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Abstract

Energization of thylakoid membranes brings about the acidification of the lumenal aqueous
phase, which activates important regulatory mechanisms. Earlier Jajoo and coworkers (2014
FEBS Lett. 588:970) have shown that low pH in isolated plant thylakoid membranes induces
changes in the excitation energy distribution between the two photosystems. In order to elucidate
the structural background of these changes, we used small-angle neutron scattering on thylakoid
membranes exposed to low p®H and show that gradually lowering the p?H from 8.0 to 5.0 causes
small but well discernible reversible diminishment of the periodic order and the lamellar repeat
distance and an increased mosaicity — similar to the effects elicited by light-induced acidification
of the lumen. Our data strongly suggest that thylakoids dynamically respond to the membrane

energization and actively participate in different regulatory mechanisms.
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Highlights:

1. Thylakoid membranes exposed to low p®H studied by small-angle neutron scattering
2. Acidification causes reversible shrinkage and diminished lamellar order
3. SANS changes induced by low pH resemble those due to light-induced lumenal

acidification

Abbreviations: NPQ, non-photochemical quenching; gE, the energy-dependent component of
NPQ; Apy’, transmembrane electrochemical potential gradient; PSI, photosystem I; PSII,
photosystem II; LET, linear electron transport; CD, circular dichroism; SANS, small-angle
neutron scattering; g, scattering vector or momentumtransfer; 1, intensity; g*, center position of
the Bragg peak; RD, repeat distance; ¢, azimuthal angle; I(¢), angular dependency of the
scattering intensity; FWHM, full width at half maximum

Introduction
In photosynthesis, charge separation followed by vectorial electron transport, coupled to proton

translocation processes, creates a transmembrane electrochemical potential gradient, Apy’,
between the inner and outer aqueous phases of the photosynthetic membranes - in chloroplasts,
the lumenal and stromal sides of the thylakoid membranes. This proton-motive force, which is
utilized for the synthesis of ATP, consists of an electrical field and a ApH component of ~10° V
cm™ and ~2-3 pH units, respectively, and modulates the electron transport rate via various
feedback regulatory mechanisms. The transmembrane electric potential gradient is required for
metabolite and protein transport across the membranes [1]. The ApH component is involved,
perhaps most prominently, in the photoprotective mechanisms of non-photochemical quenching
(NPQ) of the first singlet excited state of chlorophyll-a [2]. In particular, gE, the energy-
dependent component of NPQ depends on the acidification of the lumen [3]. It is generally
agreed that NPQ requires the structural flexibility of thylakoid membranes; in fact, there are
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several reports demonstrating the involvement of structural changes at different levels of
structural complexity [4-14]. Some of these changes might directly be linked to the generation of
ApH, e.g. via the redistribution of ions in the ‘electrolyte’ following the generation of Auy" [15,
16] and, in particular, upon the acidification of lumen and the binding of protons to different
polypeptide residues [2, 17, 18].

In general, the effects of pH on many physiological processes in plants are well established 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 Photosystem Il (PSII) activity because of a reversible dissociation of
Ca®* from the water splitting enzyme [19]. In vitro, the oxygen evolving complex loses Ca* at
pH<6.0, inhibiting water splitting and rendering the PSII reaction center inactive [20]. The linear
electron transport (LET) can also be down-regulated via the back-pressure due to the build up of
ApH [21]. The photosynthetic machinery in plants is endowed with a strong ApH-dependent
control mechanism of LET from cytochrome b6f to PSI. By using pgr5 mutant of Arabidopsis
which is deficient in strong light-induced ApH, it has been shown that PSI takes a central role in
excess energy dissipation and control of LET [22].

In earlier works, structural and functional changes have been shown to be induced by exposing
isolated thylakoid membranes to low pH [23-25]. 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 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 which were 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 [23]. These
reorganizations in the CD were similar to those induced by light [26-28]. Here, in order to obtain

more information on the nature of these membrane reorganizations, by using small-angle neutron
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scattering (SANS), we investigated the effect of low pH on the multilamellar organization of the
thylakoid membrane system of isolated pea thylakoid membranes. Our data reveal small (< 2
nm) but well discernible low-pH induced shrinkage in the repeat distance of the grana thylakoid
membranes and a diminishment in their periodic order, accompanied by an increased mosaicity

of membranes.

