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ABSTRACT

Beckmann, Katrin:

Membrane-Inlet Mass Spectrometry Studies of Natural and Artificial Photosynthesis

Oxygenic photosynthesis provides molecular oxygen and nearly all vital nutrients for
heterotrophic organisms. The catalytic center for the generation of molecular oxygen from the
photosynthetic oxidation of water is termed oxygen evolving complex (OEC). It is located on
the luminal site of the protein-pigment complex Photosystem II (PSII). The OEC consists of
an inorganic, x-oxygen bridging (x > 5) tetra-manganese-calcium (Mn,0xCa) complex and its
specific protein surrounding. The protein matrix does not only bind the inorganic
components but also regulates the proton coupled electron transfer, substrate supply and
product release. The Mn,OxCa complex passes stepwise through five redox states. The redox
intermediates are termed Si states with the index (i = 0 — 4) giving the number of stored
oxidizing equivalents. The reaction is driven by light induced charge separation in the
chlorophyll containing reaction center of PSII.

In the present work the photosynthetic water splitting reaction is studied in detail by time-
resolved membrane-inlet mass spectrometry (MIMS) and isotopic labeling. MIMS enables a
direct connection between reaction vessel and mass spectrometer (MS), because a gas
permeable membrane separates the sample from the high vacuum of the MS.

Within the scope of this work diverse PSII-systems were constructed and the following results
were obtained by MIMS:

1) Measurements of H.0O/H,'8O-substrate water exchange kinetics of PSII samples, in which
the natural cofactors Ca2* and ClI” have been substitute for Sr2+ and/or Br-, showed that
Ca2*/Sr2+ as well as Cl/Br substitution accelerate the slow phase of substrate water
exchange. For these experiments, thylakoids were isolated from the thermophilic
cyanobacterium Thermosynechoccus eleongatus, which were grown either in medium
containing CaCl,, CaBr,, SrCl, or SrBr..

2) Oxygen pressure of up to 20 bar has no detectable influence on the light induced oxygen
evolving activity of thylakoids and PSII membrane fragments. Hereby, a product inhibition of
PSII, which was described in the literature and shown by indirect UV absorption
measurements, was proven wrong.

3) Hydrogen carbonate is not the substrate for the photosynthetic oxygen production in PSII.
This result clears out last doubts, that water and not hydrogen carbonate is the direct
substrate of the photosynthetic water splitting reaction.

4) Artificial solar water splitting is a promising approach towards the production of
renewable energy carriers. In a study comparing water splitting activities of diverse synthetic
Mn-compounds, a Mn-dimer was firstly found that generates O. in accordance with the
H,80-enriched water, closely resembling the theoretical values for true water oxidation upon
addition of different chemical oxidants (oxone and lead tetraacetate). The oxygen evolution
with lead tetraacetate was substoichiometric and also further addition of oxone changed the
isotopic composition of the produced oxygen towards unlabelled oxone. Nevertheless, this
could be a first step towards the development of artificial water splitting catalysts.
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ZUSAMMENFASSUNG

Beckmann, Katrin:

Membrane-Inlet Mass Spectrometry Studies of Natural and Artificial Photosynthesis

Die oxygene Photosynthese ist die Lebensgrundlage der heterotrophen Organismen, da sie
den lebensnotwendigen molekularen Sauerstoff und fast alle Nihrstoffe liefert. Das
katalytische Zentrum der photosynthetischen Wasserspaltungsreaktion wird als Sauerstoft-
entwickelnder Komplex (OEC, englisch: oxygen evolving complex) bezeichnet und befindet
sich an der luminalen Seite des Protein-Pigment-Komplexes Photosystem II (PSII). Der OEC
besteht aus einem anorganischen, (x)-Sauerstoff-verbriicktem (x > 5) tetra-Mangan-Calcium
(Mn4O«Ca)-Komplex und einer speziefischen Proteinumgebung, die nicht nur die
anorganischen Komponenten bindet, sondern auch den protonengekoppelten Elektronen-
transport, die Substratzufuhr und auch den ProduktausstoB reguliert. Im Mn,OCa-Komplex
werden, angetrieben von lichtinduzierten Ladungstrennungen im chlorophyll-haltigen
Reaktionszentrum von PSII, fiinf Redoxzustinde schrittweise durchlaufen. Diese
Redoxintermediate werden als Si-Zustdnde bezeichnet, wobei der Index (i = 0 — 4) die Zahl
der gespeicherten Oxidationsaquivalenten angibt.

In der vorliegenden Arbeit wird die photosynthetische Wasserspaltung mit Hilfe von
zeitaufgeloster Membraneinlass-Massenspektrometer (MIMS, englisch: membrane-inlet
mass spectrometry) und Isotopenmarkierung detailliert untersucht. MIMS erlaubt eine
direkte Verbindung zwischen Reaktionsgefil und Massenspektrometer (MS), wobei eine
gasdurchlassige Membran die Probe vom Hochvakuum des MS trennt. Im Rahmen dieser
Arbeit wurden unterschiedliche Membraneinlasssysteme konstruiert und damit folgende
Ergebnissen erzielt:

1) Durch Messung der H,°O/H.80-Substratwasseraustauschkinetiken von PSII-Proben,
deren natiirliche Kofaktoren Ca2* und Cl- durch Sr2>* und/oder Br- ersetzt waren, wurde
gezeigt, dass sowohl Ca2*/Sr2+ als auch Cl-/Br- Austausch die langsame Phase des
Substratwasseraustausches beschleunigt. Fiir diese Experimente wurden Thylakoide
verwendet, die aus dem thermophilen Cyanobakterium Thermosynechoccus eleongatus
isoliert wurden, dessen Anzuchtsmedien entweder CaCl,, CaBr., SrCl, oder SrBr. enthielten.

2) Sauerstoffdriicke bis 20 bar haben keinen detektierbaren Einfluss auf die lichtinduzierte
Sauerstoftbildungsaktivitat von Thylakoiden und PSII-Membranfragmenten. Hiermit konnte
eine in der Literatur beschriebene Produktinhibition von PSII, auf die aus indirekteren UV-
Absorptionsmessungen geschlossen wurde, nicht bestitigt werden.

3) Hydrogencarbonat ist nicht das Substrat fiir die O.-Bildung im PSII. Diese Ergebnisse
raumen letzte mogliche Zweifel daran aus, dass tatsiachlich Wasser, und nicht
Hydrogencarbonat, das direkte Substrat der photosynthetischen Wasserspaltung ist.

4) In einer vergleichenden Studie der Wasserspaltungsaktivitit von verschiedenen
synthetischen Mn-Verbindungen wurde erstmals ein Mn-Dimer gefunden, das bei Zugabe
von zwei unterschiedlichen chemischen Oxidationsmitteln (Oxone oder Bleitetraacetat)
Sauerstoff mit der korrekten Isotopenmarkierung von H,80-angereichertem Wasser
produziert. Diese O,-Freisetzung war allerdings substoichiometrisch, und bei weiteren
Zugaben von Oxone verdnderte sich die Isotopenzusammensetzung des freigestzten O, hin zu
der des unmarkierten Oxones. Dennoch konnte dies ein erster Schritt hin zu der Entwicklung
von artifiziellen Wasserspaltungskatalysatoren sein.
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Chapter 1. INTRODUCTION

1. INTRODUCTION

1.1. Photosynthesis

To sustain life, each organism uses energy stored in organic substances. The organic
matter is acquired either autotrophically, by building up energy rich compounds out
of inorganic resources gained from the environment (assimilation) or hetero-
trophically, by incorporating or decomposing other organisms. Photosynthesis is a
photoautotrophic process to convert carbon dioxide and water into carbohydrates and
other organic substances by employing sunlight. This process occurs in plants, algae
and cyanobacteria.

The evolution of oxygenic photosynthesis started about three billion years ago in
cyanobacteria (BUICK 2000; DISMUKES ET AL. 2001; XIONG AND BAUER 2002). It was a
dramatic event for the earth’s biosphere: it changed the atmosphere from being
reducing to being oxidizing. The first photosynthetic organisms liberating oxygen
had, in addition to increased efficiency, the great advantage of being able to poison
competitors with molecular oxygen. Other organisms, as well as the photosynthetic
once eventually adapted and developed sophisticated defensive radical scavenging
mechanisms against the reactive singlet oxygen and started to take advantage of the
aerobic atmosphere. Dioxygen allowed developing highly efficient respiration
processes and increased the efficiency of the sugar exploitation by a factor of ~ 10
(RENGER 1997). The increasing dioxygen concentration in the atmosphere built,
through photochemical chain reactions (photo-dissociation), the protective ozone
layer in the stratosphere (15 km — 50 km above earth). This layer absorbs a large part
of the highly damaging ultra violet (UV) radiation and thereby decreases the level of
UV light which reaches the surface of the earth (OLSON AND BLANKENSHIP 2004).

FIGURE 1.

Chloroplasts in lamina
cells of Plagiomnium
affine on the left and a
schematic view of a
chloroplast on the right.
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The unit where oxygenic photosynthesis takes place, is the chloroplast, a typically 5
um long organelle, with two outer membranes enclosing the stroma (Fig. 1).

The stroma comprises a closed membrane system, which is subdivided into helically
stacked grana thylakoid and connecting stroma thylakoid regions. The stroma further
contains soluble proteins as well as plasmid DNA, ribosomes and starch granular.
Illumination of intact thylakoid membranes yields O., NADPH and ATP. The latter
two products are consumed to provide energy for the reduction of CO. to

carbohydrates inside the stroma (MARTIN ET AL. 2000).

According to the endosymbiontic theory, the origin of chloroplasts in eukaryotic cells
was an endophagocytosis event, where engulfing of an autotrophic cyanobacterium
had taken place. Symbiosis between the host and the cyanobacterium led to the
evolution of the first chloroplast that was genetically dependent on the eukaryotic cell
(encoded in the chloroplast genome are only ~ 5% of the proteins). Arguments
supporting the endosymbiont theory are (i) chloroplasts contain circular DNA
indicating an origin from cyanobacteria, (i) the stroma contains prokaryotic
ribosomes, (iii)) two membranes surround the chloroplasts. The outer membrane is
possibly the food vacuole, which had originally enclosed the cyanobacterium while the
inner one is the original membrane of the prokaryot. Thylakoid membranes are
predominately composed of galactolipids rather than of phospholipids like in the cell
plasma membrane and other organelles (WEBB AND GREEN 1991). Triple and
quadruple membranes might result from repeated endosymbiosis, (iv) living
intermediates exist e.g. several coral and snail species permanently host algae in their
cells. One example of Acaryochloris marina is Didemnid ascidian hosting

cyanobacteria (MIYASHITA ET AL. 1996).

1.1.1. The Photosynthetic Electron Transport Chain

To perform the unique process of photosynthesis three large protein-pigment
complexes are integrated into the thylakoid membrane of the chloroplast. Here,
electrons are excited by light energy and transported via the photosynthetic electron
transport chain. The chain is assembled of Photosystem II (PSII), the Cytochrome bef
complex (Cyt bef) (BERRY ET AL. 2000) and Photosystem I (PSI) (GOLBECK 2006)
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(Fig. 2). Two mobile electron carriers, Plastoquinone (PQ) and Plastocyanin (PC) link

PSII with Cyt bss9 and Cyt bef with PSI, respectively (HILL AND BENDALL 1960).

PSII is mainly located in the stacked grana membranes, while PSI is found in the
stroma thylakoids. Membrane stacking is not required for electron transfer and
photophosphorylation. Spatial separation of PSII and PSI is believed to prevent
quenching of PSII by PSI. PSI would draw excitation energy from the PSII antenna
system (see below), since (i) it absorbs at longer wavelengths (BUTLER AND STRASSER
1977) and (ii) PSI is three-times faster in exciton trapping than PSII (TRISSL AND
WILHELM 1993).

Figure 2:

Electron transport chain integrated in the thylakoid membrane. Electrons, extracted from water, are
transferred via integral multi protein complexes and mobile electron carrier to reduce NADP* to NADPH. A
proton gradient is established across the thylakoid membrane to drive ATP synthesis.

Associated with the two photosystems are integral membrane proteins termed light-
harvesting complexes, which absorb light quanta in the visible region and transfer the
excitation energy to PSII and PSI. Light-harvesting complexes (LHCII and LHCI)
provide a large area for capturing radiation by binding a great number of pigments
(chlorophylls (Chl) a and b, carotins). Photon absorption raises a pigment molecule to
an excited singlet state. Via the Forster mechanism (ATKINS AND DE PAULA 2006) the
energy hops to a nearby pigment (0.1 - 5 ps) and finally reaches the reaction center
with high efficiency. More than 90% of the absorbed energy arrives at the reaction
centre (NELSON AND YOCUM 2006).

In PSII, where the electron transport starts, the excitation energy is used to oxidize
the primary electron donor, a chlorophyll moiety termed P680 to give P680*. Charge
separation is achieved by transporting the exited electron onto a pheophytin molecule

(Pheop,). To stabilize the charge separation the electron is rapidly transferred onto
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the tightly bound quinone Qa. Electrons are passed to the plastoquinone Qg site. The
formed radical cation P680-+, with its strong oxidation potential of +1.2 V, is the
driving force for the electron extraction from water at the oxygen evolving complex
(OEC). To bridge the distance of approximately 10 A between P680-+ and the site of
water oxidation, the redox active Tyrosine Z (Yz at D1-161) functions as intermediate
electron carrier. Finally, with Qa* as reductant, plastoquinone is reduced to quinol
with two electrons and under uptake of two protons. Plastohydroquinone (PQH.) is
released into the plastoquinone pool in the thylakoids membrane (PETROULEAS AND
CROFTS 2005). The electrons are transferred via the Cyt besf complex and the mobile
carrier PC to PSI.

Photosynthetic organisms use the light driven electron transport to build up the
energy equivalent adenosine triphosphate (ATP) and nicotinamide adenine
dinucleotide phosphate (NADPH). The energy carriers provide the energy for
biosynthetic reactions of the calving cycle for the endergonic reduction of CO. to
carbohydrates. In this way, the water oxidizing chemistry of PSII provides the
electrons and, together with the PQ/PQH- cycle, the protons that form NADPH and
ATP:

2 H,O + 4 ADP + 2 NADP+ 8—hv> 0. + 4 ATP + 2 NADPH (1)

ATP is synthesized by the large protein complex CFo-CF; ATP synthase (MCCARTY ET
AL. 2000; JUNGE AND NELSON, 2005) located in the thylakoid membrane. In a process
termed Photophosphorylation, the proton motive force (pmf) is used to convert ADP
and P; to ATP. PSII establishes the pmf across the thylakoid membrane and the Cyt
bst complex through release of protons from water oxidation and by the vectorial
transport by plastoquinone (PQ)/plastoquinol (PQH.). The synthesis of NADPH is
more directly coupled to the electron transfer. After the absorption of another light
quantum at PSI the electrons are transferred to the stromal side and reduce the
soluble ferredoxin by PSI, which in turn reduces NADP+ in the ferredoxin-NADP+

reductase.
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1.1.2. Photosystem II

PSIT is a homodimeric protein-cofactor complex. Several crystal structures of
cyanobacterial PSII have been published, (BIESIADKA ET AL. 2004; FERREIRA ET AL.
2004; KAMIYA AND SHEN 2003; LOLL ET AL. 2007; ZOUNI ET AL. 2001).
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Figure 3:

X-ray crystal structure of the
PSIl monomer of T. elongatus
(BIESIADKA ET AL., 2004) at a
resolution of 3.2 A. The major
subunits D1 and D2 are in
yellow and orange
respectively. Subunits CP43 is
displayed in magenta, CP 47
in red, while the membrane
extrinsic subunits 33 (PsbO)
and 23 (PsbU) are displayed in
green and pink.

~ Psbu (lumen)

The six largest of the at least 16 membrane-intrinsic subunits of the monomer were
identified at 3.0A resolution in the thermophilic cyanobacterium
Thermosynechococcus elongatus. The main protein subunits are the reaction center
proteins D1 and D2 (Fig. 3), ligating the redox active cofactors (NIXON ET AL. 2005).
The inner antenna proteins CP47 (PsbB) binds 16 chlorophyll a (Chl a) molecules
while CP43 (PsbC) is proposed to comprise 13 Chl a molecules (BRICKER AND FRANKEL
2002). Further identified were the a- and B-subunits of the heterodimeric
cytochrome bssy complex (PsbE and PsbF), binding p-carotins, which provide
protection against photo-induced damage (SHI AND SCHRODER 2004; STEWART AND
BRUDVIG 1998). A number of low molecular weight proteins of unknown function
could not be defined at the given resolution (BIESIADKA ET AL. 2004; LOLL ET AL.,
2007). The membrane-extrinsic subunits PsbO (33 kDa), PsbP (23 kDa) and PsbQ (17
kDa) which stabilize the Mn,OxCa cluster had been assigned to the luminal side of
PSII. In Cyanobacteria the latter two subunits are PsbV (17 kDa) and PsbU (12 kDa)




Chapter 1. INTRODUCTION

of cytochrome cs50 (ROOSE ET AL. 2007; SEIDLER 1996),. The PsbO subunit is also
referred to as Manganese stabilizing protein (MSP). PsbP and PsbQ were shown to
be essential for the ligation of the cofactors Ca2+ and Cl- (GREGOR ET AL. 2005; VAN

GORKOM AND YOCUM 2005).

1.1.3. The oxygen evolving complex

The catalytic center of water oxidation, named oxygen evolving complex (OEC) is
located on the luminal side of PSII. Three extrinsic proteins and the inner antenna
proteins shield the OEC from the aqueous phase of the lumen. The OEC serves as
storage unit for four oxidizing equivalents, thereby connecting the four-electron water
oxidizing chemistry to the one electron demand of the primary charge separation in
PSII.

The OEC comprises inorganic cofactors including manganese, calcium and bridging
oxygen to form the Mn4,OxCa cluster (x = number of p-oxo-bridges) and possibly
chloride. The redox-active intermediate electron carrier D1-Tyrosine 161 (Y;) (DEBUS
ET AL. 1988; DEBUS ET AL. 2005; METZ ET AL. 1989) is oxidized by P680-+ through long
range electron transfer (~10 A) yielding Y. It receives electrons from the Mn,O:Ca
cluster to drive the water oxidizing reaction. Yz is defined as part of the OEC (see
Section 1.1.5). The OEC further provides the binding sites for substrate water. The
amino acid ligands are vital for the water splitting reaction. The OEC is ligated by D1
and D2 (MICHEL AND DEISENHOFER 1988) as well as one amino acid of CP43 (Arg 357).
The protein matrix seems to be of high importance. It controls the entry of substrate
water as well as the exit of the produced oxygen and protons. It functions in
positioning the essential cofactors and supports structural changes of the Mn,OxCa

cluster during water oxidation (HILLIER AND MESSINGER 2005).

1.1.4. Structure of the Mn,0xCa cluster

The x-ray crystal structures of PSII provides only very limited information on the
geometry and ligand environment of the Mn,OxCa cluster, because the x-ray dose

applied for x-ray crystallography reduces most of the Mn!l and Mn!V, present in the

8



Chapter 1. INTRODUCTION

dark-stable S; state of the Mn,OxCa cluster, to Mn!. This leads to significant
structural changes in the Mn,OxCa cluster, which was shown by recording Mn K edge
x-ray absorption near edge spectra (XANES) and extended x-ray absorption fine
structure (EXAFS) spectra (GRABOLLE ET AL. 2006; YANO ET AL. 2005). It is thus
impossible to derive a defined structural model by x-ray diffraction (XRD) in the
native assembly and indeed the position of the Mn ions in the published PSII

structures varies significantly (Fig. 4).
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Figure 4:

Proposed models of the OEC on the basis of XRD measurements (MESSINGER AND RENGER 2008). The
structures of the Mn4OxCa cluster vary greatlyz because photoreduction desotroys Mn-Mn distances and Mn-
O-Mn bridges. A: (FERREIRA ET AL. 2004) at 3.5 A, B: (LOLLET AL. 2005) at 3.0 A resolution.

With EXAFS it is possible to obtain spectra at 1000 fold lower radiation dose in
comparison to the XRD measurements. Radiation damage by photoreduction
(monitored with XANES) is further reduced by the ability to perform the experiments
at 10 fold lower temperatures (10 K). Recently EXAFS experiments on PSII single
crystals were obtained along the three PSII crystal axes. This enabled to limit the
number of possible models for the structural arrangement of the Mn,O«Ca cluster to

four (YANO ET AL. 2006).
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Asp 170

< His 190, GIn 165 Figure 5:

Current model of the OEC in the Si state. The
structure of the Mn4OxCa cluster derived by Mn
Y EXAFS on PSII single crystals was placed into the
°“.:;; ---------- Glu 189 PSIl structure of Loll et al., 2005 to identify
possible amino acid ligands. Spheres represent
D . " Mn (red), bridging oxygen atoms (grey) and Ca
'?3.'.'.:. (green). Figure taken from Yano and co-workers
Cpa3 e (YANO ET AL. 2006). Three alternative models could
oA Ala 344 be derived which deviate slightly in the position of
) Ca, the relative orientation of the bridges and/or
”O 4 the overall placement of the cluster into the

His 332 © 7 Asp 342 protein matrix.

His 337
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The obtained structural models were placed into the electron density map of the x-ray
crystal structure analysis in order to combine the high resolution EXAFS- information

on the structure of the Mn,OCa cluster with the putative amino acid ligands (Fig. 5).

