of the S, state is found at room
temperature it is safe to assume that the transition starts from this conformation (Kern
et al., 2018). The EPR study of Boussac et al. (2018) also support this idea, further
suggesting that the S, low-spin state advances to Ss via the S high-spin state, although
Kern et al. (2018) have not found any evidence for the high-spin closed cubane form on
the X-ray structure taken 150 us after the second flash. The transition involves initially
a deprotonation S;*-=>S;" with a time constant of 30 us and a KIE of 5.6, which
replenishes the neutrality of the Mn-cluster so that it can be oxidized by Yz (Gerencser
& Dau, 2010; Klauss, Haumann, et al., 2012; Service et al., 2014). Other spectroscopic
studies have found similar time constants and KIEs confirming the results (Klauss et al.,
2015; Zaharieva, Dau, et al., 2016; Zaharieva et al., 2013). The following electron transfer
S,">S3* has a time constant of 300 s and a high KIE of 1.7-1.9 that shows its coupled
nature to the preceding proton transfer (Gerencser & Dau, 2010; Klauss, Haumann, et
al., 2012; Zaharieva, Dau, et al., 2016; Zaharieva et al., 2013). The end oxidation state of
the Mn-cluster in the S3* (Ss state) is (IV, IV, IV, IV) (Cox et al., 2014). In S3 an extra
bridging oxygen, generally denoted O6 (or Ox) appears between the Mn1 and Mn4. This
extra oxygen was firstly encountered in the 2-Flash data crystal structure from Suga et
al. (2017), although with a short 1.5 A distance from O5 which suggested the existence
of a O-0 bond already (e.g. in peroxide manner). More recently, with higher resolution
structures it was possible to observe a clearer picture of the S3 state, in which the
distance between 05 and 06 was about 1.9-2.1 A that is too long for the existence of a
O-0 bond (Kern et al., 2018; Suga et al., 2019). The work of Suga et al. (2019) further
suggests that the 05-06 bridge to be of the oxyl/oxo type, hypothesis that was further
analysed and agreed upon by Mandal et al. (2020). The pathway for the insertion of O6
is suggested to be based on the movement of W3 towards Mn1 (lbrahim et al., 2020;
Kim & Debus, 2017), which is in line with some of the S3 formation mechanisms

proposed in QM/MM studies (e.g R-pathway in Shoji et al. (2015)).
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S3 = Sptransition

Starting in the Ss3*, this transition is initiated by the release of a proton forming the S3"
state (Klauss et al., 2015). A time constant of about 200 ps at 18 °C was previously
determined for a “lag phase” that was later attributed to that deprotonation event
(Haumann, Liebisch, et al., 2005). More recently, similar time constants were obtained
at 23 °C (150-170 ps) with a KIE of 2.4-2.5 (Gerencser & Dau, 2010; Zaharieva, Dau, et
al., 2016). Following this first step, an electron transfer (S3"-=>S4*) occurs that enables the
0O-0 bond formation and release of Oa. This electron transfer, mostly pH and isotope
effect independent (low KIE of 1.2-1.3) has a determined time constant of 1.6-1.7 ms at
20-23 °C for plant PSIl (Gerencser & Dau, 2010; Klauss et al., 2015; Zaharieva, Dau, et al.,
2016). Results from membrane inlet mass spectrometry excluded earlier 0-0, e.g. as
peroxide formation on S; or S3, by showing that in all S-states both substrate waters
exchange with the bulk solvent. This was done using H,0'® which was then observed in
the product (O;). Each of the two water substrates showed different rates, one with a
slow exchange rate (W) and one faster (Ws) (Cox & Messinger, 2013; Hillier et al., 1998;
Messinger et al., 1995). A combination of this technique and EPR led to the conclusion
that the Ws was in the p-oxo bridge (Navarro et al., 2013) which later was assigned to
be O5 (de Lichtenberg & Messinger, 2020; Lohmiller et al., 2017), although the identity
of Wsstill remains a mystery (Cox et al., 2020). Several experimental and theoretical
studies have suggested different pathways for the O-O bond formation which have
recently mostly fallen into two categories, the oxyl/oxo radical coupling and the
nucleophilic attack (Vinyard & Brudvig, 2017). The first was initially proposed by
Siegbahn (2009); Siegbahn (2013) and would occur inside the cubane unit, between the
two bridging oxygens positioned between Mnl and Mn4, namely O5 and 06. On the
other hand, the nucleophilic attack at the Mn4 dangler manganese would take place
externally, either via a water coordinated to the Ca or to Mn4 itself (Sproviero et al.,
2008), although for this mechanism, considerably higher energy barriers have been
estimated (Siegbahn, 2017). Either way, the formation of O, (S4*=>So*) reduces the Mn
cluster back to (Mn")sMn' (Haumann, Liebisch, et al., 2005; Kulik et al., 2007), with the

higher oxidation most likely to be located in the Mn2 (Yamamoto et al., 2020). An H,O
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binding to the OEC and a final proton release complete the transition to So" (Klauss,

Haumann, et al., 2012; Klauss et al., 2015).

So = Sitransition

In the So" state the structure of the OEC has a motif more like S1 (Fig 1.3), with the
disappearance of 06, which either went in the released O3 or assumed the O5 position
as the previous O5 reacted to form O3 in the S3-Sp transition (Kern et al., 2018). From
there, transitioning to the S; state involves initially an electron transfer (So"-=>S1%)
followed by a proton release (S1*=>S1") (Klauss, Haumann, et al., 2012). The electron
transfer has a time constant of 30-40 ps with a low KIE of 1.3 (Dekker et al., 1984; Klauss
et al., 2015), and is expected to be respective to the oxidation of Mn3 (Yamamoto et al.,
2020) which changes the pKa, of a p-hydroxo bridge (Dau et al., 2001). The following
proton transfer happens with a time constant of 100 us, has a small pH dependence and
a KIE of 3.0 (Klauss, Haumann, et al., 2012; Klauss et al., 2015), most likely from the
referred p-hydroxo bridge which was suggested to be O5 (Lohmiller et al., 2017; Pal et
al., 2013) although more recently contradicting results from a study combining QM/MM
and FTIR difference spectra indicate that O4 could be instead the protonated bridge that

gets deprotonated on the way to S; (Saito et al., 2015; Yamamoto et al., 2020).

1.3 Reaction kinetics and transition state theory

In reactions kinetics, the Arrhenius equation (Eq. 1.2) is widely used to model the
temperature effect on the rate of reactions (Laidler, 1984; Peleg et al., 2012). The

III

consistent application of this “empirical” relationship in 1889 by Svante Arrhenius gave
physical foundation to the equation previously developed by J. H. Van 't Hoff in 1884
(Logan, 1982). In the most common expression of the Arrhenius equation (Eqg. 1.2) the k
is the rate constant, A is the “pre-exponential factor” which is a frequency parameter,

E, is the activation energy, kg the Boltzmann constant and T the temperature.
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k = Ae Ea/kgT (Eq. 1.2)

According to this model, a linear plot of Lnk vs. 1/ksT (T in K) should show a straight line
from whose slope the activation energy can be directly determined. Despite its simplicity
and usefulness, this linear relationship has a limited validity, restricted to a certain range
of temperature, given that A and E; can be temperature dependant even for elementary
chemical reactions (Logan, 1982; Peleg et al., 2012). However, several studies have
shown the clear linear relationship of PSIl processes within the biological temperature
range of PSll operation (Bao & Burnap, 2015; Zaharieva & Dau, 2019). In the Arrhenius
model the activation energy was referred as the energy required to convert the
reactants into the "active" form, now called the transition state (or activated complex in
some literature) (Fig. 1.6), characterized by being the highest energy conformation on

the minimum energy path from the reactants towards the products (Truhlar et al., 1996).

Transition state

Reactants

products

Figure 1.6 — Schematic representation of the physical meaning of activation energy as
envisioned by the Arrhenius equation.

Based on the Arrhenius equation, the works of Eyring, Evans and Polanyi developed the
theory of kinetics arriving in 1935 with the simultaneous formulation of the transition
state theory (Evans & Polanyi, 1935; Eyring, 1935). In this theory further understanding
of the parameters A and E, was achieved, making possible to form a relationship
between these and the enthalpy and entropy. The general form of the Eyring—Polanyi
equation from this theory can be written as in Eq. 1.3 which resembles Arrhenius

equation:
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—-AG? AS? —AH?

kgT ——  kgT == =&
—B_ ekpT = %e"B.e"BT (Eq. 1.3)

h

k =

where the h is the plank constant, AG* is the Gibbs free energy of activation, AH* is the
activation enthalpy, AS* the activation entropy, being that these last three
thermodynamic quantities can be dependent on temperature. For a linear regime in a
range of temperatures where their temperature dependence is negligible, the
relationships between E, and AH* and between A and AS* are given by Eq. 1.4 and Eq.
1.5 respectively (Guo et al., 2014):

AH* = Ea - kBTO (Eq. 1.4)
3 _ ha \ _
AS* = kgln (kBTO) kg (Eq. 1.5)

1.4 Scope and organisation of the thesis

The goal of this thesis is to develop the current understanding of the dynamics of the
reaction center in PSII, by employing mainly time resolve O; polarography which targets
specifically the O, evolution step. It begins by an attempt at the identification of the
substrate water molecules, by carrying out experiments with PSIl under the influence of
substrate-water analogue ammonia. Then by using X-ray absorption spectroscopy, we
try to shed some light into the reasons behind the much slower than predicted (for the
short distance) electron transfer from the OEC to Yz This is followed-up with
experiments on various PSIl mutated variants to target the protonation dynamics during
the Ss3-So transition. And lastly, the far-red photoacclimation process in organisms,
where PSII Chls are replaced by red-shifted ones, was investigated in in the scope of

comparing kinetics and thermodynamics. The chapters are organised as follows:
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Chapter 3 investigates the activation barrier of the O,-formation step of photosystem |l
under the influence of the substrate-water analogue ammonia at various

concentrations.

Chapter 4 studies the protein glass transition of photosystem Il through a series of

temperature dependent EXAFS from 20 to 295 K.

Chapter 5 examines the O evolution kinetics of several photosystem Il variants from
Synechocystis sp. PCC 6803 to better understand the protonation dynamics during the

S3-So transition.

Chapter 6 compares the kinetics of the O, formation step in photosystem Il with and
without red-shifted chlorophylls, including the determination of the activation energy

of a directly comparable case (C. thermalis).
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Chapter 2 — Materials, Methods and set-up upgrades

In this section, the general experimental protocols will be presented along with the
introductions to each specific measurement technique. The description of the
experimental set-ups, and respective improvements done along the course of this
project, will be also covered. The specific experimental details of each experiment are

then presented in their respective chapter.

Buffer solutions (agueous) were used in most experimental procedures. A detailed list
containing the ingredients of each buffer solution and extra relevant information can be

found in Appendix A.

2.1 Photosystem Il sample preparation

For the study of photosystem Il, many different types of samples can be used. Examples
can be full organisms like cyanobacteria or algae, organism parts, like leaves; thylakoid
membranes, plant thylakoid membrane particles (BBY), or even core complexes which
would be the closest to the isolated protein. In this work, the PSIl samples were prepared
either from spinach or cyanobacteria (e.g. Synechocystis sp. PCC 6803), in the form of
thylakoid membranes (for cyanobacteria) and BBY (for spinach). These have very high
0, evolution activity and have the advantage that the PSIl is embedded in its original
lipid environment, even though in BBY the lumen and stroma sides are part of the same
continuous liquid phase, meaning that there will be no longer a pH gradient across the
membrane. In the case of spinach, like in other higher plants, the thylakoid membranes
organize themselves in lamella and grana stacks, being that the second has much higher
PSIl concentration and so instead of full membranes, thylakoid membrane particles
consisting mostly of the grana stacks are often preferred. These membrane fragment
preparations (BBY) offer much higher activity and stability than the full spinach thylakoid
membranes (Berthold et al., 1981; Schiller & Dau, 2000).
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In full thylakoid membranes the amount of PSI present is about 60% of the total PSII (Fan
etal., 2007), and through the BBY preparations it can be reduced below 25% (Danielsson
et al., 2004)). This way, most of the chlorophylls in BBY samples come from PSII, which
can have up to 100 on each monomer (Wei et al., 2016). The thylakoid membranes in
cyanobacteria have normally a PSI/PSII ratio of about 2 (Melis & Brown, 1980) although
it can vary in the range of 1 to 4 depending on the light condition (Fujimori et al., 2005).
These are used as a whole, as they do not form grana stacks or any particular membrane

structures that are preferred for the high PSIl concentration.

2.1.1 PSll enriched membrane particles from spinach

Biologically grown Spinach (Spinacia oleracea) was commercially acquired from a local
shop in lots of 4 kg which come in two lightproof cardboard boxes provided by us to the
seller beforehand. These boxes keep the spinach in the dark to enhance further grana
stacking (Anderson et al., 2012), and when they arrive at the lab are kept in a 4°C cold
room. To avoid unnecessary storing time, the spinach was generally obtained in the

morning, just before the preparation.

The preparation, described below, goes mostly according to Schiller and Dau (2000),
with slight modifications. In their work, the initial protocol to prepare PSIl enriched
membrane fragments from spinach, often called BBY (Berthold et al., 1981) was

improved to produce samples with higher oxygen activity.

The experimental procedure is done under dim green light and the sample is always kept
in the cold (4 °C). Ideally it should be done by 2-3 people to keep this process at a fast
pace, avoiding extra time where unwanted enzymatic activity (especially proteases) that
start once the leaf tissues are broken. These can damage the PSII centers lowering the

final oxygen activity of the sample.

The spinach is prewashed at the sink to remove any excess dirt and passed to an ice-
water bath. Inside the cold room (4°C), the good spinach leaves are separated from

damaged leaves and the low PSIl containing parts, like the stem, the petiole and
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sometimes part of the bigger primary leaf veins and put into a bucket together with a
bit of ice now and then to keep them cold. Along this process the ice bath keeps getting
refiled with more prewashed spinach until there is enough spinach leaf parts in the
bucket (about 10 | volume) to start the next step. A blender of 2 | is filled with the part
of the prepared spinach leaf parts and 1 | of buffer A is added (the BSA and ascorbate in
buffer A protect the sample against proteases and oxidation respectively). Now the
leaves are blended with short blending cycles to keep the temperature from rising and
as the blending makes room for more, the rest of the processed spinach is added. The
liquid-paste is divided in two equal amounts, and each is then squeezed through a
double layer of commercial gauze. The sample is further filtered through a layer of
cheesecloth (Miracloth, Merck) placed in a funnel. Then, the filtrate is centrifuged for
10 min at 4 °C and 17000 g in two 1 | centrifuge tubes (Sorvall LYNX 6000, Thermo
Scientific). The supernatant is discarded, and the pellet resuspended with a brush, in
buffer B, which has a higher salt concentration (150 mM NaCl) to break the chloroplasts
by osmotic pressure, and then it is centrifuged again in 6-8 40 ml centrifuge tubes for 2
min at 1100 g. this centrifugation step allows for the separation of a mixture of broken
chloroplasts and thylakoid membranes, that stay in the supernatant, from the starch
and other cell parts that will go to the pellet. Now, the supernatant is kept and
recentrifuged at 50000 g for 12 min. To discard the lamella parts of the thylakoid
membranes and keep most of the PSII rich grana stacks, a dissolution with a Triton X-
100 mild detergent is used. The pellet is firstly resuspended in a limited amount of buffer
C (under 100 ml) and then the chlorophylla+,) concentration is determined (see 2.2 in
this chapter). The sample volume (Vo) is measured with a graduated cylinder before
calculating with eq. 2.1 and 2.2 respectively the volume of buffer C (V¢) and the volume
of Triton stock solution (V1) to add. The extra buffer Cis added to the sample and the in
an ice-cooled beaker under slow stirring, the triton solution is added dropwise (about 2
min). After 1 min of incubation, the mixture is centrifuged at 1100 g for 2 min. Now the
supernatant is collected and centrifuged for 15 min at 50000 g with a slow ramp-up
acceleration (e.g. setting 6) to allow for the starch and cell debris to settle below the
BBYs. The pellet is then partially resuspended in buffer D, leaving behind the starch
which has a whiter colour. Up to three rewashing steps with buffer D (resuspension and

re-centrifugation) follow-up, leading to the obtention of a starch free dark green sample.
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Finally, the sample is collected by resuspending with a maximum of 50 ml of buffer D
and then after determining the Chl concentration, which should be at least 2 mg/ml, it
is stored in eppis with appropriate size (0.5-2 ml) at -80°C. The oxygen activity of the
prepared sample is determined preferably the same day and a value of 900-1400

umoloz.mgcenit.ht (at 28 °C, pH 6.2) should be obtained (using Buffer 0,).

2[Chl]
5

IRAE
T 10

Ve =V, ( - 1) (Eq. 2.1) Vr (Eq. 2.2)

2.1.2 Thylakoid membranes from Synechocystis sp. PCC 6803

The preparation protocol for isolation of thylakoid membranes from Synechocystis sp.
PCC 6803, was taught to me during my internship at the Burnap Lab at Oklahoma State
University (OK, USA) where we performed it repeatedly, and although most of the
Synechocystis sp. PCC 6803 samples used in this thesis were obtained later through
collaborations with the groups of prof. Rick Debus and Prof. Robert Burnap, this protocol
will be described below. Both groups collaborate and use this same protocol which was
developed over the years based on the work of Burnap et al. (1989), Tang and Diner

(1994) and Strickler et al. (2005).

The strain Synechocystis sp. PCC 6803 was originally isolated by Dr. J.G.K. Williams
(DuPont, Wilmington, DE) (Mayes et al., 1993) and at the present date is likely the
organism with the most available mutations of PSIl, mainly because of its ability to
tolerate heterotrophic growth with glucose containing media, meaning that even cells
with mutations that severely impact photosynthesis, and thus non-autotrophic, can still
grow. The wild-type strain and respective mutant strains were kept on solid (1.5% (w/v)
agar) BG-11 media (Rippka et al., 1979) buffered with 20 mM HEPES-NaOH (pH 8.0)
supplemented with 5 mM glucose, 20 mM Na,S;03 (Sodium thiosulfate) and 10 uM
DCMU (Fig. 2.1). The later three are added from filtered solutions (pore size: 0.45 um).
For large scale cultivation, liquid BG-11 media with 5 mM glucose was inoculated with
the strain of interest and grown without DCMU. This was done originally (Burnap Lab)

in 7 | bottles at 30°C, with cool white fluorescent lights and bubbling filter sterilized air,
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enriched with about 3% CO,. In our lab, instead we can use a 33 | tubular rector
(Photobioreaktor PBR 25 S with xCubio control unit, bbi biotech) with automated control
of several parameters like temperature, pH, light and CO, concentration. The growth
can be controlled by measuring the optical density at 750 nm (OD7s0) in a
spectrophotometer and the cells are then harvested in the late log phase of the cell
growth curve, which is the phase at which the total PSIl per cell in the culture is the

highest (Schuurmans et al., 2017) this happens at an OD7s0 value between 2 and 4.

Figure 2.1 — Picture example of a Synechocystis sp. PCC 6803 strain in solid BG-11 media.

For this protocol, 21 | of cyanobacteria are harvested by centrifugation at 12,000 x g for
12 min at 4 °C (Sorvall LYNX 6000, Thermo Scientific), and then resuspended in buffer
TMB (50 mM MES-NaOH (pH 6.0), 10% (vol/vol) glycerol, 1.2 M betaine, 5 mM MgCl,,
and 5 mM CaCl,, 0.45 um filtered) to a final volume of 600 ml. After an additional
centrifugation step at 13000 x g for 15 min at 4 °C, the sample is resuspended with buffer
TMB to a maximum volume of 120 ml and then left for 1h on ice in the dark. All following
steps were performed in a cold room at 4°C and under dim green light. For cell breakage,
120 ml of sample at about a concentration of 1 mgcn.ml™ is transferred into two bead
beaters (half each) and 42 ml of zirconia/silica beads with a diameter of 0.1 mm are
added to each vessel. Before cell breakage, 55 ul of 1 M benzamidine, 55 pl of 1 M ¢-
amino-n-caproic acid and 220 ul 0.25 M phenylmethanesulfonyl fluoride (PMSF) were
added. The cells were broken in the bead beaters (Bio-Spec Products) inside an ice-water
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jacket, using nine cycles of 15 s on and 5 min off for the wild type cells or six cycles for
the mutant cells. The resulting mixture was transferred two times from beaker to beaker
using excess buffer TMB to separate all the sample containing the thylakoid membranes
from the beads deposited at the bottom of the beakers. The total volume of no more
than 400 ml was then centrifuged at 5000 x g for 10 min at 4 °C to remove cell debris
and residual beads. The supernatant with the extracted thylakoid membranes was then
ultra-centrifuged (Sorvall WX Ultra 80, Thermo Scientific) at 165000 x g for 40 min at 4
°C. The blue supernatant with red fluorescence, that contains a high amount of
phycobilisomes, is discarded and the pelleted thylakoid membranes are resuspended in
buffer TMS (50 mM MES-NaOH (pH 6.0), 10% (vol/vol) glycerol, 1.2 M betaine, 20 mM
CaCly, and 5 mM MgCly, 0.45 um filtered) to a chlorophyll concentration of 1-1.5 mg ml

! before being snap-frozen in liquid nitrogen and stored at -80 °C.

2.1.3 Thylakoid membranes from other organisms

Even though | was only involved in the preparation of samples from Spinach (Spinacia
oleracea) and Synechocystis sp. PCC 6803, during this thesis work other samples from

other types of organisms were obtained from colleagues in our group.

Thermosynechococcus elongatus thylakoid membranes were provided by Janis Hantke
who grew the cells culture and prepared the samples according to Schuth et al. (2017)

beased on the previous protocol of Kern et al. (2005).

The samples from Acaryochloris marina, Chroococcidiopsis thermalis PCC 7203 grown in
white light conditions (WL grown) and Chroococcidiopsis thermalis PCC 7203 grown in
far-red light conditions (FRL grown) were provided by Viktor Eichmann and Dr. Dennis
Nirnberg, who used a modified version of the protocol described for the preparation of

thylakoid membranes from Synechocystis sp. PCC 6803 (Eichmann, 2021).

Thylakoid membranes from Mastigocladus laminosus and Chlamydomonas nivalis were
provided by Lena Schéafer, who described the protocol in her master thesis (Schafer,

2018).
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2.2 Determination of chlorophyll concentration

To handle and do experiments with proteins in solutions, it is important to know their
concentration. Although not complicated, the determination of protein concentration is
not a quick and simple task (Bradford, 1976), the determination of Chl concentration for
PSIl can be an indirect, although fast, way of achieving that. This measurement is
accurate and quantitative (Lichtenthaler, 1987), that facilitates the usage of sample in
comparable amounts and in a reproducible way. Although it is generally not converted
to protein amount or concentration, it can be done by knowing the ratio of PSI/PSIl in
the sample, about 0.25 in spinach grana cores (Danielsson et al., 2004), and the number
of chlorophylls in each monomer (105 for plant PSIl (Wei et al., 2016) and 167 for plant
PSI (Ben-Shem et al., 2003)). For spinach BBY, the procedure starts by dissolving the
sample (40 ul) in 10 ml of a solvent where chlorophylls are soluble, at least partially, for
spinach BBY a mixture of 80% acetone and 20% water (v/v) was used. This is done at
least in duplicate, and then both tubes are centrifuged at 1,200 x g for 4 min (Universal
320 R, Hettich) to remove particles of non-soluble material in suspension. The
absorption of the supernatant is then measured at 646 nm (a max of Chly Absorption)
and 663 nm (a max of Chl, Absorption) in a UV-Vis spectrophotometer (Cary 50, Varian)
in a cuvette with 1 cm of optical path. The chlorophyll concentration was then calculated
in mg/ml with the following equations 2.3 and 2.4 (Wellburn, 1994), being the extra 0.25

factor a sample/volume ratio correction:
[Chla] =(12.21 x Ass3 - 2.81 X Agas) X 0.25 (Eq. 2.3)
[Chlp] = (20.13 x Aeas - 5.03 x Ags3) X 0.25 (Eqg. 2.4)

Chlorophyll concentrations for C. thermalis PCC 7203 were determined as described in
Nirnberg et al. (2018). Small samples of thylakoid membranes were resuspended in
methanol, briefly vortexed and centrifuged at 10,000 x g for 2 min. The absorption of
the supernatant was measured at 665, 707 and 750 nm and the concentration calculated

with the Eq. 2.5 and Eq. 2.6 (Li et al., 2014):

[Ch|a] = (12.52 X (Asss - A750) —2.28 x (A7o7 - A750) (Eq. 2.5)
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[Ch|f] = (12.78 X (A7o7 - A750) —0.07 x (A665 - A750) (Eq. 2.6)

The chlorophyll concentration for thylakoid membranes from A. marina was determined
as described by Ritchie (2006) using methanol for the dissolution of Chls and the

following equations 2.7 and 2.8 for the calculations:
[Chla] = (13.0161 X Asss- 3.1022 x Aege) (Eq. 2.7)

[Chlg] = (12.9376 x As97 - 0.327 X Asss) (Eq. 2.8)

2.3 Oxygen evolution activity measurement

The oxygen evolution activity of PSIl can be determined using a Clark-type electrode (van
Gorkom & Gast, 1996) that was initially developed to measure oxygen in blood (Clark et
al., 1953). In this method, an electrode system composed of a platinum working
electrode (WE) and a silver counter electrode (CE) is adapted in a water-cooled
thermostatic jacket with a sample chamber of slightly over 2 ml that is separated from
the WE by an oxygen-permeable Teflon membrane. After sample injection in the
chamber, saturating continuous illumination is applied and the oxygen production per
Chl and unit of time can be determined by the slope of the early rise of the oxygen level
recorded over time by the electrode at constant potential. The signal comes from the

reduction of oxygen at the electrode which gives a current signal. (Fig. 2.2)

The experimental set-up (Fig. 2.3) is composed of a commercial oxygen monitoring
system (oxygraphy+, Hansatech) which has an electronics box, one illumination lamp,
one electrode and a thermostatic jacket. To ensure light saturation and homogeneity,
an extra light source was added (Silent 2500 data, Kindermann). For thermostatic

control, a water bath (CORIO CD-200F, Julabo) is used.
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Figure 2.2 — Example of a series of eleven typical measurements of oxygen activity from different
BBY samples. A sequence of light on and off events can be seen in signal. The signal recording
was interrupted in between each measurement for sample exchange.

Figure 2.3 - PSIl oxygen evolution activity determination set-up (Clark-type electrode). On the
table the Hansatech Oxygraph+ with the thermostatic jacket, that includes the sample chamber,

can be seen between the two light sources. On the right a control laptop with the 02 view
software is displayed.

