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2017





The ultrastructure and flexibility of
thylakoid membranes in different

photosynthetic organisms as revealed by
small-angle neutron scattering

Ph.D. Thesis
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Budapest
2017





Contents

Abbreviation . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

1. Introduction . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 1

2. Photosynthesis . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 4
2.1 Structural properties of thylakoid membranes (TMs) . . . . . . . . . . 6

2.1.1 Higher plants . . . . . . . . . . . . . . . . . . . . . . . . . . . . 7
2.1.2 Unicellular organisms . . . . . . . . . . . . . . . . . . . . . . . . 9

2.2 Regulatory mechanisms . . . . . . . . . . . . . . . . . . . . . . . . . . . 10
2.2.1 Leaf movement . . . . . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.2 Chloroplast movement . . . . . . . . . . . . . . . . . . . . . . . 11
2.2.3 Non-photochemical quenching . . . . . . . . . . . . . . . . . . . 12

3. Small-angle neutron scattering (SANS) . . . . . . . . . . . . . . . . . . 18
3.1 Theoretical background of SANS . . . . . . . . . . . . . . . . . . . . . 18
3.2 SANS, electron microscopy (EM) . . . . . . . . . . . . . . . . . . . . . 21
3.3 Use of SANS in photosynthesis research . . . . . . . . . . . . . . . . . . 24

3.3.1 Static structure of thylakoid membranes in different organisms . 24
3.3.2 Kinetic studies on thylakoid membranes in different organisms . 30

4. Aims . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 35

5. Experimental techniques and materials . . . . . . . . . . . . . . . . . . 37
5.1 Plant materials . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 37
5.2 Small-angle neutron scattering . . . . . . . . . . . . . . . . . . . . . . . 39
5.3 Electron microscopy . . . . . . . . . . . . . . . . . . . . . . . . . . . . 43

6. Results and discussion . . . . . . . . . . . . . . . . . . . . . . . . . . . . 44
6.1 Static features of the TMs in different species . . . . . . . . . . . . . . 44

6.1.1 Higher plants . . . . . . . . . . . . . . . . . . . . . . . . . . . . 45
6.1.2 Unicellular organisms . . . . . . . . . . . . . . . . . . . . . . . . 48
6.1.3 Conclusions and open questions . . . . . . . . . . . . . . . . . . 49

6.2 Effects of physicochemical environment on TMs . . . . . . . . . . . . . 49
6.2.1 Effect of infiltration of leaves . . . . . . . . . . . . . . . . . . . . 51
6.2.2 Effect of sorbitol and NaCl on isolated plant TMs . . . . . . . . 52
6.2.3 Effect of osmotic treatments on algal TMs . . . . . . . . . . . . 54
6.2.4 Comparison of some EM preparation procedures . . . . . . . . . 56
6.2.5 Effect of ion movements, role of ion channels . . . . . . . . . . 57
6.2.6 Conclusions and open questions . . . . . . . . . . . . . . . . . . 59



6.3 Structural flexibility of thylakoid membranes . . . . . . . . . . . . . . . 61
6.3.1 The capability of higher plant leaves for light-induced TM reor-

ganizations . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 61
6.3.2 Light-induced TM reorganizations associated with NPQ . . . . 63
6.3.3 State transitions in Chlamydomonas reinhartii . . . . . . . . . 68
6.3.4 Effect of low pH . . . . . . . . . . . . . . . . . . . . . . . . . . . 70
6.3.5 Temperature-induced reorganizations . . . . . . . . . . . . . . . 75
6.3.6 Conclusions and open questions . . . . . . . . . . . . . . . . . . 75

References . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 81

List of publications . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 94

Theses . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 96
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1. Introduction

Understanding and learning nature’s way of “designing” functional matter is one of the

most significant challenges for science today. The extraordinary efficiency of nature’s

recipes for making living matter to accomplish an infinite wealth of functions can offer

a path to find environmentally sustainable solutions for the most pressing problems in

human activity nowadays. The expected impact of artificial photosynthesis and solar

energy on the sustainable development of our society is very high in view of the well-

known global environmental and energy problems. Our goal is to achieve a better

knowledge about the molecular and physical mechanisms of photosynthesis for further

innovations in the exploitation of solar energy in a better and more efficient way.

Today less than 0.5% of the world’s electricity [1] is produced using directly sunlight,

although in about 90 minutes [2] as much energy hits the surface of the Earth as the

annual consumption of mankind.

The progress in the research of living matter for an environment-friendly develop-

ment is becoming more and more an urgent and vital task. The structural-functional

flexibility in response to fluctuations in the environmental conditions is a key feature of

living matter. Natural molecular devices are formed into often very complex structures

and the functions they carry out (e.g. energy and/or material transport, energy conver-

sion, enzymatic action etc.) invariably require a degree of conformational fluctuations

to become effective.

Complex systems contain mesoscopic structures with length scales of 1 µm and less;

these materials constitute a special category, mainly for their biological significance but

also because of their possible direct or bioinspired applications. Thylakoid membranes

belong to this category of matter and represent an interesting class, which are of spe-

cial interest for their central roles in photosynthesis and potential use in solar energy

conversion technology. In oxygenic photosynthetic organisms (i.e. cyanobacteria, algae

and vascular plants) virtually all light reactions, during which light energy is converted

1



1. Introduction 2

into chemical energy, occur in the thylakoid membranes. These membranes are assem-

bled into multilamellar, often stacked layers (such as grana in chloroplast of vascular

plants), containing densely packed and highly organized protein matrices embedded

in a lipid membrane, with lipid classes specific for thylakoid membranes, and internal

organization optimized for a range of cooperative interactions [3, 4].

The overall macroscopic behaviour of thylakoid membranes is usually determined by

mesoscopic structures, physical structures that are much larger than the microscopic

(molecular and atomic) scale and yet are much smaller than the macroscopic (overall)

scale of the material. Evidently, for the understanding of the investigated material, each

of these different levels must be characterized and understood. For biological materials

and samples of biological origin, it is perhaps even more important than for inorganic

matters to understand the behaviour of the hierarchically complex organization at all

levels of structural complexity [5], i.e. from the molecular level to the entire structure,

together with the mesoscopic structural units. Thylakoid membranes follow this pat-

tern of hierarchic organization. Hence, the investigations and considerations, i.e. the

knowledge basis, must include the aspects for the ‘large-scale’, µm-sized and larger

organization and the short-range, sub-µm and nm-scale and shorter, i.e. the molecular

properties and interactions. This calls for a multidisciplinary approach. For complex

systems, such as the thylakoid membrane, which are in the focus of our interest, prob-

ably this is the only way to achieve the goal of understanding of materials, features

and then turn into technical applications.

In this thesis I investigate the structure of thylakoid membranes in different or-

ganisms and under different environmental conditions. Our knowledge regarding the

structure and primary functions of the key protein complexes of photosynthesis as well

as on the molecular and physical mechanisms of light energy conversion advanced sub-

stantially in the past decade [6, 7, 8, 9, 10]. Our understanding of the self-assembly,

however, regarding the entire energy-converting machinery and the mechanisms respon-

sible for its fine-tuning in different organisms and under a wide variety of environmental

conditions is far from being complete (for recent reviews see: [5, 11, 12, 13, 14, 15]).

It is well known that the membrane ultrastructure readily undergoes remodelling

during long-term acclimation of plants and it has been pointed out that these reorga-

nizations can be mimicked during short-term light adaptation processes [11]. Indeed,
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thylakoid membrane systems are capable of responding to rapidly changing environ-

mental conditions. However, our knowledge on this dynamic behaviour of the membrane

ultrastructure is still quite rudimentary. For a better understanding of these (putative

and known) reorganizations, especially under rapidly changing environmental condi-

tions, non-invasive techniques, such as small-angle neutron scattering (SANS), which

provide specific and accurate information on ultrastructural parameters under physi-

ological conditions, are of special value. SANS is the central technique of my thesis,

which focuses on the structural-functional flexibility of thylakoid membranes in differ-

ent organisms.

In this PhD thesis, in the introductory chapters I give a brief overview on photosyn-

thesis and on photosynthetic regulatory mechanisms relevant to my work, and outline

the basic theoretical and technical aspects of SANS, the central technique applied in my

work; I also summarize the results obtained earlier from SANS on photosynthetic or-

ganisms. The Chapter Results and discussion is divided in three parts: the first section

focuses on the static features of thylakoid membranes in different species, the second

part deals with effects of the physicochemical environment on the thylakoid membrane

ultrastructure, and finally, I present our results on the structural flexibility of thylakoid

membranes. Conclusions are drawn in the end of every chapter and I also expose a few

open questions.



2. Photosynthesis

In oxygenic photosynthetic organisms, the light reactions of photosynthesis occur in, or

associated with, the thylakoid membranes, flattened vesicular lipid bilayer structures,

which are densely packed with pigment-protein complexes and other constituents of

the photosynthetic machinery (Fig. 2.1). The thylakoid membrane separates the inner

(lumenal) aqueous phase and the outer aqueous phase (called stromal and cytoplasmic

side in chloroplasts and cyanobacteria, respectively).

The two photochemical reaction centers are fed by excitation energy via their asso-

ciated core pigment-protein complexes, and peripheral light-harvesting antenna com-

plexes - LHCII and LHCI, for photosystem II (PSII) and photosystem I (PSI), respec-

tively. PSII splits H2O to protons and O2 and reduces plastoquinone (PQ); PSI oxidizes

PQ via the cytochrome b6f complex, and reduces NADP+ to NADPH, which is utilized

to reduce CO2 to carbohydrates. The reaction centers and the electron transport system

generate an energized state of the thylakoid membrane (Fig. 2.1). The generated elec-

trochemical potential gradient for protons (∆µH+, also called as proton motive force)

– which consists of a transmembrane ∆pH and an electric potential gradient (∆Ψ) –

is driving the synthesis of the energy carrier molecule ATP from ADP and inorganic P

with the aid ATP-synthase. ATP is also required for the synthesis carbohydrates.

In most organisms, thylakoid membranes assume a multilamellar organization, which

is of fundamental importance for increasing the efficiency of harvesting the light energy,

while their remarkable structural and functional flexibility enables them to efficiently

adjust their functions to rapidly changing environmental conditions, e.g. in the inten-

sity and spectral composition of light or in the temperature [17]. Compared to single

thylakoid membranes, with this organization an additional structural unit is formed,

the interthylakoidal space – a large area, usually with narrow distance between two

adjacent bilayers. This aqueous phase contains the protruding polypeptide sections of

the membrane-intrinsic protein complexes and also accomodates membrane-anchored

4



2. Photosynthesis 5

Fig. 2.1: Main components and processes in the thylakoid membrane, copied from
[16]. For further details and explanation, see Fig. 2.2.

or associated proteins (e.g. kinases, phosphatases, proteases etc.) and might play signif-

icant roles in the electrostatic and osmotic regulation of the photosynthetic functions

[5].

The macroorganization of thylakoid membranes have been proposed to have sig-

nificant roles in two important photoprotective and acclimational mechanisms of pho-

tosynthesis: non-photochemical quenching (NPQ) of the first singlet excited state of

chlorophyll-a and state transitions. NPQ is one of the most important mechanisms

protecting the photosynthetic organisms from damages caused by excess light. State

transitions, governed by redox-dependent kinases and phosphatases, represent an addi-

tional, key regulatory mechanism, which determine the distribution of excitation energy

between the two photosystems.
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Fig. 2.2: Photosynthetic electron transport with the major membrane protein com-
plexes (copied from Nield 2010 [18]). The linear electron transport is a se-
ries of different redox reactions between the water splitting enzyme (WSO
or OEC, oxygen evolving complex) and NADP+, which, in reduced form
(NADPH) represents a reduction capacity. The reaction centers and the
core complexes absorb the light themselves but the chlorophyll a/b light-
harvesting complexes (LHCII and LHCI) around PSII and PSI, respectively,
substantially increase the absorption cross section of the photosystems. The
light energy absorbed by the light-harvesting antennae is transferred towards
the reactions centers, where the first steps (the light-induced charge separa-
tion) of the conversion of light energy into chemical energy occur. In PSII,
P680 becomes oxidized (P680+) and pheophytin (primary electron accep-
tor) accepts the electron. P680 is the strongest biological oxidizing agent.
The oxygen evolving complex provides an electron via YZ (tyrosine -161) for
P680+ to rereduce it, preventing charge recombination in the reaction center.
The electron from Pheo− is transferred to the primary and secondary stable
quinone acceptors, QA and QB, respectively. The double reduced and proto-
nated secondary quinone acceptor, a plastoquinol (PQH2), unbinds from the
reaction center complex and carries redox equivalents to the oxidized Cyt b6f
complex (plastoquinol-plastocyanin-oxidoreductase), which accepts electrons
and deposits protons in the lumen. The reduced PC is the electron donor to
P700+, the oxidized PSI primary electron donor. In PSI, analogous processes
(charge separation, stabilization and secondary electron transfer steps) occur
as in PSII. The electron arriving at the ferredoxin (Fd) is used to reduce the
NADP+ to NADPH, via FNR, the ferredoxin:NADP reductase; in turn, the
redox equivalents of NADPH are utilized to reduce CO2 to sugars, during
which ATP is consumed.

2.1 Structural properties of thylakoid membranes

(TMs)

As detailed above, the thylakoid membranes contain the two photochemical systems,

PSI and PSII, and also embed the cytochrome b6f complex and the ATP-synthase.
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The energy supply of the photochemical reaction centers is provided mainly by light-

harvesting antenna complexes, which increase the effective absorbance cross-sections

of the photosystems. These protein complexes are densely packed in the lipid mem-

brane, with high (70-80%) protein concentration [19], allowing a range of cooperative

interactions [20]. The protein composition of the membranes adjusts not only the pho-

tosynthetic functions but also determines the overall organization of the thylakoid

membranes. Of special interest with regard to the multilamellar organization of the

membranes, are the stromal/cytoplasmic side extramembraneous regions, i.e. water-

soluble protein subunits and polypeptide sections protruding into the outer aqueous

phase of thylakoids. Since the structure of the two reaction center core complexes and

those of the ATP synthase and the cytochrome b6f complex are very similar along the

phylogenetic tree, the multilamellar organization is largely determined by the compo-

sition and properties of the antenna complexes. Hence, the light-harvesting antenna

complexes, which constitute the majority of the membrane-intrinsic and membrane-

associated proteins, also act as structure proteins and largely determine the ultrastruc-

ture of the multilamellar thylakoid membrane system.

2.1.1 Higher plants

In vascular (higher) plants, the thylakoid membrane is located in the lense shape bodies,

the chloroplasts (Fig. 2.4A), which, with the exception of bundle sheat chloroplasts,

contain the grana, stacked layers of thylakoid membranes, and the unstacked stroma

thylakoid membranes, which interconnect adjacent grana. In vascular plants, as well

as in green algae, the major peripheral light-harvesting proteins belong to the chloro-

phyll a/b light-harvesting protein (LHC) superfamily [21]. The major light-harvesting

antenna complex of plants, LHCII (light-harvesting complex II), coating the PSII core

complex, has been shown to possess a high self-aggregation capability, which can thus

lead to the formation of PSII:LHCII macrodomains, excluding PSI and the ATP syn-

thase. This is the basis of the lateral segregation (’sorting’) of the two photosystems in

the thylakoid membranes [5]. Granal chloroplasts accommodate densely packed protein

complexes in ordered, sometimes semi-crystalline arrays and are assembled into highly

organized multilamellar systems [4, 6, 22]. The PSII with their peripheral antenna pro-
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teins can be organized into semi-crystalline domains within the membrane plane [22]

(Fig. 2.3). The isolated thylakoid membrane system aligned in horizontal magnetic

field in our SANS experiment setups (perpendicular to the neutron beam) exhibits

peaks in horizontal positions, therefore these peaks cannot originate from the above

mentioned semi-crystalline ordering of complexes. Moreover, under normal conditions,

the frequency of ordered arrays of particles is low, in most samples is less than 10%

[23].

Fig. 2.3: Electron micrographs displaying PSII supercomplexes in paired inside-out
grana membranes from A. thaliana [24]. The scale bar is 100 nm.

The macroorganisation of protein complexes, outlined above, is stabilized by stack-

ing, which is possible because both PSII core and LHCII have relatively flat stromal-side

surfaces, short protruding polypeptide sections, which, under favourable electrostatic

conditions (in the presence of cations), stack to each other. By this means, the thy-

lakoid membranes are capable of forming a laterally heterogeneous membrane system,

the granum-stroma thylakoid membrane assembly. This consist of stacks of 300-500 nm

diameter disk of tightly packed granum thylakoid membranes (typically containing 5–20

thylakoids), interconnected and wound around by stroma thylakoid membranes (Fig.

2.5), which are spaced at larger distances – allowing room for the ATP synthase and

PSI with large stromal-side protrusions. (For a review see [4], see also [12, 25, 26, 27].)
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Fig. 2.4: Electron micrograph of a mature granal chloroplast (A) [4] and a model of
the green plant thylakoid membrane with the main photosynthetic complexes
(B) [22]. In B, the dimeric PSII–LHCII supercomplexes and PSII monomers
are indicated in dark green, Cyt b6/f dimers in orange and ATP synthase
in red, single LHCII trimers in bright green, PSI in dark blue. The lumen is
indicated in bright blue. Also marked, the repeat distance (RD) of granum
thylakoid membranes. The scale bar is 0.5 µm.

Fig. 2.5: Helical model constructed from serial section electron micrographs. α is the
angle between the granum and stroma thylakoid membranes; GT, granum
thylakoid membrane; STM, stroma thylakoid membrane; STL, stroma thy-
lakoid lumen; J, junction between the granum and stroma thylakoid mem-
branes [4].