1.1.5. Kok Model

Many different studies have been published about the mechanism of photosynthetic
water splitting. The basis for these studies was set out by experiments performed by
Joliet and co-workers (JOLIOT ET AL. 1969) and Kok and co-workers (KOK ET AL. 1970)
(Fig. 6). Joliot discovered in 1969 that illumination of dark-adapted algae and
chloroplast suspensions gives rise to a specific O. release pattern with a periodicity of
four. Illumination with a train of short single turnover flashes (FWHM ~ 5 us) of
photosynthetic samples, leads to the following characteristics: (i) no oxygen evolution
after the first flash (the small oxygen consumption is due to the Mehler reaction, i.e.
O, reduction by PSI). (ii) A small oxygen evolution after the second flash, (iii) a
maximum oxygen yield after the third flash and (iv) from then on maxima of O.
evolution are observed after each fourth flash, until each flash-illumination yields

approximately the same amount of O, (“damping of the oscillation pattern”).
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Figure 6:

Kok model. Kok and co-workers (KoK ET AL. 1970) postulated a scheme to explain flash-induced oxygen
evolution patterns (FIOPs) of dark adapted chloroplast suspensions (JOLIOT ET AL. 1969). Such FIOPs (left
side, 2 Hz frequency) are characterized by an oscillation pattern with a period of four and a first maximum
02 yield after the 3r flash. The Mn4OxCa cluster cycles through five different S states, Si, withi =0 - 4
(right side). The S1 state is dark-stable, which explains that the first 02 burst is detected after the 3 flash.
With each cycle 4 e- are extracted from 2 H20 and 1 02 molecule is produced. Y: is oxidized by Pesso** and
receives one electron at a time from the OEC. Figure taken from (MESSINGER AND RENGER 2008).
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Based on such flash patterns Kok and co-workers (KOK ET AL. 1970) were the first to
propose a kinetic scheme with a cyclic reaction sequence through five intermediary
states. The Mn,O«Ca cluster, cycles through five different S; states, where i represents
the number of stored oxidizing equivalents (i = 0 — 4). The lowest redox state is So,
formally referred to as the catalytic site with bound water, and the highest redox state
is S,4, formally referred to as the catalytic site with bound O.. The transition from S; to
So probably involves several reaction intermediates, which may not be resolved due to
the short-lived nature of this transition. The S; state is dark-stable, which explains
why the first O. burst occurs after three flashes. Kuhn and co-workers (KUHN ET AL.
2005) propose the physiological reason to be an avoidance of a possible back reaction
of Sp to S, at long dark times, which may liberate reactive H.O..

With each cycle four electrons are extracted from two water molecules and one

dioxygen molecule is formed at each Mn,OxCa cluster (Eq. 2):

2H20L02+4e—+4H+ (2)

The Kok model was extended to include reduced S-states which are observable by
addition of exogenous reductants like hydroxylamine and hydrazine (BECK AND
BRUDVIG 1988; BOUGES 1971; KOK AND VELTHUYS 1976; MESSINGER AND RENGER 1990;
MESSINGER ET AL. 1991; MESSINGER ET AL. 1997; MESSINGER ET AL. 2001A). Some
authors include the redox-active Yz into the definition of the OEC, because it does not
only transfer electrons between the Mn,OxCa cluster and P680'+ (BRITT 1996;
HOGANSON AND BABCOCK 1997), but also acts as a strong proton acceptor
(KRISHTALIK 1990), reviewed in (NUGENT ET AL. 2004). Yz may therefore be directly
involved in the water splitting reaction of the Mn,OxCa cluster. However, Yz does not
take part in long-term storage of oxidizing equivalents. Corresponding to Yz, D2 also
contains a tyrosine known as Yp (RENGER AND KUHN 2007); D2-Tyr 161 in spinach
(DEBUS 1992) and D2-Tyr 160 in Synechocystis sp. (DEBUS ET AL. 1088; VERMAAS ET AL.
1988).

In the dark, the Mn,O«Ca cluster is slowly oxidized from S, to S; by Yp* (So + Yp* 2 S:
Yp) (Fig. 6) (MESSINGER AND RENGER 1993; MESSINGER ET AL. 1993; STYRING AND
RUTHERFORD 1987; VASS ET AL. 1990). Back-reactions from S; to S, and S, to S, are
induced by Yp and electrons stored at the acceptor side (Qa-, Qs~, QgH.). The latter

11
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reductions occur via P680 and Yz (DINER 1977; ISGANDAROVA ET AL. 2003; MESSINGER
ET AL. 1993; NUGENT ET AL. 1987; RUTHERFORD AND INOUE 1984; VERMAAS ET AL. 1984).

Within the Kok model, miss (a) and double hit () probabilities explain a dephasing
of the O, oscillation pattern with advancing flash number. The miss event leaves the
Mn,O«Ca cluster in the same state as before the flash excitation (S; = S;). It occurs
when a stable charge separation cannot be achieved (CHRISTEN AND RENGER 1999; DE
WIJN AND VAN GORKOM 2002; MESSINGER AND RENGER 2008; RENGER ET AL. 1988;
SHINKAREV AND WRAIGHT 1993). The miss parameter is pH dependent (BERNAT ET AL.
2002; CHRISTEN ET AL. 1999). It is assumed to be statistically distributed over all PSII
centers within a flash train (HILLIER AND MESSINGER 2005; MESSINGER AND RENGER
2008).

The double hit parameter explains the small O.-yield after the second flash and is due
to the longer “tail” of Xe flashes, which induces a second S-state transition in
approximately 2-3% of the PSII centers. The centre proceeds twice with one flash (S;
- Si+2). The use of ns-laser flashes circumvents double hits. (HILLIER AND MESSINGER

2005; MESSINGER ET AL. 1993; MESSINGER AND RENGER 2008; JURSINIC 1981).

1.1.6. Thermodynamics of the water splitting reaction

The antenna system absorbs light and transfers the excitation energy to the PSII
reaction center (P680) (see Section 1.1.1). Its reduction potential has been estimated
to AG’ (P680°+/P680) = +1.25V (RAPPAPORT ET AL. 2002). The differences in standard
Gibbs energy between the S-states cannot be determined directly by redox titration
measurements, but is estimated. It has to be kept in mind that configurational energy
rather than the Gibbs energy is essential for the individual reaction steps of the OEC
(KRISHTALIK 1990; KRISHTALIK 1986). The protein matrix influence the redox potential
greatly, e.g. it was shown that the midpoint potential of the bacterial reaction centre
(P870°*) could be increased by electrostatic interactions of neighbouring ligands

(ARTZET AL. 1997).

The energy of a 680 nm photon is 1.8 V, while the average energy necessary to extract

one electron from water at pH = 7 is 0.82 V. Still, it is not possible to oxidize water to

12
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molecular oxygen in solution with a light quantum of 680 nm, because the first
electron extraction has an energy demand of 2.3 V. The OEC bypasses the first high-
energy step by accumulating oxidizing equivalents in the Mn,O«Ca cluster, before the
chemistry takes place. For this the energy of one 680 nm photon is sufficient. The
values for AG” (Si+1/Si) are So: 0.85 €V, Si: 1.10 €V, S.: 1.15 eV and Ss: 1.0 eV (Fig. 7)
and clearly below the value of AG® (P680°+/P680). The S; = S, transition is estimated
to be AG” = -105 meV (RENGER 1997; RENGER 2001; MESSINGER AND RENGER 2008).
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Figure 7:

Thermodynamics of the four-step water splitting reaction into molecular oxygen and four protons in
solution and estimated steps for the OEC. Figure taken from (MESSINGER AND RENGER 2008).

By enabling a concerted water oxidizing reaction in one final step, the OEC bypasses
the energetically disadvantageous hydroxyl radical and other high-energy
intermediates with potentials greater than 1 V. Accumulation of oxidation equivalents
requires to compensate for the increasing positive charge. Through successive
deprotonation events charge accumulation is avoided, which would make further
electron abstraction increasingly difficult. This is with the exception of the S; > S.
transition. Here, the OEC accumulates one positive charge in accordance to the

proposed proton release pattern of 1:0:1:1, which is thought to trigger electrostatically
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the major structural changes taking place in the S. = S; transition (MESSINGER AND
RENGER 2008).

1.1.7. Inorganic cofactors of the OEC

The OEC has been reported to depend on several inorganic cofactors. The redox-inert
calcium has been shown to be an essential cofactor of the OEC. The stoichiometry of
calcium in higher plants is 2 Ca2* per PSII with one calcium ion tightly bound to the
LHCII (CHEN AND CHENIAE 1995; HAN AND KATOH 1993; SHEN ET AL. 1988A). The
second ion is less tightly bound and connected with the OEC function. One Ca2+ ion
per OEC is sufficient for O. evolution (ANDELROTH ET AL. 1988; CAMMARATA AND
CHENIAE 1987; KATOH ET AL. 1987; SHEN ET AL. 1988B). EXAFS measurements reveal
very similar distances for Mn-Ca and Mn-Sr of 3.4 A and 3.5 A, respectively. This
provides conclusive evidence that the active site of the OEC is a heteronuclear Mn-Ca
cluster with calcium structurally linked (CINCO ET AL. 1998; CINCO ET AL. 2002; CINCO
ET AL. 2004; LATIMER ET AL. 1998; MIQYASS ET AL. 2007; MIQYASS AND VAN GORKOM
2007; YACHANDRA 2005; YANO ET AL. 2005B).

Calcium depletion leads to full loss of oxygen evolving activity. After its removal, the
S, state is still formed, but the normal S; state is not reached, giving rise to a
characteristic EPR signal, termed split signal (TANG ET AL. 1996, UN ET AL. 2007).
Strontium, with its only slightly larger ionic radius and similar pK value for water or
hydroxide ligands, is the only ion that maintains the O. evolving activity at least
partly, with a significant slow down in oxygen evolution rates (BOUSSAC ET AL. 2004;
BOUSSAC AND RUTHERFORD 1988; ISHIDA ET AL. 2008; LEE AND BRUDVIG 2004).

To study the effect of calcium on the water oxidizing reaction, depletion procedures
(e.g. low pH) are applied. As a harsh procedure might cause secondary effects, the
results could be misleading. To avoid a possible destruction of the OEC, another
attempt is to substitute the cofactor biosynthetically. It was shown that the growing of
the thermophilic cyanobacterium 7. elongatus in the presence of Sr2+ instead of Ca2*

results in an exchange of Ca2* by Sr2+ (ISHIDA ET AL. 2008).

A functional role of calcium has been found recently (HENDRY AND WYDRZYNSKI 2003).

Based on time-resolved membrane inlet mass spectrometry measurements (MIMS) of
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substrate water exchange kinetics, calcium is proposed to bind one of the two

substrate water molecules (Chapter 4).

Chloride is proposed to be an essential cofactor. The extend to which chloride
depletion disturbs the function of water oxidation, seems to depend on the
experimental procedure (WYDRYZINSKI ET AL. 1990). This contradiction is the cause for
a lively and ongoing discussion. It is thus of highest interest to learn about the role of

chloride in water oxidation.

Ishida and co-coworkers (2008) established a procedure to non-invasively exchange
the proposed cofactor Cl- against its functional surrogate Br-. Just as in the case of
Ca2*/Sr2+ exchange, the growing of T. elongatus in the presence of Br- instead of Cl-
results in an exchange of Cl- by Br- (ISHIDA ET AL. 2008). They thereby deliver the tool
to study chloride’s function and binding site without applying harsh chemical

procedures.

Chloride might be of functional relevance in interaction with substrate water. It
possibly is involved in substrate water binding, like in the case of calcium. It was also
proposed to be part of the network to transport produced protons from the site of
water oxidation to the lumen (OLSON AND ANDREASSON 2003). An established method
to determine substrate water exchange kinetics by MIMS permits finding out whether
chloride interacts with substrate water either directly or indirectly. It is most
interesting, if a substitution of chloride by bromide would influence the substrate

water exchange rates (see Chapter 4).

Hydrogen carbonate was revealed to bind at the non-heme iron and thereby affect
the acceptor side reactions (VAN RENSEN ET AL. 1999). Interpretations of measured
effects were complicated by the difficulty to distinguish between acceptor and donor
site of PSII. Hence the binding of hydrogen carbonate to the electron donor side,
possible to the Mn,O«Ca cluster directly, was discussed. For summaries of this long-
standing discussion on a functional or structural role of hydrogen carbonate on the
donor side see (KLIMOV AND BARANOV 2001; VAN RENSEN 2002; VAN RENSEN AND
KLIMOV 2005). In 2008 Shevela and co-workers were finally able to disprove a direct
ligation of hydrogen carbonate to the Mn,O«Ca cluster (SHEVELA ET AL. 2008). They
showed that the measured effects were clearly induced by the essential cofactor

hydrogen carbonate at the donor site of PSII by MIMS and EPR spectroscopy.
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Hydrogen carbonate was not only discussed to be a ligand of the Mn,O«Ca cluster, it
was also proposed to be the direct electron donor for the photosynthetic electron
transport (Eq. 3). A substrate is per definition loosely bound, and this discussion is
therefore independent of the proof that hydrogen carbonate is not a ligand to the
Mn4O«Ca cluster by Shevela and co-workers. Most scientists believe water to be the
direct electron donor, but in the case proposed by Metzner in 1979 (METZNER 1979),
water would still be the source of oxygen production, because the liberated CO. would
replenish the HCO5 pool by rapid re-hydration of carbon dioxide to hydrogen
carbonate (Eq. 4).

2HC03-+2H+—h—v—>02+2C02+4H++4e— (3)
2CO: +2 H,O «— 2HCO;~ + 2 H* 1)

The latter reaction could be catalyzed by a PSII intrinsic carbonic anhydrase
(STEMLER 2002). This proposal is analyzed in chapter 3 (see also (CLAUSEN ET AL.

2005; HILLIER ET AL. 2006)).

Hydrogen carbonate is further proposed to be essential for the process of
photoactivation, which is the light driven reaction sequence that leads to the assembly
of the Mn,O«Ca cluster into apo-PSII through ligation of manganese and calcium.
Two light reactions separated by an intermediate dark time are required to drive the
endergonic process (ANANYEV AND DISMUKES 1996; BLUBAUGH AND CHENIAE 1992;
CHENIAE 1980; CHENIAE AND MARTIN 1973; DEBUS 1992A; MESSINGER AND RENGER
2008; RADMER AND CHENIAE 1977; STRASSER AND SIRONVAL 1972; TAMURA ET AL. 19809;
TAMURA AND CHENIAE 1987).

1.1.8. Future Directions of Photosynthesis Research

The expanding field of artificial photosynthesis is a direct application of the described
progress made in understanding the complicated mechanism of oxygenic
photosynthesis and in determining the structure of the Mn,OCa cluster and its ligand
environment. Oxygenic photosynthesis serves as blueprint for artificial

photosynthesis with the goal to use the unlimited sources light energy and water to
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produce H. as energy rich fuel and thus answering rising energy demands, while
accounting for the necessity to supply “clean” energy (for details see Chapter 6). This
intricate system, which developed approximately over the past 3 billion years, has not

been successfully engineered so far.

1.2. Mass Spectrometry

Mass spectrometry (MS) is one of the most accurate methods for molar weight
determination. The concept of mass spectrometry was developed by J.J. Thomson
(1913), on the basis of work by Wilhelm Wien in 1898 (AuDI 2006). Since then, it has
advanced to a versatile and important analytic tool in science and engineering for
purposes ranging from analyzing single atoms and small molecules to studying

organisms up to the cell level (KALTASHOV AND EYLES 2005).

The fundamental principle of mass spectrometry is that electric, magnetic or radio

frequency fields can influence charged particles.
mt = q(E + [t xB]) (5)

As the trajectory of a particle D) depends on both mass (m) and charge (q) it is not
possible to manipulate trajectories of neutral atoms in electromagnetic fields.
Therefore, it is a prerequisite for the mass spectrometry to generate ions prior to
separation. A mass spectrometer measures ion abundance as a function of ionic mass-
to-charge ratio after ionizing (and vaporizing if necessary) the sample. Thus, the
effectiveness of ionization/vaporization defines the sensitivity of the measurement.
Effectiveness is the amount of neutral particles, converted to ions and conducted to

the next segment of the instrument.
High vacuum is required for mass spectrometry to prevent collision of generated ions
with atmospheric gas molecules in the mass analyzer. This would lead to disturbances

of the ions’ trajectory.

Each mass spectrometer consists of three parts shown as block diagram (Fig. 8):
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(1) Ion generation
(i1) Ion separation according to m/q ratio either in space or time
(111) Ion detection.

Sample inlet Data analysis

Figure 8:

Fundamental building blocks of mass spectrometers.

The building blocks are connected to an inlet system. A personal computer is used for

data analysis.

1.2.1 Sample Ionization

Electron Impact Ionization (EI)

Electron Impact Ionization (SIUZDAK 1996) is the original and most widely used
technique to ionize gases and small organic compounds that readily evaporate upon
heating. The volatile sample enters the ionization chamber, where it is ionized. The
chamber has an ion source, a heated filament on one side, emitting electrons, and an
electron trap (gold surface) on the opposite side. Two magnets placed behind source
and trap, constrain the electrons into an “electron beam”. The molecular ions are
created through electron/molecular interaction (collision) with the sample molecules

according to (Eq. 6):

M+e —— M++2e- (6)

An arrangement of computer-controlled slits covers the opening of the chamber
through which the newly created ions are extracted and thus form the ion beam. For a
limited range of substances in low abundance also negative radical-anions (M*-) may
be created. But since only positive ions are generated significantly by EI, it is more
accurate to use m/z (z = positive charge) instead of m/q (q = charge) (KALTASHOV AND

EYLES 2005).
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Ionization of the sample leads in many cases to dissociation of the analyte molecule
into ions with smaller mass (fragmentation), depending on primary structure,

electron energy and ion source temperature (Eq. 7):

M+e ——> M++2e —— A+, BH, etc. (7)

This is used for the identification of substances. The resulting fragmentation patterns
(“cracking patterns”) are highly specific for each molecule. This provides a “finger
print”. (Databases with fragmentation patterns of numerous molecules, including

biopolymers are available at e.g. http://webbook.nist.gov/chemistry/mw-ser.html;

MS companies sell the library software).

The relative molecular mass of a molecule is almost the same as the mass of the
created molecular ion, because the mass of the ejected electron is very small in
comparison to the total mass of the molecule. Since most ions produced by EI have a
single, positive charge, the mass to charge ratio corresponds directly to the relative

molecular mass of the molecule, thus if z = 1 (which is usually the case) then m/z = m.

It is possible to record a mass spectrum plotting the mass of each ion on the x-axis
and the abundance of the ion at each mass on the y-axis, or to plot the abundance of
the ion over time, with ion abundance as the number of individual ions. The signal
response can be analyzed both quantitatively and qualitatively, because the peak

heights or areas represent the ionized sample amount.

Further ionization techniques are e.g. the Chemical Ionization (CI), which is based on
the EI technique (Eq. 8), but the protonated molecular ions do not fragment as easily
as the ions formed by EI. A reagent is used to react with the analyte molecule to form
ions by a proton transfer (Eq. 9). The reactive ions (CH;*) are produced by

introducing large excess of methane (CH,) into an EI ion source (Eq. 10).

CH4 +e —— CH4'+ +2e” (8)
CH4°+ + CH4 —> CH5+ + CHg' (9)
CH.* + M —» CH, + MH* (10)
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The two “classical” ionization methods EI and CI are both vital as analytic techniques,
but do not allow analysis of biopolymers. The advance of Electro Spray Ionization
(ESI) and Matrix Assisted Laser Desorption Ionization (MALDI) provided the
possibility to study intact proteins with no apparent mass limitation. John Fenn was
honored with the Nobel Prize in Chemistry (2002) for the discovery of ESI-MS. The
aqueous analyte dissolved in an appropriate solvent enters a capillary tube, which has
a high electrical potential to vaporize the sample at its tip. The analyte emerges as a
spray of charged droplets. The solvent droplets evaporate and the residual multiple
charged sample ions are pulled into the MS. While ESI produces macromolecular ions
directly from the solution bulk, MALDI desorbs analyte molecules from solid
surfaces. Focused, high-density monochromatic laser radiation, which is either pulsed
or continuous, is directed onto a sample target to vaporize and ionize it. The yield
may be increased by mixing or dissolving the sample in a matrix. Mostly, few
fragment ions are produced. Laser desorption may be used for either depth or surface

profiling (for reviews see (KALTASHOV AND EYLES 2005; KONERMANN ET AL. 2008)).

1.2.2  Mass Analyzer and Ion Detection

While Time-of-Flight (TOF) instruments use the time it takes for ions to fly across an
evacuated tube, to separate ion of different weight, magnetic/electric sector field
instruments use the specific deflection of ion trajectories in a magnetic/electric field
for this. These instruments enable separation of ions according to their individual
m/z ratio with very high accuracy (the resolution is measured as a few parts per
million). The fact is used that ions are deflected in the magnetic field in proportion to
their square root of their m/z value and by the potential through which they have
been accelerated. A quadrupole analyzer consists of four parallel, equidistantly
spaced rods (poles) operating with crossed electromagnetic fields to pass ions through
the center of the assembly. Variable static (DC) or alternating (RF) electric fields are
utilized with limited resolution to either fast scan the m/z range (wide band pass
mode) or to select ions by any specific m/z value (narrow band pass mode, where ions
of the other m/z values collide with the poles). Different mass analyzers exist. They
may be combined as hybrid mass spectrometers to take advantage of the strengths of
each individual system. Although the techniques are quite different, only a few
examples are named, because ions are always directed towards a collector for

recording the number of the arriving ions at each m/z value. The mass analyzer is also
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referred to as “ion optics” (ion beams may be directed and focused in electric,
magnetic and radio frequency fields as light beams by glass lenses), because it focuses

the ions on the collector after separating the ions according to their m/z values.

The detection system is chosen to fit the mass analyzer. Quadrupoles allow the ions of
different m/z value to pass sequentially. Thus a point ion collector, which collects ions
sequentially, is needed. A magnetic sector field instrument separates ions according
to their m/z value by deflecting them in space, so an array ion collector, which records
the ions simultaneously along a plane, is advantageous. Still, by increasing or
decreasing the magnetic field it is also possible to focus the ions sequentially on a
point detector. E.g. TOF is used only in combination with point ion collectors.
Examples for point ion collectors are Faraday cups and electron multipliers, which
generate electrical currents proportional to the number of ions arriving. (For review,

see (KALTASHOV AND EYLES 2005; KONERMANN ET AL. 2008)).