As the high relevance of small details to this experiment’s outcome lead to very different
results obtained by different users, a written protocol is needed. After extensive
troubleshooting sessions with my colleague Paul Greife, one was written by me based
also on some experimental knowledge passed by our predecessor Dr. Phillip Simon who
worked there just before us, and so this section will have extra experimental details for

the purpose of being documented.
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Troubleshooting

For troubleshooting of the Hansatech Oxygraph+, one can open the 02 view software,
go to the hardware dropdown menu and select “instrument test” and there select “auto
test”. For this check-up, the electrode should be disconnected, and any saved
calibrations must be deleted (this is done in the menu “calibration” and then “calibration
details”). This instrument test is a two-stage check-up and when the device is working
fine, the signal value should be 0 nAmps on stage one and about 1600-1700 nAmps on

stage two (when the resistor is on).

Cleaning the electrode

For a good performance of the electrode the surfaces of both WE and CE should be of
clan metal without any visible oxidation layers (which have a non-shinny dark grey
colour). Also, the working electrode should have a mirror-like finish to have a
homogeneous response along its area. An example of a well-kept electrode is shown in
Fig. 2.4A while an example of an electrode without proper maintenance (e.g. black spots
on the counter electrode due to oxidation and general salt dirtiness) is shown in Fig.
2.4B. To avoid the second example, good maintenance should be practiced by users,
consisting of polishing the CE, before and after the experiment, with toothpaste and VE
water using cotton buds and then rinsing with VE water, until no black spots are visible.
Since the WE should not be scratched and is less susceptible to oxidation (due to higher
reduction potential of platinum) it should not be polished often, passing gently with a
cotton bud before the experiment with VE water is enough. Before storing in the

desiccator, the electrodes should be gently dried with Kimwipes®.
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Figure 2.4 — Clean and well-kept electrode (A). Badly preserved electrode (B).

Assembling the membrane

The Teflon membrane is permeable to oxygen but not to water or ions, creating two
compartments in this experiment, one below the membrane, where the electrodes can
stay in a high salt concentration that promotes good conduction between the them, (KCI
is used as support electrolyte) and above the membrane the sample can be probed by
saturating illumination and produce oxygen in the desired buffer conditions e.g. without
an excess of KCl ions. This way optimal conditions are achieved for both processes (water

oxidation by the sample and O reduction by the electrodes).

To assemble the membrane, 5-6 drops of KCl-solution in water are added to the dry
electrode, making sure that both WE and CE are wetted. Then cigar-filter paper is cut
into an appropriate square (excluding the glue part) and put on the electrode centred,
the edges are bent into the CE well and 2-3 extra KCl-solution drops are added on top.
The electrolyte-soaked filter paper will create a connection bridge between the WE and
the CE. The membraneis cut in a bigger square and added on top of the electrode, where
it is fixed using an O-ring. The excess membrane is cut away and the electrode is
mounted in the thermostatic jacket and sealed with a large O-ring. While the bottom is
screwed, care should be taken no to make it too tight, because this would overly stretch
the membrane and widen the membranes pores. The magnetic stirrer is added and

while stirring the sample chamber is rinsed twice.
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Calibration

Before the measurements, the calibration must be performed to compensate for slight
changes in the membrane set-up. To do so, the calibration option “air saturated water”
can be selected. Here air saturated water refers to water that has been equilibrated with
air, so to use VE water that was around in a wash bottle is ideal (no need to shake). 2 ml
of VE water are then added to the sample chamber. The correct measuring temperature
of 28°C and stirring speed of 75 rpm must be selected. The software waits for the current
signal to plateau, and the respective amplitude should be noted down. After, a small
spatula spoon of sodium dithionite is added to remove any oxygen dissolved in the water
and then the signal will stabilize at a plateau again. The calibration finishes automatically
reporting the calibration factor and the offset. If the membrane was well assembled and
the electronics are working correctly, the calibration factor multiplied by the initial
plateau level should be 270 + 10 nAmps. As the sodium dithionite can interfere with the
detection of oxygen, the sample chamber must be rinsed very well with VE water after

the calibration (about 10 times).

Measuring the O, activity of PSIl membrane particles from spinach (BBY)

To measure the oxygen activity of a BBY sample, 2 ml of Buffer O, are added to the
sample chamber, the stirrer speed is set to 75 rpm and the data recording turned on.
The following steps are done under dim green light. The signal is observed for a short
period of time and a plateau should be reached. A sample amount equivalent to 10 pg
Chl (40 pl) is added from a stock solution of 0.25 pg Chl/ml followed by the addition of
40 pl of 50 mM K3[Fe(CN)s] in water and 10 ul of 50 mM DCBQ in DMSO. DCBQ and
K3[Fe(CN)s] act has electron acceptors instead of the natural Qg which is in deficit in BBY
preparations (Tanaka-Kitatani et al., 1990). Due to the high concentration and thus
viscosity of the sample, it is better to dilute it in a stock solution. This avoids errors while
pipetting the sample into the chamber, thus ensuring the right final sample
concentration from which the result is dependent. The illumination is turned on and a

rise in the oxygen signal should be observed. From the slope of the initial rise the oxygen
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production rate is calculated and converted to pmoloz.mgch.ht. The sample is
generally measured at least 2 additional times and the results should be within + 50
umoloz.mgenit.hl. Between measurements, the sample chamber is rinsed with water or
oxygen buffer once, but more times in case of experiments involving inhibitors. The
membrane lasts for about 10 measurements, and then should be replaced, especially if
drifts in the baseline signal (when only buffer is present) are observed. A sample with
known oxygen activity can be measured as a control to ensure that the assembly is

working as intended.

2.4 Time-resolved oxygen polarography

Although the name polarography is strongly connected to a linear sweep
electrochemical technique that uses mercury-drop electrodes developed by Jaroslav
Heyrovsky and led to his distinction with a Nobel prize in 1959, the present technique
used is different and based instead on the Joliot electrode. This type of electrode was
developed around 1968-1969 (Bennoun & Joliot, 1969; Joliot & Joliot, 1968) and was a
great addition to the study of photosystem Il and photosynthesis in general, enabling
Kok and co-workers in 1970 to report the first time a catalytic cycle for this important
enzyme (Kok et al., 1970). As the initial set-up was called a modulated polarograph, soon
the name polarography started being used in different variations like oxygen
polarography or flash polarography. Here the addition of “time-resolved” emphasises
the higher sub-millisecond time resolution that can be achieved today in comparison
with the early experimental set-ups. Another term associated with the same technique

is flash-induced amperometry (Lavorel, 1992).

2.4.1 The technique

Time-resolved oxygen polarography is a technique that allows for the measurement of
oxygen produced by a sample after light excitation. This is done by using a bare platinum
electrode which under a continuous static polarization can reduce at its surface any

oxygen arriving. The electrode used is an assembly of a platinum disk working electrode
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(WE) and a silver ring counter electrode (CE) as shown in Fig. 2.5. The WE normally
charged with a polarization ranging from -0.60 to -0.95 V can reduce oxygen produced
by a sample directly deposited onto it. The cathodic reaction can then be represented

by Eq. 2.9:

0,+2H0+4e > 40H (Eq. 2.9)

The anodic reaction happening at the CE can be summarized by Eqg. 2.10:

Ag+Cl > AgCl+e (Eq. 2.10)

Figure 2.5 — Joliot-type electrode used for oxygen polarography.

As the reduction rate on the platinum electrode is sufficiently fast with the used
potential, the oxygen yield is proportional to the accumulating electron charge (Meunier
& Popovic, 1990). And so, the resulting measured signal is an oxygen diffusion curve with
amplitude proportional to the current that was measured at each time point. To
overcome the diffusion limitation of oxygen transfer to the electrode surface, the
oxygen-evolving material is deposited directly onto the surface (Clausen et al., 2004).
This improves the time resolution drastically when compared with the Clark-type
electrode where the signal is strongly diffusion limited mostly by the membrane but also
by the bigger electrode spacing (Renger & Hanssum, 2009). This way, the time-resolved
oxygen polarography makes it possible to identify sub-millisecond reaction

intermediates from the diffusion signal (Bao & Burnap, 2015).
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The most common types of samples used are thylakoid membranes or membrane
fragments which can produce oxygen under illumination when working PSll is present
inthem. These are previously dark adapted and, in our case, deposited by centrifugation
(10000 x g for 10 min) directly onto the electrode creating a homogeneous and stable
thin layer. The advantage of a compact thin layer is that the diffusion range from the top
of the layer to the electrode is small and allows for the fast measurement of most of the
signal condensed at an earlier timescale making it possible to have a higher signal to
noise ratio. On the other hand, if the sample would be in a comparable non-compact
form like a dispersion, the signal would be highly broadened over time, have lower
maximum intensity and thus lower signal to noise ratio. The illumination is given as a
sequence of short (us range) light pulses at a convenient spacing (generally 700 ms) to

promote the sequence of photochemical events that lead to oxygen evolution.

2.4.2 Experimental set-up

The experimental set-up was initially designed by Jung-Soo Kim in 2009 and apart from
a few commercially available parts and devices, it was mostly constructed by the

workshop of our department.

As it can be seen on the scheme on Fig. 2.6, the set-up has an electrode housing where
the Joliot-type electrode is connected. This housing is made of aluminium and has two
Peltier elements that are temperature controlled within a 0.1 °C precision using an
electronics unit (PKE 72 A 0021, Peltron). Furthermore, since the Peltier elements rest
on the outside wall of the housing, there is a temperature probe connected to a digital
thermometer (GMH 3210, GREISINGER electronic), that is attached to the inside part
and set at a distance so that it will touch the buffer during the experiment, to measure
accurately the temperature of the sample. Both Peltier elements are water-cooled by
tubes connected to an aquarium pump (Compact 1000, EHEIM) submerged in a water
reservoir, that is generally at room temperature but can be changed, using ice or warm
water, to help speed the temperature regulation for lower (below 10°C) or higher

temperature (above 35°C) respectively. On top, the electrode housing has a hole where
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Figure 2.6 — Schematic of the time-resolved oxygen polarography set-up. In the picture the
electrode cannot be seem as it is under the thermostatic jacket of the electrode housing. The
light source displayed is a representation of the LED-device although the light guide can also
originate from a xenon flashlamp.

a liquid light guide (Serie 380, Lumatec) can be inserted. The position is so that it aligns
with the working electrode and submerges in the buffer during operation to avoid an air
interface. The light guide which has about 80% transmission, connects on the other side
to the light source. Initially, the only option for this was a Xeon flashlamp (FX 134, EG&G
Heimann Optoelectronics) with an optical filter (OG 570, ITOS) that provided a 10 us
(FWHM) flash energy pulse of 914 w (at 1500 V, 538 pJ at 1000 V and 96 wJ at 400 V),
measured at the end of the light guide. Now a new LED system has been developed and
added to the set-up (please see 2.4.3 for details). At the current maximum operation
voltage (22 V) and pulse length (40 ps) the LED pulses have an average energy of 212
for the Far-red LED, 251 pJ for the green LED and 267 W for the red LED. A comparison
between the spectrum of the flashlamp’s filtered emission and the LEDs’ emissions can
be seen in Fig. 2.7. An in-house build potentiostat is set to apply a polarization voltage
of -0.95 V and then measure the resulting current, which is treated through a high-pass
filter (HPF) with a 100 ms time constant (optionally a 1 s time constant HPF is also
available) and then amplified by a factor of 1 to 10 by a low-pass filter of 0.1-5 kHz. The
signal was then analogue to digital converted by a multi-function data acquisition “DAQ”

(USB-6251 BNC, National Instruments) and then recorded in the computer using a
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Labview software at a rate on 1 MHz and 40-points averaged ending up with a time

resolution of 40 ps.
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Figure 2.7 — Emission spectrums of the flashlamp and the LED- system with each of the three
respective LED sources.

Because of a big enhancement of the 50 Hz noise, that happens when the temperature
controller is on, and heavily compromises the quality of the data, the device was always
turned off upon reaching the desired temperature, right before the start of the
measurement. The resulting uncertainty on the temperature was estimated to be about
+ 0.3 °C. To increase the measuring experience of the O, polarography user and reduce
temperature uncertainty it would be great, as a future upgrade, to find a way to have

the temperature controller on without interfering with the experimental signal.

2.4.3 Set-up upgrades

Although the set-up has been established in 2009 and progressively upgraded ever
since, several challenges still made the experience of measuring and acquiring good data
difficult. The first issue had to do with the electrical connection between the electrode
and the base holder. This was made by two high-end connectors an RCA socket (WBT-
0110 Ag) and an RCA plug (WBT-0210 Ag). For maximum electrical conductivity silver

pins had been the obvious initial choice. The problem with those is twofold. It starts with
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the fact that the pins spend much more time disconnected than connected which leave
them more susceptible to oxidation. Oxide residues can be somehow cleaned but this is
not an easy task given the configuration of the tight constructions, electrode and base.
Secondly, while manufacturing the electrodes the plugs are cut in a way to fit the design
and thus their screw tight grip, that they were intended to have, is no longer possible to
apply, making it essential that the metal surfaces are clean and non-oxidized to have a
good connection. The poor connection made each experiment a gamble on whether the
data was going to be good, extra noisy, or not even there. The solution came when we
decided to replace the socket in the base with a similar one made of gold-plated copper
(WBT-0210 Cu) (Fig. 2.8 B). This one gave a good connection and although after some
usage the copper starts to show up, at the time of writing this socket is still working fine.
At the time we also manufactured three new electrodes with gold-plated copper plugs
(WBT-0114 Cu) (Fig. 2.8 A), but soon we discovered that the electrodes with silver plugs
were working just as fine. Currently there are 6 good electrodes, 3 with each type of
plug, but the socket at the base, the most exposed to air and dust should keep working

only with the gold-plated copper sockets.

Figure 2.8 — Gold-plated copper RCA plug (A) and socket (B). Image from www.wbt.de.

Another concern regarding this experimental set-up was the flash illumination, which
was, and still can be provided by a xenon arc-discharge flashlamp. This source of
illumination has high power and provides very good flash excitation to the samples
tested there so far. The issue is regarding the strong flash induced artifact that appears

in the data after the discharge. This can be corrected when the sample has a strong
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signal, although it can engulf the early rise of the oxygen signal for samples with a weak
signal. This way a more convenient light source was needed. Through conversation with
our colleagues from the University of Uppsala, especially Prof. Johannes Messinger and
Dr. Mun Hon Cheah from his group, we got to know that they had developed an LED
system with electronics inspired in two publications (Willert et al., 2010; Wilson et al.,
2015). After some discussion sessions about the implementation, | sought the help of
Christian Guttler from the electronics workshop at our department who designed a new
circuit according to our specific needs based also on Willert et al. (2010); Wilson et al.

(2015) and then constructed the device (number 2 in Fig 2.10).

Figure 2.9 — High performance LEDs from Luminus. Red on the left, far red in the middle and
green on the right side.

Meanwhile suitable LEDs from Luminus were ordered from a local supplier in three
different emission colours, red (613 nm), green (520 nm) and far red (730 nm) (Fig. 2.9).
By using the custom-made LED system, it is possible to flash these high-end LEDs at a
very high drive current of about 150 A for a very short time (e.g. 40 ps) this way even
though we are operating with about 5 times higher drive current than the maximum
listed in the respective spec sheet, they still perform and do not overheat and burn due
to the fact that the pulses are very short. In the LED flasher there is an out BNC port to
measure the drive current, which can be done with an oscilloscope, and is regulated on
the power supply of the LED flasher by changing the input voltage. 22 V and 40 pus are
the current voltage and pulse length settings which should not be increased without

proper testing at the risk of immediate irreversible damage to the LEDs.

The last step to incorporate the new illumination device into the polarography set-up

was to design and 3D print an LED housing (see Appendix B.1-2 for dimensions). This was
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needed to adapt both the LED and the liquid light guide (already in the set-up) and had
to be quick to open, for LED replacement, and should have precise positioning regarding
the LED-light guide alignment and distance (1 mm from the LED) so that the least light
pulse energy would be lost. A picture of the LED flasher already inserted in the

polarography set-up can be seen on Fig 2.10.

Figure 2.10 — Photography of part of the oxygen polarography set-up showing the new LED
flashing system. The picture includes the LED-pulse power supply (1), the LED-system (2), the 3D
printed LED housing (3), The liquid light guide (4), the base of the electrode housing (5) and the
thermostatic jacket part of the electrode housing (6). On 6 it can be seen the Peltier elements in
copper colour, the water-cooling tube system in blue and the wires of the temperature probe
connecting on top in white and green.

2.4.4 Construction of the electrodes

Since the inception of the time resolved polarography set-up at our laboratory, many
ways for constructing well performing electrodes were tested. The electrodes must be
small and fitting into the adaptors of the centrifuge’s rotor (TH13-6x50, Thermo
Scientific). The electrode body was initially designed when the set-up was created and
then upgraded slightly to further ease the electrode’s construction as well as improve
their resistance to centrifugal forces. The body is composed of 3 pieces of PVC (top part,
middle part, and bottom cap), that can be manufactured by the department’s workshop
(Appendix B.3-5). A small extra modification was made during this thesis work to
improve the resilience of the electrodes to high g forces. The middle part of the body is

a hollow cylinder which had little roughness to create a good adhesion to the epoxy resin
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fill and so a cut on the inside wall imitating a square wave was done to give extra support
to the filling. The electrode itself is a ring disk assembly of a 999-platinum disk and a
999-silver ring that have a 999-silver wire soldered to the bottom side of each piece with
about 4 cm length and will be used to connect them to the respective RCA plug by
soldering (See Appendix B.6 for electrode dimensions). Previously it was found that less
pure materials would not perform as intended (Schonborn, 2017), so the 999-purity
standard of the metals should not be overlooked. The metal rings and disks can be
produced by a jeweller, being that the current provider is the nearby goldsmith store
“Goldschmiede am Botanischen Garten”. | leave the name of the store since was a quite
hard task to find a new provider since the last one (Leihhaus Katz, Berlin) stopped being

available for this task.

The assembly can be done in four gluing steps starting by gluing the metal ring and disk
to the top body part, which should be done by applying a little adhesive and clicking
them into position, and after a little extra adhesive should be added on top to cover all
the metal parts. As before, this and all further gluing steps are made using the same
two-component adhesive EPL285 and EPH285 (bacuplast, Germany) which takes about
1 day to dry. These two components should be warmed up to 50 °C, mixed in the right
proportions and then applied using a 1.5 mm syringe. The heating helps to lower the
viscosity that makes it flow better and release unwanted bubbles. At the workshop, the
top part of the RCA plugs should be cut off at about half the threading high so that the
plugs fit the electrode properly. After the first gluing step is ready and dry, the electrode
is turned upside down and adhesive is inserted by the open bottom channel letting the
air come out of the other channel in which the silver wire is passing through. After
overflowing a little with adhesive, the RCA plug can now be placed in the center position
for gluing, already aligning the correct wires to the correct connector. In this step extra
care must be taken not to spread adhesive all over the contacts. After the drying on the
upside-down position, the contacts of the half-assembled electrodes can be soldered
(working electrode to the middle pin and counter electrode to the outer pin). It is
recommended that the soldering is done in electronics workshop, Michael Schreiber
could do the job with great dexterity avoiding small accidents that could occur during

this step. After this step, the middle body part can be attached, and the inside part,
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where the RCA plug is, can be filled with adhesive. Here the recommendation is not to
add to much not to cover the connecting part of the plug and also leave a bit of space
as later there might be the need to add extra resin to specific electrodes to obtain an
equal weight in all of them. Before drying, the previously cut RCA plug cap is inserted
and the electrode if left to dry in the upside-down position. When the drying is over, the
top part of the electrode can be revealed by sanding with a sandpaper and later with
diamond paste. To avoid uneven sanding, the sandpaper should lay on the workbench
while sanding, and by making moves with the electrode in an infinite 8-shape. When the
metal is close to reveal, a lower roughness sandpaper can be used and when the first
part of the metal is revealed, it should be changed to the polishing pads while using wet
diamond paste as grinding material. Now the process goes until there is no longer any
resin covering the metal electrodes. Once this happens, the electrodes can be polished
with toothpaste to get a mirror finish. The end step is to balance the electrodes to the
same weight with a bit of extra adhesive added to the bottom part of the current
assembly. Two O-rings are then added to the electrode’s “neck” in the two respective
places and the bottom caps can be clicked in and out any time when needed for
centrifugation. Lastly, the removable metal hollow cylinder can be pushed in the
electrode’s neck creating the top compartment where the sample and buffer are added

during the experiments.

2.4.5 Data analysis

The data obtained from the time-resolved polarography set-up is recorded as an
arbitrary signal over time, proportional to the measured current. The signal is split into
individual diffusion curves after each excitation flash, meaning that after applying 32
excitation flashes one should have 32 individual traces. Depending on the type of
experiment, some of these traces can be discarded, for example if a dark-adapted
oxygen evolving PSIl (mostly in the S1 state) sample was used, generally the first two
flashes are discarded as they promote, in majority, the S1-S2-S3 transitions which are

non-oxygen evolving.
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For the analysis of the oxygen evolution kinetics, several flash traces can be averaged
for one experiment to increase the signal to noise ratio. Often repetitions of the same
measurements are available and can be averaged together or analysed separately. To
extract accurate information about the kinetics from the diffusion curves a model
previously implemented was used (Dilbeck et al., 2012). This diffusion model divides the
volume of the deposited PSII sample and buffer into layers of Ax thickness and calculates
the Oz concentration in every layer at each moment in time. To achieve this, the three
following processes are described mathematically (Lavorel, 1992; Plijter et al., 1988)
based on a one-dimensional diffusion of O, (Egs. 2.11 and 2.12) with an O, production
source (Eg. 2.13) and an O3 sink process at electrode surface (Eqg. 2.14), then solved by
numerical integration (see below for parameters description). A schematic

representation of the model can be seen of Fig. 2.11.

Ax ]

max
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Figure 2.11 — Representation of the processes involved in the fit model. White arrows represent
the diffusion of O in the sample compartment; white dots the production of oxygen in the PSII
layer (green); black arrowheads the consumption of oxygen at the electrode’s surface (grey).
Adapted from the manual of the O2-diffusion program written by Dr. Ivelina Zaharieva.

1. O, diffusion

1.1. For the whole bulk volume is given by:

[0152 + [( [05]54-0515%) + ([0,]625,-[0,1520)] . (2) .4t (Eq.2.11)
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1.2. And for the bottom layer by:

2
[0,1526 + ([0:1524-[0,1426) . (%) -4 (Eq. 2.12)

2. Oy production from PSII — only in the layers containing PSII, given by:

) [Sg] . (e‘kz(t‘tlag)_e‘kl(t‘tlag)) At (Eq. 2.13)

3. 0z consumption from the lowest PSlI-containing layer at the electrode’s surface,
that gives rise to the oxygen signal, is given by (only applicable for the bottom

layer):

-Rep . [0,]545. Ax (Eq. 2.14)

To calculate the O, concentration in the layers, three cases appear: layers of buffer
without PSIl sample (a), PSIl sample layers with buffer (b) and bottom layer at the
electrode’s interface composed of PSIl sample and buffer (c). For the first case (a), the
expression 2.11 is sufficient to calculate the oxygen concentration in these layers as
there is no production or consumption. For the second case (b) where there is both

diffusion and production, the oxygen concentration is given by the sum of expression

2.11and 2.13:

] . . ] . D\?
(0215 = [0215% + [([051585-[02152) + ([02)25,-[0:152)] . (&) -4t +
% L [S9]. (eke(ttiag) e Fa(ttiag)y At (Eq. 2.15)

The last case (c), at the electrode’s interface, the diffusion part is simplified (Eq. 2.12) as
it is limited to the upwards direction and the term for consumption at the electrode is

added (Eq. 2.14):
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. . . D\? Ky Kk ko (t—
(051420 = [0:1525 + ([0155-0,1555) . () -4 + 252 . [89]. (e7re(tmae) —

e k1(tTag)) At- Ry, . [0,]548. Ax (Eq. 2.16)
Parameter description:

o Disthe O, diffusion constant.

o ki is the rate constant of the step preceding the O, evolution step, with the
formation of the intermediate known as S3" or Sa.

o kais the rate constant of the O, evolution step.

o [S3% corresponds to the initial (t=0) population of PSIl in S3 state.

O Tiag is the time delay relative to the oxygen reduction reaction by the electrode.

o Rerepresents the oxygen reduction rate at the electrode.

o Atrepresents the simulated time steps that were set to 40 ps.

The numerical integration starts with t = 0 and [02]x = 0 in all Ax layers.

To facilitate the frequent application of the described model to fit the polarography
transients and extract the time constants of the two main steps involved in the S3-So
transition, the ‘02 diffusion’ program was previously written and subsequently
upgraded by Dr. Ivelina Zaharieva. This program uses an iterative method to minimize
the fit errors based either on the Simplex algorithm or alternatively the Levenberg—
Marquardt algorithm. The interface can be seen in Fig. 2.12 and shows the parameter
and fit section and the graphical part for visualization of the data and the fit results. This
fit method was able to reproduce previously obtained results for different samples like
spinach BBY and thylakoid membranes from WT Synechocystis sp. PCC 6803 like shown
in the Fig. 2.12 (Dilbeck et al., 2012). There, among other parameters and options, the

six parameters to be fit are also displayed:

O Tiag and Rel that were previously introduced.
o Rox, that is equivalent to the initial population of PSIl in S3 state concentration
[S3°].

O  Tpre that corresponds to 1/k.

41



O Tox that corresponds to 1/k;.

o PS2 layer that corresponds to the thickness of the PSII layer.
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Figure 2.12 — Interface of the 02 diffusion program used for fitting the O, polarography
transients. In the pot area, a typical time resolved O, transient from WT Synechocystis sp. PCC
6803 can be observed in blue, and the respective fit is shown in red.

Apart from these six fit parameters, another parameter that changes according to the
temperature of the measurement is the diffusion coefficient of O, for which we use
different coefficients for each of the temperature steps commonly used. These were
obtained by extrapolation from known diffusion coefficients of O.in pure water (Xing et
al., 2014), and can be seen in table 2.1. In previous work, and also on the early work of
this thesis (Chapter 3), a constant O, diffusion coefficient, generally 2.2 pm?/ms, was
used and although it did not affect the end fit results in terms of time constants, it made
the parameter PS2 layer vary highly with temperature. With the new use of temperature
adapted O; diffusion coefficients we can get the same kinetic results while maintaining

the PS2 layer thickness fit result quite constant throughout the whole temperature
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range (0-45 °C), which should be closer to reality as the layer thickness is not expected
to vary highly with the change in temperature. Important to note is that the use of O,
diffusion coefficients in pure water is an approximation, as it is known that in aqueous
mixtures, for example with the presence of salts, lipids or other substances that our
sample is composed of, the O, diffusion coefficients can be slightly different

(Jamnongwong et al., 2010).

Table 2.1 - O, diffusion coefficients in pure water obtained by extrapolation from experimental
points collected by different authors (Xing et al., 2014).

Calculated

Oz Diffusion Coefficients in
T(°C) Pure Water (pmz ms-)

0 1.2
2.5 1.3
5 1.3
7.5 1.4
10 1.5
12.5 1.6
15 1.7
17.5 1.8
20 1.9
22,5 2.0
25 2.2
27.5 2.3
30 2.5
325 2.6
35 2.8
37.5 3.0
40 3.1
42.5 33
45 3.4
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2.5 Chlorophyll fluorescence

As chlorophylls (Chl) are the mostly widely distributed natural fluorophores that occur
in the photosystems (I and Il) of plants and other photosynthetic organisms, chlorophyill
fluorescence methods became one of the most common ways used since many years to

study photosynthesis (Humphrey, 1979; Maxwell & Johnson, 2000).

