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I Introduction

I.1 Photosynthesis

Photosynthesis is the sole source of energy fowéisé majority of life on Earth. During
photosynthesis the energy of light is converted titemical energy of organic compounds.
Alongside, in the most prominent oxygenic photolgsts, inorganic carbon from carbon
dioxide is bound and subsequently used to buildtgdadies. Also, of special interest for all
heterotrophs, molecular oxygen is released as@dguct. Photosynthesis is believed to be a
very old biochemical pathway. Even the oldest knowiorobial life forms from around 3.5
billion years ago (Lepot et al. 2008, Allwood et 2006) are believed to be photosynthetic
and they closely resemble today’s cyanobacterigs Would of course mean that the evolu-
tion of photosynthesis as we know it today mustehascurred very early during the dawn of
life on Earth.

There are only two known general ways which lifesuso capture the energy of light. An
extremophile group of Halobacteria use light to pupnotons and chloride ions across their
cellular membrane. The respective proteins resptnséor this are called bacteriorhodopsin
and halorhodopsin. Their tertiary structures areilar to the rhodopsin (light-sensing pig-
ment) found in vertebrate eye’s retina (Lanyi 20@gcteriorhodopsin light utilization is not
photosynthesisensu stricto because there is ho chemical synthesis occurtinggl bacteri-
orhodopsin action. The captured energy is storedraton and chloride ion concentration
differentials across cellular membranes.

The other way of capturing light energy by lifetbe “true” photosynthesis is found in a
wide variety of organisms including flowering plantt, in its “complete” form found in
cyanobacteria and eukaryotic photosynthetic orgasigequires two light-driven enzymes
called photosystems embedded in the specific eellmembrane (usually called the thylakoid
membrane) alongside other protein complexes anta vater-soluble enzymes. Altogether,
this ensemble captures light energy and usesptdduce ATP and NADPH which are then
used to fixate carbon dioxide into sugar compouartts$ also to drive all other cellular proc-
esses. This complex process has been divided eatalked light-dependent reactions (which
directly depend on light) and light-independentlark reactions.

The light reactions produce ATP and NADPH and agate product release molecular
oxygen (see fig.1 for a schematic of the light tiess). They happen on the thylakoid mem-
brane, which is filled with dozens of photosysteansl other enzymes, and in its close vicin-
ity. The membrane assembly consists of photosy#tergtochrome Kf, plastocyanin, photo-
system |, ferredoxin, ferredoxin-NADRPXxidoreductase and ATP synthase. The photosystem
Il catalyzes electron transfer from water to a meanb quinone molecule, which transports
electrons towards cytochromgf.bThis reaction is driven by the absorption ohligThe elec-
trons from water are then transported via cytoclerdghand plastocyanin to the photosystem
|. Photosystem | catalyzes electron transfer fraastpcyanin to ferredoxin with the help of
light. The final step is an electron transport fréenredoxin to a final acceptor, NADP



Fig.1: A schematic of the oxygenic photosynthesidakoid membrane. A basic stoichiometry of
light-dependent reactions is also described. Saefde details. Symbols: PSIl — photosystem lI;
be/f — cytochrome Wf; FNR — ferredoxin-NADP oxidoreductase; PSI — photosystem Y, I —
subunits of the ATP synthase; Pc — plastocyanin=- Fefredoxin; bt — a photon; @, Qs — plas-
toquinones of PSIl; Mn — manganese atoms of thegexyevolving complex. Reprinted from
Fyziologie rostlin. Setlik, Seidlova, Saintek — a study material for the plant physiology seuat
the University of South Bohemia, located at htkat.bf.jcu.cz.

The whole pathway thus requires the absorptionvofghotons per one electron transported,
one at photosystem Il and one at photosystem luber of protons are transported across
photosynthetic membrane alongside these electamsfer steps. The resulting differential in
chemical potential of protons then drives ATP sgsthwhich synthesizes ATP from ADP
and inorganic phosphate.

In the dark reactions of photosynthesis ATP and NAdde used to drive fixation of car-
bon dioxide to five-carbon sugar called ribulosg-iisphosphate creating two three-carbon
molecules of glycerate-3-phosphate. This step talysed by an enzyme called ribulose-
bisphosphate carboxylase (often shortened to RuBjis@hich is arguably the most abundant
protein on the Earth. In an intricate set of cheieactions the three-carbon compounds are
used to regenerate ribulose-1,5-bisphosphate aed sik such cycles one new six-carbon
sugar molecule is created.

As mentioned above the described machinery of @lyatbesis is only found in cyano-
bacteria and eukaryotic photosynthetic organisntBeOorganisms only “borrow” parts of it,
constituting photosynthetic apparatus around plystes I-like proteins (e.g. green sulphur
bacteria) or around photosystem ll-like proteing.(@urple bacteria). It is not clear whether
the cyanobacterial system is the original one oetiver it came together by joining the ge-
netic information from type-l photosystem cell atygpe-II photosystem cell (Blankenship
2002). However, photosystems | and Il have somgttral homology and it is likely that
they originated from a common ancestor proteirs therefore probable that the sophisticated



cyanobacterial photosynthesis is the original amethe “partial” photosyntheses are derived
from it by simplifying or omitting some patrts.

The photosystems of the photosynthetic membrandasge complexes of protein sub-
units and cofactors. The cofactors include chloytiphpheophytins, carotenoids, quinones,
hems, Fe-S clusters and iron, manganese and cafipas. A photosystem can be function-
ally described to consist of an antenna(s) andhetign centre. All electron transfer steps oc-
cur within a reaction centre whereas antennasiginé ¢oncentrating devices which collect
photon energy and funnel it towards the reactiariree The antennas are described according
to their location as peripheral or integral membBraomplexes. Integral antennas can be ei-
ther accessory or core (which are tightly connetettie reaction centres). Typical peripheral
antenna examples are phycobilisomes found in cyasteba and red algae or chlorosomes
found in green sulphur bacteria.

Green plants exclusively use integral membranenaa®e Photosystem | always contains
core antenna which is integrated into the reaat@mtire proteins. Besides, photosystem | can
also contain accessory antennas LHCI (LHC standbgiat-harvesting complex) and LHCII.
Photosystem Il includes core antenna proteins GiPI3CP47 and may also be connected to
LHCII.

