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1 Introduction

1.1 Evolution of photosynthesis

Photosynthesis is the physico-chemical process by which plants, algae and
photosynthetic bacteria use light energy to drive the synthesis of organic compounds. It
provides the energy to reduce the carbon required for the survival of all life on the Earth,
as well as the molecular oxygen necessary for all living organisms. In plants and algae,
light driven photosynthetic reactions occur in chloroplasts, in their internal systems of
membranes which are known as thylakoids. The total photosynthetic activity in the
biosphere consumes 2 - 4 x 10'® kJ/ year of light energy. This is only 0.1% of the total
light energy which reaches the surface of the Earth. From this energy input about 200
billion tons of biomass are produced by photosynthetic organisms fixing more than 10%
of the total atmospheric CO, per year. The photosynthetic process results in the
production of carbohydrates, lipids and proteins which are the source of food for all
living creatures [1].

Oxygenic photosynthesis appeared about 2 billions years ago. Cyanobacteria
already possessed a photosynthetic apparatus which allowed them to extract electrons
from water. As a byproduct O, was produced. The existence of oxygen in the atmosphere
changed the direction of the evolution of life on Earth. Oxygen is essential for
respiration. During this process the organic compounds are oxidized back to carbon
dioxide and water and the energy necessary for living organisms is generated. However,
the first photosynthetic organisms appeared on Earth about 3.5 milliard years ago. They
used reduced forms of sulfur as a source of electrons. Photosynthesis using electron
donors other than water was carried out in photosynthetic bacteria. This process
generally operated under anaerobic conditions.

Photosynthetic organisms can be classified by the type of their ultimate electron
acceptor (Figure 1). One group is the Q- type (non-haem iron- type), and the other is the
FeS cluster- type. Q- type organisms use quinone molecules, whereas the FeS- type iron-
sulfur clusters, as terminal electron acceptors. Purple bacteria and green non sulfur
bacteria, which are classified as Q-type organisms, contain type II reaction centres
(RC), whereas green sulfur bacteria and heliobacteria (FeS- cluster type organisms) show
a type I RC. Higher plants and cyanobacteria contain both type I RC (photosystem I,
PSI) and type II RC (photosystem II, PSII). The main distinction between these two
types of reaction centre 1is the midpoint redox potential (Ey) of their special pair of
chlorophylls in the RC. Photosystem II is able to use electron donors with a very positive
midpoint redox potential but it does not generate strong reductants, whereas photosystem
I generates strong reductants and uses electron donors with lower redox potential than
PSII. In photosystem II, water serves as the electron and proton donor. Its midpoint redox
potential, £y, which is the highest among all photosynthetic reaction centers (Figure 1)
allows them to extract electrons from water. In the case of oxygenic photosynthesis, PSII
and PSI cooperate in linear electron transfer via the cytochrome b6/f complex. However,
only PSI reaction centers are able to reduce nicotinamide adenine dinucleotide (NAD) or
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nicotinamide adenine dinucleotide phosphate (NADP) and produce NADH and NADPH,
respectively. The reduced forms are further used in the dark reactions of photosynthesis.

Purple and Psll _Psl green sulfur heliobacteria
E (V) green filamentous cyanobacteria bacteria
sl bacteria P700*
A Pgao* Prog*
Az }hla A, Chla” A #HO-Cha
. . X Y "q
\ A Y \ \
08 N \ X \ |
\‘ ;heoa 4Fe-45 \ \I'
08 BPh:eo N hy 4Fe-45 he  4Fe-4S
04 '\.i \
hv 4
L uaq,or Mg,
02 ) e, POA
T hv
0z L P78
P340 BChlg
B BChla
o4 P870 or 960 P700
08 |- BChlaor b ChlaChls
ozl PSII reaction centers
' have the highest AEy;
10 |-
12k Q- type RCs |Psgo FeS- cluster type RCs
Chla
Type Il reaction centers Type | reaction centers

Figure 1. Reaction centers of photosynthetic organisms. The primary electron donors are
shown, and the primary and secondary electron acceptors for the various reaction centers.
In addition, their midpoint potentials are indicated. UQ: ubiquinone; MQ: menaquinone;
PhQ: phylloquinone; PQ: plastoquinone.In the case of Rb.sphaeroides, the midpoint redox
potential, Ey;= 470 mV. PSII reaction centers have the highest midpoint redox potential
equal 1.2 V The scheme is modified in line with: [1] and [2].

1.2 Architecture of photosynthetic apparatus

All photosynthetic systems have a fundamentally common structure [3], [4]. They
are composed of an intergral membrane protein complex to which pigments (carotenoids
and chlorophylls), lipids, and redox- active cofactors (such as chlorophylls, quinones
and tyrosines) are bound [5]. Light energy is absorbed by antenna pigments
(chlorophylls, phycobilins, carotenoids), which transfer it to their reaction centres.
Carotenoids also have photoprotective and structural functions [6], [7]. Antenna
pigments are either in the reaction centre complex (core antenna) or in separate protein
complexes (peripheral antenna).

1.2.1 Photosynthetic reaction centers of purple bacteria

The photosynthetic reaction centres of purple bacteria, which belong to Q-type
systems, are the best recognized photosynthetic structures and therefore they serve as a
model system in studies of intramolecular electron transfer within proteins. Bacterial
reaction centre complexes are composed of a cytoplasmic protein H, of cytochrome ¢ on
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the periplasm side and transmembrane protein chains L and M, which form a core of
two- fold symmetry [4].

Q. | Fe

L-polypeptide M-polypeptide Acti
ctive 7,
i ——
branch / Qs
Ha

Figure 2. Structure of the Rhodobacter sphaeroides reaction centre (according to [4]): Crt
represents a single carotenoid.

Inactive
branch

Crt

Each of the RC complexes has eleven membrane- spanning helices, five in L, five in M
and one in the H subunit. The subsequent cofactors active in the subsequent electron
transfer steps are found on the two core peptides L and M: a special pair of
bacteriochlorophyll (P860) serving as a primary electron donor, two bacteriochlorophyll
monomers (B, and Bg), two bacteriopheophytins (Ha and Hg), a non- haem iron (Fe) and
two molecules of quinone (in the case of Rb. sphaeroides- ubiquinone 10) ,Qa and Qg,
which are the final electron acceptors. Despite the symmetry only one branch is used in
wild type reaction centres in light- driven electron transfer. This branch is associated
with the L subunit and is called the A (active)- branch, whereas the inactive one is called
the B- branch. The inactive branch can be forced into operation with modification of
amino acid side chains on the active branch [8]. Light activated electron transfer
proceeds from the special pair to Hy via the monomeric accessory bacteriochlorophyll
Ba. The primary quinone acceptor bound at site Qa (localized on subunit M) accepts an
electron from Hj, localized on subunit L, and delivers it to the secondary quinone
acceptor at the Qg site, with ubiquinone bound to the subunit L. The ubiquinone at the
Qa site can only accept one electron whereas ubiquinone Qg can be doubly reduced.
Ubiquinone Qg, after binding two protons forms ubiquinol QgH,, and leaves its binding
site. It is further oxidized by the cytochrome bc; complex. The photo- oxidized special
pair P860" is re- reduced by cytochrome c; in the cyclic electron flow.