Even though Chl fluorescence did not make part of my main research work, two Chl
fluorescence methods, known as Prompt fluorescence (PF) and delayed fluorescence
(DF) (Buchta et al., 2007) will be shortly described. These were used mostly as a support
role for the work of other colleagues, like in Chernev et al. (2020), and it is important to
write about them here since a considerable upgrade to the set-up was performed,
motivated by the need of a laser safety improvement (see 2.5.3 in this chapter). Also,
these methods were the main part of the work of two students that were at our group,
Bruno Serrano (Bsc) (Serrano, 2018) and Boram Yu (Msc) (Yu, 2021), and it was also my

responsibility to tutor them whilst using the experimental set-up.

2.5.1 Prompt fluorescence

Three possible pathways can be taken when light energy is absorbed by chlorophyll
molecules in PSIl. The first is to be used to induce the photochemistry and drive
photosynthesis, the second and third, which apply to the excess energy, are thermal
dissipation or re-emission of light as fluorescence, respectively (Maxwell & Johnson,
2000). When an absorbed photon promotes charge separation at the Chl complex P680,
the first two electron transfer steps (P680-Phe and Phe-Qa) occur in the ps range and
the third Qa-Qg take a bit longer, already in the ms range (Dau, 1994). During the time
at which the electron sits on the quinone Qa, the reaction center is considered to be
“closed” as any new photon absorbed would quickly (ps-ns range) recombine at the
P680 and produce chlorophyll fluorescence (Grabolle & Dau, 2005). This specific

fluorescence is called prompt fluorescence as it occurs within the ns range after the
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excitation, differing from the delayed fluorescence which can be emitted at later times

(ms range).

The prompt fluorescence is measured in a pump-probe manner, starting with a
saturating light flash that initiates the PSIl photochemistry, followed by a sequence of
low intensity probe-LED light flashes which provoke the outcoming fluorescence that is
measured. Initially, the fluorescence level is high and reaches its maximum when the
concentration of the radical pair Y, Qj is maximal, this occurs when most of the PSI
centers are closed and bounce back any arriving photon as fluorescence. As the electron
transfer from Qa to Qg start to take place, the fluorescence level after the probe flashes
starts to decrease, eventually reaching very low levels where most of the Q, are re-

oxidized and the PSIl centers are “open” again.

General experimental conditions and set-up

In the standard measurement, the sample is added to a 4-window cuvette (normally
made of polystyrene) with 4 ml of volume, generally mixing 895 ul of buffer D, 100ul of
1 mgChl /ml PSIl sample and 5 pl of 50 uM DCBQ in DMSO as electron acceptor, added
in the listed order, making up to a total of 1 ml. The dark-adapted sample is then put in
the sample holder (part of the fluorometer FL-3000, PSI instruments) and then the
temperature can be set with a thermostatic bath (Haake DC50, Thermo Fisher Scientific)
and controlled by a temperature sensor with precision of 0.1 °C inserted directly in the
cuvette. Attached to the sample holder are two weak source LEDs that will flash five
times with 200 us spacing before the arrival of the excitation flash. These first flashes
serve to determine the level of fluorescence of the sample in the dark-adapted state
called Fo, that corresponds to when all Qa are still fully oxidized. The 5 ns excitation pulse
with wavelength of 532 nm arrives from a laser (Minilite Il, Continuum) guided by five
mirrors and passing through a set of two lenses, that wides the beam up to almost 3 cm
in diameter, hitting the sample from the top with an intensity of 2 mJ/cm2, measured
with a power meter (PE25-C, Ophir Photonics). After, a train of 23 weak LED probe pulses

hit the sample, logarithmically spaced, being that the first one is coming 100 us after the
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excitation flash and the last after 700 ms. Then this cycle of excitation flash and probe
pulses can be repeated as needed. The level of the fluorescence signal after each probe
flash is measured by the fluorometer (FL-3000, PSI instruments). The Fig. 2.13 shows a
schematic representation of the set-up and beam path. The set-up is sharing parts with
the delayed fluorescence set-up (like the laser, part of the beam path, fluorometer, etc.)

and both are enclosed inside a large box for increased laser safety.

Excitation flash pulse
hitting from top

Fluorometer

Detector

Laser

Figure 2.13 — Schematic of the main part of the prompt fluorescence set-up. Apart from what is
shown, a case that encloses the set-up, a thermostatic bath, a power meter, a computer, and a
temperature sensor also make part of the experimental set-up.

The data obtained for the fluorescence decays after each flash can be fitted with a sum
of three exponential functions (de Wijn & van Gorkom, 2001), allowing for the
determination of the time constants of electron transfer from Qa to Qg. Also, from the
continuous function given by the fit, it is possible to correct for the Qj decay
contribution to the delayed fluorescence (DF) signal, which can be calculated with Eq.
2.17 (Buchta et al., 2007), and will be further discussed in the respective DF section:

[Q71(0) = (=2 (Eq. 2.17)

Fy —Fo

2.5.2 Delayed fluorescence

The delayed fluorescence (DF) emission is delayed from 20 ns up to seconds from the

photon absorption whereas the prompt fluorescent happens before 20 ns, but
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nonetheless both have a very similar spectrum with a peak at about 685 nm (for plant
PSII), indicating that both originate from the same excited state of the PSIl Chl antenna.
The repopulation of the initial Chl excited state can take three pathways: it can follow
the forward reaction direction and reform the primary and secondary radical-pair states,
the energy can be dissipated thermally or lastly, it can decay by emission of delayed

fluorescence (Buchta et al., 2007).

Experimental set-up

As the delayed fluorescence originates from low probability recombination reactions,
the measurement of DF has other challenges not seen in PF measurements, being the
most crucial the fact that the DF has a signal several orders of magnitude smaller than
the PF. For this reason, the DF set-up uses a gated photomultiplier tube (PMT) (R928,
Hamamatsu) that records the data from 10 ps to 60 ms after the sample is hit by a
saturating laser flash of 5 ns and wavelength of 532 nm (Minilite 1l, Continuum),
generally with intensity of 2 mJ/cm?, adjusted with the help of a power meter (PE25-C,
Ophir Photonics). To drive the photomultiplier a voltage of 500 V is applied with a direct
current power supply, and to avoid the initial stronger signal from the PF and scattered
light from the excitation light pulse, a 250 V gating counter voltage is applied to the
detector 7 us before the flash arrives and turned off 3 s after, to allow for the recording
of the delayed fluorescence signal. Extra protection from unwanted photons is achieved
by using two optical filters (DT-red and DT-magenta, LINOS Photonics) with cut-off
wavelength at 600 and 632 nm (Fig. 2.14) between the detector and the sample.
Because the delayed fluorescence signal has in itself 3-4 orders of magnitude difference
from the start to end of the decay (Buchta et al., 2007), the signal from the PM is split
into two channels that differ only in an extra 30x preamplifier that is applied to one of
them. From the amplifier the signal is recorded by the computer with the help of an
interface card (PCl 9812, Adlink). For the standard measurement, a sequence of 32
flashes is generally employed, during which the respective signal after each flash is

recorded. A representation of the experimental set-up can be seen bellow in Fig 2.15.
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Figure 2.14 — Recorded transmission spectrum of the filters DT-red and DT-magenta used in the
DF set-up. The combination of both filters blocks incoming photons below 600 nm where
chlorophyll fluorescence is practically non-existent (Krause & Weis, 1984).

Gated
Photomultipliter

Laser

Pre-amplifier

Amplifier

PC

Figure 2.15 — Schematic of the main part of the delayed fluorescence set-up. Apart from what is
shown, a case that encloses the set-up, a thermostatic bath, a power meter, an oscilloscope,
two power supplies, a PM gater, and a temperature sensor also make part of the set-up.

The recorded signal can be corrected to eliminate additional fluorescence signals, called
the flash artifact, which comes from the prompt fluorescence or from the glass of the
cathode material from the detector induced by strong scattering of light. For that, an
additional measurement at double the laser intensity (assuming that both are
saturating) is recorded. The flash artifact (FA) is calculated by subtracting the data from
the first flash of the regular measurement (F[fxp) to the data from the first flash of the

double laser intensity measurement (F2°%21) like shown in Eqg. 2.18. One can then
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correct the data from a measurement by subtracting FA from all flash induced data (Eq.

2.19) (Buchta et al., 2007).
FA = Fgouble(1) — F;7P(1) (Eq. 2.18)

F;Xp corr(t) — FDexp(t) —FA (Eg. 2.19)

An additional correction to account for the multiplicative influence of the Q4
concentration to the DF signal (Fp(t)) can also be done. To do so, PF signal can be
recorded and the @, concentration decay over time determined with Eq. 2.20 (Buchta
et al., 2007; Dau, 1994):

Q4] = (M) (Eq. 2.20)

Fy —Fo

being that Fim is the maximum PF signal and Fo is the PF signal before the laser flash. Then
the DF signal can be corrected with Eq. 2.21 to obtain Fj°""(t) signal that decays
according to the population of P680* over time without the small [Q;] contribution.
Feorr () = 20 (Eq. 2.21)
[Q4]
The corrected signal can be simulated (least squares) by a sum of (3-4) exponential

functions, being that the best agreement is achieved when four exponential functions

are used and one of which describes the millisecond phase (Buchta et al., 2007).

2.5.3 Chlorophyll fluorescence set-up upgrades

Motivated by the need for improvement of the laser safety of the PF and DF set-up some
changes in the set-up had to be made. The solution came with the enclosure of the laser
beam path inside a large bottomless case which has three removable top covers that
allows for easy access to the inside during experimental work. The case was laid on top

of the same laser table and the optics, including the laser head, were moved inside. To
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achieve this, three mirrors were added to form the beam path as shown in Figs. 2.13 and
2.15. A removable mirror can be rotated into the widened laser path to make it hit the
PF sample holder from the top instead of continuing towards the DF sample holder, like
it was done before. The sample holder, detector and LED modules for the PF were kept
the same. For the DF, a new PMT detector (R928, Hamamatsu) was installed, and a new
sample holder was designed and constructed at the department workshop. Even though
the previous detector was working, the change was done as it would massively help with
mounting the experiment since the old PMT detector (7102, Hamamatsu) was of the
head-on type and took up much more table space compared to the new one which is
side-on type. It was also possible to achieve an improvement in the signal by using the
new photomultiplier either because the older one may have suffered from light induced
damage over time or because the noise coming from photons from other tiny light
sources in the room was reduced by lowering the driving voltage for the PMT to 500 V
(down from 1000 V, used previously). The new photomultiplier has a housing with a
window where the same two optical filters can be attached (Fig. 2.14), and the new
sample holder was designed so it screws directly in the PMT housing. A manual shutter
to block light was also designed in the sample holder, to protect the PMT from residual

room light when the set-up is not under operation.
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The water oxidation reaction in Photosystem |l has a particular detail that makes the
investigation of this reaction’s mechanism more challenging, namely the fact that the
solvent of the reaction, water, is also the substrate of the reaction. One approach to
overcome the problem has been to use ammonia (NH3/NH4*) as a substrate water
analogue as it is sufficiently similar, chemically and in size, to be able replace some water
molecules in the vicinity of the manganese cluster (Mandal et al., 2017; Vinyard et al.,
2016). Moreover, one binding spot has been shown to be directly to the Mn4 on the W1
position (Fig. 3.1) (Navarro et al., 2013; Schraut & Kaupp, 2014), and a second binding
position to the Mn-cluster has been suggested but not confirmed (Schuth et al., 2017;
Young et al., 2016). The presence of ammonia during the water oxidation by PSIlI has
been reported to create a certain degree of inhibition (40-60% (Schuth et al., 2017;
Tsuno et al., 2011)), which has generally led to the conclusion that ammonia was not
replacing a substrate water, and thus ruling out W1 as a substrate water (Marchiori et

al., 2018; Oyala et al., 2015).

H190

\ R357

Fig. 3.1 — Partial representation of the hydrogen bond network around the OEC (Kern et al.,
2018). Key amino acids and water molecules are shown along with the nearby CI". Mn ions are
shown in purple and oxygen atoms in red, while the smaller red spheres represent waters. The

OEC-bound waters are labelled as W1, W2, W3 and WA4.
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Recently, it was shown that the (partial) inhibition of PSIl oxygen evolution in the
presence of NH4Cl is largely due to an on/off effect of the O activity (Schuth et al., 2017)
and cannot be explained exclusively by slowed oxygen evolution (Boussac et al., 1990).
Depending on the NH4Cl concentration, a fraction of about 50% of the PSIl cores were
fully inhibited, for spinach as well as cyanobacterial PSII. In the major fraction of the O»-
active PSII, the rate constant of O, formation was found to be independent of the
ammonium concentration in the buffer solution. To explain the experimental results, it
was proposed that an anti-cooperative binding could occur at two sites, either to the
inhibitory site or to the non-inhibitory site. The two binding sites would correspond to
the W1 and W2 water molecules coordinated to Mn4, the “dangler manganese” (Fig.
3.1), but possibly also involving the carousel mechanism of water and ammonia binding
proposed by Brudvig, Batista and co-workers (Askerka et al., 2017; Vinyard et al., 2016).
However, among the Oz-producing PSII centers, PSII centers with O, evolution kinetics
unaffected by ammonia binding are coexisting with a fraction of “slow” PSII, which could

be explained by a third ammonia binding site (Schuth et al., 2017).

In the work presented in this chapter, we use time-resolved O polarography for analysis
of the temperature-dependence of ammonia inhibition, with a focus on determination
of thermal activation energies of O, formation in the presence of ammonia. Using
Eyring's transition-state treatment (Mortimer & Eyring, 1980), we also analyse the
thermodynamic parameters of the O, evolution reaction in ammonia-treated PSII.
Ammonia binding was induced by addition of various concentrations of NH4Cl to the

buffer solution.

3.1 Experimental details

3.1.1 Preparation of plant-PSIl membrane particles

High-activity PSll-enriched membrane particles were prepared from spinach leaves, as
described in Schiller and Dau (2000). Before storage at -80 °C, the chlorophyll
concentration was determined spectroscopically according to a protocol from Wellburn

(Wellburn, 1994). Using a Clark-type electrode (Hansatech Instruments) (Clark et al.,

53



1953), an O,-evolution activity of 860 + 20 pmoloz mgChl™* h™! was determined at 25 °C
for the PSIl membrane particles illuminated with continuous white light of saturating
intensity. The measurements were done in buffer containing 15 mM NaCl, 5 mM CacCl,,
1 M glycine betaine, 25 mM of 2-morpholinoethanesulfonic acid (MES - pH 6.3) with
additional 0.25 mM 2,6-dichloro-1,4-benzoquinone (DCBQ) and 1 mM Ks[Fe(CN)e] as

artificial electron acceptors (Schiller & Dau, 2000).

3.1.2 Time-resolved oxygen polarography

Time-resolved oxygen evolution measurements were performed using a centrifugable
custom- made bare platinum electrode as described earlier (Dilbeck et al., 2012; Schuth
et al., 2017). Before use, the frozen PSIl suspension was thawed on ice (for 60 min, in
the dark) and resuspended in Buffer NC [150 mM NaCl, 25 mM MES (pKa = 6.15), 25 mM
HEPES (pKa = 7.55), 25 mM HEPES (pKa = 8.0), 1 M glycine betaine, 5 mM MgCl, and 5
mM CaCly, pH 7.5 (NaOH)]. The protein sample was then centrifuged at 50,000 x g for
12 min, the supernatant discarded, and the resulting pellet resuspended again in Buffer
NC and kept on ice. For each measurement a sample containing 75 pg chlorophyll and a
combination of Buffer NC and Buffer NH were added to the electrode. The Buffer NH
had the same composition as Buffer NC but with 150mM NH4Cl instead of 150 mM NaCl,
and so using a mixture of the two buffers the NH4Cl concentration (0—100 mM) could be
controlled. Thereby the total chloride concentration was kept constant at the level of
170 mM. Fig. 3.2 shows that at this salt level the yield and reaction kinetics of O,
formation were not negatively affected (no inhibition up to 330 mM). The total volume
of the PSIl suspension over the electrode was adjusted to be 750 L, followed by
centrifugation of the electrode assembly in a swing-out rotor at 10,000 x g for 10 min

(at 4 °C).
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Figure 3.2 — NaCl influence on the yield and time course of O,-formation by PSII. (A) signal
amplitude (which here is proportional to the overall yield of O, production) versus the NaCl
concentration. (B) Corresponding O, production transients normalized to 1. This figure
illustrates that no deleterious salt effect is observed up to a NaCl concentration of 330 mM.
Figure from Sl of Assuncgdo et al. (2019).

S-state transitions were excited in the dark-adapted PSIl using saturating light flashes of
about 10 ps duration (Xenon flash lamp, EG&G Optoelectronics, 4.5 ) of electrical energy
per discharge which corresponds to about 1 J measured at the sample (after filtering
and light guide), an orange glass filter with a 570 nm cut-off was used to eliminate
photoelectric flash artefacts induced by blue light. The final excitation spectrum is
presented in Chapter 2. The individual oxygen-evolution transients were measured with
a flash spacing of 900 ms for 20 flashes and an electrode potential of —-0.95 V at the
central Pt electrode vs the Ag ring electrode; the potential was switched on 15 s prior to
the first flash. A home-built potentiostat was used for electrode polarization and
detection of the Oz-reduction currents, the latter involving a high-pass filter with a time
constant of 100 ms. The high-pass filter separates the light-induced O-transients from
an approximately linear decrease in the O»- signal. The latter results from detection and
consumption (by the polarized platinum electrode) of dioxygen dissolved in the buffer
solution. The simulations in Fig. 3.3 illustrate how the high-pass filter affects the O,
signal. Its influence was considered in the fit algorithm used for simulation of the O;
transients (using a fixed value for the filter time constant of 100 ms). The temperature
(0-35 °C) was controlled by Peltier elements and monitored during the measurement

by a miniature sensor immersed in the buffer solution of the O, flash experiment.
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Figure 3.3 — Influence of high-pass filtering in the detection electronics illustrated by

simulations using the same physical diffusion model and software implementation as used for
curve-fitting of experimental transients. In the shown simulations, only the time constant of
0O,-formation by PSII (102) was varied; all other parameters were kept constant at typical values.
Panels (A) and (B) show the signals for a high-pass filter with a time constant of 100 ms, as used
in this study. Panels (C) and (D) show the signal predicted for detection without any high-pass
filter. Panels (E) and (F) show the simulated signals for a high-pass filter with a time constant of
1 ms. Panels (B), (D) and (F) are the normalized versions of the panels (A), (B) and (E). For
detection without any high-pass filter, the integral of the O,-transients (area below the curves
for a linear time axis) corresponds to the total amount of produced O,; this integral (area) is
the same for all curves shown in panel C. We note that detection with a filter time constant of
1 ms results in O;-transients with strongly reduced amplitudes (see (E)); this variant is shown
for illustrative purpose only. Figure from Sl of Assuncdo et al. (2019).
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The O»-evolution transients were simulated based on a reaction—diffusion model first
described in Dilbeck et al. (2012). This numerical model takes into account the oxygen
production from the PSllI layer, the O, diffusion within the PSII layers (towards electrode
surface and into the buffer solution), and the O, reduction reaction at the electrode
surface using a minimum of adjustable parameters (Dilbeck et al., 2012). In addition, the
simulations covered two populations of O;-producing PSlI, as introduced in Schuth et al.
(2017), each with two individual time constants (Tiag and To2), but with identical electrode
and diffusion parameters (effective layer thickness) for both PSIl fractions (Fig. 3.4). The
total O3 signal was simulated as a linear combination of the O, transients calculated for
the two PSlI fractions with the percentage of the slow PSlI fraction being a fit parameter.
In all simulated O3 transients, also the influence of the high-pass filter was part of the

computational model.
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Figure 3.4 — Example of an experimental O, transient (exp) with simulated curves (fit). In A,
curve-fitting for two fractions of O,-producing PSII (Fast-PSIl and Slow-PSll) is shown. In B, curve-
fitting for a single PSII fraction is displayed. Only the PSlI-layer thickness was kept at the same
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level in the otherwise fully independent fits in A and B. The shown data was collected at 15 °Cin
the presence of 100 mM NH4Cl and the O,-formation for three reaction cycles of water oxidation
by PSII were averaged (12 transients induced by saturating flashes of visible light sequentially
applied to the same PSIl sample). In A, the time constants of O, formation (t.x) and the relative
fractions of PSII with fast and slow oxygen evolution were 2.0 ms (55%) and 46 ms (45%). In (B),
only a single fraction was used (100%) and the fit algorithm provided a value of 7.2 ms. In A and
B, the negative currents at times exceeding 100 ms resulted from the use of a high-pass filter in
the detection electronics (Fig. 3.3), which was appropriately considered in the numerical
simulation of the O, transients. Figure from Assuncdo et al. (2019).

3.1.3 Reversibility of NH4Cl treatment

For evaluation of the reversibility of NH4Cl treatment, after thawing, the PSIl sample was
divided into three portions, which were resuspended and centrifuged twice. The first
portion was two times resuspended in Buffer NC (no NH4Cl) and the third portion was
two times resuspended in a buffer containing 100 mM NH4Cl (appropriate Buffer NC/NH
mix). The second portion was first centrifuged in 100 mM NH4Cl (with an appropriate
Buffer NC/NH mix) and then resuspended and centrifuged in Buffer NC (no NH4Cl).
Subsequently each portion was investigated at 15 °C using the O; polarography
procedure described above, using the buffer of the second resuspension step (first and

second portion in Buffer NC without NH4CI; third portion with 100 mM NH4Cl).

3.2 Results

To verify the absence of irreversible modifications of PSIl by NH4Cl exposure in the dark,
we exposed PSII for 20 min to 100 mM NH4Cl and then exchanged the buffer against
NH4Cl-free buffer. By exchanging the buffer twice, the O, evolution activity was
completely restored (Fig. 3.5). This control experiment shows that also prolonged dark-
exposure of PSIl to 100 mM NH4Cl does not result in any specific deleterious effect on

0,-evolution by PSII.
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Figure 3.5 — Reversibility of NH4Cl treatment. In black (left), magnitude of the O, signal for PSII
in NH4Cl-free buffer and normalized to 100%. In orange (middle), O signal for PSIl incubated
with 100 mM NH4CI for about 20 min, and then washed (by centrifugation) in NH4Cl-free buffer.
In green (right), O, signal for PSll incubated and measured in 100 mM NH4Cl Buffer. For each bar,
the average of three experiments is shown; the error bars indicate standard deviations. Figure
from Sl of Assuncdo et al. (2019).

Aiming at testing the NH4Cl influence on the thermal activation energy of the water
oxidation reaction, we investigated O-release kinetics of plant PSIl membrane particles
(BBY prepared from spinach) by time-resolved O polarography at different
temperatures. The time-resolved O; detection after excitation of dark-adapted PSII
membrane particles by sequences of saturating microsecond flashes of visible light
(flashes spaced by 900 ms) allows us to discriminate between the NH4Cl influence on the
rate constant of the O, formation step, the efficiency of the S-state transitions, and the
fraction of PSIl with complete inhibition of the O,-formation step; the influence of
reactions at the PSIl acceptor side can be safely ignored (Schuth et al., 2017). Therefore,
analysis of these transients provides a clearly more differentiated picture than
obtainable by the conventional detection of the rate of O,-formation for continuous

illumination of PSll in the presence of artificial electron acceptors.

In order to address the activation energy of the O,-formation step in the presence of
bound NH4*/NH3, we measured O»-release transients at eight temperatures ranging
from 0 °C to 35 °C. For each temperature, measurements were performed in the
presence of 0, 20, 60 and 100 mM NH4Cl, while keeping the chloride concentration and
ionic strength constant by addition of complementary amounts of NaCl. The

temperature modified the oxygen evolution traces by affecting both, the electrode
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response and the rate constants related to water oxidation reaction in PSII. As a result,
the total amplitude of the O,-release signal increases with temperature (Fig. 3.6),

resulting in especially favourable signal-to-noise ratios at higher temperatures.

From the O; transients, we determined the O,-forming fraction of PSII at various NH4Cl
concentrations (Fig. 3.7). At 35 °C, the inhibitory effect of NH4Cl is especially pronounced
(close to 60% inhibition at 100 mM NH4Cl); at 0 °C it is especially weak (close to 30%
inhibition). Its magnitude is in reasonably good agreement with values reported
previously for data collection at 10 °C, for oxygen evolution by PSIl from spinach and
from various cyanobacteria (Schuth et al., 2017). Noteworthily, there are no indications
for a pronounced temperature dependence of the Kv of NHs*/NH3 binding suggesting
that the previously determined Km of about 25 mM (Schuth et al., 2017) could describe
the behaviour at all investigated temperatures (with a caveat for the 0 °C data, where
the seeming lack of inhibition at 20 mM NH4Cl may be explainable by comparably high

noise contributions).
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Figure 3.6 — O,-evolution transients of PSIl membrane particles at various temperatures. The
PSIl membrane particles were deposited on a bare platinum electrode by joined centrifugation
of a PSII solution and the Pt/Ag electrode assembly. Here the temperature dependence of the
O3 transients is shown for PSIl membrane particles without NH4Cl in the buffer system. The white
and black lines were obtained by simulations based on a numerical model that takes into
account the O,-formation and diffusion in the PSIl layer as well as the O, reduction at the bare
platinum electrode. The simulation parameters were determined by a fit procedure; the high fit
quality is visible when comparing the simulated curves (smooth white and black lines) and
experimental transients (coloured data points). Figure from Assuncdo et al. (2019).
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Figure 3.7 — Influence of NH4Cl on the O,-production per saturating light flash. The shown O-
flash yield provides a relative measure of the total amount of produced dioxygen, independent
of the rate constants of the O,-formation step. It corresponds to the integral of the O,-electrode
signal as determined by the simulation approach detailed further below. All measurements were
done at pH 7.5. The filled bars indicate the mean value of minimally three repetitions (with
averaging of 12 O, transients each). The error bars indicate standard deviations, which are
predicted to exceed the lo-uncertainty range of the mean value. Figure from Assuncdo et al.
(2019).