Aside from concentrating light energy, antennae atgulate the amount of energy being
delivered to the reaction centres. Two well knowareples are the xanthophyll cycle and
state transitions of LHCII. In the xanthophyll cg¢he carotenoid violaxanthin is de-epoxided
into zeaxanthin which has lower excited state gnargl becomes an energy sink within the
antenna. When light is no longer in excess a revprecess epoxides zeaxanthin back into
violaxanthin. During state transition the LHCII anhas connect or disconnect to photosys-
tem Il or photosystem | and thus regulate theipeetive energy fluxes.

[.2 Photosystem Il

The photosystem 1l (PSIl) of green plants is a mgtsprotein complex made up by
about 25 proteindn vivo it is most probably in dimeric form. However, thedimers may
form even larger structures (Dekker and BoekemabR®@hotosystem Il main components
are the reaction centre (D1-D2-cydspcomplex), oxygen evolving complex, inner antenna
(main components are CP43 and CP47 proteins) arebsary antennas (LHCII, CP26 and
CP29) (Barber et al. 1999). Several research greupseeded in obtaining X-ray diffraction
structures of PSII in the last years (Zouni e2@l01, Kamiya and Shen 2003, Ferreira et al.
2004, Loll et al. 2005). The latest structure byl od co-workers is resolved to 3.0 A resolu-
tion.

The LHCII is itself an assembly of several proteifise complex is formed by a trimer of
integral membrane proteins. A large number of pigim@re bound to this protein scaffold.
An isolated LHCII complex bounds 24 chlorophyllgGhls a), 18 Chls b, three types of xan-
thophylls: 6 luteins, 3 neoxanthins and one viotalken (Kuhlbrandt et al. 1994, Croce et al.
1999, Liu et al. 2005).



The core of the photosystem Il (PSII core) is fodrbg a D1-D2-cyt kg reaction centre,
oxygen evolving complex, associated inner anteit43 and CP47 and a number of small
subunits (Loll et al. 2005). The PSII core contad®sChls a (6 at the reaction centre, 13 at
CP43 and 16 at CP 47) and[3-tarotenesfi-car). Of the 11-car molecules, two are located
within the reaction centre, three are at CP43 areddt CP47. Four of the inner antenna caro-
tenoids are grouped together near the monomer-menboaundary in PSIl dimers. They are
also very close to the D1-based carotene of therB&dttion centre.

The oxygen evolving complex (OEC) is connectechltimenal side of the PSII RC. It
is responsible for donating electrons into the tieaccentre. The OEC is formed in green
plants by three small hydrophilic polypeptides viingy 17, 23 and 33 kDa. The main cofac-
tors of the OEC are four manganese atoms, which@wad by amino acid side chains of the
D1 protein (Ke 2001). The role of the OEC protempresumably stabilization of these at-
oms. Loss of the OEC proteins (particularly thekB& one) causes the loss of the manganese
atoms as well. Recently, it has been confirmed thase manganese atoms are associated
with a calcium atom, forming a M8a cluster (Loll et al. 2005). Electrons from the/a
cluster are funnelled towards the primary donoP8&fl by a redox-active tyrosine residue
from D1 protein, denoted Tyor Yz. An analogical amino acid in the D2 polypeptideiis-
sumably also redox-active but is probably not uUse&lectron transport from the OEC.

The photosystem Il reaction centre (PSIl RC) iompglex of D1-D2-cyt bsg-psbl pro-
teins which contains cofactors for electron tramspkhe PSII RC contains six chlorophylls a,
two pheophytins, twf-carotenes, two quinones, one heme and one atamnofThe spatial
arrangement of cofactors within PSII RC is symneatrihowever only the pigments bound in
D1 take part in the electron transport chain.

Two of the six Chl a molecules within PSII RC asryclose together and form so-called
special pair in analogy to the same entity founthivipurple bacteria PSlI-type reaction cen-
tre. They used to be called the primary donor @0P&ccording to their red absorption maxi-
mum of 680 nm but currently it seems that not two &l four central Chls a form the pri-
mary donor. At physiological temperature all foentral pigments of the PSII RC make con-
tribution to the excited state. The contributiontleé D1-based accessory chlorophyll is the
largest and it is possible that charge separasooriginated from this pigment. Following
charge separation the positive charge is localetethe D1-based Chl of the special pair
(Raszewski et al. 2008). A significant differencsviieen P680properties of PSII cores and
PSII RC has been reported by Okubo et al. (200@ti@ry to the PSII cores, in PSIl RC the
positive charge is delocalized across the speaialyphich lowers its oxidation potential by
~0.1V.

The two remaining chlorophylls of the PSIl RC aailed peripheral because of their lo-
cation on the periphery of the RC. Their purposanseto be funnelling excitation energy to
the primary donor and possibly also photoprotectgme further). A schematic of the cofactor
arrangement within PSII RC is plotted in fig.2.

The primary donor accepts excitation energy fromahtenna complexes and as a result
donates an electron to the primary acceptor, aghgm molecule within D1 protein which
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Fig.2: Arrangement of cofactors of the electromsgort chain in the PSII reaction centre viewed
along the membrane plane. Plotted from the datairedd by Loll et al. 2005. Color coding is as
follows: chlorophylls — green; pheophytins — yellg8vcarotenes — orange; quinones — blue and
heme — red. At the top, between the quinones, isaanatom (red). Below the central group of
chlorophylls (primary donor) is a M@a cluster of oxygen evolving complex.

is located very close to the P680. The resultingygh separated state PGBBeo is further
stabilized by relocating the electron to thg Quinone molecule. The electron is further
moved from the @ to the @ quinone. Oxidized primary donor is reduced by katteon
originating from water. The quinone located in ¢ pocket is capable of transporting two
electrons at once so another photon needs to teacprimary donor to extract the second
electron. When the g)quinone binds two electrons (and so it becomegirzod) it is released
from its binding pocket and another quinone is labtimere. The doubly reduced quinone
transports electrons towards the cytochrogedmplex.

