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Introduction



1.1 Section |

Plants experience varying environmental conditions such as high light, low
light and high temperature in daily life. Flexibility of chloroplast thylakoid
membrane proteins is essential for plant fitness and survival during such
fluctuations!. The aim of this thesis is to study dynamics of chloroplast
water, thylakoid membrane lipids and proteins in different environmental
conditions. To get insight into the significance of the mobility (dynamics) of
proteins and lipids, | refer to the chapter “Role of Lipids in the Dynamics of
Thylakoid membrane” (title of the book is Lipids in Photosynthesis) written
by C. W. Mullineaux and H. Kirchhoff2. The authors describe how important
the mobility of proteins and lipids is in photosynthesis, and some examples
are plastoquinol diffusion during electron transport, LHCII mobility during
state transitions and membrane biogenesis, and in turnover & repair of
thylakoid membrane proteins. An overview of various methods to measure
thylakoid membrane dynamics and advantages & limitations of these
methods taken from that chapter is listed below.

Fluorescence Recovery After Photobleaching is one of the best techniques
so far to probe the mobility

1) of photosynthetic pigment-protein complexes by visualizing the
native fluorescence from fluorescent pigments

2) in vivo of specific thylakoid membrane proteins genetically tagged
with Green Fluorescent Protein (GFP)

3) invitro of proteins tagged with fluorescent antibodies

4) of lipids and membrane fluidity in general by staining membranes
with lipophilic fluorophores.

Although FRAP is able to probe the mobility of proteins and lipids (as
mentioned above) it is limited by its spatial resolution. It can resolve mobility
only at relatively large scales of a micron or more. In addition FRAP can
only measure the mean behaviour of a large number of fluorophores and
the bleaching during FRAP may perturb the behaviour of the membrane
being examined. These limitations can often be overcome by using
Fluorescence Correlation Spectroscopy and Single Particle Tracking, but
both techniques cannot employ the native fluorescence from photosynthetic
pigments since they are too densely packed in the membrane whereas a
relatively low density of fluorescent tags is required. However, both
techniques can be used in vitro by labelling specific membrane proteins with
fluorescent antibodies at low density.



Very recently, structural dynamics of thylakoid membranes were visualized
using live cell imaging in combination with deconvolution®. By observing
chlorophyll fluorescence in the antibiotics-induced macrochloroplast in the
moss Physcomitrellapatens it was concluded that both the structural stability
and flexibility of thylakoid membranes are essential for dynamic protein
reorganization under fluctuating light environmentss3.

In conclusion, the fluorescence techniques are applicable to probe the
mobility of proteins and lipids either in vivo or in vitro by using external
labels such as GFP, fluorescent antibodies and lipophilic fluorophores. Any
of these methods might lead to non-native conditions. However, the
fluorescence techniques clearly give some insight into the mobility of the
thylakoid membrane proteins and lipids.

The fluidity of the thylakoid membrane in isolated thylakoid membrane
suspensions of cyanobacteria and various mutants has been studied by
Klodawska et al. using Spin label Electron Paramagnetic Resonance
spectroscopy*. The relative fluidity of membranes was estimated from EPR
spectra by using the outermost splitting parameter in the temperature range
from 15°C to 45°C. The data suggested that the overall fluidity of native
photosynthetic membranes in cyanobacteria may be influenced by the ratio
of polar to nonpolar carotenoid pools under different environmental
conditions*. However, the technique has its limitations because it requires
the use of external labels.

Coming to the chloroplast water dynamics, chloroplast water was
discriminated from other cellular water signals in leaf discs by McCain et al.
using NMR spectroscopy®® on the basis of shifted resonances, but the
approach was not correct (as will be detailed in Chapter 2 of this thesis)
while McCain et al. also calculated water permeability of chloroplast
envelope membranes using saturation transfer NMR?. Musse et al.
characterized various cell compartments in Brassica napus leaves while
monitoring leaf senescence using low field *H NMR relaxometry, light and
electron microscopy?®. They concluded that chloroplast water can easily be
discriminated from other water pools using NMR relaxation time
measurements. But, translational dynamics of chloroplast water are not
studied so far to the best of our knowledge. This thesis describes Pulsed
field gradient 'H NMR methods (DOSY and DRCOSY) to study the
dynamics of chloroplast water and the thylakoid membrane lipids and
protein complexes at a time scale of milliseconds in leaf disks and in
photosynthetic microorganisms under changing environmental conditions in



complete in vivo conditions. Study of chloroplast water dynamics at this time
scale provides information regarding viscosity of stroma and chloroplast
membrane permeability. Also, it is possible to probe the mobility of the
thylakoid membrane proteins and lipids at this time scale as their mobility is
very slow.

1.2 Section Il

Pulsed field gradient Nuclear Magnetic Resonance is a nhon-invasive
techniqgue to measure diffusion of water, lipids and proteins not only in
model membrane systems® but also in intact biological membranes and
biological cells. The main advantage of this Pulsed Field Gradient NMR is
that it does not require any external labelling as it makes use of naturally
available probe molecules such as water, lipids and proteins. Also, mobility
can be resolved at length scales of a few hundreds of nm. However, the
technique still has the limitation that it measures diffusion of an ensemble of
spins. Moreover, it is hard to distinguish proteins and lipids having the same
resonances and diffusing at the same rate. However, one can overcome this
problem by selecting particular coherence pathways using more advanced
pulse sequences!®. In order for the reader to understand the following
chapters which describe diffusion NMR experiments | will next explain the
details of the diffusion NMR experiments.

1.2.1 Basic principles of diffusion NMR:

Diffusion is measured by attenuating NMR signals using a combination of
pulsed field gradients. The pulsed field gradients spatially manipulate the
external magnetic field Bo across the sample volume, which results in a
distribution of spatial frequencies which can be referred to spatial labelling
of the spins. The first gradient spatially encodes the spins with different
frequencies (Fig. 1.1) and the second one decodes them. If there is no
diffusion in between the gradients there is no signal attenuation; the faster
the diffusion the higher the attenuation. The equation of the NMR signal
intensity as a function of attenuation, S(q), is as follows:

8.
S(@) = So X Pie_qZDi(A_g)

where g = ydg. S, is the NMR signal intensity in the absence of gradients, y
the gyromagnetic ratio, P; the fraction of molecules i,  the duration of the
gradient pulse, g the gradient strength, D; the diffusion coefficient of fraction



i and A the diffusion observation time, the time between the two gradient
pulses.

Diffusion is measured by varying any of the three experimental parameters:
A, 8 and g and fixing the other two. We measure the signal attenuation as a
function of gradient strength at fixed A and &. By fitting the attenuation vs.
gradient strength with the above equation we get the apparent diffusion

coefficient (ADC).
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Figure 1.1: Effect of pulsed field gradient on XY-magnetization (Source:
https://www.chemie.uni-hamburg.de/nmr/insensitive/tutorial/en.|proj/gradients.html).