As shown previously (Schuth et al., 2017), NH4Cl does not only inhibit a major fraction
of PSIl completely, but it also slows down drastically the O;-evolution rate constant in
another fraction of PSII centers. We simulated the O, transients by employing a one-
dimensional diffusion model that covers light-induced O, production (by PSIl), O,
diffusion (within the PSII film and in the bulk solvent), and O reduction (at the bare Pt
electrode), as described elsewhere (Dilbeck et al., 2012; Schuth et al., 2017). The slowing
down in the decay of the polarographic signal observed with increasing NHa4Cl
concentration (Fig. 3.8A), is well explained by assuming the coexistence of two O-
producing PSII populations: (i) a PSII fraction with fast oxygen evolution (1.7 ms at 20 °C)
and (ii) a PSIl fraction with slow oxygen evolution (36 ms at 20 °C) (Schuth et al., 2017).
The temperature dependence of the relative contributions of the three PSII fractions at
various NH4Cl concentrations are shown in Fig. 3.8B—D; further simulation parameters
can be seen on Fig. 3.9 and the corresponding time constants of the O,-formation step

are shown in the form of Arrhenius plots in Fig. 3.10.
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Figure 3.8 — Relative fractions of PSIl centers with fast, slow and fully inhibited O,-formation. (A)
Normalized O; release kinetics recorded at 15 °C. The signature of a slow PSII fraction at higher
NH4Cl concentration is indicated by an arrow. (B) Fraction of PSII with fast O,-formation (1.7 ms
at 20 °C). (C) Fraction of PSIl with slow O,-formation (35 ms at 20 °C). (D) Fraction of fully
inhibited PSIl. The quantification is based on simulation (fitting) the O-transients with the
reaction-diffusion model described elsewhere (Dilbeck et al., 2012; Schuth et al., 2017). The
simulated O,-transients were obtained by averaging the O,-transients detected for the 3™ to
14 flash of a flash sequence applied to dark-adapted PSII. For each data point, the fit results of
three experiments were averaged; the error bars indicate the corresponding standard deviation.
Figure from Assuncdo et al. (2019).
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Figure 3.9 — Further simulation parameters for the time-resolved O;-evolution traces simulated
according to the reaction-diffusion model. In A, the scaling parameter relating to the amount of
0. molecules formed by PSII (Aox) is shown. In B, rate-constant parameter for O, reduction at the
bare platinum electrode is displayed. In C, apparent thickness of the PSIl layer obtained for a
diffusion constant of 2.2 um?/ms is shown. The apparent layer thickness changes with
temperature because of the temperature dependence of the O, diffusion constant that was not
considered. Figure from Sl of Assuncao et al. (2019).

The time constant for O release (to2) by PSIl in the absence of NH4Cl is found to be about
1.7 ms at 20 °C. This value agrees well with time constants for PSII oxygen evolution
reported before (see, e.g., Buchta et al. (2007)) and is not modified by the presence of
NH4Cl in the Fast-PSIlI fraction (Fig. 3.10A). On the other hand, the O, evolution time
constant for the Slow-PSll fraction is about 36 ms. This value is similar to the time
constants reported for PSII mutants with point mutations at amino acid residues that
interact with the water cluster surrounding the Mn4CaOs core of the OEC (e.g. D1-D61,
D1-V185, D2-K317 and CP43-R357) (Bao & Burnap, 2015; Dilbeck et al., 2012; Hwang et
al., 2007; Pokhrel et al., 2013). Similar to the Fast-PSIl fraction, at all investigated

temperatures the O;-evolution time constant of the Slow-PSll does not depend on the
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NH4Cl concentration (Fig. 3.10B). To extract the activation energies (Ea) for the O»-
evolution reaction, the time constants were plotted as a function of the temperature

(Fig. 3.10) and fitted using the standard Arrhenius equation (Eq. 3.1):
In(t) = -In(A) + E./KsT (Eq. 3.1)

The thereby obtained activation energies (Ea) and the pre-exponential factors (A) are
presented in Table 3.1. We find that the activation energies for both O>-producing PSI|
fractions are independent of the NH4Cl concentration. The activation energy for the
Fast-PSlI fraction is 248 + 11 meV and for the Slow-PSlI fraction it is 348 + 14 meV (see
Table 1 for the individual values). The plots for the time constants related to the proton-
release step (Tiag) preceding the O—0 bond formation are shown in Fig. 3.11. Unlike the
0, formation step, a slight NH4Cl dependence may be present, but it is below the
uncertainty range of the experimental data and is thus not further discussed. Based on
Eyring's transition state theory (Aqvist et al., 2017; Mortimer & Eyring, 1980), we
determined activation enthalpy, AH*, and activation entropy, AS*, of the O-evolution

reaction according to Eq. 3.2 and Eq. 3.3, respectively (Table 3.1).
AH? = E. - ksTo (Eq. 3.2)
AS? = kg In(hA/ksT) — kg (Eqg. 3.3)

In the above equations, kg is the Boltzmann constant, h is the Planck constant, T refers
to the absolute temperature in Kelvin, and To is a temperature in center of the

investigated temperature range (here 20 °C).
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Figure 3.10 — Arrhenius plots for the O,-release step at different NH4Cl concentrations. The plots
for the O, release (102) are shown for the PSII fraction with fast O, formation (A) and for the PSl|
fraction with slow O, formation (B). In (A) and (B), average E,-values are indicated, for individual
E. values see Table 3.1. The values for the time constant of O, formation, to,, were obtained
from simulation (fit) of the averaged O,-transients of the 3™ to 14" flash applied to dark-adapted
PSIl. For each data point, the fit results of three experiments were averaged; the error bars
indicate the corresponding standard deviations. Figure from Assuncdo et al. (2019).
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Figure 3.11 — NH4Cl influence on the 'lag phase' (delayed onset) of the O, release step of PSII.
The time constant is partially assignable to proton release in the Y;%*Ss* ->Y,°S3" transitions, but
also includes a contribution from the O, electrode response. This is shown for the Fast-PSII (A)
and Slow-PSlI (B) fractions. The results are obtained from the fit of the average of three catalytic
cycles (averaged O, traces from the 3™ flash to the 14™), and for each point, at least three
experiments were performed. Figure from Assuncdo et al. (2019).
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Table 3.1 — Time constants at 20 °C (t02), the Arrhenius activation parameters (E. and A, Eqg. 3.1)
and Eyring's activation enthalpy and activation entropy (AH* and -TAS¥; Eq. 3.2 and Eq. 3.3). The
values of AH* and -TAS* are provided for 20 °C (293 K). The error ranges provided for E, apply
also for to the activation enthalpy and entropy. Table from Assungdo et al. (2019).

[NHLC]  7oo E, meV) A(s™ Y AH' (meV) -TAS'

(mM) (ms) (meV)
at

20°C
Fast PSII 0 1.71 241 + 10 7.6 x 10° 216 369
fraction 20 1.82 258 =8 1.5x 107 233 352
60 1.74 244 = 11 8.7 x 10° 219 365
100 1.69 248 + 11 9.8 x 10° 223 362
Slow PSII 20 359 346 + 12 2.2 x 107 321 342
fraction 60 354 346 + 14 2.2 x 107 321 342
100 35.5 352 + 13 2.9 x 107 327 335

The quantum vyield of the tertiary light-driven reactions at the PSII donor side is lower
than unity, largely due to charge recombination processes that compete with forward
electron transfer (Dau & Zaharieva, 2009; Grabolle & Dau, 2007). This reduction in
guantum yield (¢p) can be viewed as resulting from ‘miss events’, which are described by
the miss factor, m (@ = 100% - m); typical m-values for intact PSIl range from 7 to 15%
(Dau & Haumann, 2007; Kok et al., 1970). The miss events desynchronize cycling through
the S-state cycle and thus result in deviations from the perfect flash number dependence
with maximal O-yield on the 3™, 7t", and 11" saturating flash of light applied to dark-
adapted PSIl. The extent of these deviations thus is informative regarding the miss-
factor magnitude. Fig. 3.12 shows the flash-number dependence of the O, yield at 0 °C
and 30 °C for control-PSII without NH4ClI (black curves) and with 100 mM NH4Cl. Visual
inspection facilitates an informative qualitative comparison of the miss-factor
magnitude. Upon addition of 100 mM NH4Cl, there is a fraction of Fast- PSIl (orange
curves) and Slow-PSll (blue curves), for which we determined the respective O»-flash
yield for each of the first 10 flashes individually, by simulation of the O, transients as
described above. The control PSII (without NH4Cl) exhibits a reasonably low miss factor
at 0 °C (Fig. 3.12A), which is moderately increased at 30 °C (Fig. 3.12B). For the Fast-PSlI,
in the presence of NHiCl, we observe a significantly more pronounced de-
synchronization (in comparison to the control PSIl) indicative of an increased miss factor
at both temperatures (strongly damped period-of-four oscillations) at both

temperatures. For the Slow-PSll, the de-synchronization is increased further. Especially
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the increased miss factor of the Fast-PSll is informative. In the absence of any clear effect
of NH4Cl exposure on rate constant and activation energy of the O,-formation step, the
modified miss factor detected for the Fast-PSlI fraction provides important support to

NH4*/NHs binding to the Fast-PSll fraction.
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Figure 3.12 — Oxygen yield per flash for control PSII without NH4Cl (black), Fast-PSIl in the
presence of 100 mM NH4Cl (orange), and Slow-PSll in the presence of 100 mM NH,4Cl (blue). The
O transients were collected at 0 °C (A) and 30 °C (B). A sequence of saturating flashes of visible
light (spaced by 900 ms) was applied to dark-adapted PSIl. For each flash, the respective O»-
transient was recorded and analysed. The shown O,-flash-yield patterns are normalized to unity
at the maximal O,-yield. Figure from Assuncdo et al. (2019).

3.3 Discussion

3.3.1 Three NH4*/NHs binding sites with distinctly different relations to

the O,-formation chemistry

Time-resolved detection of 0O, formation after light-flash excitation facilitated
discrimination of NH4*/NH3 binding at three sites resulting in three PSII fractions with
distinct functional properties, in line with previous findings (Schuth et al., 2017). The Kwu
value for binding has been found to be around 20-30 mM (referring to the NHs*
concentration in the buffer solution) (Schuth et al., 2017), without obvious differences
in the Kv value when comparing the three sites. Also, the data shown in Fig. 3.7 does
not provide evidence for distinctly different Km values, at least not in the temperature

range from 5 °C to 30 °C, even though more minor differences cannot be excluded. We
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can only speculate on possible reasons for identical Kv values. Previously, we have
suggested that identical Kv values could result from mutually exclusive, anti-cooperative
NHs binding (Schuth et al., 2017). An alternative option is binding of NH4*/NHs in the S;
state at a single binding site with a Km value close to 25 mM followed by relocation in
the S; state to different binding sites with similar affinities, possibly associated with NH4*
deprotonation and NHj3 binding to a manganese ion of the catalytic MnsCaOs cluster. At
largely saturating NH4* concentration of 100 mM, we observe three PSII fractions
distinguished by the following functional properties: (1) complete inhibition of O»-
formation, (2) fast O,-formation with a time constant of 1.7 ms at 20 °C (Fast-PSll), and
(3) slow Oz-formation with a time constant of 36 ms at 20 °C (Slow-PSll). For the Fast-
PSII, we now determined an activation enthalpy of 223 £ 11 meV. Activation enthalpy
and entropy of the Fast-PSll are essentially identical to the corresponding figures in the
absence NH4*/NHs binding determined herein and elsewhere (Buchta et al., 2007). For
the Slow-PSlI, the activation enthalpy is 323 + 11 meV and is thus significantly increased,
whereas the activation entropy remains essentially unchanged. The completely
unchanged properties of the O,-formation step raise the question whether detection of
the Fast-PSlI fraction could result from an NH4Cl concentration that was too low to allow
for binding at all Slow-PSllI and at all fully-inhibitory sites. However, the experimentally
determined Km values of 2030 mM strongly suggest that NH4*/NH3 binding at 100 mM
NH4Cl should be largely complete. In the present investigation, additional evidence for
binding to the Fast-PSlI fraction comes from the data of Fig. 3.11, which indicates that
the Fast-PSll fraction at 100 mM NH4CI differs clearly in its miss factor from the PSIl in
NH4Cl-free buffer. Thus, we consider NH4*/NHs binding to the Fast-PSll fraction as likely
and see two basic options to explain the unchanged properties of the O,-formation step:
Either (i) NHs*/NHs binding indeed occurs at a site without any influence on the O-
formation step, excluding not only that the Fast-PSllI site is a substrate water site, but
also any relevant modification of the H-bonded network formed by the water molecules,
amino-acid residues and the nearby chloride ion. Or (ii) NH4*/NH3 binding occurs in the
S,-state followed by unbinding before onset of the O—0 bond formation step, in the
YZ%S3* or Yz%*Ss* or Yz¥S3" state. In line with the second option, the absence of bound
ammonia in the Ss-state recently has been suggested based on EPR and kinetic UV—vis

experiments (Boussac et al., 2018). We note that the second scenario does not exclude
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that in the Sy-state, the NH4"/NHs3 binding site of the Fast-PSIl corresponds to a
substrate-water site. The fully inhibitory binding site could very well correspond to the
binding site of a substrate-water molecule, whereas the lack of complete inhibition
suggests that the Slow-PSll binding site is not identical with a water-binding site. We
believe NH4*/NH3 binding at the Slow-PSlI site relates to disturbances of the H-bonded
protein-water cluster(s) neighbouring the MnsCa-oxo core of the catalytic site. Evidence
for this conjecture comes from comparison to genetic PSIl variants. The time constant
of the O,-formation step in the Slow-PSll is 36 ms at 20 °C and is thus very similar to time
constants determined in mutants where the hydrogen-bonding network coupled to the
Mn4CaOs center was modified by point mutations, e.g. D1-D61, D1-V185, D2-K317 and
CP43-R357 (Bao & Burnap, 2015; Dilbeck et al., 2012; Hwang et al., 2007; Pokhrel et al.,
2013). However, here we find in the Slow-PSIl a pronounced increase of the activation
enthalpy, without major changes in the activation entropy (Table 3.1). In clear contrast,
for PSIl variants with severely retarded O,-formation, a surprising decrease in activation
enthalpy has been reported, which is overcompensated by less favourable entropic
contribution to the total activation energy (Bao & Burnap, 2015). The clear increase in
the activation enthalpy of the O,-formation step implies that NH4*/NH3 binding at the
Slow-PSll site increases the energetic (enthalpic) barrier of the rate-determining step in
0-0 bond formation. The increased energetic barrier may be viewed as destabilization
of the transition state or stabilization of an unfavourable active-site conformation
before onset of the O—0O bond formation step, where the active site comprises not only
the catalytic metal-oxo complex and its first-sphere ligands, but also the surrounding

protein-water environment.

3.3.2 Identification of the NH4*/NH; binding sites?

Recently, non-inhibitory ammonia binding to the water ligand of Mn4 denoted as W1
and inhibitory binding at the W2 site was suggested (Schuth et al., 2017). For these two
sites, similar ammonia-binding energies are plausible as is mutually exclusive (anti-
cooperative) binding, thereby explaining that a single Ky value describes the formation

of an inhibited PSII fraction and an uninhibited PSII fraction. FTIR S-state difference
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spectra indicated that the uninhibited PSII fraction is associated with spectral changes
that exhibit clear similarities to spectral changes observed for mutation of the D61
residue (of the D1 protein of PSIl), which is an H-bonding partner of W1, thereby
providing support to assignment of the non-inhibitory ammonia-binding site to W1.
However, similar spectral changes are also observed for other genetic modifications that
affect the H-bonded protein-water network surrounding W1 and W2. On these grounds,
also non-inhibitory binding at different sites in vicinity of W1 cannot be excluded. A
recent computational investigation evaluated six putative binding positions in the
second coordination sphere of the MnaCa-oxo cluster. Two of these were judged as
being of possible relevance; one involves the NH4*- K317°- D61" ion pairing (Mandal et

al., 2017).

The suggestion of non-inhibitory binding at the W1 site (Schuth et al., 2017) was
motivated by experimental evidence obtained by means of advanced EPR investigations
on PSIl in its S;-state combined with detection of substrate-water exchange rates and
computational methods (Navarro et al., 2013). Ammonia binding to Mn4 with strong H-
bonding to D61 was later confirmed by other investigators (Oyala et al., 2015). It was
concluded that non-inhibitory ammonia binding occurs at the W1 site of PSII, thereby
rendering a role of W1 as a substrate-water molecule unlikely (Navarro et al., 2013).
Although not necessarily in conflict with this conclusion, the present results suggest that
also other scenarios are conceivable that do not exclude W1 as a substrate water

molecule:

(1) There exists a fully inhibitory NH4*/NH3 binding site which could relate to bound NH3
replacing one of the two substrate-water molecules. Here ammonia might replace the

W2 ligand of Mn4, but solid evidence for this conjecture is still lacking.

(2) There exists a NH4*/NH3 binding site, for which the average quantum yield of the S-
state transitions is significantly lowered (higher miss factor) but the kinetics of the O»-
formation steps are not at all affected (unchanged activation enthalpy and entropy). This
binding site could correspond to the W1 ligand of Mn4. However, it is unlikely that
ammonia still bound at the W1 site in the O,-formation step (and thus affecting the

surrounding H-bond network) would leave the kinetic characteristics completely
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unaffected. To explain fully non-inhibitory ammonia binding at the W1 site, we
tentatively propose that NH3/NH4" binding in the S,-state of PSll is followed by unbinding
before onset of the O—0 bond formation step. This scenario is not easily reconciled with
the carousel mechanism (Askerka et al., 2017; Vinyard et al., 2016). It implies that
assignment of W1 to a substrate-water molecule cannot be ruled out (in contrast to a
conclusion in Navarro et al. (2013)). We note that, based on DFT calculations, recently
Siegbahn ruled out pivot or carousel mechanisms because the involved 5-coordinated

Mn(IV) complex would be too high in energy (Siegbahn, 2018).

(3) There exists a site where NH3/NH4* binding increases the energetic barrier of the O—
O bond formation step significantly. This site is not a substrate-water site. It likely is
within the H-bonded protein-water cluster in vicinity of the MnsCa-oxo cluster that
comprises also W1 and W2. Binding by replacement of W1 or W2 cannot be excluded,

but a location outside the first coordination sphere of Mn4 might be more likely.
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Chapter 4 — Glass-transition in structural dynamics of
the water-oxidizing complex of photosynthesis

Complemented by additional experiments this chapter is part of a manuscript by:

Assuncdo, R., Oliver, N., Niirnberg, D., Zaharieva, |., Haumann, M., Dau, H. (2022).
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In PSII, the kinetics of OEC = Yz** electron transfer (ET) are well known and the time
constants (1) increase from ~40 ps in So = S1 to ~1.5 ms for the O;-releasing step S3 >
So at room temperature. The T increase was related to up-charging of the OEC that
diminishes the redox potential difference to Yz**, to proton-coupled electron transfer,
e.g., inthe S, - Ss transition, as well as to 0=0 bond formation, substrate water binding,
and further structural changes (Cox & Messinger, 2013; Dau & Haumann, 2008; Renger,
2011). However, the absolute ET rate constants have remained enigmatic. The classical
theory of Marcus and coworkers for thermally activated, non-adiabatic ET in
electronically weakly coupled systems predicts that the rate decreases exponentially
with increasing edge-to-edge distance between donor and acceptor (Marcus & Sutin,
1985). Seminal studies by Dutton and colleagues demonstrated that such a distance-
dependence is indeed observed for many biological ET reactions including in
photosynthetic proteins (Moser et al., 1992). Since the distance between the closest Mn
ion of the OEC and Yz is only ~7.5 A (Ibrahim et al., 2020; Kern et al., 2018; Suga et al.,
2017), for a “pure” ET reaction a rate of at least 10'° s or a t-value of <1 ns thus may
be expected (Moser et al., 1992), which is minimally 5 orders of magnitude smaller than
experimentally observed. This gap is getting smaller because of the activation energy
term in Electron transfer theory, but still remains sizeable. Therefore, the OEC = YZ** ET
seems not to be well described by the Marcus formalism, even for S;1 = S, where the ET
is not coupled to proton release. We here approached identification of factors that are

crucial for the water oxidation reactions by studying temperature effects on the OEC.

X-ray absorption spectroscopy (XAS) provides direct access to the metrical parameters
of coordination complexes (interatomic distances, R, at ~0.02 A accuracy) and to the
mobility of atoms via the Debye-Waller parameter (02) (Dau et al., 2003; Strange &
Feiters, 2008; Yano & Yachandra, 2009). o? reflects the mean atomic position
displacement, similar to the root-mean-square displacement from crystallography,
including static and dynamic disorder, i.e., due to superposition of structures with slight
coordinate variations and vibrational motions (Fornasini & Grisenti, 2015; Sevillano et
al., 1979; Vila et al., 2007). Earlier XAS and crystallographic studies showed a similar OEC
structure at cryogenic and ambient temperatures at least in S1 (Haumann, Miller, et al.,

2005; Kern et al., 2012). Here, we used XAS to determine the R and o2 values for the OEC
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from cryogenic to ambient temperatures (20-295 K). The obtained biphasic 62 increase
with temperature for the interatomic distances in the OEC indicated that the atomic
mobility was determined by the so-called protein-glass transition with a “breakpoint”
around 200 K (Doster, 2010; Ringe & Petsko, 2003). This behavior is commonly
attributed to the onset of coupled protein/water motions above the transition
temperature (Doster, 2010; Jansson & Swenson, 2010; Ringe & Petsko, 2003; Tournier
et al., 2003; Yang et al., 2015). We propose that the ET reactions are largely limited by
reaching specific conformations of the hydrogen-bonded network that prime and

facilitate the OEC oxidation.

4.1 Materials and Methods

4.1.1 Preparation of PSIl samples

PSll-enriched membrane particles with high O, evolution activity (21000 pmol O, mg chl
1 h1at 28 °C) were prepared from market spinach and stored at ~2 mM chlorophyll (chl)
ina-80 °Cfreezer, as described earlier (Schiller & Dau, 2000). Preparation of PSIl samples
for XAS was done under dim green light or in darkness. PSIl preparations were thawed
onice (60 min), washed with a buffer containing 15 mM NaCl, 1 M glycinebetaine, 5 mM
MgCl,, 5 mM CaClz, and 25 mM MES (pH 6.3), collected by centrifugation (12 min,
50000xg), and 200 ul of the pellet (*10 mM chl) was loaded into transparent
polycarbonate holders (dimensions of 2x10x10 mm3) covered on one side by 25 pm thick
Kapton tape. The samples were partly dehydrated (loss of ~25 % of the initial water
content) in a desiccator over silica gel at 0.2 bar air pressure in a cold room at 4 °C in
darkness for 1.5 h (Haumann, Liebisch, et al., 2005). After this, the open side of the
samples was covered also with Kapton tape and samples were immediately frozen in
liquid nitrogen until use. This procedure provided PSIl membrane particle samples with
a manganese concentration of about 0.5 mM and the OEC practically 100 %
synchronized in the dark-stable S: state, as reported earlier (Haumann, Liebisch, et al.,

2005; Haumann, Miiller, et al., 2005).
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4.1.2 X-ray absorption spectroscopy

XAS at the Mn K-edge was performed at beamline KMC-3 at the BESSY-Il synchrotron
(Helmholtz Center Berlin, Germany; 300 mA top-up mode of the storage ring), using a
set-up including a Si[111] double-crystal monochromator, a 13-element energy-
resolving Si-drift detector (RaySpec) for X-ray fluorescence detection and an ion
chamber for transmission detection, and DXP-XMAP pulse-processing electronics (XIA)
(Abrashev et al.,, 2019; Gonzalez-Flores et al., 2016). Samples were held in a liquid-
helium cryostat (Oxford) at temperatures ranging between about 20-300 K in a ~0.2 bar
heat-exchange He gas atmosphere. The sample temperature was adjusted via the He-
flow/heating control system of the cryostat and was measured via a sensor close to the
holder on the cryostat rod. Sample mounting on the cryostat rod during sample changes
was carried out in the experimental hutch of the beamline under dim green light. The
energy axis of the monochromator was calibrated (accuracy +0.1 eV) using the sharp
pre-edge peak in the K-edge spectrum of a KMnO4 powder sample (fitted reference
energy of 6543.3 eV). The spot size on the samples was ca. 0.6 x 4 mm (vertical x
horizontal) as set by a focusing mirror and slits. Several non-overlapping spots of the
samples were moved into the X-ray beam by computerized positioning of the rod
(vertical) and X-ray fluorescence spectra were collected using a continuous
monochromator scan mode (scan duration ~6.5 min). Up to 20 scans per temperature
to k = 12.2 A were averaged (1-2 scans per sample spot) for signal-to-noise ratio
improvement. XAS data were processed (dead-time correction, background subtraction,
normalization) to yield XANES and EXAFS spectra using established procedures and in-
house software (Dau et al., 2003). k3-weighted EXAFS spectra were simulated with in-
house software and phase functions from FEFF9 (S¢? = 0.75) (Jorissen & Rehr, 2013; Rehr
et al., 2010).
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4.2 Results

PSIl membrane particle samples with high Oz-evolution activity were prepared with the
oxygen-evolving MnsCaOs complex (OEC) in the dark-stable S; state. XAS spectra at the
Mn K-edge were collected in a temperature range of about 20-295 K. Earlier XAS studies
on PSIl showed that the X-ray photoreduction (xpr) velocity of the manganese ions in
the OEC depends on X-ray flux, sample temperature, and S-state (Grabolle et al., 2006;
Haumann, Liebisch, et al., 2005; Haumann, Miiller, et al., 2005). Here, the X-ray dose per
area was minimized by employing a low-flux bending-magnet beamline (ca. 1010
photons s-1) and irradiating a large sample area (~2.5 mm?). We assayed xpr under these
conditions, for determining the “safe” time-period for collection of unperturbed S1 XAS
spectra (Figs. 4.1, 4.2). To monitor Mn K-edge shifts to lower energies due to xpr, either
a series of XAS spectra were collected on a single sample spot or X-ray fluorescence time
traces were recorded at a fixed incident energy (6551.5 eV) (Grabolle et al., 2006;
Haumann, Liebisch, et al., 2005; Haumann, Miiller, et al., 2005). The data revealed a
pronouncedly temperature-dependent xpr rate, which was about 10-fold larger at 295
K vs. 20 K, as observed earlier (Grabolle et al., 2006; Haumann, Miiller, et al., 2005).
However, negligible xpr during at least 15 min of X-ray exposure even at room
temperature allowed for two XAS scans of ~6.5 min each per PSIl sample spot (Figs. 4.1,

4.2), as used below.