1.2.3 Membrane-Inlet Mass Spectrometry

To detect processes online in aqueous solutions, the liquid sample has to be
transferred from the liquid to the gaseous phase and it has to enter the high vacuum
space. If the sample is gaseous, an interface between gaseous phase and high vacuum

is required. Such an interface can be created in many ways.

An elegant solution is to separate the liquid phase and gaseous phase from the high
vacuum by a gas permeable membrane. This technique named membrane-inlet mass
spectrometry (MIMS) was developed by Georg Hoch and Bessel Kok in 1963 (HOCH
AND KOK 1963) (see details in Fig. 9).

A porous support, which does not present a diffusion barrier, stabilizes the
membrane. To prevent liquid entering the mass spectrometer, in case of membrane
tearing, a cryogenic trap is installed between membrane and ion source. It is a vessel
filled with dry ice and ethanol, ~ 200 K, or liquid nitrogen, 77 K. The “cooling trap”
also freezes out water vapor in the tubing leading to the ion source. Entering of water
vapor should be prevented, because it causes a poor signal to noise ratio by
destabilizing the high vacuum and thus the ionization. Both temperature and length

of the cryogenic trap determine which gaseous compounds are trapped.
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Three valves frame the tubing between inlet and ionization chamber (instrument).
The first valve allows closing the tubing directly behind the inlet. The second valve
opens into a vacuum pump and thus enables the creation of a pre-vacuum in the
tubing. The third valve opens into the ionization chamber and the high vacuum
created by the turbo pumps. The additional vacuum pumping system in the tubing

outside the instrument removes any frozen liquids in the cooling loop.

Separation of ions by
ceee mass-to-charge ratio
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sample chamber ——|<«—— Vacuum 7 Farad
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Figure 9:

A maghnetic sector field mass spectrometer with electron impact ionization is equipped with a membrane-
inlet. Gaseous molecules pervaporate the membrane and enter the ion source. The ions are then
separated in the magnetic sector field in space. An array of Faraday cups allows simultaneous collection
of seven masses according to their mass per charge ratio (m/z). Displayed is the set-up, which was used in
this work.

To detect different isotopes simultaneously, an array of 7 Faraday cups was chosen as
detection device for the present study. The deflected ions collide with a metal sheet
and electrons released through the impact create an electrical current that is
measured directly. Computer controlled positioning of the magnet allows selecting
which gases are collected by the cups. One setting is the simultaneous detection of
m/z = 32 (0.), 34 (1801%0) 36 (180.) and 40 (Ar), 44 (2CO.), 46 (12C18010), 48
(12C180,). Another preset cup alignment is to detect either m/z = 2 (H.) and 3 (DH),
or 3 (DH) and 4 (D).

A trigger to initiate the reaction is required for kinetic analysis. The triggering process
disrupts equilibrium conditions and allows measuring relaxation processes with a
defined starting point. The triggering enables time-resolution and thus determining
rate constants. For photochemical processes, e.g. photosynthesis an optical trigger is
used. Further possibilities to start the reaction of interest are e.g. mixing of the
reactants where the speed depends on the time scale of the reaction. It can be as short

as a few microseconds (KNIGHT ET AL. 1998; SHASTRY ET AL. 1998). Or caged-
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compounds which are photo-destroyed at a defined time can be used (ALLIN AND
GERWERT 2001; KOTTING ET AL. 2007; SCHLICHTING ET AL. 1990).

Magnetic sector field mass spectrometry permits distinguishing between atoms and
small molecules with different isotopic composition. Thereby this technique allows
tracking the isotopic labelled reactants (e.g. the substrate) in the biochemical

reactions.

Isotopes are defined as atoms with the same number of protons, but a different
number of neutrons and thus different atomic weight. Most elements can exist in
stable and unstable forms. The latter is radioactive (noble prize, Francis William
Aston, 1922). There are 80 elements with at least one stable isotope.

The difference in weight might result in a separation between the light and heavy
isotopes in the course of (bio)chemical reactions termed isotope fractionation. This
becomes relevant, for example, in the case of carbon fixation, where 2C is preferred
over 3C leading to an enrichment of the heavier atom in the atmosphere. Stable
isotopes of molecules ubiquitous in biology (:2C/13C, tH/2H (D), 4N/5N, 160/170/180
and 3'P/32P) usually do not exceed 1%. The numerical values vary depending on the

uncertainties of the absolute isotope abundance measurements (COPLEN ET AL. 2002).

Table 1:

Accurate mass and natural abundance of oxygen isotopes (AuDI AND WAPSTRA
1993; COPLEN ET AL., 2002).

ISOTOPE ACCURATE MAss, U (STD, pu) NATURAL ABUNDANCE
160 15.994 914 622 3 (0.0025) 0.997 6206 (5)
170 16.999 131 50 (0.22) 0.000 3790 (9)
180 17.999 160 4 (0.9) 0.002 0004 (5)

For reactions with water as proposed substrate, e.g. oxygenic photosynthesis and
artificial compounds producing dioxygen, it is apparent to introduce isotopic labelled
water (H.80) and to detect produced labelled oxygen species in response to the H.180
incubation time (Table 1, Fig. 14).
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1.3. Thesis goal

The aim of this work was to study diverse problems concerning the natural and
artificial photosynthetic oxygen evolution by employing isotopic labelling and isotopic

ratio membrane-inlet mass spectrometry (MIMS).

An important part of the work was to develop and test specifically designed inlet
systems for MIMS. The new inlet-systems were then used to obtain information about
(1) the identity of the substrate in photosynthetic oxygen evolution, (ii) the
involvement of the proposed cofactors chloride and calcium in substrate water
binding and (ii7) a possible product inhibition of Photosystem II at elevated oxygen

pressure.

Another goal was to establish a general method, which can be used to characterize the

water-splitting efficiency of artificial compounds.
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2. MATERIALS & METHODS

2.1. Membrane-Inlet Mass Spectrometry

Membrane-inlet mass spectrometry employs a specific inlet design that allows online
detection of (dissolved) gasses. The interface between the gaseous or liquid sample
and the high vacuum of the instrument is a semi-permeable membrane. The
limitations to the reaction cell design are membrane stability and inlet size to
maintain a stable vacuum within the instrument. In this work different cell designs
are introduced, spanning cells to measure gaseous and liquid samples to a cell

allowing measurements of liquid samples at elevated pressure of up to 20 bar.

The isotopic ratio magnetic sector field mass spectrometer (Thermo Finnigan, Delta
plusXP) is equipped with an electron impact ion source and seven Faraday cups to
simultaneously detect 1°O. (m/z = 32), 10180 (m/z = 34),180. (m/z = 36) and 12C¢0,
(m/z = 44), 2C 160180 (m/z = 46), 2C80, (m/z = 48). At m/z = 36 two different
species are detected, 30, and an isotope of Argon, 3¢Ar. At m/z = 40 the main Argon
peak is simultaneously detected online. In accordance with the different abundance of
the isotopes, the faraday cups have different amplification factors. Cup 1 and 5 detect
the most abundant, unlabeled oxygen and carbon dioxide species (m/z = 32 and 44
respectively). Amplification is comparatively low (1-109). Single labeled species are
collected with cups 2 and 6, respectively (m/z = 34 and 46). They are both amplified
1-10" times, while the least abundant, double labeled dioxygen and carbon dioxide
species are collected with cups 3 and 7 (m/z = 36 and 48) which are amplified 1-102
times. For cups 1 and 3 it is possible to change the cup settings software controlled
and to switch between a high (109 and 1012) and a low (3-108 and 10!) amplification.
Additionally it is possible to exchange the resistors of each cup in the instrument
manually (not done in this study). The corresponding amplification factors allow
direct comparison of dioxygen and carbon dioxide traces. Direct comparison of
amplitudes is complicated by differences in molecule size and properties, which affect
the membrane permeability and by different ionizabilities of analytes. Therefore,
calibration with known standards is required for quantitative work. With cup 4 the
abundant argon signal (m/z = 40) is detected with an amplification factor of 1-101°.

Since this signal does not change in response to light or by reaction with artificial
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oxidants, it functions as control to how much air has been introduced to the system
(e.g. by injection). It can be indicative for membrane permeability, e.g. due to heat
effects.

A cooling trap filled with either ethanol/dry ice or liquid nitrogen is used. Due to its
low temperature liquid nitrogen freezes out gases with melting points lower than 63 K

e.g. CO. and acetonitrile.

2.2, Membrane Properties and Inlet Area

A semi-permeable membrane functions as analyte inlet system by separating the high
vacuum from the sample. The membrane is permeable, not porous: the analyte
molecules do not diffuse through the membrane, but follow a three step process,
termed pervaporation (KONERMANN ET AL. 2008; JOHNSON ET AL. 2000; SILVA ET AL.
1999). In a first step, the gas is adsorbed on the surface of the membrane. In a second
step, the analyte molecules enter the membrane (permeation). The third step is a
desorption process of the molecules on the other side of the membrane. The rate
constant of gas transmission (kians) through the membrane is given by Fick’s law (Eq.

11) (HoCH AND KOCK 1963; KONERMANN ET AL. 2008; JOHNSON ET AL. 2000).

Kirans = (P A Ap)/1 (11)

with P = gas permeability constant, A = area of the membrane inlet, Ap = partial

pressure difference across the membrane, 1 = membrane thickness.

The analyte pervaporates readily through the membrane, because the partial pressure
(concentration) of the analyte on the low pressure side of the membrane is very small.
The difference between the two sides is even greater when the pressure is increased in
the reaction chamber (100 fold from 0.21 bar to 20 bar in the case of O.). Kirans 1S
therefore proportional to the analyte concentration in the liquid phase and detected

signals reflect the analyte’s concentration.

Stirring of the sample solution, improved by the stir bar running directly in front of

the membrane and a small sample volume, and on the other side of the membrane,
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high rate pumps can increase the vacuum to enhance the process. Depending on

application, it is necessary to optimize both parameters.

Optimization of the membrane itself is necessary depending on the task: different
applications demand specific membrane properties (Table 2). (i) For time-resolved
measurements it is most important to use a fast-response membrane, because the
permeability of the membrane is usually rate limiting (KONERMANN ET AL. 2008). (i1)
To measure artificial compounds that might be corrosive, because they are partly
dissolved in organic solvents and at acidic conditions, with yet unknown reaction
products, it is most important to use a repellant membrane material e.g. Teflon,
which is unaffected by most chemicals. (iii) To measure liquid samples at high
pressure it is necessary to stabilize the membrane, because the pressure forces the
silicon molecules closer together, yielding a more tightly packed structure. The
diffusion is limited and the signal response diminished. A membrane stabilized by a

metal or plastic grid yields greater signal amplitudes.

The permeability of the membrane depends on the size and on the chemical nature of
the anlalyte molecule. Therefore, for quantitative measurements calibrations need to
be performed for each analyte. This has to be kept in mind when comparing different

species.

Membrane area (inlet-size):

The high vacuum (107 to 10-8 mbar) in the instrument has to remain stable during
measurements, especially to assure long lifetimes of the ion source. When the system
is e.g. operated regularly at 10® mbar, the ion source has to be replaced

approximately twice per year.

The size of the inlet strongly depends on the desired application. Measurements of
gaseous phases require a small inlet, because a large amount of gas pervaporates the
membrane. An inlet area of @ 3 mm is optimal for a cell to detect the gaseous phase.
In addition, the inlet to the high-pressure cell needs to be small, to reduce the surface
between high vacuum and pressure. A small gas-inlet is also required, because it is
essential that high gas concentration remain in solutions, which correspond to the

increased gas pressure.
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For time resolved measurements and measurements of FIOPs on the contrary, a large
inlet is vital to detect photogenerated molecular oxygen immediately. Degassed liquid

in the reaction chamber, provides the highest vacuum of down to 4 - 10-8 mbar.

Table 2:
Membrane properties
APPLICATION MEMBRANE MATERIAL & PROPERTIES
Study of artificial compounds v' Teflon
v repellant material, unaffected by most chemicals
v' 12.5 uym thick
v'H. Sauer Laborbedarf, Germany
Time-resolved measurements v Silicon
v'  fast-response membrane
v" 25 um thick
v' Mempro, MEM 213
Experiments at elevated pressure v"silicon membrane with embedded metal grid
v'  pressure stable
v" Franatech GmbH, Germany

2.3. Construction of Reaction Cells (Inlet Design)

Several reaction cells have been constructed and an existing one improved
respectively, of which the two most important ones for this study are displayed in
Figs. 10 and 11. The first reaction cell was used for two very different applications: (i)
artificial Mn-compounds dissolved in aqueous solution (water/acetonitrile mixtures)
fill the reaction chamber (Fig. 10A). Appropriate oxidants are injected by a Hamilton
syringe to induce dioxygen evolution. (i) Kinetic measurements are performed with
the same cell construction (Fig. 10B). The reaction chamber is filled with PSII
samples and time resolution is achieved by rapid H.!80 injection with a computer
controlled solenoid valve. All photosynthetic samples are illuminated through a

quartz window.

The home-built reaction cell (Fig. 10) was constructed previously by Dr. Johannes
Messinger as advancement of the cell described in (MESSINGER ET AL. 1995). The
volume of the sample chamber has been decreased from 300 ul to 150 ul to reduce

usage of limited reactants (e.g. H»'80).
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Figure 10:
Profile of the MIMS-reaction
cell used for analysis of

artificial Mn-compounds (A).
Two steal units are combined
to form one sample chamber
that is flanked on the one
side by a quartz window (light
blue) and on the other side
by a membrane (red). The
membrane is permeable for
gases. It separates the
aqueous solutions from the
high vacuum of the mass
spectrometer. A  porous
Teflon support (black dots)
stabilizes the membrane.
The sample chamber has
space for a Teflon coated
cross-stir bar (white) which is
driven by a magnetic stirrer
kept next to the sample
chamber. A hard plastic
housing (black) to keep the
reaction cell in an upright
position holds the reaction
cell, magnetic stirrer and a
cooling system. This allows
access to the reaction
chamber from the top. The
final volume of the reaction
chamber is 150pl. For time-

resolved measurements,
H2180 is injected by a
Hamilton CR-700 syringe
adapted to a computer-

controlled solenoid, operated
at up to 8 bar N2 pressure. A
computer triggered Xe-flash
lamp and the rapid H2180
injection are combined to run
specific injection/flash-
illumination protocols. The
syringe is fixed in a mobile
holder, which moves the
syringe up and down. The bar
containing the fixture is
screwed to a stage, movable
in X- and Y-direction. This
positions the needle
precisely above the small
entrance to the sample
chamber that has
approximately the size of the
needle.

Two units made of stainless steel to form the sample chamber. In one of the units a

hole was drilled which seamlessly fits the porous Teflon support (& 10 mm). In the

other half of the steel block a corresponding space with @ 10 mm is cutout. Two

openings arise from this side of the sample chamber: one is a small drilled hole
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through the steel block to the top of @ 0.8 mm. It provides access to the sample
chamber via a needle (Hamilton syringe) for cell filling, cleaning and injection of
substances. The second opening is closed by a quartz window (thickness: 3mm)
sealed with an O-ring. The window enables sample illumination and bubble-free
filling of the sample chamber with aqueous solutions. Screwed together, both steel
parts form the sample chamber, which is then flanked by the Teflon membrane and

the quartz window.

The membrane is larger than the Teflon support to cover it fully. The steel surface
surrounding the Teflon support serves as sealing surface and small amounts of high
vacuum grease (Lithelen, Leybold Vakuum GmbH, Germany) are used to stick the
membrane to the steel. To prevent disturbances, the membrane fits smoothly to the
steel and small air bubbles are released before screwing the two halves together. The
set-up is equipped with a cross-stir bar (stirrer: “Micro” operated at 1000 rpm, H+P
Labortechnik AG, Germany, stir bar: Bohlender GmbH, Germany) allowing rapid
mixing of the aqueous solution in the sample chamber. To fit the sample chamber
precisely a stir bar with a magnet size corresponding to the cell dimensions was
bought. The Teflon coating was cut down to a thin layer and the edges rounded by
rasping to fit the cell precisely. The size of the stir bar determines degassation speed
of the solution and precise fitting allows smooth running to gain a good signal-to-

noise ratio.

The stir bar moves directly on the membrane. To prevent tearing of the latter on an
unevenness, the Teflon support has a smooth side (glossy appearance) facing the
membrane. Further, a seamless rest of the Teflon support in its spacing is important

to prevent lifting of the membrane off the steel surface.

The temperature is controlled with a cryostat (Ecoline Re 307, Lauda, Germany)
pumping cooling liquid through two connected and one separate jacket (Fig. 10, blue
blocks). A temperature sensor in contact with the reaction cell is held by the housing
(Fig. 10, black). The magnetic stirrer is placed next to the steel block enclosing the
reaction chamber. Because it heats up greatly during operation, it is combined with a

cooling unit.

To achieve the necessary time resolution for kinetic measurements, the reaction cell is

equipped with a computer controlled injection and illumination system (Fig. 10A).
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The syringe (Hamilton CR-700, USA), loaded with H.!80, was adapted to be triggered
by a computer-controlled solenoid operating with a N, pressure line of up to 8 bar
(AEV-12-10-A-P, Festo, Germany) to enable rapid emptying of the H.!80 into the
sample chamber. The triggering of the syringe and the Xe-flash lamp are both
controlled by Lab View software (National Instruments, USA) that combines
preflashes, the injection at defined times before one flash and a second flash sequence
after a defined time for normalization. A short plastic glass rod is used to connect the
Xe-flash lamp (~ 5 us FWHM, EG&G, USA, model PS 302, light pack FY-604,
polarization voltage of -750) directly to the quartz window of the reaction chamber.
The syringe’s H.!80 chamber is flanked by a window (Fig. 10A) and, aided by a
magnifying glass, allows bubble free loading. A Teflon tip is forced down by the
released N.-pressure into a fitting Teflon counter piece, pushing the H.'80 in the
sample chamber (Fig. 10A, syringe/white). Both need to be replaced when worn out
by the force of injection, because untightness causes small amounts of H.!80 to leak

into the reaction chamber prior to injection.

The high pressure with which the H.!80 is pushed into the cell causes a disturbance in
the sample chamber that mixes the H.!80 with the thylakoids sample rapidly and
forces some of the sample out the chamber. If no care is taken, the sample flows back
immediately and then contains dioxygen from the air perturbing the dioxygen
measurements. Therefore, a valve was constructed to release the pressure and at the
same time prevent a flow back of the excess sample. This is solved by combining
Teflon tubing that fits into the opening of the sample chamber with a spring (Fig. 10A,
white tubing, dark gray spring). The pressure forces the spring up, and as soon as the
spring is released the Teflon tubing blocks the entrance to the sample chamber and
prevents flow back of excess sample as well as sample exiting the chamber. Another
cause of disturbance are small vibrations of the needle containing H-!80 (e.g. when
hitting the cell walls). Air enters the needle and is later injected together with the
H.80. This was solved by fixing the syringe in a mobile holder. The holder is movable
up and down as well as in X- and Y-direction, to position the needle precisely above
the small entrance to the sample chamber that has approximately the size of the

needle.

Secondly, a reaction cell resisting high pressure was constructed together with Dr.
Jirgen Clausen (group of Prof. Dr. Wolfgang Junge, University of Osnabriick,

Germany) to connect to the isotope-ratio mass spectrometer (Fig. 11). Additionally, a
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second high pressure cell for pre-incubation of buffer at elevated pressure was

constructed. Both steel cells are approved to resist up to 20 bar gas pressure.

pressure detection

32
O,

gas inlet -

36

~~sapphire window
~~stir bar

Figure 11:

For MIMS-measurements of thylakoid samples at elevated pressure, a gas tight cell was constructed. The
steel block resisting up to 20 bar pressure consists of four parts: (i) a “main block” with three openings,
forming the sample chamber, (ii) tubing to the MS opens up in a steel part to form a space for the porous
Teflon support. The rigid membrane (medal grid cast in silicon, Franatech GmbH, Germany) rests on the
steel surface. The steel part is larger than the opening of the base to the sample chamber (opening has
precisely the size of the Teflon support, @ 3 mm) to form a sealing surface. To stick the membrane to the
steel before screwing it to the base, the membrane is sucked onto the support by a pre-vacuum prevailing
in the tubing (before MS entrance) and high vacuum grease applied to the steel sealing surface. (iii)
Opposite to the membrane a quartz window is screwed tightly in front of the second opening of the “main
block”. (iv) A steel lid to seal the 3" opening of the “main block” and connect a pressure line and a
pressure detector to the set-up. The nominal volume of the sample chamber is 1ml, while a filling volume
of 700 ul is used to increase the interface between elevated pressure and liquid and thus enhance gas
diffusion into the liquid.

On one side the chamber opens to a sapphire window, which resists at least 20 bar of
pressure. On the opposite side the inlet to the mass spectrometer is located. The /8
inch tubing (Swagelok, USA) ends in a 3 mm opening in which the porous Teflon
support (small parts INC., USA) is seamlessly resting. The support is covered by a
membrane to separate the high vacuum needed for the mass spectrometry (8x10-8
mbar) from the atmospheric pressure or elevated pressure of the sample chamber.
The opening is part of a 13 mm round surface which is used to screw the tubing to the
sample chamber and thereby tighten the membrane. Only the membrane (& 3 mm) is

in contact to the liquid sample to reduce mechanical stress. Grease alone does not
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stick the rigid membrane, which is strengthened by an embedded metal grid, to the
sealing surface. Screwing the precisely fitting metal part to the steel block (Fig. 11)
yields large air filled crinkles. To reach a high vacuum within the instrument it is
necessary (i) for the membrane to precisely fit the sealing surface, (i) to suck the
membrane to the steel by a pre-vacuum and to (iii) connect the steel unit without

moving the membrane by a flexible, short pressure proof hose.

On the bottom of the sample chamber with a nominal volume of 1 ml the steel has a
thickness of 10 mm to allow driving of the stir bar by the magnetic stirrer. The top,
screwed tightly to the steel block, is connected to a pressure detector (Huba control,
Germany). The pressure is built up via a connection between the sample chamber and
a gas cylinder (200 bar reduced to 20 bar by a pressure reducing regulator (Messer,

Germany)).