In order to measure diffusion of molecules (bearing NMR active nuclei)
accurately the NMR signal from the molecules must be attenuated from 2 %
to 95 %. One can get the proper attenuation by varying any of the three
experimental parameters: A, 6 and g. However, varying A is not very useful
as the attenuation is only linearly proportional to the diffusion observation
time whereas it is quadratically proportional to gand &, and varying g is
even more advantageous to minimise T2 weighting during 8. Using stronger
gradients to measure diffusion of very slow molecules (for instance
membrane lipids or proteins) also has a disadvantage, namely that the
stronger gradients produce eddy currents but the eddy!! currents can be
minimised using bipolar!! gradients.

In general, one of the following two pulse sequences can be used to
measure diffusion: the pulsed field gradient spin-echo sequence and the
pulsed field gradient stimulated echo sequence.

1.2.2 Pulsed Field Gradient Spin-Echo sequence: A PFG Spin-echo
sequence is shown in Fig. 1.2. The first 90° RF pulse shifts the net



magnetization to the XY-plane. The first gradient encodes the spins spatially
with different precession frequencies as shown in Fig. 1.1. As the 180° RF
pulse inverts the spins the second gradient decodes the spins in the
opposite direction resulting in complete refocusing in case of no diffusion
and in echo attenuation in case of diffusion. The echo attenuation is
measured as a function of g or 6 to obtain the apparent diffusion coefficient
of the spins.

90° 180°

RFﬂ TE/2 TE/2 -

Figure 1.2: Pulsed Field Gradient Spin-Echo sequence.

1.2.3 Pulsed Field Gradient Stimulated Echo sequence: In this PFG
stimulated echo sequence (Fig. 1.3) the 180° RF pulse of the spin echo
sequence is split into two 90° RF pulses. During the time between these two
90° RF pulses half of the net magnetization is along the Z-axis that makes
the sequence more useful than the spin-echo sequence to measure the
diffusion of spins with shorter T2's. Because when the net magnetization is
along the Z-axis, the spins have T: relaxation which is in general greater
than or equal to T2 relaxation. However, the sequence is limited by a lower
S/N ratio as only half of the signal is measured.
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Figure 1.3: Pulsed Field Gradient Stimulated Echo sequence.

Although the above two pulse sequences are the most basic ones to
measure diffusion, there are many more advanced sequences derived from



these two for special purposes. For instance, we used a stimulated echo
bipolar pulse sequence!?131415 to minimize the eddy currents and also to
measure the diffusion of spins with shorter T2’s (such as lipids and proteins).

1.3 Section Il

As the goal of the thesis is to study the dynamics of the chloroplast water,
thylakoid membrane lipids and proteins, | provide here a brief introduction to
them and their importance. Chloroplasts are plastids found in plant cells and
eukaryotic algae that perform photosynthesis. Photosynthesis is probably
the most essential process for life on this planet as plants use
photosynthesis to make food from carbon dioxide and water with the
assistance of sunlight, and animals in turn obtain their food from plants. In
addition to the food (carbohydrates), oxygen is another product of
photosynthesis that most living creatures need in order to obtain energy via
respiration. In addition to energy, carbon dioxide and water are produced
again when food is burned to provide energy while using oxygen. Because
photosynthesis is very important to fix CO2, people even are nowadays
attempting to build artificial leaves'®17 to fix additional CO2, amongst others
released by industry and traffic, but also to create and store energy.

Coming back to the chloroplasts, the structure of a chloroplast is shown in
Fig. 1.4. A chloroplast has two envelope membranes and a third inner
envelope membrane called thylakoid. Stack(s) of thylakoid membranes is
(are) called granum (grana) and the space enclosed by a thylakoid
membrane is called lumen. The internal fluid surrounded by the inner
envelope membrane is called stroma.

The process of photosynthesis occurs in two overall steps, light dependent
and light independent. Light-dependent reactions largely take place in the
thylakoid membrane and light-independent reactions in the stroma. A
schematic structure of a typical thylakoid membrane from plants is shown in
Fig. 1.5, and it contains the following major protein complexes: photosystem
Il (PSII), cytochrome bef, photosystem | (PSI), ferredoxin NADP reductase
(FNR) and ATP synthase. Both photosystems 1&Il contain reaction centres
with P700 & P680 as their primary electron donors, respectively. These
reaction centres consist of proteins and are surrounded by light-harvesting
antenna complexes often containing chlorophyll molecules and carotenoids
in plants and algae.



1.3.1 Light reactions: Pigments in the light-harvesting antenna complexes
absorb light energy and the energy is further converted into chemical energy
in the form of NADPH and ATP. Photolysis (water splitting) is also a part of
light reactions which produces oxygen which is imperative for life on earth.

outer
membrane _

ithylakoid (single)
granum (stack)

Figure 1.4: Cartoon of the structure of a chloroplast (Source:
http://www.vce.bioninja.com.au/aos-1-molecules-of-life/biochemical-
processes/photosynthesis.html).
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Figure 1.5: Representation of light reactions in a thylakoid membrane (source:
http://genomics.energy.gov).

1.3.2 Dark reactions (light-independent reactions): also known as Calvin-
Benson-Bassham (CBB) cycle, Calvin—Benson—Bassham (CBB) cycle
occurs in the stroma.

During the dark reactions sugar molecules are being produced in the Calvin-
Benson-Bassham (CBB) cycle while ATP and NADPH, produced during the
light reactions, are being consumed and CO: from the atmosphere is being
used.



1.4 Section IV
A very brief introduction to the various chapters is given below.

Chapter 2 describes the 'H NMR methods (DOSY and DRCOSY) to
discriminate chloroplast water from other cellular water compartments in leaf
disks. Orientation-dependent H NMR spectra were observed for leaf discs
of Ficus benjamina and Acer platanoides. However, discrimination of
chloroplast water from other cellular water compartments based on spectra
is not correct anymore, but it can be done using T2 and ADC determination.

Chapter 3 describes the effect of drought stress on these compartments.
Chloroplasts appeared to be less sensitive than other compartments (such
as vacuoles for instance) to moderate drought stress in leaf disks of both F.
Benjamina and A. platanoides. With extended drought stress chloroplasts
became equally sensitive as vacuoles in A. platanoides but they were still
less sensitive in F. Benjamina because of subepidermal cells.

In chapter 4 we studied the effects of nutrient stress and salt stress on the
dynamics of chloroplast water, (thylakoid) membrane lipids and protein
complexes in Chlamydomonas reinhardtii. Accumulated lipid bodies were
observed upon nutrient stress and salt stress in C. reinhardtii and their
dynamics were also studied.

Chapter 5 deals with the detection of Synechocystis water and comparison
of the Synechocystis membrane lipids to that of C. reinhardtii and spinach
thylakoids in order to check the differences in water dynamics and also in
thylakoid membrane composition and dynamics.