A series of about fifty XAS spectra in a 20-295 K range were collected for dark-adapted
PSIl membrane particles (Fig. 4.3). The XANES spectra were similar to earlier reported S,
spectra (Dau et al., 2001; Haumann, Miller, et al., 2005). Negligible K-edge shifts for 1
vs. 2 scans per sample spot in the whole temperature range further established the
absence of xpr. From suitable data averaging, a set of 15 XAS spectra at mean
temperatures in the 20-295 K range with similar signal quality was derived for in-depth
analysis (Figs. 4.3 and 4.4). The temperature dependence of EXAFS spectra of the OEC is
shown in Fig. 4.4. Visual inspection revealed significant changes in the Fourier-transform
(FT) peaks for increasing temperature. In particular, a minor amplitude decrease of peak
1 due to manganese-ligand (Mn-N/O) bonds as well as a more pronounced decrease of
peak 2 and smaller amplitude changes of peak 3, both mostly reflecting metal-metal

(Mn-Mn/Ca) distances (Haumann, Mller, et al., 2005; Yano et al., 2008). The three main
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FT features revealed an amplitude decrease of up to ~25 % primarily above ~200 K so

that the protein-glass transition behavior could well be identified (Fig. 4.4). A

guantitative description of the EXAFS spectra was achieved by simulations, which

included mainly two manganese-ligand and three metal-metal interactions. This

approach yielded metrical parameters (~1.85 A and ~2.05 A Mn-N/O bond lengths and

~2.7A,~3.3 A, and ~3.7 A Mn-Mn/Ca distances) in good agreement with Si-state crystal

structures of the OEC (Table 1). A similarly good description of the EXAFS spectra at all

(mean) temperatures indicated that coordination changes at the manganese ions did

not occur (Fig. 4.4).
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Figure 4.1 — X-ray photoreduction (xpr) of the OEC in the S;-state. (A) Example of a series of 14
single-scan Mn K-edge XANES spectra, collected on the same sample spot, for the OEC of PSll in
the S;-state close to room temperature (295 K). The arrow marks the shift of the K-edge to lower
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energies during prolonged X-ray exposure due to xpr of the manganese ions in the OEC. (B) Mn
K-edge energies (from the “integral method” (Kristina N Ferreira et al., 2004) in a 10-100 % K-
edge amplitude range). The first 4 scans at each temperature show similar and about constant
K-edge energies (as indicated) and the following K-edge downshifts reveal rates (from linear fits
to the data points) of 0.004(1), 0.018(2), and 0.037(3) eV min.; at 20 K, 200 K, and 295 K. The
data reveals that xpr was negligible in the whole studied temperature range during the first 2
scans (~13 min) on a single sample spot.
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Figure 4.2 — X-ray photoreduction in a timescan. Panel A shows Mn XANES spectra for the OEC
of PSIl in the S;-state at 295 K as obtained prior to or after the X-ray irradiation timescan for ca.
25 min in panel B (note the expanded y-scale). The data reveal an X-ray fluorescence intensity
change of not more than 0.03 units, translating into a K-edge downshift of not more than 0.04
eV (assuming a downshift of 0.75 eV for the 1-electron reduction of 1 out of the 4 Mn ions in the
OEC), which means that not more than 5 % of Mn ions had become reduced by 1 electron in 25
min of X-ray irradiation at 295 K. Because the duration of 1 EXAFS scan was ~6.5 min, 1-2 scans
per sample spot did not cause any significant xpr even at room temperature under the
conditions at the beamline KMC-3.

The EXAFS analysis revealed that all discernable interatomic distances in the OEC are
temperature-independent below and above 200 K (Fig. 4.5). This finding further
supports that the low and room temperature structures of the OEC are identical, in
agreement with earlier XAS and crystallographic studies (Haumann, Miiller, et al., 2005;
Kern et al., 2012). In contrast, the Debye-Waller parameters (02) showed a significant
temperature dependence, being almost constant below 200 K, but increasing in
particular above 200 K by up to a factor of 2, i.e., for the Mn-Mn distance of ~2.7 A (Fig.
4.5). Clear “breakpoint” behavior of o2 around 200 K hence was observed for the Mn-
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N/O bonds and, more pronouncedly, for the longer Mn-Mn/Ca distances. Because the
XAS Debye-Waller parameter indicates the atomic coordinate dispersion, the observed
temperature dependence for the OEC suggests that specific vibrational motions that
affect the longer interatomic distances are frozen out below ~200 K while the

manganese-ligand vibrations are less affected by the temperature sensitivity of the

environment.
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Figure 4.3 — Mn XANES spectra of PSll in the S; state. (A) 52 spectra at 20-295 K. (B) Comparison
of spectra from the first or second scan on the same sample spot (for averaged spectra at all
temperatures or at 29313 K). The maximal K-edge downshift of 0.02 eV corresponds to <3 % of
1-electron reduction of 1 out of 4 Mn ions in the OEC. The slightly lower K-edge energy at 293 K
likely reflects minor temperature-dependent XANES shape changes (rather than xpr). (C) 15
averaged spectra (mean K-edge energy 6551.61(6) eV) and magnified edge maximum in the
inset (asterisks mark temperature-dependent features). (D) Averaged spectra (at T £10 K) at
cryogenic, “breakpoint”, and ambient temperatures, which are very similar.
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Figure 4.4 — Temperature-dependent XAS of the OEC in PSIl in the S;-state. (A) Fourier-transform
(experimental data) of EXAFS spectra in the inset (vertically stacked; black lines, experimental
data; colored lines, simulations. See Table 1, Appendix C and Fig. 4.5 for simulation results). (B)
same as in (A) but at three mean temperatures (10 K). (C) FT amplitude changes at indicated
(reduced) distances (+0.1 A) reveal apparent “breakpoint” behavior at ~200 K (lines show fit
curves for data below or above 200 K).
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Table 1 — EXAFS simulation parameters.?

shell N [per Mn] R [A] 02 x10% [A?]
Mn-O 3.75 1.8340.02 4.5+1.5%
Mn-N/O 2.00 2.000.03 4.5+1.5*
Mn--Mn 1.50" 2.74+0.01 2.0£1.0
Mn--C/N/O 2.00 2.98+0.06 7.5+4.0%
Mn--Mn/Ca 1.00° 3.26+0.04 7.5+4.0&
Mn--Mn/Ca 0.50" 3.73+0.09 7.5+4.0&

2Fit results are for the mean Mn EXAFS spectrum of PSll in the S; state (20-295 K data averaged).
N, coordination number; R, interatomic distance; 0%, Debye-Waller parameter. Fit restraints: *,
fixed N-values resembling the crystallographic metrics (Tanaka et al., 2017); #,&, coupled to yield
equal values. The fit error sum (Rg, deviation in % between the fit curve and the Fourier-
backtransformed k-space spectrum in a 1-3.5 A reduced distance range) was 8.4 % for the mean
spectrum and 8-12 % for the 15 spectra at 20-293 K. See Appendix C for individual fit results.
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Figure 4.5 — Temperature behavior of EXAFS simulation parameters. Data for the OEC (colored
symbols) refer to spectra in Fig. 4.4 and a fit approach as in Table 1. (A) Interatomic distances, R
(+ standard deviation). (B) Debye-Waller parameter, o (fit error in brackets, values in dark-cyan
smoothed over 2 adjacent data points). Straight lines highlight constant R values in (A) and the
protein-glass transition for 62 at ~200 K in (B).

4.3 Discussion

We evaluated the temperature dependence of the Debye-Waller parameter to study
the nuclear dynamics of the water oxidizing catalyst in PSIl. We could focus exclusively
on the inorganic core of the metal cluster by analysis of EXAFS spectra detected at the
Mn K-edge. The structural flexibility of the OEC in PSIl is governed by the typical glass-
transition behavior of the protein/water environment (Doster, 2010; Ringe & Petsko,

2003). The observed breakpoint behavior at about 200 K is characteristic for
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(presumably all) proteins in their aqueous solvent and has been noted before also for
structural and functional properties of PSIl (Gorka et al., 2020; Grabolle et al., 2006;
Pieper et al., 2007; Pieper et al., 2012; Reifarth & Renger, 1998; Renge et al., 2007;
Schlodder et al., 2015). For example, a similar breakpoint was found for the mean square
displacement of the single metal ions in the cytochrome-bsss (Fe'') and the non-heme
site (Fe") of PSII (Garbers et al., 1998). We show here that also the dynamics of the multi-

nuclear OEC is tightly coupled to the non-harmonic nuclear dynamics of the PSII protein.

The character of the metal cluster dynamics is important because it is assumed to relate
directly to the ET yield and rate. The Marcus theory of ET explicitly assumes that
harmonic vibrations govern the reorganization processes and determine the rate (Eq.

4.1) (Marcus & Sutin, 1985), yielding the following equation for non-adiabatic ET:

o 1 —(AG+1)2
= — 2 _ﬂR —_— 4kgT E 1

h = 6.582x101¢ eV s (Planck’s constant h / 21t); Vo, maximal electronic coupling at van-
der Waals distance; B, damping factor depending on the medium between donor and
acceptor; R, edge-to-edge donor-acceptor distance in A; ks, 8.617x10° eV K
(Boltzmann’s constant); AG, Gibbs free energy change (“driving force”); A,

reorganization energy; T, temperature in K.

Assuming that electron-tunneling is not a major determinant of the rate constant (e.g.
in the adiabatic limit), general transitions state theory may be applicable. Based on the
Eyring equation (Mortimer & Eyring, 1980) and assuming unity transfer coefficient, the

following equation relates the rate constant to the enthalpy and entropy of activation:

kpr LS5 ot
kTST == %e kp e kBT (Eq.4.2)

with AH* = E; — kgT and AS* = ks In(Ah / ksT) — ks (A and Ea, Arrhenius” pre-factor and
activation energy) being the enthalpy and entropy contributions to the free energy

change for reaching the transition state (i.e., AG* = AH* - TASY).
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Both rate-constant theories predict a direct relation between the logarithmic ET rate
and the inverse temperature (i.e., similar to the Arrhenius equation). A discontinuity,
meaning a breakpoint at ~200 K in the yield or rate of ET, is not included in these

theories.

The S-transitions at the OEC clearly reveal a more complex picture. The yield decrease
to zero around 200 K was found for all S-transitions except S1 = S (Brudvig et al., 1983;
Demeter et al., 1985; Inoue & Shibata, 1978; Koike et al., 1987; Styring & Rutherford,
1988). In contrast, for the S1 = S, transition formation of the multiline (g ~ 2) EPR signal
of the normal S, state (Dismukes & Siderer, 1981) is quantitative down to ~200 K and
decreases to zero at ~130 K, while the (g ~ 4) EPR signal of a second S, species (Boussac
& Rutherford, 2000) increases below ~200 K to a maximum at ~130 K and decreases to
zero at ~80 K, so that S; is not detectable at lower temperatures (Brudvig et al., 1983;
De Paula et al., 1985; Styring & Rutherford, 1988). The lower vanishing temperature of
S1 = S corresponds to the absence of proton release from the OEC only during this
transition, while proton release and/or water binding occurs during the other transitions
(Ibrahim et al., 2020; Junge et al., 2002; Kern et al., 2018; Lavergne & Junge, 1993;
Schlodder & Witt, 1999; Suga et al., 2017). The importance of water particularly in the
higher S-transitions is emphasized by their vanishing at lower hydration levels of the PSII
protein than S1 - Sz (Noguchi & Sugiura, 2002). Neutron scattering revealed that the
average atomic displacement of natively hydrated PSII membranes shows glass-
transition behavior, whereas dried material does not (Pieper et al., 2008; Pieper et al.,
2012). Interestingly, even two slope changes at ~120 K (weak) and around 220 K (strong)
of the atomic displacements were observed for hydrated PSII, similar to the yield of the
S1 = S, transition (Pieper et al., 2012). This finding was attributed to the onset of
anharmonic protein or protein/water motions (with different relaxation times) at the
lower- or higher-temperature points, in contrast to only harmonic motions below ~120
K (Doster, 2010; Pieper et al., 2007; Ringe & Petsko, 2003; Tournier et al., 2003; Vitkup
et al., 2000). For the relatively small Debye-Waller parameter changes, we resolved only
one clear breakpoint at ~200 K in the 0% temperature dependence of the OEC in the S;

state.
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In the following, we have a closer look at the Si1 = S; transition, for which the most
extensive experimental data is available. The redox potential difference AE ~ 50 mV of
the Yz**/Yz and S»/S1 pairs (Vass & Styring, 1991; Vos et al., 1991) yields a free energy
change AG ~ -50 meV (Renger & Hanssum, 1992), whereas an enthalpy change AH of
about -150 meV was directly determined by photothermal beam deflection (Klauss,
Haumann, et al., 2012). Whether the discrepancy suggests a major entropy change
associated with the S1 = S, transition (-TAS of about 100 meV) or results from
methodical problems possibly related to relaxation dynamics of the Yz** state (Christen
et al.,, 1998; Eckert & Renger, 1988; Klauss, Sikora, et al., 2012; Schilstra et al., 1998;
Schlodder et al., 1985), still represents an open question. Using transition-state theory
(Eq. 4.2), the activation energy E. ~ 100 meV and a pre-exponential factor Ao ~ 4x10° s*
(Haumann et al., 1997; Klauss, Haumann, et al., 2012; Renger & Hanssum, 1992) yield
AG* ~ 475 meV with AH* ~ 75 meV and -TAS* ~ 400 meV.

Application of the Marcus theory to the experimental ET rate (k ~ 10% s (Klauss,
Haumann, et al., 2012)) in S1 = S; by Renger et al. (Renger et al., 1998; Renger &
Hanssum, 1992) suggests an at least 2-fold larger distance (= 15 A) between tyrosine Yz
(hydroxo oxygen) and the nuclei of Mn ions than found in the crystal structures (7-8 A,
see Fig. 4.6). Using the parameters displayed in Table 2, an expected reaction rate
constant about 3 x 10* times faster than experimentally observed could be calculated

with eq. 4.1.

Tyr 161

Figure 4.6 — Distances between tyrosine Yz and the nuclei of the Mn ions in the OEC. Figure based

on the 0 Flash (OF) structure data (6DHE) from of Kern et al. (2018).
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Table 2 — Parameters* used for determination of the ET rate according to
Marcus theory and results in rate (Ker (caic.)) and time constant (Ter calc.))-

Value Units note
h | 6.582x10% eV.s
Vo | 4.89 eV (Marcus & Sutin, 1985)
Bl 1.4 Al (Moser et al., 1992; Moser et al., 1995;
Renger et al., 1998)
R 7.5 A (Kern et al., 2018)
Ea(s1s2) | 160 meV (Klauss, Haumann, et al., 2012)
AG(s1s2) | -0.05 eV (Renger & Hanssum, 1992)
T | 293.15 K
ks | 8.617x10°  eV.K!
A 0.736 eV Calculated with Eq. 4.3
KeT (cale) | 3.17x108 st Calculated with Eq. 4.1
TeT (cale) | 3.15 ns 1/ker

*Where his the Planck’s constant (h / 2m); Vo is the maximal electronic coupling at van-der Waals
distance; B is the damping factor depending on the medium between donor and acceptor; R is
the edge-to-edge donor-acceptor distance; Easi-s2) is the activation energy of the ET step in the
S1=2S; transition; AGsisy) is the Gibbs free energy change in the S;=2S; transition; T is the
temperature; kg is the Boltzmann’s constant; A is the reorganization energy. ket (caic) is the
calculated electron transfer rate and ter (calc) iS the respective time constant calculated as the

inverse of ke (calc)-

(AG+2)?
Ea,ET =" (Eq. 4.3)

The application of the approach developed for biological ET reactions by Moser et al.
(1992); (Moser et al., 2005) to the S; - S, transition predicts a similar 10°-fold larger
rate than experimentally observed. This was calculated with Eq. 4.4 (Moser et al., 2005)
that is only valid for room temperature, using the parameters displayed in table 3. It
should be noted that Moser et al. (2005) did not use the semi-classical ET theory of
Marcus. Whereas Marcus describes the nuclear motions exclusively in a classical
framework, Moser et al. also include the coupling to non-classical vibrational modes

using empirically determined coupling factors and frequencies.
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1 (AG+1)2

loglokET == 13 - (1.2 - 0.8p)(R - 3-6) - 3 2

(Eq. 4.4)

Where R is edge-to-edge donor-acceptor distance in A, the A is the reorganization energy
ineV, the AG is the Gibbs free energy change in eV and p is the packing density. For simplicity
the units are dropped following Moser et al. (2005). Furthermore in this equation (Eq.
4.4), the 3.6 represents the van der Waals contact and the intersection of 13 was
determined in Moser et al. (1992) by studying a range of electron tunneling reactions in
purple photosynthetic reaction centers at different distances. The coefficient of 3.1 in
the last term differs from the 4.2 coefficient expected in a classical Marcus treatment.
This difference reflects the non-classical coupling of typical electron tunneling reactions

in proteins to high energy vibrational modes (Moser et al., 2005).

Table 3 — Parameters** used for determination of the ET rate according to
Moser et al. (2005) and results in rate (Ker (caic.)) and time constant (Ter (caic.)).-

Value Units note
p | 0.82 At (Moser et al., 2005)
R|75 A (Kern et al., 2018)
AGsis2) | -0.05 eV (Renger & Hanssum, 1992)
A 0.7 eV (Moser et al., 2005)
KeT (calc) | 1.02x10° s Calculated with Eq. 4.4
TET (cale) | 0.983 ns 1/ker

**Where p is the packing density of atoms between the donor and acceptor; R is the edge-to-
edge donor-acceptor distance; AGsi-s) is the Gibbs free energy change in the S;>S; transition;
A is the reorganization energy. ke (calc) is the calculated electron transfer rate and Ter (i) is the

respective time constant calculated as the inverse of ker (calc)-

Above the ET step is discussed in terms of electron transfer theory, as developed by
Marcus (Marcus & Sutin, 1985) and a variant applied by Moser et al. to a variety of
biological ET reactions (Moser et al., 1992; Moser et al., 2005). Both ET-theory variants
yield rate constant values that are by orders of magnitude smaller than the
experimentally determined values, suggesting that these ET theories are not directly

applicable. Could the need for simultaneous electron and proton transfer (Parada et al.,
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2019) determine the rate of the S1 - S; transition? It seems unlikely that the S1 - Sz ET
step is slowed down strongly by the coupled motion of the Tyrz proton, inter alia because
the proton-coupled ET step of Tyrz oxidation is a fast process (around 100 ns (Klauss,
Sikora, et al., 2012; Renger, 2004). More importantly, the absence of any sizeable H/D
kinetic isotope effect (Gerencser & Dau, 2010; Klauss et al., 2015; Zaharieva, Dau, et al.,
2016), confirms that proton-tunneling probabilities are not a determinant of the ET rate

constant.

In the light of the here described results on the Debye-Waller parameter, the non-
applicability ET theories does not come as a surprise, as best discussed for the semi-
classical Marcus theory (Marcus & Sutin, 1985). Marcus explicitly assumes nuclear
motions describable by quadratic potentials, which is a pivotal foundation of Marcus
theory and inter alia leads to the well-known Marcus parabola’s. For the S-state
transitions of PSlI, the relevant nuclear motions include the motions of the nuclei of the
manganese ions and ligated (oxygen) atoms. The analysis of the temperature
dependence of the EXAFS Debye-Waller parameter now reveals that these motions are
governed by a protein-specific type of mobility which rather than being harmonic
motions in quadratic potentials may be seen as a diffusive motion along a rough
(multitude of minima), but overall, comparably flat multidimensional potential energy
surface (Doster, 2010; Frauenfelder et al., 1988; Parak et al., 1982; Parak & Nienhaus,
1991).

Neglecting the role of electron tunneling probabilities, general transition-state theory
provides an alternative description (Eyring equation, Eq. 4.2). Complete neglect of rate-
limiting electron tunneling probabilities represents an approximation which may be in
order because of the short donor-acceptor distance between the Mn complex and the
TyrZ residue so that the limit of adiabatic electron transfer is approached. Irrespective
of the potentially approximative character, application of Eq. 4.2 clearly implies a large
entropy of activation. It is plausible that the flat potential energy surface with a
multitude of minima (substates), which correspond to the protein-specific nuclear
motions of the catalytic metal cluster, relate to the entropic contribution free energy of

activation in the S-state transitions of PSII. Noting that the entropic contribution to the
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free energy of activation represents an “entropic slow-down” of the reaction, we
assume that only a minor fraction of the numerous conformational sub-states
represents an active conformation that facilitates the respective S-state transition
suggesting that the S1 & S; transition (and likely in all other steps in the S-state cycle) is
determined by non-harmonic nuclear mobility and reorganizations in the protein/water
environment of the catalytic metal cluster (Frauenfelder et al., 1991; Gorka et al., 2020;

Henzler-Wildman & Kern, 2007).

The role of the protein-water environment of the OEC is corroborated by amino acid
substitutions affecting the Mn ligands and the H-bonded network that cause slowing or
even abolishment of the higher S-transitions and/or of water oxidation (Dilbeck et al.,
2012; Ghosh, Khan, et al., 2019; Hundelt et al., 1998; Nagao et al., 2017; Service et al.,
2010; Strickler et al., 2008). Time-resolved X-ray crystallography and spectroscopy
studies, which revealed, e.g., additional water binding at the manganese (lbrahim et al.,
2020; Kern et al., 2018; Schuth et al., 2018; Suga et al.,, 2017; Wang et al., 2017,
Zaharieva, Chernev, et al., 2016), as well as molecular dynamics simulations (Nakamura
et al.,, 2020; Ogata et al.,, 2013; Vassiliev et al.,, 2012) support the importance of
protein/water and metal core reorganization in the catalytic cycle. Determination of the
specific molecular conformations that facilitate the reactions at the OEC remains an

important future task for understanding water oxidation by PSII.
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Chapter 5 —Mutagenesis of hydrogen-bonding amino
acid sidechains around the manganese cluster of PSlI
affect the O, evolution kinetics and activation barrier
of the O,-formation step

Along the reaction cycle of the donor side of PSII, four protons and four electrons are
removed from the OEC-bound water molecules, culminating into the oxidation of two
H,0 molecules into O3 (Klauss, Haumann, et al., 2012). During this process, the substrate
waters must be supplied to the catalytic center and the products, Oz and protons, must
be conducted away from it (Gabdulkhakov et al., 2009). Although pathways remain not
established, a huge water-filled hydrogen bonding network around the Mn-cluster can
be seen in the crystal structures (e.g. Kern et al. (2018); Umena et al. (2011)) which
include the narrow, broad and large channels that may serve these exact purposes
(Ishikita et al., 2006; Vassiliev et al., 2012). These water-filled channels can most likely
facilitate water diffusion from the lumen (lbrahim et al., 2020; Reiss et al., 2019), while
protons can make use of the Grotthuss mechanism to travel through the chains of
waters and key polar amino acids that compose them (De Grotthuss, 2006). Moreover,
O, diffusion could easily happen through such channels or occur along less hydrophilic

paths (Cai et al., 2018; Wikstrom et al., 2015).

The broad channel begins nearby the Mn4 and O5 bridge of the OEC (see Fig. 5.1),
including the D1-D61 region and extending all the way to the PsbO subunit (Bondar &
Dau, 2012). Similarly, the narrow channel extends towards the PsbO subunit’s interface
with the PsbU subunit and starts on the other side of Mn4, including the 04 and W1.
Although this channel could support proton transfer, a case can be made for its purpose
as a substrate water delivery pathway as small molecules, also known as substrate water
analogues, like ammonia (Navarro et al., 2013; Oyala et al., 2015) and methanol have
been shown to bind at the end of this channel (Oyala et al., 2014; Retegan & Pantazis,
2016). The large channel is more separated from the other two, starting at 01 and

continuing towards the lumen via the PsbV subunit. It has been proposed to be a O;
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release channel as it has more hydrophobic residues, but other functions like water

delivery or proton release could also take place through there (Vassiliev et al., 2012).

The three channels separate as they stretch towards the lumen but start very entangled
nearby the Mn-cluster (Kaur et al., 2021), which makes it important to understand which
specific amino acids are key in the proton transfer process nearby the OEC. A partial
representation of the hydrogen bond network around the OEC can be seen in Fig. 5.1,
where the initial part of the three channels can be seen. We know that the amino acid
residues that ligate directly to the Mn-cluster, and the hydrogen bond sharing pair D1-
Y161/D1-H190, are required for efficient photoassembly of the OEC and O evolution
(Debus, 2008; Diner, 2001). However, second shell amino acids (non-ligating amino acids
within ca. 10 A of the OEC), or at least some, can be replaced through mutations without
completely compromising O, production, allowing for the use of more direct
experimental investigation methods that measure the released O;. In a study from
Ghosh, Khan, et al. (2019) a steady state Clark-type electrode was used to measure the
O: evolution rate of several point mutated PSII, from which they could identify a high
KIE in the D61A and N317A mutants, leading them to conclude their involvement in the
proton release from the Mn-cluster during the S3-So transition. Another example is the
study from Bao and Burnap (2015), where they investigated the kinetics of V185 and
D61 mutants of PSIl and could find a huge slowdown of the O, release of about 20-30
times (depending on the exact mutation) when compared to the wild type. Furthermore,
they could also relate an increase in a kinetic phase related to reactions that precede
the O, evolution with structural rearrangements that lead to the ideal configuration for
dioxygen formation. This was also evidence for the S-state stabilization function of the

hydrogen bond network around the OEC (Vogt et al., 2015).

In this section we use a similar approach as in Bao and Burnap (2015). By carrying out
temperature dependant O; polarography measurements in several different mutants
with point mutations of second shell amino acids around the OEC, we aim at observing
alterations in the O3 release kinetics to further assess the activation enthalpy (AH*) and
entropy (TAS?) of the reaction. We will target mostly amino acids with carboxylate side

chains, namely glutamates (E) and aspartates (D), within 12 A of the OEC in the Ss-state
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(Fig 5.1), hoping to better understand their individual role in the proton release from

the OEC right before O release.
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Figure 5.1 — Partial representation of the second shell hydrogen bond network around the OEC
in the Ss-state as in the structure 6HDO from Kern et al. (2018). The cut-off for the hydrogen
bonds shown was 3 A. The three channels, large, broad, and narrow, can be seen marked and
include some key amino acids and water molecules forming the hydrogen bond networks.
Waters are represented as orange spheres. Point mutations of the highlighted amino acids are
investigated in this chapter.

5.1 Experimental details

Thylakoid membranes from Synechocystis sp. PCC 6803, including wild type and several
single point mutations: D59A, E65A, E312A, E329A and N298A were provided by Prof.
Dr. Richard J. Debus, from the Biochemistry Department of the University of California
in Riverside, CA (USA) and thylakoid membranes also from Synechocystis sp. PCC 6803
with the D61K point mutation were provided by Prof. Dr. Robert Burnap, from the

Department of Microbiology & Molecular Genetics of the Oklahoma State University in
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Stillwater, OK (USA). The protocol presented in Chapter 2 of this thesis for the
preparation of thylakoid membranes from Synechocystis sp. PCC 6803 is the same used
by the collaboration partners in the preparation of the samples we received. The
samples had been previously stored at -80 °C and transported appropriately in a N3

dewar. Before use they were thawed on ice for 60 min in the dark.