2.1.2 Unicellular organisms

In most green algae the lateral heterogeneity is much less marked than in vascular

plants but their chloroplasts contain both stacked and unstacked thylakoid membranes

[28]. For instance, in the chloroplast of the green alga, Chlamydomonas reinhardtii,
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which is closely related to the chloroplasts of higher plant leaves, although contain

stacked and unstacked membranes, fully developed grana are not present [29]. In other

algal families no lateral heterogeneity can be seen, but the membranes might still

be assembled into well-defined structures; e.g. in diatoms, where they are organized in

groups of three closely packed thylakoids [30]. In contrast, the presence of large external

antenna complexes, phycobilisomes (PBSs), in cyanobacteria and red algae, evidently

sets limits on the distances between adjacent membranes, which are thus spaced at

much larger distances. The thylakoid membranes in most cyanobacteria are arranged

into 3-6 concentric layers or radial arrays [31]. In diatoms, the membrane-embedded

light-harvesting antennae, the fucoxanthin-chlorophyll proteins (FCPs), appear to allow

a dense packing of the thylakoid membranes. The photosystems and antenna complexes

are generally thought to be homogeneously distributed within the thylakoid membranes

– at least no lateral heterogeneity of the kind seen in higher plants exists- or contain

only a limited lateral heterogeneity [32]. Each of these membranes contains both PSI

and PSII along with their associated FCPs.

The green alga, Chlamydomonas reinhardtii, is of special interest because of the

similarity of its chloroplast to those in vascular plants – although fully developed grana

are not present [29]. More importantly, for several decades this green alga has served

as a model organism for photosynthesis and molecular biology, and thus numerous

mutants are available, which can potentially be used in SANS experiments.

2.2 Regulatory mechanisms

Oxygenic photosynthetic organisms have evolved multilevel regulatory mechanisms, by

the aid of which they are capable of fine-adjusting their functions to rapidly chang-

ing environmental conditions. Most algal cells and plants encounter large variations

in the light intensity (e.g. light deficiency during early morning or cloudy days, and

excess light at full sunshine). Light intensity might change abruptly between extreme

values. Evidently, this requires rapid regulation of light harvesting and the utilization

of absorbed energy: a nearly 100% quantum efficiency at low light intensity can be

down-regulated to 20-30% efficiency [33] in excess light. The strategies developed by
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photosynthetic organisms, include leaf and chloroplast motion, state transitions, NPQ

and photoinhibition [15, 33, 34].

2.2.1 Leaf movement

The most visible strategy of regulation of light harvesting on the plants is the leaf

movement. Leaf movement [35] and folding [36] can increase the light absorption upon

low light condition and decrease the light absorption upon high light. This is outside

the scope of our investigations.

2.2.2 Chloroplast movement

In the smaller-size scale, chloroplast movements can also regulate the light harvesting

capability of plants. In leaves exposed to high light, chloroplasts can respond with a

light-avoidance movement on the time scale of several minutes. This is a universal regu-

latory mechanism in vascular plants, governed by blue-light receptors (except in mosses

and ferns [37]). In order to maximize the light capture, chloroplasts arrange along the

upper and lower cell walls with their membrane planes preferentially perpendicular to

the incident rays (Fig. 2.6). Contrary to this arrangement, under excess light, they

move to the side walls parallel to rays, i.e. showing their edge to the illuminating beam

and minimizing their absorbance and create shield for each other [38].

Fig. 2.6: Chloroplast motion. In low-intensity light condition, chloroplasts arrange
along the upper and lower cell walls with their membrane planes preferen-
tially perpendicular to the incident rays (left). In high-intensity light con-
dition, chloroplasts move to the side walls parallel to rays (middle). In the
dark, the chloroplasts distribute on the bottom of the cell (right) [38].



2.2. REGULATORY MECHANISMS 12

2.2.3 Non-photochemical quenching

In algae and higher plants, one of the most important photoprotective mechanisms is

NPQ, which can be measured as quenching of chlorophyll-a fluorescence (decrease of the

fluorescence yield and of the lifetime). The primary step of photosynthesis promotes

the excited electronic state from ground state of chromophores via light absorption.

The lifetime (τ) of excited state is limited, because the excited state decays back to the

ground state by deexcitation processes, which can be divided to radiative (emission of

light – fluorescence, phosphorescence) and nonradiative processes (internal conversion

(IC) and intersystem crossing (ISC)). During IC, the excited electron transits between

vibration levels of one electronic state to another vibrational level in a lower electronic

state with the same spin multiplicity. During ISC, the excited electron transits between

two electronic states with different spin multiplicity.

Fig. 2.7: Jablonski diagram: S0: ground state; S1: excited singlet state; T1: excited
triplet state; A: absorption of a photon; F: fluorescence; P: phosphorescence;
IC: internal conversion; ISC: intersystem crossing; EET: excitation energy
transfer; vr: vibrational relaxation [39].

These processes compete with each other. The lifetime of excited state can be cal-

culated from the rate constant (k) with the following equation:

τ =
1

k
=

1

krad + kIC + kISC
(2.1)

The lifetime of excited state of chlorophyll-a (τ) embedded in isolated proteins is

decreased compared to chlorophyll in solution, because kIC is negligible, when chloro-

phylls are not bound to proteins. In vivo, chlorophylls serve as the primary pigment

absorbing sunlight. The excited chlorophyll molecules can form triplets states, 3Chl∗
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which can easily be quenched by oxygen. The formed reactive oxygen species cause

damage in its molecule environment. The triplet state of carotenoids (which serve as

accessory pigments) plays a role in deactivating reactive oxygen species and in quench-

ing of 3Chl∗. There are other mechanisms in vivo, which lead energy away from the

excited states: NPQ and qP (Fig. 2.8).

τ =
1

k
=

1

krad + kIC + kISC + kqP + kNPQ
(2.2)

Fig. 2.8: Yields of various de-excitation mechanisms of chlorophyll a in (a) solution,
(b) PSII with open reaction centers, (c) PSII with closed reaction centers,
(d) PSII with closed reaction centers and under NPQ conditions. Fl, fluo-
rescence (green); IC, internal conversion (white); ISC, intersystem crossing
(cyan); PQ, photochemical quenching (trapping by RC, dark blue); NPQ,
non-photochemical quenching (red). Copied from [39] (N.B.: PQ is not to be
confused with plastoquinone.).

Chlorophyll fluorescence is sensitive to the energy conversion processes in photosyn-

thesis. Several techniques have been developed for measuring fluorescence. One of them

is PAM (Pulse Amplitude Modulation) fluorometer which utilize, the ‘Saturation Pulse

Method’ see (Fig. 2.9).

qE term

qE, the rapid, energy-dependent or ∆pH-dependent component of NPQ, leading to

dark-reversible fluorescence quenching with typical halftimes of 1–2 min. During excess

light, the photosynthetic electron transport generates lumenal acidification (∆pH). This

∆pH is sensed by PsbS protein in plants [7] and triggers the qE through protonation

of PSII proteins and activation of xanthophyll cycle (violaxanthin de-epoxidase, which

deepoxidizes the violaxanthin to zeaxanthin in excess light, in low light or in the dark,
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Fig. 2.9: Chlorophyll-a fluorescence transient in vivo measured by PAM fluorometer.
In the beginning of the measurement, only weak measuring light is applied
to get the minimal fluorescence (F0). For the measurement of NPQ, one
has to separate fluorescence, NPQ and qP (PQ in the Fig. 2.8). qP can be
stopped by closing all PSII reaction centers via applying a very short, high
intensity light flash (saturation pulse). The fluorescence reaches its maximum
level (Fm) upon this fast flash, because qP is stopped (all PSII reaction
centers are closed) and NPQ does not yet switched on. Under continuous
actinic light, the fluorescence is decreasing due to combination of NPQ (qE
(seconds - minutes), qT (tens of minutes) and qI (hours)) and qP. At every
saturation pulse, qP is inhibited due to closed PSII reaction centers. For the
characterisation of NPQ, the ratio ((Fm− Fm′)/Fm′ is used. After switching
off the actinic light, NPQ starts to decrease and fluorescence is increasing
[40].

zeaxanthin epoxidase transforms zeaxanthin to violaxanthin). Conformational changes

occur during binding the xanthophylls and protons in the PSII antennae; this causes

quenching in the PSII antenna [41, 42].

As described above, light-induced charge separation and coupled electron and H+

movements generate a proton motive force or electrochemical potential gradient for

protons (∆µH∗) composed of transmembrane electric-potential gradient (∆Ψ) and a

H+ concentration gradient (∆pH).

The proton motive force plays important regulatory roles: ∆Ψ is required for metabo-

lite and protein transport across the membranes [43], while ∆pH is involved, perhaps

most prominently, in qE, the energy-dependent component of NPQ, which depends
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on the acidification of the lumen [44]. It is generally agreed that NPQ requires the

structural flexibility of thylakoid membranes, as revealed by several lines of experi-

mental results which demonstrate the involvement of structural changes at different

levels of structural complexity [6, 14, 42, 45, 46, 47, 48, 49, 50]. Some of these changes

might directly be linked to the light-induced generation of ∆pH. Since the electrostatic

interactions and thus cations play significant roles in the formation of LHCII:PSII

macrodomains and membrane stacking [5, 51] reorganization can occur as the con-

squence of the redistribution of ions in the aqueous phases of the thylakoid membranes

upon to the generation of ∆µH+ [52, 53]. Structural changes are also thought to be in-

duced by the acidification of lumen and the binding of protons to different protonable

polypeptide residues. Recent studies revealed that thylakoid K+ channel and K+/H+

exchanger is involved in the modulation of proton motive force partitioning [54].

Among the five families of inorganic phosphate transporters in plants, PHT4;1 is the

only one transporter which is localized in the thylakoid membrane [55, 56]. The PHT4;1

protein is potentially truncated in the Arabidopsis mutant pht4; 1− 1, whose relevance

of PHT4;1 in the inorganic phosphate transport was not characterized [57]. Although

the steady state levels of NPQ are similar in wild type (WT) and PHT4;1 mutant, the

activation of NPQ was faster in PHT4;1 mutant. The absence of PHT4;1 alter the pH

gradient across the thylakoid membrane, the ∆pH has increased contribution to proton

motive force in the first minutes [58]. The Cl− channel mutant, vccn1 − 1 has slower

induction of NPQ [59].

In general, the effects of pH on many physiological processes in plants are well es-

tablished and significant work has been done to explore the effects of pH on different

photosynthetic processes. In addition to the involvement of lumenal acidification in

NPQ mechanisms, acidic lumen leads to inhibition of PSII activity because of a re-

versible dissociation of Ca2+ from the water splitting enzyme [60]. In vitro, the oxygen

evolving complex loses Ca2+ at pH<6.0, inhibiting water splitting and rendering the

PSII reaction center inactive [61].

In earlier works, structural and functional changes have been shown to be induced by

exposing isolated thylakoid membranes to low pH [62, 63, 64]. It has been shown mainly

by 77K fluorescence excitation and emission spectroscopy of isolated spinach thylakoid

membranes that low pH induces a redistribution of the excitation energy between the
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two photosystems. By analysing data obtained on state-transition and NPQ mutants

of Arabidopsis it has been shown that the increase in the 77K emission of PSI and the

concomitant quenching of PSII fluorescence in thylakoid membranes exposed to low pH

cannot be accounted for by state transitions but originates from a PsbS-protonation

dependent spillover of the excitation energy from PSII to PSI. It has also been shown,

by using circular dichroism (CD) spectroscopy, that exposing isolated pea thylakoid

membranes to low pH induces substantial but essentially fully reversible changes in the

chiral macroorganization of the protein complexes, without noticeable changes in the

excitonic interactions, i.e. at the level of bulk pigment-protein complexes [63]. These

reorganizations in the CD were similar to those induced by high light [65, 66, 67].

qT term

State transitions (qT) are also associated with the variations of the fluorescence yield –

often, this chlorophyll-a fluorescence transient is tagged as the qT component of NPQ

[33] but more commonly the two phenomena are treated separately. Not only the inten-

sity of white light can change, the spectral distribution also can change under different

environmental conditions. In green algae and vascular plants, state transitions, gov-

erned by redox-dependent kinases and phosphateses, represent a chromatic adaptation

mechanism. While PSI and PSII are efficient in somewhat different spectral regions, the

distribution of excitation energy between PSI and PSII is very important in avoiding

the photooxidative damage (for recent review see [34]). Under, the so-called State 2

condition, the preferential PSII excitation reduces the PQ pool. PQH2, sensed at the

cytochrom b6f binding site, activates the serine-threonine protein kinase, which is re-

sponsible for the phosphorylation of LHCII and some other phosphoproteins. According

to the model of state transitions, based on the mobile antenna hypothesis, the phos-

phorylated LHCII undergoes conformational changes and dissociates from PSII, then

moves to the unstacked region and associates to PSI, increasing the absorption cross

section of this photosystem [68]. In the reverse process, in State 1 conditions – upon

the preferential excitation of PSI, the Stt7 kinase is inactivated by the oxidized state

of PQ pool and a phosphatase dephosphorylates the LHCII; in turn, the dephosphory-

lated LHCII detaches from PSI and gets re-associated to PSII. (The serine-threonine

protein kinase is STN7 in vascular plant [29] and Stt7 in green algae [69].) While it
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is widely accepted that supramolecular reorganization of photosystems occurs upon

state transition [70], little is known about the possible changes in the ultrastructure of

thylakoid membrane. Although, using thin section electron microscopy technique, Iwai

and coworkers have shown that the ultrastructure of thylakoid membrane system is

loosened in State 2 condition compared to State 1 condition (Fig. 2.10), their results

was received on chemically fixed membranes [71], essentially ruling out detailed and

quantitive kinetic studies.

Fig. 2.10: Electron micrographs of thylakoid membranes of Chlamydomonas
reindhartii in State 1(A) and State 2 (B). Scale bars, 100 nm [71].

qI term

Upon sustained and intense illumination, qI can also be induced, independent of the

lumenal pH – this component relaxes more slowly (hours). I in qI is referring to pho-

toinhibition, a complex phenomenon involving the inactivation of PSII reaction centers

at light stress conditions. It must be noted, however, that relation of qI to photoinhibi-

tion is still ambiguous, and in fact, part of it might be related to more slowly-relaxing

ultrastructural changes [72].



3. Small-angle neutron scattering (SANS)

The photosynthetic apparatuses and the thylakoid membranes are mesoscopic struc-

tures, i.e. materials of an intermediate length scale between the size of molecules and

materials measuring micrometers. In hierarchically organized structures, such as the

photosynthetic membranes, at the mesoscopic level additional functions and qualities

emerge that have no direct analogue at the atomic scale. The understanding of these

emerging functions, and their basic structural properties, on the first place, require the

application of a multitude of techniques.

SANS provides statistically and spatially averaged structural information over the

whole irradiated sample volume without significantly perturbing the system. Although

SANS measurements can only be carried out at designated instruments at large scale

facilities (at nuclear research reactors or high flux spallation neutron sources), neutron

scattering experiments are progressively becoming part of the routine measurements in

many areas of life sciences. This is partly because of the improvement of the measuring

techniques and the availability of SANS stations suited for biological samples, and

also because of the growing interest of researchers towards physical techniques that

are capable of providing accurate structural information on complex, highly organized

biological samples under physiologically relevant experimental conditions [73, 74, 75].

3.1 Theoretical background of SANS

Figure 3.1 shows a general scattering event. Neutrons can be scattered, absorbed

or transversed without interaction on the sample. In the case of elastic scattering,

the magnitude of incident wave vector ~ki and scattered vector ~kf is equal, only their

direction varies

|
−→
k | = 2π

λ
. (3.1)
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Fig. 3.1: General scattering event. ~ki is the incident wave vector; ~kf is the scattered
wave vector; ~rj is the position vector of the jth atom.

For simplicity, we consider that a monochromatic plane wave is hitting the sample

built up from scattering centers. Therefore the incident wave function is:

Ψi = ei
~ki~r, (3.2)

where ~ki is the incident wave vector and ~r is the position vector. Since the isolated

nucleus can be considered as a point scatterer, the spherically symmetrically scattered,

outgoing wave function is

Ψsj = − bj
|~r − ~rj|

ei
~ki ~rje−i

~kf ~rj , (3.3)

where ~rj is the position vector of the jth atom and b is the so-called scattering length,

which represents the interaction of the scattering center with neutrons. The scattering

length of each isotope can be found in [76]. The phase of Ψ is the difference of the

phases of the neutron scattered by the jth atom and the atom sitting in the origin. In

the case of three-dimensional assembly of nuclei, the scattered wave is

Ψs = −
∑
j

bj
|~r − ~rj|

ei(
~ki− ~kf )~rj . (3.4)

where ~ki − ~kf is the scattering vector or momentum transfer vector ~q:

|−→q | = |
−→
ki −

−→
kf | =

4π

λ
sin

(
θ

2

)
, (3.5)
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where λ is the wavelength of the neutrons and θ is the scattering angle (the angle

between the directions of the incident and the scattered neutrons). Since ~r >> ~rj,

therefore |~r − ~rj| ≈ |~r|, and eq. (3.4) becomes a Fourier transformation.