As the P680 species is a very strong oxidant (estimated rqumgntial of ~1.3 V,
Rappaport et al. 2002) it can cause oxidative dantagPSIl. This is unique among the
various types of photosynthetic reaction centersabgse only PSIl is capable of creating an
oxidant strong enough to oxidize its own chlorofgdnd carotenoids. Under conditions
when the primary electron donation path is inhibifee. in manganese depleted PSII or at
low temperatures) alternate electron donors, inotpdyt kyso, peripheral chlorophylls angt
carotenes, can be photooxidized (reviewed by FeamkBrudvig 2004). It is also known that
cyt bssg can be photoreduced by accepting electrons frgnfBoser et al. 1990). It is then
possible that cytdgg can participate in a cyclic electron transporthmitPSIl (Allakhverdiev
et al. 1997). In addition, photooxidized periphesialorophyll cations were shown to quench
chlorophyll fluorescence (Schweitzer and Brudvig@ZP These processes (cyclic electron
transport and/or excitation energy quenching) hasen proposed to play a role under high
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light or other stress conditions to protect thelP&lction center from oxidative damage and
photoinhibition (Stewart and Brudvig 1998). Howeveo assessment of in-vivo importance
or extent of these processes has been done so far.

Because the edge-to-edge distance betweengyard P680is about 36 A (Zouni et al.
2001, Kamiya and Shen 2003, Ferreira et al. 2004, dt al. 2005) the electron transfer is
believed to occur via a redox intermediate. Suchistance is too large for rapid single step
electron transfer. Redox active Car and/or Chl iggseappear to be the most probable
candidates. Both Car and Chl photooxidation hawa lseemonstrated in PSIl core complexes
from Synechocystis, Synechococcus and in PSIlI enriched spinach membranes at low
temperatures (Faller et al. 2001, Telfer et al. @0d Tracewell and Brudvig 2003).
However, the pathway(s) of electron transfer inirajvcyt kyso, Chl, and Car remains unclear,
and both linear and branched pathways from gttb P680+ have been proposed.

Although it has been shown thaicarotene of PSII RC is able to quench singlet exyg
generated by triplet state of P6§Uelfer et al. 1994) it is probably not the onéason for its
presence. It is known for more than twenty yearst tASIl RC-contained Car can be
photooxidized (Schenck et al. 1982). Since themraber of efforts were made to elucidate
attributes of this oxidation (latest: Hanley et 999, Vrettos et al. 1999, Faller et al. 2001,
Telfer et al. 2003, Noguchi et al. 1998, Tracevesitl Brudvig 2003) employing VIS-NIR,
Raman and EPR spectroscopy.

It is now generally believed that there are twocspdly and kinetically distinc3-
carotene molecules in PSIlI RC. Their absorptionimaxshould be 507, 473 a 443 nm and
489, 458 a 429 nm (Telfer et al. 2003). Based aeegent of their LD spectra and their
position within PSII crystal structure it is belex/that the 507 nm-absorbing Car is located in
the D2 protein and the other (489 nm-absorbindpaated in D1 (Tomo et al. 1997, Ishikita
et al. 2007). The CarD1 is located between thelhbhnd P680, very close to the &bl (at
a distance of 4.1 A). The CarD2 is located in betwthe cyt b559 heme, GBI2 and ChID2
of P680. The CarD1 has sevefatarotene molecules of CP47 inner antenna in agipnty
as opposed to the CarD2 which is more distant fotimer carotenes (Ishikita et al. 2007).

When oxidized, these Cars should have absorptiorimaa at 982 and 1027 nm
according to Tracewell and Brudvig (2003) with foemer decaying faster under cryogenic
temperatures. The position of these NIR peaksrdiféghtly among organisms (observed on
Synechocystis, Synechococcus and spinach) possibly indicating different protenvironments
and/or different quality of sample preparations.s@ation of oxidized Car is usually
accomplished by illumination of PSIlI cooled to R0The cyt Bsg heme must be oxidized
(e.g. by ferricyanide) prior to the freezing (Vosttet al. 1999). Recently, a ~750 nm-
absorbingp-car neutral radical has been spotted in PSIl sasnflracewell and Brudvig
2008).

Two symmetrically located peripheral chlorophyli€h{;) are one of the major
differences between PSII RC and purple bacteriatioe centre. Photooxidation of
chlorophyll other than P680 has been studied ektelyssince approximately 1985 (de Paula
et al. 1985). This chlorophyll has been localizedone of the peripheral chlorophylls
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coordinated by D1-His 118 and D2-His 117 (I} and ChD2, respectively) based on the
distance (39.%2.5A) of Ch}* from the PSIl non-heme iron measured by saturation
recovery EPR (Koulougliotis et al. 1994) and on diistortion of the Chl' resonance Raman
spectra by site-directed mutations at D1-His 118yimechocystis 6803 (Stewart et al. 1998).
However, another group located ghto D2-His 117 (Wang et al. 2002). In additionhéts
been announced that both el and ChiD2 are oxidizable. Tracewell et al. (2001) report
that inSynechocystis PSII core complexes they observed one NIR baBd4inm, assigned to
D1-His 118 based CHl, but in spinach PSIl membranes two £MIR bands were observed
at 817 and 850 nm with the latter ascribed tozBfl. This is consistent with results of
Hanley et al. (1999) who detected £€hNIR band at ~850 nm with a shoulder at ~820 nm
upon illumination of PSII enriched membranes at K2Both peripheral chlorophylls should
have absorption maxima at 670 nm (Eijckelhoff et &997, Schelvis et al. 1994,
Allakhverdiev et al. 1997) although an effort isidge employed to prove absorption
maximum of ChiD1 at 684 nm (Jankowiak et al. 1999).

It is well established that Gifs) can be irreversibly oxidized by illumination of
ferricyanide-treated PSII or silicomolybdate-trebRSI1I RC at low temperatures (Telfer et al.
1990, Telfer et al. 1991, Vrettos 1999). Stewawle{2000) first reported reversibility of this
oxidation by warming the sample to room temperatith 30 seconds being sufficient to
rereduce ChI (in PSIl core complexes). On the other hand Lit¢#003) observed
rereduction half-time of about 200 seconds (in FR&L).