5.1.1 Time-resolved oxygen polarography

The measurements of time-resolved oxygen evolution were performed on thylakoid
membrane samples from Synechocystis sp. PCC 6803, including the wild-type and
variants with the following single point mutations: D59A, D61K, E65A, E312A, E329A
N298A. A custom-made centrifugable static ring-disk electrode assembly of a bare
platinum working electrode and silver-ring counter electrode, was used to perform the
measurements as described before (Dilbeck et al., 2012; Schuth et al., 2017), and in
Chapter 2 of this thesis. Each measurement was prepared by adding an aliquot of the
thylakoid membrane suspension equivalent to 10 pg of total chlorophyll onto the
electrode complemented with Buffer D-NaCl [150 mM NaCl, 25 mM MES (pKa = 6.15), 1
M glycine betaine, 5 mM MgCl,, and 5 mM CaCl,, pH 6.2 (NaOH)] to a total volume of
750 pl. The electrode assembly was then centrifuged in a swing-out rotor at 10,000 x g
for 10 min (at 4 °C). Using a home-built potentiostat that also provided an electrode
polarization of -0.95 V, switched on 15 s before the first excitation flash, the current
signal was recorded for 500 ms, 20 ms before and 480 ms after each flash, for a total of
80 flashes with 900 ms spacing. A custom-made LED flashing device with a high-
performance red (613 nm) LED (Luminus) was used as light source to induce S-state
transitions. The samples were measured in a temperature-dependent manner,
measuring in triplicate every temperature point in 5 °C steps in the ranges of 0-35 °C,
except for the E65A mutant where 2.5 °C temperature steps were used in the range of
10-35 °C due to the extremely low signal it had at lower temperatures. During the data
acquisition the sample was brought to the desired temperature using Peltier elements,
which was then monitored by a miniature temperature sensor immersed in the sample

buffer. The O3 transients were then fit with the diffusion model (Dilbeck et al., 2012),
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also presented in Chapter 2 of this thesis, with which the time-constants of oxygen
evolution could be determined and compared. After fitting, the obtained time constants
were used to make the Arrhenius plots from which the activation energy (Ea) and the
pre-exponential frequency factor (A) were determined. These parameters were then
both used to calculate the enthalpic (AH¥) and entropic (AS*) contributions by applying

the Eyring treatment (Guo et al., 2014).

5.2 Results and discussion

We employed time resolved O; polarography to measure a series of O, evolution kinetic
traces from several Synechocystis sp. PCC 6803 samples in a temperature dependent
manner. Apart from the WT Synechocystis sp. PCC 6803, other samples were from
variants containing point mutations in the second sphere amino acids around the OEC,
that may have important roles in the proton transfer process away from the Mn-cluster
(Kaur et al., 2021), namely the aspartates D59A and D61K, the glutamates E312A, E65A
and E329A and the asparagine N298A. The alanine mutations are typical substitutions
as they replace the side chain by a methyl group that is smaller and not prone to specific
interactions. In the case of the aspartate D61, the alanine mutation had been studied
before by O, polarography along with the D61N (Bao & Burnap, 2015; Dilbeck et al.,
2012), and so we decided to study another available point mutation of the same residue,

the D61K.

The averaged transients obtained for each sample at each temperate point were fitted
by simulation with the diffusion model described in Chapter 2 and in Dilbeck et al.
(2012), to obtain the time constants respective to the O, evolution (tox) and the phase
that precedes that event (tpre) and like before, good agreement with the experimental
data have been found as shown in Fig. 5.2. The 1.z parameter that regards the O;
reduction rection at the electrode’s surface, showed very similar temperature
dependencies for the different samples (Fig. 5.3). This way the determined PSIl time

constants were not significantly influenced by the small differences in the T,z among
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different samples, and so a proper comparison of the PSIlI time constants between

samples could be achieved.

0, signal (r.u.)
o

0.1 1 10 100

Time (ms)

Figure 5.2 — Oj-evolution transients measured at 20 °C on thylakoid membranes from
Synechocystis sp. PCC 6803 in the wild-type form and the tested variants. Here the fit results can
be seen in good agreement with the experimental data. The indicated color coding is respective
to the experimental data. The fit curves are displayed in black, except for WT and N298A where
light purple was used for better contrast.
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Figure 5.3 — Determined Tiag by simulation with the diffusion model (Bao & Burnap, 2015; Dilbeck
et al., 2012) for the different samples at the various temperatures. This plot illustrates that the
temperature dependencies of the T, were similar for each sample.
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In the next figure (Fig. 5.4), it is possible to see the kinetic traces at 0 °C and 30 °C of the
WT and the variants E312A, D59A and D61K, that were normalized for an easier
comparison. The kinetics obtained for the WT sample were quite reproducible from
previous results (Bao & Burnap, 2015), as we obtained time constants for the O
evolution of 3.7 ms at 5 °C and 1.0 ms at 30 °C while in the mentioned study they got 3.7
ms at 6 °C and 1.1 ms at 27 °C using a similar experimental set-up and the same
simulation model. The results D61K showed a significant slowdown of the O, evolution
as it had been seen before in preliminary unpublished results from the Burnap Lab,
where the samples were produced. In our case, the fit showed a time constant for the
oxygen phase of 22.6 ms at 5 °C. The O3 release kinetics of the mutations E312A, D59A
and E65A are shown here for the first time. In both temperatures, the E312A appeared
to be just slightly slower than the WT samples whereas the D59A mutation was highly
slowed down at 0 °C but not that much at 30 °C, indicating already a significant increase
in the activation energy of this mutated sample. As the E65A sample showed very low
signal at temperatures below 10 °C, in Fig. 5.5, a separate comparison between the
kinetics from WT, D59A and D61K with the E65A at 10 °C and 30 °C can be seen. The
E65A, apart from being the sample with the lowest signal from all the measured

samples, was also the mutation with the slowest O, evolution kinetics. For the E329A
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109 — E312A 0°c { — E312A 30°C
1 — D59A 0.8 4 — D59A
0.8 + D61K D61K
5 ] 5
= 0.6 & 0.6 +
© ) ©
g 04- & 0.4
X | X
~ ~ -
0.2 o
© 4 0.2 4
0.0 J
E 0.0 4
-0.2 4
0.1 1 10 100 0.1 1 10 100
Time (ms) Time (ms)

Figure 5.4 — O,-evolution transients measured at 0 °C (A) and 30 °C (B) on thylakoid membranes
from Synechocystis sp. PCC 6803 in the wild-type form and the variants E312A, D59A and D61K.
The membranes were deposited on a bare platinum electrode by joined centrifugation of a PSlI
solution and the Pt/Ag electrode assembly. The kinetics are the average of 230 individual
transients measured after each flash, summed up from three independent experiments on each
condition.
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and N298A point mutations the comparison of their O, transients to the WT can be seen
on Fig. 5.6. In this figure we can see that the kinetics for both these mutants were slightly
faster than the WT, which is surprising, although our colleagues at the University of
California, Riverside, checked the genome of all the samples from the same batch that
was sent to confirm the absence of back-mutation to WT, which was the first suspicion

after obtaining such results.
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Figure 5.5 — O;-evolution transients measured at 10 °C (A) and 30 °C (B) on thylakoid membranes
from Synechocystis sp. PCC 6803 in the wild-type form and the variants D59A, D61K and E65A.
The membranes were deposited on a bare platinum electrode by joined centrifugation of a PSlI
solution and the Pt/Ag electrode assembly. The kinetics are the average of 230 individual
transients measured after each flash, summed up from three independent experiments on each
condition. Due to low signal of the E65A sample, it was measured twice as much as the other
samples.
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Figure 5.6 — O;-evolution transients measured at 0 °C (A) and 30 °C (B) on thylakoid membranes
from Synechocystis sp. PCC 6803 in the wild-type form and the variants E329A and N298A. The
membranes were deposited on a bare platinum electrode by joined centrifugation of a PSII
solution and the Pt/Ag electrode assembly. The kinetics are the average of 230 individual
transients measured after each flash, summed up from three independent experiments on each
condition.
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With the obtained time constants respective to the O evolution (Tox) and the phase that
precedes that event (Tpre), Arrhenius plots for both phases were created, tvs 1/ksT in a
logarithmic scale, which resulted in linear behaviours from which the activation energy
(Ea) and the pre-exponential factor (A) could be determined. The long Fig. 5.7 shows a
list of plots for each sample, where the temperature dependant kinetics can be seen on

the left side and the respective Arrhenius plots can be seen on the right side.
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Figure 5.7 — On the left side (A, C, E, G, |, K, M), temperature dependant O,-evolution transients
measured for each of the Synechocystis sp. PCC 6803 variants can be seen, while on the right
side (B, D, F, H, J, L, N) the respective Arrhenius plots can be seen for both phases, the O,
evolution (Tox in black) and the phase that precedes it (Tpre in red). The obtained activation
energy for each line fit is displayed. The membranes were deposited on a bare platinum
electrode by joined centrifugation of a PSIlI solution and the Pt/Ag electrode assembly. The
kinetics are the average of 230 individual transients measured after each flash, summed up from
three independent experiments on each condition. Due to low signal of the E65A sample, it was

measured twice as much as the other samples.
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Using an Eyring treatment, the activation enthalpy, AH*, and activation entropy, AS*, for
both phases of the S3-So transition were determined. The equations used were

respectively Eq. 5.1 and Eq. 5.2 (Mortimer & Eyring, 1980).
AH? = E. - ksTo (Eg. 5.1)
AS* = kg In(hA/ksT) — kg (Eg. 5.2)

In the above equations, kg is the Boltzmann constant, h is the Planck constant, T refers
to the absolute temperature in Kelvin, and To is a temperature in center of the

investigated temperature range (here 20 °C).

For the first phase tpre, that accounts for the proton transfer (S3* = S3") and structural
rearrangements that may occur prior to the electron transfer (Haumann, Liebisch, et al.,
2005), the results obtained are shown in table 5.1. By comparing the wild-type time
constants at 20 °C to the ones obtained for the variants, two mutations stand out by
showing a significant slow-down, namely the D59A with 1.18 ms and E65A with 3.17 ms.
These mutations also appeared to have a higher AG* than the wild-type, which was quite
significant in the case of E65A, being higher by 50 meV, and the enthalpic component
was quite dominant for both of them. This increase in AH* may not be related to extra
stabilization of the reactive conformation but rather an energy increment on the
transition state, as the absence of one of these amino acids may force the proton
transfer to take an alternative path as as indicated in computational work from Guerra
et al. (2018). Guerra et al. (2018) suggest that the D61 residue that would normally
transfer a proton to E65, through a single water molecule with high occupancy between
both amino acids, would instead transfer through a water wire to E312 in the E65A
mutation. In the same work, they also found profound changes in the H-bond network
towards PsbO, including for example the reorientation of D2-E310 away from D1-E312.
These results are in line with other works suggesting that the E65 residue is a core piece
in the proton transfer pathway prior to the O, evolution in the S3-Sp transition. Our
results further suggest that the D59 residue may also be involved in this proton transfer,
directly or indirectly by being hydrogen bonded to the backbone of E65A (Ishikita et al.,
2006; Kaur et al., 2021).

102



Table 5.1 — Fit parameters (A and E,) obtained from the Arrhenius plots of the first phase (Tyre)
of the WT and the six variants of Synechocystis sp. PCC 6803 studied here. The thermodynamic
parameters AH¥, -TAS* and AG?, calculated using Egs. 5.1 and 5.2 are also displayed. The time
constant Tyre at 20° Cis shown for comparison.

Synechocystis sp.  Tpreat 20° C Ln(A) E. AH? -TAS* AGH
PCC 6803 Variant (ms) (s) (meV) (meV) (meV) (meV)
Wild-type 0.47 £+0.02 18.3+1.6 269 +25 | 244 +23 306 +27 550 35
E312A 0.42 +0.02 20.5+2.3 323437 | 298+34 251+27 549144
D59A 1.18 +0.04 26.4+1.4 496 £25 | 471124 102 £5 573 £24
D61K 0.45 +0.02 21.1+£1.0 340+16 | 315+15 236+11 55018
E65A 3.17 £0.05 21.3+1.0 395+17 { 370+16 231+11 60019
E329A 0.54 +0.02 22.0+1.1 365+19 | 340+18 213 +11 553121
N298A 0.33 +0.01 23.9+1.4 405 £24 | 380 122 165 19 545 +24
600
B B -1as' Ellc,. at20°C 4

meV

WT E312A D59A D61K E65A E329A N298A V185N D61IN D61A

Figure 5.8 — Thermodynamic parameters determined for first phase (tyre) of the wild-type and
variants of Synechocystis sp. PCC 6803. Dashed lines with the AH*, -TAS* and T, for the wild type
can be seen for easier comparison with the variants. The results for three mutants previously
studied in a similar way by Bao and Burnap (2015) were also presented and highlighted
in grey, those are namely the V185N, D61N and D61A.
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Apart from a slight enthalpy-entropy rebalance, that can be seen in table 5.1 or better
perceived in Figure 5.8, the mutations E312A and D61K did not alter much the kinetics
or thermodynamics of the first phase associated with Tpre. The D61 residue is almost
unanimously accepted as a crucial amino acid in the H-bond network around the Mn-
cluster that mediates the proton transfer away from it. Experimental evidence for such
can be found in the works of (Bao & Burnap, 2015; Dilbeck et al., 2012), and more
recently (Ghosh, Khan, et al., 2019) where they have observed a significant
enhancement in the kinetic solvent isotope effect in the D61A mutant when measuring
oxygen evolution rates at different pL (L = H or D). In the first two works, they have
showed by time-resolved O, polarography a significant slow-down in both phases, of
other D61 mutants, like the D61A and D61N. For the D61K mutant we have found only
significant changes in the O, evolution phase (Table 5.2), where an average of a
slowdown by a factor of 5 was seen across the temperature range (0-35 °C), although it
is a small effect when compared to the slowdown by factors of about 20 and 30 for the
D61IN and D61A, respectively observed in those works. In the Burnap lab, where the
D61K samples were prepared, there were some preliminary measurements indicating
already that the D61K would not be as slow as the D61A and D61N tested by them
before. Even though 5 times slower O evolution and 40 meV increase in AG* (Table 5.2,
Fig 5.7) is considerable, the fact that this mutation had a weaker effect in the S3-So
transition may be because it can still participate in proton transfer or may attract nearby
carboxylates e.g. the E65 and E312, just like K317 does to D61 in the absence of the
nearby ClI" (Rivalta et al., 2011).

The glutamate E312 is in close range of E65, and both form a dyad that share a proton,
according to several theoretical studies (Guerra et al., 2018; Kaur et al., 2021; Sakashita
et al., 2017). Even though that may be the case, it seems that these amino acids have
slightly different involvement with the first proton transfer from the OEC during the Ss-
So. For the first phase we showed that the E65A mutation had a severe impact, although
the E312A mutation had a much milder effect on the first phase, where only a small
increase in AH*, compensated by a small decrease in -TAS* could be observed. For the

0, evolution phase, the E312A slowed the reaction from 1.7 ms, in the wild type, to 2.2
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ms and the AG* was kept almost the same, however it included a decrease in AH?, that

was compensated by about the same amount in a in -TAS* increase (Table 5.2, Fig 5.7).

Table 5.2 — Fit parameters (A and E,) obtained from the Arrhenius plots of the O, evolution phase
(tox) of the WT and the six variants of Synechocystis sp. PCC 6803 studied here. The
thermodynamic parameters AH*, -TAS* and AG*, calculated using Egs. 5.1 and 5.2 are also
displayed. The time constant toxat 20° C is shown for comparison.

Synechocystis sp.  Toxat 20°C Ln(A) E. AH? -TAS* AG*

PCC 6803 Variant (ms) (s?) (meV) (meV) (meV) (meV)
Wild Type 1.72 £0.07 23.0%1.3 421122 | 396121 188110 584123
E312A 2.2 £0.09 19.0+1.1 32717 { 302+16 289+16 591122
D59A 2.9+0.10 27.5 0.8 547 +14 | 522 +13 74 2 596 +13
D61K 7.7 £0.22 22.5%1.2 448 £22 | 423 +21 200+11 623123
E65A 62.4 £0.74 28.7 £0.7 655+13 | 63013 44 +1 674 £13
E329A 1.3+0.04 18.8 £0.8 309+12 | 284+11 294+13 57817
N298A 1.2 £0.04 19.3+1.1 321+18 | 29617 281+16 577123

Even though theoretical studies attribute high importance to the glutamate E312 in the
proton transport around the OEC, these results show otherwise, indicating that a severe
mutation like the E312A does not substantially impair the Mn-cluster from evolving O,.
Similar conclusions came from the recent study of (Kuroda et al., 2021), where they
performed extensive mutations of several amino acids around the OEC in
Chlamydomonas reinhardtii, and then analyzed cell growth and O, evolution rates.
Among others, the study included 19 mutations of each of the following amino acid
residues: D2-E312, D1-D61 and D1-E65, and in their work they clearly showed that the
E312 residue was much more resilient to mutations than the E65 or the D61. Specifically
in the case of their alanine mutation, the E65A had a much lower cell growth and O,
evolution rate than the E312A. For the E65A mutation in our study, the O, phase was
also greatly affected, with 36 times slower O; release, and an increase in AG*, this time
by 90 meV which was justified by a great increase in AH* (Table 5.2, Fig. 5.7). Similarly

slow O; evolution phases were previously observed in the V185N, D61N and D61A
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mutants studied by Bao and Burnap (2015) (Fig. 5.7). Apart from the study of Kuroda et
al. (2021) and our results presented here, other experimental studies already had shown
significant effects of this mutation. For example Chu et al. (1994) observed that the O2
evolution rate for the E65A mutant was only a fifth of the Wild type’s, and in the study
of Service et al. (2010) they showed by FTIR difference spectroscopy that the E65A

mutation significantly decreased the S-state turnover on the S3-Sp transition.
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WT E312A D59A D61K E65A E329A N298A V185N D61N D61A

Figure 5.7 — Thermodynamic parameters determined for O, evolution phase (tox) of the wild-
type and variants of Synechocystis sp. PCC 6803. Dashed lines with the AH*, -TAS* and to, for the
wild type can be seen for easier comparison with the variants. The results for three mutants
previously studied by Bao and Burnap (2015) in a similar way as done in the present work
were also presented and highlighed in grey, those are namely the V185N, D61N and
D61A.

In the D59A mutant, the O evolution phase showed also a significantly higher activation
energy than the WT, of about 520 meV, which can be even perceived in the temperature
dependance of the kinetic transients (Figs. 5.4 and 5.5). In this mutation the average
time constant for the O, evolution across the temperature range was 3 times slower as
in the wild type, although the AG* of the reaction was about the same. As indicated by
the high activation energy, the AH* was also predominat in this mutation, that in turn
showed a very small -TAS* (Table 5.2, Fig. 5.7). Even though other experimental work
targeting D59 is quite scarce, results from (Qian et al., 1999) showed that another

mutation of this glutamate, the D59N, showed slightly slower O3 release kinetics than
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the wild type, and in the same study it was concluded from the faster S, and Ss decays,
that the mutation could be altering slightly the redox properties of the OEC. Their
suggestion could explain the difference in thermodynamic parameters found here
between the D59A and the wild type, indicating that D59 may not be only relevant for
the hydrogen bond network around the Mn-cluster but also help to regulate its redox

potential, at least during the S3-So transition.

The Synechocystis sp. PCC 6803 variants discussed so far were from point mutations of
amino acids that are mostly part of the broad channel, with D59 being in the border
between the broad and narrow channels. The E329 and N298 residues are both located
on the other side of the OEC closer to O1 and make part of the large channel. In our
study, the variants with replacement of these amino acids by alanine, E329A and N298A,
showed very similar results. Both had a slightly faster O, evolution, and similar AG*in
both phases when compared to the wild type. The difference from the wild type was
mostly related to the shifts between enthalpy and entropy which can be seen for both
phases in Figs. 5.6 and 5.7. These were almost the same for both variants, for the first
phase (Tpre), there was an increase in AH* and decrease of -TAS*, which may be related
to the fact that in the absence of these amino acids, there may be a fewer number of
possible conformations of the hydrogen bond network around the OEC for the release
of the proton, since alanines would not participate. On the other hand, for the O;
evolution phase, the absence of these amino acids may affect the perfect conformation
of the OEC for the electron transfer reaction and so destabilize the reactive
conformation leading to a decrease in AH* and increase in -TAS* as in these cases it has
to compete with more non-reactive substates of similar energy. In the case of the N298A
variant, our results may be contradicting previous conclusions from FTIR and transient
IR measurements in PSIl core particles from the same species and mutation. In (Nagao
et al., 2017), they showed by FTIR difference spectroscopy that the N298A mutation
highly affected the turnover in the S,-S3 and S3-Sp transitions leading to the conclusion
that the entrance of the large channel, namely the Yz H-bond network, could be a
functional proton transfer pathway away from the OEC during those transitions. In
(Okamoto et al., 2021), they measured kinetics by transient IR spectroscopy for the Si-

S; and S»-Ss3 transitions in the N298A and found that the dominant time constants were
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respectively 4 and 7 times slower with a low KIE (1.2-1.4). This way, it was concluded
that the slow-down in the S,-S3 transition was related to a delayed water insertion
(which they propose to happen through the large channel) that becomes the rate
limiting step instead of the proton transfer. Since there is no water insertion before O;
release in the S3-So transition, this would not contradict our findings, although water
insertion doesn’t occur during the S1-S;, and (Okamoto et al., 2021) have observed a
slowdown in that transition. In the S1-S; transition, which mainly consists of an electron
transfer event, a possible explanation for the slowdown could be an alteration of the
redox properties of the OEC or more likely of Yz, since the histidine H190 in close relation
with Yz, hydrogen bonds to the N298 residue (Kawashima et al., 2018). If this would be
true for the S1-S; transition, we believe that a similar effect might take place in the S3-So
transition and would be visible in our measurements unless it would not alter the rate
limiting steps. In the case of the E329A mutation the experimental data available is from
FTIR difference spectroscopy. In the spectra acquired in those works, it can be seen that
the E329A mutation does not significantly alter the specific vibrations that take place
during the S-state cycle (Kim & Debus, 2020; Service et al., 2010), which is consistent
with the very mild effect we observe in the kinetics of this variant when compared to

the wild type.

5.3 Conclusion

In this chapter we carry out a temperature series of time resolved O, polarography
measurements using thylakoid membranes from Synechocystis sp. PCC 6803 wild type
and the variants D59A, D61K, E65A, E312A, E329A and N298A. With this we obtained
temperature dependant kinetics that we used to produce Arrhenius plots to extract the
respective E; and the pre-exponential factor that by using an Eyring treatment could be
converted into AH* and -TAS*, the two parameters that compose the AG*. This kinetic
and thermodynamic study of these variants from mutated amino acids located within
12 A of the OEC allowed us to better understand their role during the Ss-So transition.
Our results show that the D61K mutation had a smaller effect in this transition than

previously studied mutations like the D61A and D61N (Bao & Burnap, 2015), showing
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that the lysine may still be able to participate in the proton transfer process or at least
adapt the local H-bond network, and does not exclude the D61 aspartate as a primary
proton acceptor from the OEC in the S3-Sp transition prior to the O, evolution. Regarding
the E65A variant, we showed the importance of this amino acid in the proton transfer
away from the OEC that may happen through a water molecule positioned between the
D61 and the E65 residues just like described in (Guerra et al., 2018). Furthermore, we
believe that by the large increase in AH* observed in the mutant, the E65 residue is also
important for the stabilization of the transition state of the rate limiting step during the
0, formation. Also, we conclude that the overall function of E65 cannot be replaced by
the nearby D2-E312 glutamate. The E312A mutation of this amino acid that appears very
close to the E65, did not significantly affect the kinetics or thermodynamics of both
phases, with a mere 20% reduction in O, evolution and some enthalpy-entropy
adjustments that did not reflect any changes in the overall AG*. This led us to exclude
E312 as an essential participant in the proton release that precedes O, evolution. The
D59A mutation substantially increased the activation energy of both phases of the Ss-So
transition which may be related to the hydrogen bonding this amino acid has with the
backbone of E65. The D59A mutation may increase the distance between E65 and D61
affecting in this way the proton transfer process, although another explanation for our
results could relate to the participation of this aspartate in the proton transfer pathway,
which could happen mainly at lower temperatures, being progressively replaced by
another pathway at higher temperatures for which we found much lower kinetic
disparities when comparing to the wild type. The similar results obtained for the E329A
and N298A mutations, that only showed weak perturbations for the kinetics and
thermodynamics of the reaction for both variants, suggest that these amino acid
residues are not involved in the first proton transfer away from the OEC in the S3-So
transition. This hypothesis may even be extended to defend that the large channel,
where these residues are located, is not serving as a proton pathway for the
deprotonation that immediately precedes the O, evolution. Combining with the
experimental evidence gathered from the measurements on the other variants, we can
strongly support the hypothesis that the first deprotonation in the S3-Sg transition
happens through the broad channel, without excluding the possible participation of part

of the narrow channel for the proton movement nearby the Mn-cluster.
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Chapter 6 — O, evolution kinetics and activation
barrier of the O,-formation step in red-shifted
Photosystem Il

The chlorophylls (Fig. 6.1) in the reaction center of Photosystem Il define the energy
level of the initial excited state from where the subsequent photochemistry can happen
(Dau & Zaharieva, 2009; Rutherford et al., 2012). Generally, this chlorophyll complex
contains chlorophyll (Chl) a exclusively and is denoted as P680. However, there exist a
few exceptions. One case occurs in the cyanobacterium Acaryochloris marina which
contains photosystems containing mainly Chlorophyll d (~97%) and only one or two
Chorophyll a molecures in a few key positions (Miyashita et al., 2014; Renger &
Schlodder, 2008). For this strain, the PSll reaction centers contain Chl d, and whether or
not Chl a is also present there is still under discussion (Miyashita et al., 2014; Tomo et
al., 2007). Another example is Chroococcidiopsis thermalis, a cyanobacterium which was
found to also produce red-shifted chlorophylls when grown under far-red light
illumination, while it produces only chlorophyll a under white light (ltoh et al., 2015;
Nirnberg et al., 2018). The red-shifted chlorophyll content was estimated to be about
10% for Chl fand <1% for Chl d (Niirnberg et al., 2018). Even though these chlorophylls
were thought to have an exclusively light-harvesting role (Trampe & Kihl, 2016),
recently it has been suggested that they would be also present in the reaction centers
of both photosystems as primary electron donors (Nirnberg et al., 2018). For PSII, cryo-
EM data supports the existence of a red-shifted Chl (d or f) in the Chlp1 position (Gisriel,
Huang, et al., 2021; Gisriel, Shen, et al., 2021). However, for PSI recent studies showed
contradicting evidence (Cherepanov et al., 2020; Gisriel, Flesher, et al., 2021; Kato et al.,
2020). Furthermore in (Nirnberg et al., 2018), evidence was presented supporting that
the energy of the primary excited state P727* had 110 meV less energy than P680* in
PSlls from white light grown cyanobacteria. Having a PSIl that changes the Chl content
of its reaction center depending on the illumination and adapts to the lower
photochemical driving energy is a very special situation, that brings up a great

opportunity to learn more about the water oxidation mechanism in PSII.
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Name R, R, R;

Chlorophylla CH; CH=CH, CH;
Chlorophyll b CH; CH=CH, CHO
Chlorophyll d CH, CHO CH,
Chlorophyll f CHO CH=CH, CH,

Chla == Chlb

w—= Chl d == Chlf
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Wavelength (nm)

Figure 6.1 — Molecular structure of a generic Chl molecule with the terminal group changes for
each specific Chl a, b, d, f molecules (A). The respective absorption spectrum for each of the
represented Chls (B). Adapted from (Chen & Blankenship, 2011).

