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General Introduction

1. General Introduction

The present thesis is prepared for submissionderaio obtain the Ph.D. degree at the
Physics for the Life Sciences doctoral programhef Ecole Doctorale de Physique of
the PRES «Université de Grenoble» (Grenoble, Flaacd at the Statistical Physics,
Biological Physics and Physics of Quantum Systeowadal program of the Doctoral
School in Physics of the E6tvds Lorand Universityoiences (Budapest, Hungary).

The thesis was carried out at the Institut Lauegeaim (Grenoble, France) under
the joint supervision of Prof. Judith Peters and Peter Timmins and at the Research
Institute for Solid State Physics and Optics (Bugp Hungary) under the joint
supervision of Dr. G§z6 Garab and Dr. Laszl6 Rosta.

One of the most important scientific challengesof time is to find answers and
solutions for the various questions and problemsuglthe rapidly increasing energy
consumption of humanity. The present predominardessil fuels in the global energy
production cannot be maintained in the long terog t the rapid decrease of the easily
exploitable resources and potentially catastroploionsequences of increasing
atmospheric carbon dioxide concentration. As a egusence, scientific studies on the
utilization of renewable resources, their transfation to environmentally friendly,
easily storable and transportable energy soureeganing more and more importance.

Solar energy has an exceptional role among theseirees, taking into account that
every hour sufficient light reaches the Earth’dace to meet the world’s annual energy
needs (Harnessing solar energy for the productforiean fuel (2008) Science Policy
Briefing of the European Science Foundation). lnBiosphere, solar energy conversion
to chemical energy is performed by photosynthetganisms. Photosynthesis serves as
the energy input for the current terrestrial lifedait regulates the carbon dioxide and
oxygen concentration in the atmosphere. Modifiedtpsynthetic organisms or solar
energy converting artificial devices inspired byofsynthesis may make a significant
contribution to industrial energy production. Pleytathesis, in its natural form,
however, is far from being understood. This stateame especially true for different
regulatory mechanisms, which allow the photosymthapparatus to accommodate to

various environmental conditions.
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Thylakoid membranes are the most abundant membmamesarth and possess a
central role in photosynthesis by giving placetsolight reactions. In the present thesis
we investigate structural parameters of the thythkonembranes, isolated from higher
plants and in different algal and cyanobacteriallscewith small-angle neutron
scattering, and the dynamics of isolated thylakmidmbrane fragments with elastic
incoherent neutron scattering. In the planning wf&xperiments one of our main goals
was, by capitalizing on the non-invasive naturenefitron scattering techniques, to
investigate the samples as close to ievivo conditions as possible. The results
presented, in addition to providing clear evidefmrethe occurrence of small but well
discernible membrane reorganizations in thylakogimbranes during photosynthesis,
and for a transition in BBY membranes at physiatabitemperatures, also show
possible applications of neutron scattering for timeestigation ofin vivo biological
samples.

This thesis consists of nine chapters. After themegal introduction about the
motivation of the work, some important aspects aitrons, production of neutrons and
theoretical background of thermal neutron scatteig presented in Chapter 2, along
with a short introduction of the two types of neutrscattering instruments used in our
experiments. In Chapter 3 a short overview of pegtthesis is given with a brief
presentation of the light reactions and the pauditthg protein complexes, and with
more detailed discussion about structure of thelakoyJd membrane which
accommodates these complexes.

Afterwards the sample preparation protocols, comtiposanalysis of some of the
investigated samples, description of the appliggeerental techniques is presented in
Chapter 4, along with brief description of the eifint methods and calculations used in
the interpretation of the experimental data.

Structural investigations of thylakoid membranedated from spinach leaves with
small-angle neutron scattering are presented ipeha5 and 6. We start the discussion
with the identification of the two characteristiegks present in the radially averaged
scattering curves through results presented inlitdx@ture and our experimental data.
Afterwards we investigate the influence of diffaremvironmental parameters, such as

osmolarity, ionic strength and phosphorylation ba structure of stroma and granum
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thylakoids. In Chapter 6 we present our resultivineveal structural reorganizations of
the stroma thylakoids during photosynthesis, witinmee resolution of several seconds.
We show that the changes are most pronounced eS| cyclic electron transport is
operating and that they are driven by the transmangbApH generated during
photosynthesis.

In Chapter 7 we demonstrate that small-angle newdcattering can also be used for
the investigation of structure of thylakoid memlasaiin algal and cyanobacterial cetls
vivo. Furthermore, we reveal small but well discernab@ht-induced reversible
reorganizations in thylakoid membranesRbfaeodactylum tricornuturand in the PAL
mutant of theSynechocystiBCC 6803 cells.

In Chapter 8 incoherent elastic neutron scattersngmployed for the dynamical
characterization of photosystem Il membrane fragmerhe experiments, performed in
the physiological and relevant super-physiologitemperature region, reveal a
hydration sensitive transition in the membrane,clvhis proposed to be related to the
heat induced removal of the oxygen evolving complex

Finally, Chapter 9 contains the summary of the masults as well as an outlook
and future perspectives for further applicatiomefitron scattering for the investigation

of photosynthetic membranes.

1.1 Introduction Générale en Francais

La présente these de doctorat est préparée psautaission d'une thése au programme
doctoral de Physique pour les Sciences du VivartEd®le Doctorale de Physique du

PRES «Université de Grenoble» (Grenoble, Franceauetprogramme doctoral de

Physique Statistique, Physique Biologique et Plussiges Systemes Quantiques de
I'Ecole Doctorale de Physique de I'Université deer®es E6tvos Lorand (Budapest,
Hongrie).

La these a été realisée a l'Institut Laue-Langd@nenoble, France) sous la
direction conjointe du Prof. Judith Peters et DetedP Timmins et a [l'Institut de
Recherche de Physique du Solide et d’Optique (BestagHongrie) sous la direction
conjointe du Dr. G§z6 Garab et Dr. Laszl6 Rosta.
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L'un des défis scientifiques les plus importantsnd&ge époque consiste a trouver
des réponses et des solutions aux différentes ignssket problemes liés a la
consommation d'énergie rapidement croissante dmé#hité. La prédominance actuelle
des combustibles fossiles dans la production dymemondiale ne peut pas étre
maintenue a long terme, en raison de la diminutepide des ressources facilement
exploitables et des conséquences potentiellemeastoaphiques de la concentration
croissante de dioxyde de carbone dans l'atmospHeme.conséquence, les études
scientifigues sur l'utilisation des ressources veetables, de leur transformation en
sources d'énergie écologiques facilement stockallansportables deviennent de plus
en plus importantes.

L'énergie solaire a un rble exceptionnel parmi e=ssources. En effet, toutes les
heures suffisamment de lumiére atteint la surfac&adlerre pour satisfaire aux besoins
mondiaux annuels en énergie (Harnessing solar grierghe production of clean fuel
(2008) Science Policy Briefing of the European BcgeFoundation). Dans la biosphére,
la conversion d'énergie solaire en énergie chimigsie réalisée par les organismes
photosynthétiques. La photosynthése sert d'entédergie pour la vie terrestre actuelle
et elle équilibre la concentration de dioxyde diboae et d'oxygene dans I'atmosphére.
Des organismes photosynthétiques modifiés ou dpareits artificiels inspirés par la
photosynthése pouvant convertir I'énergie solaitel® potentiel de contribuer de fagon
significative a la production d'énergie industeellDans sa forme naturelle la
photosynthése est cependant loin d'étre compZiseconstat est particulierement vrai
pour les différents mécanismes de régulation, q@rmettent a I'appareil
photosynthétique a s’adapter a diverses conditorngonnementales.

Les membranes thylakoides sont les membranes ussaplondantes sur Terre et
jouent donc un ro6le central dans la photosynthasédeprs réactions de lumiere. Dans la
présente these nous étudions les parametres sauxctdes membranes thylakoides,
isolés des plantes supérieures et dans des différenellules d'algues et de
cyanobacteria, par la diffusion de neutrons awitpeingles, et la dynamique des
fragments de membranes thylakoides isolés, pausitifi incohérente élastique de
neutrons. L'un de nos principaux objectifs a eé&duwdlier les échantillons aussi pres que

possible des conditions vivo en profitant du caractére non-invasif de la diffunsi
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neutronique. Les résultats montrent des preuvé®slde la présence de réorganisations
petites, mais bien perceptibles dans les membratess thylakoide pendant la
photosynthése, et aussi une transition dans lesbnaexes BBY a des températures
physiologiques. lls indiquent également des apiitina possibles de diffusion des
neutrons a I'étude des échantillons biologidnesvo.

Cette thése est composée de neuf chapitres. Aptiesictroduction générale sur la
motivation du travail, certains aspects importades neutrons, de la production
neutronique et les bases théoriques de la diffusles neutrons thermiques sont
présentés dans le Chapitre 2, avec une introductiarte des deux types d'instruments
utilisés dans nos expériences. Dans le Chapitne I3ef apercu de la photosynthése est
donné avec une présentation des réactions lumigeeiseles complexes protéiques
participants et avec une discussion plus détadléela structure de la membrane
thylakoide qui accueille ces complexes.

Ensuite, les protocoles de préparation des éclmndjll'analyse de la composition
de certains des échantillons étudiés, la descnipties techniques expérimentales
appliquées sont présentés dans le Chapitre 4,eetlescription breve des différentes
méthodes et des calculs utilisés dans linterpogtates données expérimentales est
donnée.

Des études structurales des membranes thylakoxdestes de feuilles d’épinard
par diffusion de neutrons aux petits angles soasgmtées dans les Chapitres 5 et 6.
Nous commencons la discussion par lidentificattes deux pics caractéristiques
présents dans les courbes de diffusion moyennékalament a l'aide des résultats
présentés dans la littérature et de nos donnéeSriegntales, ensuite nous étudions
l'influence des différents paramétres environnementtels que l'osmolarité, la force
ionique ou la phosphorylation sur la structure lde®lles du stroma et du granum. Dans
le Chapitre 6, nous présentons nos résultats gele®t des réorganisations structurales
des thylakoides du stroma pendant la photosyntlaee, une résolution temporelle de
plusieurs secondes. Nous montrons que les chan¢gesmamt plus prononces lorsque le
transport cycligue des électrons autour de PSdtiomne et qu'ils sont générés par le
ApH transmembranaire produit pendant la photosyethes
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Dans le Chapitre 7, nous démontrons que la diffugi® neutrons aux petits angles
peut également étre utilisée pour I'étude de lacatre des membranes thylakoides de
cellules d'algues et de cyanobactérigs vivo. En outre, nous révélons des
réorganisations petites mais bien discernableéwetrsibles, induites par l'illumination,
dans les membranes thylakoidesRimeodactylum tricornuturat de PAL mutante des
cellulesSynechocystiBCC 6803.

Dans le Chapitre 8 la diffusion incohérente élagtiges neutrons est utilisée pour la
caractérisation dynamique des fragments de membraoe Photosystéme II. Les
expériences ont été réalisées dans la région dpétamre physiologique et ultra-
physiologique pertinente et révelent une transiti@pendante de [I'hydratation de la
membrane. Ceci peut étre lié a I'enlevement inplaitla chaleur du complexe évolutif
de I'oxygene.

Enfin dans le Chapitre 9 les résultats, présenéds dette these, sont résumeés et
guelques perspectives sont proposées pour la ptaudsel ce projet en l'appliquant la

diffusion de neutrons a I'étude des membranes phiatioétiques.
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2. Neutron Scattering, a Tool to Study the Structure ad Dynamics of
Biological Systems

Neutron scattering is a widely used technique fodgng the structure and dynamics of
biological systems. Structure determination studiesnge from monitoring
conformational changes of proteins upon interactith different molecules, or the
elucidation of the protein oligomeric state in smn or kinetic studies of protein-protein
interactions with small-angle scattering, to e.geutnon protein crystallography
providing precise information about the organizatmf water molecules present in a
crystal. Incoherent neutron scattering experimeatsprovide information e.g. about the
dynamical behavior of entire proteins, of their@fie subunits or of the hydration water
or the diffusion of proteins in solution.

In this chapter basic characteristics of the neutod neutron scattering will be
summarized along with the two neutron scatteringhnejues, used in the present

studies.

2.1 Neutrons, Neutron Scattering

2.1.1 General Properties of Neutrons

Table 1: Basic physical parameters of the neutron (Dianawklzander 2003).

Charge 0
Mass m=1.67492§1) 10" kg
Spin s=-hl2

Magnetic moment | ,=-9649178318) 10" JT™

B-decay lifetime r =8859+ 09s

Quark structure udd

Neutrons along with protons form the nuclei of #ie atoms in nature (with the
exception of‘H). Neutrons are subatomic particles, without eieat charge, and with a
mass slightly higher than that of the protons. Thweye discovered in 1932 by James
Chadwick (Chadwick 1932). Basic parameters forrtbetrons can be found in Table 1.

Due to their electrical neutrality neutrons can gieate deeply into matter and, since
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they do not experience a Coulomb-barrier, they geinto close interaction with the
atomic nuclei. Scattering of neutrons by mattehiss governed by nuclear forces. There
is no complete theory describing these forces,dxgierimental results show that the
ability of a specific atom to scatter neutrons @ a simple function of the atomic
number. On the contrary, it can be significantlifedent even for different isotopes of
the same atom (Sears 1992).

2.1.2 Production of Neutrons

There are currently two means of producing neutromssignificant quantities for
scattering experiments. In research reactors wittorastant flux (e.g. Institut Laue-
Langevin, Budapest Neutron Center, etc.), urani@3®-plits into smaller nuclei while
emitting on average about 2.5 neutrons (Martin 20RBout 1.5 neutrons are needed to
maintain the chain reaction, so only 1 neutronlmamised for experiments. In spallation
sources a heavy metal target is bombarded by p@ocelerated to energies of about 1
GeV. As a result the heavy metal atoms undergabasion process, producing several
nucleons and about 25-30 neutrons per proton (f&tance 28 n/p in case of spallation
with 1.33 GeV protons on a mercury target (Conr@@ds).

The most important difference between the abovetioregd neutron sources is the
time distribution of the neutron flux. In high fluseactors the time-averaged flux
(P =1200%cm™>s™ at ILL, Grenoble) is higher than in spallation sms
(@ =200%cm?s™ at ISIS, Chilton, ® =1700“cm™?s™ at SNS, Oak Ridge,
® =6010“cm?s™ - predicted at ESS). But as the neutrons in alatjpmal source are
produced in pulses, the so-called peak flux inlapah sources® = 2410®°cm?s™ at
ISIS, Chilton,® = 1.7 10®*cm2s™ at SNS, Oak Ridgep = 14107 cm?s™ - predicted
at ESS) (Conrad 2005) is higher than the averageifi reactors. The choice of the
instrument type depends thus often on the sourcacteristics. Time-of-flight
instruments, which can exploit the time structuir¢he beam and hence use most of the
available neutrons, are in general favored at apafi sources, whilst monochromatic
instruments, where a large portion of the availaigetrons is discarded, are best used at
reactor sources. However, an important disadvargatgme of flight (TOF) instruments

built on pulsed sources is the fact that the li@)rdbution of the neutrons arriving on the

8
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detectors is quite asymmetric, compared to a TGHEUment built on a continuous
source (see (Loong et al. 1987; Peters et al. 2006)

Since in many fields of science neutrons and x-eagsinvestigation methods used
in parallel, it is interesting to discuss the flaxa some of the x-ray sources. The flux of

these sources is characterized by a different th&n for neutrons; by the

brightness= w, = M /(M = O.1%j or by the
solidangle smrad A
brilliance = .spectralflux , :Ltcz)ns/(M = 0.1%}. At the European
solidanglelsurface snrad’mn? \ A

Radiation  Facility in Grenoble (ESRF) the availablérilliance is

L’[Sns/(M = 0.1%} (ESRF 2011), and at the Free-electron Laser in
snrad’mn?

A

1020 _ 1021

Hamburg the peak brilliance 50*° -10%°

photons /[M
A

— /| —/— =01%| (Tiedtke et al.
smrad’mn? Oj (

2009). Although they are not directly comparable cae state that x-ray sources offer
much higher fluxes than neutron sources.

There are few exceptions from the above mentiorledsification of neutron
sources. The Swiss Spallation Neutron Source @lrapnst continuous spallation source
while the IBR-2 reactor in Dubna, Russia, is a fagsed reactor.

The wavelength or the related energy of the nestisra crucial parameter for the
different neutron scattering techniques. Neutronsdpced by either of the above
mentioned techniques have typical energies of tdercof MeV (Harroun et al. 2006).
However only slow neutronsE<1keV) can be used for structural and dynamical
investigations (Conrad 2005). The energy distridnutof the neutrons is modified by
thermalization in different moderators, placed elds the source of the neutrons.
Supposing a thermodynamic equilibrium with the nratt#r, neutrons have a
Maxwellian distribution of velocities. The relatigimp between the wavelength, the
kinetic energy calculated with the most probablesigy (Profio 1976), E, the velocity,
v and the wavevector, k, of a neutron, thermalired moderator with temperature, T,

can be described by
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2 21,2
E:kBT:%mVZ:h—:h K

5 2.1
2mA 2m

where k, :1.3806504(24)10'23%:8.617343(15)EL0'5% is the Boltzmann's

constant and m is the mass of the neutron (Squieg8). If we use the following

variables with the given dimensiofi§] = meV,[T]= K,[v]:k—m,[)l]:A, [k]:%, we
S

get the following relations without dimensions (8gs 1978)

1 1 1 1
A =6.283~ =3.956- = 9.045=— = 3081~ 2.2
k v VE T

The wavelength distribution can thus be influenbgdthe application of moderators
with different temperatures. Commonly used modesaamd corresponding temperature
and neutron energy values can be found in TableL&esey 1984). Neutrons,

thermalized in different moderators, can be usediifterent experimental techniques.

Table 2: Terminology and kinetic energy of neutrons thergeliin different moderators.

Neutron energy Moderator material and temperature
Cold neutrons E <10meV Liquid H,or D,, T = 20K
Thermal neutrons | 10meV< E <100meV H,0 and RO, T = 290K
Hot neutrons 100meV< E <500meV Graphite, T = 200K
Epithermal neutrong 500meV< E

2.1.3 General Neutron Scattering Experiments

In order to understand the different neutron soatjeexperiments, we need to know
what type of information we can obtain during thgeriments. For simplicity we
consider a monochromatic beam of incident neutrbiting the sample under
investigation. Neutrons can be absorbed by the amepn be scattered by it or can
traverse it without interaction. The number of mens per second absorbed by the
sample, J, and the number of neutrons per second scatterabebsample,s) can be

expressed byl, =470, and | = 4o, wherec, andos are the absorption and

10
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scattering cross-section, respectively, their usadlis the barn (harn=102*m?), and
® is the flux of the incoming neutron beamn'lautronsl(cm2 s).
Neutrons scattered at a sample can be charactdnzéte incident wavevectds,
the wavevector of the scattered neutidnand with the correspondirigandE’ neutron
energies (see equation 2.1). Important parametéh® scattering process are the energy

transfer from the neutron to the sample:

21,2 21,12
hw:E—E'zhk Ik 2.3
2m 2m
and the scattering vector:
Q=k-k'. 2.4

The latter one is shown in Figure 1.

Figure 1: Scattering of a neutron with an incident wave veét@nd a scattered wave vectdr The
momentum transfer corresponds to the scatterinpr€z=k - k'.

In a typical scattering experiment (see Figure Zutrons are scattered
anisotropically in different directions. The numlmémeutrons, N, scattered in a specific
direction, characterized by the angbeande, into a solid angle,@, can be described by
the differential scattering cross-section (Harretial. 2006):

do, _N(6.9) -

11
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Figure 2: Schematic geometry for a scattering process.
Considering a change in the neutron energy duhegstattering process, equation
2.5 is modified to give (Squires 1978):

do, _N(6.4.E)
dQdE'  ®dQdE’

) 2.6

where all the neutrons have a final energy betweemand E’+dE’. In the neutron
scattering experiments presented in the followitngpters, we either measure the
number of scattered neutrons independently fronr #rergy as described by equation

2.5 or we analyze also the energy of the scatteeettons as described by equation 2.6.

2.1.4 Scattering of Neutrons by a Sample

In a typical neutron scattering experiment therureent and the sample are tens of
meters away from the neutron source. The connediEtween the source and the
sample is provided by a set of fixed and/or exckabte elements of neutron guides and
collimators.

Neutron guides usually consist of mirrors, for epé&nnickel coated glass plates
arranged around a rectangular form under vacuupaldea of totally reflecting neutrons,

which hit the mirror at an angle below the critieadgle of the mirror-material (Sears

12
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1989). The critical angle for a non-multilayer swé is wavelength dependent and can
be calculated as
@ =A (ﬁj 2.7

T

wherep is the average number of atoms per unit volumebaiscthe coherent scattering
length of the molecule or atom, of which the mirrermade (Sears 1989). In a more
complicated system, called supermirror, a multitageused which is built up from unit
bilayers of two different materials, with increagimnit bilayer thickness, providing
nearly perfect total-reflection up to an angle savémes higher than the critical-angle
of usual neutron mirrors. Neutron guides have theaatage, apart from neutron
transportation capabilities, that they selectiveansmit longer wavelength neutrons, as
the critical angle increases with neutron-wavelen@horter wavelength neutrons and
rays, for which the guide is almost transparerg, avsorbed by the radiation protection
mounted around the guides, and are not transptwtéte instruments. With a properly
curved neutron guide the background at the instnisnean be significantly reduced.
Collimators (usually tubes under vacuum, surrountdgd materials with high

neutron absorbance, such as cadmium and diffe@oinbcompounds) are sometimes

needed for the instrumentation in order to elinerthe diverging neutrons.

For distance within the sample less tI%G!FH—/i, (wherelL is the distance of the
Ta

sample from the so-called virtual source of newdramnda is the size of the virtual
source perpendicular to the neutron beam), thelemtineutron can be considered as a
plane wave (Gahler 2010). As a consequence thenatide object-size in a neutron
scattering experiment strongly depends on the wetecand adjustment of the

instruments.

2.1.4.1 Scattering of Neutrons from one Single Bound Nucleu

The simplest theoretical case of a scattering éxyeert is the scattering from one single

atomic nucleus, at the origin positiox € y=2z=0) in the coordinate system. The

wave function of the incident neutrons can be desdras a plane wave

13
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(//inc - eikZ, 2.8

where the z-axis is oriented alokg the wave vector of the incident neutrons. As
mentioned in 2.1.1, neutrons have almost no interaavith the electron cloud of the

atom, and their scattering is governed by nucleares. Nucleon-nucleon forces have a
range of (1-2)x10™"°m (Martin 2006), which is several orders of magniudwer
than the wavelength of neutrons used in scatteriegperiments, being
(04-30)x10™m (Squires 1978). Thus the scattering is sphericlipmetric and the
wave function of the scattered neutrons can onhtain an s-wave component (which

only depends fron1r|). It can be characterized by a constant b, cdledscattering
length (Egelstaff 1965), and the outgoing wave fiomccan thus be written in the form:

ik'r

Y. =-b—. 2.9
r

scat —

The negative sign of b is a convention accountargafpositive value of b for a repulsive
potential. In a general case b is a complex nurabdrone can show that the imaginary
part of it is related to the absorption cross-sectiof the atom according to

o, = —4—: Imb (Lovesey 1984; Sears 1992).

a

Considering elastic scattering, and using equat®bs2.8 and 2.9 we can calculate
(Egelstaff 1965):

2

ik'r
4Ty [‘} b er
o, = e - = 4rfn|”. 2.10

The only form of potential which can cause an moitt scattering into a spherical wave

is a delta function, which, with the proper parangt is called the Fermi pseudo-
potential (Squires 1978):

14
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2mh*b
m

V(r)= o(r) . 211

In case the potential is repulsive, which is troe dbout 90% of the atoms in nature
(Cser 2010), we obtain positive values for b (Sepit978). Experimentally measured
values of b for different isotopes of all the elersecan be found in (Lovesey 1984).

2.1.4.2 Coherent and Incoherent Scattering

For a more appropriate approach of a real scatfeskperiment we consider now the
scattering from a system of N atoms of the sameneé at positions Rhaving a
scattering length jbwhere j O[1,N]. The b values can be different due to the possible
existence of different isotopes of the same elenretite sample or due to the relative
spin orientation of the neutrons and the scattesiiogn (in the case of a non-zero atom-
spin, since the scattering length of the neutrodifferent depending on the atom- and
neutron-spin being parallel or not). Using equat®ohl the Fermi pseudo-potential of
this system becomes:

2mh?
m

V(r) = ijd(r -R)). 2.12

If we use Fermi’s Golden rule for calculating thelpability of the transition of a plane
wave state defined bdyto another defined by and we use the Born approximation (i.e.
that the initial wave is only slightly perturbed the scattering) and we assume that the
spatial coordinates and scattering lengths arecaoelated, it follows (Richter 2005)
that

do, _ Ze‘Q(Ri‘Ri')bj,*bj , 2.13
dQ i’

where bj,*bj represents the average bjf,*bj over random isotope distributions and

spin orientations of the scatterer elemeris. b, equals ‘5‘2 if j#j and |b|2 if

j =j", which gives for the differential scattering cregxtion:

15
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o5 va, (7

which can be divided into a structure dependertt palled the coherent cross-section:

(dasj :|6|22eiQ(Rj_Rj') :&ZeiQ(Rj—Rj') 215
dQ c s

Armiy

and a structure independent part, called the irreolheross-section (Richter 2005):
4o, 1 - N(|b|2—|5|2):iN, 2.16
dQ ), 4

where o, :477|5|2 and g, :477(W —|5|2j. As 2.15 shows, the coherent cross-section

gives information about the structure in the samghal its intensity depends strongly on
the angular directions, while 2.16 shows that theolherent cross-section is structure
independent and completely isotropic.