Cytochrome bsgis an integral compound of PSII and it is neces&arsuccesful folding
of PSII. It is composed as a heterodimemand subunits containing one heme cofactor.
Cyt bsse can be oxidized by illumination of PSII frozen el 100 K (Thompson and Brudvig
1988) or even at higher temperatures on Mn-depletid (Stewart and Brudvig 1998). The
rate constant for the photooxidation of cytdin Mn-depleted PSII is ~50’s(Buser et al.
1990) in contrast with rate constant in-€olving PSII (~0.9 9). It is often neccessary to
prereduce cyt 430 (e.g. by ascorbate) because in many isolatiors akidized (Buser et al.
1992). When cyt 439 is oxidized prior to low-temperature illuminatioa,Chf is oxidized
instead. Cyt b9 is presumed to have several redox forms and adlygiample of PS II
contains a mixture of high-potential, intermedipt#ential, and low-potential cytsd
(Stewart and Brudvig 1998, Kaminskaya et al. 1999).

The sequence of reactions involving cytgoCar, and Chl in the secondary electron
transfer pathways of PSII is not established. Thegeneral agreement thtarotene is the
initial electron donor to P68ased on the observations that Qarformed in highest yield
at the lowest temperatures (4 K) and that the ehaeparated state C@x decays by
recombination at a faster rate than £Qh~ (Tracewell et al. 2001).

The mechanism of cytsky and Cht oxidation is not clear. Either both these cofagtor
communicate with P680via Car (branched pathway) or cydsphas some other means of
getting electron to P68Ghan Chi, which is agreed to hand in electrons via Car o
(parallel pathway). A branched pathway seems tmobst likely based on both kinetic studies
(Faller et al. 2001) and the locations of redoxteenin the crystal structure (Loll et al. 2005).
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The B-carotene identified in the D2 subunit of PSII bgrifeira et al. (2004) and Loll et al.
(2005) is well positioned to transfer the electrdmsn cyt kysg or ChkD2 to P680. When
both Car and cytdgy are prereduced only cytochrome oxidation is oleindicating that
either transfer of electron via Car is ultrafasem®vat cryogenic temperatures or parallel
pathway is the right one (Faller et al. 2001).

There are some recent hints that a broader viemecessary to fully understand the
alternative electron pathways throughout the P&l Rhikita and coworkers (Ishikita et al.
2007) calculated that tiecars of the core antennas of PSII may form armiefit cation sink
connected to the PSIlI RC (see fig.3 for an illugiraof 3-car positions within PSII). This
theory seems to be confirmed in chapter IV of thissis where we have found that in PSII
core complexes thB-car photooxidation pathway is different than inlIFSC. Particularly

Z Cytbssg
t Car 12 Cor b2
* Ez'oz
Y ‘L);_

Chl,D1
Car D1

Car D1

Chl,D1

Primary donor

1.34‘ and )

Fig.3: Cofactors within PSII core complex viewedpmndicular to the membrane plane. Only reac-
tion centre porphyrins are shown. Color codingsdalows: chlorophylls — green; pheophytins —
yellow; [B-carotenes — orange, heme — red. Black line ineicatpproximate position of the
monomer-monomer boundary within the PSII dimer.ttetbfrom the data obtained by Loll et al.
(2005).
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a novel carotene is formed in PSIlI RC but not il R8res. It was also proposed that the
redox state of cytdgg controls which secondary electron donors are feadin PSII. A Car
denoted Car 12 in the Loll et al. (2005) structigginpointed by Tracewell and Brudvig
(2008) as a candidate for this switch of oxidapraference due to its proximity to the cyt
bss9 and also CarD2.

|.3 Outline of the thesis

The aims of this work were twofold. First, a tegtiof newly constructed kinetic
spectrophotometer was conducted by experiments aetaof photosynthetic samples
(chapters 1l and IIl). Second, an investigationtlud properties of electron transport chain
within PSII reaction centre was done mainly by nseainthis spectrophotometer (chapter 1V).

Chapter Il presents a newly developed multichaspettrophotometer-fluorimeter with
pulsed measuring light for measurements of ligdtioed absorbance changes in both
transparent and scattering samples.

In chapter Ill, results of combined measurementsclotorophyll fluorescence and
absorption spectroscopy of PSII reaction centrepegsented.

Chapter IV describes a series of room temperatugeranents to investigate the
alternative electron donor pathways on PSII fivesabphyll reaction centres and PSII core
complexes.

An appendix (chapter VI) contains introduction tesarption spectroscopy and high
performance liquid chromatography and additionathtgcal information about the
experimental apparatus used throughout this thesis.
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I New multichannel kinetic spectrophotometer-
fluorimeter with pulsed measuring beam for photosyn-
thesis research

This chapter was published in the journal Photdsssis Research:

Bina D, Litvin R, Vacha F and Siffel P (2006): Nemultichannel kinetic spectropho-
tometer—fluorimeter with pulsed measuring beam ghotosynthesis research. Photosynth.
Res. 88: 351-356.

1.1 Abstract

A multichannel kinetic spectrophotometer—fluorinretgth pulsed measuring beam and
differential optics has been constructed for meaments of light-induced absorbance and
fluorescence yield changes in isolated chloroppsditeins, thylakoids and intact cells includ-
ing algae and photosynthetic bacteria. The meaglm@am, provided by a short () pulse
from a xenon flash lamp, is divided into a sampte aeference channel by a broad band
beam splitter. The spectrum in each channel isyaedlseparately by a photodiode array. The
use of flash measuring beam and differential detegtields high signal-to-noise ratio (noise
level of 2<107* in absorbance units per single flash) with negligiactinic effect. The instru-
ment covers a spectral range between 300 and 1@5@ith a spectral resolution of 2.1, 6.4
or 12.8 nm dependent on the type of grating usée. dptical design of the instrument en-
ables measuring of the difference spectra duringaimic irradiation of samples with con-
tinuous light and/or saturation flashes. The tiesofution of the spectrophotometer is limited
by the length of Xe flash lamp pulses tp

Preklad abstraktu:

Zkonstruovali jsme mnohokandalovy kineticky spekbtometr-fluorimetr s pulsnim &
ficim svazkem a diferenciélni optikou prosieni swtlem indukovanych zgn absorpce a
fluorescence v izolovanych chlorofylovych proteingdylakoidech a intaktnich hkach
véetns fas a fotosyntetickych bakterii. ddci svazek, poskytovany kratkym (&) pulsem
xenonové vybojky, je rozden Sirokopasmovymaeti cem svazk do vzorkového a referéni-
ho kanalu. Spektrum kazdého kanéalu je samastatalyzovandadou fotodiod. PouZiti pulz-
niho neficiho svazku a diferencialni detekce z&jis vysoky pongr signal/Sum (Sungini
2x10™* absorgnich jednotek na jeden zablesk) se zanedbatelnfimicdym efektem. Estroj
pokryva spektralni oblast 300 — 1050 nm se speltratozliSenim 2.1, 6.4 nebo 12.8 nm v
zavislosti na pouzité difr&ki miizce. Opticky designifstroje umo#uje meieni rozdilovych
spekter v pibéhu aktinického oz&ni vzorki prostednictvim kontinuéalniho nebo pulsniho
swtla. Casové rozlieni spektrofotometru je limitovano délkoulsi xenonové lampy na
2 ps.

Autorsky podil:

Radek Litvin ma na publikaci podil 30%.
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Il Conformational changes and their role in non-radiative
energy dissipation in photosystem Il reaction centres

This chapter was published in the journal Photocbaihand Photobiological Sciences:

Litvin R, Bina D, Siffel P and Vacha F (2005): Comhational changes and their role in
non-radiative energy dissipation in photosystenmneHction centres. Photochem. Photobiol.
Sci. 4: 999-1002.

[11.1 Abstract

Accumulation of reduced pheophytin in photosystémnider illumination at low redox
potential is known to be accompanied by a pronodigeerease of a chlorophyll fluorescence
yield. Simultaneous measurement of this fluoreseenenching and absorbance changes in
photosystem Il reaction centres, in the presencditbionite, showed each event to have
different temperature dependence. While fluoreseenenching was suppressed more than
20 times when measured at 77 K, pheophytin accurmnldecreased only 5 times. At 77 K,
the fluorescence was quenched considerably, bytiorthose reaction centres where reduced
pheophytin had been accumulated at room temperbafoge sample freezing. This showed
that the accumulation of reduced pheophytin ab@K was accompanied by an additional,
most probably conformational, change in the reactientre that substantially enhanced non-
radiative dissipation of excitation energy.

Preklad abstraktu:

Je znamo, Ze akumulace redukovaného feofytinu stlesem fotosystému Il za nizkého
redox potencidlu je provazena vyznamnym poklesertéziy fluorescence chlorofylu.
Simultanni ndteni tohoto zhaSeni fluorescence a absudgh zneén v reaknich centrech
fotosystému Il v fitomnosti dithionitu ukazala rozdilnou teplotni &hest €chto dvou jew.
Zatimco zhaSeni fluorescence byléi 7K potlaeno vice nez dvacetkrat, akumulace
feofytinu poklesla pouze gkrat. Ri 77K byla fluorescence vyznamirzhaSena pouze v
realk¢nich centrech, kde byl redukovany feofytin akumalovigi pokojové teplat pied
zmrazenim vzorku. To ukazuje, Ze akumulace redukéiva feofytinu pi teplog€ pies 240K
je provazeno dalsi, pragplodobré konformani, zmenou v reaknim centru, ktera vyznamin
zvySuje miru nezdvé disipace excitai energie.

Autorsky podil:

Radek Litvin je prvnim autorettanku, jeho podi€ini 30%.
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IV Room temperature photooxidation of B-carotene and
peripheral chlorophyll in photosystem |l reaction centre

This chapter was published in the journal Photdsssis Research:

Litvin R, Bina D and Vacha F (2008): Room temperatphotooxidation of3-carotene
and peripheral chlorophyll in photosystem Il reastcentre. Photosynth. Res. 98: 179-187.

V.1 Abstract

Differential kinetic absorption spectra were meaduduring actinic illumination of
photosystem |l reaction centres and core compléxebe presence of electron acceptors
silicomolybdate and ferricyanide. The spectra ahgi@s with ferricyanide differ from those
with both ferricyanide and silicomolybdate. Neaframed spectra show tempordsycarotene
and peripheral chlorophyll oxidation during roormfgerature actinic illumination. Peripheral
chlorophyll is photooxidized even after decaypedarotene oxidation activity and significant
reduction off3-carotene content both in reaction centres andoglgstem Il core complexes.
Besides, new carotenoid cation is observed afteutath s of actinic illumination in the
reaction centres when silicomolybdate is presemil& result was observed in PSIl core
complexes. HPLC analyses of illuminated reactiontres reveal several novel carotenoids
whereas no new carotenoid species were observElPIiC of illuminated core complexes.
Our data support the proposal that pigments ofrianéenna are a sink of cations originating
in the photosystem Il reaction centre.

Preklad abstraktu:

Méiili jsme diferencialni kineticka absafipi spektra realnich center a core komphex
fotosystému Il v pibéhu aktinického osstleni v gitomnosti elektronovych akceptor
silikomolybdatu a ferrikyanidu. Spektra vzérls ferrikyanidem se liSi od spekter vzirk
s ferrikyanidem a silikomolybdatem. Blizk&a infemvena spektra ukazuji ¢asnou oxidacp-
karotenu a periferniho chlorofylu vii@hu aktinického osstleni za pokojové teploty.
Periferni chlorofyl je fotooxidovan i po vymizenkidovatelnostif-karotenu a podstatném
snizeni obsah@-karotenu v reaknich centrech i v core komplexech fotosystému HorK
toho byl po cca 1 s aktinického d@eai pozorovan novy karotenoidovy kation v r&@kh
centrech pokud byl ftomen silikomolybdat. Obdobné vysledky byly poagoy v core
komplexech fotosystému Il. HPLC analyzy #denych reaknich center odhalily &kolik
novych karotenoitl v reaknich centrech a Zzadné nové karotenoidy v core kexagh. NasSe
data podporuji tezi, Ze pigmenty it antény jsou jimkou kati@gnpochazejicich z redkiho
centra fotosystemu Il.