Chapter 6 provides a general discussion regarding the different systems
studied. Chloroplast water pool was discriminated in leaf disks of F.
benjamina and A. platanoides and also in C. reinhardtii suspension.
Translational dynamics of the chloroplast water in the above mentioned
three systems is about comparable in the order of 3 x 101! m? st at A=25
ms. Observed changes in the dynamics of the chloroplast water, under
various environmental conditions, at short diffusion times indicate the
changes in viscosity of the stroma and at long diffusion times indicate the
changes in chloroplast membrane permeability. By proper suppression of
the abundant water signals more proton pools such as lipids and large
protein (membrane) complexes are observed in C. reinhardtii and in
Synechocystis. Chapter 7 summarizes all the chapters.
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2

Chloroplast water in leaves as viewed by 'H DOSY
and DRCOSY NMR

Abstract

Although chloroplasts represent a substantial fraction of the total
leaf water, a very limited number of NMR studies of chloroplasts in vivo in
relation to leaf water content has been published. It is not clear if the
published approaches to discriminate chloroplast and non-chloroplast water
are fully effective. Here, we present results of high-field 'H DOSY and low-
field time domain (TD) DRCOSY experiments to detect and identify
chloroplast water and thylakoid membrane lipids.

In suspensions of isolated chloroplasts, exchange between water
pools outside and inside the chloroplasts turned out to be fast, limiting the
possibility to study size and membrane permeability of chloroplasts and to
characterize relaxation times of chloroplast water. In algae suspension, two
water pools (cell, chloroplast) could be easily discriminated from the medium
water pool on the basis of (restricted) diffusion and relaxation behaviour. In
leaf disks of Ficus benjamina and Acer platanoides, water in chloroplasts
could be clearly discriminated from vacuolar water in palisade, spongy,
epidermal and sub-epidermal cells. Both water in chloroplasts and water in
vacuoles of palisade and spongy cells showed resonances in the high field
part of the spectra (with respect to pure water), in contrast to what has been
reported in literature.
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2.1 Introduction

Plants depend on light and the photosynthetic apparatus to manufacture
energy rich complex organic molecules such as ATP and NADPH. The
photosynthetic apparatus of plants and algae is located in chloroplasts.
Chloroplasts are surrounded by a double envelope membrane and contain a
third inner membrane, called the thylakoid membrane, which forms long
folds within the organelle. In chloroplasts, light-dependent photosynthetic
reactions mainly take place in the thylakoid membranes whereas dark
reactions occur in the stroma. The thylakoid membrane consists of 20—-30 %
lipids and 70-80 % proteins, a large part of which in the photosynthetic
supercomplexes photosystem | and Il (LHC-I/PSI and LHC-II/PSII)*.

Photosynthetic activity is directly coupled to changes in chloroplast volume.
Chloroplast volume regulation (CVR) is a process by which chloroplasts
import or export osmolytes to maintain a constant volume in a changing
environment. The process was first studied by Robinson in suspensions of
isolated chloroplasts?. By measuring stromal volumes using a centrifugation
technique he concluded that the chloroplasts maintained constant volumes
over a range of water potentials. Robinson also observed correlation
between photosynthetic oxygen production and chloroplast volume
changes; chloroplast volumes much above or below the optimum evolved
very little O. Later, Gupta and Berkowitz confirmed that the process also
occurs in isolated chloroplast®. Below a critical value of the leaf water
potential, CVR failed: photosynthetic rates dropped suddenly at the same
water potential, as did chloroplast volumes3. Santakumari and Berkowitz
studied CVR in chloroplasts isolated from plants with and without water
stress. CVR extended to lower water potentials in chloroplasts isolated from
plants with water stress in comparison to the chloroplasts isolated from
plants without water stress*. Measured in the dark, this critical water
potential value is lower in sun leaves than in shade leaves®, and it also
depends on physiological levels of osmotic solutes®. Recently, it was shown
that in addition to chloroplasts, organelles that experience osmotic stress
from within the cytoplasm during normal growth conditions, also perform
volume control by opening mechanosensitive ion channels under
hypoosmotic stress’. It was concluded that plastids are under hypoosmotic
stress during normal plant growth and dynamic response to this stress
requires mechanosensitive ion channels.

These studies show that CVR is necessary for an efficient photosynthesis.
They were performed only in vitro. McCain et al. studied CVR for the first
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time in intact leaf disks using 'H NMR spectroscopy, based on the
assumption that the peak shifted with respect to the resonance frequency of
pure water represents chloroplast water®. The frequency shift of the
chloroplast water with respect to the non-chloroplast water was explained to
depend on the high concentration of weakly bound Mn2* ions near the outer
surface of the thylakoid membrane, and on the geometry of palisade cells:
the mechanical effect of pressing an ellipsoidal chloroplast against the
cylindrical inner wall of a palisade cell aligns the shortest chloroplast axis
along a radius vector perpendicular to the axis of the cell, and the longest
chloroplast axis parallel to the cell's axis®. The approach presented by
McCain et al. is not generally applicable, since it depends on the spectral
shift of chloroplast water with respect to that of non-chloroplast water, which
is not observed in all leaves.

More recently, Musse et al. characterized various cell compartments in
Brassica napus leaves by monitoring leaf senescence using low field H
NMR relaxometry, light and electron microscopy!®. They concluded that
chloroplast water can be observed as a water pool with T, of about 20 ms,
and can easily be distinguished from the T, of other water pools. Multi-
modal T2 relaxation can be used to identify different water pools in
plant/biological tissuel®1l, However, interpretation of such multi-exponential
decay is not always straightforward because of exchange between water
pools. The number of observed decay components depends on the
exchange rate between these water pools, which complicates the
assignment of the components to compartments. Two-dimensional diffusion-
relaxation correlation spectroscopy (DRCOSY?'?) and diffusion-ordered
spectroscopy (DOSY?3, correlation of diffusion coefficient with chemical
shift) measurements have been demonstrated to be very useful to further
unravel water pools in the presence of exchange. However, in the
interpretation of DRCOSY results obtained in (leaves of) chive chloroplast
water was not considered at all*2,

Here, we present results obtained by high field 'H DOSY and low field *H
DRCOSY measurements to discriminate chloroplast water pool from others
and also to characterize the various water pools in isolated chloroplasts,
algae and intact leaf disks. In addition to the water pools we were able to
detect and characterize membrane lipids using high field 'H DOSY
measurements. Leaves have been chosen that show spectral
characteristics as reported by McCain et al, i.e. splitting of the water peak
depending on orientation of the leaves with respect to the main magnetic
field.

15



2.2 Materials and Methods
2.2.1 Isolated chloroplasts

Chloroplasts were isolated from fresh spinach leaves using the method
described by Rddiger et al'4.

2.2.2 Leaf disks

Leaf disks were obtained from F. benjamina and A. platanoides. Randomly-
picked leaves were used for NMR measurements. Midribs were discarded,
remaining tissue was cut into rectangular pieces of 1 cm length for
measurements along the main magnetic field and into circular discs for
measurements perpendicular to the field. Water resonance was used as a
reference for the leaf spectra.