The high pressure clearly reduces the sensitivity of the set-up, most likely by
compressing the membrane and reducing this way its gas permeability. To separate
pressure induced effects on the set-up from the influence of high O. concentrations

on the PSII samples (Chapter 5); controls are performed at N. pressure.

2.4. H-'30- Injection

The injected H.*80 is rapidly mixed by the force of the injection, rather than by the
stirring devise, with kiyj = 97 + 3 at 5 bar. The rate of injection was determined by the
injection of a saturated fluorescein solution (dissolved in ethanol) into the water filled
sample chamber at standard conditions; the entrance to the mass spectrometer is
closed (Fig. 12). Light of the wavelength 480 nm (LED) excites the fluorescein and
depending on the time it takes to inject the solution into the sample chamber,
fluorescence is emitted which is detected by a photo diode. Blue light is directed into
the cell by a beam splitter (50% grey filter, Fig. 12, grey). The emitted fluorescence is
detected by a photo diode at 530 nm. An edge filter (500 nm) blocks out the blue,
excitation light in front of the photo diode. A lens focuses the beam onto the photo
diode and a computer triggered oscilloscope (T210, Tektronix, USA) records both the

computer controlled triggering event and the emitted fluorescence (Fig. 13).
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solenoid valve (N,pressure)
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Figure 12:

Determining injection rate by fluorescein injection. Blue light (480 nm, LED) excites the fluorescein and
according to the concentration of fluorescein in the sample chamber, a proportional amount of
fluorescence is emitted and detected by a photo diode. A beam splitter (grey) reflects blue light into the
sample chamber, while emitted fluorescence (530 nm) passes, which is detected by a photo diode. An
edge filter (500 nm, yellow) is used to block out the excitation light in front of the photo diode and a lens
to focus the beam onto the photo diode. An oscilloscope (T210, Tektronix, USA) triggered by a computer
was employed to record the response of the photo-diode.

The fluorescence signal is detected in response to fluorescein injection at 1.5 bar, 5
bar and 8 bar pressure at the solenoid valve. The rise is best described by a

monoexponential function (fitted in sigma plot, Systat Software, USA).

The force of the injection is absorbed by the use of a valve in the form of a spring
pressing down a Teflon peace, which fits into the opening to the cell (Fig. 12). It is
possible that the valve decreases the mixing speed of injected fluorescein (H.!80) by

restraining sample outlet.

36



Chapter 2. MATERIALS & METHODS
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Figure 13:

Fluorescence trace initiated by fluorescein injection. The triggering event was computer controlled (Lab
view software). An oscilloscope recorded trigger signal and fluorescence. Fluorescein was pushed into the
sample chamber with 5 bar N2-pressure.

2.5. Experimental Procedure

2.5.1 Time-Resolved Measurements

Thylakoid samples (thawed on ice and diluted to 0.2 mg (Chl) ml* with various
buffers, see Section 2.7) were pre-illuminated with one saturating Xe-flash (Section
2.3), in thin glass-tubes (@ 3 mm) and incubated for 45 min at room temperature to
populate Ypox and to maximize the S; state population (Section 1.1.5). Aliquots of the
diluted, preflashed and dark-adapted sample were manually injected into the MIMS-
sample chamber. The sample-temperature in the reaction chamber is kept constant at
10°C. The syringe is loaded bubble free with H.!80 that contains a few pl of an O.
scavenging enzyme assay (see below). A small droplet is created on the needle tip to
adjust for an air-filled cavity created by surface pressure in the capillary. The droplet
cancels out small vibrations of the needle caused by movement of the syringe on the
holder (Fig. 10). The syringe is carefully lowered into the sample chamber and fixed
with a screw. To reach a stable baseline, the PSII sample is degassed for

approximately 20 min prior to starting the flash-injection protocol.
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2.5.2 O:scavenging assay

The H,80 contains dissolved dioxygen which could not be distinguished from
photosynthetically produced dioxygen upon injection of the labelled water. To reduce
labeled background oxygen small quantities of a glucose/glucose oxidase/catalase
assay are added (1 pl/Injection). The glucose oxidase (sigma-aldrich, USA) catalyses
the reaction of O, and B-D- (+)-Glucose (sigma-aldrich, USA) to H.O., while an H.O.
oxidoreductase (referred to as catalase, sigma-aldrich, USA) oxidizes two molecules
hydrogen peroxide to two water molecules and one dioxygen. The catalyzed reaction
converts dissolved dioxygen to water (“O. scavenging”). To prevent tainting of the
results by enzyme access converting photosynthetically produced dioxygen to water,
the enzyme concentration is adjusted carefully. It is as important to add enough
enzymes, reducing the background dioxygen level, to enable measurements of small
amounts of evolved dioxygen. Injections of H,°O-enzyme assay into water give the
correct enzyme concentrations. To determine the remaining injection artifact the
H.80/enzyme mixture is repeatedly injected into buffer (blank) several times each

measurement day.

A stock solution of glucose oxidase is kept at 4°C, while catalase is freshly dissolved in
Mes-buffer (pH 6.5) before measurements. The two stock solutions (4.08 mg/ml
glucose oxidase (181,000 units/g solid), 6.0 mg/ml Catalase (1,927 units/mg solid)
are mixed and kept on ice during the day. Stock solutions (0.031 mg/ml glucose
oxidase, 0.046 mg/ml catalase) and (-D- (+)-Glucose (13 mM) are mixed with H,80
for ~ three injections. Between loadings of the syringe, the solution is kept on ice.
Each injection yields 6.2 pg/ml glucose oxidase and 9.3 ug/ml catalase in the reaction
chamber (V = 150ul), where further dilution takes place. The final enzyme

concentration does not reduce produced oxygen significantly.

2.5.3 Flash and Injection Protocol

The degassed sample is illuminated with two short saturating Xe-flashes (Section 2.3)
populating the S; state (Fig. 14). Back reactions to lower S-states are considerably

slowed at low temperature and it is thereby ensured that most centres remain in S,
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during the flash/injection sequence (ISGANDAROVA ET AL. 2003; MESSINGER ET AL.
1993). Rapid injections of 32 ul 80-labeled water (98% H.!80 Isotrade, Germany),
containing the O. scavenging mixture, yielded a final 30 enrichment of 21.5%. The
injection was performed at varying times before the 314, O. evolving flash. After 3 min,
the sample is illuminated with eight Xe-flashes for normalization (2 Hz). This allows
compensating for small changes in membrane permeability and sample

concentration. Sample handlings were performed at very dim green light.

H,"*O-injection

S-S,

a
h.v

Y/ b

Relative 00 and "0, yield

y

t 160160 180160 moqgo
1818 1616
a | 1A 00000 %80 lllf1st measurement

b ||y o0 7 oo ]

time

Figure 14:

To determine the substrate water exchange rate in the Ss state, the time (At) between injection of H2180
and the 31, turnover flash is varied. The sample is illuminated with two short Xe-flashes to convert centres
from the dark-stable Si state into the Sz state. Measurements are performed for At between 10ms and
10s. To account for small changes in chlorophyll concentrations or varying membrane permeability, the Oz
yield is normalized to the amplitude of O2 evolution by 8 flashes given at 2Hz.

Time resolution is achieved by varying the time between H.!80-injection and the 3rd
turnover flash. Depending on the exchange time, At, a defined amount of 180-labelled
oxygen is generated by water-splitting at PSII. The corrected signal amplitudes at m/z
= 34 and m/z = 36 corresponding to 10180 and 80, were plotted as a function of the

exchange time At (Section 2.6) (MESSINGER ET AL. 1995).
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2.5.4 MIMS-Measurements at Elevated Pressure

Measurements with varying overpressure are carried out between 2 bar and 20 bar
(Chapter 5). Control measurements are performed at atmospheric pressure and
corresponding N, pressure. The buffer is pre-incubated under O. or N. pressure for
40 min in a separate, stirred pressure cell of 100 ml volume (buffer: 50 mM Mes (pH
= 6,5/10°C), 400 mM betain, 10 mM CaCl., 10 mM MgCl,, 15 mM NaCl). The solution
is saturated with the applied gas (at the chosen pressure) and thus bubbles are
formed when releasing the pressure. Previous to the opening of the chamber, the
pressure is released through a valve. For measurements at pH = 8 HEPES instead of
Mes buffer is used (50 mM HEPES (pH = 8/10°C), 400 mM betain, 10 mM CacCl., 10
mM MgCl,, 15 mM NaCl). Operation at elevated pressure requires wearing of a
sufficient face protection.

In the sample chamber aliquots of either thylakoid preparations or PSII membrane
fragments of spinach (final concentration of 0.2 mg (Chl) ml-), H.80 (yielding a final
enrichment of 20%), and an artificial electron acceptor are mixed with the pre-
incubated buffer. As artificial electron acceptor either 7 mM ferricyanide (FeCy,
dissolved in water) or 1 mM 2,5-Dichlorobenzoquinone (DCBQ, dissolved in Ethanol)
were added. To ensure a high concentration of the applied gas, residual air containing
O. and N, are removed by building up and releasing the pressure with the desired gas
3 times. The sample chamber is then closed by a valve and the appointed pressure
controlled by a pressure detector (Section 2.3, Fig. 11). In the sample chamber, the

solution is further incubated for another 30 min before illumination.

The continuous light measurements are carried out with a 250 W light source (slide
projector). For the flash experiments a Xe-flash lamp (Section 2.3) is used. As
photosynthetic inhibitor 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU, dissolved
in Ethanol), is added to block the electron transfer from PSII to the PQ pool. H.!80
enrichment is used to detect light-induced oxygen evolution at m/z = 36 against the
high m/z = 32 and 34 background, which is due to the applied elevated dioxygen
pressure. To ensure a constant saturation level of gas during measurements m/z = 34
is detected with the 100 times less sensitive cup 1 (usually set for detection of 1€0,)
before measurements, to ensure a high gas concentrations. At lower pressures (2, 5

and 10 bar) it is possible to detect 60, throughout the measurement.
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2.5.5 MIMS-Measurements of Artificial Mn-Compounds

Artificial compounds are dissolved in aqueous solutions (water or water/acetonitrile
solutions). The production of oxygen species was induced by the addition of adequate

oxidants.

The complexes Mn.-bpmp-AcO, Mn.-terpy, Mn.-mcbpen and Mn,-tphpn were
synthesized according to literature procedures (BAFFERT ET AL. 2003; CHAN AND
ARMSTRONG 1990; CHEN ET AL. 2005; NISHIDA AND NASU 1991; SUN ET AL. 2000). The
dimeric manganese compounds were synthesized at the chair of Prof. Dr. Stenbjorn
Styring in Uppsala, Sweden by Gustav Berggren (Mn,-terpy, Mn.-bpmp, Mn,-
mcbpen) and Dr. Magnus Anderlund (Mn.-bpmp-AcO) while Mny-tphpn was
provided by Prof. Dr. William H. Armstrong,.

The sample chamber (V = 150 ul) was filled with the aqueous compound solution and
defined amounts of isotopically labelled water (H.!80). After a stable baseline was
reached the oxidant was injected and immediately reacted with the Mn-compound.
Dioxygen and carbon dioxide as products of the reaction were simultaneously
detected. Prior to the addition, the oxidant was purged with water or MeCN saturated
N. to reduce the background level of dissolved gases. Each dissolved compound was
concentrated to a final metal centre concentration of 2 mM. Three different oxidants
were tested and compared in their ability to trigger an oxygen evolving reaction: tert-
butyl hydroperoxide (TBHP, MERCK-Schuchardt, @Germany), potassium
peroxomonosulfate (2KHSO5; KHSO,K.SO,, Fluka, Austria) referred to as oxone and
lead tetraacetate (Pb(OAc),, MERCK-Schuchardt, Germany). With a gas tight glass
syringe (Hamilton) 7.5 ul of 200 mM oxone, yielding 10 mM and 5 equivalents and 3
ul of 7 M TBHP yielding a final concentration of 5 mM, were injected. Variations of
the standard concentrations are given in the figure legends. In addition Mn.-bpmp-
AcO and Mn.-terpy were reacted with the oxidant lead tetraacetate (Pb(OAc),).
Injection of 7.5 ul 200 mM Pb(OAc), stock solution yielded a final concentration of 10
mM. Oxone was dissolved in water. Lead tetraacetate that hydrolyses in water to PbO.
and acetic acid (AcOH) was dissolved in pure acetonitrile (MERCK-Schuchardt,
Germany). Mn.-bpmp-AcO and Mn,-tphpn were dissolved in water/acetonitrile
mixtures (3:1), while Mn.-terpy and Mn.-mcbpen were dissolved in water (Millipore).
Additionally, Mn.-bpmp-AcO was dissolved in an acetate buffer (100 mM, pH 4.3,
purchased from MERCK-Schuchardt, Germany)/ acetonitrile solution of 3:1.
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2.5.6 MIMS-Measurements of O: Flash Patterns

MIMS-measurements of oxygen flash patterns were carried out with spinach
thylakoids, which were suspended in a buffer containing 5 mM CaCl., 50 mM Mes
(pH 6.8/10°C), smM MgCl,, 15 mM NaCl and 400 mM sucrose to give a final
concentration of 0.02 mg Chl/ml. No artificial electron acceptors were added. Dark
adapted aliquots of the sample were preflashed with one saturating Xe-flash and
incubated for 20 min in the reaction chamber at 10°C. After the incubation time a
stable baseline is reached and the dark-adapted samples are excited with a Xe flash-
lamp (see Section 2.3). The individual flashes were separated by dark-intervals of 20 s
to allow for a decline of the signal between dioxygen production (see following

section, data analysis).

2.6. Data analysis

The signal’s rise and decay kinetics depend on the intrinsic response time and the
consumption of the instrument, respectively. The response time is mainly limited by
the membrane pervaporation and the dioxygen signal is therefore slower detected
than it is formed in the reaction chamber. Oxygen species are soluble in aqueous
solutions and since the solubility of O. depends on its concentration in the gas phase
(according to partial pressure) the amount dissolved in the sample might exceed the
signal (photosynthetic/ artificial gas production). Degassing of the sample is
facilitated by the adjacent high vacuum and enhanced by an effective stirring system

(see Section 2.3).

After reaching a stable baseline, the gas production is triggered by e.g. oxidant
injection or illumination. The oxygen (carbon dioxide) species are produced as
immediate response to the oxidant injection. O, and CO. signals rise, and as the gases

are consumed by the mass spectrometer, the signals decrease again.

For reactions of artificial compounds with oxidants, the reaction sequence is not
necessarily known. It might consist of several intermediate steps and the production

may occur over a considerable period. The rise and decay of the signal is best
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described either by assigning the maximum value of the peak (subtraction of baseline)

or by determining the area under the curve (integration) (Fig. 15, top and bottom).

The value is then multiplied with a factor in accordance to the cup amplifications

(m/z = 32 and 44 -1000 and m/z = 34 and 46 -10).

m/z (O,/CO,/Ar), mV

/

N

1. gas evolution > consumption

2. gas consumtion > evolution

'{mv

m/z (O,/CO,/Ar), mV

4

> time, s
stable baseline
injection oxidant
N
> time, s
illumination illumination
1flash 8 flashes
m/z (O,/CO,/Ar), mV
N
- N
a b
> time, s

trigger gas production

Figure 15:

Different possibilities of data
analysis, depending on reaction
sequence. Prior to signal
triggering, the  solution is
degassed by the adjacent high
vacuum and an effective stirring
system. For complex reactions,
involving possible intermediate
steps, the gas production is
evaluated by determining the
value between baseline and
maximum of the peak in mV or
the area under the curve.
Photosynthetic oxygen
production, which is immediate in
response to flash illumination is
best accounted for by an
extrapolated amplitude which
reflects the Oz burst within the
reaction cell. The response time
of the instrument is intrinsically
limited mainly by the time it
takes for the gas to pervaporate
the membrane and by the sample
volume.

The distribution of each
oxygen (carbon dioxide)
species is calculated in
percent. The oxygen atoms
of CO. exchange rapidly
with solvent water and the
calculated distribution for
the CO. species matches
the theoretical expected
values for the given
enrichment. It is thus
possible to use the detected
CO. species to determine

the final enrichment of the
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reaction solution.

In the case of oxygenic photosynthesis, the dioxygen is produced immediately in
response to flash illumination. The oxygen burst in the reaction cell is not reflected by
the detected signal, but tainted by slow pervaporation through the membrane and
consumption by the instrument. An extrapolated amplitude represents the dioxygen
evolution in the cell at the time of the flash (Fig. 15, middle part). After deriving the
dioxygen yield (Ym), the values are corrected for an injection artifact (Yi,;). Though
the dissolved O. in the H,!80 is depleted prior to injection by an enzyme assay (see
Section 2.5.2), a minor amount of dioxygen is injected into the cell and cannot be
directly distinguished from photosynthetically evolved molecular oxygen. The
injection artifact is highly reproducible (blanks are separately recorded by injection
into buffer) and can therefore be subtracted from the oxygen signal. At m/z = 36 two
different molecules are detected, the desired 80, and an isotope of Argon, 3¢6Ar. H,80
is stored at argon atmosphere and the 80, yield therefore needs to be corrected for
the injected 3°Ar (Section 2.1). The amount is determined with blank injections. To
account for small changes in chlorophyll concentrations, sample activity between the
measurements, or membrane permeability, the O. yield is normalized to the
amplitude of dioxygen evolution induced by 8 flashes (2 Hz) i.e. after subtraction of
the injection artifact, the corrected dioxygen yield is divided by the dioxygen yield
produced by 8 flashes. To allow comparison between samples, the Yc values were
normalized to one using the average dioxygen yield obtained, at long At where the
exchange reaction is completed. Dilution and the delay between triggering event and

injection are taken into account (HILLIER AND WYDRZYNSKI 2004 and Section 2.4)
(Eq. 12).

(t): [YM B YInj]X 1

Y
Y8 flashes [1 - exp(— 97t)(1 +AChl exp(— 97t))]

C

(12)

The corrected 1°0180 yield is plotted versus the exchange time, At, and the resulting
biphasic response is fitted with the sum of two first order exponential functions in

sigma plot (Systat, USA) with two parameters:

Y = 64[1 - exp(—34kf X t)]+ 36[1 - exp(—34ks X t)] (13)
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The fast phase (34kf) represents the exchange of one of the two oxygen atoms. It is
under normal conditions virtually complete before the slow phase (34ks) begins. With
the exchange of only one bound substrate water molecule, unlabelled and single
labeled species are evolved according to the water enrichment, i.e. at an enrichment

of 21.5% the isotopic distribution is 78.5 : 21.5: 0 for m/z 32: 34 : 36.

At longer At the second substrate water molecule exchanges as well, increasing the
probability of forming 00180, since both water molecules are now exchangeable. This
allows the formation of double-labeled oxygen species. The isotopic distribution is

calculated according to:

160, : 160180 : 80, = (1—¢€)2:2(1-¢)e: €2 (14)

with ¢ = 180 enrichment

and changes to 61.6 : 33.8 : 4.6 for m/z 32 : 34 : 36. This change in enrichment
explains the magnitudes of the normalized 340, amplitudes that are 64% for the fast
phase and 36% for the slow phase (i.e. 21.5/33.8 = 0.64).

At m/z = 36 double labeled oxygen species are detected. Both bound substrate water
molecules need to be exchanged against labeled water to form one 80, molecule. The
exchange rate is therefore limited by the slow exchange rate and consequently a

monophasic rise with 36k = 36k is observed:

36Y. = [1 — exp (-36k « t)] (15)

2.6.1 Kok analysis

The dioxygen yields of the single flashes that are spaced apart by 20 s dark time are
analyzed with an Excel spreadsheet program (Microsoft, USA), using a solver routine
for error minimization of the Kok parameters. Deconvolution of the dioxygen flash
pattern was based on the Kok model to determine the miss probability, a, and double
hit probability, B, as well as the S; state population (ISGANDAROVA ET AL. 2003;
MESSINGER ET AL. 1991).