Materials and Methods

Isolation of thylakoid membranes. Thylakoid membranes were isolated as described earlier
[29] from freshly harvested three-weeks-old pea leaves (Pisum sativum, Rajnai torpe) grown in a
greenhouse at 2022 °C in soil under natural light conditions. Briefly, leaves were homogenized
in ice-cold grinding medium A, containing 20 mM Tricine (pH 7.6), 0.4 M sorbitol (or 0.3 M
NaCl [30]), 5 mM MgCl, and 5 mM KCI, and filtered through six layers of medical gauze pads.
After discarding the remaining debris by centrifugation at 200xg for 2 min, the supernatant was
centrifuged for 5 min at 4000xg and the pellet was resuspended in 10 ml osmotic shock medium
containing 20 mM Tricine (pH 7.6), 5 mM MgCl, and 5 mM KCI. 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 returned to isotonic conditions by adding equal volume
of double strength medium. This suspension was then centrifuged for 5 min at 4000xg. The

thylakoid samples were stored at 4 °C until further treatments and/or use in the experiments.

pH treatments. The thylakoid samples were washed twice with reaction medium A, then
resuspended for thermoluminescence (TL) measurements in the same medium adjusted to
different pH values (pH 7.5, 6.5, 5.5 or 4.5) or in the same, D,O-based medium, to p’H 8.0, 7.0,
6.0 and 5.0, for small-angle neutron scattering (SANS) experiments. The chlorophyll
concentration was adjusted to 1-2 mg/ml for SANS measurements and 1.3 mg/ml for TL
measurements. 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 pH 7.5 or p?H 8.0 for the TL

and SANS measurements, respectively, and were kept in dark at room temperature for 30 min.
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SANS experiments. SANS measurements were performed on the SANS-II small-angle neutron
scattering instrument at Paul Scherrer Institute, Villigen, Switzerland, as previously described
[29]. The wavelength, sample-to-detector distance and collimation were 6 A, 6 m and 6 m,
respectively. The isolated thylakoid membranes were measured at room temperature in a quartz
cuvette of 2 mm optical path length in the presence of ~0.4 T horizontal magnetic field with the
field vector perpendicular to the neutron beam. The samples were measured for 2*5 min (with

sorbitol as osmotic medium) and 5*2 min (with NaCl as osmotic medium).

SANS data treatment and fitting procedures. All experimental data are normalized to the
number of beam monitor counts; instrumental backgrounds and scattering from the suspending
media were subtracted from the scattering profiles. The detector efficiency was calculated from
background-subtracted water measurement. The primary data were treated with the Graphical
Reduction and Analysis SANS Program for Matlab - GRASP (developed by Charles Dewhurst,
ILL). The obtained two-dimensional data were reduced from 2D to 1D profile via radial or
azimuthal averaging. The radial averaging was performed in two 75° sectors around each
opposite Bragg diffraction peaks [31] in order to obtain intensity (I) versus scattering vector or
momentumtransfer (q) curves.

The scattering curves were fitted with the phenomenological model expressed by the linear
combination of a constant, power and Gauss functions in the q region of 0.01-0.033 A™ (sorbitol)
and 0.015-0.042 A™ (NaCl) around the Bragg peak in order to determine the center position of
the Bragg peak (g*) [31]. The center position of the Bragg peak was used to calculate the
thylakoid membrane repeat distance (RD) values, according to RD=2xn/q*. In order to better
visualize the shift in the position of the Bragg peak we also used the Kratky-plot (1(q)-g° vs q)
[32], where 1(q) was obtained as follows: the radially averaged intensity in vertical orientation
(with an opening angle of 75°) was subtracted from the radially averaged intensity in horizontal

orientation (with an opening angle of 75°).

In order to provide information on variations in the mosaicity of membranes, we determined
I(p), the angular dependency of the scattering intensity. To this end, 2D SANS profiles were
azimuthally integrated across the q region of 0.017-0.44 (sorbitol) and 0.025-0.040 (NaCl) A™
for 360° interval with 5 pixel binning (¢ is the azimuthal angle).


https://doi.org/10.1101/069211

bioRxiv preprint doi: https://doi.org/10.1101/069211; this version posted August 11, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

The I(p) curves were fitted with the sum of a constant and a Lorentzian function; its widths
(FWHM, full width at half maximum) provides information on extent of the magnetic
orientability of sample, and thus on its anisotropy.

A quantitative characterization of the degree of orientation can be obtained by Hermans
orientation function [33], which takes value of 1 or -0.5 when the membranes are completely
oriented parallel or perpendicular to the direction of reference, respectively, and 0 for the case of
random orientation. In our case, the direction of reference is the direction of magnetic field, and
for perfectly aligned sample the value would be 1.0.