The work presented in this chapter, aims to show how photosystem Il with red-shifted
chlorophylls works under various excitation lights relative to samples containing
chlorophyll a only. For this approach, time-resolved O; polarography was used to
measure O evolution transients, from which kinetic information relative to the oxygen
release and the respective flash-induced oxygen-evolution patterns (FIOPs) can be
extracted. These provide insight on how efficiently each sample can make use of the
excitation energy to go through the S-state cycle. Furthermore, we extended the
measurements on C. thermalis, both WL and RL grown, to a wider temperature range,

in order to assess the thermal activation energy by means of an Arrhenius treatment.
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6.1 Experimental details

6.1.1 Preparation of thylakoid membranes

Thylakoid membranes from white-light and far-red light grown Chroococcidiopsis
thermalis PCC 7203 and from Acaryochloris marina cells were provided by Viktor
Eichmann and Dr. Dennis Nirnberg (Eichmann, 2021). The protocol is based on the
protocol for the preparation of thylakoid membranes from Synechocystis sp. PCC 6803
presented in Chapter 2 but with a few modifications (Eichmann, 2021). The samples had
been previously stored at -80 °C and, before use, were thawed on ice for 60 min in the

dark.

6.1.2 Time-resolved oxygen polarography

The measurements of time-resolved oxygen evolution were performed on thylakoid
membrane samples from A. marina, Synechocystis sp. PCC 6803, and C. thermalis grown
in white and far-red light. A custom-made centrifugable static ring-disk electrode
assembly consisting of a bare platinum working electrode and silver-ring counter
electrode, was used to perform the measurements as described before (Dilbeck et al.,
2012; Schuth et al., 2017), and in Chapter 2. Each measurement was prepared by adding
an aliquot of the thylakoid membrane suspension equivalent to 10 upg of total
chlorophyll onto the electrode complemented with Buffer D-NaCl [150 mM NaCl, 25 mM
MES (pKa = 6.15), 1 M glycine betaine, 5 mM MgCl,, and 5 mM CaCly, pH 6.2 (NaOH)] to
a total volume of 750 pul. The electrode assembly was then centrifuged in a swing-out
rotor at 10,000 x g for 10 min (at 4 °C). Using a home-built potentiostat that also
provided an electrode polarization of -0.95 V, switched on 15 s before the first excitation
flash, the current signal was recorded for 500 ms, 20 ms before and 480 ms after each
flash, for a total of 40 flashes with 900 ms spacing. Three different light sources were
used to induce the S-state transitions: a custom-made LED flashing device with two
changeable high-performance LEDs (Luminus) and a Xenon flashlamp (EG&G
Optoelectronics). The LEDs had emission peaks in the red and far-red (613 nm and 730

nm respectively) and the flashlamp was equipped with 570 nm cut-off filter supressing
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the shorter wavelengths. The total energy per light flash was determined with a 1 cm?
power meter (Ophir Photonics) at the exit of the liquid light guide, which conveyed the
light to the sample. The LED flash length was 40 us, powered by a maximum voltage of
22 V, whereas the voltage applied for the discharge of the flashlamp was 1000 V (see
Chapter 2 for the exact energy per flash pulse and respective spectrums). During the
data acquisition the sample was brought to a temperature of 20 °C, controlled by Peltier
elements and monitored by a miniature temperature sensor immersed in the sample
buffer. The O, transients were then fit with the diffusion model (Dilbeck et al., 2012),
also presented in Chapter 2 of this thesis, with which the time-constants of oxygen
evolution could be determined and compared. From the maximal O signal of each
recorded flash transient, flash-induced oxygen-evolution patterns (FIOPs) were plotted
and then fitted with an extended Kok model as described in Kebekus et al. (1995); Noring
et al. (2008).

Similarly, extra measurements were made with both C. thermalis thylakoid membrane
samples (white and far-red light grown), in a temperature-dependent manner,
measuring in triplicate every temperature point in a 5 °C step in the ranges of 0-35 °C
(WL) and 0-45 °C (FRL), respectively. For this experiment only the red LED was used, as
it provided a good O; signal amplitude for both samples. After fitting the kinetic
transients with the same oxygen diffusion model (Dilbeck et al., 2012), the time
constants were used to make the Arrhenius plots from which the activation energy (Ea)
and the pre-exponential frequency factor (A) was determined. These parameters were
then both used to calculate the enthalpic (AH*) and entropic (AS*) contributions by

applying the Eyring treatment (Guo et al., 2014).

6.2 Results

6.2.1 O, evolution kinetics

To estimate how the excitation light could affect either the kinetics or the cycling ability
of the S-state cycle, O, polarography was measured in four different thylakoid

membrane samples, namely from Synechocystis sp. PCC 6803, A. marina and C.
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thermalis WL grown and FRL grown. For each three different light excitations were used:
the red LED, the far-red LED and the flashlamp (see Chapter 2 for details). The results
measured at 20 °C are shown in Fig. 6.2, and there, different changes in the signal
amplitude can be seen depending on the excitation light. For C. thermalis grown under
WL (Fig. 6.2 A) the amplitude of the transient relative to the far-red LED excitation was
much lower. A similar effect can be seen for Synechocystis sp. PCC 6803 (Fig. 6.2 B). This
relates to the fact that these two samples have no red-shifted chlorophylls, and the far-
red excitation with a peak at 730 nm was already mostly out of the absorption range of
the chlorophyll a, only overlapping with a tail in the emission spectrum between 660-
700 nm. This small overlap still made it possible for Synechocystis sp. PCC 6803 to evolve
oxygen, allowing for the detection of the kinetics under these conditions (Fig. 6.2 B).
When comparing to the samples with red-shifted chlorophylls (Fig. 6.2 C and D), it is
possible to see a more homogeneous amplitude response from the system excited with
different sources, but for C. thermalis grown with FRL a higher amplitude was achieved
when exciting with the far-red LED, even though this was the slightly weaker source (see
Chapter 2). For A. marina, the amplitudes were constant independently of the excitation
light most probably because of the absorption peak of Chl d, which has been determined
to be at 695 nm for Chl d extracted from several species (Gan et al.,, 2015). The
absorption peak at 695 nm is located in between the emission peaks of both excitation
LEDs (615 nm and 730 nm) making it so that it only partially overlaps with both, which

may justify the similar amplitudes observed (Fig. 6.2 D).

The simulation curves fitted according to the diffusion model (Dilbeck et al., 2012), can
be seen in great agreement with the experimental data in Fig. 6.2. For all the four
samples, the oxygen release kinetics did not significantly change with the application of
different light excitations, indicating that the PSlls from these samples release oxygen
at their intrinsic rate, independently of the wavelength applied, as long as it is within the
spectral range that can drive the photochemistry in that particular PSIl. For a better
visual comparison, the data is shown normalized in Fig. 6.3. The simulated time
constants for the oxygen evolution step (tox) obtained are shown in Fig. 6.4 A and a
comparison of the kinetics at 20 °C for each sample can be seen Fig. 6.4 B. For

Synechocystis sp. PCC 6803 the O, release time constants obtained by the fit, 1.6 ms at
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20 °C, reproduce well the values that were previously reported (Bao & Burnap, 2015;

Dilbeck et al., 2012).
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Figure 6.2 — O,-evolution transients of thylakoid membranes excited by different light sources.
The membranes were deposited on a bare platinum electrode by joined centrifugation of a
thylakoid membrane dispersion and the Pt/Ag electrode assembly. On the left side the
transients obtained from C. thermalis membranes grown in white (A) and far-red light (C) can be
seen. On the right side, it is shown the results relative to Synechocystis sp. PCC 6803 (B) and A.
marina (D). The kinetics are the average of 230 individual transients measured after each flash,
averaged from three independent experiments on each condition. Thin lines represent the
respective fits obtained by simulations based on a numerical model that considers the O»-
formation and diffusion in the PSII layer as well as the O, reduction at the bare platinum
electrode. The simulated time constants are presented in Fig. 6.4 A.

The other samples were during this work measured with time resolved oxygen
polarography for the first time. While membranes from C. thermalis (WL grown) have
an 0; evolution time constant of about 2.2 ms at 20 °C, which is slightly slower, when

compared to Synechocystis sp. PCC 6803, the Tox in A. maria is significantly slower (4.6
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ms at 20 °C). While this is likely to be related to the high Chl d content in the PSII centers
of this organism, other explanations cannot be completely ruled out since in this work
0, evolution transients were also measured for Chlamydomonas nivalis, obtaining for
this alga, that has no red-shifted Chls, a similar tox of 4.1 ms at 20 °C (Table 6.1 and
Appendix E.3). However, other factors like the unique thylakoid lipid composition (Lukes
et al., 2014) or other low temperature photosynthetic regulatory processes (Zheng et
al., 2020) may justify the tox observed for C. nivalis. More significant was the much
slower 10.3 ms at 20 °C tox observed in C. thermalis (FRL grown), which is almost five

times higher than the same species grown is WL conditions, making this FRL grown
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Figure 6.3 — Same data as presented in Fig. 6.2 but with the maximum normalized to unity for
better visual comparison of the O,-evolution transients from thylakoid membranes excited by
different light sources. On the left side the transients obtained from C. thermalis membranes
grown in white (A) and far-red light (C) can be seen. On the right side, it is shown the results
relative to Synechocystis sp. PCC 6803 (B) and A. marina (D). The kinetics are the average of 230
individual transients measured after each flash, summed up from three independent
experiments on each condition.
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cyanobacterium the slowest O, evolving non-mutant photosynthetic organism reported
so far. This shows that the Far-Red Light Photoacclimation (FaRLiP) comes at a cost of
making PSII less efficient but letting it to work under far-red light conditions, and thus
allowing for photosynthetic life in places where only longer wavelength light can
penetrate like in the Shark Bay stromatolites in Australia or in sediments of Lake Biwa in

Japan (Akutsu et al., 2011; Chen et al., 2010).
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Figure 6.4 — On the left, bar plot comparing the fitted O, evolution time constants (Tox) for every
sample at 20 °C for each light excitation (A). On the right side it is shown a comparison of the
normalized O evolution kinetics obtained at 20 °C using the red LED presented in Fig. 6.3 (B).
The kinetics are the average of 230 individual transients measured after each flash, averaged
from three independent experiments on each condition.

6.2.2 Flash-induced oxygen evolution patterns and miss factor analysis

Apart from kinetic information, the transients obtained can provide insight into the
ability of PSIl to cycle through the S-state cycle. As the transients are recorded
independently after each flash, the maximum amplitude of the signal is proportional to
the overall O, production induced by that excitation flash. By plotting these amplitudes
versus the flash number, the flash-induced oxygen-evolution patterns (FIOPs) are
obtained which show the proportional amount of PSIl centers that had the S; 2 So
transition after the excitation. In Fig. 6.5, the flash patterns for each of the four samples
is shown for the different light excitations. Note that for proper comparison the

amplitudes have been normalized to the amplitude of the 40™" flash where it is expected
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to have already fully mixed S-states (about 25% each). By employing suitable light
excitation, such as the emissions from the red LED (613 nm) and the flashlamp used
here, active PSII thylakoid samples without red-shifted chlorophylls should show a flash
pattern where the period of four oscillation characteristic of the S-state cycle can be

seen (Kok et al., 1970).
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Figure 6.5 — Flash-induced oxygen-evolution patterns (FIOPs) of thylakoid membranes excited
by three different light sources. On the left side the patterns obtained for C. thermalis
membranes grown in white (WL) and far-red light (FRL) can be seen. On the right side, it is shown
the same for Synechocystis sp. PCC 6803 and A. marina. The FIOPs were normalized to the
amplitude of the 40" flash. The experimental data is presented as points and is the average of
three independent experiments on each condition. Continuous lines represent the respective
fits according to the extended Kok cycle model (Kebekus et al., 1995; Noring et al., 2008). The
simulation parameters are presented in the Fig. 6.6.

This characteristic oscillation could be observed for C. thermalis (WL grown) and
Synechocystis sp. PCC 6803, however the pattern vanished when the far-red LED was

used for excitation instead (Fig. 6.5 A-B). This implies a very high miss probability that is

119



only apparent in this case due to the inefficient ability of these samples to absorb far-
red light, as it can also be seen in Fig. 6.2 A-B, where a major reduction on the transient
signal amplitude is evident when the far-red LED was the excitation source. In the case
of the red-shifted Chl containing samples, A. marina and C. thermalis (FRL grown), Fig.
6.5 C-D shows that their FIOPs feature a pronounced period of four oscillation that was
very similar, independently of the light excitation, even for the far-red LED. For all
samples in Fig. 6.5, the more pronounced oscillations were observed when the
flashlamp was used for excitation due to its higher pulse energy (540 ) then the red
LED (270 ). The red LED was flashed at maximum intensity although it seemed to be
slightly undersaturating, making it so that for every sample the lowest miss factor was
achieved when using the flashlamp for light excitation. The miss factors, double hits and
initial S-state populations were estimated by fitting the experimental data with an
extended Kok cycle model (Kebekus et al., 1995; Noring et al., 2008). The fits could
describe well the data and can be seen in Fig 6.5 as continuous lines and the fit
parameters, that include initial S-state populations, miss factor and double hits, can be
seen on Fig. 6.6. Although there is a gap in pulse energy between the flashlamp and the
LEDs, for the red-shifted samples the miss factors were only slightly smaller when the
flashlamp was used, meaning that the LEDs were close to delivering saturating flash
pulses. The apparent very high miss factor (>80%) obtained for the PSlls from C.
thermalis (WL grown) and Synechocystis sp. PCC 6803 when excited with the far-red LED

matches well with the vanishing of the period of four oscillation (Fig 6.5 A-B).

For the C. thermalis (WL grown) membranes, the flash patterns are dampened and show
a comparably high miss parameter when the red LED or the flashlamp were used, even
though the period of four oscillation can still be seen (Fig 6.5 A). This may result from
the fact that the data here reported come from measurements done with the first active
C. thermalis WL grown membranes and the preparation may have not yet been optimal.
However, this analysis will focus on the major differences between WL to FR light grown

C. thermalis and so the conclusions here discussed later will not be affected.
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Figure 6.6 — Fit parameters for the flash-induced oxygen-evolution patterns (FIOPs) presented
in Fig. 6.5. The initial S-state population are displayed in panel A, the obtained miss factor in
panel B and the double hit parameter in panel C. The fits were performed according to the
extended Kok cycle model (Kebekus et al., 1995).

6.2.3 Activation energy

As an attempt to comprehend the slow-down in oxygen release in membranes from far-
red light (FRL) adapted C. thermalis when compared to the ones grown in white light
(WL), Oz release kinetics were measured the same way, this time for different
temperatures, aiming at the determination of the thermal activation energy for the two
main reaction phases of the S3-Sp transition in membranes grown in both conditions. The
temperature series had the range 0-45 °C for the FRL membranes and 0-35 °C for the
WL membranes, as the WL membranes lost activity at higher temperatures. This effect

can be seen in the data presented in Appendix D.2 where the transients at 45 °C and
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35°C for the FRL and WL grown, respectively, lost already quite some amplitude. The
obtained O; transients are presented normalized in Fig. 6.7, and the non-normalized
data can also be seen in Appendix D.2. In Fig. 6.7, the gradual speed-up of the reaction
with the rise of the temperature can be seen clearly for both samples. At 20 °C the data
was very reproducible to what had been measured for the experiment presented earlier
in this chapter (Fig. 6.3 A and C). Here the same diffusion model to fit the data and
extract the respective time constants was used and the other outcoming fit parameters
are displayed in Appendix E.2. For further determination of the thermodynamic
parameters, we used the Arrhenius treatment by plotting the time constants (1) as a
function of 1/KsT and by means of a linear fit we quantified the activation energy E, from
the slope and the frequency factor A from the intersection with the Y axis. The respective
Arrhenius plot for the tox can be seen in Fig. 6.8 alongside the Arrhenius plot for the Tpre.
The Tpre time constant was determined simultaneously in the same fit and represents
the rate of the initially called lag phase of the O evolution, as it was shown that the O,
evolution was not immediate after the flash excitation (Bao & Burnap, 2015; Haumann,
Liebisch, et al., 2005). This phase preceding the electron transfer in the S3-Sp transition
comprises mainly of a proton release from one of the bound waters in the OEC and some
subsequent structural rearrangements (Gerencser & Dau, 2010; Kern et al., 2018). In Fig.
6.8 A, the slow-down of the tox observed is evident just like it was seen before for the
FRL membranes, although the slow-down is not constant for the whole temperature
range. At 0 °C the reaction slowed down about 9 times when compared to the WL
membranes, whereas at 35 °C the comparative slowdown was closer to a factor of 4.
This resulted in a change in activation energy, from 307 £ 13 meV in the WL membranes
to 460 + 10 meV in the FRL membranes. Furthermore, in Fig. 6.8 B, the slow-down for
the Tore, of about 30%, was much more modest. For this reaction, activation energies of
418 £ 10 meV for the WL membranes and 297 + 30 meV for the FRL membranes were
determined. From the E; and the pre-exponential factor A, which was also determined
with the Arrhenius plots, the activation enthalpy, AH*, and activation entropy, AS*, for
the O;-evolution reaction were determined according to the Eyring's transition state

theory (Mortimer & Eyring, 1980), using Eq. 6.1 and Eq. 6.2, respectively.

AH* = E,; - kgTp (Eq. 6.1)
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A.Si = kB In(hA/kBT) - kB

(Eq. 6.2)

In the above equations, kg is the Boltzmann constant, h is the Planck constant, T refers

to the absolute temperature in Kelvin, and To is the average temperature of the

investigated temperature range (here 20 °C).
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Figure 6.7 — Oz-evolution transients obtained at various temperatures for thylakoid membranes
from C. thermalis membranes grown in WL (A) and FRL (B). The temperature range was 0-35 °C
for the WL membranes and 0-45 °C for FRL ones. All of them were measured with time resolved
0, polarography using the red LED for excitation. The kinetics are the average of 230 individual
transients measured after each flash, averaged from three independent experiments on each
condition. The parameters obtained from the fit made to the experimental curves are shown in

Appendix E.2.
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The obtained values for AH* were 282 + 12 meV for the WL C. thermalis membranes and
435 + 10 meV for the FRL ones. For the entropic component, -TAS?, the values obtained
were 305 + 14 meV for the WL membranes and 197 + 5 meV for the FRL sample. Here a
hint of an enthalpy-entropy compensation can be seen as the higher AH* in the FRL
membranes is paired with a lower entropic component. Generally, such compensations
maintain the overall AG* of a reaction constant, although this compensation was not
complete, meaning that the AG* values obtained for the O,-evolution reaction were not
the same for both samples. In WL membranes the AG was 587 + 31 meV which matched
well the general AG range so far determined for various photosynthetic organisms (580-
600 meV) (Liang, 2018). The same did not occur for the FRL membranes that had a bigger

AG* of 632 + 10 meV, which was significantly outside of that range.

The same way these parameters were determined for C. thermalis thylakoid
membranes, they were also determined for membranes from different photosynthetic
species including Spinacia oleracea (Spinach) and Synechocystis sp. PCC 6803, which
were measured in the scope of the work presented in Chapters 3 and 5, respectively,
and Thermosynechococcus elongatus, measured to provide experimental confirmation
of the outcome of the theoretical simulations (manuscript submitted). In addition,
thylakoid membranes from the thermophilic cyanobacterium Mastigocladus laminosus
and the cryogenic green alga Chlamydomonas nivalis were measured to expand on the
initial work of Dr. Zhiyong Liang (Liang, 2018) and the following work of Anna Lena
Schéafer (Schafer, 2018) where a linear compensatory relationship between the enthalpy
(AH*) and entropy (-TAS*) of the O evolution step was found for different
photosynthetic species meaning that the final AG* for the reaction was constant. In their
work a relation between the extent of the compensation and the temperature range of
the respective natural habitat of the organism was suggested, meaning that in hotter
environments the AH* for the O; evolution step would be higher and the -TAS* would be
lower, whereas the opposite would be true for the organisms from colder environments.
Aiming to achieve a better understanding of this phenomenon, here the data for the
species referred to will be presented in Fig. 6.9 (for the data on Spinach and

Synechocystis sp. PCC 6803 see chapters 3 and 5 respectively). All the samples were
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measured as described for C. thermalis in this chapter. Further determined

thermodynamic parameters are presented in Table 6.1.

Temperature (°C)

A B 40 35 30 25 20 15 10 5 0 -5
L L L L L L L L L L
1.0 T. elongatus - .5°C 10 4 Thermosynechococcus elongatus 5]
Normalized E e -
0.8 - ] - -
- 1 1 P :
3 06- 1 ; e Ea =335+ 10 meV
= 4 E i & y ]
S 04 = »7 =
M o -1 [ ° - . -
‘» i e .=
o~ - -
O 0.2 14 ;- "
] ] T Ea =282 + 21 meV
0.0 4 - 1 A *
: \J 1%
-0.2 T T T T T —TT T T T T T T T T T T T T T
0.1 1 10 100 37 38 39 40 41 42 43
. -1
Time (ms) 1/KgT (eV™)
Temperature (°C)
40 35 30 25 20 15 10 5 0
c D 10 1 1 1 1 1 1 1 1 1
1.04 M. 1aminosus = 0°C ] Mastigocladus laminosus
4 Normalized o ] 4
- 5°C i -7
0.8 - 1 %
-] : d
:; 06 E . e Ea =277 + 27 meV
—_— b M . P,
© £ f_ P
£ os; = | b
" -
o~
1 4
O 0.2 1
] -
i ! ] _-a- -
0.0 “V J 1 %_@-—*’1 Ea =124+ 9 meV
T™TTTTTTT T™TTTTTT T™TTTTTTT ™TT T T T T T T T T T T T
0.1 1 10 100 37 38 39 40 41 42 43
. -1
Time (ms) 1/KgT (eV™)
Temperature (°C)
40 35 30 25 20 15 10 5 0
E 1 0 F 1 1 1 1 1 1 1 1 1
=1 c. nivalis - 0°C Chlamydomonas nivalis i
Normalized -
] 10 - &
S 054 | .- Eg=301:32meV
C P
£ T . & %
© J g + e "
% - LT | S
@ | .
Q' 0.0 PR
c
] 3 1 R.F Ea =271+ 29 meV
] L--
-054 T™TTTTTT T™TTTTTTT T™TTTTTT ™TT T T T T T T T T T T T
0.1 1 10 100 37 38 39 40 41 42 43
. -1
Time (ms) 1/K,T (eV?)

125



Figure 6.9 — On the left, O,-evolution transients obtained at various temperatures for thylakoid
membranes from T. elongatus (A), M. laminosus (C) and C. nivalis (E). The temperature range
was -5-40 °C for T. elongatus and 0-35°C for the other two. The measurements were performed
using the red LED from the time resolved O, polarography set-up. The kinetics are the average
of 230 individual transients measured after each flash, summed up from three independent
experiments on each condition. The non-normalized data can be seen on Appendix D.1 and the
parameters obtained by fitting the data can be seen on Appendix E.3. On the right (B, D, F), it is
displayed the respective Arrhenius plots for the time constants of the reactions involved in the
S3-So transition of Photosystem Il. In black for the O, evolution time constant tox and in red for
the time constant for the preceding reaction Tpre.

Table 6.1 — Kinetic and thermodynamic parameters for the oxygen evolution reaction in
thylakoid membranes from different organisms. The activation energy (Ea) and the frequency
parameter (A) were determined from the respective Arrhenius plots, from which the formation
enthalpy (AH*) and entropic component (-TAS*) were respectively calculated using equations 6.1
and 6.2. When needed, a midrange temperature of 20 °C was used in the calculations.

Organism txat20°C  A(s?) E. AH? -TASY AG*
(ms) (meV) (meV) (meV) (meV)
Spinacia oleracea 1.71 7.6x10° 241+10 216+9 369+14 585+17
(Spinach)
Synechocystis sp. PCC 1.72 9.8x10° 421+22 396+21 188+11 584+23
6803
Chroococcidiopsis 2.1 9.5x10” 307+13 282+12 305+14 587+19
thermalis (WL grown)
Chroococcidiopsis 10.4 6.9x10° 460+10 435+10 197+5 632+11
thermalis (FRL grown)
Thermosynechococcus 2.43 2.2x10% 335+10 310+9 284+9 593+13
elongatus
Mastigocladus 2.35 2.2x107 277427 251+25 342+37 593+44
laminosus
Chlamydomonas 4.14 3.0x107 301+32 276+30 334+42 61052
nivalis

6.3 Discussion

The first experiment aimed at understanding the relation between the light excitation
wavelength and both the rate of the O; release step in the catalytic cycle of PSIl and its

cycling ability. For this time-resolved oxygen polarography was used which can in an

126



almost direct way measure the O; release kinetics of PSII. Also, in our custom-made
experimental step-up, three possible excitation light conditions were available, the
standard xenon flashlamp and the LED flasher with a red LED and a far-red LED that was
developed for the purpose of this experiment and other future O, polarography
experiments involving different light excitations. In this way O, evolution transients at
20 °C from thylakoid membranes were measured from three cyanobacterial species:
Synechocystis sp. PCC 6803, A. marina and C. thermalis, the latter having two distinct
samples as it was grown in WL and FRL conditions. The collected data is presented in Fig.
6.2, where changes in the amplitude of the transient signals were immediately visible.
For the C. thermalis (WL) and Synechocystis sp. PCC 6803 samples (Fig 6.2 A and B), the
most relevant effect from changing the excitation pulse was the great decrease in the
max signal amplitude of about 70% when flashing with the far-red LED versus the red
LED, both with a very similar energy per flash. This shows that these samples have no
mechanism to enable them to use far-red light and barely can achieve water oxidation
by just relying on a spectral tail overlap between the absorption spectrum of Chl g and
the far-red LED’s emission. This justifies the small signal observed but still allows for the
analysis of the reaction’s kinetics in this condition. The systems with red-shifted Chls
could produce oxygen well with the three light excitations tested, showing that both C.
thermalis (FRL grown) and A. marina, could harvest light better under far-red light
conditions than C. thermalis (WL) and Synechocystis sp. PCC 6803. Specifically for C.
thermalis (FRL grown) a higher amplitude in the oxygen signal was observed when the
far-red LED was used (Fig. 6.2 C). Further confirmation of these last two points could be
achieved by analysing the respective FIOPs shown in Fig. 6.5. Here the flash patterns
consolidated the idea that both far-red shifted PSlls, from C. thermalis (FRL grown) and
A. marina could use the far-red light as well as the other light excitations without
significant changes in the miss factor (Fig. 6.6 B), meaning that these samples proceed
with the water oxidation reaction the same way they do when using the other two light
sources. On the other hand, a very high miss factor can be observed, as expected by
now, in the FIOPs of C. thermalis (WL) and Synechocystis sp. PCC 6803 shown in Fig. 6.5
A-B and quantified by our fit approach (Fig. 6.6 B), when the far-red LED was employed.
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The period of four oscillation characteristic of the S-state cycle can be observed in the
FIOPs of active PSII, previously dark-adapted and suspended in a suitable buffer (like
buffer D-NaCl), when excited with saturating light pulses (Schuth et al., 2017). When
testing PSIl samples with different absorption ranges, some light excitations like the far-
red LED fall outside the absorption range of some samples, such as C. thermalis (WL) and
Synechocystis sp. PCC 6803 (Fig. 6.5 A-B). This does not necessarily mean that the >80%
miss factor determined by the fit (Fig. 6.6 B) for these two cases is a result of higher
recombination of the excited states, but it rather comes from the poor ability to gather
far-red light, which in turn makes the LED light pulse sub-saturating. In non-far-red
adapted PSll the O, evolution rate was never reported to be dependent on the excitation
wavelength and the same was observed here for Synechocystis sp. PCC 6803 and C.
thermalis (WL grown) as seen in Fig. 6.3 A-B and Fig 6.4 A. This is of course only true for
the wavelengths that match the specific PSII’s light harvesting absorption range and are
not too energetic to cause photodamage. Whether there would be changes in the
reaction’s rate due to the excitation by far-red light, for the case of PSIl samples
containing red-shifted Chls, like C. thermalis (FRL grown) and A. marina, is of core
importance to the understanding of this red-shifted water oxidation reaction.
Comparing the kinetic data (Fig. 6.3 C-D) we could demonstrate that the incident
wavelength had no influence over the rate of the reaction for both red-shifted samples,
which we also observed in the other samples. Fitting the referred data with the diffusion
model (Dilbeck et al., 2012) could further support this conclusion by determining O,
evolution time constants (tox) for the different light excitations that were statistically
equal (Fig. 6.4 A). This supports the hypothesis that the photochemistry in the reaction
center of PSIl doesn’t change depending on the excitation wavelength, meaning that for
C. thermalis the FaRLiP process doesn’t create an alternative reaction pathway but
rather changes or replaces part of the original one. Although seemingly trivial, this point

will be important for further discussion of the O, evolution reaction in red-shifted PSII.