By introducing the static structure factor (Lechaad Longeville 2006):

2

5(0)=L 3 dom Ly gon
N 77 N5
the coherent cross-section can be expressé(%%% = % NS(Q).
. 4m

The most important consequence of equation 2.1@®edound when applying it for
hydrogen. The scattering length of hydrogen is \different in case the spins of the
neutron and of the hydrogen atom are parallel ¢giparallel, which results in the fact
that hydrogen has the highest incoherent crossseamong the biologically relevant
elements (Sears 1992; Schober 2010).

2.1.4.3 Scattering Function, Correlation Function

Neutrons can give us information not only about streicture of the sample, e.g. the
time averaged spatial positions of the atoms, mat about the movement of the atoms,
i.e. their dynamics. For the latter purpose we h#avestudy the scattering vector

dependence of the number of neutrons scatteredowtitthanging their energy

16
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(elastically scattered neutrons), and of neutrohgchvgain or lose energy during the
interaction with the sample (inelastically scattereutrons). We can obtain the double
differential cross-section of the sample in an gpeexchange dependent form of
equation 2.13, assuming that spatial coordinatdsseattering lengths are not correlated
(Squires 1978):

do, _Kk 1 b b, I< QR e'QR()>><e"“"dt 2.18
dQdE’ k27‘h

where (} denotes the thermal average over all possiblesst#tthe sample, which in

this case can be written as:

<e—iQR( iQR, (t > Zp(A )< |eIQR 'QR()

i>. 2.19

p(A,) is the population probability of the possible st{aﬂe) (Schober 2010). The double

differential cross-section can be divided into gehé and incoherent parts by the same

method as detailed in 2.1.4.2., giving

do i g i
dQdE kzmzb 0, I< R et =
I: zm( )22 T< QR (0) O >xe—iwtdt+ 2.20

KLy )zf g gy

l—oo

By substitutingo, and o, we get

do, | - iﬁiz T< Ry 0)gioR > x e dt 221
dQdE' ), 4mk 25 2, '
for the coherent double differential cross-seciad
4o, ) - iﬂiz T< R ) glon > x et 222
dQdE' ), 4mk 2m 57, '

for the incoherent part.

17
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One can define19545 (Q,w) = ii J'< TRy (0)gioR > x e “dt, called coherent
N 27h =
. . |QR |QR —ict
scattering function and S(Qa) _NEZR >><e dt, called

incoherent scattering function, which are indepehadé the number of scattering atoms

in the system, to obtain:

do. o. k'
s =Zc N W 2.23
(deE’jc 4t k S°(Q )
do o k'
S =—' _ N , Q). 2.24
(deE'Ji 4t k S (Q )

The scattering functions are defined in recipr@cal energy space. However, to obtain a
structure of a macromolecule, or to compare thelltesvith molecular dynamics

simulation, the information about the samples isdeel in real and time space. For this
purpose a method, presented first by Van Hove (13%h be used. One can introduce

the so-called intermediate function:

IC(Q,t):%;<e'iQR (©)gioR > hIS Q,w)xe " “dw 2.25

and the self-intermediate function:

IS(Q,t):%ZJXe_iQRJ( g oR > hIS Q,w)xe " “*dw, 2.26

the time-dependent pair correlation function:

G,(r,t)= 1 - TlC(Q,t)xe—iQfdQ 2.27

ZIT) :

and the self time-dependent pair-correlation fungtialso called auto-correlation

function:

18
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Gs(f,t):ﬁ TIS(Q,t)x e dQ, 2.28

which are consecutive Fourier transforms of thdtedag function. One can calculate
from the equations above, that in the case of ssidal approximation, if the amount of

the exchanged energy and momentum in the scatt@rogess is sufficiently small
2
(Lechner and Longeville 2006), i.e. i-;%((% ksT and |hw1((% kT , where M is the

mass of the scattering atom, the pair correlatimetions can be written as:

G, (r.t)= % S (3 - R, 1)+ R, (0) 229

Gs(r,t):%zjxa'(r -R,(t)+R, (0))> 2.30

which for equivalent atoms in the scattering syssamplifies to (Squires 1978):

G, (r.t)=X(alr - R, (t)+ R, (0)) 2.31

J

G (r,t)=(3(r - Ry (t)+ R, (0))) - 2.32

Scattering functions based on this classical appraton of the correlation functions

would however not fulfill the detailed balance distition. One has thus to consider the

hw

energy dependence of the level occupation, iet 8§ Q-w)=e"" S(Q,w)
(Boltzmann 1872; Lechner and Longeville 2006). Arection factor is needed to take

this into account, and the classical scatteringtions calculated from equation 2.29 and

hw

2.30 have to be multiplied by 2" .

2.1.5 Incoherent Neutron Scattering

Incoherent neutron scattering gives us accesetmtivement of individual atoms of the
sample in a certain time window, defined by therabgeristics of the instrument. Since
the incoherent scattering cross-section of hydragevo orders of magnitude higher

than that of any other biologically relevant eletnehe incoherent scattering function
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represents mainly the averaged movement of indatithydrogen atoms in biological
samples. As hydrogen constitute usually about 5006the atoms in biological
macromolecules and are homogeneously distributed v sample, they give a good
overview over dynamics.

Corresponding to the characteristic neutron eneérgysfer values we can define
three separate regions of the scattering funciespciated with elastic, quasielastic and
inelastic scattering, as shown in Figure 3.

In case of elastic scattering the neutrons do rohange energy with the sample
(how=0). The elastic peak, theoretically a delta funttiis broadened by the instrument
resolution. Rotational or translational diffusiveotions present in the sample cause the
appearance of the broad quasielastic feature, whicentered around the elastic peak
position. Furthermore, transitions between diffénghrational modes in the sample can
be induced by the scattered neutrons. This prasespresented by the inelastic satellite
peaks of the scattering function, symmetricallyaked at ho and ho around the elastic

position.

A
Number of scattered

neutrons .- Elastic peak

Inelastic scattering

Quasielastic

scattering \

Neutron energy gain Sample energy gain
from the sample from neutron

»
»

No energy transfer

Figure 3: Different possible contributions to neutron scaigr
2.1.5.1 Elastic Incoherent Scattering Function

For simplicity we first consider only translatioreaid rotational diffusive motions in the

sample. We divide the self time dependent pairetation function into two terms: the

20



Neutron Scattering, a Tool to Study the Structuré Bynamics of Biological Systems

so called time independent parGS(r,t_wo) and the time dependent part

G.(r,t)=G,(r,t)-G,(r,t - ). The time independent part can vanish or haveitefi

value depending on the volume, in which the ingadéd atoms can move. If the
volume is not restricted during the investigatadetiwindow, as in case of liquids,

G,(r,t — ) vanishes. One can show that the incoherent sicaftemction calculated

from these two terms takes the following form (B&&8):
§(Q@)=5"(Q)s(w) +5"(Q.) 233

where S,e' (Q)J(a)) denotes the elastic incoherent scattering fundiwonresponding to

the time independent part in the time space) sz'(’j(Q,w) denotes the inelastic

incoherent scattering function. For the calculatainthe elastic incoherent scattering
function, we consider that in 2.22 (t) has an equilibrium positioR; , and thus we can

define u(t) = R, (t)- R, , assuming that deviation u has a Gaussian disipiyuhich is

an appropriate approximation e.g. for harmoniclzgmns.
If we apply this approximation for 2.22 and 2.24 get

00

do-s iﬁ_ —|Q R; +u; IQ(R U ()) it
(deE'j, A4k 2mZI< >"e dt 2.34

—00

and

0

S(Q, a))—ﬁ J'< iQu;(0) gl > x e “dt. 2.35

—00

According to (Schober 201Gk ¢} can be expressed as

< e—iQu(O)eiQu(t)> - e‘%<(Q“<°>)2>e‘%<(Q“<t>)2>e<(ou<o>)(Qu<t))> _ o (@) J(euo)euw) 236

If t » o, the second exponential in 2.36 becomes 1. Intioduthe so-called Debye-

Waller factor:

W(Q) = %<(QU)2>, 2.37
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one obtains:

S(Q,w=0) :%Ze‘zwj(‘” 2.38
i .

<u2> represents the vibrations of the atoms aroundr tlequilibrium positions.

Assuming isotropic motions (Kittel 1967<§(Qu)2> = %<Q2><u2> and

S(Q w=0)= %Ze_s<Q2><u2>

2.39

In the literature we can find two different verssoaf equation 2.39. In the above

detailed definitionu describes the displacement of an atom from thdlilequm
position. If we conside|<x2> as mean square displacement (MSD), where we tefer

the full amplitude of the motion (Smith 1991; Sarklyet al. 2007) we obtain the

following equation:
o2\ 2
S(Q,w=0) =%Ze I 2.40
j .

Equation 2.40 is strictly valid fof — 0 and is a good approximation {K)’Q? < 2

(Reat et al. 1997).

One can remark that the expression found in 2.3%inglar to the Guinier-
approximation used in small-angle neutron scatgefior calculating the radius of
gyration in the sample (Guinier and Fournet 195&ieger et al. 2006).

In most of the calculations above we consideredotiesence of one single element
in the sample. In real samples one usually hasréift atoms with different MSD values

and different neutron cross-section values, thuston 2.40 must be generalized to:

i B

However, when working with hydrogenated biologisamples 2.40 is an appropriate

S(Qw=0)= 2Z‘,(|b| —|b| jeﬁ )’ 2.41

approximation, taking into account the high incamercross-section value of hydrogen.
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Having obtained thes (Q,w=0) value from an experiment the MSD values can finall

be calculated through:

Ay - _<dInS(Qw=0)
<x >(T)— 6 d(QZ)

2.42

2.1.5.2 Mean Force Constant

The mean square displacement values, measuredfexredi temperatures, can reveal
important characteristics of the dynamics of biatagsamples. It is generally accepted
that protein dynamics are strongly correlated whti functionality of the protein (Zaccai
2000a). In Figure 4 MSDs are plotted as a funatibtemperature and show the onset of
diffusive protein motions at ~ 250K in photosystdnmBelow this dynamical transition
the dynamics of proteins is usually described asnbaic motions within potential
wells, and represented by their effective meanef@anstant. In the higher temperature
region the dynamics of the proteins can be bestritbesl as the sum of harmonic motion
within potential wells, and jump diffusion betweéme different wells and are best
represented by a pseudo force constant, which ibescthe resilience of the system
towards the jumps between the wells (Zaccai 20@ath types of the above mentioned
effective mean force constants, (notion introdubgdsiuseppe Zaccai in 2000) can be
calculated according to (Zaccai 2000a):

(k) = 0.00276 -

d(x?)/dT’
where <k> is in units of Newtons per meter ané><in Angstroms squared and T is the
absolute temperature.
2.1.6 Neutron Spectrometers

Neutron spectrometers are used to provide infoomasibout the double differential

2
cross-sectio%(qw). In most of the instruments this is done by definthe

energy distribution of the incoming neutrons, angasuring their angular and energy

distribution after the scattering process. Howetlee, experimental techniques used to
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perform these tasks, and the accessiblexj@anges and resolution values are different
for all instruments and can thus be used for spesifidies (see Figure 5).

04

0.3 -

0.2 -

<u?> [A2]

0.1 -

U . N S

0 50 100 150 200 250 300
Temperature [K]

Figure 4: Temperature dependence of MSD obtained from elagtasity of hydrated (full squares) and
dry (open squares) photosystem Il samples. (FroepéP et al. 2007)).
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Figure 5: Scattering vector and energy range covered by rdififeneutron scattering techniques, in
comparison with other experimental methods (cofriech (Buttaro 2005)).

2.1.6.1 Backscattering Spectrometers

Backscattering (BSC) instruments achieve an eneggglution of the order of several

ueVs. During Bragg reflection of a plane-wave oredect crystal, the energy resolution
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of the reflected neutrons will be the highest & thave vector is perpendicular to the
scattering plane (Alefeld 1966; Lechner and Lonig\006). In BSC instruments the

analyzer crystals are placed circularly aroundgaeple position, thus those scattered
neutrons which have the proper energy (definedhieyBragg equation) are reflected

back onto the sample by the analysers. A detaidestription of the IN13 instrument at

the ILL can be seen in Figure 6.

Shutter  |Nevtron guide  |Graphite deflector  Monochromator crystals CaF,

e
3
— 1M T ! K —
1 1

(ryofurnace
Helium gas filled flightpath

Chopper housing

Monitor

i Detecior modules
Detector (25 defectors)
mlls 4 Analyser crysals
(5x5doletors) 2 7N * e ~ o]

/ \Sample

Anolyser crystals \ ; Three concenric rings
{2 plates) 5 &qﬁ.':_gﬁy &5 of onalyser trysiuqs

o

= %m Beam stop

Figure 6: Instrument layout of the IN13 backscattering speogter at the ILL. (From The Yellow Book
2008, Guide to Neutron Research Facilities, ILLheTheutron energy is selected by the monochromator
crystals, and can be varied by changing the d sgagia controlling the temperature of the crystal.
vertically curved graphite deflector reflects amtifses the neutrons on the sample. A low efficiency
uranium-based monitor which detects the numbernobming neutrons, is used for normalization.
Neutrons scattered by the sample are analyzedebarthlyzer crystals, and reflected back onto thepka

if they have the appropriate energy. After travegsihe sample a second time, they are detectedeby H
gas counter detectors. The number of neutrons riginating from backscattering is reduced by the
application of collimator cones in front of the éetbrs. Neutrons scattered from the sample dir¢éattize
detectors are not counted due to synchronizatioa ofopper forming pulses in the incoming neutron
beam and of the detector electronics. The energglutton of the instrument is usually set tqu&V
(FWHM), corresponding to a time window of about 100 Pee wavelength of the detected neutrons
(defined by the analysers) is 2.23 A. The momentransfer range of 0.19 A- 4.9 A' makes the
instrument appropriate to probe length scales ranéiom 1.28 to 33.4 A, considering the equation of

R~ Z—Qn (Natali et al. 2008).
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2.1.7 Small-Angle Neutron Scattering

A schematic view of the D22 SANS instrument at bhstitut Laue-Langevin can be
seen in Figure 7. SANS instruments built on a w@asburce usually use neutrons
moderated in cold sources. The instruments aratedupreferably far from the neutron
source in order to reduce the background of theedx@nts. Neutrons, transported
through neutron guides are monochromatized by acitgl selector, whose rotation
speed determines the average wavelength df the transmitted neutrons. The
wavelength distributionAA/A) of the monochromatized neutron beam depends ®n th
design and orientation of the selector, and it iudith at half maximum (FWHM) is
usually in the range of 10-30%. After passing tekector, the neutrons pass through a
neutron guide and a collimator with variable lendfihe length of the collimation is
chosen in accordance with the specific detectalande®, in order to optimize the flux
and the resolution of the instrument. The neutra@anb is shaped by different
diaphragms before arriving to the sample position.

Velocity selector| Collimation Diaphragmm| |Sample Defector|  Another
S posifion

Evutuntéd fube (20m)

Neutron guides

Figure 7: Schematic view of the D22 SANS instrument at theitut Laue-Langevin (copied from (ILL
2011)).

Samples can be mounted into different sample helded in different sample
environments. The temperature of the sample caoob&olled and a magnetic field,
different illumination levels and high pressure tenestablished at the sample position.
Neutrons scattered from the sample are detected two-dimensional detector. The
sample-to-detector distance can be varied, by ngotire detector in a tube, under
vacuum. This, in combination with the incident meatwavelength determines the Q-

range covered by the scattered neutrons.
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3. Thylakoid Membrane, the Site of Light Reactions inPhotosynthesis

During the following section | give a short ovemvieof the basic features of
photosynthesis, paying special attention to theuctiral organization of the
photosynthetic apparatus and to the ultrastructiréhe thylakoid membranes. The
overview is based on (Gunning and Steer 1975; Blastkip 2002).

3.1 Principles of Photosynthesis

What is photosynthesis? The definition given inafidenship 2002) isPhotosynthesis
is a process in which light energy is captured atated by an organism, and the stored
energy is used to drive cellular proces8d® emphasize the importance of this process,
which converts the energy of light coming from &, to chemical energy, one has to
remark that most of our energy resources, evenfdbd we consume, are or were
created by using energy provided by photosynthesis.

The variety of organisms benefiting from photoswsik is enormous and includes
primitive bacteria up to organisms as big as Bequoiadendron giganteunThe
prevalent form of photosynthesis is the so callétbrophyll-based photosynthesis.
Bacteriorhodopsin-based photosynthesis is also kndwt is not the subject of this
thesis.

Photosynthesis, which we can observe now in nasugeresult of billions of years
of evolution, and thus shows variance in differerganisms. However, we can form an
overall division of the so-called light reactioropesses into four principal parts, being
valid for all these organisms:

1. The light reaching the plant is mainly gathered &gtenna complexes,
specialized for the absorption and transfer ofligjie energy. The energy of the
photon is primarily stored in the form of excitethtes of different accessory
pigments or chlorophylls in the antenna, and fuathédwards the photosynthetic
reaction center through several intermediate pigserhe directionality of the
funneling process is maintained by the decreasieggy level of the consecutive
excited states. The existence of the antenna cowmplis crucial for increasing
the efficiency of the photosynthesis and the adegptgroperties of the organism

for different light conditions.
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2. The transformation of the energy of the light isteemical energy occurs in the
reaction centers through light driven electron dfan reactions. In these
membrane-embedded pigment-protein complexes a dofhezhlorophylls is
involved in the primary charge separation processies donor chlorophyll
molecule(s) of the reaction center get(s) into texcstate and become(s) a highly
reductive agent in the vicinity of an acceptor noale. As a result, one electron
is transferred to the primary acceptor moleculerindu the primary
photochemical process of photosynthesis. Due tar thieysical vicinity the
oxidized primary donor and the reduced acceptanfarhighly unstable system
because of the possibility of recombination, i.ke tback transfer of the
transferred electron. Recombination results inftmmation of heat and the loss
of useful energy for photosynthesis.

3. The stabilization of the chemical energy occursoulgh several consecutive
secondary reactions, being faster than the recatibmprocess. Through these
reactions the positive and negative charges, forrdedng the primary
photochemical processes, are physically separatau £ach other and the
chance of their recombination is thus reduced.

4. During the secondary processes of the light reastaf photosynthesis energy
transfer molecules, ATP and NADH or NADPH, are progd, this way storing
the solar energy transformed by the photosyntlagtparatus. The energy and the
reducing power stored in these molecules are usetthda process of carbon
fixation, during which C@and water are converted to carbohydrates.

The different processes involved in photosyntheses far from being completely
understood, and have been extensively studied mntsts from various fields of
expertise. In this thesis, my work was related ¥ tspecific aspects of the
photosynthesis and therefore the overview of liteeawill be confined to these areas. In
particular, | will deal in detail with the structalr parameters of the thylakoid
membranes, a complex multilamellar membrane systemere virtually all
photosynthetic light reactions take place and wikie relationship between the

functionality and the composition of this systenthwits structure. A short description of
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the photosynthetic electron transport chain ande@apy the involvement of the
photosystem Il in it will also be given.

3.1.1 Granal Chloroplasts

In higher plants photosynthesis takes place inrgarelle of the plant cell, called the
chloroplast (see Figure 8). The inner part of theroplast is filled with an aqueous
phase, called the stroma liquid, which surroundsuétilamellar lipid bilayer membrane
assembly, the thylakoid membrane.

Outer membrane Inner membrane

Stroma

Stroma lamellae

Granum

Figure 8: Simplified three-dimensional model of granal chjuest.

Carbon fixation, the ‘dark reactions’, happen ire tetroma, while thylakoid
membranes are the site for the light reactionshotgsynthesis. This connection of the
primary steps of photosynthesis with membranes lmarfound even in the simplest
chlorophyll based photosynthetic organisms.

The existence of the thylakoids in the chloroplasgtnown since 1883 when Meyer
found small grains (grana) in the chloroplast ighti microscopy measurements. The
existence of several layers in the grana was shinainin 1940 (Kausche and Ruska

1940). Membranes interconnecting the grana stabksstroma thylakoids, were first
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found in 1956 (Leyon 1956). The currently accepsédictural representation of the
thylakoid membrane assembly is a result of reseaven several decades, in which the
main experimental method used was electron micmsanf ultra-thin sections of
chloroplasts. The results on the morphology of thglakoid membranes can be
summarized by the following points:

1. The grana are constituted of circular discs of k&dcthylakoid membranes

aligned on top of each other.

2. Each disc can be considered as a flattened lipaydri vesicle, resulting in the

inversed directionality of the upper and lowerdipilayer of the disc.

3. The bilayers separate the inner (lumen) and owteorfia) liquid phases from

each other.

4. The diameter of the discs is 300-600 nm.

5. The lumenal phases of the granum thylakoid disasgben top of each other are

interconnected by stroma thylakoids winding arotirelgrana membranes.

6. The lumenal phases of cylindrical sets of stackathgm thylakoid discs are also

interconnected by stroma thylakoids that intercahadjacent grana.

7. The structure of the stroma thylakoids at the wvigiof the granum thylakoid

discs can be described as a right handed helix.

8. Contiguous lumenal space.

A computerized model, created on the basis of mecmicrographs of serial
sections of thylakoid membrane assemblies, predentd-igure 9, shows a currently
accepted model of the thylakoid membrane systempnuyn thylakoids with stroma
thylakoids, helically wound around them. One has kisep in mind that this
representation is a highly idealized picture of tthg/lakoids, not showing the
irregularities in the structure, revealed by reagattron tomography data (Mustardy et
al. 2008; Austin and Staehelin 2011).

Basic parameters defining the model are:

1. The height of the central grana disc column, ireotierms the number of discs

stacked together is usually found to be 10-20 ghéi plants.

2. A grana disc is built up from two approximately e thick membranes, a 4.5

nm thick lumenal and a 3.2 nm thick interthylakdigdpace (Daum et al. 2010)
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providing 15.7 nm for the repeat distance in sgingtdoroplasts, but the various
results in the literature for the repeat distaramgge from 14 to 24 nm (Dekker
and Boekema 2005). Furthermore the parameter $yrodegends on the sample
environment (Murakami and Packer 1970).

3. If we consider a cross-section of the grana disanop along the axis, on one
margin of the granum discs stroma thylakoids air@ng to approximately every
2-2.8" granum disk (Paolillo and MacKay 1969).

4. The angular tilt between the stroma and granumakojtls is found to be in
average 22° inLolium multiflorum (Brangeon and Mustardy 1979); recent
studies found this value to be ~ 10 to 15° in sghntnylakoids (Daum et al.
2010).

Figure 9. Idealized model of the granum-stroma thylakoid memb assembly, with stroma lamellae
helically wound around the multiple granum thylakdiscs (copied from (Mustardy and Garab 2003)).

3.1.2 Protein Complexes Incorporated in the Thylakoid Menbrane

The thylakoid membrane has a crucial role in theng@ry steps of photosynthesis. The
membrane separates two aqueous phases (the stroithealumen) and incorporates
virtually all protein complexes involved in the ligreactions of photosynthesis. These
proteins, their role in the photosynthetic electtaamsport or in the energy conversion
are presented in Figure 10, together with the selienpresentation of the flow of
electrons and of the formation of ATP and NADPH.
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http://photosynthesis.sbcs.qmul.ac.uk/nield/downloads.html i
(eukaryotes) \\;/‘
ADP + Pi > ATP

Carbon fixing u

T reactions

Thylakoid
Membrane
(5 nm)

(CP4T)B.