Autorsky podil:
Radek Litvin je prvni autor publikace, jeho padili 80%.
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V  Summary

Photosystem 1l is the place where photosynthesis, af the most important chemical
reactions on Earth, starts. Moreover, it is als® place where electrons are extracted from
water and molecular oxygen is released; a fact totall heterotrophs on Earth. To achieve
this feat the photosystem Il possesses very poWwerfchinery, particularly the primary
electron donor. This work used mainly absorptioacsmscopy to study mechanisms which
regulate energy flows through the photosystemadcttien centre and prevent damage to it by
ungquenched primary donor cation.

Chapter Il describes a new multichannel kineticoghison spectrophotometer which is
sensitive enough to capture unrepeatable absorptmsients and has fully customizable
measuring sequences. It also makes it possibientdtaneously detect changes in absorbance
and fluorescence emitted from the sample.

In chapter Ill, PSII reaction centre structural mipa caused by pheophytin reduction is
described based on measurements of absorbance lworés€ence yield at room and
cryogenic temperatures. This structural change res@ganon-radiative energy dissipation of
the excitation energy within PSII reaction centre.

In chapter IV, new data on the role of periphefdbmphyll andB-carotene in the PSII
reaction centre were presented. These alternaiotr@n donors within PSII reaction centre
were observed operating at room temperature. Thsd iportant conclusion is that unique,
non-repeatable processes occur during experim@n®SIl RC the primary donor irreversibly
oxidises thep-carotene to a new undefined carotenoid. The poeser this process is
described for the first time in this thesis dudhe potential of the new multichannel kinetic
absorption spectrophotometer avoiding the usuatquore of averaging many repeated
illuminations of the sample.
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VI Appendix

V1.1 Absor ption spectroscopy

Many of the cofactors forming the electron transmbrain in photosynthetic organisms
absorb visible light which makes it possible todstthem by using visible light absorption
spectroscopy. During absorption of a quantum oftedenagnetic radiation (a photon) by a
molecule or atom the quantum is destroyed and egtreh from the absorbing substance is
excited to the higher-energy level. The energyhef absorbed photon has been transformed
into the potential energy of the excited electdfhether a photon is absorbed by a molecule
or not depends (among other things) on the statbeovalence electrons of this molecule.
Molecules in ground state differ in their absorptproperties from the same molecules whose
valence electrons have undergone a change eithexithzation or reduction or by excitation
to the higher orbitals because each of these dtaeslifferent energy level structure which
determines absorption properties.

Absorbance is simply measured by comparing thegiiye of light which passed through
the sample with the intensity of light which passleugh identical path except the sample
(so-called reference beam). Absorbance is themelfas:
1y

A= -1
0410 I

Where | is the intensity of light in the sample path agdiHe same value for the
reference path. These readings can be taken by tlsnsame light path through manually
exchanging sample and reference cuvettes but npsttremeters today have separate
chambers for sample and reference readings whesddspup the processing.

The absorbance is related to the absorbing specirentration according to eq. 2 which
links together material constan{molar decadic absorption coefficient), opticalhpkengthl
and sample concentratian

A=cl.c

The absorption coefficient, is a wavelength-specific parameter because généna
ability to absorb given photon depends upon itsedength. A record of absorption of a given
sample according to the wavelength (or frequentyhadent light is called the absorption
spectrum (see fig.1 for an example of the absan®pmectrum of photosynthetic sample).

There are a number of requirements to be followeding absorbance readings.
Unfortunately many of them are not possible to clymwith during photosynthesis
experiments due to the nature of the objects siudie
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Fig.1: Absorption spectrum of PSII core complexXdste pronounced absorption peaks in the blue
(below 500 nm) and red (600 nm — 700 nm) partshefgpectrum. Green light (500 — 550 nm) is

absorbed very little which gives all plants a cletgastic green colour. No significant absorption

can be seen above 700 nm which greatly facilitatesorption experiments in this area on dense
samples.

The absorbing units within the sample must act pedeently of each other. This is
certainly not true in photosynthetic proteins whereprecise alignment of cooperating
pigments is present. This usually does not interggnificantly with the measurement but in
some cases physical regrouping of these pigmentghote proteins changes macroscopic
absorption properties significantly.

The sample should be optically homogeneous. Thisugs for isolated pigment-protein
complexes but whole chloroplasts or bacteria delisn very turbid sample which increases
apparent absorbance and makes measuring theseesampte demanding because a lot of
light is lost by scattering. The absorption speofrauch samples are also distorted due to the
fact that shorter wavelength (blue) light is saaitiemore than longer wavelength (red) light.

The sample should not be influenced by the meaguight beam. This is very difficult
to achieve in photosynthetic samples because tesby definition very well developed to
catch the maximum available amount of light andests much of its energy as possible in a
useful form. Following illumination the sample clgas its configuration (e.g. a quinone is
reduced or some pigment is oxidized) and theredtse its absorbance is changed. This effect
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can only be mitigated by using the lowest possi&suring beam intensity. Low measuring
beam intensity worsens the signal-to-noise raticcviis often detrimental to the quality of
obtained data. Actinic effect of the measuring tigheates the most significant trade-off
during experiments on photosynthetic samples. Oa® to be reasonably sure that the
measuring light does not significantly interferalwihe sample measured or, at least, account
for this effect when interpreting these data.

Lastly, the photosynthetic samples containing apbyll are well known to emit
fluorescence when illuminated. This lowers measusbdorbance by adding fluorescent
photons to those from the measuring beam. Apprpresign of the spectrometer and
filtering may make this effect negligible. Photosigsontaneously emitted from the sample
propagate in random directions. Thus, the fartherdetector is located from the sample the
smaller amount of fluorescence is detected. Thetspaeter described in chapter 1l of this
thesis currently collects light of the measuringarne by a 3 cm mirror positioned
approximately 12 cm from the sample. This way tineoant of detected fluorescence is
lowered to less than 0.5 % of the original (alledironal) intensity. Despite this an effect of
very powerful actinic light has to be accounted Ihyr reading-out the detector with only
actinic light (no measuring light) triggered. Anaemple of chlorophyll fluorescence passing
through to the detector is shown in appendix sectio

An absorption spectrometer is typically made u@m difght source, sample and reference
compartments and a detector unit. Most light saircsed in spectrometers provide
polychromatic (white) light which unmodified is naseful for absorbance measurement. A
dispersive element (usually a diffraction grating)put into the measuring light path to
disperse the light beam into a spectrum.