The dioxygen yield of the n-th flash (Yy) is the result of centers in S; undergoing a

single or double turnover and centers in S, undergoing a double hit. Assuming that
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the distribution of a and f is equal for all S-states, the oscillation can be calculated

according to:

Yo=(0- G)[Ss]n—l +B[Sz]n—1 (16)

The entire S-state distribution can be displayed as Kok matrix (K) that incorporates
the a and 3 parameters as well as the single hit probability y = 1 - a - f and the case of
no transition 0. Sp.; and S, represent the S; state populations before and after the n-th
flash of the train:

S, a 0 B 1-a
S 1-a-f «a 0] 0]
SnzK‘Sn—l th S = 1 dK: 1
with [8], =| " | an 8 108 o« o |97
S, | o B 1-a-f a |

2.6.2 Calibration

The calibration of the CO. and O. signals is performed by injecting various volumes of
air-saturated water samples (tab-water incubated for several hours at 10°C) into the
sample chamber filled with degassed buffer. The extrapolated amplitudes of the
detected values in mV were plotted vs. gas concentration calculated according to
Hendry’s law in uM and linear fitted. The linear equation was used to determine the
values for the detected analyte in uM. Taking into account the dependence of the
solubility on Temperature, pressure and salt concentration, 21 uM CO, and 351 uM O,
are dissolved in air saturated tap-water, at 10°C and atmospheric pressure (CROVETTO
1991). The relative sensitivity of the different cups was verified by measuring the same

signal with all cups.
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2.7, Sample Preparations

2.7.1. Thylakoid Membrane Preparation

Thylakoids =~ were  isolated from  the  thermophilic = cyanobacterium
Thermosynechococcus elongatus by Naoko Ishida and Dr. Alain Boussac in Saclay,
France. To biosynthetically replace Ca2+ against Sr2+ and Cl- against Br-
Thermosynechococcus elongatus (43-H strain, (SUGIURA ET AL. 1999)) has been grown
in media containing either CaCl,, SrCl,, CaBr. or SrBr. at 45°C under continuous
illumination (fluorescent white lamps, 8oumol of photons m= st). Cells were
harvested by centrifugation and washed once in buffer I and resuspended in the same
buffer with the addition of 0.2% (w/v) bovine serum albumin, 1 mM benzamidine, 1
mM aminocaproic acid and 50 pg ml* DNasel. Then cells were broken open with a
French press (~ 700 p.s.i.) and unbroken cells removed by centrifugation (1000 x g, 5
min). Thylakoids were separated by centrifugation (180000 x g, 35 min, 4°C) and the
pellet, containing the thylakoids were washed twice with buffer I. Finally, thylakoids
were resuspended in the same buffer and stored at liquid N- at a Chl concentration of

~ 3 mg ml. (BOUSSAC ET AL. 2004; ISHIDA ET AL., 2008)

Thylakoids were prepared by Birgit Noring from spinach (Spinacia oleracea)
according to Winget and co-workers (WINGET ET AL. 1965) with slight modifications
(MESSINGER AND RENGER 1993). Leaves from market spinach are separated from leave
stems, washed (last time in aqua dest.), weighed and buffer II added before grinding
in a mixer for 4 x 10 s (500 ml buffer/kg spinach), to mechanically open up leave cells
and release chloroplasts. The homogenate was quickly filtrated through a cheesecloth
and centrifuged for 10 min at 8000 rpm (JLA-10.5, Avanti centrifuge™ J-20XP,
Beckman-Coulter) to separate the chloroplasts from larger cell particles. The pellet is
resuspended in buffer III and centrifuged at 6000 rpm for 10 min (JA-25.5, Avanti
centrifuge™ J-20XP, Beckman-Coulter). The pellet is resuspended and homogenized
in a small amount of buffer V and frozen in small beads in liquid N. and stored at -

80°C. Preparation is performed at 4°C at dim green light.
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2.7.2. PSII membrane fragments

Photosynthetic membrane fragments (BBY) were prepared from fresh thylakoids
preparations as described in (BERTHOLD ET AL. 1981) with slight modifications (ONO
AND INOUE 1983).

The chlorophyll content of freshly prepared thylakoids (in buffer IV) is determined
and 25mg Triton X-100/mg Chl slowly added (use of a 25% stock solution). The
solution is then incubated for 5 min in the dark to solubilise stromal thylakoid
membranes containing PSI and ATPase. The solution was then centrifugation (15000
rpm, 15 min, JLA-10.5, Avanti centrifuge™ J-20XP, Beckman-Coulter) and the pellet
(except for white, starch-containing bottom part) resuspended and homogenized in
buffer III. A centrifugation step for 2 min at 15000 rpm follows (JLA-10.5, Avanti
centrifuge™ J-20XP, Beckman-Coulter). The pellet is resuspended in buffer IV and
the chlorophyll content determined. The PSII membrane fragments were frozen as

beads in liquid N. and subsequently stored at -80°C until use.

2.7.3. Buffers

Buffer 1I: 40 mM Mes (pH 6.5), 15 mM MgCl,/MgBr,, 15 mM
CaCl./CaBr,/SrCl./SrBr,, 10% glycerol, 1.2 M betaine

Buffer II: (grinding buffer): 50 mM Hepes (pH 7.5), 0.4 M Sucrose, 0.4 M NaCl, 4
mM MgCl. 1imM Na-EDTA, 5 mM Na-asorbic acid, 2 mg/ml BSA

Buffer I1I (incubation buffer): 50 mM Mes (pH 6.0), 150 mM NaCl, 8 mM MgCl.
Buffer 1V: 50 mM Mes (pH 6.0), 15 mM NaCl, 8 mM MgCl,, 8 mM CacCl.

Buffer V: 50 mM Mes (pH 6.0), 15 mM NaCl, 5 mM MgCl,, 5 mM CaCl,, 0.4 M

sucrose

2.7.4. Chlorophyll determination

To determine the chlorophyll content (PORRA ET AL. 1989), the pigments of the
thylakoids are extracted (2 x 20 ul Aliquots) with 80% buffered aceton solution (2.5
mM Na,HPO,/H.NaPO,, pH 7.8) and filtered to remove denatured protein. The

absorption spectrum of the essence was then measured at 646.6 nm and 663.6 nm
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and 750 nm (UV-Vis Spectrometer, Unicam, Germany) against 80% Aceton as blank.

The detected absorption values (A) were then analyzed in mM according to:

For [Chla + b]: [17.75 (Ass6.6 — A7s0) + 7.34 (Ases.6 — Asso) 1k (18)
For [Chla]: [12.25 (As63.6 — Azs0) — 2.55 (Ass6.6 — Azs0) 1k (19)
For [ChIb]:  [20.31 (Ass6.6 — Azs0) — 4.91 (Ase3.6 — Ays0) 1k (20)

with k = pl C — 1/plsample) as dilution factor.
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3. WATER, NOT HYDROGEN CARBONATE, IS THE
SUBSTRATE OF PHOTOSYNTHETIC OXYGEN
EVOLUTION

3.1 Introduction

Photosynthetic oxygen production takes place in PS II (Chapter 1). The oxygen
evolving complex (OEC) comprises a Mn,OxCa cluster, its amino-acid ligands, a
redox-active tyrosine (Yz) and cofactors. A role of hydrogen carbonate at the acceptor
side of PS II (VAN RENSEN ET AL. 2002) was reported were PS II inhibits when
hydrogen carbonate is substituted for by formate (MENDE AND WIESSNER 1985). It was
further suggested that hydrogen carbonate stabilises the OEC (KLIMOV AND BARANOV
2001), promotes the photo-assembly of the Mn,OxCa complex (ANANYEV ET AL. 2001),
and interferes with the damping of the oscillatory pattern of oxygen evolution
(STEMLER ET AL. 1974). It was also suggested that two tightly bound hydrogen
carbonate ions, generating peroxydicarbonic acid could be the precursor for
photosynthetic O, (CASTELFRANCO ET AL. 2007). Finally, in the structural model of
PSII at 3.5 A resolution (FERREIRA ET AL. 2004) hydrogen carbonate was presented as
a ligand to the Mn,OxCa complex, though this could not be confirmed by the most
recent crystal structure at 3.0 A (LOLLET AL. 2007).

It seems generally accepted that water serves as the electron donor for the production
of reduced organic compounds by cyanobacteria and plants. Alternative concepts like
that of Otto Warburg (WARBURG 1958; WARBURG ET AL. 1965), who proposed that
‘activated CO.’ is converted to an aldehyde during oxygen evolution (see (STEMLER
2002) for a historical survey) have been discarded mainly because of mass
spectrometric results. The isotopic composition of evolved dioxygen agrees with the
one of water (BADER ET AL. 1987, HILLIER ET AL. 1998, HILLIER ET AL. 2000, MESSINGER
ET AL. 1995, RADMER AND OLLINGER 1980) (Chapter 4). If the equilibrium between
water, CO. and hydrogen carbonate (see below) is rapidly reached though, these data
are still compatible with a catalytic role of hydrogen carbonate. Helmut Metzner
(METZNER 1978) proposed a catalytic role for hydrogen carbonate on thermodynamic

grounds according to the following reaction scheme:
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2HC03—+2H+4—hv>02+2C02+4H++4e— (21)
2CO: +2H.0 «— 2HCO;- + 2 H* (22)
2H204—hv>02+4H++4e— (23)

wherein hv stands for photon-driven processes.

In this mechanism oxygen is eventually derived from water, however, hydrogen
carbonate is the primary educt and CO. an intermediate product according to
reaction (21). The formed CO. is converted back into hydrogen carbonate by reaction
(22). If the latter equilibrium is rapidly reached, as mediated by a carbonic anhydrase
(CA) (Tu AND SILVERMAN 1975; SILVERMAN AND TU 1975), then these partial reactions
add up to the equation for water oxidation (equation (23)). An intrinsic carbonic
anhydrase activity is indeed linked to the core and/or extrinsic proteins of PS II (DAI
ET AL. 2001; KHRISTIN ET AL. 2004; LU AND STEMLER 2002; MOSKVIN ET AL. 2004;
VILLAREJO ET AL. 2002). Because the reaction equilibrium (K = [CO.]/[H.CO3] = 600;
(COTTON ET AL. 1974) lies to 99.8 % on the side of CO., one might still expect a
considerable amount of newly formed CO. escaping on each cycle into solution, to
become detectable concomitant with O.. In contrast to the situation in the scheme of
H. Metzner, in the generally accepted view of photosynthetic oxygen evolution, with
water as sole substrate, no CO. evolution is expected. The afore cited mass-
spectrometric experiments were not designed to specifically answer the hydrogen
carbonate question, neither was the CA activity assessed nor were flash-light induced
O.-release and CO.-transients recorded simultaneously.

By membrane-inlet mass spectrometry the question is addressed whether there is a
role of freely exchangeable (bulk) CO./hydrogen carbonate as substrate and/or

intermediate product of oxygen evolution.

3.2 Results

A membrane-inlet isotope-ratio mass spectrometer was set up to simultaneously
record O. and CO. at m/z = 32, 34, 36 and 44, 46, 48, respectively. Measurements
under H.!80 enrichment and at low hydrogen carbonate/CO. concentration showed

the normal oscillation of O.-release.
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Figure 16:

A

Flash induced 180160 (mass 34; solid line)
and 12C18016Q0 (mass 46; dashed line)
evolution of spinach thylakoid samples. A
series of twelve saturating Xe-flashes with
intermittent dark times of 20s was given
at 10°C and pH 6.8. The H2180 enrichment
was 15% and the  chlorophyll
concentration 0.02 mg Chl/ml. For better
comparison a monoexponentially decaying
baseline was subtracted from the CO:

A R o 88 A5 g B signal, which had a significantly higher
*C"*0™0 ettt ™ starting value.

3 7 11
Flash number

Relative *0™0 and
?C"®0"0 concentrations

Figure 16 shows mass-spectrometric signals resulting from the excitation of dark-
adapted spinach thylakoids with a series of 12 Xenon-flashes. For clarity Fig. 16 shows
only signals of the single labelled species (cup amplification for O. and CO. are
identical; see Section 2.1). Before the measurements, the PSII samples (20 uM Chl/ml
at pH 6.8) were mixed with ~15% H.!80 (final concentration) and then degassed in
the sample chamber under rapid stirring to about 1.4 uM CO. (~ 7 % of initial air-
saturated value of 21 uM at 10°C) to achieve nearly constant baselines. A pre-flash
and subsequent dark-adaptation were used to convert PSII centres into the S;Ypox
state, which strongly reduces the S state decay between the required long dark-times
of 20 s between the flashes. The pre-flashed thylakoids were illuminated with a train
of twelve Xe-flashes (~ 3 us FWHM). The data in Fig. 16 show that oxygen is
produced with high efficiency even at this low dissolved CO./HCO3- concentrations.
This is evident from the clear period four oscillations in the O. signals, which can be
well described with miss and double hit parameters of 14.3% and 3.8%, respectively,
and 100% S, state dark-population. In contrast, the simultaneously recorded CO.
trace does not show any flash induced signals. Thus, no evidence, under parallel

detection, for any CO. release in response to a series of light flashes was revealed.

Figure 17 displays the decay of the normalised 12C:80, concentration ([48]/([44] +
[46] + [48])) that follows the injection and rapid mixing (< 10 ms) of 28 ul H,80 into
150 pl unlabeled, degassed buffer containing different concentrations of spinach
thylakoids. The initial rise (not shown) is due to the ambient 80-labeled CO. content
of the H.180 enriched water. Its decay reflects the rather complex isotopic
equilibration process between all water and all CO., H.CO3;, HCO3-, CO.2- molecules
in the sample (for details see e.g. (MILLS AND UREY 1940)). Because of the above

mentioned normalisation, the rates are unaffected by the simultaneous consumption
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of CO. by the mass spectrometer. In the absence of thylakoids (trace c, Fig. 17) the
isotopic equilibration is caused by chemical hydration/dehydration reactions of
CO./H.CO;5 and the interconversion to HCO3~. The observed significant increase in
the rate of isotopic equilibration in the presence of thylakoids (traces b and a, Fig. 17)
confirms the previously reported carbonic anhydrase activity of thylakoids. Rate
constants describing the time course of this isotopic equilibration process as obtained

by monoexponential fits of the normalised mass 48 signals are given in Table 3.

\
C
0.16 ‘. B Figure 17:
S s . .
el . Change in 12C1802 concentration as a
T 0.12 - Ry function of time after the injection of
ON “ 28 ul H2180 (15 % final enrichment).
Y S5 The concentration of spinach
¥ 0.08 A R thylakoids was 0.20 mg Chl/ml (a),
o d b ~.| 0.02 mgchl/ml (b) and 0 mg Chi/ml
o s (c). Other conditions were as in Fig.
NQ) 004 N \\ 16.
~ -~ ~- -
0 ) ) ) )
0 200 400 600 800 1000
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Table 3:

Rates of monoexponential decay of the 12C1802 signal after injection of H2180 into
degassed H21%0 buffer containing different concentrations of spinach thylakoids at
10°C and pH 6.8.

CHLOROPHYLL CONCENTRATION (mg/ mI) DECAY RATE, k (8'1) HALFLIFE-TIME (S)
0.00 0.0023 300
0.02 0.0074 95
0.20 0.0764 9
3.3 Discussion

In this chapter the question whether or not hydrogen carbonate and CO. are directly
involved as substrate/intermediate in photosynthetic oxygen evolution is addressed.
As outlined above a role of hydrogen carbonate/CO. as reaction intermediate during
photosynthetic oxygen evolution is in principle compatible with the accepted view

that dioxygen is produced at the expense of water. With MIMS it is possible to analyze
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the role of freely exchangeable hydrogen carbonate/CO., in photosynthetic oxygen

production.

If hydrogen carbonate and CO. are directly involved as substrate/intermediate in
photosynthetic oxygen evolution it is expected that greatly decreased concentration of
HCOj inhibit oxygen evolution. But the mass spectrometric experiments of Fig. 16
show no effect on the typical pattern of oxygen evolution under flashing light,
implying that, if hydrogen carbonate was involved, its binding to the OEC was
saturated even at such low concentration (1.4 uM). It would further be expected that
CO. is liberated concomitantly with oxygen. But the MS-experiments gave no
evidence for any oscillating CO.-release down to a level of 2% below the one of the
oscillating oxygen production. This excludes the participation of freely exchangeable
hydrogen carbonate/CO., although it does not exclude the participation of
sequestered hydrogen carbonate/COs..

The total carbonic anhydrase activity of thylakoids from spinach was evident from the
decay of the mass-spectroscopic signal at a normalised m/z = 48 (12C'80.). Under the
conditions employed in previous water exchange experiments (thylakoid
concentrations of e.g. 0.25 mg Chl/ml; (MESSINGER ET AL. 1995) a comparatively long
time (> 30 s) is required for reaching the isotopic equilibrium between CO./HCO;
and water. This contrasts with the rapid isotopic equilibrium in water, which is
reached by physical mixing in the ms time scale (HENDRY AND WYDRZYNSKI 2002;
HILLIER ET AL. 1998; HILLIER AND WYDRZYNSKI 2000; MESSINGER ET AL. 1995) (chapter
4), and is essentially unaffected by the subsequent equilibration with the CO. species
because of the far smaller concentration of the latter. Since at 10°C the 80-label
quantitatively appears in flash-induced oxygen signals within about 2 s (ksow = 2.2 5%
(MESSINGER ET AL. 1995) these data also support the view that water, and not
hydrogen carbonate, is directly oxidised by PSII. The function of the observed
carbonic anhydrase activity of PSII in particular and of thylakoid membranes as a
whole remains to be elucidated (see Table and Fig. 17, and (Stemler 1997; Stemler
2002)). It has been suggested that the lumenal carbonic anhydrase of thylakoids may
play a role in the formation of a proton gradient across the thylakoid membrane in the
dark in order to support ATP synthesis (VAN HUNNIK AND SULTEMEYER 2002). It may

as well regulate the pH in the lumen similar to its known function in blood.
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3.4 Conclusions

The results exclude any direct role of exchangeable hydrogen carbonate/CO. as
substrate/intermediate of photosynthetic oxygen evolution, but do not exclude the
participation of sequestered hydrogen carbonate/CO.. Instead they corroborate the
view that water is the direct source of electrons for the production of carbohydrates
and likewise the source of the oxygen we breathe (CLAUSEN ET AL. 2005). The

conclusion was confirmed by (HILLIER ET AL. 2006).
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4. CHLORIDE INFLUENCES THE SLOWLY
EXCHANGING SUBSTRATE WATER

4.1 Introduction

The OEC includes a Mn4OxCa complex, inorganic cofactors, an intermediate electron
carrier (Yz) and the protein matrix. The OEC is located on the luminal side of PSII,
well shielded from the aqueous phase of the lumen. The protein matrix seems to be of
high importance and offers channels for the entry of substrate water as well as the exit
of the produced oxygen and protons (for reviews see (MCEVOY ET AL. 2005; MEYER ET
AL. 2007)). The protein matrix further positions the essential cofactors and supports
structural changes of the active site’s inorganic core during water oxidation (HILLIER

AND MESSINGER 2005). (Reviewed in Chapter 1)

The structure of the catalytic center, consisting of manganese, calcium and bridging
oxygen atoms is emerging. Most recently, on the basis of EXAFS spectroscopy, Yano
and co-workes were able to limit the number of possible models for the structural
arrangement of the Mn,OxCa cluster to four (YANO ET AL. 2006).

Even though this result was of high importance, the obtained knowledge is limited.
Clausen and co-workers established water as the direct substrate of the reaction
(CLAUSEN ET AL. 2005; HILLIER ET AL. 2006; Chapter 3), but the structure does not
provide information on the substrate binding site. It is possible to learn more
indirectly about the environment of water as substrate by following water exchange
rates. Applying this technique, established by Messinger and co-workers in 1995 (see
below), Hendry and coworkers have already successfully determined the role of
calcium in the water splitting reaction. Thus, the binding site for the essential cofactor
calcium was revealed on the basis of EXAFS measurements (CINCO ET AL. 1998; CINCO
ET AL. 2002; CINCO ET AL. 2004; LATIMER ET AL. 19098; MIQYASS ET AL. 2007; MIQYASS
AND VAN GORKOM 2007; YACHANDRA 2005; YANO ET AL. 2005B) and its role as water
binding site has been established by determining substrate water exchange rates

(HENDRY AND WYDRZYNSKI 2003).

In contrast to calcium, the structural knowledge obtained so far does not allow to
draw conclusions on the binding site of the most controversially discussed cofactor

chloride. To understand the function and role of chloride, it is of great interest to
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know whether chloride interacts with or binds to the Mn,OCa cluster. Most recently,
two studies support a binding of chloride in the outer binding sphere of the OEC. In
the first study, Haumann and coworkers propose a chloride binding site, which is not
closer than ~ 5 A from the nearest metal site (either Mn or Ca2+) on the basis of Br
EXAFS data. In the second study, Murray and coworkers suggest, based on bromide
anomalous x-ray diffraction analysis, the existence of two halid binding sites with a
distance of about 6 A to 7 A to the Mn,OxCa cluster. Due to x-ray induced reduction of
the Mn4OxCa cluster and low resolution, the authors cannot exclude a change in the
chloride binding. However, while the chloride requirement is of importance only for
the S, &> S; and S; &> S, transition, the studies focused on the S, state, and in the
second mentioned study on the reduced form of the Mn,OxCa-cluster (due to high

radiation doses).

In contrast to the suggested two halide binding sites based on x-ray crystallography
data, biochemical experiments with plants grown on radioactive 3¢Cl- yielded an
estimation of one functional chloride per OEC (LINDBERG ET AL. 1990; LINDBERG AND
ANDREASSON 1996; OLESEN AND ANDREASSON 2003). Under illumination, the OEC
exhibits a high affinity for chloride with a Kq of 20 uM and one of Kq ~ 500 uM after
chloride removal by dialysis against chloride free medium. The high affinity binding
of Kqa = 20 uM could be restored after adding chloride in darkness. Thus, a single
chloride binding site may exist in a low and high affinity state (LINDBERG AND

ANDREASSON 1996).

The long standing discussion about chloride as essential cofactor is nourished because
the obtained results clearly depend on the depletion procedure. In order to study a
possible chloride requirement by PSII, it is necessary to remove or substitute
chloride, but Wydrzynski and co-workers have shown already in the beginning of the
90’s (WYDRZYNSKI ET AL., 1990) that there is a complex dependence between
secondary effects caused by depletion treatments and the chloride requirement itself.
While the depletion complicates the interpretation, it does not exclude a chloride

requirement of PSII.

Dialysis is a means to deplete samples of chloride while ensuring that the PsbP and
PsbQ subunits remain bound to PSII (section 1.1.2). Cl- depletion through dialysis
against Cl- free medium yields samples which continue to work, but with diminished

O. evolving activity (LINDBERG AND ANDREASSON 1996). However, Ishida and co-
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workers questioned the complete removal of chloride in this study (ISHIDA ET AL.,
2008).

Depletion procedures, releasing Cl- upon addition of sodium sulfate at high pH or
through the removal of the chloride ligating extrinsic proteins of PSII, block the S, >
Ss and S; 2 S, transitions (WINCENCJUSZ ET AL. 1997; WINCENCJUSZ ET AL. 1998). A ~10
times lower binding affinity of Cl- in the S, and S; state in comparison to the S, state
was proposed (VAN GORKOM AND YOCUM 2005). Bromide addition restores the effect of
Cl--depletion on the oxygen evolving activity (HIND ET AL. 1969; KELLEY AND IZAWA
1978; WINCENCJUSZ ET AL. 1999). Chloride may be further replaced by NO;-, NO.- and
I- with decreasing binding affinity, while a substitution against fluoride and azide
inhibits oxygen evolving activity (HADDY ET AL. 1999; HADDY ET AL. 2000; JAJOO ET AL.
2005; ONO ET AL. 1986; OLESEN AND ANDREASSON 2003). The exchange against other

anions slows the S; state turnover and/or the Yz reduction (WINCENCJUSZ ET AL.