Thermoluminescence measurements The measurements were carried out using a home-built
thermoluminescence apparatus [34]. A single-turnover saturating flash excitation was applied
at -30 °C; the heating rate was 20 °C/min [35]. These measurements were used to control the
efficiency of our low pH treatments. The observed low-pH induced reversible shifts of the B-

band (data not shown) were in perfect agreement with literature data [36, 37].

Results and discussion

As reported earlier [38] the SANS signal of magnetically oriented thylakoid membranes 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 (Figure 1A). Upon acidification of the
suspension medium the observed diffraction peak became more flat and the Bragg peaks largely
diminished (Figure 1B). Resuspending the low-pH treated thylakoid membranes in the p’H 8.0
medium largely restored the original 2D profile (Figure 1C). It is interesting to note that these
low-pH induced variations in the 2D SANS profiles closely resemble the ApH-dependent light-
induced changes in the 2D scattering profiles of isolated thylakoid membranes [29, 31, 38].
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Figure 1: 2D small-angle neutron scattering profiles of magnetically oriented thylakoid membranes isolated from pea leaves
and suspended in a pZH 8.0 reaction medium (A), resuspended in the same medium adjusted to sz 5.0 (B), and returned to
the pZH 8.0 medium (C).

In order to obtain quantitative information about the low-pH induced reorganization of the
thylakoid membranes we performed sectorial averaging of the 2D scattering 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. In earlier studies, we have shown that the osmoticum used in the reaction medium
significantly influences the structure of the isolated thylakoid membranes, and that NaCl retains
much better the in-vivo structure of the thylakoid membranes than sorbitol [29]. For this reason,

we performed the experiments both in sorbitol- and NaCl-based media.

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 for the two
types of reaction media (Figure 2A and B). In both cases, the diffraction peak around 0.019 A™
(sorbitol) and 0.027 A™ (NaCl) was shifted towards higher momentumtransfer values while its
intensity was diminished. These variations are best seen using Kratky plots of the data (insets in

Figure 2).
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Figure 2 Sectorially averaged scattering curves of the thylakoid membranes suspended in pZH 8.0 and pZH 5.0. The
suspension medium contained, as osmoticum, sorbitol (A) or NaCl (B). Insets are the Kratky plot of the same data [32].

We determined the center position of the diffraction peaks and calculated the average RD of the
thylakoid membranes at various p?H conditions (Figure 3A). Upon acidification the RD was
observed to decrease, while upon resuspension in the original medium (p?H 8.0), the original RD
values were almost perfectly recovered. This acidification-induced reversible shrinkage of the
thylakoid membranes strongly resembles the effect of illumination, observed earlier on isolated
thylakoid membranes [29, 31, 38, 39]. Similarly to the case of light-induced variations observed
on the radially averaged SANS curves of thylakoid membranes the intensity of the fitted
Gaussians was reduced also upon acidification (see Figure 3B) — indicating a disorder in the
periodic membrane ultrastructure; these changes were, however, only partly reversible upon

resuspension in media with p?H 8.0, especially after exposures to p°H 5.0.
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Figure 3. Physical parameters of Bragg peaks at various pZH conditions: the calculated 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. As shown in Figure 4, upon acidification the orientability
of the multilamellar membranes was significantly reduced. For the interpretation of these
changes we discuss below the origin of the broadening of the Bragg peak, including the case of

thylakoid membranes suspended in pH 8.0 media.

In an external magnetic field intact thylakoid membranes tend to align perpendicular to the
magnetic field. However, there are irregularities in the membrane system, and the chloroplasts
and membranes often assume banana-shape. Therefore, not all grana sections, which give rise to
the scattering peak, can be oriented exactly perpendicular to the magnetic field and the majority
of membrane normals will have a non-zero angle relative to the magnetic field. This leads to a
relatively broad distribution of grana in Bragg condition [31]. The scattering signal from these
imperfectly oriented grana will exhibit, for symmetry reasons, two Bragg peaks with a broad
spread in azimuthal angles around the horizontal direction. Additional factors, which contribute
to the broadening of the scattering peak, the finite spectral bandwidth of the monochromatized
neutron beam and other experimental factors, such as the detector resolution and the finite size of
the incident beam, that contribute to the smearing of the Bragg peak can be neglected since (i)
their contributions are small and (ii) they do not differ sizeably for samples before and after the