PSII Cyt bt PSI ATP synthase

(*dimer) (*dimer)

Figure 10: Schematic representation of the thylakoid membraitd the major protein complexes
involved in photosynthesis (copied from (Nield 2P)10Iin higher plants the °‘light reactions’ of
photosynthesis take place in the thylakoid membraRéotochemical reactions in plants occur in two
different photosystems. The reaction centers gpalda of absorbing light themselves. However mést o
the light energy is absorbed by the surroundingptiltarvesting antenna complexes and transferred
towards the reaction centers. In the second phetoital reaction center (PSIl) the energy of the
absorbed light generates an excited state ¢gf (€hlorophyll in a special environment). The prigpar
electron acceptor is reduced béégb, forming a Rgo' A ion-pairl. Psso is the strongest biological oxidizing
agent. The charge separation is stabilized by sksgrprocesses i’ is reduced to its original state by
electrons obtained ultimately from the oxygen ewr@dwcomplex (OEC), located at the lumenal sidehef t

PSII, which performs thel,O - 2H " +%O2 +2e” reaction. The reaction decreases the pH of the

lumen. Electrons obtained during the photochemieattion are transferred to the stromal side of the
thylakoid membrane and reduce the primary stahil@anpe acceptor (Q and the secondary quinone
acceptor (@), forming QH with protons obtained from the stroma. Fully resticquinones (quinols)
diffuse to the lumenal side and releasefiitther decreasing the pH of the lumen. Electrares carried
further to the lumenal side of the first photocheahireaction center (PSI) by plastocyanin, whiclais
soluble electron carrier protein. In PSI the abedrbight generates a highly reductive state gf.Prhe
primary electron acceptor is reduced hy,P forming a Bo'A” ion-pair. The electron transported by the
plastocyanin reduces;fg to its original state, while the electron on tleeptor is transferred, in several
steps, to the ferredoxin at the stromal side of tindakoid, and finally to the ferredoxin-NADP
oxidoreductase. The latter reduces NADIB NADPH. The large electrochemical (pH and eleatr
potential) gradient between the lumenal and strosid of the thylakoid membrane, formed during
photosynthesis, is used for ATP production via¢hkroplast ATP synthase. ATP and NADPH formed
during the first steps of photosynthesis are enargy redox power carrier molecules, respectivedgdu
during CQ fixation. There exists another pathway of elecftow driven by the energy of absorbed light,
than the above detailed linear electron transporthe case of the so-called cyclic electron tramsp
ferredoxin reduces the quinone complex, after whiehprocess continues until the ferredoxin asildeta
above. In the case of PSI cyclic electron transporty PSI is active, the energy of the absorbghitlis
used for increasing the proton gradient, and tlousATP production. Since the ferredoxin reduces the
quinone complex, there is no NADPH production. Rennore there is no produced since PSIl is not
involved in this process (Lodish et al. 1995; Ni2@l0).

1” represents the excited state.
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In higher plants the distribution of the differgmtotein complexes, presented in
Figure 10, is not homogenous. PSIl is mainly foumdhe granum while PSI and the
ATP synthase only in the stroma thylakoids and ¢héd membranes of grana. The
location of the cytochromesbhcomplex is not yet elucidated in the literatused Figure
11). This lateral separation of the protein comegeallows the formation of the different
structure of the stroma and granum thylakoids. Tigat harvesting complexes
connected to PSIl (LHCII) actively participate hretclose packing of granum thylakoids
(Garab and Mustardy 1999; Albertsson 2001).

Figure 11: Heterogenous distribution of different photosytithenembrane protein complexes in the
granum and stroma thylakoid membranes (copied fi@ekker and Boekema 2005)). PSI (dark blue) and
the ATP synthase (red) can be found only in stridmkakoids and the end membranes of grana. The PSil|
(dark green) can be mainly found in granum thyldkoiThe cytochromegbcomplex (bright green) can be
found both in stroma and granum thylakoids. Exactation of the latter, however, is still debatedis|
often assumed (as on this figure) that cytochrogfidsbpresent in the stroma and granum parts of the
thylakoid (Albertsson 2001). However, it was shown (Berthold et al. 1981) that isolated PSII
membranes do not contain this complex. It is predds (Allen and Forsberg 2001) that cytochrongfe b
is predominantly localized in grana margins, arelghbssibility of a similar spatial distributionirgicated

by (Dekker and Boekema 2005). The lumen is makikelright blue. The bar is 50 nm.

The biological advantage of the structural and fional separation of the two
different thylakoid membranes, a unique feature gtants, is a widely investigated
guestion in photosynthesis. In cyanobacteriumgf@mple, where no lateral separation
of the protein complexes is observed, thylakoid fmemes do not form granal
structures. Further aspects of the lateral hetexgeof thylakoid membranes in higher

plants will be discussed in Paragraph 5.2.
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3.1.3 Structural Flexibility of the Thylakoid Membranes

The multilamellar thylakoid membrane assembly i$ aaigid structure, but a highly
flexible system easily influenced by different eovimental parameters. These
parameters can be best investigated on isolatddkttigs. Changes in the composition
of the suspending medium in the isolated thylakads be considered as models for
effects which change the composition of the stromayvivo, and the following
observations have been recorded:

1. The thickness of the interthylakoidal space cannfleenced by the amount of
monovalent and divalent cations in the suspendirggliom (Murakami and
Packer 1971). The phenomenon can be understooce ifconsider the net
negative charge of the thylakoid membranes’ surfabe coulombic repulsion
of adjacent thylakoid membrane surfaces can beesett by an appropriate,
valency dependent amount of cations and affectrttmbrane stacking (Barber
1982).

2. The thickness of the thylakoid lumen can be vahgdthe osmolarity of the
suspending medium, in case the thylakoid membranenpermeable for the
given osmotic compound. Upon increasing the comagah of sucrose in the
suspending medium the shrinkage of the lumenalespacd thus the repeat
distance of the granum thylakoids, can be obseilvdrakami and Packer
1970).

3. The effect of the proton concentration of the sagipggy medium on the granum
thylakoid structure is also known. Changing the gf-the medium from 7.7 to
4.7 decreases the repeat distance of granum thgakMurakami and Packer
1970).

4. The repeat distance of granum thylakoids in thesgmee of phenylmercuric
acetate (PMA) was found to decrease upon illumbmafl he changes were found
to be reversible upon subsequent dark adaptatioamgkémi and Packer 1970).

The above presented results and articles are s#idoan electron microscopy studies

of chemically fixed and stained thylakoid membranes
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3.1.4 Photosystem Il — Structure and Function

The basic role of the photosystem Il is to oxidizater molecules on the lumenal side,
and to reduce quinones at the stromal side of ligiakoid membrane by using the
energy of absorbed photons as driving force. Dutirgglast decade electron and X-ray
crystallography studies have provided more and ndetailed information about this

multisubunit protein complex achieving already sotation of 1.9 A (Rhee et al. 1998;
Ferreira et al. 2004; Guskov et al. 2009; Umenal.e2011). The overall structure of
PSIl is shown in Figure 12. PSIl is formed by a einof two almost identical

monomers, each built up from 19 subunits (Umena.e2011). Each of the monomers

contains one oxygen evolving complex (Ferreird.e2@04).

Figure 12: Overall structure of PSII dimer fromhermosynechococcus vulcar(agspied from (Umena et
al. 2011)), viewed from a direction perpendicutattie membrane normal. In the right-hand monomer th
protein subunits are colored and the cofactorsimriéght grey, while in the left hand monomer the
cofactors are colored and the protein subunitsimréght grey. The orange balls represent the water
molecules.

The OEC is the site of the water splitting in th8lIPit contains four manganese
ions, two Clion and a C# ion (Umena et al. 2011) and is surrounded by #epro
microenvironment (Govindjee et al. 2010). Thesesiplay a crucial role in the oxidation
and splitting of water as detailed in (Vrettos et2001). The detailed structure of the

OEC revealed by X-ray studies can be seen in Figre
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Figure 13: Structure of the MyCaQ; cluster (copied from (Umena et al. 2011)). Catode for the
protein subunits: D1, green; CP43, pink.

As was shown in Figure 10 the absorption of onetgrhdy PSII can transfer one
electron from the OEC. For the formation of ongrfiblecule two HO molecules are
needed to be oxidized, therefore four electronsiaegled to be removed. The absorption
of a single photon cannot result in a water splitevent. Therefore the OEC cycle goes
through five different states {(S) where indices represent increasing oxidatiorestat
The transition between each state is induced bwliserption of one photon, only thg S
—S transition is spontaneous and coincides with ¢hease of @

The above detailed delicate structure and functibthe OEC is the most heat-
sensitive component of PSIl as revealed by the ¢eatpre dependence of the oxygen
evolution activity. This method shows us that inlRBembrane fragments the oxygen
evolution activity starts to decrease at ~ 40 °@ half inactivation occurs at 47 °C
(Nash et al. 1985).
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4. Materials and Methods

4.1 Sample Preparation
4.1.1 Intact Thylakoid Membranes
4.1.1.1 SANS measurements

Thylakoid membranes were isolated by a method whigserves their structure and
composition the closest possible to their natutales Samples were prepared freshly
before the experiment and were used for 4-5 hdtes the isolation.

Spinach and pea leaves were used as starting aisté&tea seedlings were grown at
the greenhouse of the Biological Research Centefzaeged. Spinach leaves were
purchased from the local markets in the towns adjato the experimental places. The
preparation afterwards was identical for spinaath geg.

Leaves, after main ribs being removed, were homagdnin ice cold grinding
medium containing 20 mM Tricine (pH 7.6), 0.4 Msitol, 10 mM MgC}, 10 mM KCI
and filtered with 6 layers of medical gauze padsmRining debris was removed by
centrifugation at 200xg for 2 min. The supernataas centrifuged for 5 min at 4000xg.
The pellet was resuspended and soaked in an osghutck medium of 20 mM Tricine
(pH 7.6), 5 mM MgCJ and 5 mM KCI to destroy the chloroplasts’ outemmbeane. It
was then centrifuged for 5 min at 7000xg. The pellas resuspended and soaked in a
D,O containing grinding medium (20 mM Tricine (pD &.,4 M sorbitol, 10 mM
MgCl,, 10 mM KCI in ~ 100% BRO), centrifuged for 5 min at 7000xg, and resuspdnde

in media, different for the various samples.

4.1.1.2 EINS Measurements

For EINS measurements the thylakoid isolation motavas identical. As a final step
the sample was resuspended and soaked once aganDi® containing grinding
medium at a temperature of 5 °C for the control@arand at a temperature of 50 °C for
5 min for the heat treated sample. Both sampleg wentrifuged for 5 min at 7000xg,

and the pellets were used for the experiments.
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4.1.2 Algal Cultures

Phaeodactylum tricornutunil090-1a, obtained from the Culture CollectionAdgae,
Goéttingen (SAG)) was cultivated by Dr. Milan SzafBRC, Szeged, Hungary) as
described in (Lepetit et al. 2007) at a photon flexsity of 4Qumol photons i s* with
light/dark periods of 16h/8h at 19 °C.

Wild type and PAL (completely devoid of phycobilises (Ajlani and Vernotte
1998)) mutant cells dbynechocystiBCC 6803 were grown photoautotrophically by Dr.
Bettina Ughy in BG 11 medium (Wilson et al. 2006pglemented with 5 mM HEPES
NaOH (pH 7.5) at 30 °C under continuous illuminatet a photon flux density of 30
pmol photons nf s™.

Cells were harvested from the logarithmic growtlag#) by centrifugation (5000 g,
5 min) and resuspended for SANS measurements §%-(9/v) D,O-containing culture

medium to a chlorophyll content of 200-50&/ml.

4.1.3 Photosystem Il Particles
4.1.3.1 SANS measurements

Photosystem |l particles (BBY — named after theharg, Berthold et al., who first
described its preparation in 1981) were isolatechfspinach leaves with the commonly
used method (Volker et al. 1985) in the BiologiB&search Center (Szeged, Hungary),
were frozen and sent to the ILL and stored at @Atil use. After thawing, samples
were centrifuged for 5 min at 7000xg. For SANS meawents samples were
resuspended in media containing 20 mM Tricine (pP58mM MgCh, 5 mM KCI and
0.4 M sorbitol; DO content was set to 40 or 100 %.

4.1.3.2 EINS Measurements

For elastic incoherent neutron scattering (EINS)asneements the pellet was
resuspended in different ,D-containing reaction media. Control and heat-é@at
samples were washed and resuspended in the grintdédgim (20 mM Tricine (pD 8),
0.4 M Sorbitol, 10 mM MgGl 10 mM KCI in ~ 100% BO). For heat treatments the
samples were incubated at 323 or 333 K water daths min while continuous stirring
was applied. For TRIS-treatment the samples wespeswded in 1 M TRIS (tris-
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(hydroxymethyl)aminomethane) buffer (pH 8.0), inatddl for 1 hour on ice, centrifuged
for 5 min at 7000xg, and washed twice in the gngdnedium. All samples were finally
centrifuged for 5 min at 7000xg and the pelletsevesed for the experiments - after
adjusting their relative humidity (r.h.), for whiche samples were placed in an open
sample holder in a desiccator with 57% r.h. (adjaidity oversaturated,D solution of
NaBr (O'Brien 1948)) and were equilibrated. Onetlod control (no heat or TRIS
treatment applied) samples was then hermeticatigedi and used for the experiment.
The remaining samples were placed into a desicoattr 75% r.h. (adjusted by
oversaturated D solution of NaCl (Adams and Merz 1929)), equdiied (controlled
by the lack of mass change) and closed hermetic@lhermoluminescence studies
performed on dry films of pea chloroplasts of vagdumidity have shown that partially
dehydrated samples retain their photochemical iactilKnox and Garab 1982),
suggesting that in our samples with 57 and 75 %thé& PSII complex also remains
functional.

The masses (m) of the BBY samples were as foll®x%b r.h. sample, i 0.14 g;
TRIS-treated (75% r.h.) sample,#10.35 g, 75% r.h. control and heat treated samples,
m=0.2g.

Table 3: List of the electron donors, acceptors and inhibitessed during our experiments, together with a
short description of their function, the used cariction and the applicable solvent. Informationatthe
function was taken from (Allen and Holmes 1986).

Reagent Function Concentration use&oluble in
in our experiments
Ascorbate Reducing agent 1mM Wate
DCMU [Diuron; 3-(3,4- PSIl inhibitor (of electron transport 10 uMm >10 %
dichloprophenyl)-1,1- between Q and Q) Ethanol

dimethylurea]

Duroquinol (tetramethyp- Electron donor to plastoquinone pop 4 mM Ethanpl

hydroquinone)

Ferricyanide (K salt) Terminal (PSI) electron adoep 5 mM Water
Oxidizing agent (after reduction it i$
not reoxidized )

Methyl viologen (1,1'- Terminal PSI electron acceptor, 1mM Water
dimethyl-4,4’-bipyridylium autoxidizing (after reduction it is
dichloride) reoxidized through reaction with,D
PMS (N-methyl phenazonium Co-factor of PSI cyclic electron flow 0.1 mM Water

methosulphate)

For the measurements samples were placed intoefttangular Aluminum sample

holders, with area (30 x 40 nimadapted to the dimensions of the incident neutron
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beam; the sample thickness, defined by the sama$s m due to the sample being stuck
on the sample holder — was ~ 0.12 mm for the 5H%sample; ~ 0.29 mm for the TRIS-

treated sample; and ~ 0.17 mm for the remainingpgzsn

4.1.4 Reagents Used in the Experiments

In plants under normal conditions the entire etactransport chain (presented in Figure
10) is active. One can study different componeritshe electron transport chain in
isolated thylakoid membranes by adding various dnatlons of inhibitors, electron
donors and acceptors. Reagents, used in our diffexeperiments are presented in
Table 3.

Additionally we used NECI in 4 mM concentration or nigericin in 2.pM

concentration as uncouplers to dissipateAihid (Mills 1986).

4.2 Molecular and Chemical Composition of Thylakoid Menbranes

and Photosystem I Membrane Fragments
Considering that cross-section values (either a@oiteor incoherent) can be very
different for different elements or even for difet isotopes of the same element,
detailed interpretation of the neutron scatteriatadequires the knowledge of the exact
composition of the investigated sample. Here wesgme calculations about the
composition of thylakoid membranes and PSIl (BB¥mbrane fragments.

A wealth of information is available on the proteand lipid contents of plant
thylakoid membranes, but significantly less is knaabbout BBY membranes. According
to (Douce and Joyard 1996) the lipid/protein mas® rin spinach thylakoid membranes
is 0.6-0.8. The mass fraction of proteins in thdakoid membrane can be calculated as
~ 70 and ~ 65 % according to (Duchene and SiegkemtB@00) and (Dorne et al. 1990),
respectively. Recent studies revealed that in BB¥ protein content is increased
compared to thylakoids, possessing ~ 80 % proteia &actions (compared to ~ 70 %
in thylakoids) (Kirchhoff et al. 2002; Haferkamp darKirchhoff 2008). In our
calculations we chose 80% for the mass fractioprofeins in BBY and 70 % in intact
thylakoids.

The chemical composition of the main proteins, lldCIl and PSII (cf. (Kirchhoff
et al. 2004)), present in BBY and LHCII, PSIl, P&tochrome i complex and ATP
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synthase, present in thylakoid membranes is cdéulilay using the crystal structure data
contained in the RSCB Protein Data Bank. StrucaireHCII, PSII, PSI, cytochrome
bef complex and ATP synthase are taken from (Stassdéisal. 2005), (Umena et al.
2011), (Amunts et al. 2010), (Yamashita et al. 30@nd (Stock et al. 1999),
respectively. The proteins’ H-atom containing stuoe was built by using the PHENIX
ReadySet program (Adams et al. 2010); the sameammogvas used for generating the
D-atom containing structure, considering isotopehexge of the exchangeable H-atoms
with the DO containing buffer. The chemical compositions bé tsamples were
calculated using the CCP4 Program Suite 6.1.13IgBolative Computational Project
1994), with the RWCONTENTS subprogram. Relative anotontributions for the
protein complexes were calculated from (Kirchhdffke 2002) for thylakoids and from
(Kirchhoff et al. 2004) for BBY.

The lipid molar composition of thylakoid membrarmsd BBY were calculated
from (Kirchhoff et al. 2002) and (Haferkamp and dfihoff 2008), respectively. The
relative contribution and fatty acid compositiontieé four lipid classes have been found
to be homogeneous in different parts of the thyhkmembrane (Duchene and
Siegenthaler 2000). The fatty acid compositiontf@ individual lipid classes used in

the present calculation is taken from (DucheneSirdenthaler 2000).

4.2.1 Estimation of the H-content for the Interpretation of EINS Measurements

In biological samples EINS is mainly reflecting tiieplacement of the hydrogen atoms.
Therefore we estimated the hydrogen content ireidfft constituents of the samples.
The obtained hydrogen content of the individual t@ro subunits (calculated by
considering H — D exchange between the proteinsthadsolution), and the relative
molar contributions for the protein complexes dreven in Table 4. Taking into account
these proportions and the molar mass of the ditepeotein complexes, we can thus
calculate the average hydrogen content of the jmotia thylakoids: a/na aoms33.3
1.1 %; my/Mprotei=4.2 £ 0.1 % and in BBY: yina atoms30.5 £ 1.8 %; m/Mpyrotei=3.8 *
0.2 %.

The hydrogen contents of the main lipid classek&zted by considering H — D

exchange between the proteins and the solution)tlamadipid molar compositions for
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thylakoids and BBY are shown in Table 5. The presgrresults yield an average
hydrogen content of the lipids in thylakoidsi/My atoms53.6 + 4.8 %; m/m;i;ig=8.8 +
0.8 % and in BBY: p/Naji atoms=53.8 % 3.2 %; m/m;jpig=8.8 + 0.5 %.

Table 4: H-contents of different proteins present in thylakenembranes and BBY and their relative
contribution in two different samples, calculatesséd on the protein structure data (Stock et &9;19
Standfuss et al. 2005; Yamashita et al. 2007; Amehal. 2010; Umena et al. 2011) and the compositi
of the samples (Kirchhoff et al. 2002; Kirchhoff &t 2004). ®Molar contributions calculated for PSII
monomers.

Hydrogen content Relative molar content in spinach-
[1=nu/Nan atoms [I=m/Mprotein thylakoid membranes BBY membrangs
PSI 40.6 % 5.6 % 55+0.4 %
PSll-core 35.9 % 4.9 % 7.3+0.6% 7.7+0.6%
Cyt b6f 39.5 % 5.4% 31+0.1%
LHCII 28.7 % 3.3% 81.8+2.4% 92.3+55%
ATP 39.9 % 5.6 % 23+02%
synthase

Table 5: H-contents of different thylakoid lipids with fatiycid compositions given by (Duchene and
Siegenthaler 2000), and their relative molar castenthylakoid membranes and BBY as in (Kirchhetff
al. 2002) and (Haferkamp and Kirchhoff 2008).

Hydrogen content Relative molar content in spinach-
[I=nk/Nan atoms [I=mu/Mipig thylakoid membranes$ BBY membrangs
MGDG 54.1+0.7 % 9.0+£0.1% 43.1+49% 40.9%3
SQDG 54.4+1.5% 8.8+0.2% 19.5+1.8% 12.47%%
DGDG 51.5+0.8% 8.3+0.1% 26.2+3.3% 25.8%%
PG 56.1+1.1% 9.3+0.2% 11.3+1% 20.8+ 1.4 %

Based on calculated m/m % values, we estimatdritthylakoid membranes ~ 53%
of the hydrogen atoms are associated with protemptexes and ~ 47% with lipid
molecules while in BBY ~ 63% of the hydrogen atoare associated with protein
complexes and ~ 37% with lipid molecules. As a egouence ~ 53 % of the EINS
signal of thylakoid membranes and ~ 63 % of the &EB\gnal of BBY is considered to
originate from proteins, while the contribution tbie lipid part is ~ 47 % and ~ 37 %,

respectively.
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4.2.2 Neutron Scattering Length Density Calculations forthe Interpretation of
SANS Measurements on BBY membranes

The lipid composition of the BBY membrane was udedcalculate the average
scattering length density (SLD) for the hydrocarlmbiain and the headgroup region of
the lipids. Calculations were performed for theeca$ the sample being suspended in
100 % HO (none of the exchangeable hydrogen atoms araceglby deuterium) and
100 % DO (all of the exchangeable hydrogen atoms are cegleby deuterium)
containing buffer and the obtained values were tgezhlculate the SLD in 40 %,D
containing buffer (in which protein components lué sample has no contrast, as will be
discussed in paragraph 5.2.2). As an approximati@ss density of the lipids was
considered to be 1 g/émCalculating with a lipid composition presentedTiable 5 we
obtain 1.39-18 A2, 1.67-1¢ A2 and 2.09-18 A for the average headgroup SLD in 0,
40 and 100 % BD containing buffer, respectively. Since the hydrbon chain does not
contain exchangeable H atoms its SLD is considase®.36-18 A in all cases.

For the calculations, the Scattering Length Den€ig§yculator of the NIST Center
for Neutron Research was used (NIST 2011).

4.3 Small-Angle Neutron Scattering
4.3.1 Experimental Description

Small-angle neutron scattering experiments wertopaed on the D22 instrument at the
Institut Laue-Langevin, on the Yellow Submarinetinment at the Budapest Neutron
Centre, and on the SANS Il instrument at SINQ atRlaul Scherrer Institut. The results

of the latter experiment are not included in thespnt thesis.

4.3.1.1 D22 Experiments

For all the experiments on D22 the neutron wavelengas set to 6 A. The neutron
beam was defined by a0mmx 65mm aperture. Commonly used sample-to-detector

distances were 8 m and 2.45 m with 8 m and 2.8 liimation distances. Neutrons were
detected by d28x128 pixels detector with a pixel size @&8x 0.8cnr. The different

measurements covered the Q-range between 0.008 24d.
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In part of the experiments the samples were pldmad/een electromagnets (see
Figure 14), providing a ~ 1.5 T magnetic field #ke tsample position. For the
experiments studying light induced structural clesng Schott KL 2500 light source was
mounted near the sample position and the samples iNeminated through a light
guide. Samples were measured in 1 mm and 2 mmzguavrettes, which were placed in
a water-cooling based temperature controlled sarhplder. The sample temperature
was set to 288 K during most of the experimentsrder to slow down any degradation
effects.

For time resolved measurements, performed to olxiagtic information about the
investigated structural changes, scattering datee voellected and stored after an
acquisition time down to 1 s. Due to the time regghifor the readout of the detector the

achievable time resolution was 2 s.

" Temperatiite
N = control&

1 |
\ Netteon ' Sample holder
Electromagnet beam

Figure 14: Sample environment on D22 in experiments for ligidiuced reorganizations in the thylakoid
membrane ultrastructure.
4.3.1.2 Yellow Submarine Experiments

During experiments on the Yellow Submarine instrotree3.996 A neutron wavelength
was used. The applied sample-detector distancecalfichation were 5.6 m and 6 m,

respectively. Neutrons were detected bg4x 64 pixels detector with a pixel size of

1x1lcn? (Rosta 2002).
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During the experiments for the investigation of tphRosphorylation induced
changes in the thylakoid membrane a ~ 0.7 T magristid was achievable at the
sample position. Samples were measured in 2 mmzjoavettes placed into water
cooled temperature controlled sample holders. Sartghperature was set to 283 K.
The neutron wavelength was set to 7.51 A. The iiyated Q-range was between 0.009
and 0.055 A. Each sample was measured for 30 min.