For the characterisation of a macroscopic object, scattering length density (SLD) is

used, which is:

SLD =
∑
j

bjNj =
∑
j

bj
ρXjNA

Aj
, (3.6)

where Nj is the density of jth isotope, ρ is the mass density, Xj is the weight fraction,

NA is the Avogadro number, Aj is the weight number of isotope. The neutron scat-

tering is caused by the variation of scattering length densities in the sample. One can

only observe the absolute square of wave function I=|Ψs|2. Therefore, the scattering

intensity I(q) is the Fourier transform of the autocorrelation function of SLD using the

convolution theorem:

I(q) = 1
r2

∫
〈SLD, SLD〉ei~q~rdr. (3.7)

During the SANS measurements, the scattering intensity measured by neutron detector

is given in [77] as:

I(λ, θ) = I0(λ)∆Ωη(λ)TV dσ
dΩ

(q), (3.8)

where I0(λ) is the intensity of the incident beam, η(λ) is the efficiency of the detector,

T is the sample transmission (ratio between the flux through the sample and the

incident flux at q = 0), V is the illuminated volume of sample. One pixel of the detector

represents ∆Ω solid angle for LSD distance from the sample. If dx and dy are the sizes

of the pixel of the detector along the x and y axes, then

∆Ω =
dxdy
L2
SD

(3.9)

dσ

dΩ
is the differential cross section:

dσ
dΩ

(q) = NpV
2
p (∆δ)2F 2(q)S(q) + bg, (3.10)
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where Np is the number of scattering particles in the unit volume, Vp is the volume

of one scattering particle, (∆δ)2 is the square of the difference in neutron scattering

length density between the matrix (has homogeneous SLD) and the scattering object

(has different SLD than the matrix), F (q) is the form factor, S(q) is the structure

factor, bg is the background.

In a monodisperse system (i.e. identical particles in homogenous matrix), the scat-

tered intensity is defined by the scattering length distribution of the individual particles,

and the correlation among the different particles. The first component is described by

the form factor (F (q)), which is the Fourier transform of the scattering length density

distribution of the particle. If the particle is homogenous, F (q) depends only on its

form; this function describes how the scattered intensity is modulated by interference

effects between radiations scattered by different parts of the same particle. If the indi-

vidual particles are randomly distributed in the matrix, the scattered intensity depends

only on F (q).

If the sample is regarded as composed of identical unit cells placed on an underlying

lattice, then interparticle interference (Bragg diffraction) will occur, and the scattering

intensity (I) will also depend on the periodic structure of the sample. The correlation

between the particles (i.e. aggregation, lattice formation or stacking of membranes) is

described by the so called structure factor (S(q)), which is the Fourier transform of the

pair correlation function g(r) for the scattering object [77]:

S(q) = 1 +
4πNp

qV

∞∫
0

[g(r)− 1]r sin(qr)dr. (3.11)

3.2 SANS, electron microscopy (EM)

In general, small-angle scattering (SAS) techniques can provide valuable information

about the structure of mesoscopic systems. The scattering patterns, obtained by SANS,

small-angle X-ray scattering (SAXS), light scattering (LS) carry information about the

size, shape and orientation of scattering particles in the sample.

The largest length scale particles (up to several µm sizes) can most readily be mea-

sured with LS, whereas X-rays, for their short wavelengths are best suited for studying

structural features on much smaller length scales (down to several ångströms). The
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combination of SAXS, SANS and LS can provide structural information for the length

scales between about several ångströms to several µm.

There are significant differences in the underlying physical background of these tech-

niques and thus in their information contents. Light and X-rays are both scattered by

the electrons surrounding atomic nuclei. Although the measuring schemes and the basic

theory of SAXS and SANS are very similar, the interactions of the two beams with

matter differ from each other. SAXS uses an electromagnetic radiation, and thus the

scattering pattern carries information on electron density distribution of the scattering

particle. In contrast, neutrons interact mainly with the nucleus itself. Further, the pho-

ton energies of X-ray, typically in the range of several keV-s and higher, might easily

damage the sample; light might also lead to some photo-oxidation or trigger photo-

chemical reactions. These disadvantages are virtually non-existent with neutrons, be-

cause the energy of a neutron in a typical neutron beam in the range of ∼0.1-80 meV.

Furthermore, neutrons have no charge and thus can penetrate deeply into materials.

SANS and SAXS are complementary techniques, which carry similar but not iden-

tical structural information on the scattering particle (e.g. proteins, bilayer lipid mem-

branes or complex biological membranes with incorporated proteins, such as photo-

synthetic membranes). The strength of the interaction of the neutrons is characterised

by the scattering length of the given nucleus or, for a group of atoms, by the neutron

scattering length density eq. (3.6). The neutron scattering length is not a monotonic

function of the atomic number (unlike in the case of X-rays); moreover, different iso-

topes of the same chemical element have different scattering lengths, giving the possi-

bility of the “contrast variation method” by changing the isotopic composition of the

sample. This is another advantage of SANS. E.g. in aqueous solution the contrast of a

scattering object (e.g. macromolecule or a membrane) with respect to its environment

(the difference between the mean scattering length densities) can be varied by altering

the D2O to H2O ratio of the solvent.

The neutron scattering length of hydrogen (1H) is negative, while that of deuterium

(2H or D, stable isotope of hydrogen) is positive – a very large difference at the expense

of a hardly noticeable change in the sample. This is especially important for biological

samples, as illustrated in Fig. 3.2. The contrast of proteins and lipids relative to the

aqueous media can be varied via mixing light water (H2O) with heavy water (D2O),
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Fig. 3.2: Contrast variation for different biological molecules. Match point (no con-
trast) occurs when the SLD of the molecule and H2O/D2O is equal. The
figure was adapted from [78].

therefore one or the other components of a protein lipid assembly can be highlighted by

neutrons. These properties, the non-invasive nature, deep penetration and easy contrast

variation in aqueous environment, are the major advantages of SANS in biological

systems.

For structural studies electron microscopy is a basic technique, which is routinely

used to characterize the morphology of mesoscopic structures. Most literature data on

thylakoid membrane ultrastructure are based on conventional EM studies, which might

however contain artefacts [79]. Advanced cryo-EM techniques preserve the specimen at

more intact condition, but artefacts (compression, long plastic embedding) might still

occur [80]. One can study biological structures and supramolecular organization of

thylakoid membranes within leaf samples at near native conditions with cryo-scanning

EM of freeze-fractured samples [81]. In order to minimize artefacts, recently focused

ion beam milling was applied to thin biological samples [82, 83, 84].

Since EM techniques require chemical or low temperature fixation, EM techniques

are not readily amenable for kinetic studies, which would be important for observing

structural reorganizations at high levels of structural complexity. However, EM tech-
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niques provide high resolution and reveal many details. At the same time, due to long

time required for taking micrographs and limited number of investigated objects - they

are less suitable for statistical analysis. For these reasons, non-invasive techniques, such

as SANS, are of special value in monitoring mesoscopic reorganizations.

3.3 Use of small-angle neutron scattering in

photosynthesis research

The major advantage of SANS in photosynthesis research is that it provides statisti-

cally and spatially averaged structural information under physiologically relevant con-

ditions. Evidently, this circumstance is even more important when the investigated

system possesses structural flexibility, and membrane reorganizations are expected.

The basic correlation between the repeat distance (RD) of thylakoid membranes de-

rived from EM and calculated from the Bragg peak of the SANS profile of thylakoid

membranes isolated from Euglena gracilis and spinach has been established by Sadler

and Worcester [85]. This correlation recently has been extended to different aquatic

photosynthetic organisms, cyanobacteria and different families of algae, and completed

several physiological kinetic studies [86, 87, 88, 89, 90, 91]. In this chapter, I briefly

summarize the results obtained from SANS on the photosynthetic organisms, which

are direct antecedents of my PhD work.

3.3.1 Static structure of thylakoid membranes in different

organisms

With regard to plants, in order to rule out contributions from other cellular components

in the scattering patterns, and reduce the background signal, first, isolated thylakoid

membranes were measured [88]. Also, in order to improve the signal-to-noise ratio,

magnetic alignment was applied. Suspensions of biological systems are generally not

oriented, e.g. the isolated thylakoid membranes have random orientations, therefore

only a tiny fraction of them takes part in the Bragg scattering. In order to define a

preferred orientation in the system, and increase the probability of the membranes being

in Bragg diffracting orientation, external magnetic field can be applied. Membrane-
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proteins (and proteins in general) possess diamagnetic anisotropy [92]. Since in the

multilamellar thylakoid membranes the membrane proteins are arranged non-randomly

with respect to each other, the entire thylakoid membrane also possesses a diamagnetic

anisotropy, and in an external magnetic field the membrane normals tend to align

parallel to the direction of the magnetic field [93, 94, 95, 96]. The advantage of using

magnetically oriented membranes is the increased relative contribution of the Bragg

signal with respect to the isotropic “background signal”, the intensity of which does not

appear to display an angular dependence. Hence, magnetic alignment, which results in

more pronounced Bragg peaks on the scattering curves, allows shorter measurement

times and thus better time resolution in the case of kinetic measurements (Fig. 3.3).

During data treatment of magnetically oriented samples the radial averaging should be

applied on a small angular range where the Bragg peak is dominant.

Fig. 3.3: 2D scattering profile of thylakoid membranes isolated from spinach leaves,
measured without (A) and with magnetic field of 1.5 T field strength (B)
and recorded with the 2D detector of the D22 SANS instrument of ILL. (C)
Radially averaged 1D SANS curves obtained from the 2D images [74].
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In an external magnetic field intact thylakoid membranes tend to align perpendicu-

lar to the magnetic field resulting in better defined, more intense Bragg peaks – while

exerting no effect on the peak position [74]. However, due to the irregularities in the

membrane system, and the presence of the sometimes banana-shaped chloroplasts and

membranes not all grana (which give rise to the scattering peak) can be oriented ex-

actly perpendicular to the magnetic field and the majority of membrane normals will

have a non-zero angle relative to the magnetic field. Nevertheless, due to the magnetic

orientation the membrane layers tend to align parallel to the direction of the neutron

beam, but with a relatively broad spread in azimuthal angles around the horizontal di-

rection – this leads to a relatively broad distribution of grana in Bragg condition. The

scattering signal from these imperfectly oriented grana exhibits, for symmetry reasons,

two Bragg peaks with a broad spread in azimuthal angles around the horizontal di-

rection (Fig. 3.3B), i.e. a smearing of the peak, which also explains the loss of the

higher order Bragg peaks in most samples. The heterogeneity and the geometrical sizes

of the major protein complexes largely determine the main structural parameters of

this membrane system, and thus the SANS profiles. PSII and LHCII protrude to the

stroma phase by about 20 Å, the interthylakoidal space is 40 Å or larger. The thick-

ness of the membrane is ∼40 Å each, and the lumenal spacing is ∼45 Å [22, 25]. This

determines the minimum possible RD in the granum, which is 165 Å. In contrast, PSI

and the ATP synthase possess about 40 and 140 Å protrusions, respectively, and thus

the stroma lamellar RD cannot be smaller than 265 Å.

In SANS measurement, at the lower q range, a peak was found at q∗=0.023 Å−1,

corresponding to a lamellar repeat distance (RDq∗) of about 270 Å, as derived from the

Bragg equation (see eq. 5.2). Originally, because of this high RD value, it was thought

that the periodicity originates from the stroma thylakoid membranes [88, 89]. Our

recent studies, however, have shown that this Bragg diffraction peak originates from

grana that are swollen due to their suspension in sorbitol-containing reaction media

[97] (see also Chapter 6.2.2).

Fig. 3.4 also shows the presence of a less pronounced peak at q∼0.07 Å−1, the

origin of which, however, is still ambiguous – it is proposed to be given rise by the

form factor of stacked membrane pairs [88]. The suggestion on the origin of the peak at

∼0.07 Å−1, i.e. that it originates from the form factor of the stacked membrane pairs
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of adjacent thylakoids in granum was based on a calculation, and SANS data on PSII

(BBY) membrane fragments, which can be isolated from granal chloroplasts [98].

BBY is a structural element of the granum thylakoid membrane which does not

contain the lumenal space (Fig. 3.5A). The SANS curve of isolated BBY closely re-

sembles that of isolated thylakoid membranes in the high momentum transfer range,

i.e. in the q range of second peak around 0.07 Å−1 (Fig. 3.5B). Model calculations [90]

have strengthened the hypothesis that the peak on the SANS curves of thylakoid mem-

branes at q∼0.07 Å−1 arises from the stacked membrane pairs of adjacent thylakoids

(Fig. 3.5C,D). Nevertheless, further experiments and more detailed analyses on differ-

ent membranes with different interthylakoidal spaces should be performed to elucidate

this question. Experiments of this kind, using different mutants of C. reinhardtii with

different thylakoid membrane ultrastructures, are underway.

Fig. 3.4: Radially averaged SANS curve of isolated thylakoid membranes with the two
peaks at the low (red) and high (blue) momentum transfer (Q) region [90].

Jens Kai Holm, with the aid of SAXS and SANS, studied ultrastructural changes

in the thylakoid membrane upon changing the osmolarity [91]. Posselt and coworkers

(2012) provided more detailed information about the ultrastructural changes induced

by osmolarity on isolated thylakoid membrane [89].

In Phaeodactilum tricornutum three peaks were observed, at around 0.037, 0.052

and 0.065 Å−1 although the one in the middle is not well defined (Fig. 3.6B) [88].
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Fig. 3.5: Schematic presentation of PSII enriched membrane (BBY) and measured
and calculated SANS profiles. (A) Schematic presentation of the PSII en-
riched membrane (BBY) (framed by red line) as the structural element of
the granum thylakoid [22]. (B) Radially averaged scattering profiles of iso-
lated BBY and thylakoid membrane. (C) Scattering length density (SLD)
profile of a single bilayer (adapted from [99]) (upper part) and of a pair of
stacked parallel bilayers (lower part). c: average hydrocarbon chain length,
m: averaged SLD of the hydrocarbon chain relative to the buffer, h: averaged
SLD of the headgroups relative to the buffer. d: Average headgroup thick-
ness, r: half of the distance between the centers of the two bilayers [90]. (D)
Measured and calculated scattering profiles of BBY in 40% D2O medium are
indicated by points and line, respectively.

The first peak has been assigned to originate from Bragg diffraction, corresponding

to an RD of ∼170 Å. This indicates a tight packing of the membranes and requires

a special arrangement of the complexes, as illustrated on the scheme in Fig. 3.6A,

assuming a homogenous distribution of PSI, PSII and the FCPs. While it is evident

that the ATP synthase, with its big ∼140 Å protrusion, can only be accommodated in

the outer membranes, fitting PSI, with its ∼40 Å protrusion, is not trivial if assuming
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its homogenous distribution. As illustrated in the scheme, it can be fitted in the middle

membranes only by using that FCP has small protrusions in the interthylakoidal space

(cf. [22, 25, 100, 101]). A somewhat easier solution is offered in the domain modell of

Lepetit and coworkers [32], according to which PSI complexes with their specific FCP

antennae, although can be found everywhere in the thylakoid membrane, are enriched

in the outer membrane, while PSII and its FCP complexes tend to form domains in

the middle membranes. Thus, it cannot be ruled out that the 0.037 Å−1 Bragg peak

originates from PSII-enriched, more tightly stacked regions. As for plant thylakoid

membranes, the peak at 0.065 Å−1 has been tentatively proposed to originate from

adjacent membrane pairs [88].

Fig. 3.6: Schematic drawing of the thylakoid membrane system in the diatom,
Phaeodactylum tricornutum, showing the main protein components (A),
and 2D profile (with qx and qy coordinates in 10−2 Å−1) and 1D, radially
averaged SANS profile of living cells (B) [90, 102].

The thickness of the thylakoid membrane of cyanobacteria, including the lumen,

similar to plant thylakoids, is ∼125-150 Å; the distances between adjacent membranes,

i.e. the interthylakoidal distance, depends on the size of the extramembraneous periph-

eral antennae, the phycobilisomes (PBSs). This distance is different in the case of wild

type and PBS-truncated mutant cells, where the interthylakoidal space is determined

by the subunits of PBSs and the cytoplasmic-side protruding sections of PSI, PSII and

the ATP-synthase. The size of WT PBS, determined from single particle analysis, is
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about 450 Å tall and ∼600 Å wide [103]. The CB mutant contains one phycocyanin

hexamer per rod, CK is lacking the phycocyanin rods but still possessing the allophyco-

cyanin core, while the PAL mutant lacks functionally assembled PBSs [103, 104, 105].

These mutants are of interest with regard to the adaptive strategies of cells, by the aid

of which they compensate for antenna reduction [86]. PAL mutant of Synechocystis

PCC 6803 has also been analyzed by Nagy and coworkers (2011) [88] using SANS.

They revealed a characteristic peak at 0.032 Å−1, corresponding to ∼190 Å repeat

distance. Liberton and coworkers, using EM, have found that the center-to-center thy-

lakoid membrane distances vary systematically in the mutants with the progressive

truncation of the PBSs, evidently because of the variations in the interthylakoidal dis-

tances. Accordingly, in the WT, CB, CK and PAL mutants the obtained RDEM values

were 550, 480, 470 and 340 Å, respectively. Similar, albeit somewhat higher values were

obtained from SANS, where the corresponding RDq∗ values were 627, 530, 420 and 357

Å, respectively. It is also noteworthy that, with the exception of CK, RDEM values are

systematically smaller than the RDq∗ values in the same cells.

3.3.2 Kinetic studies on thylakoid membranes in different

organisms

The thylakoid membrane system evidently warrants a substantial degree of stability.

At the same time, however, these highly organized systems also exhibit remarkable

structural flexibility, which appears to play key roles in different short-term adaptation

and photoprotection mechanisms. Major light-induced reversible reorganizations have

earlier been reported - conclusions based largely on light scattering [106] and circular

dichroism spectroscopy measurements, light-induced reversible changes of the so-called

psi-type CD signals originating from extended chirally ordered arrays of the protein

complexes in multilamellar thylakoid membrane systems [65, 66, 107] (psi, polymer- or

salt-induced). Changes have also been detected by electron microcopy. Earlier studies

with chemical fixation revealed shrinkage in the granal thylakoid membrane [106], but

these chemically post-fixed samples set severe methodological restrictions on the light-

induced changes and do not allow monitoring the time course of the structural changes.