low-p°H treatments.
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Variations in the angular dependence of the scattering signal, the reduced orientability of the

multilamellar membranes upon acidification suggest an increased mosaicity, i.e., an increase in

the spread of membrane plane orientations.
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Figure 4. The angular dependences of the scattering intensity (A,B) of the thylakoid membranes suspended in pZH 8.0 and
pZH 5.0 with the suspension media containing, as osmoticum, sorbitol (A) or NaCl (B); and the dependences of the full width
at half maxima (FWHMs) of the Lorentz function and the Hermans’ orientation function on the pZH treatments of the
thylakoid membranes with the suspension media containing, as osmoticum, sorbitol (C) or NaCl (D). The error bars in B and C
show the standard errors of FWHM.

Based on the above data it can be concluded that the observed low-p?H induced smearing and
broadening of the Bragg peak and the increased mosaicity of the membranes reflects a loosening
in the periodic order of the thylakoid membranes that evidently arises from some undulations or
membrane bending. These membrane reorganizations, along with the low-p®H 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 distribution of absorbed excitation energy between the two photosystems —
regulated by PsbS [24].
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In general, these results, in line with similar observations [29, 38, 40-42] underline the
remarkable flexibility of the thylakoid membrane ultrastructure, which should thus not be
portrayed as simply providing a scaffold for the photosynthetic functions but also actively

participating in the energy conversion steps and in different regulatory functions.

Acknowledgement

This work is based on experiments performed on the SANS-1I beam-line at the Swiss spallation
neutron source SINQ, Paul Scherrer Institut, Villigen, Switzerland. This work was supported by
grants from the Hungarian Scientific Research Fund (NKFIH OTKA K 112688, GINOP-2.3.2-
15-2016-00001 to GG) and Scientific Exchange Program-NMS.CH (SCIEX) (Project number
13.098 to RU).

11


https://doi.org/10.1101/069211

bioRxiv preprint doi: https://doi.org/10.1101/069211; this version posted August 11, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

References

[1] B. Bailleul, P. Cardol, C. Breyton, G. Finazzi, Electrochromism: a useful probe to study algal
photosynthesis, Photosynth Res, 106 (2010) 179-189.

[2] B. Demmig-Adams, G. Garab, W. Adams lll, Govindjee, Non-Photochemical Quenching and Energy
Dissipation in Plants, Algae and Cyanobacteria, Advances in Photosynthesis and Respiration Springer
Science+Business Media, Dordrecht, 2014.

[3] P. Horton, A. Ruban, Molecular design of the photosystem Il light-harvesting antenna:
photosynthesis and photoprotection, J Exp Bot, 56 (2005) 365-373.

[4] G. Garab, Structural Changes and Non-Photochemical Quenching of Chlorophyll a Fluorescence in
Oxygenic Photosynthetic Organisms, in: B. Demmig-Adams, G. Garab, W. Adams (Eds.) Non-
Photochemical Quenching and Energy Dissipation in Plants, Algae and Cyanobacteria, Advances in
Photosynthesis and Respiration, Springer Science+Business Media, Dordrecht, 2014, pp. 343-371.

[5] A.R. Holzwarth, Y. Miloslavina, M. Nilkens, P. Jahns, Identification of two quenching sites active in the
regulation of photosynthetic light-harvesting studied by time-resolved fluorescence, Chem Phys Lett,
483 (2009) 262-267.

[6] M. lwai, M. Yokono, A. Nakano, Visualizing structural dynamics of thylakoid membranes, Sci Rep-UKk,
4 (2014) 1-6.

[7] R. Nevo, S.G. Chuartzman, O. Tsabari, Z. Reich, D. Charuvi, E. Shimoni, Architecture of Thylakoid
Membrane Networks, Adv Photosynth Resp, 30 (2009) 295-328.

[8] S. de Bianchi, L. Dall'Osto, G. Tognon, T. Morosinotto, R. Bassi, Minor antenna proteins CP24 and
CP26 affect the interactions between photosystem Il subunits and the electron transport rate in grana
membranes of Arabidopsis, Plant Cell, 20 (2008) 1012-1028.

[9] R. Nevo, D. Charuvi, O. Tsabari, Z. Reich, Composition, architecture and dynamics of the
photosynthetic apparatus in higher plants, Plant J, 70 (2012) 157-176.

[10] H. Kirchhoff, Structural changes of the thylakoid membrane network induced by high light stress in
plant chloroplasts, Philos T R Soc B, 369 (2014).