2.2.3 Algae

Wild-type C. reinhardtii (137C) cells were grown under continuous white-
light illumination in Tris-acetate-phosphate medium?®. Cells were shaken in
a rotary shaker (100 rpm) at 30 °C and illuminated by a white lamp at 10
umol.m2.s1. All cells were grown in 250 mL flasks with a growing volume of
200 mL and maintained in the logarithmic growth phase. The 200 mL
suspension was further centrifuged to get about 800 uL of very concentrated
cells.

2.2.4 Time-domain *H Relaxometry

IH T2 relaxation was measured with the Carr-Purcell-Meiboom-Gill
experiment at 0.7 T field strength (30 MHz H Larmor frequency) using a
Maran Ultra spectrometer. An interecho time of 1 ms was used and 6k
echoes were recorded. The experimental repetition time was 3 s and the
number of averages was 4. Echo decays were analysed using CONTIN
(Provencher, 1979)6, which fits a continuous distribution of T> decays (i.e.
Laplace inversion).

DRCOSY

Diffusion-relaxation experiments were performed at 0.7 T using a Maran
Ultra spectrometer equipped with a gradient coil capable of delivering a 1.2
T m~ field gradient. A stimulated echo-based diffusion experiment, using
unipolar gradients and rectangular pulse shapes, was combined with a time-
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domain CPMG experiment. The effective gradient pulse duration § was set
to 2 ms. The effective diffusion time A was varied between 20 and 100 ms.
Gradient strength was varied between 0.2 and 1.0 T m-1. An echo time of
0.3 ms for isolated chloroplast and algae samples, and 6k echoes were
recorded.

DOSY and Diffusion Associated NMR Spectra

All high-field *H NMR diffusometry experiments were performed at 7 T (300
MHz *H Larmor frequency) and at 11 T (500 MHz) using a Bruker Avance Il
and 1l spectrometers, respectively. The 7 T spectrometer was equipped
with a Bruker diff25 diffusion probehead, which delivers maximum field
gradient strengths of 10 T m~1. The 11 T spectrometer was equipped with a
conventional Bruker z-gradient inverse 'H/13C/BB 5-mm probe which
delivers maximum field gradient strengths of 0.5 T m-1,

In NMR diffusometry, the echo attenuation as a function of the experimental
parameters can be described by the Stejskal-Tanner equation?’

_ 2(p_08 .
i= 3. A~ 59 (a=%/3):.

where IL is the echo attenuation,A; the amplitude of the NMR signal of
0

component i, y the gyromagnetic ratio of the relevant nucleus (rad T-1 s1), §
the effective gradient pulse duration (s), g the gradient strength (T m-1), A
the effective diffusion time (s),and D; the diffusion coefficient of component i
(m2s1).

All DOSY experiments were carried out using a stimulated echo experiment
in combination with bipolar sine-bell shaped gradients. Stimulated echo was
used because it allows the detection of short T components at longer
diffusion observation times!8. Bipolar gradients were used to compensate
for internal field gradients, which are present at high field strengths in
inhomogeneous samples. The effective gradient pulse duration § was set to
2 ms. The effective diffusion time A was varied between 12 and 300 ms.
Gradient intensity was varied between 0.05 and 8.5 T m~%. The attenuation
of NMR spectra as a function of gradient intensity was analysed by fitting 1
to 4 exponential decays to the spectra using SplMod (Provencher, 1982)19,
which was set to perform a coupled exponential fit of the spectral data
points. This resulted in 1 to 4 diffusion-associated NMR spectra (DANS).
The procedure is similar to the DECRA curve resolution method described
elsewhere, but SpIMod is preferred because it can handle both linear and
logarithmic sampling of the gradient axis?’.
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In case of C. reinhardtii, the effective gradient pulse duration § was set to 2
ms and the effective diffusion time A was set to 30ms. Gradient intensity
was varied between 0.7 and 5.2 T m-1for 7 T DOSY. For 11 T DOSY, the
effective gradient pulse duration § was set to 4ms, the effective diffusion
time A was varied between 20 to 60 ms and gradient intensity was varied
between 0.0067 and 0.3 T m~.

Analysis of restricted diffusion behaviour

The time dependent diffusion coefficient D(A) was analysed using the Mitra
equation?°
D(A) S 4

1——=——,/DyA
Dy Vovn 0

where D, is the unrestricted diffusion coefficient and gthe surface-to-volume
ratio of the compartment.

Size estimation of the compartments:

Dimensions of the compartments were estimated using the above equation.
First, Dowas calculated by extrapolating a plot of D(A) vs. VA linearly to A=0
ms. Only four points were used (for F. benjamina) to calculate the slope of
the plot D(A) vs. VA for the components 2 and 3 because of the exchange
between those and component 1.The intercept equals Do. The slope of the

line equals —5#03“. As we know Do from the extrapolation, the surface-
3
to-volume ratio follows from §= —?DO 2x slope. Assuming that the shape

of the compartment is spherical, the size (diameter) d of the compartment

isd =%,
N
Tz-associated NMR spectra

1H T2relaxation was measured at 7 T (300 MHz *H Larmor frequency) with a
Bruker Avance Il spectrometer applying a CPMG sequence with constant
TE = 200 us and a variable number of 180 pulses from 4-9500 in 32 steps
before acquisition of the echo to record the spectra of 15K data points with a
dwell time of 41 ps.

Echo time dependence of the spectra was analysed with 1 to 4 To-
associated spectra using SplMod (Provencher, 1982)%°, which was set to
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perform a coupled exponential fit of the spectral data points using T2

attenuation equation I, = I, ZiAie_t/Tz,i, where t = NECH x TEwith NECH-
number of echoes and TE- interecho time, 4; and T,; are the amplitude and
T2 of component i, respectively. This resulted in 1 to 4 Tz-associated NMR
spectra.

Saturation transfer experiment

A saturation transfer experiment as described by McCain was used?!. The
leaf disks were oriented perpendicular to the main magnetic field Bo. The
upfield peak was saturated using a selective saturation pulse of width 25 ms
for a range of saturation recovery times from 5 ms to 3.5 s in 32 steps. The
spectrum for each recovery time was subtracted from the spectrum with
recovery time of 3.5 s to determine the amount of saturation from the
difference spectra.

2.2.5 Confocal Microscopy

Viability of chloroplasts was evaluated by confocal laser scanning
microscopy. Images were acquired using a Zeiss LSM 510 (Jena, Germany)
confocal microscope. Chlorophyll molecules were excited using an Argon
laser by selecting the 514 nm laser line, and their fluorescence was
captured using a 650-nm long pass filter. Images with a pixel matrix of
512x512 were obtained using a 40 oil immersion objective (humerical
aperture of 1.2) and the pinhole was set at 1 Airy unit. Confocal images
were analyzed using Zeiss LSM software, version 3.2.0.70.

2.2.6 Chlorophyll Fluorescence

Fluorescence measurements were performed with a PAM 101 chlorophyll
fluorometer (Heinz Walz GmbH, Effeltrich, Germany) using a fibre optic
system as described by Schreiber (1986). Saturating pulses (800 ms) of
white light (4000 umol m=2 s~') were provided by a KL 1500 light source
(Schott, Wiesbaden, Germany). PSII efficiency (Fv/Fm) was measured using
measuring beam intensity of (0.005 pumol m=2 s~') and saturation pulse.