Cryo-EM data have shown that the granal thylakoid lumen expands in the light. Thus
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technique maintains the samples in states closer to in vivo, but mild degassing and

chemical treatments are still needed [108]. Hence it was of substantial interest to mon-

itor the processes of in vitro and in vivo membrane reorganizations with the aid of

SANS. Kinetic SANS measurements, using isolated plant (spinach) thylakoid mem-

branes revealed unexpectedly high structural flexibility of the membrane system. Fully

reversible light-induced reorganizations were observed with a time resolution of several

seconds (Fig. 3.7).

Fig. 3.7: Effect of illumination on the SANS profile of isolated spinach thylakoid mem-
branes. A) Dark adapted state, B) illumination for 5 min with white light of
1700 µmol photons m−2s−1 photon flux density, C) redark (after 5 min) [88].

The light-induced SANS changes affected both the RDq∗ and the degree of the

lamellar order, manifested in shifted peak positions, and broadened and also diminished

the Bragg peak [88]. These reorganizations were most prominent in the presence of

phenazine methosulphate (PMS), which catalyzes the cyclic electron transport around

PSI, and were less marked with full-chain electron transport from water to methyl

viologen (Fig. 3.8) [88].

These reorganizations closely resembled the light-induced shrinking of thylakoid

membranes, detected earlier by electron microscopy, which were proposed to be driven

by transmembrane ∆pH generated during photosynthesis [106]. However, in contrast

to EM, the SANS measurements also revealed the kinetics of these ultrastructural

changes, with a time resolution down to several seconds. It was also shown that both

the magnitude and the rate of the shrinkage of membranes depended strongly on the

light intensity, with gradually increasing changes in RDq∗ and accelerating rates even

above 1000 µmol photons m−2s−1, strongly suggesting that these reorganizations play a

significant role in light adaptation and photoprotection of plants. For a detailed analysis

of these SANS transients, see [74].
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Fig. 3.8: Radially averaged SANS profiles of dark-adapted and illuminated (white
light of 1700 µmol photons m−2s−1) isolated thylakoid membranes in the
presence of PMS (A) and methyl viologen (B) [88]. The illumination and
dark periods are shown as white and dark bars, respectively.

Varkonyi and coworkers studied duroquinol-induced phosphorylation on isolated

plant thylakoid membranes [109]. Duroquinol (tetramethyl-p-hydroquinone) reduces

the PQ pool [110] and in the presence of ATP-containing medium PQH2 induces phos-

phorylation. Although the phosphorylated thylakoid (State 2) showed about 15 % in-

crease in the repeat distance, the effect of phosphorylation on thylakoid membrane

remained ambiguous because duroquinol treatment alone also increased the repeat dis-

tance. For several decades the green alga (Chlamydomonas reinhardtii) has served as

a model organism for photosynthesis, including state transitions in vivo, since it has

very large state transition capacity [111].

While diatoms can survive large fluctuations in irradiance in mixing waters and con-

tribute significantly to the primary production of phytoplankton communities and these

algae, with their high turnover rate, play important role in the regulation of the atmo-

spheric carbon-dioxide concentration and responsible for ∼25 % [112] of the primary

photosynthetic production on Earth. Therefore, studying diatoms has not only biologi-

cal, but environmental importance. Experiments using circular dichroism spectroscopy

have revealed that in the intact cells of the diatom Phaeodactylum tricornutum the

macro-arrays of protein complexes are capable of undergoing rapid light-induced and

slowly dark-recovering reorganizations [113]. It was thus of special interest whether or
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not these reorganizations are associated with changes in the periodic organization of

the thylakoid membranes. SANS measurements were carried out on live P. tricornutum

cells during their dark adaptation and illumination periods [102]. Upon illumination

the center position of the first Gaussian component, corresponding to the Bragg peak,

decreased – indicating an increase of RD. It is interesting to note that the variations

in the SANS profile were not confined to the peak at q=0.037 Å−1, but also included

the one at 0.065 Å−1, which decreased, suggesting an expansion in the distance of the

paired membranes of adjacent thylakoids.

Cyanobacteria are photosynthetic prokaryotes, which can sustain extremely large

changes in the temperature, and in the amount of water and nutrients [114]. Nagy

and coworkers [88] have carried out kinetic SANS measurements on the PAL mutant of

Synechocystis PCC6803 and have revealed rapid light-induced changes, which occurred

on the time scale of several minutes; in the investigated case RDq∗ of the thylakoid

membranes increased from 195 Å to 205 Å. On the same Synechocystis mutant and

additional PBS-truncated mutants, Liberton et al. (2013) [86] carried out a systematic

analysis on the structural flexibility.

It was noted by Nagy and coworkers [88] that the direction of these light-induced

RD changes was opposite compared to higher plants but similar to other unicellular

aquatic organisms tested (cyanobacteria and diatoms; also later in Chlamydomonas

[115]). This is still not understood and underlines the complexity of these changes (Figs.

3.8 and 3.9).
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Fig. 3.9: Effect of illumination on the SANS profiles of thylakoid membranes
in living cyanobacterial cells (Synechocystis PCC6803) (A), diatoms
(Phaeodactylum tricornutum) (B). In the insets, the illumination and dark
periods are shown as white and dark bars, respectively. [88].



4. Aims

The structural flexibility of the thylakoid membranes is crucial in various photosyn-

thetic adaptation mechanisms. Therefore it is important to obtain accurate information

on the membrane ultrastructure and its dynamic features during photosynthesis un-

der different physiological conditions. SANS, as a non-invasive technique, is of special

value because it is capable of providing unique and accurate structural information on

membrane systems under physiologically relevant conditions, without fixation or stain-

ing, suitable for monitoring the kinetics of ultrastructural changes. Hence, SANS can

reveal membrane reorganizations associated with the onset of photosynthesis and with

different regulatory mechanisms.

Earlier SANS studies had provided information about the periodic structure and

structural flexibility of thylakoid membranes isolated from higher plants and in living

cells (diatom, green algae and cyanobacteria) under physiological or physiologically rel-

evant conditions. One of the major aims of my PhD work was to extend these studies

on intact or detached leaves of higher plants and the green algal cells Chlamydomonas

reinhardtii. It was an equally important goal to compare the structural parameters

of isolated thylakoid membranes in situ and when isolated from the leaves and sus-

pended in different reaction media. Further aims included the monitoring of ultrastruc-

tural changes with the aid of SANS and to answer the basic question whether and to

what extent the different membrane ultrastructures are present under different physico-

chemical, molecular or environmental conditions (low pH, osmotic pressure, elevated

temperature, and absence of Cl− channel or phosphate transporter). By elucidating

the structural parameters in vivo opens up the possibility monitoring ultrastructural

changes of thylakoid membranes in leaves – an important task because some regulatory

mechanisms cannot be studied in isolated thylakoid membranes.

Detailed knowledge about the regulatory mechanisms - such as the photoprotec-

tive mechanisms of non-photochemical quenching of the first singlet excited state of
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chlorophyll-a (NPQ) - is essential in the understanding of how photosynthetic organ-

isms adjust their functions to excess illumination and, in general, to rapidly chang-

ing illumination conditions. The identification of the structural background of kinase-

and phosphatase-dependent chromatic adaptation mechanism, state transitions, in the

green algal cells Chlamydomonas reinhardtii is also important. Our purpose was to

examine in vivo the ultrastructural changes of thylakoid membrane upon NPQ condi-

tions on Monstera deliciosa leaves and during the operation of state transitions in the

green algal cells Chlamydomonas reinhardtii.



5. Experimental techniques and materials

5.1 Plant materials

Tobacco (Nicotiana tabacum SR1) was grown for 6 months in a greenhouse at 25 ◦C

at a photon flux density of 100 µmol photons m−2 s−1 with light/dark periods of 16/8

h. Pea (Pisum sativum, ’Rajnai törpe’) was grown in a greenhouse at 20 − 22 ◦C in

soil, under natural light conditions. In some experiments we used freshly harvested

pea leaves or even whole seedlings, transferred from greenhouse conditions to field

conditions (at the site of PSI). Arabidopsis thaliana was grown at 25 ◦C in soil in a

growth chamber with light/dark periods of 16/8 h; we used 6-8 week-old fully expanded

leaves. Spinach (Spinacia oleracea) and lettuce (Lactuca sativa) were bought at the

local market. Fresh leaves with good turgor were selected, washed in de-ionized chilled

water and stored overnight or 1-2 days in a refrigerator in order to reduce their starch

content. Before the measurements leaves were exposed to dim light or were illuminated

with low intensity white light. Monstera deliciosa, Schefflera arboricola, Epipremnum

aureum and Euphorbia pulcherrima were collected from potted plants. Hedera helix

and common grass were collected from nature.

C. reinhardtii cells were grown in Tris Acetate Phosphate (TAP) medium at 50 µmol

photons m−2s−1 (39) in Grenoble and cultivated under continuous shaking and 24 h

illumination. Phaeodactylum tricornutum (1090-1a, Culture Collection of Göttingen,

SAG) was cultivated in ASP-2 medium according to Provasoli et al. (1957) [116] at

20 ◦C at a photon flux density of 40 µmol photons m−2 s−1 with a light/dark periods

of 16/8 h. Synechocystis sp. PCC 6803 and mutants (CK and PAL) cells were cultured

photoautotrophically in BG11 medium supplemented with NaOH (pH 7.5) and 5mM

Hepes under continuous illumination (about 30 µmol photons m−2 s−1) at 30◦C.
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Protoplasts were isolated from spinach leaves as described in [117]. Briefly, the leaves

were cut into thin strips with a razor blade and the strips were then submerged and

vacuum-infiltrated with a solution containing 1% (w/v) cellulose R10 and 0.2% (w/v)

macerozyme R10 (Yakult Honsha, Tokyo, Japan), dissolved in 20 mM MES buffer

(pH 5.7) containing 0.4 M mannitol. Digestion of the cell wall proceeded at room

temperature for 4 hours in darkness. The mixture was then filtered through a 35-75

µm nylon mesh, followed by centrifugation in a round-bottom test-tube for 2 minutes

at 100 x g, and by re-suspension in protoplast buffer containing 50 mM HEPES-KOH

(pH 7.6), 0.4 M mannitol and 10 mM NaHCO3. Protoplasts from tobacco were isolated

according to [118] from 5–6 month-old, sterilized leaves. Briefly, leaf sections were

incubated in an enzyme solution containing 2% Meicelase, 0.5% Macerozyme R-10,

1/5 MS strength salts, 5 mM MES and 0.4 M sucrose (pH 5.6), in the dark at 26 ◦C

for 16 h. The suspension was filtered through a nylon mesh (pore size 100 µm) and

floated on the original enzyme solution by centrifugation at 120 x g for 5 min. The

protoplasts were collected from the top of the enzyme/sucrose layer and were washed

twice in W5 solution (154 mM NaCl, 125 mM CaCl2, 5 mM KCl, 5 mM glucose, pH

5.6) with centrifugation at 80 x g for 2 min. For SANS measurements the protoplasts

were transferred to D2O buffer (50 mM Tricine, 0.4 M sorbitol, 5 mM MgCl2 and 5

mM KCl, pD 7.5).

Thylakoid membranes were isolated, as described earlier [89], from freshly harvested

pea, or from spinach purchased at the local market, or from tobacco leaves harvested

in Szeged and transported on ice to the site of experiment. Before the experiments,

leaves were stored in a refrigerator for 1-3 days in order to reduce their starch content.

Briefly, leaves (after de-veining, in the case of tobacco and spinach) were homogenized

in ice-cold grinding medium containing 20 mM Tricine (pH 7.6), 0.4 M sorbitol, 5 mM

MgCl2 and 5 mM KCl, and filtered through six layers of medical gauze pads. After

discarding the remaining debris by centrifugation at 200 x g for 2 min, the supernatant

was centrifuged for 5 min at 4000 x g and the pellet was resuspended in 10 ml osmotic-

shock medium containing 20 mM Tricine (pH 7.6), 5 mM MgCl2 and 5 mM KCl.

After a short, 5-10 s, osmotic shock, breaking the envelope membrane and allowing

the replacement of the stroma liquid with the reaction medium, the osmolarity was
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returned to isotonic conditions by adding equal volume of double strength medium.

This suspension was then centrifuged for 5 min at 4000 x g. The pellet was washed

twice in D2O-containing grinding medium (pD 7.6). The chlorophyll concentration was

adjusted to 1-2 mg/ml and the samples were stored at 4 ◦C and used typically for 6-8

h.

In the thylakoid membrane preparations using NaCl as the osmoticum, 0.4 M sorbitol

was replaced by 0.3 M NaCl [119]. In some experiments higher concentrations of sorbitol

or NaCl were used or sorbitol and NaCl were used together in the reaction medium as

indicated in the text. Thylakoid membranes were also isolated using other buffers, in

particular phosphate or MES.

The thylakoid samples were washed twice with D2O-based reaction medium, to p2H

8.0, 7.0, 6.0 and 5.0 for the p2H. The pH-treated thylakoid membranes were kept in

dark at room temperature for 30 min before the measurements. After 30 min, half

of the samples were used in the measurement, and for the recovery experiments the

remaining samples were washed twice with reaction medium A and then resuspended

in the same medium at p2H 8.0 and were kept in dark at room temperature for 30 min.

5.2 Small-angle neutron scattering

SANS measurements were performed at the “Yellow Submarine” instrument at the

Budapest Neutron Center (BNC), Budapest, Hungary; the D11 and D22 instruments

at the Institut Laue-Langevin (ILL), Grenoble, France; at the SANS-I and SANS-

II instruments at the Paul Scherrer Institute (PSI), Villigen, Switzerland and at the

KWS-2 instrument at the Jülich Centre for Neutron Science (JCNS), Garching, Ger-

many. Neutrons are produced by reactor-based neutron source (BNC, ILL, JCNS) and

accelerator-based neutron source (PSI). Each instrument was using neutrons moder-

ated in a cold source and afterwards monochromatized by a velocity selector. Neutrons

scattered from the sample were recorded by 3He (D11, D22, SANS-I, SANS-II), 6Li-

scintillator (KWS-2) and BF3 (Yellow Submarine) filled position-sensitive detectors.

Different sample-to-detector distances (SDs) and sample-to-collimation distances were

used.
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For SANS measurements, isolated thylakoid suspension and centrifuged cells were

filled in quartz cuvettes with 2 mm path length; the chlorophyll content was typically

between 1 and 2 mg/ml. In most experiments, the isolated thylakoid membranes and

diatoms were aligned in a magnetic field, using an electromagnet (BNC, ILL, JCNS)

of ∼1.5 T or a permanent magnet (PSI) of ∼0.4 T field strength [15]. Leaves were

also placed in 2 mm quartz cuvettes, which were usually filled with D2O. The isolated

thylakoid membranes were thermostated, with temperatures adjusted between 16 and

20 ◦C (PSI, ILL and in some measurements at the BNC). At the JCNS and in some

experiments at the BNC the measurements were performed at room temperature.

The typical neutron flux values at different instruments were as follows: the neutron

flux at specimen (ILL-D22, 1.23x108 ncm−2s−1 (maximum); ILL-D11, 1x108 ncm−2s−1

(at lowest resolution); PSI-SANS-II, 3x104 ncm−2s−1mA−1 (4 m collimation and λ

=4.5 Å); PSI-SANS-I, 2.1x108 ncm−2s−1mA−1 (at the entry of the collimation); JCNS-

KWS2, 2.5 x 107 ncm−2s−1 (collimation 8 m, 50 x 50 mm2, λ = 5 Å)); BNC-YS, 5x107

ncm−2s−1 (at the guide exit). The neutron flux determines to the largest extend the

S/N ratio and thus the acquisition time the given sample (e.g. several minutes for

isolated thylakoid membranes, about 10 minutes for D2O infiltrated leaf and about 20

minutes for uninfiltrated leaf at SANS-I of PSI).

Before SANS measurements, in most samples part of the water content was replaced

with heavy water to enhance the contrast and to reduce the background scattering [74].

Thylakoid membranes were suspended in D2O-based reaction media as described earlier

[88]. Albeit intact leaves can be measured without increasing the contrast for neutron

scattering, the diffraction peak - as also in the case of isolated thylakoid membranes

[90, 91] - is much better defined with increased contrast. To reach this, different pro-

cedures were used. We soaked the leaves by immersing them in heavy water for a few

hours in light in the presence or absence of bicarbonate. In some cases, we illuminated

detached leaves or whole plants with their petioles or roots immersed in D2O to al-

low transpiration; the obtained RDq∗-s did not differ dramatically from each other; in

particular RD<∼170 Å was not obtained under either of these conditions. Most effi-

ciently, we used the infiltration of a detached leaf or a leaf segment. To this end, we

placed them into a plastic syringe which was filled up to about 1/5 of its volume with

heavy water; then the air was released from the barrel by pushing the plunger with the
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tip pointing upward; then, with the tip closed, the plunger was pulled up to create a

vacuum; upon its release heavy water entered the tissues. This process was repeated,

usually 2-4 times, until the leaf became sufficiently transparent.

Diatoms were centrifuged at 2000 x g for 5 min and resuspended in ASP-2 medium

prepared in D2O. The chlorophyll content was about 200-250 µg/ml.