1999).

To avoid harsh depletion procedures which clearly complicate interpretations, an
optimal approach is to substitute the cofactors biosynthetically. Growing T.
elongatus, a thermophilic cyanobacterium, in the presence of either Sr2+ or Br~
containing buffers instead of Ca2+ or Cl--containing buffers results in an exchange of

the cofactors Ca2+ and Cl- by their surrogates Sr2+ and Br- (ISHIDA ET AL., 2008).

With the tool to functionally replace chloride by bromide, and thereby avoid harsh
depletion procedures, it is of highest interest to study the cofactors’ role in the water-
splitting reaction in combination with isotopic labelling. One way to unravel a
possible direct involvement of chloride in the function of the OEC is to determine its

interaction with substrate water.

Radmer and Olinger (1980, 1986) were the first to explore the nature of substrate
water binding by introducing labeled oxygen species in one S-state, detecting
photochemically produced dioxygen and determining its isotopic distribution by
membrane-inlet mass spectrometry. By increasing time resolution to = 30 ms and
measuring evolved oxygen as a function of incubation time with labeled water,
Messinger and coworkers were able to detect one exchangeable bound water molecule
in the S; state (MESSINGER ET AL. 1995). They established a rate of 34ks = 36k = 2 s!

(10°C) for the slow exchanging substrate water and showed that one faster
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exchanging (k > 25 st at 10°C) water molecule had to be either bound in S; or enter
only in the S, state. Further improved time resolution measurements revealed that
two water molecules bind in the S; and S. state. This allowed detection of the slowly
exchanging water molecule in the S, and S; state. For the slowly exchanging water
molecule the S; states exhibit relative exchange rates of 600 : 1 : 100 : 100 and for the
fast exchanging water molecule (S. : S3) 5000 : 2000 (HILLIER ET AL. 1998; HILLIER
AND WYDRZYNSKI 2001; HILLIER AND MESSINGER 2005).

A great advantage of following the release of labeled oxygen species upon addition of
H.80 is that specifically the properties of substrate water are observed, since the
product of the oxygen evolving reaction is monitored. Derived rate constants reflect
the substrate water binding site. They would unravel a possible interaction between
substrate water and chloride, if the cofactor was involved either directly or indirectly
in the function of the OEC.

4.2 Results

To investigate a possible role of the cofactors calcium and chloride in substrate water
binding, 30 exchange kinetics in the Ss-state of PSII thylakoids isolated from T.
elongatus grown in CaCl., CaBr,, SrCl. or SrBr, containing buffers (Naoko Ishida &
Alain Boussac, Saclay, (BOUSSAC ET AL. 2004, ISHIDA ET AL., 2008) were measured at
10°C by time-resolved membrane inlet mass spectrometry. Time resolution is
achieved by varying the time between rapid H.!80-injection and the third, oxygen
evolving flash (HILLIER ET AL. 1998; HILLIER AND WYDRZYNSKI 2004; KONERMANN ET AL.
2008; MESSINGER ET AL. 1995). Before the H.!80-injection, the dark adapted, H.0O
containing thylakoid suspensions are preflashed with two saturating Xe-flashes to
populate the S; state. Measurements with intervals between injection and
illumination (10 ms < At < 10 s) are performed each with a fresh aliquot of the
sample. The injected H.!80 mixes rapidly with the PSII sample (k << ki, Table 4).
For details see Chapter 2.

Figure 18 shows the corrected oxygen yields for m/z = 34 and m/z = 36 as a function
of the exchange time, At (see Sections 2.5.3 and 2.6). The monophasic kinetics
observed for CaCl.-, CaBr,- and SrCl.-thylakoids at m/z = 36 (:30.) compare very well
with each corresponding slow phase gained at m/z = 34 (Fig. 18, Table 4). It was
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shown previously that the slow phase at m/z = 34 (34ks) and the monophasic kinetic
observed for m/z = 36 (36k) reflect the exchange of the substrate water at the slowly
exchanging binding site (MESSINGER ET AL. 1995), since the evolution of 80, is limited
by the slowest 30 exchange. The kinetics derived at m/z = 34 and 36, which are
simultaneously detected, thus reflect the same (slowly exchanging) substrate water
and it is therefore possible to combine 3¢k with 34kgow at the fitting procedure to

derive a reliable fast phase rate constant.

CaCl.-, CaBr.-, SrCl.- and SrBr.-thylakoids exhibit a biphasic rise of the 340, yield,
reflecting the exchange of the two unequivalent substrate water molecules (HILLIER ET
AL. 1998; MESSINGER ET AL. 1995). A comparison of the rate constants reveals that the
slow exchange rate Br- - PSII, ks is ~ 3 times faster, in Sr2+ - PSII ~ 2 times faster and
in SrBr. - PSII ~ 4 times faster compared to PSII with the natural Ca2+ and Cl-
cofactors (Table 4). The increase in the rate of the slowly exchanging substrate water

by either cofactor substitution is partly additive.

While the effect of the cofactor substitution is clearly measurable on the slowly
exchanging substrate water molecule, the significantly altered rate of 130 exchange is
not observed for the fast exchanging substrate water. Here, only minor accelerations
of the rate ks upon cofactor substitution are detected. The values determined for the
rate kr are comparable for CaCl.-, CaBr.- and SrCl.-thylakoids. The fast exchanging
substrate water molecule is not profoundly affected by the substitution of the

cofactors calcium and chloride.
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Figure 18:

Membrane-Inlet mass spectrometry measurements of the H2160/H2180 substrate water exchange rates in
thylakoids isolated from T. elongatus cells grown in CaClz, CaBr2, SrCl2 and SrBr2 containing media.
Corrected oxygen yields are plotted for m/z = 34 (160180) on the left and 36 (1802) on the right side as a
function of exchange time, At with the fitting exchange kinetics shown by a solid gray line. The insets show
a shorter time scale of the fast phase for better comparison. Experimental conditions: 10°C, pH 6.5, final
H2180 enrichment after injection was 21.5% (for details notice section 2.5).
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Table 4:

180 substrate water exchange rate constants (m/z = 34 and 36)

PSII sAMPLE 34K fast (1) 34K gjow (S), 36K (s1)
CaClz 304 (1.9 1.8(x0.2) 21(+0.1)
CaBr2 228 (+ 1.5) 4.8 (+0.4) 4.7 (+0.2)
SrCl2 20.2(x1.2) 4.3(+0.4) 4.3(+0.2)
SrBr2 17.6 (+ 1.7) 6.9 (+1.3) 6.2 (+ 0.6)
H2180 Injection (kinj) 97 (£ 3)

Rate constants for H2160/H2180 substrate water exchange at m/z = 34 (slow, 34ks,
fast 34kr) and 36 (36k) at 10°C of thylakoids isolated from T. elongatus cells grown in
CaClz, CaBr2, SrCl2 and SrBr2 containing media (Section 2.7). The kinetic plots are
displayed in Fig. 18. For the fitting procedure the derived rate constant of 36k has
been used to improve rate constants of 34ks. The amplitudes have been fixed in
agreement with the employed enrichment during the fitting procedure to 64 and 36
(Section 2.6). Rate of H2180 (kin;) derived from plotting fluorescence after fluorescein
injection versus time after syringe trigger pulse at standard conditions (Section 2.4).

4.3 Discussion

The above presented substrate water exchange data on thylakoid-membranes from T.
elongatus grown in either CaCl,, CaBr., SrCl. or SrBr. containing media show that the
slow exchange kinetic is significantly accelerated by both Cl-/Br- as well as Ca2+/Sr2*
exchange. For an exchange of the cofactor chloride in PSII, ks is ~ 3 times faster, for
an exchange of calcium, ks is ~ 2 times faster and for substitution of both cofactor ks
increases ~ 4 times (Table 4).

Hendry and coworkers previously presented exchange rate measurements of Ca2+ and
Sr2+ containing PSII samples (HENDRY AND WYDRZYNSKI 2003). Even though they
applied harsh, chemical substitution procedures, which may cause secondary effects,
the acceleration of the slow phase by an exchange of Ca2+ against Sr2+ is confirmed.
The conclusion that calcium plays a functional role in substrate water binding drawn

earlier is therefore strengthened.

Despite rapidly increasing knowledge on the structure of the OEC, it is still unclear
where and how precisely the two substrate water molecules bind. Most models
established so far assume that at least one substrate water molecule binds to the
Mn,0OxCa complex. In agreement with the high oxidation state of the Mn,O«Ca cluster
it is most likely that substrate water is not fully protonated, but that at least one

substrate water molecule is partly protonated up until the S; state. The proposal is
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supported by H/D exchange ESEEM and ENDOR studies (for review see (BRITT ET AL.
2004)). The first EPR experiments supported a direct ligation of 7O-water to
manganese (EVANS ET AL. 2004; TURCONI ET AL. 1997), but did not allow final
conclusions due to low resolution. A recent study with the two-dimensional EPR
technique hyperfine sublevel correlation spectroscopy (HYSCORE) conclusively
showed a direct ligation of one exchangeable 7O to one or more Mn ions in the S.
state. Depending on the binding mode it most likely corresponds to the slowly
exchanging substrate water molecule (SU ET AL. 2008). The second water molecule
(based on the proposed binding mode, the fast one) is either not resolved by the EPR
study, not coupled to a Mn ion or not present in the S. state. It would also be
undetectable to HYSCORE if it was bound to calcium. However, since the rates of the
fast exchanging water molecule are not altered significantly upon either Ca2+/Sr2+ or
Cl-/Br- exchange a direct ligation to calcium is highly unlikely (unless the exchange is

limited by other factors).

On the basis of the new finding that a Cl-/Br- exchange leads to a slightly greater
acceleration of the slowly exchanging substrate water rate than the reported Ca2+/Sr2+

exchange, three possibilities may be discussed:

1) In the S, state (and a reduced form of the cluster respectively), where chloride does
not have special functional relevance (VAN GORKOM AND YOCUM 2005), XAS data seem
to exclude a binding of Cl-/Br- to Mn (HAUMANN ET AL. 2006; MURRAY ET AL. 2008).
Based on EXAFS measurements with the analogue N3-, direct binding of Cl- to Mn
seems unlikely, if N3~ and Cl- indeed compete on the same binding site (SHEVELA
2008). If one nevertheless assumes a direct binding of Cl-/Br- to Mn and takes into
account that the slowly exchanging substrate water molecule may be p-oxo-bridged
between two Mn ions (SU ET AL. 2007), one will expect that Mn has a less positive
charge and weakens the Mn-O bond in case of a Br- vs. a Cl- ligation. A protonation
and thus an exchange against H»'80 (as protonation is a prerequisite for an exchange)
would be less likely for Cl-than in case of Br- binding at the same position. This could
explain the accelerated exchange rates upon chloride substitution. One may further
speculate about Cl-/Br- having an additional bond to Ca2+/Sr2+. The observed partly
additive effect on substrate exchange rate constants in SrBr. samples would support

this.
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2) Possibly a hydroxo-group or three-binding oxygen, ligated by manganese and
calcium represents the slowly exchanging substrate water molecule. If chloride ligates

calcium, Br- may in this case accelerate the exchange by weakening the Ca-O bond.

w

Cl
(ca Ca)
N /H /H

o

3) Another possibility is of an indirect effect: The function of the S-state cycling,
giving rise to four protons per O-O bond formation, requires a proton abstraction
mechanism. To circumvent a charge accumulation, which would make further
electron abstractions increasingly difficult, protons are sequentially removed from the
OEC (discussed in Section 1.1.6 and MESSINGER AND RENGER 2008). The proton’s
destination is the lumen and the water splitting reaction is therefore combined with
long-range proton transfer through the protein matrix (for review see (MEYER ET AL.
2007)). If chloride participates in the proton network (OLESEN AND ANDREASSON
2003), the Cl-/Br- exchange will weaken the interaction and thereby influence the
substrate water exchange rates by modulating its pKa value or the access of substrate
water via changing the proton network around the Mn,OxCa cluster. It is feasible that
the slowly exchanging substrate “water” is more affected by changes in the proton-

(relay) network than the fast exchanging one, which may still be partially protonated.

Proton network (CI', Ca™) Proton network (Br", Sr*")

& o & o

The partially additive effects of Ca2*/Sr2+ and Cl-/Br- exchange would reflect

additional effects of Ca2+/Sr2+ exchange on the proton network.
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Even though the Cl-/Br- substitution affects the substrate exchange rates greatly, a
chloride binding site further away from the Mn,O«Ca cluster as proposed earlier by
XAS studies is not in contrast to a large effect on exchange rates. Singh et al. showed
most recently that the mutation D1-D61N in the second coordination sphere
influences the exchange rates greatly (SINGH ET AL. 2008). The amino acid residue
probably lies at the entryway to a hydrogen bond network through the protein matrix,

which is connected to substrate water (MEYER ET AL. 2007).

Possible models involving breaking of covalent -OH bonds are excluded based on
measured kinetic isotope effects. The ratio of ki(H)/ki(D) would be expected in the
order of 10, while detected ratios for PSII membrane fragments are in the range of 1.3
— 1.4 fori=1, 2 and 3 (KARGE ET AL. 1997; LYDAKIS-SIMANTIRIS ET AL. 1997; RENGER ET
AL. 1994; RENGER AND MESSINGER 2008). The presence of terminal oxo ligands like
Mn(IV)=0, Mn(V)=0 and terminal oxo groups can be excluded in the S, S5, S, states
on the basis of comparison between Mn model compounds and PSII by XANES and
time-resolved EXAFS measurements (HAUMANN ET AL. 2005A; HAUMANN ET AL.
2005B; MESSINGER ET AL. 2001B; ROELOFS ET AL. 1996; WENG ET AL. 2004). On the basis
of this finding and results of substrate water exchange kinetics (the difference
between the two rates for the substrate water molecules is much smaller than it would
be expected from two very different binding sites) a mechanism based on
“nucleophilic attack” is highly unlikely (HILLIER AND MESSINGER 2005) and thus does

not have to be considered in respect to a chloride interaction.

4.4 Conclusion

The data shows that the exchange rate of the slowly exchangeable substrate water
molecule is accelerated by replacement of Cl- by Br- and Ca2+ by Sr2+ and provides
compelling evidence that both Ca2+ (Sr2+) and CI- (Br-) bind near the site where the
slowly exchanging substrate water is bound to the Mn,OxCa cluster. The partly
additive effect on the rates of SrBr. hints towards a binding of Ca2+ (Sr2+) and CI-
(Br-). Alternatively, both ions might have significant effects on the proton-network of
the OEC. The exchange of the slowly exchanging substrate water would then be rate

limited by protonation.
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5. CHASING THE INTERMEDIATE S, STATE BY
EMPLOYING ELEVATED O. PRESSURE

5.1. Introduction

5.1.1. The transient S, state

According to the Kok scheme the Mn,OxCa cluster cycles during water splitting
through five intermediate states. For a complete understanding of the water splitting
reaction it is vital to gain information

hv hv hv hv on possible intermediate step(s) of the

k / water oxidation process. While the
fﬁ states So, S;, S. and S5 can be trapped
with high yield using appropriate flash-

O2 2 Hzo freeze protocols, the reactive S, state

remained illusive so far. Because of the
close kinetic correlation between Yz reduction and O. release (it appears almost
simultaneously) it has been even questioned if a distinct S, state intermediate exists
or if this state would be better termed S;Y,* (HILLIER AND MESSINGER 2005; MESSINGER
AND RENGER 2008). It is believed that the water oxidizing reaction occurs either in the
last transition (SsYz = [S4] 2 So) with intermediate formation of complexed H.O., or
that a peroxidic intermediate is already formed at the level of S;Y,* (for details see
Messinger and Renger, 2008). A concerted O-O bond formation may also prevent the

release of harmful reactive species along the cycle.

The short lived nature of the S, state immensely complicates its characterization and
therefore the full understanding of photosynthetic water splitting. Since the S, state is
chemically the most interesting, but least characterized state, gaining information

about this intermediate has been attempted by several groups.

Clausen and Junge (2004) introduced recently the interesting idea of halting the cycle
in the S, state by preventing the release of the produced oxygen by high applied
oxygen pressures, up to 30 bar. On the basis of time-resolved UV absorption
transients, which can be attributed to the oxidation of the Mn,OxCa cluster by Yz, the

authors conclude that a pressure of 2.3 bar is already sufficient to half-inhibit O.
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evolution. It is proposed, that the S, state can be described by an electronic

configuration equivalent to S.Yz (H20.). Similar N, and CO. pressures were found to

be ineffective.

5.1.2.

Membrane-inlet mass spectrometry at elevated

pressure

It would be most interesting to confirm the proposed inhibition of PSII by direct O.

measurements. MIMS allows online detection of reaction products and an inhibitory

effect can thus not be disguised. It is not possible to use e.g. an oxygen electrode

(Clark type electrode), because applied oxygen pressure exceeding 1 bar, would hinder

distinguishing between photosynthetically produced dioxygen and O. pressure. This

was overcome by using a magnetic sector field mass spectrometer to distinguish

between the different isotopic species and measure photo-induced 80, production

against a 1°0O, background caused by the applied 00, pressure.

To perform measurements at elevated pressure with a MS-instrument, operating at

high vacuum, several requirements have to be met:

0
(i)

(ii1)

(iv)

the reaction chamber has to be pressure stable,

a pressure stable membrane as interface between instrument and sample
chamber is required to maintain the stable low pressure regime within the
instrument,

the increased oxygen concentration (by the applied oxygen pressure) has to
remain constant throughout the time-span of the measurement to ensure
an oxygen concentration creating the inhibitory effect in the PSII solution.
It thus has to be ensured, that dissolved oxygen is not significantly
degassed during the measurement,

to exclude pressure induced artefacts m/z = 40 (Argon) is monitored. The
Argon concentration is independent of illumination and any changes in the
Argon signal therefore indicate sensitivity problems of the experimental
set-up, possibly caused by applied pressure. For details and set-up

construction, see Sections 2.3 and 2.5.

74



Chapter 5. S, STATE UNDER O, PRESSURE

5.2. Results

At 20 bar O- the 00, in solution exceeds the cup sensitivity (50.000 mV). It is thus
impossible to detect a distinct signal at m/z = 32. Decreasing the applied pressure

allows detection at m/z = 32 (Fig. 19).

*0,, mV

50000 — 3

" Figure 19:

The concentration of 602 in solution
depends on the applied pressure. The level
30000 of dissolved dioxygen increases
corresponding to increasing pressure. The
level of 1602 (in mV) before the
20000 measurement at the respective pressure is
plotted vs. the applied pressure (in bar). The
PSIl sample was incubated for 20 min in the

- sample chamber before measurements
- (Section 2.5.4).

0 T T T T T T
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pressure, bar
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The high level of dissolved 60, is a prerequisite for the experiments, because it has to
be ensured that a high concentration of the product is present in the PSII solution.
The 160, concentration before illumination is plotted vs. applied pressure. This
reveals a linear dependence between increasing pressure and the detected oxygen

concentration in the solution.

5.2.1. CW illumination

MIMS-measurements of thylakoid samples were performed at 20 bar oxygen and 20
bar nitrogen pressure with a final H.!80 enrichment of 20%. Samples were

illuminated continuously with a slide projector (250W).

MIMS-measurements of thylakoid samples at elevated oxygen pressure do not reveal
an inhibition of photosynthetic oxygen production (Fig. 20). The PSII samples
produce dioxygen with rates comparable to those of control measurements performed

at elevated nitrogen pressure (20 bar).
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N
ANe. 200
S

‘OBC 2 A Figure 20:
-_g Membrane-inlet mass spectrometry
E measurements of thylakoids samples
Y= / (0.25 mg (Chl) mlt) with a final H2180
o - enrichment of 20%. As artificial electron
O acceptor 7 mM Ferricyanid (dissolved in
g water) was added. Displayed are oxygen
O signals (m/z = 36) at 20 bar elevated
() 7 oxygen (blue line) and 20 bar nitrogen
= pressure (green line).
- .
®| dark light
Ol—
= le—1 € >

time, s

A prerequisite for interfacing membrane-inlet mass spectrometry, operated at high
vacuum of 2 x 1071 bar and the reaction chamber operated at elevated pressure of 20
bar, is to construct the inlet to the instrument as small as possible. While this
precaution enables mass spectrometric measurements at elevated pressure, the
sensitivity is too low to detect O.-evolution produced by single flashes. In addition to
measurements at continuous illumination, the integrated O. yield induced by 200 Xe-
flashes at 2 Hz frequency was measured. The obtained results confirm cw-
illumination data in Fig. 20. A systematic difference in PSII activity between O.- and

N.-pressure was not observed.

To rule out the possibility that an inhibition of the oxygen evolution occurs at
different conditions than the ones applied, the parameters light, pH and pressure
were varied. Different artificial electron acceptors as well as thylakoid and PSII

membrane fragments preparations were compared.

5.2.2. Variation of Artificial Electron Acceptors

Measurements of thylakoid and PSII membrane fragments preparations at
continuous light and sample-illumination with 200 flashes require the addition of
artificial electron acceptors (they take up electrons from the electron transport chain
in order to prevent the saturation of the plastoquinon-pool, which would block PSII,
Chapter 1).

MIMS-measurements were performed with a hydrophilic artificial electron acceptor

ferricyanide (FeCy), to avoid the use of solvents (e.g. Ethanol is detected at m/z = 46),
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while UV-absorption transient measurements were performed with 2,5-
Dichlorobenzoquinone (DCBQ), dissolved in ethanol as electron acceptor. To exclude
a secondary effect (e.g. a reaction between dioxygen and the electron acceptor),
MIMS-measurements were additionally performed with DCBQ at O. and N. pressure

of 20 bar.