4.3.1.3 Magnetic Orientability of the Thylakoid Membranes

Fluorescence of magnetically oriented chloroplagis observed to be polarized in a
plane perpendicular to the external magnetic fieltl T (Geacintov et al. 1972). The
polarized fluorescence emission is explained byptie¢éerentially in-plane orientation of
the emission dipoles of the chlorophyll moleculesl ahe alignment of the thylakoid
membranes perpendicular to the magnetic field veGtee membrane itself is orientable
in the magnetic field due to its diamagnetic amgoy (Knox and Davidovich 1978).

Among the chlorophyll containing constituents oé ttinylakoid membrane, light-
harvesting complexes contain about half of the rapbyll molecules. Aggregates of
LHCII have also been shown to be orientable by gmaac field. Furthermore, the
magnitude of the diamagnetic anisotropy of the akgid membranes was found to
depend on their LHCII content, suggesting thatlitet harvesting complexes play an
important role in the alignment of the thylakoid miwanes in the external magnetic
field (Kiss et al. 1986).

In our neutron scattering experiments we used ~TO(Yellow Submarine) and ~
1.5 T (D22) magnetic field strengths which are elés the saturation levels for the

fluorescence polarization shown in (Geacintov e1av?2)

4.4 SANS Data Treatment
4.4.1 SANS Data Treatment | —from 2D to 1D

During experiments on the Yellow Submarine instrotngart of the experimental
parameters — such as sample detector distanceeamcm wavelength - are stored only
in logbooks. Using these parameters, the two dilneakdetector data were rewritten in

a format similar to standard format of the ILL, @®vided by the D22 instrument. For
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this purpose, for personal use, a transforming namagcode was written in Java
programming language. Further data treatment wasittentical for data obtained from
the two instruments.

Primarily data treatment on two dimensional scattedata recorded during the
experiments was performed by a Graphical Reductiodt Analysis SANS Program
written in MatlaB" (GRASP), developed by Charles Dewhurst at the The raw data

counts for each pixeln, and errors/n, were normalized for the number of beam
monitor counts and multiplied by a constant (staddmonitor — set to be 1D
Correction for detector efficiency and absolutelbration was performed by a 1 mm
H,O sample. Buffer, sample holder scattering andrunstnt background were
subtracted from the sample scattering taking icttoant the corresponding transmission

values according to equation 4.1.

| =;[l -1 ]—i[l 1oy 4.1
corrected T T sample Cd T buffer Cd .
sample’ buffer buffer

where | lourer @nd I, denote the measured scattering intensities duttieg

sample?

sample, buffer and instrument background measurgmespectively whileT, and

sample

T, denote the transmission values of the sampleivel& the buffer and the buffer

transmission, respectively.

The obtained 2-dimensional sample scattering sigal radially averaged around
the beam centre position (defined by the analysencempty beam measurement), in a
sector of a 360° opening angle in case of unoriesaples. In case of oriented samples
the data was radially averaged in 2 sectors withofening angles, the bisectors being
aligned parallel to the magnetic field. Furtheradatatment was performed on the
resulting | (Q) radially averaged scattering curves.

Here we can explain the advantage of the magnetntation of the thylakoid
membranes in our experiment. In a sample solutioere/the membrane sheets’ normals
are randomly oriented in 4n solid angle, the membrane sheets have a signifyfcan
lower probability to be in a diffracting positioddtailed below) than in the case where

the membrane sheets’ normals are preferentiallpgmeticular to the neutron beam.
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Furthermore, magnetic orientation reduces the éxgertal background of the radially
averaged scattering curves due to the fact thabther opening angle of the 2D signal

is averaged radially.

4.4.2 SANS Data Treatment Il — from Radially Averaged Sctering Curves to
Repeat Distances

Thylakoid membranes of higher plants, as shownhapfer 3, form a highly organized
structure with two significantly different sets stfuctural parameters in the stroma and
the granum part. The primary information, we inteéacbbtain from neutron scattering
data, are these structural parameters. Similarctstal parameters of thylakoid
membranes are of high interest in living algalsell

There were previous neutron scattering experimg@eigormed by Sadler and
Worcester (1982) on chloroplasts isolated from a&ginin order to obtain information
about the arrangements of the thylakoid membrafesse authors drew the conclusion
that the observed ~ 250 A periodicity present anttiylakoid membranes investigaied
vivo can be connected to the granum thylakoids, in rdecme with some earlier
electron microscopy studies (Izawa and Good 1986)he time of their experiment,
periodic arrangement of the stroma thylakoids watsyat widely accepted and known.

Recent investigations on spinach chloroplast sugdeswvever, granum repeat
distances as low as 157 A (Daum et al. 2010). $hisy does not provide numerical
information about the repeat distance of the strdmdakoids. Serial thin section
electron micrographs ofoloum multiflorum presented in (Brangeon and Mustardy
1979), reveal that a stroma thylakoid is joint thge with approximately every 2-2'5
granum. Paolillo and MacKay (1969) found this nuntoebe on average 2.35 for the six
species studied, and 2.4 for spinach. Accordingéy ag@n expect a repetition of the
stroma thylakoids along the axis perpendiculah®geriodic granum membrane sheets
to be found in the 300-400 A range.
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-0.06 -0.04 -0.02 ] 0.04 0.08

Figure 15: Scattering profile of thylakoid membranes isolatemn spinach with the stroma Bragg peak
(left) and the granum related feature (right) cigelhwith an external magnetic field of 1.5 T fiallength

and recorded with the 2D detector of the D22 SANSrument. The instrument settings were: sample-to-
detector distance, SD = 8 m, collimation, col = &nul = 6 A (A): SD =2.05m, col =2 m and=6 A

(B). Corresponding instrumental and empty cell lgaoknd measurements are subtracted and the results
are corrected for detector efficiency. Colors agresenting the differential scattering cross-sactalues

in a logarithmic scale. Thylakoids are suspende20imM Tricine (pD 8), 5 mM MgG| 5 mM KCI and

0.4 M sorbitol in 100 % BD. The white sectors represent the area of radiabagiey.

The most apparent feature of our radially avera§ddNS curves of spinach
thylakoids is a pronounced peak at Q ~ 0.02 #his peak can clearly be identified also
in the 2D scattering images (Figure 15 A). A leesnpunced peak at Q ~ 0.07'&an
also be observed on 2D scattering curves (FigurB)13hese two characteristic peaks
can hardly be recorded with the same instrumeninhggetheir characterization requires

two different settings (sample-to-detector distancellimation) of the instruments.
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Although we performed some test experiments tofywehe continuity of the absolute
calibrated, radially averaged scattering curvesiobt in the two different experimental
settings, as shown in Figure 16, in most of oureexpents for technical reasons we
focused our attention on only one of these sigidsa consequence the data treatment

was performed separately on the different Q-ranges.

—=—SD=8m
100 4 N —=—SD=2.05m

104
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Figure 16: Radially averaged SANS scattering curve obtaineanfrisolated thylakoid membranes
suspended in 20 mM Tricine (pD 8), 5 mM KCI, 5 mMy®l,, 0.4 M sorbitol in 100 % ED. Red and
blue curves were obtained with the SD=8 m, col=8and SD=2.05 m, col=2 m instrument setup,
respectively. Curves are extracted from the 2D ®sagresented in Figure 15. Absolute calibration,
allowing the joint presentation of the two curvess performed with a reference water sample.

Considering the peak at Q ~ 0.02' As a first order Bragg peak we calculated
repeat distance values ranging from between 286381dA, under control conditions
(20 mM Tricine, 5 mM KCI, 5 mM Mg G| 0.4 M sorbitol). This repeat distance cannot
correspond to the granum thylakoids. Albeit itlighgly smaller then the repeat distance
value expected for stroma thylakoids from EM, warcected it to the periodic structure
of the stroma thylakoids, considering that the dansmvironmental conditions for EM
and SANS are significantly different. The connectad the peak to the periodicity of the
stroma thylakoids will be supported by multipleuks presented in this work in latter
chapters.

The information we desired to obtain from the satg curves covering the low Q-
range (usually from ~ 0.01"Ato ~ 0.06 A!) is the peak position of the first order Bragg
peak at Q ~ 0.02 A As apparent e.g. in Figure 16, the Bragg peakijerimposed on a
sample background signal decreasing with increa§ingalues. Due to the highly

complex composition of the sample we could not grenf a detailed modeling of the
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thylakoid membrane assembly and connect every peanof the scattering curve to

specific structural parameters. We found, howethat, the curve can be well fitted with
a Power function!l (Q): I, + A{Q|p. The resulting parameters of this function strgng|

vary for samples taken from different isolation,for samples taken from the aliquots
which were taken from the same stock solution, exttbfd to different environmental
conditions. The stroma thylakoid Bragg peak wasditvith a Gaussian function, which
is generally used on the D22 and Yellow SubmariAdlS instruments for Bragg peak
fitting. Therefore single scattering curves wetéell independently with the following

function:

B . J-2Q-Q)
1(Q)=1,+AQ” + ex /|, 4.2
W N

2
where the center position of the Gaussian funci®odefined by Q Corresponding

stroma thylakoid repeat distance (RD) values weleutated according to the Bragg

equation:

RD=2—n. 4.3

c

Standard errors of the RD values are represeniiagihcertainty of the peak position

(Qc) values.

4.4.3 Correction for the Helical Arrangement of the Stroma Thylakoids in the
Vicinity of the Granum

The representation of the stroma thylakoid relggeak on the radially averaged SANS
curves, as it is presented in the paragraph 4ahd, the corresponding calculation
method for the stroma thylakoid repeat distancendbtake into account the helical
arrangement of the stroma thylakoids around thewwgrashown in Figure 9. This
structural model presented in (Mustardy and Ga@BRis a simplified representation
of a complex biological structure. The recentlyimefi model (Mustardy et al. 2008)
suggests a quasi-helical structure of stroma tloytsk around the granum with less

periodicity then predicted by (Mustardy and Gar@93). Assuming an array of granal
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thylakoid cylinders interconnected by stroma thyidk, it is evident that the helical
arrangement of the stroma thylakoid membranes ocanlie maintained in the vicinity
of the granum cylinders. Therefore, | will disculse comparison between the scattering
from a helical line and the scattering observednduour neutron scattering experiments
and present a possible correction of the stromaategistance values obtained during the
data treatment.

We consider a single continuous helical line with axis oriented parallel to the
vertical axis z. The radius of the helix jsand the helix rises by P (pitch) for each 2
rotation around its axis; R and Z are reciprocaegpvariables. The expected scattering
intensity from such structure can be seen in Fidlife According to (Cantor and
Schimmel 1980) it can be described mathematicalléssel functions of the first kind

as presented in equation:

I .(R,n/P)=J32(27m,R) 4.4

The intensity is non-zero in a set of lines perpeudr to the axis Z with a distance of
1/P from each other. The intensity in tH&lime is proportional to the square of th& n
Bessel function.

Z
.
1/P
wd
| ,
- \"-. b
— >
R

|
‘ |
I

Figure 17: Scattering intensity from a continuous helical [{@antor and Schimmel 1980). P is the pitch
of the helix, Z and R are reciprocal-space varigble
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We can compare the intensity scheme presentedyurd=iL7 with the one observed
with neutron scattering presented in Figure 15 Bilavkeeping in mind that in our
experimental setup the axis of the helical strectescribing the stroma thylakoids in
the vicinity of the granum is preferentially oriedtparallel to the magnetic field, i.e.
horizontally. We cannot observe any apparent siitylebetween the two figures.
However, as a matter of fact neither the investigdtelical structure nor the orientation
of the axes of the helices are ideal. In FigurghErfirst horizontal line is situated 1/P

away from the origin in the reciprocal space. Istgnalong this line can be described

by JZ(27m, R) which is plotted at the2zm, RO[010] interval in Figure 18. The first

1.84118

maximum of this function fo27zr, R> 0s at 271, R=1.84118- R= >
mh

. We can

calculate the distance of this first maximum pasitirom the origin in Figure 17:

2 2 2 2
(lj S 184118 1§, [L184I8PY _ 1 ) 184118+ P | 45
P 27, P 27, P 2rm,

D

n

(2, R)

2
1

J

Figure 18: The Bessel function]lz(ZﬂTh R).

We have to note thatL is equaltg(a) wherea is the angle of inclination, i.e.
mh

the angle between the helical line and any planpepelicular to the helix axis. We
know from (Paolillo and MacKay 1969) that for thiktads isolated fromSpinacia
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oleraceathe average value for the stroma thylakoids is 19°. Substitutingsthalue

into equation 4.5 we obtain

1.18403
P

D= %\/1+ 1.84118 *tg?(19°) = 46

Equation 4.6 provides connection between the pfctine helix and D (the distance of
the maxima, marked by red arrows in Figure 17,taecrigin).

In the non ideal system of thylakoids we have tmsoder multiple physical
parameters which will result in a scattering pattevhich is significantly different from
the one presented in Figure 17. We mentioned ajrdeat the quasihelical organization
of the stroma thylakoids is valid only in the viginof the granum stacks. The granum
stacks themselves do not form a perfect cylinddre Tifferent granum stacks are
interconnected by stroma thylakoids, therefore oanorient independently in an
external magnetic field. We do not have detailddrimation about the angle between
the axes of the cylinder of the different granumcks in an interconnected thylakoid
membrane assembly. Therefore we may expect thalirdiemaxima (marked by red
arrows) in Figure 17 will be smeared out to formaao as shown in Figure 15 A. As a
consequence the repeat distance value which walatdased on equation 4.3 will be
approximately 1.18 times (see equation 4.6) sméfian the characteristic value P for
the helix of stroma thylakoids.

The above presented calculation may provide an aespibn for the slight
inconsistency between the stroma thylakoid repestiamce values calculated from
neutron scattering and expected repetition distotdéhe stroma thylakoids along the
axes of the cylinder of granum thylakoids. The ghlted repeat distance values for
physiological conditions are in the range ~ 2890 & which along with the correction
factor is changed to ~ 336 — 355 A, being in perégreement with the expected 300 —
400 A.

We do not include this correction factor in thetlfier calculations. As mentioned
above the stroma thylakoids can be described ati@harrangement only in the close
vicinity of the granum stacks. The stroma lamelfaether from the granum thylakoids
are better described as a set of parallel membrelmeascterized by the repeat distance
of the stroma thylakoids as calculated in equadién
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4.5 EINS Measurements and Data Treatment

EINS measurements were performed on the IN13 im&tni (see Figure 6) at the Institut
Laue-Langevin on samples scanned in the temperedoge of 280 — 340 K, with 10 K
steps, counting 3 hours at each temperature. Theepbf the sample holders was
oriented at 135° with respect to the incoming rautveam.

The raw data collected on IN13 correspond to neuirgensities (I, which is
proportional to the scattering function), as a fiorcof the scattering angle@ ), which

4nsin(6)

can be converted into the momentum tran§fehroughQ = . Data reduction

was performed using the Large Array Manipulationgpam (LAMP) developed at the
ILL (Richard et al. 1996).

The data have to be normalized and corrected féerdnt factors. The scattering
values were first normalized with respect to theoming flux, measured by a low
efficiency monitor placed in front of the samplecaBering from the empty cell is
subtracted and vanadium, a predominantly incoherscatterer, is used for
normalization.

Proper subtraction of the empty cell and vanadiusnmalization requires the
information about the neutron transmission valueth® samples, the empty cell and of
vanadium. The obtained transmission values wer& alb0% . Transmission values are
kept high — by choosing the appropriate amountamhde for the measurement — in
order to minimize multiple scattering effects ie ttample.

MSD values were calculated based on equation ZH2.domains for data fitting

were chosen such that the linearity of the (Q°> curve was maintained. Data points

were weighted when fitting by their statisticalegs. The pseudo force constant, <k’> in

the samples was calculated according to equatéh 2.
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5. Structural Investigation of Plant Thylakoid Membran es Under
Steady State Conditions

The main structural characteristics of the thyldkanembrane assembly in granal
chloroplasts were presented in paragraph 3.1.1oun experiments on thylakoid

membranes of higher plants we wanted to obtairrimédion about basic parameters of
this system, such as the repeat distance of tbenatand granum thylakoids and the

lumenal and interthylakoidal spaces of the granoytakoid membranes (Figure 19).

)
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Figure 19: Schematic drawing of the granum-stroma membranenasy of higher plants, showing the

Interthylakoida
space
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)

main structural parameters.

Small-angle neutron scattering curves of plant akgid membranes show two
characteristic features in the investigated Q-rafbgéween 0.008 and 0.2 A peak
observed at Q ~ 0.02 “Aoriginates from the periodic organization of theoma
thylakoids (as discussed earlier in paragraph Addther peak observed at Q ~ 0.07 A
appears to arise from the stacked membrane paadjatent granum thylakoids. These
features are usually investigated in two differesunfigurations of the SANS-

instruments.

5.1 Stroma Thylakoids

As mentioned above almost all our experiments amtpihylakoids were performed on
oriented samples produced by applying a magnetdid fo the sample. Figure 20 shows

the effect of the magnetic field on the 2D detedtoages. The effect of the magnetic
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field is evident as the characteristic signal aovaging from the stroma thylakoids is
confined to a small angular region. Magnetic oaéioh can also be observed on the

characteristic signal at Q ~ 0.07*Asee Figure 15 B).

-0.06 -0.04 -0.02 i 0.0z 0.04 0.06
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Figure 20: Scattering profile of isolated spinach thylakoid mimanes, Bragg peaks attributed to the
stroma thylakoid membranes; recorded with the 2f2aer of the D22 SANS instrument (SD = 8 m, col
=8 m,\ = 6 A). Corresponding instrumental and sample bamind measurements are subtracted and the
results are corrected for detector efficiency. @okre representing the differential scatteringsreection
values in a logarithmic scale. Thylakoids are sodpd in 20 mM Tricine (pD 8), 5 mM Mgg£I15 mM

KCI, 0.4 M sorbitol and 10@M PMS in 100 % DO. The applied magnetic field is 0 T (A) and 1.58]).

The white sectors represent the area of radiabgimyg in the two cases.

The comparison of the radially averaged scattecurges (Figure 21) reveals that in
the case of magnetic orientation the characternsik around 0.02 Ais much more

pronounced. As a consequence, the magneticallpeadigamples allow us to observe
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smaller changes in the peak position and allow ties®lution measurements. Most of
the experiments on spinach thylakoids, presentetthi;mwork, were performed in the
presence of a magnetic field. The cases, when rmgnetia field was applied will be

indicated in the figure caption.
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Figure 21: Effect of magnetic field on the radially averagedNSs signal of thylakoids. Curves are
obtained from the 2D images presented in Figure 20.

5.1.1 Effect of Osmolarity and lonic Strength

The structure of the thylakoid membranes can bleented by the osmolarity of the
suspending medium, as was mentioned in 3.1.3. iylakoid membrane is relatively
impermeable for ions and other solutes such astehrivhile being highly permeable
for water, either due to its free diffusion or doethe presence of a specific transporter
protein (aquaporin) in the membrane (Spetea andbe3s€h2010). According to the
description of theosmotic flow (Serdyuk et al. 2007), water moves through the
membrane from the liquid phase with lower osmotiespure, towards the one with
higher pressure. In our experiments the membrahekeoisolated thylakoids remain
intact and thus can be influenced by osmotic pressthe effect of osmolarity on the
granum thylakoid structure was investigated by tebec microscopy (Murakami and
Packer 1970) showing shrinkage and flattening o trana upon increasing
concentration of sucrose. Structural parametetseoftroma thylakoids strongly depend
on the structure of the granum thylakoids accordingthe model, presented in
(Mustardy and Garab 2003), which predicts that ankhge of the granum is
accompanied by a decreased repeat distance of ttoenas thylakoids. SAXS
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investigations of thylakoids isolated from pea ksalso predict significant changes in
the membrane ultrastructure upon changing the asiol (Holm 2004). These
experiments, however, could not resolve the Bragmkpassociated with the stroma
thylakoids due to the available Q-range. Neutraattedng measurements performed at
the Yellow Submarine SANS instrument (BNC, Budapsaggested a shrinkage of the
stroma thylakoids upon increasing osmolarity (H&@04). During our experiments on
the D22 SANS instrument we could complete thesealtesnd obtain more detailed
information about the osmolarity induced structutznges.

We investigated the SANS signal of thylakoids infféms containing 20 mM
Tricine, 10 mM KCI, 10 mM MgGl dissolved in 40 % BD / 60 % HO with sorbitol
concentrations of 0, 0.1, 0.4, 1 and 2 M. The ibdaveraged scattering curves are
presented in Figure 22. The obtained curves wéeslfith the function 4.2. Calculated
Bragg peak positions and corresponding stroma kbidarepeat distance values are
presented in Table 6. The stroma thylakoid repessainice decreases monotonically with
increasing osmolarity. The total repeat distancange when osmolarity is increased
from O M sorbitol to 2 M sorbitol is (38 + 2) A. EBe results also verify that the samples
contain thylakoid membranes, relatively impermedbiesorbitol, i.e. they are intact.

EM revealed that in spinach chloroplasts isolatetbw salt media the thylakoids
lose their grana structure and form loosely attddaenellae (Izawa and Good 1966).
The low salt induced structural changes were founte partly reversible, moreover
they were found to be non-osmotic. Application ofdaitonin treatment for the
determination of the degree of stacking in thyldkaievealed a more precise view about
the role of cations in the stacking process (Bagvet Chow 1979; Chow et al. 1980).
Mono-, bi- and trivalent cations can all inducenmintain the stacking of thylakoids, for
which increasing concentrations are required ayvahency of the ion is decreased. The
most important details of the theory and signifmamwf ionic strength induced changes
in the macroorganization of thylakoid membranegaitédl in (Barber and Chow 1979;
Barber 1982), are as follows. The surface of thgakoid membranes is negatively
charged, mainly due to the carboxyl groups of ghitaand aspartic acid residues. The
two main forces present in the interaction betwdenstacked membranes are the van

der Waals forces and the repulsive Coulomb forcesase of an appropriate amount of
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positively charged ions present in the buffer, @ireg with smaller negative charge can
aggregate and form patches, separated from theipsotith higher negative charge and
the patches of adjacent thylakoids can form stack#s a result stroma thylakoids

possess a higher negative surface charge.

X —=— 0 M Sorbitol
\ —=— 0.1 M Sorbitol
\ 0.4 M Sorbitol
3 —=— 1 M Sobitol
2 M Sorbitol

la.u.

T T T
0.01 0.02 0.03 0.04

Figure 22: Effect of osmolarity on the radially averaged SA8I§nal of thylakoids in buffers containing
20 mM Tricine (pH 7.6), 10 mM KCI, 10 mM Mggtlissolved in 40 % BD / 60 % HO with sorbitol
concentrations of 0, 0.1, 0.4, 1 and 2 M. The mesmants were performed on D22 (SD =8 m, col =8 m,

L=6A).

A B
\ —=— 10 mM MgCl, | —=— 10 mM MgCl,

|
—=—1mM MgCl, X ——1mM MgCl,
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Figure 23: The effect of ionic strength on the radially averddSANS signal of thylakoids in buffers
containing 20 mM Tricine (pH 7.6), 10 mM KCI, 0.1 ¢A) or 1 M (B) sorbitol, dissolved in 40 %,D /
60 % HO with MgCl, concentrations of 1 and 10 mM. The measurements performed on D22 (SD =
8m,col=8mr=6A).

Due to the strong dependence of the stroma thydageriodicity on the granum
thylakoid structure we can predict, as in the aafsesmolarity changes, smaller repeat
distance values of the stroma membranes upon Biogethe concentration of Mgions
in the buffer. We investigated the SANS signal loflakoids in buffers containing 20
mM Tricine, 10 mM KCI dissolved in 40 % ;D / 60 % HO with sorbitol
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concentrations of 0.1 or 1 M and 10 mM MgCbncentrations of 1 mM and 10 mM.
The radially averaged scattering curves are predemt Figure 23. Calculated Bragg
peak positions and corresponding stroma thylakepkat distances are presented in
Table 6. Results reveal a (35 + 1) A and (40 + Xefeat distance decrease for stroma
thylakoids, upon changing the MgQloncentration from 1 mM to 10 mM for 0.1 and 1
M sorbitol content, respectively.

Table 6 Effect of osmolarity and ionic strength on the steme of stroma thylakoids.

40% D20 Peak Repeat
position distance
[1=10% A* [1=A
10 mM sorbitol | 2.04+0.01 307+2
MgCl, oM
10 mM KClI 0.1 M 2.12+0.01 297+1
20 mM 0.4 M 2.2+0.01 286+1
Tricine 1M 2.27+0.01 2771
2M 2.34+0.01 2691
0.1M MgCl, 1.89+0.01 332+1
sorbitol 1mM
10 mMKCIl | 10 mM 2.12+0.01 297+1
20 mM
Tricine
1 M sorbitol | MgCl, 1.99+0.01 31742
10 mM KClI 1mM
20 mM 10 mM 2.27+0.01 277+1
Tricine

Earlier the degree of stacking was found, by WC8ow and coworkers, to be
strongly dependent on the MgQ@loncentration between 0.1 and 1 mM, and only #iigh
increased by raising the MgCtoncentration further to 10 mM as shown on Fign 1
(Chow et al. 1980). In a later experiment perforrmethe presence of KCl in an amount
(10 mM) identical to our experiments, the changéhm stacking of the thylakoids upon
increasing the MgGlconcentration from 1 to 5 mM was found to be mm@nounced
(Chow et al. 2005). When comparing our resulth®digitonin fractionation, we have,
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however, to be aware that the technique used b8 \Whow and coworkers is sensitive
to the existence of the stacking of membranes,eMBANS provides information about
the changes in the distance between the stackedirgrahylakoids (only indirectly)

through the repeat distance values of stroma tbydak

5.1.2 Effect of Phosphorylation

Photosynthetic organisms are subject to continyaztghnging light conditions. In order
to maintain their optimal growth and also to protbemselves from damage induced by
excess light, they need to be able to adapt tdifferent levels of illumination on short
and long timescales (Rochaix 2007).