1.2.2 Photosystem II

Photosystem II (PS 1II) is a specialized protein complex that uses light energy to
extract electrons from water and create oxygene molecules (O;) as a byproduct . It is
embedded in the thylakoid membrane. The core of photosystem II is formed by a
heterodimer protein complex composed of the D1 (39 kDa protein, PsbA) and D2 (39
kDa protein, PsbD) polipeptydes, which contain redox- active cofactors in photosynthetic
electron transport. Each of these subunits consists of five transmembrane a- helices
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organized in a manner almost identical to that of the L and M subunits of the reaction
centre of photosynthetic purple bacteria . D1 and D2 are flanked by two internal antenna
subunits CP43 (PsbC) and CP47 (PsbB), respectively. They are composed of six
transmembrane o- helices and their cofactors capture light energy and transfer the
excitons to the reaction centre. All photosystem II complexes contain cytochrome bsso,
which is a heterodomer containing two subunits o (PsbE protein, 9 kDa) and B (PsbF
protein, 4 kDa) connected via a haem iron.

In cytochrome bsso two histidines, each from separate transmembrane helices of
the a and P subunits, respectively, serves as an axial ligand of the haem iron. Cytochrome
bsso 1s known to potentially exist in various forms ranging from a high potential form
(HP) which is characterized by a potential of 30- 400 mV to an intermediate potential
(IP) to a low potential form (LP) of 20- 80 mV [9]. Independently of the potential form
of cyt bssg, the haem iron can be in an oxidized or in a reduced state. Although the
molecular mechanism responsible for the transformation between its different potential
forms has not been established, it is suspected that this ability of the cytochrome is
crucial for its possible role in the protection of PSII against photoinhibition [10]. It may
participate in cyclic electron flow or in a side path of electron transport through PSII
[10], [11], [12]. It may also scavenge photogenerated free radicals [13]. Moreover, cyt
bsso is predicted to stabilize the oxygen evolving complex (OEC) during its
photoactivation [14], [15] and to accept protons during the S- state turnover of the
manganese cluster [16]. Thus, there are strong indications that cyt bssg has an important
regulatory function in the oxidizing and reducing sides of PSII and has a structural
function in PSII assembly and stability.

Although the photosynthetic apparatus found in higher plants and procaryoatic
organisms has a common structure and acts in a similar way, the molecular mass
membrane intrinsic and extrinsic subunits of plant PSII differ from those in
cyanobacteria. There are a number of subunits which appear in plants but not in
cyanobacteria (PsbR, PsbS, PsbT, PsbW) [17]. Plants also contain 23 kDa and 17 kDa
extrinsic proteins [18] instead of cytochrome csso (psbV, 12 kDa) and the 10 kDa PsbU
protein which are inherent in cyanobacteria.

The arrangement of redox active cofactors attached to the D1 and D2
polypeptides is shown in Figure 3.
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Figure 3. Structure of photosystem II from Synechococcus elongatus with assignment of
protein subunits (left) and cofactors (right) [4], [19].

The polypeptides D1 and D2 form a symmetrical central structure which appears to
provide two potential electron transport pathways through the reaction centre. However,
as shown in Figure 3, only one (left, located mainly on the D1 peptide) pathway is active.
The light activated electron transport is initiated by the ejection of an electron from the
excited primary donor P680, a dimer of two chlorophylls a, having an absorption
maximum at 680 nm. This leads to the formation of the cationic radical P680™ and to a
reduction of the nearest pheophytin, Pheop;. In this step the monomeric chlorophyll
Chlp, takes part in the electron transfer. Then the reduced Pheop;™ passes the electron to
the primary quinone acceptor Qa, which is bound at the stromal (extrinsic side of
thylakoid membrane) side of the subunit D2. Finally, reduced Q"4 transfers the electron
to a secondary quinone acceptor, a plastoquinone localized at the Qg site on the D1
subunit. The charge separation between the reaction center P680" and the PSII acceptor
side results in the formation of plastoquinol QgH, after the uptake of two protons from
the stroma by the Qg plastogionone doubly reduced. This mobile molecule QgH: is
released from PSII and migrates to cytochrome bef, where it is oxidized. This results in
the release of two protons into the lumen and the electron is transferred to the
plastocyanin (a copper protein, PC) in higher plants or to the cytochrome c¢ in algae and
cyanobacteria. These soluble electron carriers act as electron donors to the photosystem I
(PSD).

The formed cationic radical P680™ is reduced by the primary donor, a tyrosine
residue Tyrz localised on the D1 protein. The tyrosine abstracts one electron from a
manganese cluster forming the oxygen evolving complex. After four flashes, four
positive charges are accumulated on the manganese cluster, which oxidizes two water
molecules. This process is coupled with the release of one O, and four H”.

The subsequent steps of the electron flow between the redox active components
which take part in the whole chain of linear electron transfer in oxygenic photosynthesis
are shown in Figure 4. This includes the role of PSII as the electron and proton donor in
its light phase. This is called the Z- scheme of oxygenic photosynthesis.
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Figure 4. The Z- scheme of the pathway of oxygenic photosynthetic electron transport. The
redox carriers are placed at their midpoint potentials (Ey;). The dashed line indicates cyclic
electron flow around PSI (modified in line with [20]). In PSI the primary donor P700
becomes oxidized upon light excitation, and the electron is transferred via an immediate
acceptor Ay, a chlorophyll a, and the secondary acceptor A;, a phylloquinone, to the first
[FesS4] iron sulfur cluster FeSx located at the stromal side of the membrane. From FeSx the
electron can be further transferred to FeS, and FeSg, two [Fe S4] iron sulfur clusters. The
formed P700™, located on the lumenal side of PSI, becomes rereduced by an electron
donation from a reduced PC or cytochrome cs. On the stromal side the electron is further
transferred from the reduced iron sulfur cluster FeS, or FeSg to the soluble electron carrier
ferredoxin (Fd) containing a [Fe,S;] iron sulfur cluster. Finally, by the action of Fd and
flavoprotein FNR a chemical free energy (NADPH) is produced. Additionally,a proton
concentration difference across the thylakoid membrane is generated. The resulting
electrochemical trans membrane potential in turn is used to generate ATP.

The strong reductant NADPH and high energetic compound ATP are utilized in the dark
phase of photosynthesis, called the Calvin cycle and used to produce carbohydrates.

Mn- cluster and water oxidation

The oxygen evolving complex (OEC) is localized on the lumenal side of PSII,
close to the D1 protein. In higher plants it is protected by three extrinsic polypeptides,
which are comprised of the 27- kDa protein (PsbO) known as the manganese- stabilizing
protein, the 20- kDa protein (PsbP) and the 17-kDa protein (PsbQ) [17].
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Figure 5. Schematic view of the OEC (left). Residues in D1, D2 and CP43 subunits are
shown in yellow, orange and green, respectively. X;, X;; and X;, are possible substrate
water binding positions to Mn* (X1) and to Ca™ (X321, X3,) although one of the Ca® ligands
can represent a CI'. Dark dotted lines indicate possible hydrogen bonds (in line with [21]).
There is a view of the electron density of the manganese cluster (in the middle) and along
the membrane (right) with the luminal side on top (90’ rotated around the horizontal axis).
(Modified from [19] and [22]).

The OEC is composed of 4 manganese ions, a calcium ion [23] and most probably
chloride and bicarbonate ions [24]. The 4MnCa cluster acts as a storage device,
accumulating redox equivalents of four consecutive light- driven charge separations and
links this to the process of electron and proton extraction from water molecules. The
oxidation of two water molecules results in the release of one oxygen molecule, of four
protons into the lumen, and of four electrons. These are transfered to the PSII acceptor
side, Qa and Qs.