All experimental data are normalized to the number of incoming neutrons and the

backgrounds, recorded with the beam blocked by cadmium (BNC, PSI, ILL) or boron

carbide (JCNS), were subtracted. The two-dimensional scattering profile of an empty

quartz cuvette was subtracted from the water. Empty quartz cuvette or the suitable

media or the heavy water was substracted from the sample profiles. The signals were

corrected for the detector efficiency, determined with the aid of light water scattering

(BNC, ILL, PSI) and with the aid of precalibrated“plexiglass”(JCNS). On the majority

of the figures inserted in the dissertation the measured intensity, represented on the

vertical axis is given in arbitrary units. The represented intensity differs from the

macroscopical differential cross section (unit: cm−1) in a constant factor characteristic

to the given SANS instrument, and it does not affect the conclusions of the present

studies. Obtaining the exact value of the constant factor is time consuming, however

in several cases it was possible to take the factor into account.

For data analysis, we used the “Graphical Reduction and Analysis SANS Program”

package (GRASP) (developed by C. Dewhurst, ILL) and ’BerSANS-PC’ software (de-

veloped by U. Keiderling, Helmholtz-Zentrum Berlin [120]). SANS patterns were re-

duced from 2D to 1D profile by radial averaging, which was performed in a 360◦ sector

around the center of the direct beam or, for magnetically aligned samples, in two 75◦

sectors [74]. The 1D profiles are plotted either on lin(q) - log (I) or lin(q) – lin(I) scale,

depending on the better representation of the Bragg peak.

The radially averaged scattering curves were fitted with the sum of a constant, power

and Gauss functions in the q region around the Bragg peak in order to determine the

center position of the Bragg peak (q∗), using the following equation [74]:

I(q) = Iq0 + A |q|p +
B

w
√

π
2

e
−2

(q − q∗)2

w2 , (5.1)
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where I is the scattered intensity, Iq0 and A are constants, p is the parameter of the

power function, B is the integrated intensity of the peak and w is related to the full

width at half maximum of the diffraction peak. The position of the Bragg peak was

used to calculate the thylakoid membrane repeat distance (RD) values, according to

the following formula:

RD =
2π

q∗
. (5.2)

In the angular dependency studies, the 2D curves were averaged in the q region

of 0.017-0.044 (sorbitol) and 0.025-0.040 (NaCl) Å−1 at the intervals of 360◦ with 5

pixel binning. The curves were fitted with the sum of a constant and two (due to

the symmetric scattering profile) modified Lorentzian functions; its widths (FWHM,

full width at the half maximum) also provides information about the anisotropy of

scattering profile, thus the magnetic orientability of sample:

I(ϕ) = Iϕ0 +
A

(cos−1(cos(ϕ− ϕ0)))2 +
FWHM2

4

+
A

(cos−1(cos(ϕ− ϕ0 − π)))2 +
FWHM2

4

,

(5.3)

where Iϕ0 and A constants, ϕ0 is the position of the first peak, cos−1(cos(ϕ)) is

applied in order to fulfill the periodic boundary conditions.

A quantitative characterization of the degree of orientation can be obtained via the

Hermans orientation function. Hermans function takes value of 1 or -0.5 when the mem-

branes are completely oriented parallel or perpendicular to the direction of reference,

respectively, and 0 for the case of random orientation. The direction of reference is the

direction of magnetic field in our case. Hermans function is defined by the following

formula [121]:

f =
3〈cos2 φ〉 − 1

2
, (5.4)
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where

〈cos2 φ〉 =

∫ π/2
0

I(φ) cos2 φ sinφdφ∫ π/2
0

I(φ) sinφdφ
. (5.5)

5.3 Electron microscopy

My colleague, Dr. Katalin Solymosi used the conventional EM, chemical fixation

method to provide EM micrographs. Pieces of approx. 1x2 mm2 from the middle of

the leaf lamina and isolated thylakoids were fixed in 2.5% glutaraldehyde for at least 3

h. Unless otherwise stated, glutaraldehyde was buffered with 70 mM Na-K phosphate

buffer (pH 7.2), while in case of thylakoids in sorbitol- or NaCl-containing media we

added glutaraldehyde directly to the thylakoids for fixation. After fixation, the thy-

lakoid membranes were centrifuged for 5 min at 4000 x g, and glutaraldehyde was

washed out 3 times for 15 min. Then the pellet or the leaf pieces were post-fixed in

1% OsO4 buffered with 70 mM Na-K phosphate buffer (pH 7.2) for 2 h. After post-

fixation, the excess OsO4 was removed by washing the samples 3 times for 15 min.

Post-fixation was followed by dehydration in alcohol series. Finally, the samples were

embedded in Durcupan ACM resin (Fluka Chemie AG, Buchs, Switzerland). Ultrathin

sections (70 nm) were cut with Reichert Jung Ultracut E microtome (Reichert-Jung

AG, Vienna, Austria). The sections were stained with uranyl acetate and Reynold’s

lead citrate [122]. The sections were visualized by a Hitachi 7100 TEM (transmission

electron microscope) at 75 kV accelerating voltage located in Eotvos Lorand University,

Budapest.

To measure the RD of thylakoid membranes from EM data I used two different

methods, which yielded similar results. ImageJ software was applied for both methods

and sharp regions were selected where the thylakoid membranes appeared to be sliced

perpendicularly to their membrane planes. I either simply measured the height of a

granum and divided this distance by the number of thylakoid vesicles, or applied fast

Fourier transformation (FFT) analysis of ImageJ on the selected region of interest,

which provided values on the periodicity of the thylakoids. This RD comprises the

widths of the two aqueous phases (the lumen and the interthylakoidal aqueous phase),

and twice the width of the membrane.



6. Results and discussion

6.1 Static features of thylakoid membranes in

different species

While thylakoid membranes isolated from higher plants have been shown to exhibit

a remarkable structural flexibility associated with the operation of the photosynthetic

electron transport system and the build-up of the transmembrane ∆pH [74, 88, 89]

(see Chapter 3.3.2), but no SANS data had been available on whole leaves. We wanted

to extend these investigations to intact leaves, in which the thylakoid membranes are

under physiological conditions and in intact state. The application of SANS technique

on intact leaves is important because some of the major regulatory mechanisms, such as

the NPQ in the light harvesting antenna, or short- and long-term light- or temperature-

adaptation mechanisms and abiotic stresses are observed in whole leaves and cannot

or can only be partially investigated on isolated thylakoid membranes. Recent liter-

ature data have revealed that there are significant reorganizations in the membrane

ultrastructure when whole leaves are exposed to different environmental conditions,

leading e.g. to state transitions [123, 124] or upon their exposure to high light stress

[23, 49, 108, 125, 126]. Most of the regulatory functions comprise reorganizations at

different levels of the hierarchically organized photosynthetic machineries but our un-

derstanding of their nature and mechanisms, especially under physiologically relevant

conditions, is far from being complete. To this end, the characterization of the static

features of thylakoid membranes in vivo (in dark-adapted leaves kept under ‘normal’

conditions), using SANS, is a mandatory task. The same holds true for unicellular

oxygenic photosynthetic organisms.
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6.1.1 Higher plants

As shown in Fig. 6.1, spinach leaves exhibit three peaks in their SANS profile, around

0.0258 (q∗n=1), 0.0508 (qn=2) and 0.078 Å−1. The first peak could be related to a peak

found between 0.019 and 0.023 Å−1 [89] in isolated spinach thylakoid membranes, which

had been shown to originate from Bragg diffraction of the multilamellar membrane sys-

tem (see also Chapter 6.2.2). The second peak, which is often not discernible in isolated

thylakoid membranes, is evidently the second-order diffraction peak, as suggested by

its position at ∼2q∗. The high-q peak appears to be identical with the ones seen in

isolated plant thylakoid membranes and in different algal cells [88, 102]; and it has

been proposed to originate from adjacent membrane pairs [88].

Fig. 6.1: 1D SANS profile, scattering intensity (I, arbitrary units) as a function of the
scattering vector q, of D2O-infiltrated spinach leaf measured in two overlap-
ping q ranges at 3 and 10 m sample-detector distance. The first peak, at
0.0258 Å−1, which is attributed to a first order Bragg diffraction, is marked
with q∗, and the corresponding repeat distance (RDq∗) value, calculated af-
ter fitting the curves with eq. 5.2, is also given; the positions of second-order
peak (qn=2) and the high-q value peak are also indicated [97].

When calculating RDq∗, one obtains 244 Å, which is 50-100 Å lower than the values

obtained for isolated thylakoid membranes [89], thus questioning the interpretation of

this peak as a stroma peak since stroma distances are expected to be around ∼300
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Repeat distance of thylakoid membrane in leaf

Species Repeat distance
(RDSANS)[Å]

number of
repetitions

condition instrument

Arabidopsis thaliana 225 1 infiltrated YS
Lactuca sativa 222 1 infiltrated YS
Pisum sativum 220±8 2 infiltrated YS, SANS-II

205 1 control SANS-II
Spinacia oleracea 239±6 3 infiltrated D11, SANS-I
Nicotiana tabacum 223±7 4 infiltrated KWS2, YS,

SANS-I
231±5 2 control YS, SANS-II

Monstera deliciosa 222 1 infiltrated YS
Hedera helix 216 1 infiltrated YS
Schefflera arboricola 227 1 infiltrated YS
Euphorbia pulcherrima 220 1 infiltrated YS

215 1 control KWS2
Epipremnum aureum 219 1 control D22
Common grass 254 1 control SANS-I

Tab. 6.1: Calculated RDSANS values, obtained from SANS measurements, of different
detached leaves.

Å [88]. However, the distance is also larger than the values assigned to grana repeat

distances from previous EM works (see discussion in [18]). The Bragg peak in different

leaves is found in the same range, typically between 0.026 and 0.030 Å−1, corresponding

to about 240 and 210 Å, respectively (Tab. 6.1). In order to clarify the origin of this

peak, systematic investigations were carried out on a number of different species as

well as on different regions of variegated leaves, on red bracts, and on protoplasts.

Fig. 6.2 shows that the yellow leaf region of the variegated dwarf umbrella tree

(Schefflera arboricola) displays no scattering peak between 0.016 and 0.044 Å−1, in

contrast to the green leaf parts of the same plant, which exhibit a well-defined peak at

0.0277 Å−1 (RDq∗= 227 Å). The yellow regions have single thylakoid lamellae, whereas

there is a normal thylakoid membrane system in the green parts [127]. Similar data

were obtained on poinsettia (Euphorbia pulcherrima), where, in their flowering period,

the red colored bracts display no peak in the same range, whereas the green leaves

exhibit a peak at 0.0286 Å−1, RDq∗= 220 Å (data not shown). It has been shown that

in poinsettia in the process of change from green to red color, the bract’ chloroplasts

are disintegrated and the lamellar structure is destroyed [128].

These measurements show that the peaks do not arise from the cell wall, a multi-

scale highly-organized structure, neither from single thylakoid membranes, present in
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Fig. 6.2: SANS profiles of D2O-infiltrated variegated Schefflera arboricola leaves
recorded on the green and yellows parts of the leaf. The peak position and
the calculated RDq∗ value are also indicated [97].

these leaves. This conclusion is supported by the SANS experiments on isolated spinach

and tobacco protoplasts, which display smeared Bragg peaks between about 0.027 and

0.031 Å−1 (corresponding to RDq∗ between ∼230 and 200 Å), considerably closer to the

values in leaves than in isolated chloroplasts in sorbitol-containing media (Fig. 6.3).

In general, the texture of the leaf does not seem to interfere with the SANS profiles,

except for leaves with many parallel veins, such as maize or barley, but RDq∗ could be

determined on common grass leaves.

The possibility that the peak at around between about 0.025 and 0.03 Å−1 originates

from starch can also be ruled out since the peak is observed also in leaves stored

for several days in darkness. Purified (semi-)crystalline lamellae of waxy maize starch

exhibit ∼90 Å RD values [129], hence, even if it were present, it would not interfere with

the first-order Bragg peak at around 200 Å. It is also to be noted that pilot experiments

testing the SANS signal of starch isolated from leaves displayed no peak between 0.01

and 0.1 Å−1. Hence, the peak exhibited by leaves between 0.026 and 0.03 Å−1 must be

associated with the multilamellar organization of the thylakoid membranes.
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Fig. 6.3: SANS profiles of freshly isolated spinach and tobacco protoplasts [97].

6.1.2 Unicellular organisms

Earlier measurements were performed on different unicellular photosynthetic organisms

on the diatom alga, P. tricornutum and WT [88, 130] and light-harvesting antenna

complex mutant of Synechocystis cyanobacteria (CK, PAL) [87, 88]. We extended the

structural studies on other species, like wild type green algal cells (Chlamydomonas

reinhardtii) and its various antenna photosystem and kinase mutants, in which one

or a few proteins is/are missing or truncated or their amount is decreased. We also

measured NPQ mutants of Chlamydomonas reinhardtii and different strains of P.

tricornutum. Most of studies on these algal mutants and strains are in progress or

further experiments are needed, therefore, in this thesis, I only focus on the state

transition mutant (stt7− 9) of Chlamydomonas reinhardtii, which is locked in State

1 [69].

I measured different types of light-harvesting antenna complex mutants of cyanobac-

teria. We obtained that the progressively decreasing RD values are in good correlation

with the progressive truncation of the extramembraneous antenna. The SANS profiles

were measured in a wide q range: 0.003-0.12 Å−1. The following peaks were found: PAL

mutant, 0.048 Å−1, 0.032 Å−1 and 0.016 Å−1; CK mutant, 0.041 Å−1, ∼0.03 Å−1, 0.014
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Å−1; WT, 0.0074 Å−1, 0.0176 Å−1 and a wide peak extended from 0.032 to 0.07 Å−1

Fig. 6.4. These values are very similar to those published by Liberton and coworkers

[87], who assigned these values to different repeat distances, structural elements, in

the multilamellar membrane system; nevertheless, I think, further investigations are

needed to clarify the origin of all of these peaks. The relatively small variations in

RDq∗ values obtained [87] and us might reflect differences in the hydration state of the

membranes or in the attractive (probably electrostatic) forces between the membranes,

and might reflect differences in growth conditions and physiological states, a problem

which deserves more attention. It is also noteworthy here that, with the exception of

CK, RDEM values are systematically smaller than the RDq∗ values reported in [87] on

the same cells. The origin of this systematic difference is not quite clear but similar

differences between the two types of RD values were observed on leaves and isolated

plant thylakoid membranes (see Chapter 6.2.4 and [97]).

6.1.3 Conclusions and open questions

We have shown - for the first time - that the peak around 0.027 Å−1 originates from the

Bragg diffraction of the multilamellar thylakoid membrane system of different types of

intact leaves. Since the Bragg peak cannot arise from stroma lamellae; hence we assign

this peak to the periodicity of thylakoid membranes in the grana. It must, however, be

explained why this peak appears at considerably lower q, i.e. why it yields significantly

higher RD, than expected. Most literature data, either from ‘conventional’ or cryo

EM, give or yield RDEM between about 150 and 200 Å in leaves [106, 131, 132] and

somewhat higher values in isolated thylakoid membranes [133, 134] (discussed also in

[88] and [89]). To answer this question, I performed systematic experiments using both

SANS and EM techniques (see Chapter 6.2.2).

6.2 Effects of physicochemical environment on

thylakoid membranes

Nutrient, ion and water uptake and their movements within the cell are essential to

maintain the cellular functions. Ions and their gradients are important for cellular pro-



6.2. EFFECTS OF PHYSICOCHEMICAL ENVIRONMENT ON TMS 50

Fig. 6.4: Schematic arrangements of the reaction center and light-harvesting com-
plexes of wild type (A), CK mutant (in which phycocyanin rods are missing
but possess the allophycocyanin core) (B) and PAL mutant (lacking assem-
bled phycobilisomes) (C) Synechocystis cells, and their corresponding 1D
SANS profiles (D-F). The membranes and the aqueous (lumenal and in-
terthylakoidal) spaces are displayed in grey and blue, respectively. Indicated
on the SANS curves, the Bragg peaks corresponding to different RD (and
q∗) values. Note the different scales on D-F.

cesses and the ultrastructure of thylakoid membrane. Channels, primary transporters

and secondary transporters are involved in the ion transport of the cell. The osmolarity

and ionic strength have influence on the ultrastructure of thylakoid membranes. The

size of interthylakoidal space, and thus the extent of stacking of thylakoid membranes
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depend on the concentration of monovalent and divalent cations [106, 135]. Thylakoids

lose grana structure in low salt media, but this change is partly reversible [136]. While

the thylakoid membrane is highly permeable for water and less permeable for sug-

ars, such as sorbitol, it is proposed that shrinkage of the lumenal space occurs in the

presence of hypertonic medium [91, 106].

6.2.1 Effect of infiltration of leaves

Although for SANS experiments the leaves do not require special treatment, infiltration

with D2O increases the contrast and thus this treatment is applied in most experiments.

We observed that the RD of the thylakoid membranes increased in some of the leaves

tested compared to non-infiltrated leaves. The magnitude of the changes depended

on the plant species and on the experimental conditions. The difference might arise

from different turgor of the cells or other unknown factors that control the tonicity

of chloroplasts. In samples of whole pea leaves before infiltration, we observed grana

with swollen end membranes, indicated with asterisk in Fig. 6.5; in these RDEM was

211±15 Å (n=28). On the other hand, with grana without swollen end membranes

RDEM was 205±18 Å (n=23). In samples after infiltration, the corresponding RDEM

values were 230±20 (n=30) and 206±10 (n=10) Å, respectively, and the swelling of

the end membranes, if it occurred, became more prominent. Overall, however, upon

infiltration the average RDEM increased from 208±16 to 224±21 Å. We noticed no

significant difference between the infiltrations with heavy and light water (not shown).