Photoprotection against a rapid (timescale of sg#&€dn minutes) increase in the
light intensity is achieved by ApH regulated high-energy-state quenching (qE). This
process facilitates the deactivation of the singbetited state of chlorophyll-dGhl),
and emit the excess absorbed energy as heat, fireyghe formation of triplet
chlorophyll ¢Chl’) molecules which can react with oxygen and formhhji reactive
oxygen species (Holt et al. 2004).

In case of the accumulation of these highly reactadicals, different subunits of
PSIl may be damaged, which can result in the mattin of PSIl. The most light
sensitive part of PSII is the D1 subunit. Afteeirersible damage of the D1 subunit PSII
migrates in a monomeric form to the stroma thyldkpivhere degradation and synthesis
of the D1 protein and reassembly of the PSII occpreviding another level of
photoprotective mechanism for the plants (Aro et 1893; Kanervo et al. 2005).
Furthermore a non-functional fraction of PSIl alserves as protection for the
surrounding active PSII by dissipating the excessgy as heat (Lee et al. 2001).

Photosynthetic organisms can adapt on the longestale to illumination with
different wavelength distributions by adjusting thieichiometry of the photosystems.
Thylakoid membranes isolated from pea leaves, gravmder red light (which
preferentially excites PSI), showed an increasthefPSII/PSI ratio compared to those
isolated from leaves grown under yellow light (whireferentially excites PSII) (Chow

et al. 1990). Plants are also observed to adagiffierent levels of light intensity by
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adjusting the macroorganization of their thylakmdmbranes by forming more stacked
membranes in low light than in high light intenginderson 1999).

During adaptation on the timescale of minutesdbtlconditions which result in the
unbalanced functioning of PSII and PSI a redox+adled energy redistribution occurs
between the two photosystems, a process knownases tsansition, during which large
structural reorganizations have been shown to of&llen and Forsberg 2001; Allen
2003; Rochaix 2007; Chuartzman et al. 2008; Ilwaglet2010). During these state
transitions (see Figure 24) LHCII is redistributaetween PSII (situated in the granum)
and PSI (situated in the stroma thylakoids) by asteiquinone pool redox-state
controlled LHCII kinase (Allen 2003; Rochaix 2007his redistribution requires the
mobility of the LHCII complexes which probably cartrbe maintained in the strongly
appressed granum thylakoids, which thus predictsgh structural flexibility of the
thylakoid membrane assembly. Indeed large structemaganizations are proposed on
the level of macro-domains of protein complexes ahthe stacking of the thylakoid
membranes (Allen and Forsberg 2001). @hlamydomonas reinhardtithylakoid
membranes were found to be relatively unstacke8tate 2 compared to the ones in
State 1 (Ilwai et al. 2008). The reorganizationh&f macrodomains and of the thylakoid
membranes is proposed to be governed by the chantpe phosphorylation state of
LHCII (Allen 1992). This process, i.e. the way imieh LHCII phosphorylation affects
the dynamic architecture of photosynthetic memisarsshowever not fully understood
(Allen 2003).

We investigated the phosphorylation induced chairmgése dynamic architecture of
the thylakoid membranes with SANS. In the studiessented above, the reduced state
of the plastoquinone pool which activates the kenanzyme, responsible for the
phosphorylation of LHCII, is the result of specifiimination conditions. lllumination
however, also has an influence on the LHCIl phosghbton, independent of the
reduced state of the plastoquinone pool; it exptisesphosphorylation site of LHCII
(preferentially of the trimeric form) to the kinasazyme (Zer et al. 1999). lllumination
can also induce reorganizations in the chiral ndamains of LHCIl lamellar
aggregates, resulting in an increased energy dissip(Barzda et al. 1996), through a

so called thermo-optic process (Cseh et al. 20@)roquinol (tetramethyp-
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hydroquinone, hereafter DQHis known to reduce the plastoquinone pool (Arad an
Ohad 2003), therefore in the present study instéaldiumination we used duroquinol-

induced phosphorylation.

NADPH

2H,07 *0,+ 4HT

State 2 Stroma -

Figure 24: Schematic representation of photosynthetic compglarethylakoid membranes, and their
reorganization during state transition (Rochaix D00State | under light conditions when PSI is
preferentially excited, the plastoquinone poolnsah oxidized state, which inactivates the LHCHdse.
The mobile fraction of LHCII is dephoshorylated ypaosphatases (Aro and Ohad 2003), and binds to
PSII. State II: under light conditions, when PS3llpreferentially excited, the plastoquinone poadhis
reduced state, plastoquinol (PQid favorably docked to the cytochromgf)pwhich activates the LHCII
protein kinase, and the latter phosphorylates LHIEHding to the displacement of the mobile frattd
LHCII from PSII to PSI. In this state the electrmansport chain is functioning mostly in a cycliode,
when photosynthesis generates only ATP.

For SANS experiments thylakoid membranes were lyesolated from leaves of
10-12 day old peaPisum sativury) as described in 4.1.1. The membranes were
resuspended in a phosphorylation buffer contaiignM Tris-HCI (pD 8), 10 mM
NaCl, 10 mM MgC4, 10 mM NaF in DO and were used for phosphorylation in 10 min
or were stored on ice.

In our SANS experiments the investigated Q-rangs between 0.009 and 0.055
A, therefore our data provide information only abthe characteristic repeat distance
of stroma thylakoids. We performed comparative SANN&asurements on thylakoids
from the same isolation suspended in phosphoryldiidfer i) without additional DQ}
or ATP, ii) with additional 4 mM DQHKand iii) with 4 mM DQH and 0.2 mM ATP in
order to differentiate between the effects of thierknt treatments. Representative
radially averaged scattering curves obtained frame of the measured 4 different

batches are presented in Figure 25. Scatteringesun¥ the DQHHtreated and of the
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phosphorylated thylakoids are significantly diffieré&om the ones of control thylakoids.
Calculated Bragg peak positions and correspondirggns thylakoid repeat distances
are presented in Table 7. Results reveal a (32 A& @hd (28 + 7) A repeat distance
increase (averaged over the 4 different sampleasktimma thylakoids upon DQH
treatment and phosphorylation, respectively. Phogpdtion did not result in a
significant repeat distance change compared t®©QH,-treatment, it only led to a ~ 15

% decrease in the intensity of the Bragg scattering

—e— Non-phosphorylated
4 —A— Duroquinol-treated
i —=— Phosphorylated

la.u.

Figure 25 Effect of duroquinol-treatment and phosphorylat@nthe radially averaged SANS signal of
pea thylakoids. Measurement was performed on YeSawmarine (SD = 5.6 m, col = 6 iz 7.51 A).

Comparative CD measurements detailed in (Varkohyl.e2009) were performed
by Zsuzsanna Varkonyi on control, D@QHreated and phosphorylated thylakoid
membranes. The results (not presented here) shatwathroom temperature the CD
spectra of each of the samples are very similasighificant influence of the DQH
treatment cannot be revealed even with a temperalependent CD measurement.
Phosphorylation, however, was proven to influeriee temperature dependence of the
thylakoid membranes’ CD spectra. The transition perature of the CD band
characterized bYACDggq,m-672mm Was shifted from (47.5 + 1.7) °C in control thydads

to (44.3 £ 1.0) °C in phosphorylated thylakoidgygesting that the disassembly of chiral
macrodomains is facilitated by phosphorylation. @amative CD spectroscopic and
polyacrylamide gel electrophoresis studies showedl phosphorylation, by shifting the
thermal stability to lower temperatures (from 55.6.2 to 48.6 + 1.6 °C), facilitates the

monomerization of LHCII in thylakoid membranes (Kanyi et al. 2009).
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Table 7: Effect of duroquinol treatment and phosphorylationthe structure of stroma thylakoids.

Batch Treatment Peak position | Repeat distance
[]=10% A" [1=A
1 Control 2.31+0.01 272+1
DQH,-treated 2.11+0.01 298+1
Phosphorylated 2.17+0.01 2901
2 Control 2.24+0.01 280+1
DQH,-treated 2+0.01 314+1
Phosphorylated 2+0.01 3141
3 Control 2.17+0.01 290+1
DQH,-treated 2+0.01 314+1
Phosphorylated 1.98+0.01 317+1
4 Control 2.3+0.01 273%1
DQH,-treated 1.99+0.01 316+1
Phosphorylated 2.04+0.01 308+1

Comparing the results presented above, the intatpe of the SANS studies on
the effect of phosphorylation on thylakoid membmarleus remains ambiguous. The
periodic structure of the stroma thylakoids seemnie influenced more strongly by the
redox state of the PQ-pool than by the phosphaoylgbrocess itself. We can exclude
the presence of remnant ATP in the suspension dhted thylakoids, since the
synthesized ATP is situated in the stroma liquidiciwhis washed away during the
isolation procedure.

We also have to consider that our SANS measurementsal changes in the
multilamellar structure of the stroma thylakoiddjile in the investigated Q-range they
do not provide direct information about structucabnges in the granum periodicity.
The main structural reorganization of the thylakaidmbranes during state transition is
proposed to occur in the stacked regions or attlge of the stacked regions (Allen
1992; Allen and Forsberg 2001; Posch et al. 200@);nfluence of the state transitions
on the stroma thylakoids is difficult to predict.

At the time of the experiments we were not compjedsvare of the interpretation
of the granum related SANS signal, presented inthetefore we did not extend the Q-

range of our experiments towards higher Q valuepogsible continuation of the above
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presented work would be to investigate the effedt RQH,-treatment and

phosphorylation on the granum related feature ethiylakoid SANS curves.

5.2 Granum Thylakoids

Lateral heterogeneity in the protein compositiord an the packing density of the
thylakoid membranes can be observed in many griege and in some cyanobacteria
(Mullineaux 2005). However, thylakoid granum in thighly structured form as shown
e.g. in Figure 9, can be found only in higher panthe biogenesis, the functional
advantages and the evolutional necessity of thistsire are not yet fully understood.

Granal thylakoids provide a space saving arrangemérthe membranes. An
average granum-stroma assembly requires ~ 16 tsnesler space than a sphere
defined by a membrane with an identical surface iy and Garab 2003). Another
important function of the differentiation of theytakoid membrane might be facilitate
the regulation and protection of different compdeeof the electron transport chain
(Albertsson 2001). This arrangement enhancesighe dapture, provides the ability of
balanced distribution of excitation energy betwebha photosystems, facilitates the
thermal dissipation of excess excitation energycrelses the degradation-rate of
different PSII subunits through protective mecharsiof photoinhibition, has a role in
the regulation of cyclic and non-cyclic electroovits and facilitates the accommodation
to different light conditions (Chow et al. 2005)y Beparating PSIl and PSI, grana also
provides a solution for preventing quenching of IR8I PSI, the latter having faster
kinetics for the trapping of the excitation ene(@yissl and Wilhelm 1993).

Electron micrographs (see for e.g. Figure 9) reactdthe highly organized structure

of granum thylakoids. Based on this structure amtbitlering repeat distances of ~ 157
A (Daum et al. 2010), a Bragg peak can be expeattedoundQ, = % =~ 004A*. As

shown in Figure 16, no characteristic peak canbseived at this Q region on isolated
spinach thylakoids suspended in a ~ 100 %@{0ontaining buffer. We performed a
number of experiments, where we attempted to detestpredicted Bragg-peak by
varying the osmolarity or the ionic strength of gwespension buffer, by changing the
D,O content of the buffer and thus the contrast betwthe buffer and the different
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compartments of the thylakoid membrane, or by desing the stacking of the adjacent
granum thylakoid vesicles through the applicatidnddferent isolation procedures.

None of our efforts resulted in the appearanceBrfamg peak at Q ~ 0.04°A

5.2.1 Neutron Scattering Length Density

As it can be seen in Figure 16, radially averagedttering curves of thylakoid
membranes display a characteristic peak at Q ~A 0T order to identify the origin of
this peak we performed contrast variation experisien

In our SANS experiments the maximum observed vafube scattering vector Q is
0.2 A, This value defines the minimal d-spacing deteabia by the experiment

(Serdyuk et al. 2007)Ax=2—77 Is significantly higher than the distances between

neighboring atoms in the investigated systemse&uwsbf considering our system as a set
of i point scatterers with coherent scattering tarig, we can define a scattering length
density p(R) under these conditions (Zaccai 2000b) throughettpeation: (Schwahn

2005)

R)=—/, .
P(R) " 5.1

whereR points into a volume element,jy b is the scattering length of the volume

element (obtained as the sum of the scatteringthlengf the atoms in the volume

element). The mean scattering density of the parix pzzs—k where V is the

k
volume of the particle. As an example for waterhvat natural isotope composition the

scattering length density can be calculated aevia!

p(R)=p, =—(2b, +b,)=——(2(~ 3739+ 5,803 fm =
VHZOmoIecuIe MHZO 1
. Puo A . 52
— _ —— -7 R -2
= 18015289 /mol il (-1.675fm==-55992x10" A

1g/cm®  6.02214x10%1/mol
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In the paragraph 2.1.4.2 and therefore in equa?id® we considered scattering
from a system of N atoms of the same element watltarrelation between the spatial
coordinates and scattering lengths. If we do net thss presumption equation 2.15 is

modified as:

2

das — Z EeiQRj
do |~

5.3

and, by introducing the scattering length densiiyl®) p, to:

do

S —

dQ

| p(R)eiQRdB{. 54

\

For a system with constant scattering length dgreguation 5.4 takes the form of

do, _
40 Po

2
Ie‘QRdS% = constx 3(Q) according to (Schwahn 2005), which will not be
V

observed in the experiments due to the applied #am(which absorbs neutrons with
low momentum transfer). Therefore for a solutioongisting of a solvent witkpg
scattering length density and particles in it dedilbyp(R), equation 5.4 can be written
as:

do, _
dQ

ﬂdﬂ-%ﬂ“fﬁa 55

where (o(R)- p,) is the contrast of the particle.

Consequences of equation 5.5 are applied in negtatiering experiments where
samples are measured in buffer, containing vaniaties of O/ H,O. By this way one
reveals or hides different parts of a complex lmaal system (see Figure 26). The
method is valid only in the case of sufficientlyMa@esolution of the experiment, which
does not allow distinguishing different parts ot thpecific macromolecule (Zaccai
2000b).
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5.2.2 Contrast Variation Measurements

In our SANS experiments we performed contrast #ianameasurements on spinach
thylakoid membranes suspended in buffer wig®@oncentrations of 0, 40, 70 and 100
%. The radially averaged scattering curves areeptesd in Figure 27. Due to the lack of

SANS curves of all the corresponding buffers, oaly empty cell subtraction was

performed.
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Figure 26: Averaged neutron scattering length density of défifit components of biological samples as a
function of the DO/ H,O ratio of the solvent, copied from (Zaccai 2000he slope of certain curves
can be explained by the substitution of an increpsiumber of exchangeable H-atoms in the sample by
D-atoms, as the @ content of the solvent increases. Some of thiediical components can be matched
with an appropriate solvent composition such aptiéeins at ~ 40% D content.

An apparent feature of the curves is the increasimegherent background with
increasing HO content of the buffer. At 0 %D concentration, which is close to the
match point (where the specific component of thenga has no contrast) of
phospholipids, there is no peak observable onth#esing curves at Q ~ 0.07*AThe
peak intensity is rising with increasing concentrag of DO, i.e. with increasing
contrast for the phospholipid content of the thgidkmembranes. Furthermore, as
shown in Figure 27 B, the peak is most marked a%4D,O concentration, i.e. at the
match point for proteins.
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Figure 27: Effect of DO concentration of the solvent on the radially aged SANS signal of thylakoids
suspended in buffers containing 20 mM Tricine, 1d KCIl, 10 mM MgClh, 0.4 M sorbitol with 0, 40, 70
and 100 % O concentrations. Graph B was obtained as follavesistant values were subtracted to
obtain 1=0 at Q=0.21 A and curves were normalized to 1 at Q=0.035 fAr a better comparison.
Measurements were performed on D22 (SD = 2.05 % @m, A = 6 A). In contrast to Paragraph 4.4.1,
instead of a buffer subtraction an empty cell saditon was performed on 1D scattering curves adaogrd
to equation 4.1. In the measurements, performedhglakoids suspended in buffer with 40 %@
concentration, apart from the peak at Q ~ 0.07(discussed in the present paragraph) a further gaa
be observed at Q ~ 0.16'A

Radially averaged scattering curves of spinachaktgils suspended in buffer with
D,O concentrations of 40 and 100 % after subtractibrihe corresponding buffers

(available for these two concentrations) can ba ge&igure 28.

40 % D,0
——100%D,0
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Figure 28: Effect of D,O-concentration of the suspending medium on th&aligdiveraged SANS signal
of thylakoids suspended in buffers containing 20 fi¢ine, 10 mM KCI, 10 mM MgGl 0.4 M sorbitol
with 40 and 100 % ED concentrations. Measurements were performed @n(BR =2.05 m, col =2 m,

= 6 A). Buffer subtraction (instead of empty celib&raction as in Figure 27) was undertaken on 1D
scattering curves according to equation 4.1.
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5.2.3 Effect of Osmolarity and lonic Strength on the Chaacteristic Peak at
Q~0.07 A

Further experiments were performed in order to tifiethe origin of the peak at Q ~
0.07 A% We investigated the influence on the peak pasitid a change in the
osmolarity or in the ionic strength of the buffé@ % DO concentration. As shown in
Figure 29 the peak cannot be properly describeohigyGaussian function. However, the
data were not suitable to apply a more subtle fancfwhich could account for the
background curve and the proper shape of the geakje fitting for all osmolarity and
ionic strength values. Therefore, as a first appnation we used a Gaussian function
with an asymmetrically defined Q range around tleal maximum for the
determination of the peak position; the center tpms obtained are presented in
Table 8.

0.20

0.154

la.u.

0.104

0.05 4

005 0.10
Q (A%

Figure 29: Radially averaged SANS scattering curve of thyldkdin buffers containing 20 mM Tricine
(pH 7.6), 10 mM KCI, 10 mM MgGland 0.4 M sorbitol dissolved in 40 %@'60 % HO. Measurements
were performed on D22 (SD = 8 m, col = 8n% 6 A). Fitted Gaussian function colored in red.

One possible interpretation of the peak at Q ~ &0%ould be, that it arises from
the quasi periodicity of the lipid bilayers in tgeanum thylakoids. As shown in Figure
30 the distance of the lipid bilayers across thmdoal and interthylakoidal space is
commensurate, and in a buffer with 40 %GQODconcentration the contrast of the
interthylakoidal and lumenal space are both exetdebe close to zero, independently
from their protein content. Under control condisofi.e. in buffer with 20 mM Tricine
(pH 7.6), 10 mM KCI, 10 mM MgGland 0.4 M sorbitol) this interpretation would give
~ 87 Afor the lipid bilayer periodicity, i.e. ~ 174 for the total RD of the granum

thylakoids. However, we find this interpretatiosddikely for several reasons. Although
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the interthylakoidal and lumenal space thicknessoisimensurate (e.g. 32 and 45 A,
respectively in (Daum et al. 2010)), they are mw@niical. The variation of the peak
upon changing the ionic strength and osmolaritye (below) also suggests that the

interpretation is not appropriate.

Table 8: Effect of osmolarity and ionic strength on the ppakitioned around Q ~ 0.07'A

40% D20 Peak position

[[=10% A*

10 mM MgCb sorbitol 7.18+0.04
10 mM KCI oM

20 mM Tricine 0.1 M 7.19+0.03

0.4 M 7.24+0.03

1M 7.32+0.04

2M 7.42+0.04

0.1 M sorbitol MgCl, 6.85+0.06
10 mM KCI 1mM

20 mM Tricine 10 mM 7.19+0.03

1 M sorbitol MgCl, 6.96+0.05
10 mM KCI 1imM

20 mM Tricine | 10 mM 7.32+0.04

The results, presented in Table 8 reveal that uporasing the osmolarity or the
ionic strength of the buffer the peak position lisfted towards higher Q values. For
comparison, it is interesting to recall that whilee stroma related Bragg peak was
shifted by ~ 15 % when the sorbitol content wasaased from O M to 2 M (cf.Table 6),
the changes induced at this higher Q peak were smeltier (about 3%).

e e e

Figure 30: Electron Tomography image of granum thylakoids ispanach chloroplast (copied from
(Daum et al. 2010)). Black lines (green arrow) esgnt the thylakoid membranes, white areas (resvarr
the lumenal space, and grey regions (blue arrosv)rterthylakoidal space.

72



Structural Investigation of Plant Thylakoid MembesarnJnder Steady State Conditions

With the variations in the ionic strength, 12 % (ive presence of 0.1 M sorbitol)
and 14 % (in the presence of 1 M sorbitol) shifesevobtained for the Q peak related to
stroma membrane repeat distance (Table 6), butaidut 5 % for the peak at Q ~ 0.07
A i.e. the changes in Mg&toncentration had a somewhat more pronouncedt effec
this peak position than the changes in the sorbaiacentration, but still much less that
for the stroma peak. Considering these resultstlamdiact that the change of osmolarity
of the buffer is expected to influence the siz¢hef lumenal space and the change in the
Mg?* concentration affects the stacking of membranes, the size of the
interthylakoidal space, the Q peak at around 0.07#ay be connected to the distance
between the stacked membranes of adjacent thylakee Figure 31). Nevertheless the
obtained results are not sufficient to establigiear-cut relation between the high angle
scattering curves and any structural parameter hef investigated multilamellar

membrane system.

]

ol Hen

Figure 31: Schematic representation of the changes in thetliytakoidal space, induced by an increase
in the ionic strength.

5.2.4 BBY as a Structural Element of the Granum ThylakoidMultilamellar
Membrane System

In order to obtain further information on the onigdf this peak we performed SANS
experiments on PSIl membrane fragments (BBY). DQwtine isolation of the BBY
membranes we obtain stacked membrane pairs, ienambranes with an enclosed
interthylakoidal space — a structural element @& granum thylakoid multilamellar

membrane system, which is lacking the lumenal sfiéiceire 32).
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Figure 32: Schematic drawing showing the BBY (surrounded Imkpine) as the structural element of the
granum thylakoid. The drawing depicting the granand stroma thylakoid membranes is copied from
(Dekker and Boekema 2005). For further informasee Figure 11.

The obtained BBY SANS curves, along with the cqoesling thylakoid curves

copied from Figure 28, are presented in Figure 33.

0.7 0
J— J— i BBY Thylakoid membrane
0.054 BBY Thylakoid membrane 0.34 Y|
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Figure 33: Radially averaged SANS scattering curve of BBY ¢k)aand thylakoid (red) membranes
suspended in buffers containing 20 mM Tricine, 1@ #&Cl, 10 mM MgCh, 0.4 M sorbitol with 40 %
(A) and 100 % (B) BO concentrations.

The very different signal to noise ratio and scattgintensity for the two samples
can be explained, apart from the significantly efiéint characteristics, by the fact that
BBY samples were unoriented, while the thylakoidmbeanes were magnetically

oriented. It is also to be noted that in the cdgeatated thylakoid membranes the grana
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contain several copies of the same structural elerqehich are spaced essentially
periodically with respect to each other), in the¥B®is structural unit is present freely
in the suspension. Nevertheless the similarity betwthe scattering curves in the high Q
range is apparent. This result confirms that thekpen the SANS curves of thylakoid
membranes at Q ~ 0.07*Ais arising from the stacked membrane pairs of cadija
thylakoids. In the low Q range the BBY membranesdoet show characteristic peaks.
This is in accordance with the interpretation @f ffeak at Q ~ 0.02 Afor the thylakoid
membranes, i.e. that it originates from the pedaalirangement of stroma thylakoids,

since BBY does not contain this component of tlytattoid membranes.

5.2.5 SLD Profile and Corresponding Form Factor of BBY

In order to connect the SANS curve obtained fromYBBembranes (suspended in
buffer containing 20 mM Tricine, 10 mM KCI, 10 mMd@&l,, 0.4 M sorbitol with 40 %
D,0) to specific structural parameters of the membrnaair, especially to the distance
between the pair, we calculated a SLD profile pediular to the BBY membrane
normal.