[11] P. Jahns, A.R. Holzwarth, The role of the xanthophyll cycle and of lutein in photoprotection of
photosystem Il, Bba-Bioenergetics, 1817 (2012) 182-193.

[12] R. Kouiril, J.P. Dekker, E.J. Boekema, Supramolecular organization of photosystem Il in green plants,
Bba-Bioenergetics, 1817 (2012) 2-12.

[13] A.V. Ruban, M.P. Johnson, C.D.P. Duffy, The photoprotective molecular switch in the photosystem I
antenna, Bba-Bioenergetics, 1817 (2012) 167-181.

[14] E. Janik, J. Bednarska, M. Zubik, M. Puzio, R. Luchowski, W. Grudzinski, R. Mazur, M. Garstka, W.
Maksymiec, A. Kulik, G. Dietler, W.Il. Gruszecki, Molecular Architecture of Plant Thylakoids under
Physiological and Light Stress Conditions: A Study of Lipid-Light-Harvesting Complex || Model
Membranes, Plant Cell, 25 (2013) 2155-2170.

[15] G. Hind, H.Y. Nakatani, S. Izawa, Light-dependent redistribution of ions in suspensions of chloroplast
thylakoid membranes, Proc Natl Acad Sci U S A, 71 (1974) 1484-1488.

[16] L. Zimdnyi, G. Garab, Configuration of the electric field and distribution of ions in energy
transducing biological membranes: model calculations in a vesicle containing discrete charges., Journal
of Theoretical Biology, 138 (1989) 59-76.

[17] A.V. Ruban, M.P. Johnson, Visualizing the dynamic structure of the plant photosynthetic membrane,
Nat Plants, 1 (2015).

[18] K.K. Niyogi, T.B. Truong, Evolution of flexible non-photochemical quenching mechanisms that
regulate light harvesting in oxygenic photosynthesis, Curr Opin Plant Biol, 16 (2013) 307-314.

[19] A. Krieger, E. Weis, The role of calcium in the pH-dependent control of Photosystem Il, Photosynth
Res, 37 (1993) 117-130.

12


https://doi.org/10.1101/069211

bioRxiv preprint doi: https://doi.org/10.1101/069211; this version posted August 11, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[20] D.M. Kramer, T.J. Avenson, G.E. Edwards, Dynamic flexibility in the light reactions of photosynthesis
governed by both electron and proton transfer reactions, Trends Plant Sci, 9 (2004) 349-357.

[21] M. Tikkanen, M. Suorsa, P.J. Gollan, E.M. Aro, Post-genomic insight into thylakoid membrane lateral
heterogeneity and redox balance, Febs Lett, 586 (2012) 2911-2916.

[22] A. Tiwari, F. Mamedov, M. Grieco, M. Suorsa, A. Jajoo, S. Styring, M. Tikkanen, E.-M. Aro,
Photosystem | functions in non-photochemical energy dissipation when its iron-sulphur clusters are
photodamaged, Nat Plants, (2016).

[23] A. Jajoo, M. Szabo, O. Zsiros, G. Garab, Low pH induced structural reorganization in thylakoid
membranes, Biochim. Biophys. Acta-Bioenergetics, 1817 (2012) 1388-1391.

[24] A. Jajoo, N.R. Mekala, T. Tongra, A. Tiwari, M. Grieco, M. Tikkanen, E.M. Aro, Low pH-induced
regulation of excitation energy between the two photosystems, Febs Lett, 588 (2014) 970-974.

[25] P. Singh-Rawal, A. Jajoo, S. Mathur, P. Mehta, S. Bharti, Evidence that pH can drive state transitions
in isolated thylakoid membranes from spinach, Photoch Photobio Sci, 9 (2010) 830-837.

[26] V. Barzda, A. Istokovics, I. Simidjiev, G. Garab, Structural flexibility of chiral macroaggregates of
light-harvesting chlorophyll a/b pigment-protein complexes. Light-induced reversible structural changes
associated with energy dissipation, Biochemistry-Us, 35 (1996) 8981-8985.

[27] G. Garab, R.C. Leegood, D.A. Walker, J.C. Sutherland, G. Hind, Reversible changes in
macroorganization of the light-harvesting chlorophyll a/b pigment protein complex detected by circular-
dichroism. , Biochemistry-Us, 27 (1988) 2430-2434.

[28] A. Istokovics, I. Simidjiev, F. Lajko, G. Garab, Characterization of the light induced reversible changes
in the chiral macroorganization of the chromophores in chloroplast thylakoid membranes. Temperature
dependence and effect of inhibitors, Photosynth Res, 54 (1997) 45-53.