2.3 Results
2.3.1 Isolated chloroplasts

In concentration-dependent DRCOSY experiments of isolated chloroplast
suspensions of spinach, only a single component was observed. For a
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concentration of 3.4 g L%, a single T2 of ~100 ms was found with an
associated apparent diffusion coefficient (ADC) of 1.5x10° m?s~1. Both T2
and ADC were concentration dependent (Fig. 2.1), which indicates fast
exchange across the chloroplast envelope membrane of water inside the
chloroplasts with water in the medium. The maximum quantum yield of PSII
of the isolated chloroplasts, measured by PAM fluorometry, was about 70 %
and also CLSM images revealed that chloroplasts were intact. Apparently,
on the level of protons/water the envelope membrane of isolated
chloroplasts was leaky, resulting in an average NMR signal of the water
protons inside and outside the chloroplasts, as was also observed by
Goldfeld et al?2.

20x10°1 @ @ ° 1.24
)
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1.5x10°4
0.81
g
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5 ~
2 " o4l
5.0x10™ L
0.2
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Figure 2.1: ADC and T2 values (0.7 T*H DRCOSY experiments) as a function of
chloroplast concentration of isolated chloroplasts suspensions of spinach leaves. A
single, concentration dependent component was observed, pointing to fast exchange
of water across the chloroplast envelope membrane.

2.3.2 Algae

In order to check if chloroplast water could be observed in an in vivo system,
DRCOSY experiments were performed on an algae suspension of
Chlamydomonas reinhardtii. C. reinhardtii is a unicellular microorganism
containing a single chloroplast that occupies about 60 % of the total cellular
volume. The cup-shaped chloroplast is ~6 um in diameter. Since algae have
a strong cell wall and are naturally growing microorganisms we expected to
observe at least two water pools.!H DRCOSY experiments were performed
at 0.7 T for a set of diffusion-observation times ranging from 10 ms to 60
ms. A resulting D-T2 correlation map for a diffusion observation time A=20
ms is shown in Fig. 2.2. Three T2’s with maxima around 90 ms, 80 ms and

20



15 ms and only two correlated ADCs of 2x10~° m? s~ (for T2=90 ms) and
1.8x 1010 m2?2 s! (for T.=80 ms and T2=15 ms), respectively, were
observed. The signal with the longest T2 and fastest diffusion coefficient did
not show any restrictive diffusion behaviour, and was therefore assigned to
medium water. The signals with shorter T2’s and slower ADCs could be
either from water inside algae and/or from non-water protons.
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Figure 2.2: A 0.7 T *H NMR D-T2 correlation map of a C. reinhardtii suspension, A =
20 ms. Besides the water signal of the medium, two other signals are present.

To clarify this we performed DOSY NMR experiments at 11 T with diffusion
observation times ranging from 10 ms to 60 ms. Due to the limited gradient
values available at the 11 T machine (max 0.5 T/m) we were able to
decompose the spectra only into two components with different associated
diffusion coefficients (Diffusion Associated NMR Spectra, DANS) by coupled
fitting of the attenuation of the individual spectral points for each A. The
DANS for A = 20 ms (Fig. 2.3a) showed two ADCs around 2x10° m2 s
and 1.8x101° m? s at the water resonance (~4.7 ppm). This showed that
both proton pools are water-bound. The signal with highest diffusion
coefficient did not show any restrictive diffusion behaviour (Fig. 2.3b), and
can therefore be assigned to medium water. The slower diffusing fraction
showed restricted diffusion (Fig. 2.3b). From the D(A) curve, a compartment
size of 9 um from low-field DRCOSY and 11lum from high-field DOSY
measurements was calculated, assuming a spherical compartment. These
values correspond quite well to the dimension of the algae (around 10 pm),
indicating that this signal is from water inside algae. The fraction of the
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water inside the algae was about 10 % of the total signal, representing the
concentration of algae in the medium.
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Figure 2.3: a) Diffusion associated NMR spectra (DANS) (11 T 'H DOSY
experiment), of a C. reinhardtii suspension at A = 20 ms. Both components have a
resonance at 4.7 ppm. b) Normalized diffusion behaviour of the two water signals of
C. reinhardtii suspension as a function of the diffusion time A. Rectangles
correspond to the largest fraction with the longest T2 of Fig. 2.2. This fraction
showed unrestricted diffusion (water in the medium). Circles correspond to the
smaller fraction (about 10 %) with the shorter T2 and clearly show restricted diffusion
(water inside the algae).

In an attempt to measure the chloroplast water signal at 7 T with a high
gradient diffusion probe (gradient max 10 T/m), we suppressed the signal of
the medium water using a diffusion filter. For that, the first gradient step for
diffusion weighting in a DOSY experiment was chosen to be 0.7 T/m and
the spectra were recorded as a function of gradient to a maximum of 5.2
T/m. Again multiple proton pools, rather than one, were observed: one with
a diffusion coefficient of order 3x10-1® m? s-! and the other of order 4x10-11
m?2 s~1 for A=30 ms (Fig. 2.4a). The first proton pool (component 1) had two
resonances, at 4.7 ppm and 3.6 ppm. The signal at 4.7 ppm was assigned
to algal water as its ADC coincides very well to the above mentioned algal
water and 4.7 ppm is typical for water protons. The signal at 3.6 ppm was
assigned (based on the ADC) to non-water protons (three CH2 groups of
Tris(hydroxymethyl)-aminomethan) in the medium which are visible also in
Fig. 2.2 with T2 80 ms and D of 1.8x101°® m? s1. The second proton pool
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(component 2) had only one resonance at 4.7 ppm and the estimated
compartment size from its restricted diffusion (Fig. 2.4b) was about 6um,
indicating that this component represents chloroplast water.
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Figure 2.4: a) Diffusion-associated 'H NMR spectra of C. reinhardtii (7 T) after
suppression of the largest fractions of mobile water (water in the medium and part of
the water inside the algae) by diffusion editing (first gradient step 0.7 T/m) : =2 ms,
A=30 ms and g: 0.7-5.2 T/m. Now two components were observed. b) ADC as a
function of A for the slower diffusing component. Clear restricted diffusion was
observed. Based on this dependence a radius of 4.6 um was calculated, which is
about the dimension of the chloroplasts inside C. reinhardtii.

2.3.3 Leaves

Leaves of specific plants show orientation-dependent NMR and EPR
spectra®. Fig. 2.5a shows *H NMR spectra (7 T) of F. benjamina leaves and
5b of A. platanoides leaves. Both leaves showed orientation dependency of
the 'H NMR spectra. In order to check susceptibility effects on the spectra
resulting from air spaces in the leaves, they were treated by
perfluorodecalin — a substance used to fill air spaces in the leaf?3. The leaf
disks were treated by perfluorodecalin in two ways. First, leaf disks were
dipped in perfluorodecalin for 10 mins and then the leaf disks were shifted to
NMR tube to measure the spectrum. Second, leaf disks were dipped in
perfluorodecalin that is in NMR tube and then the spectrum was measured.
The spectra of perfluorodecalin-treated leaves were identical to those of
untreated leaves (data not shown), indicating that susceptibility effects due
to air pockets on the shape of the spectra were negligible.
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Figure 2.5: 7 T 'H NMR spectra of oriented a) F. benjamina and b) A. Platanoides
leaf disks (leaf surface is perpendicular to Bo (black) and parallel to Bo (red)).