Based on Figure 26 we consider that proteins ptes¢he sample have no contrast
compared to the buffer. As detailed in paragrapgh24for the lipids the average
headgroup SLD is 1.67-208 while SLD of the hydrocarbon chain is -0.36°1872 in
40 % DO containing buffer. SLD of the buffer with 20 mMidine, 10 mM KCI, 10
mM MgCl,, 0.4 M sorbitol with 40 % BD concentration is 2.16-0A2 when 1.07
glcnt is considered for the buffer mass density. Theeefoe obtain the mean SLD for

the hydrocarbon chain as:

Ocn, = Ocp, ~ Oauper = (— 036— 216)[10° A = -252[10° A and for the headgroup

5head =

-049M10° A2, As we are interested in the SLD profile along thembrane

normal the SLD values have, however, to be averagetthe membrane plane. As

detailed in paragraph 4.2 in BBY the protein anetfon is ~ 80 %, and this part is
considered to have no contrast. Therefore we cdairold=-05010°A2 for the

central region andd = -0.110° A for the headgroup region of the BBY membrane.
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We have to note that the actual SLD is not constatite above mentioned region. An
example for a DPPC bilayer in,O is shown in Figure 34.

For our calculations we used an approximation, dh@seFig. 6 in (Kucerka et al.
2004). (See Figure 35 A; in the case of buffer wvith % DO m and h values are
negative.) The connection between the scatterimgtthedensity profile and the measured

scattering intensity is provided by (Pabst et @0@):

(1t@rs)

5.6
2
!

1(Q)~

where 1(Q) is the intensity scattered from a firstack of unoriented bilayers and f(Q) is

its form factor:
f(Q)= jp(z)exr(in)dz 5.7

() denotes the average over the bilayer fluctuatiwhjch we neglect in our

approximation, due to the lack of complementarginfation.
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Figure 34: Volume fractions of different lipid components angD for DPPC bilayers (a), and calculated
neutron SLD values (copied from (Kucerka et al.£00

In a buffer with 40 % BO content, i.e. when the proteins are matchedtbeatSLD
profile of the stacked bilayers possess a tramslasymmetry. This symmetry is lost
when we modify the model for other,©® concentrations, since the transmembrane
proteins are incorporated in opposite directionstli@ two membranes. For this reason
we consider the basic unit of the calculation ae parallel rigid lipid bilayers (see
Figure 35 B).
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With such a definition of the unit cell in equatiéré s(Q) becomes 1. Introducing

the form factor of the membrane pair:

f(Q)={

5.6 we obtain:

2(m-h)

2h
g fcodQc)-codQfc +d))} +

sin(Qc)}E?_cos(rQ), into equation

Hdégz {eodQc) - codQlc + d))} + 2(mQ— h) Sin(QC)} D?cos(rQ)}2
%

5.8

1(Q)~

and after substitution of the calculated contpastmeters:

HW{COS(QC)_COS(Q(H ’) +_08ngsin(Qc)}zcos(rQ)T

1(Q)~

QZ

5.9

Figure 35: SLD profile of a single bilayer (based on (Kucegtaal. 2004)) (A) and of a pair of stacked
parallel bilayers (B). h: averaged SLD of the headgs relative to the buffer, m: averaged SLDh#f t
hydrocarbon chain relative to the buffer, d: averdgadgroup thickness, c: average hydrocarbon chain

length, r: half of the distance between the cerdéthe two bilayers.
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Since the collected data (see Figure 33 A) hasnasignal to noise ratio we are
obliged to fix some of the parameters in equati® Bhe membrane thickness 2(c+d) is
approximately 40 A (Daum et al. 2010), i.e. a lifagler corresponds to a thickness of ~
20 A, which is in close accordance with parametsstained for DGDG. The main
bilayer forming lipid in the membrane (DGDG), has a8 A thick headgroup region
and a ~ 13 A thick hydrocarbon region (McDaniel @98 herefore in our calculations d
=8A, c=13A

5.2.6 Comparison of Model Calculations with the Experimetal Curves

Data fitting was performed by the SansView progfesm the DANSE project (Alina et

al. 2011), which allowed to take into account thstiumental resolution (provided by
the Grasp data treatment program). The experimegsalts in the Q range 0.029- 0.27
A along with the fitted curve is shown in Figure B& perfect fit could be achieved

with the applied model. The fitting provides= (33.11 028)A corresponding to a

distance of(66.2 + 056) A between the centers of the lipid bilayess ),
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Figure 36: Radially averaged SANS scattering curve of BBY #&dpoints, blue) suspended in buffers
containing 20 mM Tricine, 10 mM KCI, 10 mM Mg£10.4 M sorbitol with 40 % BD concentration, and
the calculated scattering profile (green curve)edasn equation 5.9 Intensity is expressed in absolu
value for the proper comparison of measuremenfempeed at different Q ranges.
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The experimental results in the Q range 0.0089083R8 A® along with the fitted
curve is shown in Figure 37. The fitting provides (37.6 + 092) A corresponding to a

distance of(75.2 + 184) A between the centers of the lipid bilayers.
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Figure 37: Radially averaged SANS scattering curve of BBY #&dpbints, blue) suspended in buffers
containing 20 mM Tricine, 10 mM KCI, 10 mM Mg£I0.4 M sorbitol with 40 % BD concentration, and
the calculated scattering profile (green curvekldasn equation 5.9 (green).

Simultaneous fitting of the model in the whole @ga provides = (35.3i 0.48) A

corresponding to a distance (310.6 + 096) A between the centers of the lipid bilayers.

It is clear from the results that the proposed rhodanot account for every feature
of the measured scattering curves, and based omdael we cannot determine the
accurate values of the distance between the memlpans. Nevertheless we can state,
that change in the distance between the centéedfgdid bilayers is reflected in the shift
of the position of the peak at Q ~ 0.07* As shown in Figure 38, thus change in the

peak position provides qualitative information abainrinkage or swelling of the
membrane pairs.
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Figure 38: Evolution of the function described in equation &ifon varying the values of r, when the
parameters are taken from the fitting results guFé 36.

We have to note that even slight deviation of treteins’ scattering length density
in the BBY from the suspending medium can resuftigmificant changes in the average
SLD profile presented in Figure 35, due to the hpgbtein content of the membrane.
Consideration of this effect and data fitting witther models is underway. We are also
planning to repeat the measurements with betteakig noise ratio.

In Chapter 5 typical SANS signals of plant thylakenembranes were presented.
We showed how the obtained radially averaged soajteurves provide information
about the periodicity of the stroma thylakoid meamt@s. We demonstrated that SANS,
due to its noninvasive nature can conveniently beduto investigate the effect of
different environmental parameters on this periaiiacture. We discussed the lack of
the first order Bragg peak arising from the perdgliof granum thylakoid membranes
on the radially averaged scattering curves. We gseg that a characteristic feature of
the observed curves carries information about trengement of the adjacent membrane
pairs in the granum and supported this interpiataly comparing the SANS signal of
the thylakoid membranes with that of photosysteBBY) membrane fragments. In the
following chapter we show how some of these stmattparameters vary during the
photosynthetic functions of the thylakoid membranes
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6. Light-induced Reorganizations of Plant Thylakoid Manbranes

The structure of the thylakoid membranes can bkiented by illumination as was
mentioned in 3.1.3. The effect of illumination dmetthylakoid structure in isolated
spinach chloroplasts was investigated with lighattering and electron microscopy
(Deamer et al. 1967; Murakami and Packer 1970)htLggattering revealed thylakoid
membrane reorganization upon illumination and miesi the possibility also for the
kinetic investigation of this phenomenon. Light tseang, however, does not contain
direct information about the nature of the reorgation. Electron microscope images
taken by Murakami and Packer from spinach chlosiplaare shown in Figure 39
revealing a tighter ordering of the thylakoid mear®s in the grana region (Murakami
and Packer 1970). Based on microdensitometric esyolerformed on the same samples
it was proposed that the observed 32 % decreagbeinspacing of the thylakoid

membranes is accompanied by a 21 % decrease ihithkaess of the thylakoid vesicle.

Figure 39: Light-induced changes in the ultrastructure of th@akoid membrane system in isolated
spinach chloroplasts, suspended in 100 mM NaGIMM®PMA (phenylmercuric acetate), pH 7.8 medium
(taken from (Murakami and Packer 1970)). The etecmicrographs were taken on samples, chemically
fixed and stained before illumination (A), aften8n illumination (B), after 4 min in the dark foldang
illumination (C).

Electron microscopy studies provide direct inforimatabout structural parameters
of the thylakoids, but can be influenced by artdaesulting from the fixation, and do

not provide information about the entire populatidnhe investigated sample.
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Figure 40: Effect of illumination on the
two-dimensional SANS profile of
magnetically oriented spinach thylakoid
membranes, recorded with the 2D
detector of the D22 SANS instrument.
Sample-to-detector distance, SD = 8 m,
collimation, col = 8 mA = 6 A. Only part

of the detector image is presented (Q-
range: 0.0057-0.068 A; integration
time is 20 s. Dark-adapted state (A), after
illumination with white light of 1700
umol photons i s* photon flux density
for 5 min (B), after 5 min light and 5 min
dark (C). Colors are representing the
differential  scattering  cross-section
values in cnt in a logarithmic scale.
Measurements were performed in the
presence of 100M PMS.
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SANS, as a noninvasive technique, capable of pmoyidnformation about the
periodical structure of biological membranes, iggodat interest in the investigation of
the light-induced changes of thylakoid membranesdiSs on this phenomenon were
started before | joined the project, and the fiestults are described in the Ph.D. thesis of
Jens Kai Holm (2004). Here | present the contirmmatf this work, in which we were
able to carry out time-resolved measurements o SANS instrument at the ILL.
By capitalizing on the high intensity neutron beawailable at this instrument we could
obtain more precise RD values and could also mottite time course of the light-
induced changes in the stroma thylakoid RD.

Reversible light-induced reorganization of the stacthylakoids (in the presence of
100uM PMS, i.e. during the functioning of the PSI cydle already observable in two-
dimensional scattering profiles (see Figure 40).

Radially averaged scattering curves, correspontbngigure 40 are presented in
Figure 41. Upon illumination, the curves are siguaifitly changed. The center position
of the Bragg peak, connected to the periodicityswbma thylakoids (see paragraph
4.4.2), is shifted towards higher Q values, andptbek intensity is decreased. The light-
induced changes were found to be almost fully 1sits.
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Figure 41: Effect of illumination with white light of 170@mol photons i s* photon flux density on the
spinach thylakoid membranes in the presence oflM0PMS.

We performed comparative experiments in order sbitehe light-induced changes
— due to some not known reason — can be observidimmmagnetically oriented
samples. As can be seen in Figure 42 similar ligthttced changes can be observed also

in samples where the magnetic orientation is absémivever, due to the significantly
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better defined stroma thylakoid related Bragg peatbkserved in oriented samples and
due to the significantly lower required measurimget, further investigations were
performed in the presence of magnetic orientatimoalli samples amenable for magnetic

alignment.
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Figure 42: Effect of illumination with white light of 170@mol photons i s* photon flux density on
unoriented spinach thylakoid membranes in the psef 10uM PMS.

6.1 Time Resolved Investigation of the Light-induced Stctural

Changes of Stroma Thylakoids
During SANS investigation of different structuradhamges we are able to obtain the
required structural information without modifyinget tested sample. This allows us to
observe the kinetics of the reorganization in timge. In order to be able to follow the
time course of the light-induced structural changes performed time resolved
measurements. The most important experimental paeardefining the available time
resolution is the available neutron flux, whichr-tbe D22 SANS instrument — allowed
us to achieve a resolution ranging from 5 min te. After the experiments, during the
data treatment, the individual radially averagedtteting curves were regrouped if it
was required to increase the statistical accuradyeoresult.

A time parameter is associated with each scatterimge, which is usually defined
by the time elapsed between the moment of thectemtge of the sample environmental
parameters (e.g. start or end of illumination) #me moment the scattering data is read
out from the detector. The radially averaged sdatjecurves thus obtained were fitted

with the sum of a power function and a Gaussiamessribed in paragraph 4.4.2. Each
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of the obtained parameters (see equation 4.2) pleteed as a function of the time
parameter along with the calculated RD values.

Figure 43 and Figure 44 show the time course ofligi#-induced changes and of
the dark adaptation for isolated spinach thylakerembranes along with the
corresponding Bragg peak components. The latter caésulated by performing the
fitting as detailed above and subtracting the tewsylpower functions from the
corresponding scattering curves. The obtained déguretter reveal the effect of the
illumination on the Bragg peak, i.e. that uponniination the center position of the peak
is shifted towards higher Q values, accompaniedh wicreasing peak intensity and

higher FWHM, and that these changes are revernsililee dark.
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Figure 43: Time course of the radially averaged scatteringesiof spinach thylakoid membranes during
illumination with white light of 170Qumol photons rif s* photon flux density (A) in the presence of 100
uM PMS. Time course of the scattering curves aftiétraction of the fitted power function (B).
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Figure 44: Time course of the radially averaged scatteringesiof spinach thylakoid membranes during
dark adaptation after a preillumination for 5 miithwvhite light of 170Qumol photons i s* photon flux
density (A) in the presence of 108 PMS. Time course of the scattering curves aftdatraiction of the
fitted power function (B).
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Figure 45: Time course of different fitted parameters: cergesition (A), integrated intensity (B),
FWHM (C) and the corresponding RD values calculdteth the center positions (D) of the Bragg peak
for the scattering curves obtained during illumiomt(with white light of 1700umol photons 1§ s*
photon flux density) and during the dark-recovefrithe sample, isolated spinach thylakoid membrdimes
the presence of 1M PMS).

The time course of some of the fitted parameteentér position, intensity and
FWHM of the Bragg-peak and calculated RD) is présgmn Figure 45. These figures
demonstrate better the light-induced shrinkage haf $troma thylakoid membranes
which is accompanied by a decrease in the longshiodt-range order of the stroma
thylakoids, as indicated by the increased FWHM #r&ldecrease in intensity. For the
proper interpretation of the obtained FWHM valueg investigated the resolution
function of the instrument as a function of Q, whis provided by the Grasp data

treatment program, based on the equation (Gril@B20
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where in our experiment%d = 0.1, and Aé@ is estimated by Grasp from the attenuated

direct beam measurement, based on the equatiolio(@e08): AQ(Q = 0) :(47”%9.

Estimated FWHM values for the instrument resoluao& shown in Figure 46.
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Figure 46: Q dependency of the calculated instrument resalutio

Figure 46 reveals that in the Q range 0.02 — 0AV25i.e. where the center position
of the stroma Bragg peak can be found, the cakedlBYWHM is in the range of 0.0038 —
0.0042 A'. We have to note that the shape of the direct bisaasymmetric in our
experiments — being slightly wider in the vertigditection than in the horizontal
direction. Therefore, when radial averaging is egapbhround the horizontal axis of the
detector the FWHM is expected to be shifted to lovedues. Furthermore, from the low
Q dependency of the instrument resolution in timgeaof the possible Bragg peak center
positions we can conclude that the increased FWHNMh® Bragg peak cannot be the
result of the shift of the Bragg peak alone; on ¢batrary, it reveals a decrease in the
order of the stroma thylakoids. The origin of tipsenomenon is yet unknown. This
conclusion on the light-induced desorganizatiothefmembrane system is supported by
data in Figure 47, where normalized peaks are ptedeogether with the instrument
resolution (similar as described in (Demé et a0 allowing a better visualization of

the widening of the Bragg peak during illumination.
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Figure 47: Bragg peak broadening in normalized representatagether with the calculated instrument
resolution at Q=0.0215A Bragg peak curves are created from Figure 43aRliiding by the maximum
value of the fitted Gaussians and shifting the eanw be centered around 0.

6.2 Light-intensity Dependency of the Structural Changs of Stroma
Thylakoids
The effect of the illumination on the structuraam@ngements (observed by CD) was
earlier found to be light intensity dependent (Blaret al. 1996). As shown in Figure 48
the intensity and rate of the light-induced changethe CD signal at 510 nm depends
strongly on the illumination intensity. (For bett@omparison with the SANS
measurements we note, that according to (Buschi®@@h) at a wavelength of 530 nm,
at about the mean wavelength of photosyntheticattive sunlight, 1 W i corresponds
to approximately 4.4mol photons nf st.)

0 o <
58— %o T\ O i =
<5 * ~ | | z
X WL Wil P\J‘\‘\,ﬂ." K g: -2 \\ “\\ J‘ p
3 ,'vu ’\J\]N‘ g 2 E
W, ML o &
= 5.0 ¥ vh ] W 55 ©
5 "W, i 3 SWIANR N L
: N - A
g’ W N‘-".“h"u‘\rfﬂ ‘E \‘ it 4.5 E
° | S =
g o
= < 25 200 500W/m]| 3.5 O
o N NN S —
& -_— —— 0 2 4 6 8 10 12
4.0 :
0 1 2 3 4 Time, min

Figure 48: Light-induced changes in the CD at 510 nm of isalgiea thylakoid membranes suspended in
30 mM Tricine (pH 7.8) 330 mM sorbitol and 5 mM Mg@eft). Black and white horizontal bars indicate
dark and light (500 W i) periods. Light-induced changes in the CD at 5&® (fower curves) and
absorbance changes of the pH indicator dye, needhlat 553 nm (upper curve) at three different
intensities of the exciting light. Figures copiedrh (Barzda et al. 1996).
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This CD change originates from changes in the I@amge chiral order of the
chromophores (and of the pigment-protein complekegjranal thylakoid membranes,
an overall structural rearrangement of the thyldkmiembranes without affecting the
short-range interactions (and the molecular archite of the constituent complexes) of
the membranes (Garab and van Amerongen 2009).
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Figure 49: Time courses of the calculated stroma thylakoid Rilues in isolated spinach thylakoid
membranes in the presence of 100 PMS during illumination (with white light of 15(), 330 (B), 650
(C), 1200 (D) and 1700 (Emol photons i s* photon flux density) and their dark recoveries.
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Here we present SANS results with a sub minute tiesslution about the light
intensity dependency of the light-induced changebylakoid membranes.

Time course of the calculated stroma RD changemgluhe illumination and the
consecutive dark period (Figure 49) reveal thatedasing light intensities result in
increased repeat distance changes and in sigrtlfjcdifferent kinetics. During these
experiments the data acquisition time was 1 s whigtcluding a ~ 1 s data storage time
— results in a ~ 2 s time resolution. For a bat@resentation we summed the radially
averaged scattering curves in groups of 5, to obthe curves in Figure 49, and
performed the curve fitting and calculation of RB values on these curves. The RD
changes during the ~ 3 min light or dark time inés were calculated by averaging two

consecutive light-dark cycles for each light inignécf. Table 9).

Table 9: Calculated RD changes in isolated spinach thylakogmbranes during illumination with
different light intensities and in the dark followg the preillumination.

lllumination intensity

[ 1= umol photons i s* photon flux density

150 330 650 1200 1700
RD change lllumination S5+1 -11+1 22+1 -33+ 1 379
[I=A Dark adaptation 6+1 11 + 1 23+1 33+ 3742

As shown e.g. in Figure 49 E there are major RDngha, especially in the dark
adaptation period during ~ 10 s. Therefore we tkedriginal ~ 2 s time resolution for
the investigation of the kinetics of the RD chandtsmination with light intensities of
330 pmol photons it s photon flux density and higher appears to possess
equilibrium RD. We fitted the RD(time) function \itan exponential function, for
which the characteristic time constants are presem Table 10. We observed that
increasing light intensities result in faster kiogtof the light-induced RD changes. This
result is in accordance with the one presente®@arzda et al. 1996), where the initial
rate of the light-induced CD changes (cf. Figur¢ was found to increase with rising
light intensity, albeit the experiments of Brazda a were performed during the

functioning of the linear electron transport (irethe presence of ferricyanide).
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Dark adaptation after illumination with light intgities of 650umol photons rif s*
photon flux density and higher appears to induce dRBnges with two significantly
different time constants as shown in Table 10.

Table 10: Kinetic parameters determined by curve fitting fridme time courses of the light-induced RD

changes during illumination with different lighttémsities and in the dark following the preilluntioa
period.

[llumination intensity
[ 1= umol m? s photon flux density

330 650 1200 1700

Illumination Decay time constant [ ]=s 3816 38+ 2712 19+1
Dark Rise time constant| fast - 24+09| 19+04 | 0.8x04

adaptation [1=s (56 %) (67 %) (63 %)
Relative slow 414 98 + 39 64+13 | 15585

contribution (44 %) (33 %) (37 %)

We have to note that, unlike the static structyratameters, the light-induced
structural changes of the stroma thylakoids vagpiicantly between different batches.
Therefore in our experiments it was crucial to perf the comparative measurements on
the same sample or samples from the same batchpl&arfrom the same batch
investigated with few hours time difference alseea, that during storage RD tended to
increase by several percent. This increase waslesated when illumination was

applied.

6.3 Functional Basis of the Observed Light-induced Stratural
Changes

We performed comparative experiments on isolategakibid membranes in the
presence of different reagents, during illuminatidth fixed (1700umol photons 1§ s
1) photon flux density in order to reveal the fupogl origin of the observed structural
changes. Light-induced structural changes, predeimteparagraphs 6.1 and 6.2 were
observed in the presence of 1 PMS, i.e. during the functioning of the PSI cycle

We investigated the influence of 1M DCMU (which inhibits the electron
transport between Qand @) and 1 mM ascorbate (which serves as a reduciagtpg
on these changes. The results (see Figure 50) gstaavthe RD changes can be elicited
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by PSI cyclic electron transport alone. DCMU, hoesvslightly influences the
reversibility of the structural changes. While untiee control conditions we observed
slight increase in the stroma RD with time and mgigonsecutive illumination cycles, in
the presence of DCMU the dark state equilibriumdreased with ~ 10 A as shown in
the first (Figure 50 A) and second (Figure 50 Bhtidark cycle.
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Figure 50: Time courses of calculated stroma thylakoid RD &alduring illumination with white light of
1700 pmol photons i s* photon flux density or dark adaptation of the asetl spinach thylakoid
membranes in the presence of 100 PMS, 10uM DCMU and 1 mM ascorbate during the first (A) and
the second (B) light-dark cycle.

As a complementary experiment, we also investigdted influence of far-red
illumination (we mounted a long-pass (cut-off)diltwith a threshold of 690 nm between
the light guide and the sample), where only the iBS&ixpected to be functioning. The
results (see Figure 51) confirm that the RD chancps be elicited by PSI cyclic
electron transport alone. In this experiment, wnlik the presence of DCMU, full
reversibility was observed, which suggests thahéncase of DCMU the shift in the dark
equilibrium following illumination was a specifidfect of the reagent, independent of
the non-functioning PSII.

A correlation between the transmembraypH and the light-induced shrinkage of
granum thylakoids was reported earlier (Murakand &acker 1970). We repeated the
above described experiments (100 PMS, 10uM DCMU and 1 mM ascorbate) in the
presence of 2.uM nigericin. The influence of this uncoupler on thght-induced
changes is clearly visible on the radially averageattering curves (Figure 52), and the
time course of the calculated stroma repeat distdRtgure 53) confirms that light-
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induced structural changes of the stroma thylakoade negligible when the
transmembranapH is abolished.
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Figure 51: Time course of calculated stroma thylakoid RD valdering illumination with far-red light
(A =690nm) or dark adaptation of the isolated spinach thyldkmembranes in the presence of 100
uM PMS.
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Figure 52: Effect of illumination with white light of 170@mol photons i s* photon flux density on the
spinach thylakoid membranes in the presence ofl0®MS, 10uM DCMU and 1 mM ascorbate, in the
absence (A) and presence (B) of 2\ nigericin.

We also investigated the light-induced changesienSANS signal arising from the
stroma thylakoids — during the operation of thedinelectron transport chain, from
to methylviologen or ferricyanide (functioning asrrhinal electron acceptors at the
acceptor side of PSI)n the presence of 1 mM methylviologen we can oleser small
shift of the Bragg peak already on the radiallyraged scattering curves (Figure 54 A)
and the calculated RD values also reveal a shrenk&ghe stroma thylakoids (Figure 54
B), during illumination, albeit to a significantlgwer extent than in the case of PMS. In

the presence of 5 mM ferricyanide we can obsenlg arsmall decrease in the Bragg
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peak intensity on the radially averaged scattecunges (Figure 55 A) and the calculated
RDs do not show any significant change during illuation (Figure 55 B).
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Figure 53: Time course of calculated stroma thylakoid RD valdaring illumination with white light of
1700 umol photons i s photon flux density and in the dark following theeillumination of isolated
spinach thylakoid membranes in the presence offMd®MS, 10uM DCMU, 1 mM ascorbate and 2.5
uM nigericin.