A large step forward in the understanding of the water splitting enzyme activity
was Joliot’s observation that oxygen evolution stimulated by short saturating flashes has
a periodicity of four [25]. The damped O, oscillations were described by Kok et al. [26],
who proposed a linear four- step model for the water oxidizing cycle.

hv hv hv hv
NN ]

QA
So’— S 58,% 5857 (84— SoP+0,+4H +4e” (1.2.2))

The state S; is assigned to a certain arrangement and oxidation state of the Mn complex,
where the superscript describes the number of accumulated charges and 1 =0, 1, 2, 3, 4.
Water oxidation is supposed to occur only after formation of the S, state. The
parentheses around Sy are to signal that the S, state is not detectable because of its very
short lifetime. The amount of oxygen evolved at the n- th flash is a measure of the
concentration of the centers, which were in the S; state before the flash. In order to
explain the first maximum of the oxygen yield under the third flash, Kok and coworkers
suggested that the Mn-complex is mainly stabilized in the S; state (about 75%), rather
than in the Sp one (25%) in dark- adapted chloroplasts and that the Sy state is formed
exclusively by the reaction S, +hv — (S,) = S, +0O,. Later it was postulated that in
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prolonged darkness, the OEC tends to put itself in the S; due to the oxidation of the Sy to
S; state by the tyrosine D (Tyr D) on the D2 polypeptide [27]. The Kok model also
assumes the probability of the transition between S, — S, to be < 1 as well as the

existence of double hits, S, = S,,,. This could explain the loss of oxygen pattern

periodicity with an increasing number of flashes. The progressive damping in the O,
oscillations observed in experiments reflects the random redistribution of the OEC
among the S states.
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Research Topic

The aim the work was to study the role of non-haem iron and cytochrome bssg in
the process of energy and electron transfer within photosystem II (PSII). It has been
suggested that cytochrome bssg participates in cyclic electron flow around PSII, can
dissipate energy under light stress conditions, may oxidize plastoquinol molecules or
stabilize the manganese complex. Most probably the function of cytochrome bssg is
related to the fact that it may have different redox potential and haem iron can change its
valence state. Protonation and deprotonation events are the triggering mechanisms most
probably resposnsible for the functions of cytochrome bsso. However, where and how
these processes occur still remains to be elucidated. Non-haem iron is an even more
enigmatic component of the photosynthetic reaction centers of type Q because it is
conserved in primitive photosynthetic bacterial organisms. But up to now the valence
changes of non- haem iron have not been observed, which excludes its direct
participation in electron transfer within the iron-quinone complex. On the other hand,
two different spin states of non -haem iron were detected in an algae PSI” mutant. This
could have an important implication for the regulatory role of non-haem iron in the
stabilization of the iron-quinone complex.

In our studies we used a wild type tobacco and mutant with a point mutation on
the B-chain of cytochrome bsso. These systems allow us to investigate the influence of
cytochrome bssg on the stabilization of the acceptor and donor PSII side and the kinetics
of the electron transport processes, as well as to check the possible role of cytochrome
bssg in the regulation of the quinone-iron complex. The additional measurements of the
wild and mutated types of tobacco in the presence of copper cations give us an
opportunity to gain an insight into the protonation and deprotonation mechanisms
activated in photosynthetic systems, because copper is known to be a protonophore. Its
highly specific interaction with non-haem iron and cytochrome bsso has been already
recognized. Studies on the bacterial reaction centers isolated from Rb. sphaeroides
provide us with an opportunity to use unique methods such as Mossbauer spectroscopy
and nuclear resonant inelastic X-ray scattering of synchrotron radiation in the
investigations of the dynamical properties of non-haem iron in the iron-quinone complex,
which is similar in its organization to that in photosystem II. Here we also present the
first thermoluminescence experiments on the bacterial reaction centers, which provide
information on the free energy of the charge stabilization process between the special
bacteriochlorophyll pair and the acceptor side of the reaction center and especially the
iron-quinone complex. The measurements of the variable fluorescence of the bacterial
photosystem and of photosystem II as well as photobleaching experiments and studies of
oxygen evolution by the fast polarographic method completed the complex investigations
of energy and electron transfer within Q-type photosystems. From the results we were
able to draw conclusions which cast new light on the connectedness of the acceptor and
donor side of these photosystems. In the case of photosystem Il we were able to indicate
a special role for cytochrome bssg in the regulation of the Qp quinone binding site and the
cyclic electron flow around PSII.
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2 Materials

2.1 Isolation of photosystem II

2.1.1 Nicotiana tobacco plant raising

Nicotiana tobacco plants grew under moderate insolation conditions at 25°C in a
green house. Only young tobacco leaves were harvested and used in preparations.
Investigations were performed on wild type and mutated tobacco with modified
cytochrome bsso. In the cytochrome bssg mutant, known to be active in oxygen evolution,
the highly conserved phenylalanine 26 residue that is present in the B subunit (PsbF
protein) was changed to serine [28]. This point mutation caused an unusual flexibility of
the haem group of cyt bssg and altered the activity of the electron flow within PSII and
oxygen evolution.

2.1.2 Isolation of thylakoids membranes enriched in photosystem II

Thylakoids enriched in photosystem II obtained from N. fobacco were isolated
according to the method decribed in [29]. The tobacco leaves were washed, dried and
left in a dark cool room for an hour. After homogenization in a washing buffer (pH 7.8)
the suspension was centrifuged (Sigma 6K15, 5500xg, 15 min, 4 °C). The pellet was
washed twice in a HEPES I buffer (pH 6.5) and then once again in a HEPES II buffer
and resuspended at concentration of 1 mg/ ml. After that, a 20% TRITON solution was
added. The suspension was kept stirring at 4°C for 25 minutes and centrifuged (Sigma
6K15, 4500xg, 6 min, 4 ° C). The pellet was discarded and the supernatant was
centrifuged again (Beckman J2- MC, 43700xg, 30 min, 4°C) and if necessary, was again
suspended in the HEPES II buffer, and centrifuged (usually four times). The resulting
pellet was resuspended in the same buffer at a final concentration of 1mg/ml and stored
at - 80°C .
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Table 1. Buffers used for thylakoids membranes isolation.

Compound Concentration
[mol/1]
HEPES I
NaCl 1.5x107
MgCl, (6H,0) 5.0x107
Hepes 2.0x10?
HEPES II
NaCl 1.5x107
MgCl, (6H,0) 5.0x107
Hepes 2.0x10?
Sucrose 04
WASHING BUFFER
NaCl 1.0x107
MgCl, (6H,0) 5.0x107
Sucrose 04
TRIS 5.0x107

Chlorophyll determination

The amount of chlorophyll in prepared samples was estimated using a formula
described in [30]:

E . . x456—E 25)x1.1

( 663 5.6 645 x9 S)X 6x3 =chla e (2.1.2.1)
3585%0.03 ml

E 204—E_. x16. 1.

( s X 82.0 663 X 675)X 07X3:chlb|:ﬁ} (2.1.2.2),
3585x0.03 ml

where Eg3 and Egys are the values of absorption for wavelenghts equal to 663 nm and
645 nm respectively. The suspension included 2.7 ml of 90% MeOH, 270 ul of water,
and 30ul of the sample was mixed (biomix, BVX- 10) and centrifuged (MPW- 52,
5000xg , 5 min, 20 ° C). The absorption of the supernatant was measured at the two
wavelengths given above using a spectrophotometer (Meterek SP- 830).
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2.2 Preparation of photosynthetic bacterial reaction centers

2.2.1 Cell culture of photosynthetic bacteria

A strain of Rb. sphaeroides 2.4.1 was grown in anaerobic heterotrophic
conditions at 27°C in a modified Hutner medium [31]. For Mossbauer measurements the
medium was supplemented with *’Fe. After inoculation, the bacteria were kept in
darkness for 12 hours. The cells were harvested after 7 days of illumination in white
light (55umol-m™s™) by centrifugation (Sigma 6K15, 5500xg, 15 min, 15 ° C), and
washed twice with 20 mM TRIS- HCI buffer (pH 7.8).

Table 2. Medium used for bacteria cultivation (pH 6.9).