Typical EM images are shown in Fig. 6.5. Similar data were obtained on tobacco, where

the RDEM values increased from 189±23 (n=9) to 200±16 (n=22) Å upon infiltration.

Grana of tobacco apparently did not have swollen end membranes. (Data represent the

average of measurements performed on at least 9 grana from 5 different chloroplasts.)

It must also be noted that in some samples we did observe RDEM values which were

in the range of the expected (minimum) values, based on the calculations (2x40 Å for

the membranes and 2x<∼45 Å for the aqueous phases, i.e. <∼ 170 Å (cf. [88, 89]): in

a series of tobacco EM images, 2 out of 7 grana displayed RD of 160 Å, but 5 exhibited

> 190 Å; in pea, this ratio was 1 out of 17, and again all other RDEM values were

larger than 190 Å.



6.2. EFFECTS OF PHYSICOCHEMICAL ENVIRONMENT ON TMS 52

Fig. 6.5: EM images and SANS profiles of pea leaves before (a) and after (b) infil-
tration with D2O. Prior to the SANS measurements, the leaf was enriched
in D2O via transpiration; the same leaf, after the SANS measurement was
infiltrated with D2O and measured again. The calculated RDq∗ and RDEM

values are also indicated. (The latter RD values were obtained by FFT, us-
ing ImageJ software). We observed some grana with swollen end membranes,
indicated with asterisk [97].

SANS experiments on pea leaves show an expansion from 207 Å, measured on D2O-

transpired pea leaf, to 215 Å after infiltration (Fig. 6.5). A similar increase was seen on

tobacco leaves (Table 6.1.). However, in some spinach leaves with RDq∗ of about 241

Å, we observed no infiltration-induced expansion. It is also to be noted here that, as

shown in [89] on isolated thylakoid membranes, the calculated RDs do not depend on

the D2O/H2O ratio.

6.2.2 Effect of sorbitol and NaCl on isolated plant TMs

The biological membrane vesicles are sensitive to changes in the osmotic pressure of

the medium. Cells and membrane vesicles swell in hypotonic medium (concentration

of medium is lower than in the cells) and the membranes shrink in hypertonic medium

(concentration of medium is higher than in the cells). Since during the isolation proce-

dure of thylakoid membranes upon the replacement of the stroma liquid with different

reaction media the osmoticum is changed, it may have effect on the membrane ultra-

structure. Similarly, during some of the EM sample preparation steps different osmotica

are used. Hence, it was important to study the effect of these osmotic agents.

In order to clarify the discrepancy between the RD data obtained on leaves and

isolated thylakoid membranes, experiments were carried out on the same plant mate-
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rial: leaves and freshly isolated thylakoid membranes suspended in different reaction

media. Spinach leaves displayed a Bragg peak at 0.0271 Å−1 (corresponding to 232

Å), whereas in freshly isolated thylakoid membranes the peak was found at 0.020 Å−1

(314 Å); however when 300 mM NaCl was added to the sorbitol-containing medium

the peak shifted to 0.023 Å−1 (273 Å) (data not shown). A similar shift has previously

been induced by increasing the sorbitol concentration to 1 M plus doubling the con-

centration of MgCl2 – under these conditions q∗ was found at 0.0227 Å−1 (277 Å) [18].

The shift observed in the present work depended on the concentration of NaCl. In a

series of experiments, it shifted from 0.019 Å−1 in the presence of 400 mM sorbitol to

∼ 0.0225 and ∼0.026 Å−1 upon the addition of 100 and 500 mM NaCl, respectively;

at 500 mM it appeared to saturate. This suggests that NaCl might be a more suitable

osmoticum for these samples than sorbitol. In order to clarify this question, we com-

pared different isolation and reaction media and performed EM and SANS experiments

under comparable conditions.

Fig. 6.6a shows the EM picture of isolated tobacco thylakoid membranes which had

been suspended in an isotonic medium containing 400 mM sorbitol, as the osmoticum.

It can be seen, in good agreement with our earlier data obtained on spinach [89], that

the Bragg peak is found at 0.02 Å−1, corresponding to 314 Å. The FFT of EM images

yielded a somewhat lower RD value, 294 Å, on the granum analyzed in Fig. 6.6a, and

an average RDEM value of 302±35 Å (mean value ±SE calculated from 16 grana mea-

surements). Hence, these data again clearly show that the Bragg peak originates from

grana rather than from stroma thylakoid membranes. To further support this conclu-

sion, we measured the SANS profile of mesophyll thylakoid membranes isolated from

lincomycin-treated [137] maize seedlings, in which the stroma thylakoid membranes are

largely disorganized whereas the grana are retained [138]; RDq∗ of 310 Å on SANS

curve of untreated plant was largely maintained in the isolated thylakoid membrane

from lincomycin-treated seedlings (not shown). It is evident that RDEM and RDq∗ val-

ues in isolated thylakoid membranes are significantly higher than those obtained on

the leaves from the same plant material (Fig. 6.6). Although the EM and SANS data

also differ somewhat from each other they both reflect a significant expansion of the

membrane system upon the isolation of thylakoid membranes in sorbitol-containing

isotonic medium.
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When using NaCl as osmoticum during the preparation of thylakoid membranes

from the same batch of leaves, the Bragg peak was found at 0.0262 Å−1, corresponding

to an RDq∗ of 240 Å. (In some thylakoid membrane isolation protocols, NaCl, rather

than sorbitol is used as osmoticum [119].) EM FFT data on thylakoid membranes

isolated with the same method, yielded 216 Å (Fig. 6.6c) – and an average RDEM

value of 208±10 Å (n=22). It can thus be seen that apart from the differences be-

tween the EM and SANS data, the NaCl-isolated thylakoid membranes exhibit very

similar RD values as D2O-infiltrated leaves (see Chapter 6.2.1). In other terms, NaCl,

as osmoticum, preserves much better the membrane ultrastructure than sorbitol. We

have also investigated whether RDq∗ depends on the buffer or the pH of the medium.

However, we found that with sorbitol it was always found in the same range, between

280 and 340 Å, when instead of Tricine we used 25 mM MES buffer at pH 6.5 or 20

mM K-phosphate buffer either at pH 7.5 or 6.5. On the other hand, also in the presence

of phosphate buffer RDq∗ decreased from 336 Å to 243 Å when sorbitol was replaced

with NaCl. In general, these data also show that SANS can be used to optimize the

isolation procedure of intact chloroplasts and thylakoid membranes.

6.2.3 Effect of osmotic treatments on algal TMs

We studied the osmotic effect also on algal thylakoid membranes. Treatment of cells

with increasing concentration of sorbitol affected the shape and the position of both

characteristic peaks arising from thylakoid membrane of green algae as well as of di-

atom. In green algae, the first peak at ∼0.035 Å−1 is gradually disappearing, while

the intensity of the peak between 0.055 Å−1 and 0.07 Å−1 is largely retained but it is

shifted to higher q values (Fig. 6.7). Similar changes are observed in the diatom P.

tricornutum (Fig. 6.8). The first peak at ∼0.035 Å−1 is gradually disappearing, while

the intensity of the peak between 0.07 Å−1 and 0.09 Å−1 is largely retained, but it is

also shifted to higher q values. These data in the real space suggest that the RD of the

thylakoid membranes decrease and the stacked adjacent membrane pairs shrink in a

sorbitol-concentration dependent manner. The disappearance of the first peak suggests

the loss of periodicity of the thylakoid membranes.
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Fig. 6.6: SANS profiles and EM images of sorbitol-isolated thylakoid membrane (a), a
non-infiltrated tobacco leaf (b) and NaCl-isolated thylakoid membranes (c).
Isolated thylakoid membranes were obtained from the same batches of leaves
that were used for the EM and the SANS experiments [97].

Fig. 6.7: SANS curves of WT C. reinhardtii cells in the presence of different concen-
trations of sorbitol, as indicated [115].
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Fig. 6.8: SANS curves of P. tricornutum cells in sorbitol-free and sorbitol-containing
media with concentration, as indicated and cells resuspended in sorbitol-free
ASP-2 medium [102].

To test the reversibility of process, the 600 mM sorbitol-treated diatom cells were

centrifuged and resuspended in sorbitol-free ASP-2 medium. These experiments have

shown that the ultrastructural changes are mostly reversible, although the position of

two peaks slightly shifted towards lower values and the peak intensities were smaller

than in the control, indicating larger RD values, and the adjacent membrane pairs

swelled compared to the untreated sample. These ultrastructural changes of the thy-

lakoid membranes, induced by hypertonic treatments of cells, corroborated our con-

clusions that light, when causing opposite shifts in the Bragg peak position, induces

swelling in the thylakoid membranes.

6.2.4 Comparison of some EM preparation procedures

For EM, the primary fixing material is glutaraldehyde. Thus, we studied the effect of

this compound on isolated pea and tobacco thylakoid membranes and found that 2.5

% glutaraldehyde shifted q∗ from 0.0219 Å−1 to 0.024 Å−1 (pea) (Fig. 6.10) and from

q∗= 0.0212 Å−1 to 0.0227 Å−1 (tobacco) (not shown). It means that RDq∗ of thylakoid

membranes decreases by about 20 Å. We have also shown that 150 mM mannitol,

which is conventionally used as cryo-protectant [139], also causes artifact via inducing

shrinkage in the thylakoid membrane system (Fig. 6.9).
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Fig. 6.9: SANS curves of Stt7-9 mutant C. reinhardtii cells in mannitol-free and
mannitol-containing D2O.

These data may explain the discrepancy between the RDEM and RDSANS (see 6.2.2

Chapter). In particular, we found that RDSANS was somewhat larger than RDEM . Sim-

ilar differences were reported for cyanobacterial cells, where most RDs derived from

SANS appeared to be about 10% larger than those obtained from EM [87]. Hence,

indeed, our findings may explain the smaller RDEM values compared to RDSANS. Nev-

ertheless, RDSANS may also contain some bias. In SANS, such a bias can be envisioned

towards larger RDs, i.e. with wider aqueous phases; both the lumen and the interthy-

lakoidal space are densely packed with proteins [108], which might not allow free aque-

ous phases to be present. Thylakoid membranes with wider aqueous phases might

produce higher contrast than those with narrow aqueous phases – and thus, assum-

ing either a heterogeneity in the width or a continuum distribution of these distances,

the Bragg peak might be dominated by the scattering from thylakoid membranes with

larger RDs. This possibility should be tested with carefully designed experiments, e.g.

via comparing SAXS and SANS data on the same sample. In SAXS, the contrast be-

tween the components of thylakoid membranes is determined by the differences in the

electron densities, and thus it provides complementary information about the ultra-

structure of thylakoid membranes.

6.2.5 Effect of ion movements, role of ion channels

We have studied the SANS features of thylakoid membranes of pht4; 1 − 3 (inorganic

phosphate transporters) and vccn1− 1 (Cl− channel) mutant Arabidopsis, along with
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Fig. 6.10: Effect of glutaraldehyde on the SANS profile of pea thylakoid membranes
isolated and suspended in the sorbitol-containing reaction medium. The
calculated RDSANS values are indicated in the figure based on the fitted
curves, which are also plotted [97].

their corresponding wild types: ler and col, respectively. The thylakoid membranes of

these leaves retained their periodic organizations: they exhibited SANS profiles with

a Bragg peak at around 0.026–0.028 Å−1 (Fig. 6.11). The Bragg peak of detached,

infiltrated leaves from dark-adapted pht4; 1 − 3 and vccn1 − 1 mutant showed a shift

to higher q values as compared to wild type. This is also true for the isolated thylakoid

membrane from vccn1− 1 mutant: the small difference between the vccn1− 1 mutant

and WT was retained despite the shifts in the q values. These SANS measurements

while showed the preservation of the regular, periodic organization of grana thylakoid

membrane, revealed smaller lamellar RDs in the pht4; 1 and vccn1 − 1 mutants, indi-

cating a somewhat tighter stacking and/or narrower lumen compared to the wild type

– evidently due to changes in the electrostatic conditions.

We also studied the differences between vccn1 − 1 and WT upon KCl and KNO3

treatment. As seen in Fig. 6.12 KCl and KNO3 cause minor shifts in the position of

Bragg peak to higher q values both in the WT and vccn1− 1. The RD of treated WT

is decreased to RD of untreated vccn1− 1.
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Fig. 6.11: SANS curves of infiltrated detached leaves (A, B) and isolated thylakoid
membranes (C) of pht4; 1− 1 and vccn1− 1 mutant. The vccn1− 1 curves
are normalised to the col curve at q values of 0.020 Å−1 (B) and of 0.0133
Å−1 (C) [58, 59]. Note the different scales.

Fig. 6.12: SANS curves of KCl- (A) or KNO3- treated (B) isolated thylakoid mem-
brane of vccn1−1 plants. Curves for salt-treated thylakoids are normalised
to the curve of the corresponding untreated sample at 0.0133 Å−1 [59].

6.2.6 Conclusions and open questions

Regarding the physicochemical environment of the thylakoid membranes we can draw

several conclusions. When NaCl was used as osmoticum upon thylakoid isolation pro-

cedure, the Bragg peaks of isolated thylakoid membranes almost coincided with those

in the same batch of leaves and the repeat distances were very close to the electron

microscopically determined values in the grana. Minor differences in the RD values ob-
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tained with the two techniques might originate from bias of SANS due to the possible

dependence of the scattering intensity on the width of the aqueous phase (which can

lead to variations in the contrast), or from bias of EM due to the shrinkage induced by

glutaraldehyde (chemical fixation) or mannitol (high-pressure freezing). In some cases,

D2O-infiltration of plant leaves, which was used to increase contrast, also exerted ef-

fect on RD in some samples; it induced swelling, i.e. increase in RD, which was also

observed with H2O – which may originate from differences in leaf turgors. Similar pro-

cedures may be applied in detecting drought stress in plants, a problem which might

be investigated with the aid of SANS.

Upon osmotic treatment, SANS data display dramatic but almost fully reversible

changes in the thylakoid membrane of C. reinhardtii and P. tricornutum cells: treat-

ment with increasing concentrations of sorbitol caused significant changes in the shape

and position of both characteristic peaks. The increasing q∗ values, for both peaks,

suggest a decrease of RD of the thylakoid membranes and a shrinkage of the stacked

adjacent membrane pairs in a sorbitol-concentration dependent manner. The Bragg

peak gradually diminished in the presence of increasing concentrations of sorbitol,

which indicates loss of periodicity of the thylakoid membranes. These data strongly

suggest that SANS provides accurate information on RD of thylakoids. Nevertheless,

further studies are required to confirm that it has no or only little bias favoring larger

contributions from lamellae with wide aqueous spaces.

As to the effect of ion channels on the thylakoid membrane ultrastructure our SANS

measurements on Arabidopsis mutants pht4; 1− 3 (inorganic phosphate transporters)

and vccn1− 1 (Cl− channel) have revealed that while the thylakoid membranes retain

their regular, periodic organization of the grana membranes, they display somewhat

smaller lamellar RDs in the mutants than in the WT. We could not find differences

between WT and mutant kinetics of the q-shifts, but the differences can occur in the

first 1-2 minutes upon salt administration and data collection until reaching the suitable

statistics. We plan to repeat these measurements on salt-induced SANS changes with

a stop flow setup, allowing a time resolution of several ms, determined by the salt

administration and mixing.
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6.3 Structural flexibility of thylakoid membranes

As outlined in Chapter 2.2, oxygenic photosynthetic organisms constantly face the

challenge of adjusting their structure and functions to changes in their environmental

conditions (intensity, chromatic composition of illumination, temperature, available

nutrients and water). These organisms have evolved multilevel regulatory mechanisms

to protect their photosynthetic machinery against stress-induced damages. Earlier it has

been shown that isolated thylakoid membranes are capable of undergoing reorganization

that affect their periodic ultrastructure [74, 88, 89]. Upon the induction of PSI cycle, a

substantial (20-40 Å) decrease in the RDSANS and a disorganization of the membrane

system was observed; the rate and magnitude of these fully reversible changes depended

on the intensity of the actinic light used; these reorganizations could be inhibited by

uncouplers [74, 88, 89]. With active full-chain linear electron transport, the changes were

significantly less dramatic, <10 Å shrinkage, but still discernible [88]. In my PhD work,

I tested whether or not similar reorganization can also be observed in intact detached

leaves. The state transition is one of the most important chromatic light adaptation

mechanism in green plants. It has been assumed that state transitions are associated

with ultrastructural changes but there was no direct experimental evidence on in vivo

samples to prove this assumption [140]. EM data suggested that thylakoid stacking is

loosened in State 2 compared to State 1 [71], but this result was obtained on chemically

fixed samples, prone to fixation artefacts, and no kinetic data were available. By using

SANS, we investigated state transitions on WT and mutant C. reinhardtii cells in

order to identify the putative ultrastructural changes, and their kinetics, associated

with state transitions in vivo.

6.3.1 The capability of higher plant leaves for light-induced

TM reorganizations

By using SANS, we demonstrated on spinach leaves, for the first time, that higher plant

leaves are capable of undergoing light-induced membrane reorganizations. Our data also

have shown that these changes are largely reversible – although upon light-dark cycles

the RDSANS and the amplitude of the Bragg peak appears to drift to a light-adapted
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state from the dark-adapted state (Fig. 6.13). The magnitude of these changes was

similar to isolated thylakoid membranes but the absolute values were different. In the

thylakoid membrane of intact leaf, the changes occurred from 229 to 221 Å. In isolated

spinach thylakoid membranes in the presence of methyl viologen (full chain electron

transport) the light-induced shrinkage of the granum thylakoid membranes occurred

from about 290 to 280 Å [88].