These data show that during the balanced operafidghe two photosystems, and
despite the generation of the transmembvr&pid, the stroma membranes undergo only
relatively small (for methylviologen) reorganizat® in their multilamellar membrane

ultrastructure or the reorganizations are not olagee at all (for ferricyanide).
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Figure 54: Effect of illumination with white light of 170Qmol photons i s* photon flux density on the
radially averaged scattering curves of spinach altogid membranes in the presence of 1 mM
methylviologen (A). Time course of calculated steothylakoid RD values (B).
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Figure 55: Effect of illumination with white light of 120@mol photons i s* photon flux density on the
radially averaged scattering curves of spinachatkgid membranes in the presence of 5 mM ferricyanid
(A). Time course of calculated stroma thylakoid Ridues (B).
In Chapter 6 we demonstrated that SANS allows #terchination of RDs of the
stroma thylakoids in intact thylakoid membranedata from plants and to monitor

their time-resolved reorganization during photobgsts, an information hitherto not

available. Our data provide clear evidence for toeurrence of fully reversible
membrane reorganization during the operation of &@lic electron transport, and
shows its correlation with the transmembrapH generated. In the following chapter

we show that this technique can also be appliedth® investigation of living

photosynthetic organisms.
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7. Light-induced Reorganizations of Thylakoid Membranes in Lower
Organisms

7.1 The Diatom Phaeodactylum tricornutum

Diatoms have a dominant role in the energy balafit¢ke biosphere, since they provide
~ 25 % of the primary photosynthetic productionkEarth (Lavaud et al. 2007). Their
efficient carbon-dioxide sequestration into theple®ter layers contributes significantly
to the regulation of the atmospheric carbon-dioxadmcentration (Falkowski et al.

1998). Furthermore they are widely involved in thechemical cycles of nitrogen,

phosphorus and silicon (Wilhelm et al. 2006).

Intricately patterned, silicified cell walls of deans represent one of the most
fascinating examples of biominerals (biologicalyyrhed inorganic materials) (Poulsen
et al. 2003), which on the other hand, render thbient silicate concentration to be a
limiting factor to the growth of diatoms (Egge affkisnes 1992). In our studies we used
Phaeodactylum tricornutupa diatom which lacks the silicon requirementifsrgrowth
(Nelson et al. 1984).

Figure 56: Part of chloroplast cross-section Bhaeodactylum tricornutur(copied from (Pyszniak and
Gibbs 1992)) with a bar of 0.am. The organization of the thylakoids into bandstlufee loosely
appressed thylakoids is clearly visible.

Diatoms possess a chloroplast envelope (with foembranes) in which the
thylakoid membranes, unlike in higher plants, ao¢ differentiated into stroma and
grana thylakoids (Lepetit et al. 2007). Ptnaeodactylum tricornuturthe thylakoids are
organized into bands of three appressed thylaksieks Figure 56) (Pyszniak and Gibbs
1992). Each of the thylakoid membranes containsl B8 PSI and fucoxanthin-

chlorophyll proteins (FCPs). The latter, the ligrvesting antenna complexes of
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diatoms show significant homologies to the LHC danps (Lepetit et al. 2007),
however, they possess considerably smaller loopneets (Eppard and Rhiel 1998;
Wilhelm et al. 2006) than LHCII.

Diatoms are known to be able to survive large tlatibns in light intensity in
mixing waters (Wagner et al. 2006). When a photthsstic organism experiences
extreme and sudden changes in the environmentditoors the structural flexibility is
thought to be crucial in the regulation of the mipobtective mechanisms. The
investigation of the structural and supramoleculaanges is particularly important to
obtain a complete picture of the protective mectrasiagainst surplus light.

IntactP. tricornutumcells were shown to exhibit an intense, broad pelyand salt
induced (psi)-type CD band with a maximum at aro@Rp98 nm (see Figure 57),
which originates from chirally organized macrodonsaiof the pigment-protein
complexes (Szabd et al. 2008). The results of Szadubcoworkers reveal that these
macroassemblies exhibit substantial structuralifitty upon changes in different
environmental conditions such as temperature, ithation or osmotic pressure. The psi-
type CD inP. tricornutumhas been proposed to be associated with the améllar
organization of the thylakoid membrane system.rtteoto confirm this correlation, and
to obtain direct structural information about thrgamization of thylakoid membranes in

living diatoms we performed SANS experimentshortricornutumcells.

— P. tricornutum
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-0.54
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Figure 57: CD spectra of intad®. tricornutumcells. The CD measurements were performed asidedcr
in (Szab¢ et al. 2008). Courtesy of Dr. Milan Szabé
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7.1.1 SANS Signals

As pointed out above, the (+)698 nm CD band has Ipeeposed to originate from the
multilamellar organization of the membranes. A meank system with multilamellar
organization and well-defined lamellar order caspthy a SANS profile containing a
Bragg peak that is characteristic of the RD ofiiembranes. Indeed, two dimensional
small-angle neutron scattering profiles of suspmrsiof randomly oriented living
Phaeodactylum tricornutuntells show two characteristic diffraction rings the
investigated Q range of 0.008 — 0.09 &s shown in Figure 58.
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Figure 58: Scattering profile of thylakoid membranes Phaeodactylum tricornuturwith two clearly
visible diffraction rings, recorded with the 2D detor of the D22 SANS instrument. Sample-to-detecto
distance, SD = 8 m, collimation, col = 8 im= 6 A. Corresponding instrumental and buffer backgd
measurements are subtracted, the results are tatrfer detector efficiency. Colors are representime
differential scattering cross-section values in‘dma logarithmic scale.

Radially averaged SANS curves Bhaeodactylum tricornuturoells are shown in
Figure 59, revealing two characteristic peaks mitivestigated Q-region, for which the
interpretation is as follows. The peak at ~ 0.037 dan be considered as a first order
Bragg peak. For the second peak at ~ 0.0850& propose a similar interpretation as
discussed for granum thylakoids, i.e. that it orages from paired membranes of
adjacent thylakoids. However, in the casePtiaeodactylum tricornutunwve did not
have a model system available to provide experiatgmbof for this interpretation, such

as the BBY for granum thylakoids.
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During the extraction of the different peak posigofrom the experimental
scattering curves, we encountered the followingblems. A universal fitting method
was required which can be applied for all the dédf¢é batches under different
environmental conditions for a proper comparisone Wied to fit the curves
corresponding to different samples by the sum pbaer function and two Gaussians.
As shown in Figure 59 this method was found to redéequate, probably due to the
presence of an ill-defined feature in some of tbattering curves at ~ 0.052*AThe
involvement of a third peak in the fitting curvegwever, rendered the fitting procedure
unstable. Therefore, separate fittings of the low high Q regions were chosen. The
low Q region was fitted with the sum of a powerdtion and a Gaussian while the high
Q region was fitted with a Gaussian in an interasymmetrically placed around the
peak position as shown in Figure 59. The peak ipositf the first Gaussian provided

the RD values according to equation 4.3.
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Figure 59: Typical radially averaged SANS scattering curveaot®td from suspension haeodactylum
tricornutumecells. Scattering from the suspending medium aaakdround was subtracted. Measurement
was performed on D22 (SD = 8 m, col = 8% 6 A). Fitted functions: sum of a power functiand a
Gaussian for the low Q-region, and a Gaussiarh®high Q-region — in red; the sum of a power fiamct
and two Gaussians — in green.

The calculations provided (169 + 1) A and (171 Alepeat distance values for the
thylakoid membranes in a band of three appressgkibids for two independent
batches. (Variations of RD between independent uteagents on the same batch were
smaller than 1.5%.) This RD evidently requiresghttipacking of membranes, therefore
we performed a calculation whether this distantenel the special arrangement of the

different protein complexes in the direction pemtenlar to the membrane plane. In
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plants, such an arrangement of PSII and PSI corapleould require a somewhat larger
RD of ~ 185 A if we consider that PSI protrudes wtb40 A while both PSIl and its
main light harvesting complexes (LHCIl) are exteshdey about 20 A into the
interthylakoidal space; the membrane thicknesses~a#0 A each, and the lumenal
spacing is ~ 45 A (Dekker and Boekema 2005; Daural.e2010). As detailed above
FCPs, the light harvesting complexes of diatoms,segnificantly smaller than LHCII -
thus they allow smaller interthylakoidal space amdaller RD. However, the ATP
synthase in diatoms with its estimated large, ~ Ad@rotrusion (Stock et al. 1999)
clearly can only be accommodated in the ‘end’ memery i.e. on the outer surfaces of
the groups of three thylakoid membranes (see Fi§0yeThis implies that the thylakoid
in the middle must be energetically coupled, evilyena interconnected lumenal spaces

and contiguous bilayer membranes, to the two endbmanes.

ll l o

LHCZI

I I I I I -
II II 45 A

Figure 60: Schematic drawing of the bands of three looselyegged thylakoids in thehaeodactylum

tricornutumshowing the approximate size and transmembranéqosg of the main protein complexes

in the membrane. The schematic drawing of the LHGHplex is also shown for size comparison.
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7.1.2 Light-induced Changes in the Repeat Distances of Jlakoid Membranes

Structural flexibility and the effect of illuminaih on the photosynthetic complexes in
Phaeodactylum tricornuturcells were previously investigated by Szabo ef24108) by

means of circular dichroism. The CD band at 698was observed to increase upon
illumination. The changes were reversible but taegkdecovery kinetics were relatively

slow. The typical time course of the light-induadthnges is shown in Figure 61.
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Figure 61: Time course of the light-induced CD changes$”bfieodactylum tricornuturoells at 698 nm
(copied from (Szabé et al. 2008)). lllumination warsvided by blue light of 80@mol photons rif s*
(closed bars, dark periods; open bar, illumination)

We investigated the light-induced changes on theogieity of the thylakoid
membranes in these cells. SANS curves of dark adapnhd illuminated (with white
light of 2000umol photons 1A s* photon flux density for 4 min) diatoms are shown i
Figure 62. Upon illumination the center positiontbé first Gaussian decreased from
(0.0369 + 0.0002) A to (0.0350 + 0.0003) A revealing an RD increase from (170 + 1)
A'to (180 £ 1) A. It is interesting to note thatthariations in the SANS profile are not
confined to the peak at Q ~ 0.037* Abut also include the one at Q ~ 0.065. Ahe
center position of the second Gaussian decreased(.0653 + 0.0002) Ato (0.0613
+ 0.0004) A which, according to our interpretation, indicagselling in the paired

membranes of adjacent thylakoids.
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Figure 62: Effect of illumination with white light of 200@mol photons i s* photon flux density on the
thylakoid membranes in livinfhaeodactylum tricornuturoells. The curves are smoothed by averaging
over three adjacent data points.

In order to understand better the mechanism obbserved light-induced changes
we performed complementary measurements in theepcesof NHCI and DCMU.
Addition of 4 mM NH,CI, an uncoupler that abolishapH, had no significant effect on
the light-induced RD changes, as shown in Figurel6s result and the direction of the
light-induced changes suggest that these changdalgy originate from variations in
the electrostatic interactions due to the presehtmcal electric fields and/or consequent
redistribution of the ions in the electrolyte dgriphotosynthesis (Zimanyi and Garab

1982; Zimanyi and Garab 1989) or other variationthe surface charges.
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Figure 63: Effect of illumination with white light of 200@mol photons i s* photon flux density on the
thylakoid membranes in livinfhaeodactylum tricornuturgells in the presence of 4 mM NEI. The
curves are smoothed by averaging over three adjdeda points.

We also could not observe significant influencethed addition of 1QuM DCMU

and sodium dithionite (a reducing agent) on thétligduced changes; however the
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changes were not found to be reversible upon ddalptation, as shown in Figure 64.
These results are in accordance with CD measureneéridr. Mildn Szabd, where the
full reversibility of light-induced changes in tf88 nm CD band was found to be

inhibited or decelerated by the presence of DCMU.
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Figure 64: Effect of illumination with white light of 200amol photons i s* photon flux density on the
thylakoid membranes in livinfhaeodactylum tricornuturoells in the presence of 1M DCMU and
dithionite. The curves are smoothed by averagirey twee adjacent data points.

The obtained peak position and calculated repestarie values for the diatom in
the presence or absence of JHand DCMU for consecutive dark and light cycles a

shown in Table 11.

Table 11: Peak positions of the fitted Gaussians and caledI&D values of thylakoid membranes of
Phaeodactylum tricornutuncells subjected to consecutive dark/light cyclemg white light of 2000
umol photons i3 s* photon flux density.

Dark Light 1 Dark 2 Light 2 Dark 3
_ Qu(10°A7%) ] 369+0.01] 350+0.03 3.62+0.00 3.50+0.p1 .533 0.03
o
£ RD (A) 170 £ 1 180 1 174 1 180+ 1 178 £ 1
o
O Q(10?A7) | 652+0.02| 6.13+0.04 635+0.08 6.11+0.03 .336:0.02
Qu(10°A7%) ] 369+0.02] 350+0.02 3.64+0.00 3.41+0.04 .643 0.02
2 % RD (A) 170 £ 1 180 1 173+1 184 +2 173+1
N Z [Qu(10°AY | 652:002| 6.06+004 650+008F 6.13+0.p4 506 0.03
Qu(10°A%) | 357+0.02] 3.41+001] 3.45+0.0p 3.35+0.02 .433 0.01
)
% = RD (A) 176 + 1 184 +1 182 +1 188+ 1 183+ 1
— O ['Q.(10°AY | 637+004| 6.05+0.04 6.00+0.0 6.00 £ 0.p5 .116¢ 0.04
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We also performed SANS measurements on diatomseiptesence of 0.5 mig
benzoquinone, which serves as an electron acceptgdominantly for @ and, with a
smaller rate for @ (Tanaka-Kitatani et al. 1990). We could not obeemny significant
light-induced structural changes of the thylakoidmibranes on the radially averaged
SANS curves, as shown in Figure 65. Taking intooaat that these externally added
molecules accept electrons originating from thempry charge separation, this
observation can most probably be reconciled with #vove notion on the role of
electrostatic interactions. However, this questiavidently requires further

investigations.
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Figure 65: Effect of illumination with white light of 200@mol photons i s* photon flux density on the
thylakoid membranes in livingPhaeodactylum tricornutunctells in the presence of 0.5 mig
benzoquinone. The measurements were performed 2r($I2 = 8 m, col = 8 mh, = 6 A). The curves are
smoothed by averaging over three adjacent datagpoin

Furthermore upon the addition of the 0.5 rpNMenzoquinone the observed RD for
the thylakoids was found to be significantly deseshto (148 + 1) A. This result
suggests major reorganizations in the thylakoid brame upon this treatment. The
nature of these reorganizations, however, remahsoybe explored. I€hlamydomonas
reinhardtii p-benzoquinone was found to block the thylakoid membs in their
original state of either state | or state Il bydenng the LHC phosphorylation state
invariant, most probably through intramolecularss-dinking in the kinase/phosphatase
system (Bulté and Wollman 1990), providing a pdsséxplanation for the inactivation
of the light-induced structural changes in thylalsobf diatoms, in the presence wf
benzoquinone. We have to note, however, that thdtsepresented here on the effect of

p-benzoquinone are preliminary and will be completefilirther experiments.
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7.1.3 Light-intensity Dependent Kinetics and Reversibiliy of the Light-induced
Changes in the Repeat Distances of Thylakoids

The light-induced increase in the amplitude of psetype CD became larger when 800
pmol photons i st illumination intensity was used instead of 3080l photons rf s*
(Nagy et al. 2011c)We investigated the influence of illumination wisimilar light
intensities on the RD of thylakoid membrane$hmaeodactylum tricornuturcells. The
effect of illumination with white light of 150 antROOumol photons i s* photon flux
density on the radially averaged scattering cuisygsesented in Figure 66 revealing that
similar to the light-induced CD changes, higharmiination results in more pronounced
alteration of the SANS signal. Calculated RD chanigethe two cases are presented in
Table 12.
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Figure 66: Effect of illumination with white light of 15@mol photons i s* (A) and 120Qumol photons
m*? s (B) photon flux density on the thylakoid membrairediving Phaeodactylum tricornuturnells.
The curves are smoothed by averaging over threeadlj data points.

Table 12: Effect of illumination on the magnitude of psi-ty@D at (+)698 nm, on the Q values of the
two peaks in the scattering curves and on the tzbul RD changes of thylakoid membranesPin
tricornutumcells. In CD measurements the photon flux derssitiethe blue light, at low light (LL) and
high light (HL) were 100 and 8Q@mol photons ni s, respectively. In SANS experiments, white light of
150 (LL) and 1200 (HLpmol photons i s* were used. Results for the CD measurements areesgof
Dr. Milan Szab6.

ACD/CD | AQ* ARD AQ*,

at 698 nm| [10° A" | [A] [10° A7
LL iluminated | 0.18+0.03| -1.8+0.5 +9+4 -3.2#%6
HL illuminated | 0.36+0.045 -3.2+0p +15+[1 -4D.2
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We have to note that when the illumination levelugher increased from 1200 to
2000umol photons i s* photon flux density, we cannot observe furtherease in the
light-induced RD changes, they rather decline. e ndt have information about
comparative CD measurements; but based on (Ting Gwdns 1994) 200Qmol
photons rif s* photon flux density can be considered as a phbititory condition,
which provides a possible explanation for the desed light-induced RD changes.

In the case of the measurements with illuminatidti k200 umol photons i s*
photon flux density we could also follow the evabat of the calculated RD values
during the illumination and dark adaptation periggure 67).

An apparent feature of the curve presented in Ei@iTr is the significantly slower
kinetics of the RD recovery during dark adaptatimympared to the kinetics of the light-
induced changes. The timescale of the full revéitsif30-60 min) is similar to the time
required for the recovery of the non-photochemicplenching of chlorophyll
fluorescence (NPQ) dPhaeodactylum tricornuturoells in dark after illumination with
800umol photons rif s* photon flux density for 15 min as shown in (Gosale2006).
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Figure 67: Time course of the light-induced variations in tRBs of thylakoid membranes in living
Phaeodactylum tricornuturoells illuminated with white light of 120@mol photons i s* photon flux
density (closed bars, dark periods; open bar, ithation).

The above presented data provide clear evidendesthall but well discernible
membrane reorganizations occur in diatoms duringtqgynthesis. This structural
flexibility of diatoms might be related to their iv&nown ability to adapt to fluctuating
light conditions (Wagner et al. 2006; Lavaud e8l07), which renders the diatom to be

a dominant phytoplankton in turbulent mixing watg@siisman et al. 2004).
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7.2 Thylakoid Membranes of the CyanobacteriumSynechocystisp.
PCC 6803

The cyanobacteria, earlier known as blue-greenealgee photosynthetic prokaryotes,
having a photosynthetic mechanism very similar hat tpresent in photosynthetic
eukaryotes. Cyanobacteria have a high tolerancdiffarent environmental conditions
such as high and low temperature extremities asva dmount of available water or
nutrients (Blankenship 2002). Cyanobacteria possedhylakoid membrane system
which accommodates photosystems | and Il. Cyanebattthylakoids are not
differentiated to stacked and unstacked regionghémoplast thylakoids (Olive et al.
1997). However, different protein complexes wenenf to be unevenly distributed, for
example, inSynechococcuPCC 7942 (Sherman et al. 1994), whileSyinechocystis
PCC 6803 no such heterogeneity was observed (@tiad. 1997). The EM image of
Synechocysti®?CC 6803 cells (see Figure 68) reveals a regul@angement of the

thylakoid membranes.

AR 1

Figure 68: Transmission electron microscopy imagesghechocystisp. PCC 6803 (copied from (van de
Meene et al. 2006)) with a bar of Qu&1. Contoured arrays of thylakoid membranes are ethwith white
arrowheads.

The typical repeat distance of the thylakoid membésais expected to be
significantly different from that of diatoms or thigr plants because the packing density
of membranes in cyanobacteria is determined by tigit-harvesting antennae, the

phycobilisomes (PBSs). The distance between twoacadf membranes (the
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interthylakoidal space) was found to be 460 andd4@ the presence and absence of
phycobilisomes, respectively - determined by etetimicroscopy on the wild type and a
mutant unicellular cyanobacteriurBynechocystisPCC 6803 (Olive et al. 1997).
Arrangement of the PBS in the multilamellar thylmkenembrane system is shown in
Figure 69.

) PR
’ I1 8nm g o, e, =—=—lumen
Zonm 48 g
PS I Core Phycobilisome Thylakoid

Figure 69: Schematic representation of the phycobilisomesrorgtion in Synechocystisp. PCC 6803
copied from (Olive et al. 1997).

In the present study we investigated wild type (Wahd PAL mutant cells of
Synechocysti®PCC 6803. PAL mutant cells are completely devdid®BS (Ajlani and
Vernotte 1998).

7.2.1 SANS Signals Arising from the Wild Type and the PALMutant
Synechocystisp. PCC 6803 and their Light-induced Changes

As shown in Figure 70 well-defined characteristeaks could not be observed on
radially averaged SANS curves of WBynechocysti®CC 6803 cells. Considering the
above cited interthylakoidal space and the contioinuof two thylakoid membranes and
the lumenal space as discussed in Paragraph wéd Mpuld expect an RD between 550
and 600 A in the wild type cells, i.e. a peak bem6.0105 A and 0.0114 A. On the

SANS curves no Bragg peak could be discerned inctreesponding Q-range, most
probably because of strong forward scattering efwthole cells and the smearing effect

of the hemispherically shaped membrane-anchoredgtilyjsomes. In order to reveal
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the possible existence of the peak, correspondingrt RD of ~ 600 A, further
experiments are needed to be performed with ardiffenstrument setting.

In a pilot experiment we investigated the effecilloimination with white light of
2000 pmol photons n§ s* photon flux density for up to 10 min with a 1 mtime
resolution on the WT cells, but we could not a obseignificant changes in the radially

averaged SANS curves, an experimental finding whacjuires confirmation.
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Figure 70: Radially averaged SANS scattering curve obtainechfsuspension of WBynechocystisp.
PCC 6803 cells. Scattering from the suspending mmedind background was subtracted. Measurement
was performed on D22 (SD = 8 m, col = 8% 6 A).

The two dimensional small-angle neutron scatteqmgfiles of suspensions of
randomly oriented living PAL mutanSynechocystisPCC 6803 cells show two
characteristic diffraction rings (Figure 71).

Radially averaged SANS curves of PAL mut&ynechocysti®CC 6803 cells are
shown in Figure 72, revealing two characteristiaksein the investigated Q-region. In
our interpretation the peak at Q ~ 0.032 & considered as a first order Bragg peak.
The interpretation of the second peak at Q ~ 0.848is not clear at the moment.
Tentatively, the second peak is assigned to adjanembrane pairs in the multilamellar
system, as in the case of granum and BBY.

For the extraction of the different peak positidreen the experimental scattering
curves, we fitted the curves corresponding to chffié samples by the sum of a power
function and two Gaussians. The peak position effifst Gaussian provided the RD
values according to equation 4.3. We obtained @95 A and (180 + 1) A repeat
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distance values for two different batches of cdliswever, variations of RD between

independent measurements on the same batch weltersiman 1.5%.

Figure 71: SANS detector image of thylakoid membranes in PAltant ofSynechocystisp. PCC 6803
with two clearly visible diffraction rings, recordevith the 2D detector of the D22 SANS instrumé&i.
=10 m, collimation, col = 11.2 M, = 6 A. Colors are representing the counts in ilxelp per 100 s in a
logarithmic scale.

15

1.04

la.u.

0.5+

T T
0.02 0.03 0.04 0.05 0.06
-1
QA%

Figure 72: Typical radially averaged SANS scattering curveaoigd from suspension of PAL mutant
cells of Synechocystisp. PCC 6803. Scattering from the suspending medind background was
subtracted. Measurement was performed on D22 (8Bn=col = 8 m)\ =6 A).

We also investigated the light-induced changeshenpeeriodicity of the thylakoid
membranes in PAL mutanBynechocystiPCC 6803 cells. SANS curves of dark
adapted, illuminated (with white light of 20@@nol photons i s* photon flux density

for 6 min) and subsequently dark adapted (for 6@ ells are shown in Figure 73.
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Figure 73: Effect of illumination with white light of 200Q@mol photons i s* photon flux density on the
thylakoid membranes in livingynechocystisp. PCC 6803 cells. Inset shows the time courskeolight-
induced variations in the RD and its dark recoy#rgise, calculated from the first order Bragg peak.

Upon illumination the center position of the fitaussian decreased from (0.0322 +
0.0002) A* to (0.0307 + 0.0001) A revealing an RD increase from (195 + 1) A to (205
+ 1) A. The center position of the second Gausdizreased from (0.0477 + 0.0001} A
to (0.0467 + 0.0001) A which, according to our interpretation, indicasegelling in the
paired membranes of adjacent thylakoids. The timeludon of the RD upon
illumination and its dark-recovery is shown in Higu73. Further experiments are
required in order to obtain more detailed kineti€she observed light-induced changes
and their sensitivity to different agents.