Compound Concentration
[mol/]
KH,PO, 3.67x10°
MgSOx7H,0 1.62x10™
NaCl 6.84x107
(NH,),SO4 3.25x10°
CaCl, 4.50x107
Succinid acid (CsHgO.) 1.48x107
Yeast powder 1g/1
Microelements 1.0 ml/1
Citric acid solution of ferrous ion 6.0 ml/1
Microelements:
Compound Concentration
[mol/]
ZnSO,x7H,0 3.47x10™
MnClyx4H,0 1.51x10™
H;BO; 4.85x107°
CoClLx6H,0 8.40x10™
CuClLx2H,0 5.86x107
NiClL,x6H,0 8.41x107
NaMoO,x2H,0 1.37x10™

Citric acid solution of ferrous ion (pH 6.5):

Compound Concentration
[mol/]

FeSO, 4.0x10™*

(NH.),SO4 4.0x10°

Citric acid (C¢HsO,x7H,0) 8.0x1073
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2.2.2 Isolation of chromatophores

The cells were suspended in a 20 mM TRIS-HCI buffer (pH 7.8) containing
sodium ascorbate and a small amount of DNase I to digest the long DNA strands. The
cells were disrupted by a twofold passage through French Pressure Cell (SLM- Aminco
FA-031, 12.000 psi). After that, the suspension was centrifuged (Sigma 3K30, 18000xg,
30 min, 4°C) to remove cell debris. If necessary, the pellet was again suspended in the
buffer and centrifuged.

2.2.3 Purification of reaction centers

The chromatophore pellet was resuspended in a 20 mM TRIS- HCI buffer , 100
mM NacCl in the presence of sodium ascorbate. This was diluted to an absorbance of 50
(A 350 ~50) with a salt buffer, being adjusted at the same time to a concentration of 0.25
% LDAO and left stirring for 30 min. at room temperature. After centrifugation (Sigma
3K30, 20000xg, 30 min., 4 ° Q) the supernatant contained mostly reaction centre
proteins. Devoiding a part of antenna chlorophyll was followed by 20%- 26% amonium
sulphate precipitation and then centrifuged. The supernatant was further dialyzed against
a 20 mM TRIS- HCI buffer (pH 7.8) containing 0.08% LDAO and purified by ion-
exchange chromatography on DEAES2- cellulose (DE-52, Watman). The column was
washed with a 20 mM TRIS- HCI buffer and then at least 2 vol. of 20 mM TRIS- HCI
(pH 7.8) with 0.08% LDAO. Reaction centers were eluted using an NaCl gradient
changing from 100 mM to 300 mM in a 20 mM TRIS-HCI buffer and 0.08% LDAO. The
best purified reaction centers were achieved using 160 mM NaCl. The obtained fractions
were collected separately and further dialysed against a 20 mM TRIS-HCI buffer pH 7.8
and 0.08% LDAO. Reaction centers of higher purity were obtained by a second DEAE
chromatography step. Final purification was achieved by a density- gradient
centrifugation (0.2- 0.8 M sucrose in a 20 mM TRIS- HCI buffer, pH 7.8, containing
0.08% LDAO, 200000xg, 20 h). Reaction centers were located in the 0.6 M region.
They were withdrawn, dialyzed against a TRIS- HCI buffer (20 mM, pH 7.8, containing
0.08% LDAO). After isolation the reaction centers were concentrated in a pressure cell
(Amicon) and stored at -40 ° C. All purification steps were protected from strong
illumination.

From 20 liters of the liquid medium 100 g of cells were harvested. This produced
80 g of chromatophores and 170 mg of photosynthetic reaction centers. Using ASA
(atomic spectroscopy absorption) and Mossbauer spectroscopy the enrichment of
samples in °’Fe was estimated to be 30-50%.

Bacteriochlorophyll determination

Pigment extraction was performed by adding acetone to a small volume of the
isolated reaction centers.The suspension was sonificated on ice for 3 minutes and
centrifuged (Sigma 3K30, 7000xg, 8 min, 15 °C). The supernatant was collected. The
pellet was suspended in methanol, sonificated for 3 minutes on ice and centrifuged
(Sigma 3K30, 7000xg, 8 min, 15 °C). Both supernatants were mixed and the absorption
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spectrum was taken immediately using a Cary 50 Bio (Varian, Australia)
spectrophotometer. Bacteriochlorophyll (Bchl) absorbance measured at 760 nm (Azeo ~
0.2) and an extinction coefficient of 6x10* cm ' M was used for the calculation of its
concentration. The amount of Bchl was estimated using the Beer- Lambert law:

A=¢-l-c (2.2.3),

where A is absorbance, ¢ is the molar extinction coefficient [M™ -cm™], [ is the path
length of the cuvette in which the sample is contained [cm], and ¢ is the molar
concentration of the compound in solution [M].
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3 Methods
3.1 UV/ VIS spectroscopy

The steady state absorption spectra and kinetics of RC photobleaching were
recorded at room temperature on a Cary 50 Bio (Varian, Australia) spectrophotometer
using 1 cm path length quartz cells. Absorption spectra were recorded in the 250- 1000
nm range. For kinetic studies RCs (Aggo~0.2) were suspended in a 20 mM Tris- HCI
buffer (pH 7.8) containing 0.08% LDAO and the desired amount of salt. As a light
source a flash lamp (Unomat 20Bauto, Germany) was used. All samples were exposed to
2-3 flashes fired at 60 s intervals. The photobleaching of RCs was monitored at 860 nm.

3.2 Fluorescence

Fluorescence is a very valuable tool for investigating photosynthesis . The
fluorescence yield (the number of photons emitted relative to the photons absorbed) is
usually on the level of a few percent in photosynthetic systems and it is sufficient to
investigate them using fluorescence methods. Fluorescence activity can be schematically

illustrated with a classical Jablonski diagram to describe the absorption and emission of
light (Figure 6).
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Figure 6. Jablonski diagram. Black arrows represent absorption and emission of light, red
arrows represent non- radiative transitions. A photon is absorbed by a molecule, according
to the law AE= h-v= h-(c/2), where AE is the difference between the energy levels of the
ground and excited states, v and A4 are the frequency and the wavelenght of the light,
respectively, c is the velocity of the light, and / - Planck’s constant. The absorbed photon
promotes the electron from the ground singlet state S, to the excited singlet state S; or S,
(steps 1 and 2, respectively). A molecule brought to an upper excited state usually returns to
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the first excited state in 10"*= 10" s by “internal conversion” (step 3). By this pathway a
portion of the energy of the higher excited state is dissipated as heat to the surroundings by
a sequence of small transitions through the vibrational sublevels of the electronically
excited state. An excited molecule in a singlet state usually has maximum lifetime of ~ 10 s
and can undergo various modes of a nonradiative as well as a radiative decay, the latter
generally termed luminescence. The excited molecule can return to one of the lower
vibrational sublevels of the first excited singlet state. It is also likely to return to one of the
lower vibrational sublevels of the ground state by emitting a photon as fluorescence (step
5). Another important energy pathway is called ,,intersystem crossing” (step 4) , which
refers to the conversion of an excited singlet state to an excited triplet state, followed by
radiative or nonradiative decay of the excited triplet state to the ground singlet state. The
light emitted by the radiative, triplet- to- ground state transition is called phosphorescence
(step 6). As well as, returning to the ground state S, from the S, state by emission, the S,
state may alternatively go to Sy by radiadiationless deactivation (step 4, but from S, to Sy,
followed by step 7). As the name implies, no radiation is emitted and the electronic
excitation energy is converted into a vibrational excitation of Sy , which is then transferred
to the adjacent solvent. For certain excited molecules the most useful decay pathway is
“energy transfer” (step 8), which eventually leads to what is known as a charge- separated
state, and which is of vital importance to photosynthesis (modified in line with [1]).