To further unravel the NMR spectra of leaves and to test if the peaks shifted
with respect to the water resonance (4.7 ppm) originate from chloroplast
water, we performed H DOSY experiments at 7 T. For both leaf species,
we studied both parallel and perpendicular orientations for diffusion
observation times ranging from 12 to 290 ms and g values between 0.05
and 8.5 T/m. Fig. 2.6 shows diffusion-attenuated spectra of A. platanoides
leaves for A = 25 ms oriented parallel (a) and perpendicular (b) to Bo.

The diffusion attenuated 'H NMR spectra were analysed by fitting the
diffusion attenuation curve with a discrete sum of (attenuation) exponentials
with different (apparent) diffusion coefficients, resulting in DANS. A four-
component fit was found to be the best for A = 25 ms for both leaf species,
because the sum of residuals did not significantly decrease by adding a fifth
component. The results for A. platanoides leaves oriented both parallel and
perpendicular to Bo at A = 25ms are shown in Fig. 2.6¢ and d, respectively.
The results clearly reveal that the different diffusion components have
different spectral characteristics. The spectra of almost all components
contained resonances shifted from the water resonance (4.7 ppm). The
shifts were dependent on the orientation, except for component 4. The
fastest-diffusing protons (representing the largest fraction) showed
resonances close to the water position (4.7 ppm), slower diffusing protons
from 10 ppm to 1 ppm with maxima at 4.9 ppm for the parallel orientation
and at 2.6 ppm for the perpendicular orientation and the slowest
components from 10 ppm to -2 ppm, with maxima at 4.7 ppm for the parallel
orientation and 2.3 ppm and 3.3 ppm for components 3 and 4, respectively,
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Figure 2.6: Diffusion-attenuated 'H NMR spectra of A. platanoides leaf disks at
A=25 ms a) oriented parallel to Bo and b) perpendicular to Bo (g = 0.05up to 8.5 T m"
1) and their corresponding Diffusion-associated 'H NMR spectra c) parallel
orientation and d) perpendicular orientation. Note the different scaling factors for the
different components in ¢ and d.

for the perpendicular orientation. For components 2 and 3, most of the
signal appeared at lower ppm values for the perpendicular orientation
whereas they appeared at higher ppm for the parallel orientation. In Fig.
2.7a, the A dependencies of the spectra of the four components for A.
platanoides leaf disks in perpendicular orientation are presented. A four-
component fit was found to be the best because the sum of residuals did not
significantly decrease by adding a fifth component for all the diffusion-
observation times. The spectral shapes of each of the four components at
the different A values were very stable; only the amplitudes decreased with
increasing A. The rate of the decrease increased going from component 1 to
4, and is most probably only related to relaxation behaviour of the different
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components. The behaviour of the ADCs of these components as a function
of A (Fig. 2.7b) revealed that all components showed restricted diffusion
behaviour and the estimated dimensions were as follows: 15 pum for
component 1, 9 um for component 2 and 3.6 um for component 3.
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Figure 2.7: Diffusion time dependency (see columns) of diffusion-associated H
NMR spectra of components 1-4 (rows) (a) and of ADC’s (b) from A. platanoides leaf
disks oriented perpendicular to Bo.
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In Fig. 2.8 the A dependency of the spectra of the components (a) and of
the related ADCs (b) for F. benjamina leaf disks in perpendicular orientation
are presented. A four component fit was found to be optimal (based on
residuals) from 12 ms — 25 ms (first column Fig. 2.8a), three component fit
from 30 ms — 60 ms(second column Fig. 2.8a) and two component fit from
65 ms — 290 ms (third column Fig. 2.8a).
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Figure 2.8: Diffusion time dependency (columns) of diffusion-associated *H NMR
spectra for the different components (rows) (a) and the related ADCs (b) of F.
benjamina leaf disks oriented perpendicular to Bo.

Striking changes in amplitudes were observed with increasing A’s up to
around 40 ms. We summarize the changes in the amplitudes for three
resonances: 7, 4.7 and 2 ppm, respectively, component 1: +10, +63, -4;
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component 2: -10, -53, +6; component 3: -4, -16, -6. These changes in the
amplitudes cannot be explained by relaxation effects alone, and suggest
exchange between the components 1, 2 and 3. Moreover, the decrease in
the amplitude of the two peaks of component 3 showed different A
dependency although they have the same ADC, which might indicate that
the spectrum of component 3 does present different proton pools with
different T1 and/or different exchange behaviour. The behaviour of the ADCs
as a function of A is presented in Fig. 2.8b. Based on this figure we
conclude that component 2 and 3 merge to a single one and later that
component merges with component 4. Although component 1 takes part of
the intensity of components 2 and 3 the ADC behaviour is hardly affected,
most probably because the increase in amplitude is relatively small
compared to its original amplitude.

To test if there was exchange between the components, a saturation
transfer experiment on F. benjamina leaves was performed?!. From the plot
of saturation intensity vs. recovery time, a rise of the downfield peak was
observed because of saturation transfer from the upfield peak (data not
shown), which clearly indicated exchange between upfield and downfield
signal. The downfield peak rose until a recovery time of 100 ms, about 1.5
times larger than observed in Liriodendron tulipifera (tulip tree) leaves?t. The
maximum was observed around 30-50 ms.

Low field (0.7 T) T2 experiments were performed on F. benjamina leaves to
investigate whether the chloroplast water signal can be observed
separately. Multi-exponential signal decay was observed. Analysis by
SpIMod resulted in four components and also CONTIN analysis showed a
T, distribution with four peaks (Fig. 2.9a). The observed T2 distributions for
F. benjamina are comparable to those observed in Brassica napus leaves?0.
To measure T2 values of the diffusion associated spectra (DANS), Te-
weighted spectra were measured for F. benjamina leaf disks at 7 T. The
two-dimensional data set (spectra as a function of echo time) was fitted by a
discrete number of components to obtain Tz-associated NMR spectra (Fig.
2.9b). A four-component fit was found to be optimal (based on the
residuals). The two shorter T, values (5 and 31 ms) are similar to the low-
field results and the two longer T2 values (88 and 260 ms) are shorter than
the ones from low field (190 and 750 ms). Different leaves have been used.
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Figure 2.9: T2 distribution of F. benjamina leaf disks, measured at field strength of
0.7 T (a) and T. associated 'H NMR spectra of perpendicularly oriented F.
benjamina leaf disks, measured at field strength of 7 T. The corresponding T2 values
of the spectra are presented in the legend (b).