The 1.6 ms (at 20 °C) value for tox obtained for Synechocystis sp. PCC 6803 (Fig. 6.4 A) is
in good agreement with the results from previous measurements on the same organism
(Dilbeck et al., 2012) and the 2.2 ms (at 20 °C) value obtained for the first time for C.

thermalis (WL grown) matched well the general range for tox at 20 °C, which can be as
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fast as 1.2 ms for Synechococcus sp. PCC 7002 but often not slower than 3 ms (Liang,
2018). However, it can be as slow as 4.1 ms in organisms like C. nivalis (Table 6.1), which
should not be taken as a rule since this alga is native to very cold environments, like
polar regions and may have intrinsic adaptations to allow for its life in those hash
conditions (Lukes et al., 2014). Along this slow side, a similarly slow O, evolution time
constant of 4.6 ms was obtained for A. marina (Fig 6.4 A). This slow Oz evolution kinetic
may result from a unique adaptation of this cyanobacterium. Generally, Chl a in
organisms that do oxygenic photosynthesis is considered a main pigment generally
appearing as a great majority of total Chl, if not 100% as is true for many cyanobacteria.
Chl a is often complemented by accessory Chls that appear as a minority like Chl b in the
case of plants and some cyanobateria, Chl ¢ in chromophyte algae from marine
environments (Zapata et al., 2006) and Chl d and f appearing in cyanobateria that have
undergone FaRLiP like Synechococcus sp. PCC 7335 and C. thermalis used also in this
work (Ho et al., 2020; Nirnberg et al., 2018). This makes A. marina special as it has this
the other way around, with a majority of Chl d and a minority of Chl a (1-2 molecules
per PSII) (Miyashita et al., 2014), which occurs even when the strain is grown under WL,
meaning that this Chl content is not due to a photoacclimation process (Miyashita et al.,
1997). The type of Chls present in A. marina's reaction center (Chls Pp1 and Ppy) is still
being discussed but it is either with two Chl d molecules or one Chl d and one Chl g,
although the Chlpi and Chlp, positions should be both occupied by Chl d molecules
(Miyashita et al., 2014). Either way, such changes in the reaction center’s Chl content,
where the primary charge separation occurs, may be enough to justify a larger O;
evolution time constant. However, further investigation into the specific details of why
the rection is slower in this organism will not be conducted here and we will now focus
our investigations on the comparison between C. thermalis grown in WL and FRL. This
allows for a direct characterization of effects related to changes in PSII relative to the
FaRLiP adaptation, and the respective conclusions may also help us to understand what
happens in the case of A. marina. Also, another reason that pushed for further
investigation and comparison of the two distinct C. thermalis samples was the difference
in the O, evolution time constant. From the 2.2 ms obtained for C. thermalis (WL grown),
the reaction slowed down almost five times to 10.3 ms at 20 °C for the C. thermalis (FRL

grown) membranes. Although the result was surprising at first, the continuous
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improvement of the thylakoid membrane preparations that indeed increased the
activity of the samples, did not result in changes in the kinetics. Four different
preparations were in total tested for PSIlI activity, and the measurements were then
performed with the samples with the highest activity, yielding the experimental data

presented here.

Additional time resolved O; polarography measurements were performed for both C.
thermalis samples, at different temperatures, in the ranges of 0-35 °C for the WL and 0-
45 °C for FRL, to access their respective activation energy as described before (Fig. 6.7).
Furthermore, the transients were fitted with a diffusion model (Dilbeck et al., 2012) and
the respective time constants were used to make the respective Arrhenius plots (Ln T vs
1/KgT), from where we extracted the activation energy and the frequency parameter A.
The results for the oxygen evolution step using the obtained time constants tox were an
activation energy of 307 + 13 meV with the pre-exponential factor A of 9.5 x 107 + 4 x
10° S for WL membranes and for the FRL membranes the values obtained were 460 +
10 meV and 6.8 x 10° + 2 x 108 S, respectively. For all points in the tested temperature
range, the O, evolution reaction speed was highly slowed down for the FRL PSII like
observed initially at 20 °C (Fig. 6.8). Like stated, this resulted in an increase in activation
energy and frequency parameter A, which in turn reflects in a higher enthalpy (AH*), and
lower entropic component (-TAS*). As previous work suggests (Liang, 2018), the O,
evolution reaction in PSIl from different species has an enthalpy-entropy compensation
behaviour (Low & Somero, 1974), which was observed when Liang (2018) compared the
thermodynamic parameters from different organisms, showing that when the reaction
had a lower AH?*, it would compensate with a higher -TAS*, and vice versa, keeping the
overall AG* constant at about 590 meV. This type of phenomenon was also studied for
different enzymes before and was generally discussed to have a high correlation to an
adaptation to native environmental temperature (Siddiqui & Cavicchioli, 2006; Somero,
2004). Furthermore, the type of environment, terrestrial versus aquatic, was also
discussed in Liang (2018) as a possible shifting factor of the enthalpy-entropy
compensation. In Fig. 6.10, a similar analysis of the thermodynamics of the O, evolution
reaction in different photosynthetic species was performed, but we do not see any trend

in the data that would favour a specific explanation for the lower or higher enthalpy (or
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entropy) for each case. Perhaps, the enthalpy-entropy compensation in PSIl is not

dependent on a single factor.

To have a better chance at understanding the thermodynamic changes in the O
evolution reaction in PSIl from C. thermalis due to the FaRLiP process, the Eyring's
transition state theory was used to determine the reaction’s AH*¥, and -TAS* (Eq. 6.1 and
Eq. 6.2) (Mortimer & Eyring, 1980). From the WL membranes to the FRL ones, the AH*
increased from 282 meV to 435 meV and the -TAS* decreased from 305 meV to 197 meV.
Although these are big changes, one could argue that an already seen before, enthalpy-
entropy compensation, could explain it. However, that is not the case here, as the total
AG* was considerably higher for the FRL membranes, at 632 meV, when compared to
the WL membranes that had a AG* of 587 meV, consistent with previously determined
values for various PSIl samples from different species like spinach, Synechocystis sp. PCC
6803 and Synechococcus sp. PCC 7002, among others (Bao & Burnap, 2015; Liang, 2018).
To further enhance this point, data from all different photosynthetic species that had
their Oz evolution activation energy measured the same way as C. thermalis, during this
thesis work, were gathered in this chapter. These included data from spinach, which was
presented in Chapter 3, Synechocystis sp. PCC 6803 that was presented in Chapter 5,
and data from T. elongatus, Mastigocladus laminosus and Chlamydomonas nivalis, all
presented in Fig. 6.9 in this chapter. A summary from all the measured and calculated
parameters from all the seven samples (including both C. thermalis samples) is
presented in Table 6.1. For spinach, Synechocystis sp. PCC 6803, and
Thermosynechococcus elongatus, the activation energy and further calculated
parameters confirm the results from previous studies (Bao & Burnap, 2015; Liang, 2018)
and for M. laminosus and C. nivalis, whose activation energy was here determined for
the first time, their calculated AG* was 593 and 610 meV, respectively. For M. laminosus
the new value matched well the average AG* obtained for WT samples from different
species measured here or in the studies just mentioned. The value for C. nivalis was still
statistically within the range for AG* observed so far but with a high uncertainty of + 52
meV that originates from the lower oxygen signal and higher noise in the data we
acquired (Fig. 6.9), which leaves open the possibility of this algae having a higher AG*

than most PSII. As C. nivalis is native from very cold environments, a special adaptation
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that affects the O; evolution reaction and could also justify the slow tox time constant at

20° C of 4.14 ms, is not so unreasonable to suggest (Lukes et al., 2014).
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Figure 6.10 — Comparison of the thermodynamic contribution from the parameters AH* and -
TAS* to the AG* of the oxygen evolution reaction in PSII. The data presented was measured from
seven different thylakoid membranes samples (BBY in the case spinach) from six distinct
organisms. Plotted values are shown in Table 6.1 and the dotted line represents a AG* of 590
meV.

By potting the determined -TAS* as a function of AH* for each of the seven samples, one
can easily visualize that six of those data points sit on a AG*isoenergetic line (AG*=590
meV) that shows the enthalpy-entropy compensation behaviour (Fig. 6.10), as seen
before (Liang, 2018). One of the samples, C. thermalis (FRL grown) has a higher AG* of
632 meV and can be seen deviating from this isoenergetic line. This is a significant
change and previously such changes in AG* were only observed for lab-modified PSII like
the Sr-Ca exchanged PSII from T. elongatus which had a AG* of 619 meV (Kim & Debus,
2019; Rappaport et al., 2011), and the Synechocystis sp. PCC 6803 PsbA mutants: V185N,
D61N and D61A, having all three essentially the same a AG* of 669 meV (Bao & Burnap,
2015). As significant changes had been done to these four modified PSIl examples near
the reaction center we would also suspect a significant change to be present in the C.
thermalis (FRL grown) when compared to the WL grown. As studied before by Niirnberg
et al. (2018), it is very likely that the FaRLiP process in C. thermalis involves the inclusion

of a Chl fin the recation center made by the four Chl positions, Pp1, Pp2, Chlp1, Chlp2 (Fig.
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6.11). The replacement of the Chl a for the Chl f most likely occurs at the position Chlp;
as suggested by Nirnberg et al. (2018) who looked at amino acid changes occurring
around the Chlp; position to find new replacements that would help to accommodate
for a Chl f molecule, like the F119Y and A154T that are featured in Fig. 6.11. Specifically,
the OH-group of this Tyrosine can hydrogen bond with the formyl-O from a Chl f. We
also looked for changes closer to the Mn-cluster and we found two amino acid
replacements worth considering, the L184F and the S85M. The first essentially occupies

more space than the Leucine in the WL version and is prone to m-stacking. In the latter,

WL-Phe119

FRL-Tyr 120 w

WL -Ala 154
FRL-Thr 155

WL - Ser 85 %

FRL — Met 86 FRL - Phe 185

X
a%%%

Mn,CaOs-cluster

Figure 6.11 — PSII reaction center based on the structure 3WU2 from Thermosynechococcus
vulcanus (Umena et al., 2011). The most important cofactors are shown: the Mn4sCaOs-Cluster,
the chlorophyll complex P680 (Pp: and Ppz) and the other two adjacent chlorophylls Chlp; and
Chlpy; both pheophytins (Phep: and Phep;), the quinones A and B (Qa and Qg, respectively), and
the non-heme Iron(ll). The redox active tyrosine (Yz) is present along with four amino acids: Ser
85, Phe 119, Ala 154, and Leu 184, all of which are present in C. thermalis but are replaced by
other amino acids when undergoing FaRLiP process. The Chl a in position Chlp; is shown with a
dark red colour to highlight its highly likely replacement by a Chl fin C. thermalis (FRL grown) as
suggested in Nlrnberg et al. (2018).
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methionine replaces a serine that is a neighbour to Serine 169 which is an important
residue in the H-bonding network around OEC (Ghosh, Banerjee, et al., 2019), and even
though they do not hydrogen bond between themselves, they both share a water
molecule as a hydrogen bond partner. The change to methionine may not leave much
space for this water molecule to exist there and so this change may have an effect on
Serine 169. Nonetheless, we believe that these changes alone would not justify the scale
of this slow-down and increase in AG* and so the replacement of Chlp; for a Chl f may

have the greater contribution.
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Summary

The aim of this work was to gain a better understanding of the water oxidation reaction
by PSII. Different samples from various photosynthetic species were tested either by
time resolved O; polarography or X-ray absorption spectroscopy targeting several open

guestions regarding the function of this enzyme mostly during the S3—>So transition.

In chapter 3, the investigation of the effect of ammonia, a substrate water analogue, on
the catalytic cycle of PSII was presented. From the results obtained by time resolved O,
polarography it was possible to confirm a degree of full inhibition of the O, evolution
which affected up to about 50% of the PSIl centers. Furthermore, in the presence of
ammonia, two O evolving PSII fractions were identified, one with unaltered kinetics and
another with significantly slower O3 evolution (~20 times). These two fractions showed
different activation energies which were independent of the ammonia concentration.
This way, three binding spots directly to or in the vicinity of the OEC were suggested,
one of which may unbind before the O; release, and another which might be one of the

substrate water molecules.

The following chapter 4 shows an EXAFS study on dark adapted PSIl that could show a
clear breakpoint in the temperature dependence of the Debye-Waller factor at around
200 K. This suggests that ET in all S-state transitions does not just rely on harmonic
vibrations but is instead facilitated by mobility and molecular reorganizations in the
protein/water environment that affect the dynamics of the OEC. This could explain the
much slower than theoretically predicted t-value for the OEC - Yz** ET, even for the
simplest S1 - S, transition, and why the further S-state transitions are frozen out bellow

200 K.

In chapter 5, an extensive study on various point mutations of H-bonding active amino
acids close to the OEC was performed. For this, time-resolved O, polarography which
targets the S35y, transition was used. The results suggest that the E65 might be
involved in the proton transfer away from the OEC most likely receiving this proton from

D61. Although E312 forms a dyad with E65, we only observed a small effect for the
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alanine substitution, suggesting that the E312 might not be directly involved in the main
proton pathway. For the D59A, a high activation energy was obtained even though the
0, evolution kinetics were mostly slower at lower temperatures. This could be explained
either by the H-bond interaction between D59 and the backbone of E65 or by direct
involvement in the H-transfer pathway, at least at lower temperatures. The similar
results obtained for both the E329A and N298A variants, that make up part of the large
channel, led to the hypothesis that this channel may not be used as a proton pathway
during the S3>So transition. In summary, this chapter’s results are in line with the idea
that the proton transfer right before O, formation happens mostly through the broad

channel.

Lastly in chapter 6, PSII with far-red shifted Chls was studied by using time-resolved O,
polarography, employing different light excitations. This way, slow O; evolution kinetics
could be observed for A. marina and FRL grown C. thermalis, both containing far-red
shifted Chls. Although it should be noted that higher photon absorption efficiency was
seen for these photosystems when illuminated by far-red light. In the last part of chapter
6, gathered data from different species was used to compare their overall AG* and
respective enthalpic and entropic components for the O, evolution reaction. The
distribution of AH* and -TAS* did not show a specific trend. However, like observed for
PSII from other species, the AG* results for the species studied here were very similar
except for FRL grown C. thermalis, which had a significantly higher value. This last point
supports that in C. thermalis, during FaRLiP a red-shifted Chl replaces one of the four
Chls in the reaction center of PSII, lowering the energy of the chlorophyll radical that

serves as the primary oxidant in PSIl water oxidation.
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Appendix A — Buffer Compositions

A.1 Buffer composition for the preparation of BBY

Buffer A (pH 7.5)

Sucrose 400 mM
HEPES 25 mM
EDTA 1mM
NaCl 15 mM
MgCl, 5mM
CaCl, 5mM
BSA 2gl?
Sodium Ascorbate 1gl?

Note: For Buffer A the BASA and Sodium Ascorbate are added just before use.

Buffer B (pH 6.2)

MES 25 mM
NaCl 150 mM
MgCl2 5mM

Buffer C (pH 6.2)

Betain 1M
MES 25 mM
NaCl 15 mM
MgCl, 10 mM
CaCl 5mM
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Note: Triton stock solution is made of 37.5 ml of Buffer C and 12.5 ml of Triton.

Buffer D (pH 6.2)

Betaine 1M
MES 25 mM
NaCl 15 mM
MgCl, 5mM
CaCl 5mM

A.2 Buffers for isolation of thylakoid membranes from Synechocystis sp. PCC 6803

Buffer TMB (pH 6.0)
(0.45 um filtered)

MES 50 mM
Glycerol 10% (v/v)
Betaine 1.2M
MgCl, 5mM
CaCl 5mM

Buffer TMS (pH 6.0)
(0.45 um filtered)

MES 50 mM
Glycerol 10% (v/v)
Betaine 1.2M
MgCl, 5mM
CaCl 20mM
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A.3 Buffer composition for the O3 activity measurement

Buffer O, (pH 6.2)

Betaine 1M
MES 25 mM
NaCl 15 mM
CaCl 5mM

Note: The stock solutions of K3[Fe(CN)s] in H,O and 2,6-DCBQ in DMSO also used for

the used O; activity measurement should both have a concentration of 50 mM.

A.4 O; polarography measurement Buffers

Used for the experiments described in Chapter 3

Buffer NC (pH 7.5)

Betaine 1M
MES 25mM
MOPS 25mM
HEPES 25mM
MgCl, 5mM
CaCl 5mM
NaCl 150 mM
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Buffer NH (pH 7.5)

Betaine 1M
MES 25 mM
MOPS 25 mM
HEPES 25 mM
MgCl, 5mM
CaClz 5mM
NH4Cl 150 mM

Used for the measurement of thylakoid membranes from cyanobacteria as described

in Chapters 5-6.

Buffer D-NaCl (pH 6.2)

Betaine 1M
MES 25mM
NaCl 150 mM
MgCl, 5mM
CaClz 5mM
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Appendix B — Schematics

B.1 Schematics for the LED housing (Top part)
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B.2 Schematics for the LED housing (Base)
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B.3 Schematics: Top body part of the polarography electrode
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B.4 Schematics: Middle body part of the polarography electrode
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B.5 Schematics: Bottom body part of the polarography electrode
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B.6 Schematics: Polarography electrode metal parts
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Appendix C — EXAFS simulation parameters

Table C.1 — EXAFS simulation parameters for each temperature point®

Temperature Mn- Mn- R¢
Mn- Mn-M

(K) n-0 VN Mn/ca ¢/NjO (%)

R 1.829 2.015 2.734 3.222 2.986 3.763 7.5
20 N 3.75%* 2% 1.5* 1* 2% 0.5%*

2s? 8.01% 8.01% 3.64 11.12% 11.12% 11.12%

R 1.835 2.003 2.727 3.224 3.042 3.765 11.8
36.5 N 3.75%* 2% 1.5* 1* 2% 0.5%*

2s? 1.047%  1.047% 4.8 14.73% 14.73% 14.73%

R 1.831 2.006 2.731 3.262 2.997 3.747 9.6
55.8 N 3.75%* 2% 1.5* 1* 2% 0.5*

2s? 8.66" 8.66" 3.34 11.66% 11.66% 11.66%

R 1.83 2.015 2.74 3.244 2.993 3.761 8.5
76.3 N 3.75%* 2% 1.5* 1* 2% 0.5*

2s? 8.14* 8.14* 3.66 11.68% 11.68% 11.68%

R 1.83 2.001 2.732 3.252 2.964 3.769 9.1
95 N 3.75%* 2* 1.5* 1* 2* 0.5*

2s? 9.15* 915% 3.41 10.48% 10.48% 10.48%

R 1.829 1.992 2.732 3.288 3.039 3.721 12.5
116.7 N 3.75%* 2* 1.5* 1* 2% 0.5*

2s? 8.58" 9.58" 3.18 10.51% 10.51% 10.51%

R 1.83 2 2.736 3.204 2.92 3.743 11.7
137.1 N 3.75%* 2* 1.5* 1* 2* 0.5*

2s? 10.36"  10.36% 2.59 13.70% 13.70% 13.70%

R 1.83 2.002 2.73 3.288 2.998 3.735 14.7
156 N 3.75%* 2* 1.5* 1* 2* 0.5*

2s? 8.19* 8.19* 4.07 11.91% 11.91% 11.91%

R 1.83 2.004 2.742 3.26 2.979 3.77 9.1
175.5 N 3.75%* 2* 1.5* 1* 2* 0.5*

2s2  7.73" 7.73" 2.9 10.51%& 10.51% 10.51%

R 1.829 1.974 2.742 3.297 3.008 3.702 8.7
196.7 N 3.75%* 2* 1.5* 1* 2* 0.5*

2s? 9.19* 9.19* 2.88 9.96% 9.96% 9.96%

R 1.831 1.995 2.741 3.272 2.973 3.761 10.4
215.5 N 3.75%* 2* 1.5* 1* 2* 0.5*

2s? 9.17* 9.17* 3.3 11.51% 11.51% 11.51%
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R 1.827 1.983 2.746 3.265 3.032 3.717 14.4
236.9 N 3.75* 2% 1.5*% 1* 2% 0.5*

2¢? 9.86" 9.86" 5.9 10.33% 10.33% 10.33%

R 1.831 2.015 2.739 3.262 2.966 3.785 8.8
255.7 N 3.75* 2% 1.5*% 1* 2% 0.5*

2s> 10.37% 10.37* 5.23 13.31% 13.31% 13.31%

R 1.829 2.002 2.733 3.217 2.914 3.783 10.6
276 N 3.75* 2% 1.5*% 1* 2% 0.5*

2s>  12.79*  12.79* 7.85 15.42% 15.42% 15.42%

R 1.834 2.015 2.736 3.292 2.984 3.751 12.6
292.7 N 3.75* 2% 1.5*% 1* 2% 0.5*

2s> 13.04" 13.04* 8.98 18.16% 18.16% 18.16%

Fit results for the 15 Mn EXAFS spectrums of PSIl in the S; state in the studied temperature
range (20-295 K). N, coordination number per Mn; R, interatomic distance in A; o2, Debye-Waller
parameter in x103 A% R;, deviation in % between the fit curve and the Fourier-backtransformed
k-space spectrum ina 1-3.5 A reduced distance range. In the simulations, an amplitude reduction
factor of Sp? = 0.75 and the following fit restraints were used: *, fixed N-values resembling the

crystallographic metrics (Tanaka et al., 2017); #,&, coupled to yield equal values.

170



Appendix D — Comparison of O, polarography
transients

D.1 T.elongatus, M. laminosus and C. nivalis
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Figure D.1 — Oz-evolution transients obtained at various temperatures for thylakoid membranes
from T. elongatus (A), M. laminosus (C) and C. nivalis (E). The temperature range was -5-40 °C
for T. elongatus and 0-35°C for the other two. The measurements were performed using the red
LED from time resolved O, polarography set-up. The kinetics are the average of 230 individual
transients measured after each flash, summed up from three independent experiments on each

condition.
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D.2 C. thermalis WL vs. FRL

] 0.4
1adc thermalis (FRL) - 0°C C. thermalis - 0°C
(WL)

1.2
~ 1.0 -
3 3
(] ©
— 0.8 s
t_:ﬂ = 0.2 4
oo 0.6 ucn
X X!
o 04 o

0.2

0.0 4 0.0

0.1 1 10 100
Time (ms) Time (ms)

Figure D.2 — O;-evolution transients obtained at various temperatures for thylakoid membranes
from C. thermalis grown under FRL (A) and grown under WL (B). The temperature range was 0-
45 °C for the FRL and 0-35°C for WL. The measurements were performed using the red LED from
time resolved O; polarography set-up. The kinetics are the average of 230 individual transients
measured after each flash, summed up from three independent experiments on each condition.
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Appendix E — Fit parameters of the O, diffusion

model

E.1 Synechocystis sp. PCC 6803 variants
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Figure E.1.1 — Fit parameters obtained employing the diffusion model (Dilbeck et al., 2012) for

Synechocystis sp. PCC 6803 wilde type.
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Figure E.1.2 — Fit parameters obtained employing the diffusion model (Dilbeck et al., 2012) for
Synechocystis sp. PCC 6803 variant E312A.

174



1.5

0.3 +
1.0 4
] m
< € 02-
mé Pr_"-’
0.5 -
0.1 S
0.0 - 0.0 -
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Temperature (°C) Temperature (°C)
1.5
35 4
30
1.0 4 25
m m
£ £ 20+
: K
..F = 15
0.5 S
10
5 o
0.0 - 0
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Temperature (°C) Temperature (°C)
30 2.0
25 -
1.5 4
'g 20
= a
e (%}
9 154 £ 101
=2 ]
= o
£ 10 -
0.5 -
5
0 0.0
0 5 10 15 20 25 30 35 0 5 10 15 20 25 30 35
Temperature (°C) Temperature (°C)

Figure E.1.3 — Fit parameters obtained employing the diffusion model (Dilbeck et al., 2012) for
Synechocystis sp. PCC 6803 variant D61K.
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Figure E.1.4 — Fit parameters obtained employing the diffusion model (Dilbeck et al., 2012) for
Synechocystis sp. PCC 6803 variant D59A.

176



0.6
0.2
] m
& E
x a0
n:o s 0.1+
0.0 -
10 15 20 25 30 35 10 15 20 25 30 35
Temperature (°C) Temperature (°C)
7
150
100
m
£
x
[=]
[*)
50 -
0
10 15 20 25 30 35 10 15 20 25 30 35
Temperature (°C) Temperature (°C)
14 2.0
12 4
__ 10 1.5 4
£
= =
P w
5 £ 101
& &
7
a
0.5 4
0.0 -
10 15 20 25 30 35
Temperature (°C) Temperature (°C)

Figure E.1.5 — Fit parameters obtained employing the diffusion model (Dilbeck et al., 2012) for
Synechocystis sp. PCC 6803 variant E65A.
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Figure E.1.6 — Fit parameters obtained employing the diffusion model (Dilbeck et al., 2012) for
Synechocystis sp. PCC 6803 variant E329A.
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E.2 C. thermalis WL and FRL
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Figure E.2.1 — Fit parameters obtained from the simulations with the diffusion model (Dilbeck
et al., 2012) for C. thermalis grown in FRL.
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Figure E.2.2 — Fit parameters obtained from the simulations with the diffusion model (Dilbeck
et al., 2012) for C. thermalis grown in WL.
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E.3 T.elongatus, M. laminosus and C. nivalis
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Figure E.3.1 — Fit parameters obtained from the simulations with the diffusion model (Dilbeck
et al., 2012) for T.elongatus.
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