3.2.1 Steady- state fluorescence measurements

In the steady- state fluorescence measurements the sample is illuminated with a
continuous beam of light, and the intensity of the emission spectrum is recorded. The
steady- state intensity (1) 1s given by:

-t

I =[le7di=1I (3.2.1),
0

where, Iy is the intensity at time /=0,which is considered to be a parameter that depends
on the fluorophore concentration and a number of instrumental parameters, and 7 is the
measured lifetime.

The steady state fluorescence spectra were recorded at 77 K. The measurements
were performed on a Jasco FP- 6500 spectrofluorometer at the Max Planck Institute of
Molecular Plant Physiology, Potsdam- Golm. The emission spectra were recorded in a
range of 655- 800 nm. The fluorescence excitation was 430 nm and the scanning speed
200 nm/min. Samples of thylakoids enriched in PSII were suspended in a 30 mM Hepes
buffer (pH 7.6). The chlorophyll content in the samples was 10 pg/ml.

3.2.2 Kautsky effect

Changes in the yield of chlorophyll fluorescence were first observed in 1931 by
Kautsky and Hirsch. They found that upon transferring photosynthetic material from
dark to light conditions an increase in the yield of chlorophyll fluorescence occurred over
a time period of around 1s [32]. This rise has been explained as a consequence of the
efficiency of energy transfer to the reaction center and the later efficiency of its use for
driving the linear and cyclic electron flow in photosynthetic systems. In particular,
variable fluorescence is sensitive to the redox states (reduced or oxidized) of the quinone
electron acceptors in photosystems of type II, in present instance, and especially of
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quinone bound at the Q4 side. Once the RC absorbs light and Q4 is reduced, it is not able
to accept another electron until it has passed the first one onto a subsequent electron
carrier Qg . During this period the reaction centre is said to be “closed”. When plant
material is transferred from darkness into light, the PSII reaction centres are
progressively closed. During illumination one can observe two characteristic plateaus
(Figure 18 and Figure 19 chapter 4.1.1). The first increase in the yield of chlorophyll
fluorescence appears in a time scale from hundreds of microseconds to miliseconds while
the second plateau, from tens of miliseconds to a few seconds, depending on the state of
the donor and acceptor side of the sample. The decrease in fluorescence at longer times is
caused by damage to the photosynthetic systems. This phenomenon, termed fluorescence
quenching, is explained in two ways. Firstly, there is an increase in the rate at which
electrons are transported away from the reaction centre. Such quenching is referred to as
“photochemical quenching”. At the same time, there is an increase in the efficiency with
which energy is converted to heat. This latter process is termed “non- photochemical
quenching” (NPQ) and it exists to protect the photosynthetic apparatus from
photodamage [33].

The Kautsky effect was measured during a period of 250 s. The actinic light
interval was 150 s, the actinic light voltage and measuring flash voltage were 100% and
50%, respectively.

The fast fluorescence transient (known as a type of protocol called PEA) was
measured on 1s time scale (up to 2 ms-every 2 us and starting from 3 ms- every 1 ms). In
this case the actinic light voltage was 40%.

The measurements were performed using a double modulation fluorometer FLL
3300 (Photon Systems Instruments, Czech Republic) as described in [34], with a high
time resolution of 2 ps for a fast rise in fluorescence kinetics and 1ms for a slow rise. For
measurement of the Kautsky effect thylakoids enriched in PSII were suspended in a
Hepes (pH 6.5) buffer and then copper salts was added. Each sample contained 10-12 ug
chlorophyll/ml (~12 uM) in the case of the PSII BBY preparation and 40 g
chlorophyll/ml for thylakoids.

In the case of bacterial RCs, for fast kinetic measurements (PEA), the reaction
centers were suspended in a 20 mM Tris-HCI buffer (pH 7.8) containing 0.08% LDAO
and a given amount of salt. The sample concentration was ~ 0.7 uM.

In all cases samples were incubated for 10 minutes in darkness.

The fluorescence spectra of the Kautsky effect and the PEA were evaluated using the
following function:

1ty

Fa@®=y,+> Ad-¢ ") (3.2.2),

where n is the minimal number of components necessary for fitting the experimental
data, yo is the value of the dark signal (in normalized curves it is equal 0), A; is the
contribution of each of the components and # is a characteristic life time.
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3.2.3 QA- reoxydation Kinetics

Measurements of Qa reoxidation can give information complementary to that
obtained from the Kautsky effect. The differences between the two types of process lies
in the time of illumination of the sample as well as the conditions of measurement. For
the Kautsky effect one uses continuous light and the measurement is performed under
light conditions. In the case of Qa reoxidation, the sample is treated with one single
saturated flash but the measurement is carried out in darkness.
The dark- relaxation kinetics of the photosynthetic apparatus indicate several pathways
of Qa- reoxidation in darkness, namely by electron transport Qa~ — Qg ( Q") (Figure
7). There are also possible back reactions Qg —P680"" [35], [36] to a special chlorophyll
pair via different intermediate carriers, for example pheophytin.

back
reactrons
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Figure 7. Scheme of possible ways of Q," reoxidation. Circle- plastoquinone bound at the
Qg site, squares- plastoquinone from the external pool. The time constants t; (t;) are
correlated with the exchange between PQ, and PQg (PQgp ").The time constant t; is
correlated with the time rate of PQ diffusion and its exchange at the Qg site, whereas- t; is
correlated with a direct electron exchange between PQg™ and the PQ pool. The longest time
constant ts is in the order of the equilibrium processes occuring within the iron- quinon
complex result in a back reaction PQg™ —Pgs".

N

Transients yielded by flash- induced chlorophyll fluorescence were measured
using a double modulation fluorometer FLL 3300 (Photon Systems Instruments, Czech
Republic) in a 60 s time range to determine the kinetics of the Q4 reoxidation [37]. The
actinic flash voltage and the measuring flash voltage was 100 and 50%, respectively. The
actinic flash duration was 20 ps. The chlorophyll content in the samples was the same as
in the Kautsky effect measurements. The dark adaptation time was always 10 minutes.
The fluorescence spectra of Qa reoxidation were evaluated using the following function:

Methods 25



—t—t,

FQA—reoxy (t) = yO +2Aie " (323)’
i=l

where n is the minimal number of components necessary for fitting the experimental
data, yo is the value of the dark signal , A; is the contribution of each of the components
and ¢; is a characteristic life time.