[29] R. Unnep, O. Zsiros, K. Solymosi, L. Kovécs, P.H. Lambrev, T. T6th, R. Schweins, D. Posselt, N.K.
Székely, L. Rosta, G. Nagy, G. Garab, The ultrastructure and flexibility of thylakoid membranes in leaves
and isolated chloroplasts as revealed by small-angle neutron scattering, Biochim Biophys Acta, 1837
(2014) 1572-1580.

[30] J. Stofleth, Understanding free radicals: Isolating active thylakoid membranes and purifying the
cytochrome bgf complex for superoxide generation studies., Journal of Purdue Undergraduate Research,
2 (2012) 64-69.

[31] G. Nagy, L. Kovécs, R. Unnep, O. Zsiros, L. Almasy, L. Rosta, P. Timmins, J. Peters, D. Posselt, G.
Garab, Kinetics of structural reorganizations in multilamellar photosynthetic membranes monitored by
small-angle neutron scattering, Eur Phys J E, 36 (2013) 69:.

[32] O. Glatter, O. Kratky, Small Angle X-ray Scattering, Academic Press, New York, 1982.

[33] P.H. Hermans, Contributions to the Physics of Cellulose Fibers, Elsevier, New York - Amsterdam,
1946.

[34] S. Demeter, I. Vass, G. Horvath, A. Laufer, Charge Accumulation and Recombination in Photosystem-
li Studied by Thermo-Luminescence .2. Oscillation of the C-Band Induced by Flash Excitation, Biochim
Biophys Acta, 764 (1984) 33-39.

[35] T. Téth, O. Zsiros, M. Kis, G. Garab, L. Kovacs, Cadmium exerts its toxic effects on photosynthesis via
a cascade mechanism in the cyanobacterium, Synechocystis PCC 6803, Plant Cell Environ, 35 (2012)
2075-2086.

[36] J.M. Ducruet, Chlorophyll thermoluminescence of leaf discs: simple instruments and progress in
signal interpretation open the way to new ecophysiological indicators, J Exp Bot, 54 (2003) 2419-2430.
[37] T. Miranda, J.M. Ducruet, Effects of dark- and light-induced proton gradients in thylakoids on the Q
and B thermoluminescence bands, Photosynth Res, 43 (1995) 251-262.

[38] G. Nagy, D. Posselt, L. Kovacs, J.K. Holm, M. Szabd, B. Ughy, L. Rosta, J. Peters, P. Timmins, G. Garab,
Reversible membrane reorganizations during photosynthesis in vivo: revealed by small-angle neutron
scattering, Biochem J, 436 (2011) 225-230.

13


https://doi.org/10.1101/069211

bioRxiv preprint doi: https://doi.org/10.1101/069211; this version posted August 11, 2016. The copyright holder for this preprint (which was not
certified by peer review) is the author/funder. All rights reserved. No reuse allowed without permission.

[39] M. Yoshioka-Nishimura, D. Nanba, T. Takaki, C. Ohba, N. Tsumura, N. Morita, H. Sakamoto, K.
Murata, Y. Yamamoto, Quality control of photosystem Il: direct imaging of the changes in the thylakoid
structure and distribution of FtsH proteases in spinach chloroplasts under light stress, Plant & cell
physiology, 55 (2014) 1255-1265.

[40] M. Liberton, L.E. Page, W.B. O'Dell, H. O'Neill, E. Mamontov, V.S. Urban, H.B. Pakrasi, Organization
and flexibility of cyanobacterial thylakoid membranes examined by neutron scattering, J Biol Chem, 288
(2013) 3632-3640.

[41] G. Nagy, R. Unnep, O. Zsiros, R. Tokutsu, K. Takizawa, L. Porcar, L. Moyet, D. Petroutsos, G. Garab,
G. Finazzi, J. Minagawa, Chloroplast remodeling during state transitions in Chlamydomonas reinhardtii
as revealed by noninvasive techniques in vivo, P Natl Acad Sci USA, 111 (2014) 5042-5047.

[42] L.R. Stingaciu, H. O'Neill, M. Liberton, V.S. Urban, H.B. Pakrasi, M. Ohl, Revealing the Dynamics of
Thylakoid Membranes in Living Cyanobacterial Cells, Sci Rep-Uk, 6 (2016).

14


https://doi.org/10.1101/069211