QY
O +DCBQ +
DCBQ
=1 O, O,
o
= +DCBQ
o
I +FeC
o) eCy
(&)
c
(@)
(&)
o
2 +DCMU
© 100 s
o
| -
time, s
Figure 21.:

Membrane-inlet mass spectrometry measurements of spinach PSIl membrane fragments (200 pM) with a
final H2180 enrichment of 20%. As artificial electron acceptor either 7 mM Ferricyanid (FeCy) or 2,5
Dichlorobenzoquinone (DCBQ) resulting in a final concentration of 1mM is added. To inhibit photosynthetic
oxygen evolution 10 uM 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) is used. Displayed are oxygen
signals (m/z = 36) at 20 bar elevated oxygen (blue lines) and 20 bar elevated nitrogen (green line)
pressure respectively.

The addition of DCBQ leads to an even larger O. production under oxygen pressure
(20 bar) than at nitrogen pressure (20 bar) (Fig. 21). Measurements of PSII sample
with added FeCy exhibit similar oxygen evolution at elevated pressure for the two
gases (20 bar). Photosynthetic oxygen evolution at elevated pressure therefore does
not depend on the choice of electron acceptor. To ensure that an inhibition would be
detectable, 3-(3,4-dichlorophenyl)-1,1-dimethylurea (DCMU) as photosynthetic
inhibitor (to block the electron transfer from PSII to the PQ pool) is added.
Measurements performed at 20 bar oxygen and nitrogen pressure reveal a complete

inhibition of photosynthetic oxygen evolution upon addition of the inhibitor DCMU.

5.2.3. Influence of pH

An inhibitory effect on photosynthetic oxygen production by increased oxygen

concentration at alkaline pH has been proposed earlier (BOICHENKO AND EFIMTSEV
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1979). The pH of PSII samples was changed from pH 6.5 to pH 8 and measurements

performed at elevated O. and N. pressure (20 bar).
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Figure 22:

Membrane-inlet mass spectrometry measurement of spinach PSIl membrane fragments (200 uM) with a
final H2180 enrichment of 20%. As artificial electron acceptor 7 mM FeCy is added. Displayed for pH = 6.5
and pH = 8 are oxygen signals (m/z = 36) at 20 bar elevated oxygen (blue line) and 20 bar elevated
nitrogen (green line) pressure respectively.

In response to elevated oxygen pressure, neither the MIMS-measurement of samples
at pH 6.5 nor at pH 8 exhibits an inhibition of photosynthetic oxygen evolution. At

pH = 8 the formation of dioxygen is clearly lower in comparison to measurements at

pH 6.5, but both in the cases 20 bar yield similar results (Fig. 22).

5.2.4. Redox Titration

To ensure that not an artefact of the MIMS set-up caused by high pressure conceals

2bar Sbar 10bar O

2

relative concentration O,

time, s
Figure 23:

Membrane-inlet mass spectrometry measurements of spinach PSIl membrane fragments (200 uM) with a
final H2180 enrichment of 20%. As artificial electron acceptor 7 mM FeCy is added. Displayed are oxygen
signals (m/z = 36) at 2, 5 and 10 bar elevated oxygen pressure (blue trace). Traces at 2, 5, and 10 bar
elevated nitrogen pressure correspond to the ones displayed at elevated oxygen pressure (not displayed).
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an inhibition of photosynthetic oxygen production, the O, and N. pressure is stepwise

increased from 2 bar to 5 bar, to 10 bar and 20 bar.

A series of MIMS-measurements with increasing O. and N. pressure yields
comparable O. production rates. An inhibitory effect could neither be detected at low
(2, 5 bar), nor at high (10, 20 bar) dioxygen pressure. Comparing the oxygen and
nitrogen measurements no obvious difference was revealed between applied O. and

N. pressure (Fig. 23).

5.3. Discussion

The inhibitory effect of elevated oxygen pressure on photosynthetic oxygen release
proposed by Clausen and Junge (2004) could not be confirmed. Control
measurements at N. pressure proved the set-up to be capable of oxygen detection at
elevated pressure. Samples produce comparable amounts of dioxygen at O. and N.
pressure. It is also clearly shown that it is possible to detect a blocked oxygen
production by measurements with an inhibitor of the electron transfer from PSII to
plastoquinon (DCMU) (Fig. 21). The result obtained upon DCMU addition resembles
what has been expected for MIMS-measurements at elevated dioxygen pressure,

based on results obtained by UV-absorption measurements.

The OEC is a highly complex system and small variations in the environment may
already cause changes. It is therefore difficult to identify the source of a possible
secondary effect which might mislead interpretation of the UV-data. To draw
conclusion on product release inhibition is very difficult if the released product is not
measured and the oxidation state changes of the Mn,OxCa cluster and Yz are only
indirectly monitored with UV-absorption transients.

In contrast to this, MIMS allows detecting O. online with isotopic labelling. This
method is thus the most direct way to gain information on product release behaviour.
If a blockade of the product release cannot be detected by MIMS it is either (i) not
present and the result measured by UV absorption transients is caused by another,
secondary effect or (ii) the MIMS set-up is unable to reproduce all parameters

involved in creating the inhibitory effect.
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One possibility explaining the detected stalling of the Kok-cycle by UV-absorption
transients is that the effect is very weak and lasts only within the range of one or a few
Kok-cycles. This explanation is in contrast to the reported half inhibition at 2.3 bar.
An effect created by increasing oxygen pressure ~ 10 fold above ambient pressure
hints towards a strong influence of oxygen on the product release. It is therefore
unlikely that the set-up required difference in illumination protocol cancels an oxygen
induced inhibition. Nevertheless, measurements have been performed at comparable
low pressure, to exclude a disguised weak effect. The oxygen evolving activity at
varying pressure of O, and N, did not influence the photosynthetic oxygen evolving

activity.

The pH influences the photosynthetic reaction. A proton gradient is established
across the thylakoids membrane and stored oxidizing equivalents are
counterbalanced by charge abstraction to gain charge balance. The proton-relay
network is sensitive towards pH changes in many ways. The proposed inhibitory
effect of photosynthetic oxygen production by increased oxygen concentration at an
alkaline pH on product release (BOICHENKO AND EFIMTSEV 1979) could not be
confirmed. A stalling of the Kok-cycle at elevated oxygen pressure was not enhanced

by creating an alkaline pH.

5.4. Conclusion

Clausen and Junge (2004) proposed an inhibitory effect on photosynthetic oxygen
release at elevated oxygen pressure by UV-absorption transients. MIMS is the method
of choice to determine an inhibition of product release, because it allows detecting a
reactions’ product online. The use of an isotopic ratio mass spectrometer allows
distinguishing between the photosynthetic produced 80. and the applied elevated O-
pressure. The reported inhibitory effect was disproved by MIMS-measurements at

elevated pressure.
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6. ARTIFICIAL PHOTOSYNTHESIS

6.1. Introduction

The alarming increase in the atmospheric CO. level since the start of the
industrialization, has prompted diverse studies about possible environmental
consequences. The necessity to reduce the atmospheric CO. concentration has been
acknowledged by many industrial nations and the Nobel Peace Prize committee, who
have assigned the honor equally to the Intergovernmental Panel on Climate Change
(IPCC) and Albert Gore, for their efforts to build up awareness necessary to
counteract predicted environmental changes. One vital step is to exchange the use of
fossil fuels against “zero-CO. emission”-energy carriers in order to halt the
continuous increase in atmospheric CO. level and at the same time, meet the rising
energy demand. Thus the search for alternative power and fuel supplies is greatly
intensified. (For an overview see (BARD AND FOX 1995; KRUSE ET AL. 2005; LEWIS AND

NOCERA 2006) and "Climate Change 2007", the Fourth IPCC Assessment Report).

Technical approaches to reaching the goal of CO. emission reduction are diverse.

Methods e.g. to bind carbon are devolved (carbon capture storage, CCS). The use of

hydrogen as fuel supply remains attractive, even though H. storage has not been

solved satisfactorily, yet. A promising approach to solar fuel production taking
advantage of the infinite supply of sunlight and water, would be to mimic the natural
photosynthetic system, possibly in combination with artificial hydrogenases, to
directly convert solar energy into energy rich chemicals (BARD AND FOX 1995; LEWIS

AND NOCERA 2006; MEYER 1989; SUN ET AL. 2001).

Kirch and co-workers (KIRCH ET AL. 1979) proposed already in 1979 an assembly in

analogy to the catalytic sites of natural enzymes (biomimetic approach) consisting of

three successive parts (Fig. 24):

i) Part I is a PSII mimic performing a first light reaction to drive the oxidation of
water into four protons, molecular oxygen and four electrons, performed by a
catalyst (Catox). The electrons are transferred to an accepter (A-) and passed
via

11) Part II, a relay system (R), on to

ii1)  Part III a PSI analog. It consists of a photo-excited electron-acceptor that

donates the electrons to a hydrogenase (Hase) mimic (Catred). The second
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catalyst finally reduces four protons, which originate from the water splitting

reaction, to two hydrogen molecules.

Relay
PSIlI mimic PSI/ Hase mimic
2 H,0 A’\ / R /’D' 4H
O,+4H' A* A¢\> \ * D 2H
2 P R- D y 2
hy ﬁ 4e'ﬁ hyv'

Figure 24:

Proposed reaction cycle to produce H2 by mimicking both photosystems and combining the two light
reactions with a hydrogenase mimic (KIRCH ET AL. 1979). Electrons from water serve for the reduction of
protons (from water) to hydrogen.

In addition to the goal of efficient hydrogen production by artificial assemblies that
mimic PSII, a PSIT model can help to interpret the variety of information gained on
PSII by diverse biophysical approaches. There is a mutual dependence that exists
between understanding of the natural enzyme and the biomimetic approach of solar
fuel production: a complete understanding of PSII would be helpful as template for
mimicking PSII, while the artificial catalyst, exhibiting PSII like spectroscopic
features, helps interpreting data obtained of the natural PSII.

Manganese is favoured by many chemists for the synthesis of the PSII like part in the
artificial assembly, because it is chosen in the natural enzyme as an abundant metal
which ‘forms’ stable clusters and has a wide oxidation state range from Mn!! to MnVII

enabling one-electron oxidation steps. (ARMSTRONG 2008)

While the final goal, the development of industrial catalyst(s) for solar photoproduc-
tion on a large scale is still out of reach, a manifold of synthesized manganese-oxo
compounds have been characterized and reported in literature (for a comprehensive
overview see (MUKHOPADHYAY ET AL. 2004)). Oxygen evolution has been achieved with
several of those compounds (KURZ ET AL. 2007), but so far, catalysis of water oxidation
has mainly been reported for Ruthenium complexes, the most prominent being the
“Blue Dimer” (BINSTEAD ET AL. 2000; CHRONISTER ET AL. 1997; COMTE ET AL. 19809;
GERSTEN ET AL. 1982; GESELOWITZ AND MEYER 1990; GILBERT ET AL. 1985; HURST ET AL.

1992; LEI AND HURST 1994; NAZEERUDDIN ET AL. 1988; RAVEN AND MEYER 1988).
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The reported oxygen evolving reactions are mainly not induced by photon absorption,
but strong oxidants. Since some of the oxidants are capable of oxygen transfer
reactions (CHEN ET AL. 2007), one vital step to characterize and understand the
reaction mechanism is to distinguish between oxygen transfer reactions and true
water oxidation reactions. Incorporation of an isotopic label (80) into O. proves, if a
catalyst performs water splitting and might be useful as PSII mimic, if secondary
effects can be excluded. Separation and simultaneous detection of labeled oxygen
species by isotopic ratio mass spectrometry clarify a compound’s water oxidizing
ability. For this study, it is critical that only solvent water is isotopically labeled. If
neither catalyst nor oxidant contains the label, and possible reaction intermediates do
not undergo rapid exchange with the solvent. If none or half or fully labeled oxygen
atoms appear in the formed O. a clear conclusion may be drawn.

Out of a manifold of synthesized Mn-compounds, so far, only Naruta and co-workers
reported a dimeric Mn-compound to perform water splitting (NARUTA ET AL. 1994).
This study focuses on the capacity of several described compounds to act as catalysts
for the oxidation of H.O to electrons, protons and O. in order to select compound(s)
that mimic the PSII water splitting reaction and trigger the development of bio-

mimetic assemblies to finally yield efficient solar fuel production on a broad scale.

6.2 Results

In an attempt to sort the manifold of compounds and establish standard conditions
that enable direct comparison, Kurz and co-workers set up a grid study (KURZ ET AL.
2007). Six manganese complexes of various core type and ligand sphere have been
chosen and screened for their ability to catalyse an oxygen yielding reaction. Upon
addition of various oxidants O. evolution was recorded with a Clark type
polarographic oxygen electrode revealing diverse traces, which hint towards complex

reactions.

The established “O. evolution grid” enables focusing on most interesting compound/
oxidant-combination for mechanistic studies. From the grid the four O. evolving
manganese compounds together with two oxidants have been selected to study the
origin of the evolved O. by measuring oxygen evolution in presence of H.80 by

membrane-inlet mass spectrometry (MIMS).
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In a typical MIMS-measurement the reaction between a defined amount of compound
with a strong oxidant is followed by simultaneous detection of oxygen (*00,, 60180
and 180.), carbon dioxide (12C160., 12C160Q180 and 2C 180,) and argon (m/z = 40). The
aqueous solutions of the studied compounds are enriched with 80-labeled water and
the isotopic ratio of evolved oxygen is calculated. The maximal amount of the first O.-
rise for each oxygen species is determined and after taking into account the different
amplification factors of the detecting faraday cups (see Section 2.1), the values for
m/z = 32, 34 and 36 are summed up and the distribution of each species is calculated
in percent. To determine the final 30-enrichment of the reaction mixture, a rapid
association-dissociation equilibrium reaction, taking place between H.O and CO.
(scrambling) is utilized. As the oxygen atoms between the two molecules exchange
rapidly (ti/- < 10 s (LIMBURG ET AL. 2001) the 180-labeled CO. species represent the

portion of H.!80 in the solvent water.

An incorporation of 180 into evolved O. enables drawing conclusions on the oxygen’s
origin if the oxidant is slow in exchange with solvent water in comparison to the rate
of oxygen evolution. ESI-MS measurements have been performed at Varian
(Darmstadt, Germany) to detect an oxygen exchange involving the oxo-groups of

oxone and 80-enriched bulk water (Fig. 25).
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Figure 25:

ESI-MS measurement of oxone in H210 (A) and H2180 (B) after 30 min incubation time. Measurements
were performed at Varian in Darmstadt, Germany.
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Within 30 min scrambling does not occur between solvent water and oxone,
confirming earlier studies by Chen and coworkers who showed that oxone does not
exchange within 1 h with labeled solvent water (CHEN ET AL. 2007). This premise
limits the choice of oxidant compatible with isotopic studies and excludes the use of

e.g. hypochlorite (OCI-) (LIMBURG ET AL. 2000).

The following models describe possible reaction mechanisms based on the isotopic

distribution of molecular oxygen:

Model A: Assuming that a water oxidizing reaction is catalyzed by a com-
pound/oxidant solution, possible combinations are (i) two H»°O forming one O—-O
bond, (ii) one H-1°0 and one H.!80 forming one single labeled species 0080 and (iii)
two H,'80 combining to 180.. In absence of isotope effects the isotopic distribution of

the evolved O. can therefore be calculated:

160, : 160180 : 180, = (1—¢€)2:2(1-¢e)e: &2 (24)

with ¢ = 180 enrichment.

The isotopic pattern of the produced O. consequently depends on the proportion of
H.180 in the 00 external water phase, provided (i) that the substrate of the O.
evolving reaction is water, (i7) external water freely accesses the active site of the

compound and (ii7) the bound substrate water is exchangeable.

As the oxidants, oxone and TBHP can act as oxygen transfer agents, further
possibilities are: Model B, one oxygen atom is transferred from the unlabeled oxidant
onto the Mn-compound and combines with solvent water to molecular oxygen. In this
case only unlabelled and single labeled oxygen forms. Alternatively, both oxygen
atoms stem from the unlabeled oxidant and yield only oxygen at natural enrichment
(Model C).

6.2.1 Analysis of O: evolved by the reaction of oxidants with

manganese containing compounds

According to the grid study Mn.-terpy ([(terpy) (H.O) Mn!I (O). Mn!V (OH.) (terpy)]
(NOs); (terpy = 2,2’:6,2”-terpyridin) (COLLOMB ET AL. 1999; COLLOMB ET AL. 2001;
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LIMBURG ET AL. 1999; LIMBURG ET AL. 2001) Mn.-mcbpen ([Mnl,(mcbpen).(H20.)]
were mcbpen is the anion of N-methyl-N-carboxymethyl-N,N-bis(2-
pyridylmethyl)ethane-1,2-diamine) (POULSEN ET AL. 2005), Mn.-bpmp-AcO
(IMno(bpmp)(u-OAc).]* with 2,6-bis[(IN,N-di(2-pyridinemethyl) amino)methyl]-4-
methylphenol) as the anion of the complex (SUN ET AL. 2000) and Mn -tbhpn ([Mn4O.
(TBHPN). (H20). (CF3S05).]3* (CHAN AND ARMSTRONG 1990) are capable of oxygen
production in reaction with the oxidants TBHP and oxone (both dissolved in water).
Oxygen evolution has been reported earlier for Mn,-terpy and Mn.-mcbpen, while the
grid study has revealed oxygen evolution for the di- and tetranuclear manganese

compounds Mn,-bpmp-AcO and Mn,-tbhpn.

6.2.1.1 Mn--terpy

The dinuclear manganese complex Mn.-terpy (Fig. 26) evolves O in reaction with the

oxidant oxone (KURZ ET AL. 2007; LIMBURG ET AL. 2001).

Figure 26:

The dimeric, bis-py-oxo bridged manganese compound
Mna-terpy ([(terpy) (H20) Mn'" (0)2 MnV (OH2) (terpy)]
(NO3)3 (terpy = 2,2:6,2"-terpyridin) (LIMBURG ET AL. 2001)
with its tridentate ligand, terminally coordinates two
water molecules in trans position per metal center. The
compound was synthesized in the group of Prof. Dr.
Stenbjorn Styring, Uppsala, Sweden by Gustav Berggren.

Mna-terpy

While MIMS confirms the reported evolution of labeled species (Fig. 27),
stoichiometric evolution of labeled oxygen species according to model A is not
detected. The isotopic distribution of the formed O. is compared on the right side of
Fig. 27. View also Table 5) with model A “pure water oxidation” and model B, where
one oxygen is transferred from the oxidant (unlabelled) and one from water

(containing 180 label).
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1 1 .
°0”°0 Mn,-terpy, 8% H,”O ™ Figure 27:
Reaction of 5 equivalents oxone per
X100 7 =34 "] metal center with 2mM Mna-terpy
dissolved in H20 with a final 180-water en-
— miz=32 richment of 8%. Measurements are per-

formed at 20°C. Upon oxone injection
mainly 160 (black trace) and 160180 (red
trace) are produced. The amount of 1802
by the compound is ~1/3 of what is
expected for a pure water splitting
reaction (model B).

X1000 17z = 36

relative oxygen yield after oxone injection

X|=

) time, s A
HSO,

The comparison (Fig. 277) shows that neither model B, nor model A fully explains the
data. Apparently a mixture of both reaction pathways occurs. A second oxone
injection does not yield the same result, but an increase in unlabelled and a decrease
in labeled oxygen species is observed (data not shown). Mn.-terpy therefore does not
act as a true catalyst for water-splitting. However, since a small percentage of water-

splitting does occur, it may serve as model for future development.

6.2.1.2 Mn.-mcbpen

Mn.-mcbpen (Fig. 28) (POULSEN ET AL. 2005), evolves O, upon addition of the oxidant
HSO5_.

Figure 28:

= = j2+ . .
‘ | The dimeric manganese compound Mn2-mcbpen ([Mn''2 (mcbpen)2
Sy o. N (H202)] were mcbpen is the anion of N-methyl-N’-carboxymenthyl-
N |oH }\N N,N’-bis(2-pyridyl methyl)ethane-1,2-diamine) (POULSEN ET AL. 2005)
[ \vm" O'W'T“M n"/ j has two terminally coordinated water molecules in trans position
N/‘ \o——"’"/‘ \N per metal center. It contains carboxylate bridges instead of the p-
\& H,0 o oxo bridges in Mna-terpy. The compound was synthesized in the
N, © E\ group of Prof. Dr. Stenbjérn Styring, Uppsala, Sweden by Gustav

‘ P / Berggren.

Mn>-mcbpen

When enriching the solvent water with H,'80, mainly unlabelled and single labeled
oxygen species are detected (Fig. 29). The measured isotopic pattern of Mn.-mcbpen
resembles the distribution of “model B” best, despite the detection of a minor amount

of 180.. The compound cannot be defined as a catalyst that would yield reproducible
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amounts of oxygen for many cycles, because the oxygen evolution decreases with the

third oxone injection (data not shown).
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Figure 29:

Mn2-mcbpen (2mM, in water) is reacted with oxone (5 equivalents per metal center, dissolved in water) at
20°C. The final 180-water enrichment is 8%. Oxone injection (blue) invokes mainly 1602 (black trace) and
16018Q (red trace) evolution.

6.2.1.3 Mn,tbhpn

The tetra-nuclear manganese-compound Mny-tbhpn (Fig. 30) (CHAN AND ARMSTRONG

1990) with its heptadentate ligand exhibits oxygen evolution at oxone addition (KURZ

ET AL. 2007).
VAR “3+
Vs,
TN
N
\M/"\\,.OTf
o "“OH2 — Figure 30:
AN
/Mn"l“.f_o\_umﬁv The tetrameric manganese compound Mna-tbhpn ([MnsO2 (TPHPN)2
N\ — Ho >o (H20)2 (CF3S03)2]3* (CHAN AND ARMSTRONG 1990) has two terminally
N@ Tfo;”MQ" coordinated water molecules. The compound was provided by Prof.
7N ,/ N Dr. William Armstrong.
. ( (\ 1/
_/ N=

Mng-tbhpn \

MIMS measurements reveal the evolution of mainly unlabelled and single labeled

oxygen species (Fig. 31). Like in the cases of the previously described results of the
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compounds Mn.-terpy and Mn.-mcbpen, the O. generated by the reaction of Mn,-
tbhpn with oxone does neither match the theoretical assumption of a water splitting
reaction (model A, Table 5) nor of an oxygen atom transfer reaction by oxone (model
B, Table 5) entirely. However, the resulting pattern is close to model B. The
compound responses to a second oxone injection with evolution of ~ 2 of the O,

evolved at the first oxone addition (data not shown).