3.3 Thermoluminescence

Thermoluminescence (TL) is a phenomenon which can be briefly described as an
emission of light at characteristic temperatures from samples that have been exposed to
electromagnetic or particle radiation prior to their warming up in the darkness [38]. TL
can be observed in many biological systems, for example in the photosynthetic apparatus.
The basic idea of the TL phenomenon is the storage of radiant energy in metastable trap
states, which can be released via thermally stimulated radiative detrapping.
After light absorption by chlorophylls primary photoreaction produces charge separation
between P680, or P860 in the case of plants and bacteria, respectively, and pheophytin
(or bacteriopheophytin) (Figure 8). The separated charges are stabilized on the secondary
donors (D), and acceptors (A). For (D), for example, there are the charge storage states
of the water- oxidizing complex, or the redox active tyrosines (in the case of reaction
centers containing PSII). For (A) we may quote the quinone acceptors, Qa and Qg. The
charge separation process is reversible. This leads to charge recombination and results in
a temperature dependent reexcitation of P680 or P860, and antenna chlorophylls. The
observed light emission due to their de- excitation gives the TL signal. The stabilization
energy of the separated charge pair, AGgup ,is given by the difference between photon
energy and the energy stored by the system, AGsiored -
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Figure 8. A scheme of the thermoluminescence (TL) emission arising from charge
recombination in photosystem II, as an example. The dashed arrows indicate non- radiative
charge recombination pathways. The peak position of the TL band is determined byAGy.p
(modified in line with to [39]).
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Thermoluminescence measurements were done using thermoluminescence system
TL- 200/PMT (Photon Systems Instruments, Czech Republic) in a linearly increasing
range up to 100°C with a heating rate of 0.5- 1.1 °C/s . The samples kept before the
measurements in darkness, were additionally incubated 120 s in darkness at 0°C and then
10 s before the heating flashed with a single actinic flash (a duration of 100 ps) having
the intensity of about 200 000 umol photonsx m™s". The experiments were performed
with a single turnover flash or with a series of flashes 1, 2, 3 or 4 separated by 200 ms
dark periods. In the flash studies a new sample was taken for each of the experiments.
The spectral response of the photomultiplier was 300- 900 nm. The amount of
chlorophyll in the samples was 0.7 uM. Native bacterial RCs and others treated with
various concentrations of copper salt were measured.
For an evaluation of the experimental data the following Gaussian function was applied:

{5
F, =y, +ZAl.e (3.3),

where yy is the backgroud of the spectrum, A; is the amplitude of the peak, x- x; is the
central position, and w; is the width of the peak, respectively.
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3.4 Fast polarography method

Fast polarography method (three electrode system) is used for oxygen evolution
from photosystem II. The modus operandi is based on an electrochemical reduction of O,
at a negatively polarized electrode. A platinum cathode and a concentric silver anode are
linked by an electrolyte solution (KCI). They are set in an epoxy resin disc, the cathode at
the centre and the silver anode in a circular groove called the well or electrolyte
reservoir, surrounding the cathode (Figure 9). When the potential of the electrode has
settled at -680 mV, oxygen can be efficiently reduced at the platinum surface forming
H,0O, . During measurement of oxygen evolution the polarity changes. The voltage
difference is proportional to the amount of O, reduced on the electrode.

L] 6 1T 1

Figure 9. The scheme of the three- electrode system described in [40]. 1: Pt electrode, 2:
Ag/AgCl electrode, 3: Ag electrode, 4: electric connections, 5: inlet for KCl, 6: thermostatic
coat, 7: sample position.
The following reactions take place on the platinum electrode :
02 + 2H20 +2e = H202 + 20H
H202 +2e =20H s
whereas on the silver electrode following reactions occure:
4Ag = 4Ag" + 4e
4Ag" + 4CI = 4AgCL

Amperometric measurements of oxygen evolution under short saturating flashes
were carried out with a three- electrode system as described in [40]. The polarization
voltage was -680 mV. Flashes were provided by a Stroboscope 1539A from General
Radio (xenon flash lamp) with a flash duration of 5 ps at half intensity. Usually, 15

flashes spaced 300 ms apart were given. The samples were suspended in a Hepes buffer
(pH 6.5) with the desired amount of copper salt. In the samples prepared from N.tobacco,
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containing thylakoids enriched in PSII the amount of chlorophyll was 40 pg (4x10™® M).
The total volume of the sample was 500 pl.

The data were analyzed using the (So, Si, Si, S3, (S4)) model assuming heterogenity of
oxygen evolution [41]. The 5S- state model is shown in Figure 10. Parameter d
corresponds to the fraction of the fast transition via the Sy state: S3; (S,)=S,+0,

whereas /-d is the fraction of the O, yield due to the slower transition via a metastable
S4 state.

/ 53
Fast

d

O

. S,

Figure 10. A scheme of two paths of oxygen evolution. d, fraction of the fast channel of O,
yield; (1-d), fraction of the slow channel of O, yield.

Methods 29



3.5 Mossbauer spectroscopy

3.5.1 Fundamental principles

Mossbauer spectroscopy is a technique which gives very precise information
about the chemical, structural, magnetic and time-dependent properties of a probing atom
binding site. There are many isotopes that can be used in Mdssbauer spectroscopy, [42],
[43]. However, in biological samples, for example in photosynthetic systems, the most
popular one is he [44], [45]. The standard Md&ssbauer source for Fe is °'Co (Figure
11). The Mossbauer effect relies on the recoilless emission of a gamma ray by an excited
nucleus with subsequent recoilless absorption by another nucleus.

57(:027

I=7/2 837 keV, t. .-270 days

Electron
capture
Fe,q
1=5/2 136 keV
85%
1=3/2 144keV, ¢, . 1.4 -107s
I=1/2 Stable37Fe

Figure 11. A nuclear decay scheme for *’Fe Mossbauer resonance. °’Co decays by electron
capture and initially populates the 136 keV nuclear level of *’Fe with nuclear spin quantum
number I = 5/2. This excited state decays after about 10 ns and populates, with 85 %
probability the intermediate excited level by emitting 122 keV gamma quanta and with 15
% probability the ground state of Fe by emitting 136 keV gamma quanta. The
deactivation of the intermediate excited state of °’Fe (I=3/2) deactivates to the ground by
emitting gamma quanta of 14.4 keV energy , the most suitable radiation for the
Mossbauer spectroscopy.

From conservation of momentum and energy, the recoil energy Er of a system
with mass M due to the emission or absorption of a photon having E, is equal to:

2
2Mc?

B4

(3.5.1.1),

where c is the light velocity.

Due to the nuclear recoil, the emission and absorption spectra of free nuclei will
be shifted with respect to each other by the amount of E,,-E.m=2Er , and one has to
remember that Er >> Iy (I'o= 4.6x10° eV is the natural linewidth of the nuclear
transition, Eg = 1.96x10” eV). The overlapping of the emission and absorption line, and
therefore recoiless resonance absorption, is possible only when the recoil energy can be
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neglected. This is fulfilled for bound emitter and absorber nuclei in a rigid net. The
momentum of the recoil is here absorbed by the whole crystal as its mass is considerably
larger than that of the free nucleus. That is why in these studies a biological sample has
to be frozen or liofilized.

The recoilless absorption fraction measured as a function of temperature allows
one to investigate the dynamic properties of the probing atom binding site. The logarithm
of the area under the absorption curve is proportional to the Lamb — Mdssbauer factor,
which is given by:

f = Aexpl-&2(x*)) (35.1.2),

where k=1/0.137 A-1 is the wave number of the 14.4 keV gamma ray for °'Fe, A is the

proportional constant and <x2> is the mean square displacement of the iron atom.
Using the Debye model the recoilless fraction, can be expressed by [46]:
gD

2T
Feexplo—Cr |44 T [———ax (3.5.1.3),
2k ,6, 6,) e -1

where T is the absolute temperature, fp is a characteristic Debye temperature defined as
hwp/ks ( kg being the Boltzmann constant, and A is a Planck constant divided by to 2x).

For a given resonant nuclear transition energy, the recoil-free fraction increases
with the Debye temperature. This means that the Lamb — Mdssbauer factor rapidly
decreases above a characteristic temperature. For biological samples the temperature is
typically around €, =200 (+ 30) K. According to the Debye model, at high temperatures
(T > 6,)) the mean square displacement of the Mdssbauer atom should be proportional

to temperature 7 (eq. 3.5.1.4.a)

f =exp(— iEgz) T>0, (3.5.1.4.a)
B~ D

f =exp(— ;{Eg ), T <6, (3.5.1.4.b).
BYD

From the equation (3.5.1.4a and 3.5.1.4b) one can then get information on the mean
square displacement of the probe atom ( in our case °'Fe). For biomolecules one usually
observes that <x’> deviates from linear behaviour. These deviations arise from
anharmonic vibrations of the lattice [47]. Below d,, the mean square displacement of

iron indicates a solid —like (lattice) behaviour, whereas above that temperature it is
influenced by additional molecular fluctuations. Slow collective motions additionally
cause a broadening of absorption lines.
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3.5.2 Hyperfine interactions

The differences in Mossbauer spectra stem from interactions between the nucleus
and the electric and magnetic fields. These hyperfine interactions give rise to isomer shift
(I.S.), quadrupole splitting (Q.S.) and magnetic Zeeman splitting.

