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Introduction

Plants, algae and several types of bacteria use photosynthesis converting sunlight energy

into chemical energy. The complex processes of photosynthesis are conventionally divided

into light and dark reactions. The absorption of light in the light-harvesting antenna system

and the primary charge separations in the photochemical reaction centers are followed by

redox changes and different ion movements along the so-called electron transport chain,

resulting in evolution of molecular oxygen (in cyanobacteria, algae and plants), the synthesis

of the reducing agent NADPH and the formation of an electrochemical potential gradient

consisting of transmembrane pH and electric potential gradients, which are utilized for the

synthesis of the ‘energy carrier molecule’, ATP. In the dark reactions, NADPH and ATP

are consumed during the ‘fixation’ of CO2, i.e. the synthesis of sugars. These steps and

other consecutive metabolic processes followed by these steps in photosynthetic organisms

are coupled to each other and are under the control of multilevel regulatory mechanisms.

In oxygenic photosynthetic organisms the light reactions occur in the thylakoid memb-

ranes, which contain or anchor the photosynthetic pigment-protein complexes and virtually

all other constituents of the energy-converting apparatus. The thylakoid membranes are

assembled into multilamellar systems – warranting optimal light-harvesting capabilities.

The photosynthetic organisms display astounding variations in their compositions and ult-

rastructure among different families of the plant kingdom and even in the same organisms

under different environmental conditions, suggesting substantial flexibility in the organi-

sation of thylakoid membranes and its role in different short- and long-term regulatory

mechanisms.

Our knowledge regarding the structure and primary functions of the key protein comp-

lexes of photosynthesis as well as on the molecular and physical mechanisms of light energy

conversion has advanced substantially in the past decades. In contrast, our understanding

of the self-assembly and structure of the entire energy-converting machinery and the me-

chanisms responsible for its fine-tuning in different organisms and under a wide variety

of environmental conditions is far from being complete. The structural flexibility of the

thylakoid membranes is crucial in various photosynthetic adaptation mechanisms. There-

fore it is important to obtain accurate information on the membrane ultrastructure and

its dynamic features during photosynthesis under different physiological conditions. SANS,

the central technique of my PhD work, as a non-invasive tool, is of high value because it is

capable of providing unique and accurate structural information on membrane systems un-
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der physiologically relevant conditions, without fixation or staining; it is thus also suitable

for monitoring the kinetics of ultrastructural changes.

Objectives

1) Earlier SANS studies had provided information about the periodic structure and structu-

ral flexibility of thylakoid membranes isolated from higher plants and in living cells (diatom,

a green alga and some cyanobacteria) under physiological or physiologically relevant con-

ditions12. One of the general aims of my PhD work was to extend these studies to intact

leaves of higher plants and to the most widely used ’model’ green algae, Chlamydomonas

reinhardtii cells in vivo. In particlar, it was an important goal to compare the static

structural parameters and structural flexibility of thylakoid membranes in situ and when

isolated from the leaves and suspended in different reaction media.

2) Further aims included the monitoring of ultrastructural changes with the aid of SANS

and to answer the basic question whether and to what extent the different membrane ultra-

structures are present under different physiologically conditions, such as upon variations in

the osmotic pressure, elevated temperature, and the absence a Cl− channel and a phosphate

transporter that are associated with thylakoid membranes.

3) Monitoring ultrastructural changes of thylakoid membranes in leaves was considered

an important task also because some regulatory mechanisms do not occur in isolated thy-

lakoid membranes. In order to identify the putative light-induced thylakoid membrane

reorganizations in vivo I performed experiments on intact leaves. As a particular goal, it

was of interest to study the possible correlation between light-induced membrane reorga-

nizations and the photoprotective mechanisms of non-photochemical quenching of the first

singlet excited state of chlorophyll-a (NPQ), a molecular mechanism by the aid of which

photosynthetic organisms protect themselves against the harmful effects of absorbed excess

radiation. Since qE, the fastest evolving and relaxing component of NPQ in green plants,

depends on the acidification of the inner aqueous phase of the thylakoid membranes, it

seemed reasonable to study, as an in vitro model, the effect of low pH on isolated thylakoid

membranes.

4) In order to elucidate the ultrastructural basis of the kinase- and phosphatase-

dependent chromatic adaptation mechanism, state transitions, I performed experiments

on wild type and kinase mutant green algal cells of Chlamydomonas reinhardtii.

1 Sadler et al., J. Mol. Biol. vol. 159, p 485–499, 1982.
2 Nagy et al., Biochem. J. vol. 436, p 225–230, 2011.
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Methods

During sample preparation, we tried to maintain the samples in intact state as much as

possible. We studied intact, detached, soaked or D2O-infiltrated leaves and whole algal cells

with the aid of SANS. However, in order to rule out contributions from other cellular com-

ponents in the scattering patterns, and to reduce the background signal, isolated thylakoid

membranes were also measured. In order to improve the signal-to-noise ratio and increase

the probability of the membranes being in Bragg diffracting orientation, external magnetic

field was applied during measurements of isolated thylakoid membrane system and some

algal cells.