Mn,-tbhpn, 8% H,"*0 -

16/~ 18
00 100 Figure 31:
—— miz=34
= Reaction of 5 equivalents
—_ m/iz=32 oxone per metal center (dis-
solved in water) with 2mM Mngy-
x1000 /7 = 36 tbhpn dissolved in H20/ MeCN

(3:1) and 8% H2180. The
solution is constantly tempered
u at 20°C. Upon oxone injection
mainly 1602 (black line) and
160180 (red line) are produced.

relative oxygen yield after oxone injection
a

w [ ]

| .
HSO, time, s A

6.2.1.4 Mn.-bpmp-AcO

Compound Mn.-bpmp-AcO (Fig. 32) exhibits oxygen evolution in reaction with the

oxidant oxone.

| + Figure 32:

The dimeric manganese compound Mn2-bpmp-
AcO ([Mnz(bpmp)(u-OAc)2]* with 2,6-bis [(N,N-
di(2-pyridinemethyl) amino)methyl]-4-methyl-

X N 0 N X phenol) as the anion of the complex (SUN ET AL.
| N N\ | 2000) has two terminally coordinated acetate
N——Mn"  Mn" — groups that are replaced by water derived
F /‘:\ $k ligands in solution. Gustav Berggren and Dr.
/\N O\O QO = Magnus Anderlund synthesized the com-pound
| I at the chair of Prof. Dr. Stenbjorn Styring,

X X Uppsala, Sweden.

Mn,-bpmp-OcA,

The isotopic distribution of evolved O. is analyzed in measurements of Mn.-bpmp-
AcO with H,180 and HSO5".
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ke Mn,-bpmp-AcO, 8% H,”0 | ™ Figure 35:
x100 /7 = 34 Relative oxygen yield of Mn2-bpmp-
AcO after injection of 5 equivalents
— m/z=32 oxone (dissolved in water) per
metal center to a 2mM Mn2-bpmp-
x1000 /2 = 36 AcO in H20/MeCN (3:1)-solution.
The mixture yields a final 180-water
enrichment of 8%. The evolution of
18 160, (black trace), 160180 (red

02 trace) and 1802 (blue trace) follow
[ ] an oxone injection (blue). The
isotopic distribution compares very
1602 well to model A (“true water

splitting reaction”).

relative oxygen yield after oxone injection

time, s 20's A B

HSO,

The observed distribution of labeled oxygen species agrees well with the theoretically
expected value based on the isotopic distribution of solvent water (model A, Table 5).

Further oxone injection reveals a fast destruction of the compound.

Table 5:

Isotopic distribution of Oz evolved by compounds Mn2-mcbpen, Mna-terpy, Mns-tbhpn and Mn2-
bpmp-AcO

m/z | Mn2-mcbpen Mnz-terpy Mngs-tbhpn Mn2-bpmp-AcO MoODEL A MoDEL B
32 91.2 (+0.4) 92.6 (+0.1) 91.7 (£0.1) 85.1 (+0.2) 84.6 92

34 8.8 (+0.4) 7.2 (+0.1) 8.2 (1+0.1) 14.9 (+0.2) 14.7 8

36 0.03 (+0.0) 0.2 (£0.0) 0.06 (+0.0) 0.6 (+£0.0) 0.6 0

Experimental and calculated isotopic distribution for the reaction of Mn>-mcbpen, Mna-terpy, Mns-
tbhpn and Mn2- bpmp- AcO (each 2 mM) with oxone (each 5 equivalents). The final 180-enrichment
was 8%. The calculated value model A reflects two oxygen-atoms deriving from water while model B
represents one O-atom originating from water and another one transferred from the unlabelled
oxidant HS1€0s'.

While the second addition of 5 equivalents oxidant yields clearly less 80-labeled
oxygen species, the third oxone injection is similar to the isotopic distribution of

oxygen species at natural abundance and the values gained for Mn,O; (Fig. 34).

The most interesting compound is Mn.-bpmp-AcO which matches the isotopic
distribution of “model A”, the water splitting reaction. To substantiate the
interpretation that a water splitting reaction takes place, further measurements are

performed.
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6.2.2 Stoichiometric 80: evolution by Mn.-bpmp-AcO

The measurements reveal stoichiometric 80, evolution by Mn.-bpmp-AcO directly
after addition of oxone. To ensure that the detected oxygen yield is caused by a
specific reaction of Mn.-bpmp-AcO with the oxidant, the following experiments were

performed:

A the amount of evolved oxygen is plotted versus varying concentrations of

Mn.-bpmp-AcO and correspondingly,

B the amount of evolved oxygen is measured versus varying concentrations of
oxone,
C Mn.0Os, a manganese-oxo compound without chelating ligand is reacted

with oxone and
D the chelating ligand bpmp-AcO without bound manganese is measured at

conditions corresponding to the standard conditions (Section 2.5.5).

Mn,-bpmp-AcO, 3% H,"*O Mn,O,
'5 A B /z = 32 c "
8 miz = -
£ 200y =34
2
E 1000 m/z = 36
o ‘60180
& n
©
- ]
°
>
o
[0}
o
=
=
o
)
2
®
E 1 1 I I 1 J 1 ! =
0 0510 20 400 2.5 5 10  0.02% 10%
. 18
Mn,-bpmp-AcO (mM) oxone, equivalents H,"O

Figure 34:

Dependency between oxygen yield and concentration of Mn2-bpmp-AcO. The oxone addition was kept at a
constant ratio of 5 equivalents oxone per metal center (A). Corresponding dependence between Oz
evolution and oxone concentration is shown in (B). In each measurement the final 180-enrichment was 3%.
When doubling the concentration of 2 mM compound and 5 equivalents oxone per metal centre, the O2
yield is diminished. To prevent a limitation by oxone shortage the compound/oxone-ratio is kept constant
in A. (C) Isotopic labeling studies of a manganese oxide without chelating ligand reveal (i) a different
isotopic pattern in comparison to A and B and (ii) no significant change in isotopic pattern when
comparing measurements without additional 180-water to samples with 8% 180-water enrichment. In C
m/z = 32 (1802, black squares) contributes to 99.6%, while the percentage distribution of m/z = 34
(160180, red squares) is 0.4% and the one of 36 (1802, blue squares) below the detection limit. The ex-
perimental error is smaller than 1% for m/z = 32 and 34. Each measurement is performed at 20°C with
Mn2-bpmp-AcO solved 3:1 in H20: MeCN while Mn203 and oxone are solved in H20.
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Figure 34(A) reveals a correlation between relative O.-yield upon oxone injection and
Mn.-bpmp-AcO concentration. Several compound concentrations varying from 0.5 —
4 mM are reacted each with 5 equivalents oxone per metal center. The amount of
oxygen evolved increases by 1.4 times when doubling the concentration from 0.5 to 1
and by 1.2 times when increasing the concentration from 1 mM to 2 mM, while
further increase in concentration, to 4 mM, yields a lower O. evolution by 1.7 times in
comparison to the yield of measurements with 2 mM. (B): at low oxidant
concentrations the amount of O, evolved increases by 1.5 times with further addition
of oxidant equivalents while O. evolution decreases by 2.3 times at higher oxidant

concentrations.

Measurements of manganese (III) oxide with oxone (C) exhibit mainly 00, evolution.
The values for the different oxygen species obtained at natural abundance (0.02%)
and 30-enrichment of 10% are highly comparable, revealing that the detected oxygen

does not originate from solvent water, but almost entirely from oxone.

bpmp’, 3% H,”0
Figure 35:
— (m/iz=32) Measurement of 2 mM bpmp-AcO
dissolved in a H20/MeCN (3:1)-
X100 (m/z = 34) solution with a final 180-
enrichment of 3%. Upon oxone
x1000 (m/z = 36) addition (_5 equivale.nts per metal
HSOs' center, dissolved in water) an

oxygen uptake by the ligand
scaffold is detected. Concomitant
with oxone a minor amount of
Argon is injected causing a small
artifact on m/z = 36. Black traces
16 represent 160, red traces 160180
02 100 s and blue traces 1802.
[ ——

relative CO, yield after oxone injection

time, s

Measurements of bpmp-AcO clearly lack O. evolution when treated with oxone (Fig.
35). On the contrary, upon oxone addition an oxygen uptake is detected revealing that
oxygen is not produced by bpmp-AcO. The decrease in oxygen signal is most likely
based on oxygen consumption by the compound, showing that oxone efficiently
oxidizes the ligand. This is also visible when only small amounts of oxygen are

liberated e.g. at low oxidant/compound concentrations (data not shown).
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6.2.3 Influence of pH

At standard conditions (Section 2.5.5), Mn.-bpmp-AcO evolves oxygen according to

model A, but further oxone addition leads to a loss of the production of labeled

species. One possible reason for this could be that the oxone solution is highly acidic

(pH ~2) and might cause destruction of the compound. In an attempt to stabilize the

compound and possibly increase turnover number the solution pH was kept above

pH > 4 by the use of acetate buffer.

The comparison of measurements with acetate buffer (100 mM, pH 4.3) (A) and at

standard conditions (B) (Fig. 36) reveals that the reaction is perturbed in the presence

of the buffer.

8% H,"”0O

A Mn,-bpmp-AcO, acetate buffer/MeCN
HSO,

5

—

B Mn,-bpmp-AcO, water/MeCN
160180

relative oxygen yield after oxone injection

6.2.4 CO: evolution by Mn.-bpmp-AcO

Figure 36:

Reaction of 2mM Mna-bpmp-AcO
with 5 equivalents oxone per metal
center (dissolved in water) at 20°C.
The 180-enrichment yields 8%.
Compared are measurements of
Mn2-bpmp-AcO in a 3:1 acetate
buffer (pH 4.75): MeCN solution (A)
to standard conditions of 3:1 water/
MeCN solution (B). Black traces
represent 160,, red traces 160180 and
blue traces 1802.

Upon addition of 100 mM
acetate buffer, only negligible
amounts of labeled species
are formed by oxone injection
despite 8% 180-water enrich-
ment. This is in clear contrast
to the measurements in an
unbuffered solution, which

represent model A.

The reaction of Mn.-bpmp-AcO with oxone yields not only O., but labeled carbon

dioxide species (C*0080 and C80,) were also produced at significant levels. This CO.
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evolution can be recorded at m/z = 44, 46 and 48 (data not shown). Nearly twelve
times more CO. (m/z = 44) than O. (m/z = 32) is generated upon oxone addition. The
active site of Mn.-bpmp-AcO comprises two manganese atoms which are directly
ligated by two acetate groups. Acetate can easily produce CO. and may therefore be
the source for the observed CO. evolution. This hypothesis was tested by the exchange
of the acetate ligands against (i) 13C-enriched acetate (H;:2C:3COQO-) and (ii) chloride

as replacement for the acetate groups.

S Figure 37:
o m/z ?C-AcO “C-AcO natural
S abundance Mass scan from m/z = 44 and to
Q) 44 988 78.3 98.9 m/z = 45 at 20°C. Mn2-bpmp-AcO
£ " 15 o17 » (2 mM in H20/MeCN (3:1)) is
g : : : measured either with 12C-AcO
§>< (black traces) or 13C-AcO (blue
() — Mn,-bpmp -H312C1zCOO' traces). An increase by ~ 20 times
o) 1213 ) of m/z = 45 for Mn2-bpmp-13C-AcO
u"('—U' — Mn,-bpmp -H,”C "COO labeled samples in comparison to
o Mn2-bpmp-12C-AcO is revealed.
o
>
@)
©)
o
=
5 J
)
—

m/z = 44 m/z = 45

The difference of one mass unit between m/z = 44 (12C) and m/z = 46 (33C) can be
separated when scanning the mass range. Comparison of Mn.-bpmp-12C-AcO to Mn.-
bpmp-13C-AcO reveals a clear increase in m/z = 45 by ~ 20 times (Fig. 37), together
with a corresponding decrease of the m/z = 44 peak. Replacement of acetate ligands
against chloride diminished CO. emission by ~ 20% (data not shown). It is interesting
to note that measurements of Mn-free bpmp-AcO yields CO. in reaction with oxone as
well. However, compared to the reactions of fully assembled Mn.-bpmp-AcO the CO.
yield is reduced to 1/14 .

6.2.5 Oxidation with the strict two-electron transfer agent lead

tetraacetate

Mn,-bpmp-AcO2 appears to split water upon reaction with oxone. However, the
situation is complicated by the fact, that oxone is a two-electron transfer agent that is

also capable of oxygen transfer reactions. To exclude that doubly labeled oxygen is
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formed by an oxygen transfer reaction which is followed by a fast solvent exchange,
lead tetraacetate (Pb(OAc),), a strict two-electron transfer agent is used to oxidize the
Mn.-bpmp-AcO.

Figure 38:

Mn,-bpmp-AcO, 8% H2180 Relative oxygen yield of
Mna-bpmp-AcO after in-
jection of ~ 5 equiva-
lents lead tetraacetate
(Pb(OAc)s) dissolved in
MeCN. The mixture of
2mM  Mn2-bpmp-AcO
per metal center (H20/
MeCN-solution, 3:1) had
a final 180-water en-
richment of 8%. The
evolution of 1602 (black
H,O: MeCN (3:1) trace), 160180  (red

trace), 1802 (blue trace)

== was induced by Pb
(OAc)s addition (blue).
As control, lead tetra-

miz = 34 (°0"0)
m/z = 36 (O, *Ar)

miz = 32 (°0,)

relative oxygen yield after lead injection

5s acetate is injected into
' ' N | a solution of H20/MeCN
(3:1) (inset). Detection
T . of m/z = 40 (%Ar)
time, s functions as control.

Pb(OAc),

The reaction of Mn.-bpmp-AcO with the strict two-electron transfer agent lead
tetraacetate yields an isotopic pattern for O. that is close to model A (“pure water
splitting”). In comparison, the reaction of Mn.-mcbpen with lead tetraacetate does

not yield oxygen.

6.2.6 Oxidant tert-butyl hydroperoxide

The tested compounds Mn.-bpmp-AcO, Mn.-mcbpen, Mn.-terpy and Mny-tbhpn
evolve oxygen upon oxidant tert-butyl hydroperoxide (TBHP) addition as an oxidant,
but :80-enrichment does not lead to an increased evolution of labelled oxygen species.
The relative amount of evolved 1080 and 80. is essentially identical between
measurements at natural abundance and a final enrichment of 92% H,180 (data not

shown). Therefore, in case of TBHP both oxygen atoms stem from the oxidant.
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6.2.7 0:/CO: evolution and the 80 content of evolved O:

The four compounds Mn.-terpy, Mn.-mcbpen, Mn.-bpmp-AcO and Mn,-tbhpn

evolve O and CO. to very different extends.

Figure 39:

, [0,] (nmol)

] Comparison of the Mno-
100 -1 gl 1 100 terpy, Mnz2-mchpen, Mno-
........... e bpmp-AcO and Mnas-tbhpn.
CO2 and 02 concentrations

.............. 80 in nmol (for evaluation of
"""""" peak heights, see Section
60 =" | = . 60 2.6) evolved by the com-

pounds are displayed. For
40 b= r details about calibration by
.......... A 40 injection of defined
amounts of 02 and CO,
20 || view Section 2.6.2. Dis-
120 played for each com-pound

are the 180 content of
0 evolved 02 (1802 + % -
= O content water 160180) and the 80 content
O content evolved O, of solvent water enriched

0, (nmo/ i 18
002 (”mol) ) with H2180.

Mn,-terpy
Mn,-mcbpen
Mn,-tbhpn

Mn,-bpmp-AcO

Compounds Mn.-terpy and Mn.-mcbpen produce the highest oxygen yields (Fig. 39).
In both cases, clearly less CO. than O, is liberated. While the tetrameric manganese
compound Mny-tbhpn evolves less O,, the CO. emission is lowest in comparison to
other tested compounds. Mn.-bpmp-AcO evolves by far the least molecular oxygen,
while the carbon dioxide yield clearly exceeds the one of the other three compounds,
and its O.-production. If selecting a compound only on dioxygen yield and benefiting
0,/CO.-ratio Mn.-bpmp-AcO would be excluded, but because of its ability to produce
labeled oxygen species, in accordance with the 180 enrichment, it is the most
interesting compound. Mn.-terpy, Mn.-mcbpen and Mn,-tbhpn also evolve labeled
oxygen, but the 830 content of the produced dioxygen amounts to only about half of
the amount of added H,'80.

6.3. Discussion

The aim of this study was to classify the observed O. evolution activities of several
Mn-compounds according to three categories: A: true water splitting, B: only one O

from water and C: decomposition of oxidant (both O from oxidant). Therefore, Mn.-
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bpmp-AcO, Mn.-mcbpen, Mn.-terpy and Mn,-tbhpn have been mixed with various
oxidants (HSO5-, Pb(AcO),, TBHP) in the presence of 180 enriched water and oxygen
evolution was followed by MIMS.

Mn.-bpmp-AcO, Mn.-mcbpen, Mn.-terpy and Mn,-tbhpn produce dioxygen in very
different amounts (Fig. 39). While none of the tested compounds is a true catalyst
that repeatedly evolves reproducible amounts of dioxygen and all of the tested
compounds liberate CO. to very different extends, only Mn.-bpmp-AcO yields as
much 180 as present in the solvent water (Model A), but is the least stable of the
tested compounds. For the other three compounds, about half of the 30 content of
solvent water is detected in the produced dioxygen (Model B). The mechanism of a
one-oxygen-transfer reaction has been proposed for the compounds Mn.-mcbpen
(POULSEN ET AL. 2005) and for Mn.-terpy (LIMBURG ET AL. 2001). The performed
MIMS measurements of Mn.-mcbpen and Mn.-terpy in reaction with oxone (Figs. 27
and 29) reveal the evolution of mainly unlabeled and single labeled oxygen species
and thereby confirm these previous proposals. Very similar results were obtained
with Mn,-tbhpn and oxone (Fig. 31). In all three cases varying, but small amounts of
180, are detected, which do not match the yield expected for true water splitting
reactions (Model A). An exchange reaction between transferred oxygen and solvent
water must therefore clearly be slower than the oxygen release kinetic. Alternatively, a
small percentage of true water-splitting activity of these complexes cannot be

excluded. They may serve as models for future development.

The reaction of Mn.-bpmp-AcO in H,'80 with the oxidant oxone and the oxidant lead
tetraacetate reveals 80, evolution at theoretical level (Model A, Fig. 33, Table 5). The
possibility of a fast exchange reaction, where oxygen is transferred by oxone in a first
step and then rapidly exchanged against labeled bulk water, cannot be excluded. Lead
tetraacetate is a true two-electron transfer agent, not capable of oxygen transfer
reactions. The oxygen evolution of Mn.-bpmp-AcO in reaction with lead tetraacetate
therefore excludes fast exchange reactions and indicates strongly that water is the
source of the liberated oxygen and that Mn.-bpmp-AcO oxidizes water to O.. The
oxygen evolving mechanism for Mn.-mcbpen on the other hand has been shown to
involve oxygen transfer. This compound does not evolve oxygen in reaction with lead

tetra acetate, confirming the drawn conclusion.
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So far, the final reaction mechanism for the most interesting compound Mn,-bpmp-
AcO has not been established, though several reaction steps have been suggested
earlier. The stepwise oxidation of Mnl/I to Mn!l/IIis proposed to be facilitated by the
exchange of acetate ligands against water-derived ligands (H.O, OH-, O2). The
mechanism is thought to be a p-acetate bridge modification by rapid association-
dissociation equilibrium. The mechanistic proposal is based on a dependency of the
reaction on water. Measurements of Mn,-bpmp-AcO performed in dry acetonitrile
have shown that manganese cannot be oxidized beyond Mn!/III (EILERS ET AL. 2005;
HUANG ET AL. 2002; HUANG ET AL. 2004). MIMS measurements reveal that the water
splitting ability is lost in the presence of acetate buffer. Analogues to the finding that
the ligating acetate groups have to be exchanged against water derived ligands
previous to the water splitting reaction, the use of acetate buffer perturbs the water
oxidizing reaction greatly. The increased concentration of acetate ions shifts the
association-dissociation equilibrium between bound acetate and water so strongly
towards acetate that only a slight amount of labeled oxygen species is evolved in the

presence of acetate buffer (Fig. 36).

Based on the finding of a reaction from Mn!/II to MnII/IIl that involves the exchange
of acetate ligands against water derived ligands, the first step of the reaction towards
water splitting is likely to be a two-electron transfer reaction from Mn!/II to MnI/IL,
Lead tetraacetate is a strict two-electron transfer agent that yields labeled oxygen
species. It therefore is likely that a second 2 e- transfer reaction yields Mn!V/IV that
could be able to oxidize water. However, the entire reaction mechanism and the active

species involved remains unclear at this early stage.

While Mn.-bpmp-AcO performs water splitting upon addition of a chemical oxidant,
the final goal of developing a light driven catalyst mimicking PSII for industrial
production is still out of reach. Mn.-bpmp-AcO already performs two key reactions of
the sought hydrogen producing assembly: it oxidizes water and has been successfully
coupled to a photo-sensitizer (P680 mimic) and electron acceptor; a stepwise
photooxidation of the Mn.-compound, mimicking the PSII electron transfer reaction

has been proposed (HAMMARSTROM ET AL. 2001; SUN ET AL. 2000).
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6.3. Conclusion

One dimeric Mn-compound (Mn.-bpmp-AcO) has been identified to generate O,
closely resembling the theoretical values, and thus suggesting strongly a true water-
splitting reaction. Though the 180 exchange from water into oxone is slow, the
possibility of O-transfer and subsequent exchange against 80 from water could be
excluded on the basis of 80, evolution in reaction with the 2 e~ oxidant Pb(OAc),,

which is not capable of O-transfer reactions.
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