3.5.2.1 The isomer shift

The isomer shift results from the electrostatic (Coulomb) interaction of the
nuclear- charge distribution over a finite nuclear radius R in the excited and ground states
and the electron- charge density at the nucleus (mainly from the s electrons). This
interaction leads to a slight shift of Mdssbauer energy levels in a compound relative to
those in the free atom (Figure 12).
The nucleus is assumed to be a uniformly charged sphere of radius R, and the s- electron
density at the nucleus, [‘P(O) s ]2 , 1s assumed to be constant over the nuclear dimensions.
One computes the difference between the electrostatic interaction of a point nucleus with
[‘P(O) s ]2 , and the interaction of a nucleus having a radius R with [‘P(O) s ]2. The

difference in energy is given by:
O =[¥(0),['R? (3.5.2.1).

Since R is generally different for ground and excited nuclear states, JE will be different
for both, and:

OE, - OE, = K[P(0); ] (R} —R)) (3.5.2.2),

where K is a nuclear constant, and the indexes e and g refer to the excited and ground
states respectively. The isomer shift is given by the difference of eq. (3.5.2.2) for source
and absorber:

1.5.= K(R? - RH{® 0), I -[%(0), '} (3.5.2.3),

where the subscripts a and s refer to the absorber and source, respectively. Since the
change in radius R.- R, is very small, the isomer shift can then be written in its usual
form:

1.S.=2KR > %R{[\P(O)S | -c} (3.5.2.4),

where JR=R.- R, and C is a constant characteristic of the probing atom used.

3.5.2.2 Quadrupole interaction

Electric quadropole interaction occurs if at least one of the nuclear states (ground
or excited) of the Mossbauer probe possesses a quadrupole moment eQ, ie. for I>1/2
and if the electric field at the nucleus is unhomogeneous. In the case of the *’Fe nucleus,
in the presence of an electric field gradient (EFG) the excited state with /=3/2 splits into
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two substates with the magnetic spin quantum numbers m; = + 3/2 and +1/2 (they are still
doubly degenerated) The ground state with /=1/2 level remains unsplit (Q=0) and also
doubly degenerated. Due to the selection rule Amy = 0, +1...£ I-1, £ I, two characteristic
lines in the Mdssbauer spectrum are observed for *’Fe (Figure 12).
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Figure 12. Effect of isomer shift (a) and quadrupole splitting (b) on Mdossbauer spectra
(adapted from: http://www.cmp.liv.ac.uk).

The separation energy of the peaks is called quadrupole splitting (Q.S). The quadrupolar
interaction energies Ep derived from perturbation theory (for axial symmetry) can be
expressed as:

£, (Im,) = —QV= [3m12—1(1+1)](1+%J2 (3.5.2.5).

T 4121 -1

The electric field E at the nucleus is the negative gradient of the potential V and the
electric field gradient (EFG) is given by the nine components:

Vxx ny sz
EFG=VE=-V, V_ V, (3.5.2.6),
VZX VZ}' VZZ
h 1% Al
whnere L= .
7700,

For axial symmetry the EFG is solely given by the tensor component V,, ,while for non-
axial symmetry the asymmetry parameter # is defined:

- V.-V,
%

ped

(3.5.2.7).
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3.5.2.3 Magnetic interaction
A nucleus with a non- zero spin has a magnetic dipole moment uy, given by the
equation:

iy =gy Byl (3.5.2.8),

where: gy is the nuclear Landé factor, and fy, the nuclear Bohr magneton given by:

g, =" (3.5.2.9),

" 2me
where e and m are the charge and mass of the proton, and c is the velocity of light.

In the presence of a magnetic field H (which can be an external or a local internal field),
there is an interaction between the field and the magnetic moment uy leading to the
splitting of the energy level with I into 2/+/ energy levels formed with energies
described by the equation:

E, (m,)=—g B, Hm, (3.5.2.10),

where: magnetic spin quantum number my= 0, + 1...+ I-1, + I (Figure 13).
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Figure 13. The effect of magnetic splitting on nuclear energy levels in *’Fe. A nuclear state
with spin I > 1/2 possesses a magnetic dipole moment uy which interacts with local or
applied magnetic fields at the nucleus.This is the case for both the ground state with I = 1/2
and the first excited state with I = 3/2 of *’Fe. The magnetic dipole interaction with the
magnetic field leads to the splitting of the states |I, m> into 2I+1 substates characterised by
the magnetic spin quantum numbers m;. Thus the excited state with I = 3/2 is split into four,
and the ground state with I = 1/2 into two substates. These substates are no longer
degenerate. The energies of the sublevels are given from eq. (3.4.2.10). For magnetic dipole
radiation only transitions with AI=1, Am=0, +1 are allowed, giving six possible transitions in
*'Fe. (adapted from: http://www.cmp.liv.ac.uk).
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The line positions are related to the splitting of the energy levels, but the line intensities
are related to the angle between the Mossbauer gamma- ray and the nuclear spin
moment. The intensities are given by:

1, =1, =3(1+cos’ )
I,=1,=4sin’ @
I,=1,=1+cos’ @ (3.5.2.11),

where 6 is the angle between the effective H and the direction of propagation of the
radiation.
In polycrystalline samples the ratio of the subsequent lines I;:I,:15 is: 1:2:3.

3.5.3 Maossbauer Spectroscopy Instrumentation

Most commonly in order to vary the energy of the probing nucleus between
source and absorber levels, the source is moved toward and away from the absorber, the
velocity varying linearly with time (the first order Doppler effect is applied). It is also
possible to leave the source stationary and oscillate the sample. The location of the
detector relative to the source and the sample defines the geometry of the experiment
(Figure 14).
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Figure 14. Block diagram of Mossbauer spectrometer, (a) transmission geometry (b)
backscattering geometry (adapted from: http://serc.carleton.edu).

Mossbauer spectra of the non-haem iron were recorded in a home made cryostat.
Samples were measured in the range of 83- 265 K in the case of Rb.sphaeroides.
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Temperature stabilization was within 0.1 K. The source of 50 mCi Co/Rh was kept at
room temperature. A proportional counter was used for detection the 14. 4 keV vy
radiation in the transmission mode.The isomer shifts were given vs. metallic Fe at room
temperature. The spectra were fitted using a professional program Recoil.

3.6 Imelastic synchrotron radiation

The issue of nuclear inelastic scattering (NIS) may be resolved by measuring the
energy spectra of the inelastic absorption of X- rays by nuclei. It is applied in the case of
what are known as “Mdssbauer” isotopes, which have low- energy nuclear transitions in
a range 6- 30 keV [48]. When the energy of incident X rays coincides exactly with the
energy of the nuclear transition (in the case of >'Fe, the energy equals 14.4 keV), a peak
of elastic nuclear absorption occurs. Nuclear absorption may also proceed inelastically,
with the creation or annihilation of lattice vibrations (Figure 15). These processes cause
inelastic sidebands in the energy spectra of nuclear absorption around a central elastic
peak. From the energy spectrum of nuclear inelastic absorption, the density of the
phonon states of °’Fe can be determined.
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Figure 15. A conceptual scheme for inelastic nuclear resonant scattering. The incident x-ray
photon changes its energy slightly due to the influence of the vibration of the lattice in the
target material. Therefore, if one is measuring the intensity of inelastic nuclear resonant
scattering with an energy scan near the resonant energy of the specific atom, the measured
spectra show the peak intensity or the line broadening according to phonon annihilation or
creation. These spectra provide us with information on the vibration of the lattice of a
specific atom in the material.