Fig. 6.13: SANS profiles of a D2O-infiltrated spinach leaf segment recorded during
light-dark cycles of different lengths as indicated; the leaves were illumi-
nated with white light of 1700 µmol photons m−2 s−1. The lines are fitted
curves (eq. 5.1); the corresponding RDSANS values during the light- and
dark periods are written in the labels [97].

Since it has been shown that in the presence of NaCl the thylakoid membrane

ultrastructure is considerably more compact than with sorbitol (see Chapter 6.2.2), it

was of interest to test if the thylakoid membranes retain their flexibility also under

these conditions. To this end, we carried out experiments in the presence of 100 µM

phenazine methosulphate (PMS) on isolated thylakoid membranes suspended in media

using either sorbitol or NaCl. As shown in Fig. 6.14, both preparations possessed the

ability of undergoing light-induced reversible changes in their ultrastructures. However,

as expected, the changes in the SANS profile were less marked in the presence of NaCl

than with sorbitol, where RDSANS shifted from 236 to 231 Å, and from 346 to 310 Å,

respectively. Also, the light-induced changes in the amplitudes of the Bragg peaks were
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considerably smaller with NaCl than with sorbitol. The former changes resemble those

observed in leaves, while the values with sorbitol are essentially identical with those

reported earlier [88, 89, 102].

Fig. 6.14: SANS profiles of isolated tobacco thylakoid membranes, in the presence of
100 µM PMS, in the dark, in a steady state during a 15 min illumination
(∼1000 µmol photons m−2s−1) period and in the consecutive re-dark period,
as indicated; panels a and b, thylakoid membranes isolated and suspended
in sorbitol- and NaCl-containing media, respectively [97]. Note the different
scales.

Another interesting feature in the samples with NaCl is the appearance of a weak

scattering signal between 0.012 and 0.013 Å−1, corresponding to RDq∗ of 523-483 Å.

This signal, although might be suspected in some SANS profiles also in the presence

of sorbitol (Fig. 6.14B), has not been as clearly and as frequently observed in samples

with sorbitol as with NaCl. This peak is assigned to originate from stroma thylakoid

membranes, where we have obtained RDEM of 454 Å.

6.3.2 Light-induced TM reorganizations associated with

NPQ

In order to investigate the possible correlation of light-induced thylakoid membrane

reorganization with the short-range photoprotective regulatory mechanisms, NPQ,

elicited by excess illumination, we performed experiments on Monstera deliciosa leaf

segments. This tropical evergreen plant contains tall stacks of several dozens of firmly

appressed granum thylakoids, rendering it highly interesting for SANS experiments.

This plant can survive both the low-light environment on the rainforest floor and high-
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light environment on top of the forest [141] and exhibits a large NPQ (personal com-

munication (S. Paul, O. Muller, T. Schumann, B. Demmig-Adams, W. W. Adams III,

P. Jahns and A.R. Holzwarth)). The width of the Bragg diffraction peak depends on

the number of scattering bilayer, i.e. on the size of the lattice in the direction of the

periodicity. Higher and narrower peaks can be found with increasing number of bilayers

[142].

Indeed, we received a strong Bragg peak (even without D2O infiltration) at 0.029

Å−1, corresponding to a lamellar repeat distance of about 220 Å in the leaf section of

M. deliciosa plant (Fig. 6.15).

Fig. 6.15: SANS profiles of thylakoid membrane in the M. deliciosa leaf upon dark-
light (300 µmol photons m−2s−1)-redark cycle. The curves are smoothed.

The scattering peak intensity was decreasing upon illumination, and increasing back

in the dark following the illumination; these changes occured on the timescale of minutes

and were repeatable on the same leaf (Fig. 6.16). The ∆RD was fully reversible and

occurred in two kinetic phases. Note also that the reversibility is still fast after sustained

treatments with strong light (∼870 µmol photons m−2 s−1). Steady-state values are

reached very often in 2-3 min, but in most cases within 5 min.

The restoration of the Bragg peak of thylakoid membranes after the illumination of

leaves was inhibited with DCMU (Fig. 6.17).
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Fig. 6.16: SANS profiles of thylakoid membranes in M. deliciosa leaf and kinetic
traces during a repeated dark-light-redark cyle and with different light in-
tensities. (A) Radially averaged SANS curves; The peak disappeared with
300 µmol photons m−2 s−1 light, but the SANS changes were almost fully
reversible in the dark; (B) RD versus time; (C) integrated intensity of Bragg
peak versus time. The black, dark grey and light grey bars indicate dark,
300 µmol photons m−2 s−1 and 800 µmol photons m−2 s−1 illuminations,
respectively.

To compare our SANS data with NPQ, in particular the time courses of the changes

in the Bragg peak intensity and NPQ, our collaborating partner (Dr. Suman Paul)

carried out chlorophyll-a fluorescence transient measurements on leaf segments under

comparable condition as in the SANS measurement (Fig. 6.17B). The presently avail-

able ∆SANS and NPQ data show reasonably good correlation: (i) both ∆SANS and
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Fig. 6.17: Effect of illumination on the SANS profile of thylakoid membranes of M
deliciosa leaves in the presence of 400 µM DCMU (A) and chlorophyll-a
fluorescence transients under comparable conditions as in the SANS mea-
surements in the absence and presence of DCMU.

NPQ occur and recover with similar time courses; (ii) effect of DCMU on the recovery

phases.

It is well known (see Chapter 2.2.2 Chapter) that under excess light, chloroplasts

move to the side walls of cells, parallel to the illumination direction. Evidently, such

realignments would significantly change the intensity of Bragg peak (see Fig. 3.3). In

particular, we have shown that while edge-aligned chloroplasts (in a magnetic field per-

pendicular to the neutron beam) display the most intense peak [74], while face-aligned

chloroplasts (in a magnetic field parallel to the neutron beam) exhibit no sizeable Bragg

peak (data not shown). Therefore, we investigated if such chloroplast movements and

realignments can be responsible for the observed SANS changes. However, the disap-

pearance of the peak, upon the illumination of the sample at a narrow angle (almost

parallel with the neutron beam Fig. 6.18) cannot be due to chloroplast movements
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inside the cells. This possibility can essentially be ruled out for the following reasons:

(i) The changes are much faster compared to what is expected for chloroplast move-

ments, which requires the accumulation of cp-actin filaments to the leading edge of

chloroplast. The relocalisation of cp-actin filament can only occur in a few minutes

[37, 143], while SANS changes can be completed within 1 min. (ii) The changes of

Bragg peak also occur at relatively low light intensities (250-300 µmol photons m−2

s−1), while the relocalization of the chloroplast occurs at high light. (iii) The movements

(turning away of chloroplasts from high light), in the given geometry, are expected to

increase rather than to decrease the SANS amplitude of the Bragg peak. At low light

condition, the chloroplast move to face-aligned (zero Bragg diffraction) position, yield-

ing maximum light absorption, while at high light intensity they are positioned away

from strong light – in edge-aligned (maximum Bragg diffraction) position. (iv) The

pattern of the chloroplast distribution depends on light intensity, more precisely, the

UV-A/blue light intensity [144], because only the blue light perceived by phototropins

is active in the terrestrial angiosperms [145]. Contrary to this, we could induce ∆SANS

with low intensity (280 µmol photons m−2 s−1) red light (using cut-off filter >650 nm).

The increased intensity of the Bragg peak in the redark period (Fig. 6.15), can most

likely be explained by realignment of the chloroplast into position favorable for Bragg

diffraction.

Fig. 6.18: Schematic illustration of the SANS measurements on Monstera deliciosa,
showing the direction of neutron beam (red arrow), and of the illumination
(blue arrows), and the alignment of chloroplasts along the cell wall in strong
light (redrawn from [38]).
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6.3.3 State transitions in Chlamydomonas reinhartii

State transitions were studied on the widely used model organism, the green algae,

C. reinhardtii. Based on literature EM data, a peak is expected at around 0.028 Å−1

because the repeat distance is around 220 Å [82]. But this peak is missing in our un-

treated sample – only a shoulder can be seen at around 0.035 Å−1 (Fig. 6.19A). Higher

plants, diatoms and cyanobacteria exhibit Bragg peaks arising from the periodicity of

thylakoid membrane, therefore we assumed that C. reinhardtii, too, should display a

similar Bragg peak arising from the periodicity of thylakoid membranes. The peak at

higher q values can be clearly seen at 0.056 Å−1 (Fig. 6.19A), which is thought to arise

from membrane pairs as in other photosynthetic organisms. The cells were measured

in dense cell suspension (∼108 cell/ml−1) without air bubbling, which cause anaerobic

condition. The anaerobic condition leads to the reduction of PQ pool and this leads, via

kinase activation, to State 2. State 1 condition can be induced by far-red illumination

(Fig. 6.19A) or in the presence of DCMU upon dim light (Fig. 6.19B) [146]. When we in-

duce State 1, a Bragg peak appears at the expected q position, around 0.029-0.032 Å−1,

indicating that the thylakoid membrane system becomes more ordered in State 1 than

in State 2 and the state transitions are linked with ultrastructural changes. We have

shown that the magnitude of the Bragg-peak intensity changes are in correlation with

the light intensity and duration of the illumination time period (Fig. 6.19C). Similarly

with the light-induced changes in higher plant, this is also reversible (Fig. 6.19A-D).

During far-red illumination both peak positions are also shifted to lower q val-

ues. Similar reversible light-induced changes occured in the thylakoid membranes

of cyanobacteria and diatoms. To verify the existence of this phenomenon in C.

reinhardtii, we measured a state transition mutant stt7−9, which is locked in State 1,

therefore unable to perform state transitions [69] (Fig. 6.20). The main features of the

SANS curve of stt7 − 9 mutant were similar to those induced by far-red illumination

or DCMU treatment on the WT.

The dark-adapted stt7− 9 mutant was measured under the same condition as WT,

even so, the SANS profile of mutant contains a strong Bragg peak at around 0.033

Å−1 under State 2 conditions. We observed a shift in both peaks upon white light

illumination, indicating that swelling is induced upon white light illumination per se.
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Fig. 6.19: State transition transients on C. reinhardtii monitored with SANS. (A)
SANS profiles of dark-adapted WT cells (black curve), upon two different
far-red illumination ∼0.3 mW cm−2 (magenta curve) and after ∼1 mW
cm−2 (red curve). The reversibility was measured after 15 min redark pe-
riod. (B) SANS profiles of WT cells, which are in medium containing 40 µM
DCMU upon illumination (∼150 µmol photons m−2 s−1) and after redark
period. (C-D) Integrated intensity of the SANS scattering curves at the q
range of 0.024–0.039 Å−1 versus time. The low light, high light illumination
and dark periods are shown as grey, white and dark bars, respectively [115].

The cells were cultivated in TAP medium, in which the production of LhcSR3 [147, 148]

is inhibited, therefore NPQ cannot occur and interfere with our state transition results.

States (State 1 or State 2) condition were proved by 77K fluorescence spectra, which

were measured parallel with the SANS next to the D22 SANS instrument. We could

continuously check the state of our algae.
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Fig. 6.20: SANS profiles of dark-adapted, far-red light and redark treated stt7-9 cells
[115].

6.3.4 Effect of low pH

Energization of thylakoid membranes brings about the acidification of the lumenal

aqueous phase, which activates important regulatory processes of the photosynthetic

energy conversion (see 2.2.3). In earlier studies it has been shown that low pH in iso-

lated plant thylakoid membranes induces changes in the excitation energy distribution

between the two photosystems ([62] and references therein). In order to elucidate the

structural background of these changes, we used SANS on thylakoid membranes ex-

posed to low pH.

As reported earlier [88] the SANS signal of magnetically oriented thylakoid mem-

branes is dominated by well discernible scattering peaks with maxima on the 2D image

in the direction parallel with the direction of the applied magnetic field (Fig. 6.22A).

Upon acidification of the suspension medium the observed diffraction peak became

more flat and the Bragg peaks largely diminished (Fig. 6.22B). Resuspending the low-

pH treated thylakoid membranes in the p2H 8.0 medium largely restored the original

2D profile (Fig. 6.22C). It is interesting to note that these low-pH induced variations

in the 2D SANS profiles closely resemble the ∆pH-dependent light-induced changes in

the 2D scattering profiles of isolated thylakoid membranes [74, 88, 97].

In order to obtain quantitative information about the low-pH induced reorganization

of the thylakoid membranes we performed sectorial averaging of the 2D scattering
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Fig. 6.21: Schematic picture about state transitions in green algae. The major photo-
synthetic complexes are shown [115].

curves – allowing precise determination of the diffraction peak (and hence the RD

of the thylakoid membranes), and also investigated the angular dependency of the

2D scattering signal around the diffraction peak. Since, we revealed the significant

influence of the osmoticum used in the reaction medium on the structure of the isolated

thylakoid membranes (see Chapter 6.2.2) we performed experiments both in sorbitol-

and NaCl-based media. We found that independently from the choice of osmoticum the

radially averaged scattering curves revealed similar and strong influence of the acidity of

the suspension medium on the multilamellar arrangement of the thylakoid membranes
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Fig. 6.22: 2D SANS profiles of magnetically oriented thylakoid membranes isolated
from pea leaves and suspended in a p2H 8.0 reaction medium (A), resus-
pended in the same medium adjusted to p2H 5.0 (B), and returned to the
p2H 8.0 medium (C). The magnetic field is applied perpendicular to the
neutron beam, in the horizontal direction.

(Fig. 6.23). In both cases, the diffraction peak around 0.019 (sorbitol) Å−1 and 0.027

(NaCl) Å−1 was shifted towards higher q values, while its intensity was diminished.

Fig. 6.23: Sectorially averaged scattering curves of the thylakoid membranes sus-
pended in p2H 8.0 and p2H 5.0. The suspension medium contained, as
osmoticum, sorbitol (A) or NaCl (B).

We determined the center position of the diffraction peaks and calculated the av-

erage RD of the thylakoid membranes at various p2H conditions (Fig. 6.24). Upon

acidification the RD was observed to decrease, while upon resuspension in the original

medium (p2H 8.0), the original RD values were almost recovered. This acidification-

induced reversible shrinkage of the thylakoid membranes strongly resembles the effect

of illumination, observed earlier on isolated thylakoid membranes [74, 88] (see also
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Chapter 6.3.1). Similarly to the case of light-induced variations observed on the radi-

ally averaged SANS curves of thylakoid membranes the intensity of the fitted Gaussians

was reduced also upon acidification – indicating a disorder in the periodic membrane

ultrastructure; these changes were, however, only partly reversible upon resuspension

in media with p2H 8.0, especially after exposures to p2H 5.0 (see Fig. 6.24B).

Fig. 6.24: Physical parameters of Bragg peaks at various p2H conditions: the calcu-
lated average RD and the integrated Bragg peak intensity (B) in sorbitol-
containing medium (A) and in NaCl-containing medium (B). The error bars
show the standard errors of the RD and the integrated peak intensity values
and originate from the uncertainty of the fitting.

As concerns the low-pH induced disorder, the analysis of the angular dependence of

the SANS signal also reveals significant changes. Upon acidification the orientability of

the multilamellar membrane system was significantly reduced, as shown both by the

decrease in the values of the Hermans function and by the increase in the azimuthal

width of the Bragg peaks (see Fig 6.25). For the interpretation of these changes we
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discuss below the origin of the broadening of the Bragg peak, including the case of

thylakoid membranes suspended in p2H 8.0 media.

Fig. 6.25: The angular dependences of the scattering intensity of thylakoid membranes
suspended in p2H 8.0 and p2H 5.0 with the suspension media containing, as
osmoticum, sorbitol (A) or NaCl (B). The lines represent the fitted curves;
and the dependences of the full width at half maxima (FWHMs) of the
Lorentz function and the Hermans’ orientation function on the p2H treat-
ments of the thylakoid membranes with the suspension media containing,
as osmoticum, sorbitol (C) or NaCl (D). The error bars in C and D show
the standard errors of FWHM.

Based on the above data it can be concluded that the observed low-p2H induced

smearing and broadening of the Bragg peak and the increased mosaicity of the mem-

branes reflects a loosening in the periodic order of the thylakoid membranes that prob-

ably arises from some undulations or membrane bending. These membrane reorga-

nizations, along with the low-p2H induced shrinkage, might be related to the lateral

rearrangements of the protein complexes that are thought to be responsible for the

observed changes in the chiral macrodomains (i.e., in the psi-type CD) and in the dis-

tribution of absorbed excitation energy between the two photosystems – regulated by

PsbS [62]. In general, these results, in line with similar observations [87, 88, 97, 115, 149]

underline the remarkable flexibility of the thylakoid membrane ultrastructure, which

should thus not be portrayed as simply providing a scaffold for the photosynthetic
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functions but also actively participating in the energy conversion steps and in different

regulatory functions.

6.3.5 Temperature-induced reorganizations

In P. tricornutum, elevated temperature (cells were kept in 40 ◦C for 10 min and

after that was measured at room temperature, thus, detecting only the irreversible

changes) causes similar effect as hypertonic condition: the first and second peak shifted

to higher q values and the intensity of second peak was retained while that of the first

peak become very weak (Fig. 6.26). The RD of the thylakoid membranes decrease and

the stacked adjacent membrane pairs shrunk due to elevated temperature. The origin

of intensity and peak position changes might also be interpreted in the following way.

Due to the elevated temperature, some membrane regions with lower RD retain their

periodicity, exhibiting in the first peak, but most membrane regions with higher RD

lose their periodicity.

Fig. 6.26: SANS curves of P. tricornutum cells upon heat-treatment of the cells com-
pared to the untreated control [102].