I performed measurements at different small-angle neutron scattering instruments

(BNC-Budapest, ILL-Grenoble, JCNS-Garching, PSI-Villigen), which are different in a

sense of neutron flux and their suitability for biological samples. In order to characterize

the composition and function of thylakoid membranes and the photosynthetic organisms,

my colleagues and/or collaborating partners performed complementary measurements, such

as 77K fluorescence specroscopy, chlorophyll-a fuorescence transients, electron microscopy,

circular dichroism spectroscopy, pigment and protein analyses, often on-site, in parallel

with the SANS measurements.
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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 microscopy me-

asurements, significantly affect the ultrastructure of thylakoid membranes: 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 Br-

agg 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 more similar

to those in leaves than in the isolated thylakoid membranes in the presence of sorbitol

as osmoticum [P1,P2,P5].
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6. Via recording light-induced reversible SANS on Monstera deliciosa leaves, possessing

very large multilamellar grana and intense NPQ, I have shown close correlation bet-

ween the ultrastructural changes and the ∆pH-dependent non-photochemical quench-

ing; these leaves display light-induced, dark-reversible diminishment of the Bragg peak.

Via investigating the pH-dependency of the SANS profiles of magnetically aligned is-

olated 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 inc-

reased 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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Conclusions and open questions

In my PhD work I used, as a central technique, small-angle neutron scattering (SANS). By

capitalizing on the fact that SANS is a non-invasive experimental tool, capable of provi-

ding accurate, statistically and spatially averaged structural information, I determined the

characteristic repeat distances of multilamellar thylakoid membrane systems isolated from

higher plants and exposed to different physico-chemical environment; these were compared

to their native states, in wild type and mutant cyanobacterial and algal cells as well as in

different wild type and mutant leaves. With these data, I succeeded to extend the use of

SANS to green algal cells and intact leaves and identified the origin of the main peak in the

scattering profiles; also arrived to the conclusion that the most commonly used isolation

technique of thylakoid membranes as well as the treatments applied for conventional and

high pressure freezing electron microscopy perturb the native structure of thylakoid memb-

ranes. While these data may explain the differences between the RD data derived from EM

and SANS, without more detailed investigations I cannot rule out the possibility of some

bias in SANS measurements, too. For the more precise description of thylakoid membrane

system, it is an important task to identify the exact origin of the high momentum transfer

scattering peak – by the aid of which we will be able to obtain information on the sizes of

outer and inner aqueous phases, i.e. the interthylakoidal and lumenal spaces, respectively.

My SANS measurements on live green algal cells and higher plant leaves have played key

roles in identifying thylakoid membrane reorganizations associated with important regula-

tory mechanisms. In particular, NPQ in Monstera 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. Further experiments are underway to test if similar reorganizations

occur in other vascular plants and aquatic organisms. Characteristic membrane reorganiza-

tions were identified in Chlamydomonas cells in vivo, leading to a novel structural model

of state transitions in this green alga. It is of interest, and I have performed SANS experi-

ments on kinase and phosphatase Arabidopsis mutants in order to identify state-transition

associated ultrastructural changes in higher plant leaves. These are important questions

not only for their physiological significances but also because our SANS measurements re-

vealed important differences between the light-induced reorganizations of algae and higher

plant leaves - which are presently not understood. There are other important questions

and contradictions that need to be clarified. For instance, it must be elucidated how the

light-induced decrease in RDSANS can be reconciled with the conclusion based on EM that
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the width of the thylakoid lumen expands in light3. It would be equally interesting to

carry out systematic neutron scattering and spectroscopic experiments in parallel to iden-

tify further structural consequences of the major light-induced membrane reorganizations.

Recently, Stingaciu et al. (2015)4 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 pro-

cess. Also, Chukhutsina et al. (2015)5 revealed light-induced energetic partial decoupling

of phycobilisomes from PSI, which might also be linked to the reorganizations detected by

SANS.

As a general conclusion, the non-invasive technique of neutron scattering proved to be a

very useful tool in identifying both the static and dynamic features of thylakoid membranes

in vivo. SANS and other neutron scattering techniques, in combination with other tools

to obtain structural and functional data, are expected to contribute to our knowledge on

self-assembly and organization of photosynthetic organisms, and on the role of structural

flexibility in physiologically important regulatory mechanisms of plants.

3 Kirchhoff et al., Proc. Natl. Acad. Sci. U.S.A. vol. 108, p. 20248–20253, 2011.
4 Stingaciu., Sci. Rep. vol. 6, 2016.
5 Chukhutsina et al., Sci. Rep. vol. 5, p 141–193, 2015.
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