In an inelastic scattering of synchrotron radiation a high- resolution
monochromator selects a narrow (~ meV) band from the spectrum of the incident
synchrotron radiation (Figure 16). By tuning monochromator crystals, the energy of the

selected radiation is varied in the vicinity of the energy of the nuclear transition. The
energy dependence of the nuclear absorption is measured by the first detector, which
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counts the products of nuclear absorption- atomic fluorescence radiation. The second
detector monitors coherent nuclear forward scattering. Since this is an elastic process, the
data from the second detector also provide, at one and the same time the instrumental
function of the spectrometer. The instrumental function of the nuclear inelastic
spectrometer does not vary with energy because of the small relative energy transfer (<
10). In order to distinguish the products of nuclear interaction from alternative channels
of electronic absorption or scattering , the readings of both detectors are gated in time,
and data is taken only between the pulses of synchrotron radiation. Nuclear interaction is
delayed in time due to the finite lifetime of narrow nuclear levels (~ 100 ns), whereas
electronic interaction is essentially instantaneous on this time scale.
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Figure 16. Experimental setup for nuclear inelastic absorption measurements.

Nuclear inelastic absorption of synchrotron radiation measurements were
performed at the Nuclear Resonance Beamline, ID 18 at the European Synchrotron
Radiation Facility in Grenoble. The storage ring was run in a 16- bunch mode, providing
pulses of radiation energy every 176 ns. The average ring current was about mA. The
energy resolution was 0.5 meV. The energy of radiation was tuned in a range from -40
meV to 100 meV around the transition energy of >'Fe (14.413 keV) for measurements at
T= 60 K and from -80 meV to 100 meV for measurements at T= 240 K. The flux on the
sample was about 2x10® photons/ s within a band width of 0.6 meV [49]. The intensity
of nuclear absorption was measured by counting the delayed 6.4 keV K- line of Fe
fluorescence using a large area fast avalanche photodiode (ADP) [50]. It was possible to
obtain a statistically reasonable spectrum in the 16- band mode during 10- 12 hours
depending on the *’Fe iron concentration.

The plots were normalized using a procedure based on Lipkin’s sum rule:

TW(E)EdE =E, (3.6.1),
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n’k’

where E, = 5
Mg

=1.96meV is the recoil energy of a free nucleus (k- a wave vector of

x- ray quantum, mg- the mass of the resonant nucleus, in this case that of an iron atom.

The normalized spectrum W(E) corresponds to the density probability of nuclear inelastic
absorption, which can be expressed by a sum of the elastic fraction of nuclear absorption,
fim, and a multiphonon term:

W(E) = f,,, (5(E)+ S, (E)) (3.6.2),

where S,(E) is an inelastic absorption accompanied by the creation or anihilation of n
photons, and the Dirac J- function J(E) describes the elastic part of the absorption (zero-
phonon term). For a single photon event:

E,g(E
5,(E) = Lx8E) (3.6.3)
E(l—e™")
and for n>2 in a harmonic approximation:
17 , S
S,(E)=—=[S$,(E)S, (E~E)dE (3.6.4).
n —oo

Here kg is the Boltzmann constant and 7 is temperature.

For randomly oriented samples, be they in the form of liquid, glass or powder, the
function g(E) is the normalized partial density of vibrational states (DOS). The g(E)
function assumes average values in all crystallographic directions and using the same
parameters, may be derived from equations (3.6.2 - 3.6.4):

8B =V, X[ 5 31~ (9) (3.6

where V) is the volume of the unit cell and ¢ is the phonon momentum.
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4 Results and discussion

4.1 Photosynthetic reaction centers of higher plants

In order to investigate the role of cytochrome bssg in photosynthesis, comparative
studies of energy and electron transfer in the wild type tobacco (WT) and mutant (MT)
with modified cyt bsso were carried out. In addition, we followed changes on the acceptor
side of PSII using the Kautsky effect and Q4" reoxidation measurements and on the donor
PSII side applying the fast polarography method under the action of copper ions. It has
been found that photosystem II (PSII) is very sensitive to Cu®* [51]. Copper inhibits
either the acceptor or donor side of PSIL. It has been shown that Cu** may induce
conformational and redox changes of the iron- quinone complex in the vicinity of both
binding sites of quinone acceptors (of the primary quinone acceptor Qa and the
secondary quinone acceptor Qg) [12], [52]. Copper ions can modify the redox properties
of the non-haem iron as well as the haem iron of cytochrome bsso [12], [52], [53].
Knowing that inhibitory action of Cu** on PSII strongly depends on the ratio of copper
ions per reaction center, [54], [S5], [56] the studies of the dependence of the efficiency of
electron transfer within PSII on the various concentrations of Cu** (CuCl, and CuSOy)
were performed.

4.1.1 Kautsky effect

Studies of the fluorescence transient were carried on the reaction centers isolated
from thylakoids enriched in PSII according to the method described in Materials,
(chapter 2.1). We did not use any external acceptors. Samples were treated with different
concentrations of copper (from 0.6 Cu**/PSII - 1260 Cu®**/PSII). The samples were
always incubated for 10 minutes in darkness before the measurement. The experiemnts
were performed under dim light conditions. The state of the samples were checked using

fluorescence measurements at 77 K. The spectra of thylakoids and thylakoids enriched in
PSII (BBY PSII) are presented in Figure 17.
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Figure 17. The steady state fluorescence spectra of thylakoids and thylakoids enriched in
photosystem II (BBY PSII) measured at 77 K. The peaks at around 686 nm are
characteristic for PSII and those at around 730 nm for PSI.
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One can see that in the samples of thylakoids enriched in PSII (WT BBY PSII and MT
BBY PSII) the amount of photosystem I is significally reduced. Both samples have
comparable intensities and the amounts of the contamination of the PSI system.

The Kautsky effect observed in thylakoids membranes enriched in BBY PSII prepared
from WT and MT is presented in Figure 18.
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Figure 18. The semilogarithmic plot of the fluorescence spectra of thylakoids enriched in

PSII (red: WT; black: MT). Spectra are normalized to Fy; , the maximum of the
fluorescence. The solid lines represent theoretical curves.

The experimental data normalized to the maximum value of the fluorescence, Fy were
analyzed by applying eq. (3.2.2.) (Figure 18 and Figure 19.).
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Figure 19. An example of the variable fluorescence spectrum of WT BBY PSII shown in
semilogarithmic plot. The parameters F,, Fp, Fyg, Fys, can be elucidated from the fitted A;
amplitudes according to the eq. 3.2.2.
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In Figure 20 the dependence of the Fy values on the copper salt concentrations are
presented.
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Figure 20. The semilogarithmic plots of the Fy; normalized to the control sample for (A)
WT BBY PSII and (B) MT BBY PSII.

One can see from Figure 20 that in the WT BBY PSII the maximum of the fluorescence
decreases significantly for CuCL/PSII > 300 and CuSO4/PSII >100 whereas in the MT
BBY PSII at Cu**/PSII >30 for both copper salts, although the Fy decrease starts in the
presence of the CI ions already at about 4 CuCl,/PSII. For WT the Fy parameter has
higher values for CuCl, than CuSO4 (even a 10% stimulation is observed for 1<
CuCl/PSII < 4 in comparison to the control sample) within the range of the applied
copper concentrations up to about 400 Cu®*/PSII but at larger than 400 Cu**/PSII
co