2.4 Discussion

Diffusion NMR helps to focus on specific signals of interest by spectral
editing. This was achieved by choosing proper diffusion attenuation
windows. In the Chlamydomonas reinhardtii algae suspensions, we used a
diffusion filter to suppress the water signal of the medium (component 1).
This way, the less abundant slow(er) diffusing components for instance
algal water (component 2) can be resolved. A third signal was observed in
both 0.7 T DRCOSY (ADC=2x10% m? s~ and T>=80 ms for A=20 ms, Fig.
2.2) and 7 T DOSY experiments (ADC=3x10-1° m2 s~ for A=30 ms and had
a resonance at 3.6 ppm, Fig. 2.4a) but not in 11 T DOSY experiments (Fig.
2.3a) because of different levels of attenuation. The parameters were
optimized for detecting chloroplast water signal. In general the choice of the
attenuation parameter settings (gradient range, A and the number of
gradient steps) in combination with the differences in ADCs, volume
fractions of the components and size of the compartments, will influence the
results and will determine which and how much components can be
discriminated. So, they have to be selected with care. One should also be
aware that non-water components with large molecular weight will have a
smaller ADC, even if present in the medium and without any restricted
diffusion behaviour. That explains why the signal of the medium water was
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already suppressed and still we could observe the 3.6 ppm signal from the
TRIS buffer (third component in Fig. 2.2).

Intact leaves

For A. platanoides leaf disks oriented perpendicular to Bo, four components
were observed at all diffusion times (Fig. 2.7). This leaf consists of upper
and lower epidermis cells, palisade mesophyll cells and spongy mesophyll
cells all containing chloroplasts. Table 1 shows summary of the water
fractions, calculated Do’s and estimated sizes of all the compartments for
both leaf disks in both orientations. Actual water fractions depend on history
of the plant such as well watered or water stressed and position of the leaf
on the plant. The size of the compartment to which this component 1
belongs, as estimated from restricted diffusion behaviour, was ~15 pm.
Therefore, we assigned component 1 to vacuolar water of palisade cells,
since in this orientation the palisade cells were oriented with their longest
axis (which is about 20-25 um)?*in the gradient direction. Possibly, a small
part of the spongy cells contribute to this component as well, because
spongy cells are curved-cylindrical and oriented in different directions.

The size of the compartment associated with component 2 as estimated
from its restricted diffusion behaviour was ~9um. This is the dimension we
expect for spongy cells and epidermal cells (in the direction perpendicular to
the leaf surface)?4. Therefore, component 2 was assigned to vacuole water
of spongy cells plus epidermal cell water. Size estimated from hindered
diffusion behaviour of component 3 was 3.6um. Its fraction was 12 % (actual
fraction can be larger if T» weighting was reduced) at A=12ms. This
dimension is of the order of the chloroplast compartment size. Also, the Do
of the component is in the order of the Do of chloroplast water detected in C.
reinhardtii. Therefore, component 3 was assigned to chloroplast water.

The Do of component 4 was 5.3 x 1012 m?/s and diffusion time dependency
of this component showed hindered behaviour. This diffusion coefficient is in
the order of that of lipids in membranes?>. The spectrum of this component
was independent of the orientation of the leaf disks with respect to the main
magnetic field. Galactolipids are the main structural components of
chloroplast envelope membranes and thylakoid membranes, and the
predominant lipids in this class are monogalactosyl-diacylglycerol (MGDG)
and digalactosyl-diacylglycerol (DGDG), which have resonances at 4.0 ppm,
4.2 ppm, 4.4 ppm, 4.6 ppm and 4.8 ppm?%27, Lipid terminal methyl groups
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Table 1: Summary of the water fractions, calculated Do's and estimated
sizes of all the compartments for both leaf disks in both orientations.

Type of leaf disks | Component Perpendicular Parallel
orientation orientation
1 Vacuoles of Subepidermal cells
palisade and
subepidermal cells (19.3 um, 20 %)
(21 pm, 59 %)
Do=2.3%x10"9 m?/s
Do=2.1x10-° m?/s
F. benjamina
2 Vacuoles of spongy Vacuoles of
cells and epidermal palisade, spongy
cells and epidermal cells
(8.7 um, 30 %) (9 um, 66 %)
Do=1.1x10° m?/s Do=1.4%x10-° m?/s
3 Chloroplast Chloroplast
(3.8 um, 11 %) (4 um, 14 %)
D0=2.2%x10719 m?/s
Do=2.2%x101° m?/s
1 Vacuoles of Epidermal and (part
palisade and (part of the) vacuoles of
of the) spongy cells spongy cells
A. platanoides (15 pm, 54 %) (18.6 um, 60.5 %)
Do=1.1x10-° m?/s Do=1.8x10"9 m?/s
2 Vacuoles of (part of Vacuoles of
the) spongy and palisade and (part
epidermal cells (9 | of the) spongy cells
pum, 34 %) (121 pm, 25 %)
Do=5.1x101 m?/s | Do=8.8x10-10 m?/s
3 Chloroplast Chloroplast

(3.6 um, 12 %)

Do=0.8x1010 m?/s

(5 um, 14.5 %)

Do=1.7x10"10 m?/s
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and choline groups have resonances at 0.8 ppm and 1.3 ppm. So,
component 4 most probably originates from membrane lipids. Better
resolved resonances of membrane lipids have been observed in C.
reinhardtii suspensions under conditions of heavy diffusion filtering (chapter
4).

For F. benjamina leaf disks oriented perpendicular to Bo, the number of
components decreased with increasing diffusion times (Fig. 2.8) because of
exchange between the components 1, 2 and 3. Component 1 was present
for diffusion times from 12 ms to 290 ms. The size estimated from restricted
diffusion behaviour was around 21um with 60 % of the intensity at shortest
diffusion time. The spectrum of this component was similar to the spectrum
of T2-component 1 in Fig. 2.9b (T2 = 260 ms). F. benjamina leaves have
bigger epidermal cells as compared to A. platanoides leaves and in addition
to the epidermal cells F. benjamina leaves also have quite large
subepidermal cells242829  |ocated in between the upper epidermis and the
palisade cells. In F. benjamina leaf epidermal cells are approximately 10-
20um and subepidermal cells 20-50um large, the length of the palisade cells
in the direction perpendicular to the leaf surface (which was the gradient
direction for diffusion measurements) is in the same order. Therefore,
component 1 was assigned to vacuole water of palisade cells and also to
subepidermal cell water.

The size estimated from hindered diffusion behaviour of component 2 was
around 8.7um. The spectrum of this component was similar to the T2
spectrum of component 2 in Fig. 2.9b (T2 = 88 ms). The total fraction of
components 1 and 2 together was about 63 % for the T. measurements.
Therefore, component 2 was assigned to vacuole water of spongy cells and
also to epidermal cell water. These two longest T2 values (88 ms and 260
ms) obtained from high-field measurements were shorter than those (190
ms and 750 ms) obtained from low-field measurements. These differences
between high and low field T, values can originate from the contribution of
chemical exchange between protons with different resonant frequencies and
from susceptibility effects due to the presence of chloroplasts, resulting in
shifted resonances which create local magnetic field gradient (which are
stronger at higher field strengths) and diffusion through these local field
gradients contribute to shorten T». In addition, T2 of vacuolar water depends
on leaf development (age) and senescencel®.