Depending on the position of the dispersion gratiaggus the sample chamber two types
of spectrometers can be distinguished. A singlexsbbspectrometer has the grating in front
of the sample. In such alignment a relatively narspectrum (theoretically monochromatic)
light illuminates the sample and is detected bglsithannel detector. An advantage of such
design is low sample illumination — monochromaight of relatively low intensity is used.
Another advantage is the relatively simple to palusingle-channel detector. The
disadvantage is the need to provide with the mogagirating for different wavelength readings
which adds engineering complexity and increaset ddsasuring the whole spectrum may
take a lot of time although there are instrumenisciv manage to deal with this problem
successfully (see e.g. Olis, Inc., http://www.okdacom/).

In a multichannel spectrometer the diffraction igr@is positioned behind the sample so
the white light beam illuminates the sample ant itlispersed afterwards. A multichannel
detector such as a CCD or photodiode array (PDA}éxl. Such detectors make it possible to
measure entire spectrum in a short time at thereseef higher complexity and cost. The
spectrum read-out time is essentially limited bg ngth of light pulse required to achieve
good signal-to-noise ratio. Shorter measuring tinmesst be compensated by more intense
measuring light which may cause problems becaudelgght often causes significant change
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to the sample. This is even more pronounced thamile-channel spectrometer because the
measuring beam passing through the sample is polyitic.

Many changes observed within the photosyntheti@egips only concern a few of the
pigments present. Differential absorption specteaadten used instead of just a sequence of
“normal” absorption spectra to help in visualisatiof these small changes. For example a
pheophytin molecule from PSII RC changes signifilyaits absorption when reduced by an
electron from the primary donor. Because only oneogphytin is reduced per reaction centre
only a small part of the overall absorption is dh even if we manage to reduce
pheophytins in all of the RCs present in the samplalifferential spectrum discards the
underlying absorption and only considers the chagktherefore provides a very nice way
of showing what happened in the sample (see fig.2h example of pheophytin differential
absorption spectrum).

0.006 - .
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0.000 \\/\/‘
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-0.004 .
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-0.008 b .

0010 .
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Fig.2: An example of differential absorption spaotr— light-minus-dark spectrum of PSII reaction
centre with an electron donor (dithionite). At fiesspectrum of dark-adapted sample was measured
then actinic illumination was applied and afteroagle of seconds another spectrum was measured.
The dark spectrum was then subtracted from thenskespectrum. The spectrum is negative where
the sample lost absorption and positive where nesomption bands arose. In this particular case a
reduced pheophytin (Phgds accumulated by actinic light. It is identiflatby losing characteristic
ground-state absorption at 545 nm. Note very logodiance changes on a sample with absorption
very similar to that in fig.1. The absorbance cheaat682 nm of ~0.01 A is approximately 2 % of
the original absorbance ~0.5 A.
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Fig.3: An illustration of global gaussian fittingg @bsorption spectra. PSIl RCs were illuminateth@
presence of electron acceptors and a series ofrapgas measured. A snapshot of three individual
spectra from this experiment is shown. Delays dftening on the actinic light are indicated. The
whole dataset was used to globally fit a sum oéehgaussian profiles. Measured data points are
plotted as circles, fitted function is plotted &l Individual fitted gaussians at positions 801 (fong
dash), 917 nm (short dash) and 971 nm (dash-detakso shown. If processed individually these
spectra could be reasonable fitted with just twasgan functions (which would be different in each
spectrum).

V1.2 Absor ption spectra processing

It is rarely the case that only one pigment is geahin the sample during the experiment.
Often at least two absorbing species take part diiorm during an experiment with
photosynthetic material. If that is the case thesneed difference absorption spectra may be
very difficult to decipher. One should in ideal ease able to obtain concentrations of all
states of all pigments observed during the experimehis is however often not possible
because the pigments have overlapping absorptectrspor their kinetics are very similar.

In chapter IV we have used a very simple approacteparate spectra of the individual
participating species. In the near infrared parttleg absorption spectrum many of the
pigments have spectra which are relatively simdaa simple gaussian profile. We have taken
all of the spectra measured during one experimathran a so called global fitting procedure.
Global fitting is mathematically identical to theramonly known minimizing algorithms but
the input data are a bit different. A common apphos to prepare a two-dimensional data
(e.g. absorbance versus wavelength data) andnfib@el onto it. In global fitting the input
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wavelength at different times from the onset
experiment). To lower the number of unknov
parameters some of them are shared among all f
dimensional parts of the dataset. In the case ef
gaussian profiles the position and width paramei amplitude; ¥ — position of the
were shared among all spectra. This is possibleUsec 1 5yimum on the x axis: b — relates to
these parameters are not expected to change di the width of the profile. Parameters
experiment (i.e. along the time dimension of t shared during global fitting gxand
dataset). This way the number of unknown parameters

in 47 spectra was lowered from 470 to 19%his increased the stability of the fitting
procedure by providing more data points per unknpamameter. See figure 3 for an example
of results obtained from the global-fitted data.

data are three dimensional (e.g. absorbance ve ] 2
r — Xpo
= a.ex — =
a5 (75 )
A gaussian profile  function.
Parameter description: a — peak

V1.3 High performance liquid chromatography

High performance liquid chromatography (HPLC) isc@anmon analytical tool used
widely by biochemical laboratories to identify, qiiy and separate molecules. In HPLC the
molecules are separated by moving across the ayiqgohase. Separation is achieved by
interaction of sample molecules with the stationginase. The stationary phase consists of
small particles (typically ~ iim diameter) filled within a column. The samplengcted into
the mobile phase flow driven by a pump throughdblemn to the detector. Smaller particles
of stationary phase have larger surface area whitieneficial for the quality of separation
but also requires better pumps because higheryeessrequired to pump the mobile phase
through the column at specified flow rate.