In Chapter 7 the typical SANS signals of some ivayanobacterial and algal cells
were presented. With the aid of SANS — which wevipresly applied for determining
the RDs of thylakoid membranes and their variatiodsiced by light or by variations in
the physicochemical environment of the membrane® -determined the characteristic
repeat distances of thylakoid membranes in thedhi&haeodactylum tricornuturand
in the PAL mutant of the cyanobacteridynechocysti®CC 6803. For the first time,
we also observed fully reversible reorganizationchanges in the RDs — during
photosynthesis in intact cells, which, as shownHotricornutum also affected the long
range chiral order of chromophores in the thylakwiedmbranes. These data, together
with the data obtained for isolated plant thylakai@mbranes show that the periodic
membrane ultrastructure in a variety of differemgamisms performing oxygenic
photosynthesis are all capable of undergoing réserschanges, small but well

discernible reorganizations. Thus, it appears tth@tmesoscale membrane ultrastructure
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of the thylakoid membranes possess a substantiattstal flexibility, a dynamic
property of the membrane system, a capability wpidbably plays an important role in
the energy conversion of membranes and/or in @ifferegulatory mechanisms.

In the following chapter, | investigate the dynaahiproperties of photosystem Il
membrane fragments (BBY) with the technique oftedaacoherent neutron scattering,
which carries information mainly on the averagedvement of individual hydrogen

atoms and thus on the dynamic characteristicseolipid-protein assembly.
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8. Dynamical Studies on Photosystem Il Membrane Fragmes and
Thylakoid Membranes

Incoherent neutron scattering has been used foactesizing the dynamic properties of
many different biological samples, such as myogipbiacteriorhodopsin, hemoglobin
and lysozyme (Doster et al. 1989; Ferrand et #@31%tadler et al. 2009; Magazu et al.
2010). However, the use of this technique in phottigesis research is still uncommon.
The first elastic and quasi-elastic neutron sdajemeasurements on photosystem Il
(PSIl) membrane fragments (BBY) in the temperatarege between 5 and 300 K, have
only recently been published (Pieper et al. 20G@pé&r et al. 2008). These studies
revealed clear correlations between the dynamicpepties of proteins and the
photochemical activity of PSII, in particular withe efficiency of the @> Qg electron
transfer. The major aim of our study was to extdhdse investigations to the
physiological range of temperatures, where photihgfit membranes are frequently
exposed to environmental stress effects and thus sbject of substantial
reorganizations as part of their multilevel regoitgtmechanisms.

As we discussed in detail in paragraph 5.1.2 séygozesses are participating in
the adaptation of plants to different light conaliis. Specific reorganizations of the
membrane ultrastructure can be induced also byasdwiemperatures, either in the dark
or in combination with strong illumination (Andersand Andersson 1988; Dobrikova
et al. 2003; P4li et al. 2003). The most heat s&astomponent of the photosynthetic
electron transport chain is the oxygen evolving plax (presented in detail in paragraph
3.1.4). Upon heat stress the OEC is damaged dubketalissociation of the 33 kDa
protein from the lumenal side of PSIl around 40 (Ehami et al. 1994), while the
activity of the reaction centers and the membraregzation can be retained (Toth et
al. 2009; Toth et al. 2011).

8.1 Effect of Hydration on the Dynamics of PSIl Membrares

We investigated PSII membranes with hydration kewdl 57 and 75 % r.h. Figure 74
shows the logarithm of the scattering intensitiesadunction of ®for the control, i.e.

for the 75 % r.h. sample. The region, where thayedd linearly on @ is indicated by
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the superimposed thick lines in Figure 74; the agwn from the Gaussian behavior at

higher G values is clearly visible.
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Figure 74: Logarithm of the scattered intensity from 75 % m5Il (BBY) membranes at different
temperatures as a function of.@he linear section in the curves for lovf @lues is clearly visible; fits
are shown for the lowest and highest temperatures.

MSD values for different samples were extractedmfraghe slope of the
corresponding curves as described in equation ZW.MSD values for the 57 and 75
% r.h. sample are shown in Figure 75. The slopth@fMSD curve for the 75 % r.h.
sample is similar in the 280-310 K and the 320-B4@mperature regions, whereas in
the range of 310-320 K two consecutive changes|a@bescan be observed. The
relatively large increase of the slope (hereaftdied transition) is evidently a signature
of a structural reorganization in the sample, whges rise to a release of the
resilience. Our data reveal a transition only & sample with the higher hydration level
(Figure 75), while the MSD of the less hydrated glanfof 57 % r.h.) increases almost
linearly with temperature, and does not displajearty discernible transition.

Hydration is known to have a crucial function irf@in dynamics. The influence of
hydration on the dynamics of BBY has earlier beemestigated (Pieper et al. 2008), and
the dynamical transition at 240 K, associated wiitd glass transition in the protein
hydration shell (Doster et al. 1989; Doster 200f)s been found to be missing in dry
samples (Pieper et al. 2007).
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Figure 75: Comparison of the temperature dependence of MSBSHf (BBY) membranes with 57% and
75% relative humidity.

It is also worth noting that the hydration levellipid bilayers strongly influences
their periodicity (Kucerka et al. 2005; Trapp et2010) and also the phase behavior of
lipids (Smith et al. 1988). This poses the posigybibf involvement of lipids in the
transition, which will be discussed in a later pmegh.

It is to be noted that the error bars of the cupyesented in Figure 75 are relatively
high for two reasons: (i) in this temperature ratigescattering intensities are relatively
low and thus relatively long counting times areuiegd to obtain good statistics, and (ii)
the functions, presented in Figure 74, can be densd to be linear only for a few data
points, resulting in high errors for the slope loé fitted curves. However, we repeated
the experiment on the 75% r.h. sample twice andrébalts were found to be exactly
reproducible.

8.2 Effect of Heat- and TRIS-treatments on the Dynamicsf PSI|
Membranes

In order to clarify the structural basis of the dgmcal changes we investigated the
effects of heat treatments at 323 and 333 K and@Ri5-washing of the membranes.
Upon heat treatment at 323 K OEC loses its activitginly because of the detachment
of the extrinsic proteins surrounding the Mn-comp(dlash et al. 1985; Enami et al.
1994; Yamane et al. 1998; Barra et al. 2005; Té#l.e2009). The heat treatment at 333
K leads to the denaturation of other protein conegmbs that are crucial for the rest of the

electron transport chain (see (Thompson et al. 198@mpson et al. 1989)). TRIS
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washing is also known to remove the 17, 23, andkBa polypeptides of OEC
(Kuwabara and Murata 1983). The removal of the Ba krotein has been proposed to
result in the destabilization of the core-core riatgions in the PSIl dimer in BBY
membranes isolated from spinach (Boekema et aD)20e stabilization effect of the
presence of the 33 kDa protein has also been slbow?SIl dimers of cyanobacterium
Synechococcusp. (Dekker et al. 1988). The effect of TRIS tneeit was investigated
by AFM on PSII supercomplexes isolated from spinacid revealed the disintegration
of the supercomplexes into subparticles (Kirchheff al. 2008), confirming the
importance of the extrinsic subunits in PSII orgatibn. Hence, upon heat-treatment
and TRIS-washing, in addition to the detachmenO&C from the membranes PSII
supercomplexes are expected to be found in mononferm, while in the control
sample the removal of OEC and monomerization ofl BSkxpected to occur upon
heating during the EINS experiment. In these saspI8D values differed significantly

from those in the control sample and also from edbbkr (Figure 76).
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Figure 76: Comparison of the temperature dependence of MStvtirol, heat treated (50 °C and 60 °C)
and TRIS-washed PSII (BBY) membranes

Pseudo force constant values, calculated accotdieguation 2.43, were associated
with specific temperature regions in the 4 différesmples (Table 13).

There are three distinct temperature regions conugithe dynamical behavior of
the control sample. The upper value of the firshderature range (280 — 310 K)
approximately coincides with the highest temperatwhere the photosynthetic
apparatus is fully functional. Our results showttlm this temperature range the

resilience of BBY does not change significantly. Bleserved similar resilience in the
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320 - 340 K range. However, in the 310 — 320 K terafure range the resilience of the
control sample significantly decreases, a transiuich cannot be seen in the heat- and
TRIS-treated samples. The calculated pseudo favnstant values for the heat treated
samples in the whole investigated temperature raargesimilar to the ones of the
control sample for the low (< 310 K) and high (303) temperature values. The TRIS-
treated sample appears to be softer in the wholpdeature range than the heat-treated
samples.

Table 13: Pseudo force constant values of the control, hreateéd (50 and 60 °C) and TRIS-washed PSlI
(BBY) membranes in different temperature intervaia/culated according to equation 2.43. In the

310K <T <£320K temperature rangék'> was obtained by considering two temperature ppints
therefore no errorbar is given.

Sample Temperature range Pseudo force constad)[N / m]
Control 280K < T <31K 012+0.03
310K <T < 320K =0.05
320K < T <£34K 0.12+0.05
50 °C treated| 280K <T <340K 0.11£0.01
60 °C treated| 280K <T <340K 0.13+0.01
TRIS-washed| 280K <T < 340K 0.08+0.01

The increased flexibility of the membranes in tH® 3- 320 K interval can be
correlated with the loss of the oxygen evolutiotivély; it starts to decrease at ~ 313 K
and half inactivation occurs at 320 K (Nash et18185). Hence we propose that the
decreased resilience of the sample in this temperatterval is the consequence of the
reorganization of the PSII complexes, the detachmE®EC and the destabilization of
the PSII dimers.

A surprising characteristic of the MSD curves oé theat treated samples is the
significantly higher MSD absolute values for the838 treated sample compared to the
ones of the 323 K treated, which might be relatechdnomerization of LHCII trimers at
this temperature as shown on isolated trimers (Gataal. 2002) and on thylakoid

membranes, isolated from barley (Dobrikova et @03).
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8.3 Comparative Circular Dichroism and Differential Scanning
Calorimetry Measurements

In order to investigate the effect of the heatttrents and the TRIS-washing on PSII

membranes and to provide explanation for the olesktrkansition in the MSD curves,

Dr. Sashka B. Krumova carried out CD measuremens fanction of temperature and

also performed DSC experiments. These measurenpeatsde further information

about the nature of temperature-dependent reora@mz in the membranes.

The largest heat-susceptibility of the CD signakssvexhibited by the (-)457 nm
band; a heat treatment at 50 fed to a substantial loss of this minor excitoband
(marked by orange arrow in Figure 77). This tempeeaappears to correlate with the
temperature corresponding to the transition inMi&D curve of control BBY. However,
temperature dependent CD measurements did not simywsignificant difference
between the control and TRIS-treated BBY in the 475-°C temperature range.
Therefore, the transition affecting the 457-465 @B band-pair is unlikely to originate
from monomerization of the PSII dimer.

DSC measurements were used in order to investihatehanges in the thermal
stability of BBY membranes after TRIS-washing. T8#ons occurring at temperatures
at which a change in the dynamics of BBY was ob=grisay EINS measurements
(around 40 — 50 °C) were of particular interest.cAr be seen in Figure 78 the enthalpy

of the transitions below 60 °C is largely decreasdtie TRIS-washed sample.
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Figure 77: CD spectra of PSIl membranes recorded at diffeemperatures. Thehl concentration of the
samples is 2@g/ml. (courtesy of Dr. Sashka B. Krumova)
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The DSC transition at around 49 °C has been shawbet associated with the
oxidation of cytochrome dgy, the inactivation of OEC and the monomerizatiortha
PSIl core (Thompson et al. 1986; Thompson et &89)9It is evident that the TRIS-
washing has a major effect on this transition amgeg further evidence that the
transition observed by EINS at 47 °C is associatgl the OEC inactivation and

monomerization of the PSII core.
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Figure 78: DSC thermogram of control and TRIS-washed PSIl (BBlYembranes. (courtesy of Dr.
Sashka B. Krumova)

8.4 Possible Involvement of Lipids in the Observed Trasition

As we estimated in Paragraph 4.2 ~ 63 % of the ESig8al of BBY originates from
proteins, while the contribution of the lipid pa&t~ 37 %. Therefore we need to discuss
the possible involvement of the lipids in the tidos, observed by EINS.

Unpublished EINS experiments, performed by J. Beted M. Trapp, on model
lipid systems of 1,2-dimyristoyl-sn-glycero-3-phbsgholine (DMPC) revealed a
transition in the MSD of lipid vesicles around 22%hich resembled the one observed
in BBY - suggesting that at least part of the fiéidiy changes in BBY can originate
from changes in the lipid phases. In the case by &aturated DMPC samples the
observed transition can be connected to the wallvknls — L, (gel-to-liquid phase
transition) which occurs around 296 K, as deterohingith the aid of DSC
measurements (Keough and Davis 1979). The lipidsehbehavior in thylakoid
membranes has been extensively studied for dedaaes(Williams 1998) and refs.

therein). The gel-to-liquid phase transition ofdipis strongly influenced by the number
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and position of the cis unsaturated double bondthénlipid hydrocarbon chains. In
accordance with the high ratio of unsaturated fattiyl chains in plant photosynthetic
membrane lipids, there is little or no evidencevahg the existence of a gel phase of
lipids in these membranes above 273 K (Williams @uinn 1987). Hence, the phase
transition, observed by EINS in the temperaturegeanf 310 — 320 K cannot be
connected to § — L, phase transition. It is also important to notaf the phase behavior
of lipids in plant thylakoid membranes under phisgcal conditions cannot be
described simply by liquid crystalline lipid phasgpectroscopic data analysis of the
lipophilic fluorescent probe Merocyanine 540 (Kruraoet al. 2008b) and'P-NMR
studies (Krumova et al. 2008a) have shown thaleatated temperatures, between 25
and 45 °C, significant parts of the bulk lipidstié thylakoid membranes are gradually
excluded from the lamellar phase. Above 45 °C, plsaparation of non-bilayer forming
lipids has been observed in thylakoid membranedliGivis and Quinn 1987; Kéta et al.
2002). The phase behavior of thylakoid membranddipan exert a strong influence on
the function and organization of the incorporategimbrane proteins (cf (Garab et al.
2000; Simidjiev et al. 2000; Pali et al. 2003; Yastgal. 2006; Schaller et al. 2011),
which might contribute to the observed EINS traosit Currently there is no
satisfactory information about lipid phase trawsis in BBY. Therefore the question

concerning the role of lipids in the observed EliRSisitions remains open.

8.5 The Lack of the Transition in Thylakoid Membranes

We performed similar experiments, as presented ggbonr an aqueous suspension of
control and heat treated intact thylakoid membrafdsese samples, although built
partly of the same components which can be founBBIY samples, contain multiple
other components, especially in their stroma thyildk (e.g. ATP synthase, photosystem
1); they also contain additional compounds in thménal aqueous phase (water soluble
proteins), which are absent in BBY.

Thylakoid membrane samples, measured in the forrdeofse solutions, contain
significant amounts of buffer, unlike BBY sampléhus during the data treatment,
scattering from the buffer, measured independerstig/so needed to be subtracted from

sample scattering. Due to practical reasons (asuspossible choices for the sample
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volume, the time needed for the determination eflbffer content) the amount of the
buffer, contained in the measured sample and tlreuatof buffer measured separately
were not identical. For proper background subtoactthe buffer content needs to be
corrected.

The amount of buffer in the thylakoid membrane daspvas defined in the
following way: A minor portion of the sample prepdrfor the measurement was
separated and used for determination of th® Bontent. These portions of each sample
were lyophilized and the masses of the samplesrdefnd after lyophilization were
compared, providing information about thecontent and thus the buffer content of
the measured sample. Experimental scattering froen @mpty cell filled with an
arbitrary amount of buffer can be modified to siatal scattering from the empty cell
and the appropriate amount of buffer. Further daéatment is identical to that
mentioned before.

We compared the MSD values calculated for the obaind heat treated thylakoid
samples (Figure 79). In the temperature range 03B K neither one of the samples
showed distinguishable transitions. We also couwdtl see any sign of the transition
which was present in BBY, which does not, howewiow us to conclude that the
transition is completely absent in thylakoid menmes As explained above, thylakoid
membranes have a more complex composition compgarB8Y, which can be one of
the reasons for the error bars being significahiggher in Figure 79 then in Figure 76.
The complex composition may hinder the transitionbe observed by the method
presented in this work.

We also have to consider the somewhat lower protemtent in the thylakoid
compared to BBY. Since, as we detailed above, ridwasition, observed by EINS on
BBY can be associated with the OEC inactivation mmwhomerization of PSIl core, the
lower protein content of the thylakoid membranetHer hinders the protein related

phase transition even if it exists in thylakoid nixenes.
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Figure 79: Comparison of the temperature dependence of MSEoofrol and 50 °C treated thylakoid
membranes.

In this chapter we presented how elastic incoherenttron scattering can be
applied for the dynamical investigation of the msystem Il membrane fragments at
physiological and relevant superphysiological terapges. The obtained results show
the presence of a hydration dependent transitiainensample between 37 and 47 °C.
Comparative measurements of photosystem |1l membifaagments subjected to
different treatments prior the experiments reveaezbrrelation between the observed

transition and the detachment of the oxygen evglemmplex from the membrane.
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9. Conclusions and Future Perspectives

In my PhD work | investigated the structure anducttiral flexibility of thylakoid
membranes isolated from spinach leaves as wetl améct algal cells dPhaeodactylum
tricornutumand in intact cyanobacterial cells 8yncechocystisp. PCC 6803 by small-
angle neutron scattering. | also studied the dyoaproperties of photosystem Il
membranes at physiological temperatures by elasticherent neutron scattering. My
results can be summarized as follows:

1. Small-angle neutron scattering is a suitablehriepie for the accurate
determination of stroma thylakoid repeat distan¢B®) in isolated plant
thylakoid membranes via a related Bragg peak ptdasetine radially averaged
scattering curves collected at the high flux insteat, D22. The repeat distance
depends on the osmolarity and the ionic strengtlthef suspending medium
[Posselt, D., Nagy, G., Kirkensgaard, J. J. K.,hol. K., AAgaard, T. H.,
Timmins, P., Retfalvi, E., Rosta, L., Kovacs, LdaGarab, G. (2011) Small-
angle neutron scattering study of the ultrastructaf chloroplast thylakoid
membranes - periodicity and structural flexibilipf the stroma lamellae.
submitted to Biochim Biophys Acta Bioenerg].

2. SANS studies revealed that the chemical redaafdhe PQ-pool by duroquinol
induces swelling of the stroma thylakoid membramésplants, while the
consecutive phosphorylation of the main light hatvey antenna (LHCII) and
some other phosphoproteins does not exert a signtfieffect on the periodicity
of the stroma thylakoid membranes (Varkonyi eRan9).

3. SANS curves of plant thylakoid membranes dogshaiw the presence of a first
order Bragg peak corresponding to the expectedogheriy of the granum
thylakoid membranes. A characteristic peak obseardd07 A' in the scattering
curves of isolated plant thylakoid membranes angbladtosystem Il enriched
(BBY) membranes, are proposed to originate from furen factor of stacked
membrane pairs and their variations carry inforaratabout changes in the
distance between these membranes [Nagy, G., KolacBeters, J., Garab, G.
and Posselt, D. Small-angle neutron scatteringsofated plant thylakoid and

photosystem Il enriched membranes. The signatugeasfa (in preparation)].
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4. SANS was used to obtain information on the stttecture of multilamellar
photosynthetic membranes isolated from higher pla@nd in living
cyanobacterial and algal cells. We determined treracteristic repeat distances
of the thylakoid membranes in the PAL mut&ynhechocystiBCC 6803 cells, in
the diatom Phaeodactylum tricornutumand in intact thylakoid membranes
isolated from spinach leaves and these repeaindestacould be correlated with
the size and the arrangement of the different pratemplexes in the thylakoid
membranes (Nagy et al. 2011b).

5. We discovered an unexpectedly high structuedilfility of the plant thylakoid
membranes during photosynthesis and recordeddheitiduced reorganization
kinetics with an unprecedented time resolution edfesal seconds. We showed
that these reorganizations in the stroma thylakeénbranes were driven by the
transmembraneé\pH, and could be enhanced by the operation of gwadicc
electron transport around photosystem | (Nagy.e2@l1b).

6. Rapid light-induced, dark-reversible reorganas in the ultrastructure of the
thylakoid membranes, on a timescale of minutesgvg@own to occur — to our
knowledge, for the first time — in living cyanobecal and algal cells, which
appeared to be associated with regulatory functibhe observed changes in the
membrane repeat distances are small, at most 2anchthus their detection,
especially under physiologically relevant condiipnequires the use of a non-
invasive structure-investigation technique, suclSABIS, offering high accuracy
combined with statistical averaging for the entineherently heterogeneous
populations of cells and membranes (Nagy et al1Bp1

7. We found correlation between the light-inducedriations in the repeat
distances, determined by SANS measurements, ahe llong-range chiral order
of the chromophores, revealed by circular dichroispectroscopy, in
Phaeodactylum tricornuturcells and propose that the RD changes are driyen b
variations in the electrostatic interactions betwte adjacent membranes (Nagy
et al. 2011c).

8. By temperature-dependent EINS we revealed aaliptrdependent transition - a

significantly increased flexibility between 37 add °C — in photosystem |I
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membrane fragments (BBY). We have shown that thesttion is correlated
with the detachment of the oxygen evolving comdlexn the membrane. The
results also demonstrate that elastic incohereuatrom scattering is a suitable
experimental tool for the investigation of the dyna properties of

photosynthetic membranes at physiological tempezat(Nagy et al. 2011a).

In the following section | would like to addresdeav questions, work in progress and

plans for the near future, which are not discusseadnly marginally treated in the

dissertation but nevertheless constitute impomants of my work on this field:

1.

In our neutron scattering experiments on thylakmidmbranes isolated from
higher plants we could obtain information mostlyoabthe periodicity of the
stroma thylakoid membranes under a variety of dans. As shown in Figure
9, the stroma membranes are wound around the grauillans’ and are joined to
the stacked thylakoid membranes, i.e. to the gramarder to have a better
understanding of the different structural changeghe thylakoid membrane
assembly, the structural parameters of the grantgiakoids and their
reorganizations should also be revealed — for {h@A&IS appeared not to be a
suitable technique. Hence, we plan to perform cemphtary experiments with
small-angle X-ray scattering (SAXS) at synchrotradiation facilities. In these
experiments we can capitalize on the differenttedag length density profiles
of the thylakoid membranes for X-rays and neutroRsrther, the contrast
between the lipid and the aqueous phase in theakbyl membrane is also
planned to be varied by the application of @<$aining, widely used for
electronmicroscopy. On the same instrument we alsb have the possibility to
investigate the occurrence of the non-lamellardliphase in the thylakoid
membranes, the existence of which has recently leeicated by P-NMR
measurements — a question related to our EINS mevasuts. (Experiments to
elucidate these questions are to be carried outhetSAXS Beamline of
ELETTRA, ltaly, in August 2011). We also plan te@date the exact structural
basis of different characteristics of SANS curvéshe thylakoid membranes of

different organisms, especially of the characteripeak at 0.07 A on the
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scattering curve of thylakoid membranes of highknis, by taking aliquots
from the samples during our SANS experiments, andng them for
electronmicroscopy measurements (an experimently pdedicated to address
these questions, is scheduled for November 20iieaD11 instrument of ILL,
France).

2. We have shown that the thylakoid membranes in tiAd Fnutant of
Syncechocystisp. PCC 6803 cells are also capable of underdmhginduced
changes, i.e. an increase in the repeat distaweshave not investigated,
however, the mechanism of these reorganizationscéjenve plan to determine
the light intensity dependence of these reorgaioizatin the presence or absence
of different inhibitors and other chemical agerats €xperiment partly dedicated
to address these questions, is scheduled for Noxer@gbll at the D11
instrument of ILL, France).

3. In order to extend our investigations on the eff@cphosphorylation-induced
state transitions on the membrane ultrastructarepllaboration with Prof. Jun
Minagawa (National Institute for Basic Biology, Clkki, Japan), Dr. Giovanni
Finazzi (CNRS, Grenoble, France) and Dr. Michaeéttein (ILL, Grenoble,
France), we have performed experiments on wild gyme different mutant algal
cells. We found that in these living cells phospftettion and dephosphorylation
of membranes lead to well discernible SANS prof{lesperiment conducted on
D22 SANS instrument at the ILL; the data treatmsiih progress).

4. During our SANS experiments investigating the maddra of the light-induced
RD changes in isolated plant thylakoid membranesmarsted to carry out our
measurements at different temperatures in ordedetermine the activation
energy(ies) of the process(es) participating in tre®rganizations. We
encountered, however, difficulties in controllingettemperature. Currently we
are planning to design a sample holder, which algwoper illumination,
magnetic orientation and efficient temperature @ntfor these SANS
measurements.

5. In order to find correlation between the Hofmeistdfects and dynamical

properties of proteins subjected to different salutions we performed elastic
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incoherent neutron scattering experiments on hacdbedopsin containing
purple membranes in collaboration with Dr. Andas DBiological Research
Center, Szeged, Hungary). The experimental reseltsaled a transition in the
investigated samples at a temperature dependintjeotype of the salts present
in the buffer. The shift in transition temperatisen good accordance with DSC
measurements showing how the temperature fomithg conformation change
of the bacteriorhodopsin depends on the type df masent in the buffer.
(Experiment conducted on IN13 and IN16 EINS instroteeat the ILL;

complementary spectroscopic measurements are gnga®)
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