6.3.6 Conclusions and open questions

Our data on the structural flexibility of thylakoid membranes in different organisms, in

line with similar observations in the literature [87, 88, 149], underline the remarkable
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flexibility of the thylakoid membrane ultrastructure, which should thus not be por-

trayed as simply providing a scaffold for the photosynthetic functions but also actively

participating in the energy conversion steps and in different regulatory functions. The

ultrastructural changes of thylakoid membrane in the infiltrated leaf was similar to

the ultrastructural changes in isolated thylakoid membrane in the presence of PMS.

However, as expected, the changes in the SANS profile were less marked in the pres-

ence of NaCl than with sorbitol. Also, the light-induced changes in the amplitudes of

the Bragg peaks were considerably smaller with NaCl than with sorbitol. There are,

however, several open questions with regard to these structural changes. For instance,

it must be elucidated how the light-induced decrease in RDSANS can be reconciled with

the conclusion based on EM that the width of the thylakoid lumen expands in light

[108]. Exposure of leaves to light under normal atmospheric conditions has been shown

to lead to expansion of the grana lumenal compartment in a light-intensity-dependent

manner [108]. Infiltration of the leaf and its immersion in D2O evidently changes the

availability of CO2 to the photosynthetic machinery, which might also affect the mem-

brane system. The exact origin and physiological significance of these SANS changes

in leaves are waiting further measurements, but it can be concluded that the thylakoid

membrane system in situ possesses the capability to respond dynamically to the illu-

mination of leaves. High structural flexibility is revealed upon the induction of NPQ

and state transitions. While these changes were almost fully reversible, both the SANS

profile and the fluorescence recovered in several minutes. In contrast, in the presence

of DCMU both recoveries were strongly inhibited, a phenomenon which is not well un-

derstood. Nevertheless, these experimental findings revealed, to our knowledge for the

first time in intact leaves and live algal cell, that NPQ and state transitions, respec-

tively, are associated with major characteristic reorganizations affecting the periodic

organization of the thylakoid membranes.

It would be interesting to carry out systematic neutron scattering and spectroscopic

experiments to identify further structural consequences of these light-induced mem-

brane reorganizations. Recently, Stingaciu et al. (2015) [149], using SANS and spin

echo techniques on cyanobacteria succeeded to identify correlation of light-induced RD

changes with the internal dynamics of the membranes in terms of their flexibility and

motion during the photosynthetic process. Also, Chukhutsina and coworkers [150] re-
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vealed light-induced energetic partial decoupling of phycobilisomes from PSI, which

might also be linked to the reorganizations detected by SANS.

Regarding the pH-dependency of the SANS profiles, it can be concluded that the

observed low-pH induced smearing and broadening of the Bragg peak and the in-

creased mosaicity of membranes reflects loosening in the periodic order of the thy-

lakoid membranes that evidently arises from some undulations or membrane bending.

These membrane reorganizations might be related to the lateral rearrangements of the

protein complexes that are thought to be responsible for the observed changes in the

chiral macrodomains (i.e., in the psi-type CD) [63] and in the distribution of absorbed

excitation energy between the two photosystems – regulated by PsbS [62].

Based on our observations and literature data, we show a schematic picture about

state transitions (Fig. 6.21) that was basically different from the generally accepted

scheme in the past 2-3 decades [151]. The novel scheme for state transitions also used the

experimental data, using CD and transient absorption techniques as well as biochemical

analyses, obtained by our collaborating partners, showing that a large part of the

phosphorylated LHCIIs do not bind to PSI, but instead form energetically quenched

domains in the membrane. With regard to state transitions, it is an important task

to identify the nature and magnitude of the ultrastructural changes associated with

state transitions in vascular plants. We have already carried out SANS experiments

on kinase and phosphatase mutants of Arabidopsis – the analysis of these data and

functional characterization of these mutants are underway.

In the dissertation, the SANS profile of thylakoid membranes is not treated at depth

in terms of scattering theory. It is a challenging task because: (i) determination of

the form factor and the structure factor are not straight forward, given the fact that

more that 150 proteins are embedded and associated with the thylakoid membranes –

leading to variable protrusions both on the lumenal and stromal sides [152]; (ii) with

the four lipid classes and a large variety (length and desaturation level) of fatty acids,

the membrane thickness may also exhibit significant variations [153]; (iii) the lipid-to-

protein ratio may also vary in a range; and (iv) the thylakoid membrane system, with

its lateral heterogeneity and 3D organization shows a high complexity, which is capable

of undergoing remodeling [5]. Hence, simpler systems must be invoked to interpret our

data.
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In the section below, model calculations on a simplified model are outlined (not-

ing that the elaboration of this model is underway and will be published elsewhere).

The model is based on BBY, a stacked PSII-enriched membrane pair, which is the

structural unit of grana (Fig. 6.27C) and which is considered to be assembled into

a periodic structure, a one-dimensional layer arrangement with RD periodicity (Fig.

6.27B), mimicking the granum thylakoid membrane system (Fig. 6.27A).

The scattering intensity (I) as a function of the scattering vector (q) of unoriented

stacks of lamellae is

I(q) = S(q)|F (q)|2
q2

, (6.1)

where F(q) is the form factor, S(q) is the structure factor [154, 155] and see Chapter

3.3.1. The form factor of BBY is given as at [90]:

FBBY =
(

2h
dq2

cos (qc)− cos (q (c+ d)) + 2(m−h)
q

sin (qc)
)

2 cos (rq) (6.2)

where c is the average hydrocarbon chain length, m is averaged SLD of the hydrocar-

bon chain relative to the buffer, is the averaged SLD of the headgroups relative to the

buffer; d is the average headgroup thickness, r is the half of the distance between the

centers of the two bilayers (see Fig. 6.27C). The structure factor for the one-dimensional

layer arrangement with RD periodicity is

Sarray =

(
1 +

N∑
n=1

2 cos (qnRD)

)2

, (6.3)

where 2N+1 is the number of BBY units in the layer arrangement.

As can be seen in Fig. 6.27D, the Bragg peak of thylakoid membrane at 0.03 Å−1

is reasonably well described. Also illustrated in Fig. 6.27E, the well-known correlation:

with increasing number of bilayers the peaks become higher and narrower [142]. How-

ever, the model curve at around 0.07 Å−1 (which has been proposed to originate from

adjacent membrane pairs) is not similar to the measured SANS curve of isolated thy-

lakoid membranes. In the SANS measurements, the scattering curve is influenced by

several factor, e.g. wavelength distribution, the alteration of membrane parameters and

fluctuation of each layer in the stacks [156]. These factors have smearing and broaden-



Fig. 6.27: Schematic drawing of an idealized granum system (A) (redrawn from [115]),
one-dimensional layer arrangement with BBY as structural units (B) and
scattering length density profile of a single bilayer (BBY) (C) adapted from
[99]. (D) Model calculation of idealized granal thylakoid membrane sys-
tem. F’ is |FBBY |2/q2. Parameters are m=-0.5·10−6, d=8 Å, c=13 Å, h=-
0.1·10−6, r=37 Å. S’ is the absolute value of structure factor for the with
RD=210 Å, N=3. The F’·S’ is proportional to the measured intensity. The
model system is in 40% D2O medium, which is the contrast match point of
proteins. The curves are shifted vertically. The structure factor depends on
the number of layers (E).

ing effects, therefore the peaks in the measured curves are always more broad than in

the calculated model. These data illustrates that simple models, which suit very well

79



on single model system, such as for lipid vesicles [157], simulate only the basic features

of the SANS profiles of thylakoid membranes.
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Theses

1. I have shown that the origin of the Bragg peak around 0.02 Å−1 in the SANS curve

of isolated thylakoid membrane is the granum thylakoid membrane, not the stroma

thylakoid membrane as it was proposed earlier. I have also shown that the widely

used isolation methods in which sorbitol is used as osmoticum perturbs the native

structure of thylakoid membrane; using NaCl as isotonic osmoticum, retains the

original structure much better. I have identified a Bragg diffraction peak of intact

leaves originating from the granum thylakoid membranes [P1,P2].

2. Using SANS, I have provided direct experimental evidence that glutaraldehyde [P1]

and mannitol, which are widely used in the sample preparation for electron mi-

croscopy measurements, significantly affect the ultrastructure of thylakoid mem-

branes: the primary fixing material, glutaraldehyde is shown to decrease the repeat

distance of thylakoid membranes; the cryoprotectant mannitol has similar effect.

3. By revealing correlation between the osmotic pressure (induced by sorbitol) and the

lamellar order of thylakoid membrane system in Phaeodactylum tricornutum [P3]

and Chlamydomonas reinhardtii [P4] in vivo, I have confirmed that variations

in the Bragg peak and the peak at the higher q values, around 0.06-0.08 Å−1,

originate from membrane distances. Moderate heat treatment of Phaeodactylum

tricornutum cell has been shown to lead to shrinkage in the thylakoid membrane

system [P3].

4. Via measuring the SANS features of the ultrastructure of thylakoid membranes of

pht4; 1−3 (inorganic phosphate transporters) [P6] and vccn1−1 (Cl− channel) [P7]

mutant Arabidopsis leaves and their corresponding wild types, I have shown that the

mutants preserve the regular, periodic organization of granum thylakoid membranes,

but revealed smaller lamellar repeat distances in the mutants, indicating a somewhat

tighter stacking and/or narrower lumen compared to the wild type.

5. I revealed largely reversible light-induced changes in the thylakoid membranes of

intact leaves. I also found that the magnitude of the light-induced ultrastructural

changes in isolated thylakoid membranes in the presence of NaCl as osmoticum was
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more similar to those in leaves than in the isolated thylakoid membranes in the

presence of sorbitol as osmoticum [P1,P2,P5].

6. Via recording light-induced reversible SANS on Monstera deliciosa leaves, possess-

ing very large multilamellar grana and intense NPQ, I have shown close correlation

between the ultrastructural changes and the ∆pH-dependent non-photochemical

quenching; these leaves display light-induced, dark-reversible diminishment of the

Bragg peak. Via investigating the pH-dependency of the SANS profiles of magneti-

cally aligned isolated plant thylakoid membranes [M1], my experiments allowed us to

conclude that the observed low-pH induced smearing and broadening of the Bragg

peak and the increased mosaicity of membranes reflect loosening in the periodic

order of the thylakoid membranes, which evidently arises from some undulations

and/or membrane bending [M2].

7. I measured wild-type and mutant Chlamydomonas reinhardtii and have shown, for

the first time in vivo, that state transition in C. reinhardtii modify the chloroplast

thylakoid membrane ultrastructure, affecting the stacking and periodicity of the

photosynthetic membranes [P4].
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Résumé

In oxygenic photosynthetic organisms the light reactions occur in the thylakoid mem-
branes. These membranes accommodate virtually all protein components and other
constituents which participate in the conversion of light energy into chemical energy.
The thylakoid membranes are assembled into highly organized multilamellar systems
with astounding variations among different families of photosynthetic organisms and
in the same organisms under different environmental conditions – showing their capa-
bility for remodeling and suggesting that with their structural flexibility they actively
participate in different regulatory functions of photosynthesis.

While our knowledge regarding the structure and functions of the key protein com-
plexes of photosynthesis has advanced substantially in the past decades, our under-
standing of the mechanisms responsible for the fine-tuning of photosynthesis in differ-
ent organisms and under a wide variety of environmental conditions, and the role of the
structural flexibility of thylakoid membranes, in particular, are far from being complete.
In order to obtain accurate structural information on the thylakoid membrane systems
in different organisms and to reveal their dynamic features during photosynthesis un-
der different physiological conditions, we applied, as the central technique of my PhD
work, small-angle neutron scattering (SANS). It has earlier been shown – on isolated
thylakoid membranes and on some aquatic photosynthetic organisms - that SANS, as
a non-invasive tool, is capable of providing unique, spatially and statistically averaged
information on the periodic organization of thylakoid membranes and is also suitable
for monitoring the kinetics of ultrastructural changes on the timescale of seconds and
minutes. The major aim of my PhD work was to extend these studies to intact leaves
of higher plants and to green algal cells, and to study the putative participation of
thylakoid-membrane reorganizations in key regulatory mechanisms of photosynthesis.

In my PhD work, I identified the origin of the main peak in the scattering profiles
of intact leaves. Our systematic approach, using also electron microscopy, led to the
conclusion that the most commonly used isolation technique of thylakoid membranes,
as well as the treatments used for conventional and high pressure freezing for electron
microscopy perturb the native structure of thylakoid membranes. We also answered
the questions concerning the effects of variations in the osmotic pressure and elevated
temperature on the ultrastructure of thylakoid membranes in diatoms, and the roles
of Cl− channel and a phosphate transporter in vivo, in Arabidopsis thaliana leaves.
My SANS measurements on live green algal cells and higher plant leaves have revealed
specific thylakoid membrane reorganizations associated with physiologically important
regulatory mechanisms. In particular, the ∆pH dependent NPQ in Monstera deliciosa
leaves has been shown, for the first time, to be linked to reversible ultrastructural
changes affecting the lamellar periodicity on the time scale of minutes. I observed
similar, largely reversible changes in the ultrastructure of isolated thylakoid membranes
upon their exposure to low pH. Characteristic membrane reorganizations were identified
in Chlamydomonas reinhardtii cells under physiological conditions, leading to a novel
structural model of the state transitions, a key regulatory mechanism responsible for
balanced operation of the photosynthetic electron transport.
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Összefoglaló

Az oxigént termelő fotoszintetikus szervezetekben a fényreakciók a tilakoidmembrán-
ban játszódnak le. Ezek a membránok tartalmazzák a fotoszintetikus pigment-fehérje
komplexeket és az energiaátalaḱıtó apparátus szinte minden más alkotórészét. A tilako-
idmembránok multilamelláris rendszerekbe szerveződnek, miközben családonként nagy
változatosságot mutatnak. A tilakoidmembránok szerkezete és összetétele különböző
környezeti körülmények között azonos élőlényben is különböző lehet. A nagy szerkezeti
változatosság és flexibilitás azt sugallja, hogy a rövid és hosszú lefutású szabályozó
mechanizmusokban a szerkezeti flexibilitásnak jelentős szerepe van.

Az elmúlt évtizedekben ismereteink a kulcsfontosságú fotoszintetikus fehérje komp-
lexek szerkezetéről és funkciójáról nagy mértékben fejlődtek. Ugyanakkor sokkal keve-
sebbet tudunk a teljes energiakonvertáló rendszer önszerveződéséről, szerkezetéről és
azokról a mechanizmusokról, amelyek felelősek a szerkezet és a funkció finomhango-
lásáért különböző szervezetekben és széles tartományban ill. változó környezeti körül-
mények között. Különböző organizmusok tilakoidmembrán rendszerének szerkezeti és
dinamikai tulajdonságai feltárásához kisszögű neutronszórást (SANS-t) használtunk a
fotoszintetikus folyamatok működése közben, különböző fiziológiás körülmények között.
PhD dolgozatom eredményeit elsősorban ezzel a módszerrel értem el. Mint ahogyan azt
korábban izolált növényi tilakoidmembránokon és néhány v́ızi fotoszintetikus organiz-
muson végzett ḱısérletek megmutatták, a SANS egy roncsolásmentes módszer, mely
egyedi és pontos szerkezeti információt szolgáltat a membránrendszerről és alkalmas
technika ultrastrukturális változások másodperces és perces skálájú kinetikai mérésé-
hez is. PhD munkám általános céljai közül az egyik az volt, hogy ezeket a vizsgálatokat
kiterjesszem magasabbrendű növények intakt leveleire és zöld algákra in vivo, és ḱı-
váncsiak voltunk arra, hogy a kulcsfontosságú szabályozó mechanizmusokat kisérik-e
tilakoidmembrán átrendeződések.

PhD munkám során meghatároztam intakt levelek szórási profiljában található ka-
rakterisztikus csúcs eredetét. Szisztematikus méréseink, amelyeknél elektronmikroszkó-
piát is felhasználtunk, arra engedtek következtetni, hogy a széles körben használatos
tilakoidmembrán izolálási technika, valamint a hagyományos és a magasnyomású fa-
gyasztásos elektronmikroszkópiánál használatos preparációs technika megváltoztatja a
tilakoidmembránok nat́ıv szerkezetét. Választ találtunk arra a kérdésre, hogy az ozmo-
tikus nyomásnak és a megnövekedett hőmérsékletnek kitett kovamoszatokban milyen
változások következnek be a tilakoidmembrán ultrastruktúrájában és arra is, hogy mi-
lyen hatást gyakorol a Cl− csatorna és egyes foszfát transzporterek jelenléte ill. hiánya
Arabidopsis thaliana levelek in vivo tilakoidmembrán ultrastruktúrájára. SANS méré-
seim élő zöld algákon és magasabbrendű növények levelein speciális tilakoidmembrán
átszerveződést tártak fel, ami fiziológiailag fontos szabályozó mechanizmusokkal van
összefüggésben. Első alkalommal sikerült kimutatnunk Monstera leveleken, hogy a
perces időskálán lezajló ∆pH-függő nem-fotokémiai kioltás (NPQ) kapcsolatban van
a membránok periodikus rendezettségét befolyásoló reverzibilis ultrastrukturális vál-
tozásokkal. Hasonló, nagymértékű reverzibilis ultrastruktúrális változásokat figyeltem
meg izolált tilakoidmembránon alacsony pH hatására. Chlamydomonas sejtekben ka-
rakterisztikus membránátrendeződéseket találtunk, amelyek a state tranźıció (kulcsfon-
tosságú szabályozó mechanizmus a fotoszintetikus elektrontranszport kiegyensúlyozott
működéséhez) újszerű modelljének megalkotásához vezettek zöld algákban.
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