The delay between sample injection and compountioaldrom the HPLC column is
called retention time and it is specific for eadmpound. The retention time depends upon
interactions between the stationary phase, molseautalyzed and mobile phase. The higher
the affinity of the molecule to the stationary phale longer it takes it to pass through the
column. Resolution of similar compounds is improv®dlonger time spent in interaction
with the stationary phase. This can be achievedsinyg smaller fill particles, longer columns
or slower flow through the column.

In reversed-phase HPLC non-polar hydrocarbon chamescovalently bonded to the
particles within the column. For example a columthwlesignation ¢ has eighteen carbon
long chains on the surface of the column fill. Setdtionary phase is therefore non-polar and
a more polar solvent (mobile phase) is used. Thst molar compounds from the sample are
eluted first because their interaction with thetisteary phase is the weakest. Less polar

! We have been fitting three gaussian functions plfset per each spectrum. Each gaussian profge ha
three parameters — position, width and amplitudhés Gives 47 spectra (3 gaussians 3 parameters + 1 offset)
= 470. In the case of global fitting two of thedlrgaussian parameters were shared — position iatlal Whis
gives 47 spectra (3 gaussians 1 parameter + 1 offset) + 3 gaussiarisshared parameters = 194.
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compounds are eluted as last e.g. in chapter I\Btbarotene is the last to come out of the
column because it is very non-polar in the conté>®SII RC pigments.

The last machine in the assembly of HPLC is thedaset. In many setups this is a simple
single- or multichannel UV/VIS absorption detecidrich is useful for identifying coloured
samples or compounds which absorb in the ultratvjwdets of the spectrum like proteins. In
other setups the detector may be a mass spectrowleiteh identifies compounds based on
their molecular masses.
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V1.4 Spectrum of the measuring Xelamp pulse
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This spectrum was measured by the instrument'ssitr photodiode array detector and
therefore also contains all distortions added Hyogtical components, monochromator,
diffraction grating and detector sensitivity. A fdifction grating with 600 grooves per
millimetre was used. The spectral resolution i26fh per point. Effective measuring range
with our current setup is approximately 380 — 1080. In the UV it is limited by the
absorption of a lens, which is made of common géass also by the fibre optic bundles. In
the NIR the limit is both low light intensity frorthe lamp and the absorption limit of the
silicon-based photodiode detector.

The three line segments at the bottom of the gnaghicate achievable measuring ranges
in our current instrument setup. They, from topbwmttom, illustrate ranges of the three
gratings mounted into the monochromator. The frating has 1800 grooves per millimetre
and ~79 nm wide chunk of spectrum can be measurdtaame time. The second grating
has 600 grooves per millimetre and ~236 nm wide¢ parthe spectrum can be measured
simultaneously. The last grating has 300 groovesmpkimetre and enables one to measure a
spectrum part ~472 nm wide. The respective reswlatper point are 2.0733, 6.22 and 12.44
nm per point.
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VI.5 Properties of diffraction gratings used in our Kinetic

spectrophotometer
V1.5.1 Grating 1: 1800 lines'fmm
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Spectral efficiency of the grating plotted sepdyater light polarized perpendicular to
the grooves (log dash) and parallel to the groqghsrt dash). This holographic grating is
blazed at 500 nm. We only use this grating in #ggan 400-700 nm. The image is modified

from Oriel Instruments Inc. data.
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V1.5.2 Grating 2: 600 lines/mm
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Spectral efficiency of the grating plotted sepdyater light polarized perpendicular to
the grooves (log dash) and parallel to the gro@sksrt dash). This ruled grating is blazed at
400 nm. The image is modified from Oriel Instrungelmc. data.
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V1.5.3 Grating 3: 300 lines/mm

100 1 |
SN
90 [—K— /,/
® ¥ AN
/ SN N
/ AN
! N\
70 =
! l \\ \\
I/ \\
= i NIAN
> 60 X
(Z) " \\ \
w \
o l/ \
E 50 1 N \
[T ¥ ~
w ] \' \
s / "\ ¥
= / AN \
3 a0 ! < N
«c l AN
I/ N
/ \\\
30 i ~
/
20
10
0
0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.

WAVELENGTH (1um)

Spectral efficiency of the grating plotted sepdyater light polarized perpendicular to
the grooves (log dash) and parallel to the grod@sbkert dash). This ruled grating is blazed at
500 nm. The image is modified from Oriel Instrungeimc. data.
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V1.6 Electronic shutter speed
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Continuous actinic light is turned on and off by @ectronic shutter. Typical shutter
operating speeds are demonstrated in this image.

Top panel — overall pattern of shutter usage. Naeodic fluctuations of light output
caused by the alternating current flowing through halogen lamp. Direct current-driven
lamp may be advantageous is some settings.

Below-left — detail of the opening of the shuttBteasured light intensity is plotted as

continuous line with open circles showing each daiat. Rectangular signal sent to the
shutter driver is also shown. The shutter is fulpened within three milliseconds after the

driving signal finished. The opening itself takekl80us. 1 ms signal is sufficient to operate
the shutter.

Below-right — detail of the shutting down of theuttier. The shutter is fully closed within
5 ms after the driving signal finished. The shutdatself takes ~150(s.

The data for this image were obtained by measufiogrescence emitted from
the chlorophyll extract of hibiscus leaf. The samplperiod was 5@is.
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V1.7 Fluorescence spectrum as seen by the absor ption spectr ophotometer
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This image shows a relatively nice emission spettaf a chlorophyll extract from
hibiscus leaf measured by our kinetic spectrophetem (chlorophyll concentration
~40pug/ml). Very intense Xe lamp flash filtered by a élfilter was used as excitation light.
These spectra are routinely collected during expenis which use this Xe lamp as actinic
light. A read-out with no measuring flash (probs) always collected to account for
fluorescence and light scattering caused by acfiaghes (pumps). Please note that this
image is an example of a best-case scenarioheesample has high fluorescence yield, high
concentration and the excitation pulse is verynage(near-saturating for most photosynthetic
samples).
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