The size estimated from hindered diffusion behaviour of component 3 was
around 3.8um. This size is in the order of the chloroplast compartment size.
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T2 of the component was around 31 ms (component 3 from T2
measurements). This T2 value is in agreement with the T2 value reported for
chloroplast water in Brassica napus L. leaves (Musse et al., 2013)1°. These
T, and Do values are also in good agreement to those observed for
chloroplast water in C. reinhardtii. Therefore, the component was assigned
to chloroplast water.

In Fig. 2.8a, total amplitude decreased by an amount 3 % from A 12 ms to
25 ms most probably due to (Ti) relaxation. At the same time striking
changes in amplitudes were observed for the individual components.
Component 1: +10, +63, -4; component 2: -10, -53, +6; component 3: -4, -
16, -6 (at 7, 4.7 and 2 ppm, respectively). This indicates exchange among
various compartments. The saturation transfer experiment confirmed this
view, but form the diffusion associated spectra we observed by far more
details. The effect of exchange is always an increase in amplitude of the
component with the longest relaxation time (and highest diffusion
coefficient)°. Chloroplasts in palisade and spongy cells (component 3) can
exchange water with vacuoles in palisade (part of component 1) and spongy
cells (component 2), respectively, explaining the fast decrease in amplitude
of component 3 and the increase in component 1. Although part of
component 3 (chloroplast water) will go to component 2 (spongy cells),
exchange between subepidermal cells (part of component 1) and epidermal
cells (part of component 2) results in a net decrease of component 2.

This assignment is further supported by comparing the results of the
measurements in different orientations of the leaves. These results are
summarized in Table 1. Subepidermal cells (part of component 1) are about
spherical and therefore the dimension based on restricted diffusion
measurements will be independent of the orientation. Palisade cells have
cylindrical shapes and are oriented perpendicular to the leaf surface,
making diffusion to be dependent on orientation with respect to the gradient
direction. When the diffusion was measured parallel to F. benjamina leaf
surface component 1 had only about 20 % of the intensity whereas
component 2 had about 66 % and component 3 had about 14 % at A 12 ms.
Estimated sizes of the compartments in this orientation were 19.3um for
component 1, 9um for component 2 and 4um for component 3. In this
orientation only the sub-epidermal cells have a large dimension, and the
palisade cells have a comparable size as the spongy cells. Thus component
1 now originates only from subepidermal cells, component 2 had
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contributions from vacuoles of both palisade and spongy cells and also from
epidermal cells and component 3 represents chloroplast water.

When the diffusion was measured parallel to A. platanoides leaf surface
intensities amounted as follows: 60.5 % for component 1, 25 % for
component 2 and 14.5 % for component 3. The intensities of individual
components did not change substantially for A. platanoides leaf disks in
contrast to F. Benjamina leaf disks because of different anatomy. A.
platanoides leaves do not have subepidermal cells. Moreover epidermal
cells of A. platanoides leaves are not spherical and they are quite long in the
parallel direction. Thus, epidermal cells contribute to component 1 in parallel
orientation (=18.6um) and to component 2 in perpendicular orientation
(9um). Also, spongy cells can contribute with the long dimension to
components 1 and 2 in both orientations as they are not spherical, but
curved cylindrical in different directions. The palisade cells will contribute to
component 1 in perpendicular orientation and to component 2 in the parallel
orientation. In all orientations component 3 is about constant and the
observed dimension are in agreement with the expected chloroplast
dimension.

The Do of component 4 was 6.7x102 m2/s and the component showed
restricted diffusion. T2 of the component was around 5 ms. T2 of membrane
lipids is indeed in the order of 5 ms3%.32,

2.5 Conclusions

Suspensions of isolated chloroplasts showed fast exchange, most probably
introduced by the isolation procedure, between chloroplast water and the
medium water. In contrast, in suspensions with intact C. reinhardtii three
water pools could be resolved: water in the medium, water inside the algae
and water inside the chloroplasts. The size of the algae and their
chloroplasts could be estimated from restricted diffusion of the algal water
and the chloroplast water.

In leaves of F. benjamina and A. platanoides that show orientation
dependent NMR spectra, detection of chloroplast water on the basis of
shifted resonances as suggested by McCain et al® is problematic. In addition
to chloroplast water, water in other compartments like vacuoles of palisade
and spongy cells contain resonances shifted from the standard 4.7 ppm
water resonance. In addition, chloroplast water contains a contribution at 4.7
ppm in both F. benjamina and A. platanoides leaves.
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However, on the basis of diffusion behaviour, in combination with
spectroscopic or relaxation time information, different cell water
compartments can be discriminated and identified. Chloroplast water was
observed to have a T2 of about 30 ms (high field measurements) and
around 20-40 ms from TD NMR measurements at low field and a Do in the
order of 2.2x10-1° m?/s. The observed T2 value is in agreement with the one
reported by Musse et al'®. Based on these T» and ADC values we can
discriminate chloroplast water even if the spectrum does not contain a
shifted peak with respect to the normal water resonance. So, discrimination
of chloroplast water based on T2 is possible, although exchange can affect
the apparentT. values. Exchange effects can be minimised by applying
diffusion measurements with short diffusion times. We conclude that
combined (two-dimensional) D-T: (DRCOSY) measurement is the best
approach to discriminate chloroplast water pool from others. In this way we
can potentially study chloroplast water in intact leaves using (low field)
(unilateral) TD NMR. It is also possible to study effects of environmental
factors such as water or light on chloroplasts using T2 and restricted
diffusion of chloroplast water.

In leaves, membrane lipids were observed in addition to chloroplast water.
To the best of our knowledge, no other lipid diffusion measurements in
intact leaf systems have been reported. T2 of the membrane lipids is on the
order of 5 ms, their apparent diffusion coefficient is 2.7x1012 m?/s at A=12
ms and 5x1012 m?/s at A=290 ms. Hindered diffusion of the lipids was also
observed. It would be possible to probe changes in membrane dynamics
under changing environmental conditions using the hindered diffusion of
membrane lipids.

Supporting information

Supporting information is included below: S2.1. Residual plot (1-component
fit (black) and 2-component fit (red)), of DANS (11 T *H DOSY experiment),
of a C. reinhardtii suspension at A = 20 ms. S2.2. Residual plot (2 (black), 3
(red), 4 (blue) and 5 (magenta) component fits), of C. reinhardtii (7 T) after
suppression of the largest fractions of mobile water (water in the medium
and part of the water inside the algae) by diffusion editing (first gradient step
0.7 T/m): 8=2 ms, A=30 ms and g: 0.7-5.2 T/m. S2.3. Residual plots (3
(black), 4 (red) and 5 (blue) component fits) of DANS (for various diffusion
observation times) of A. platanoides leaf disks oriented perpendicular to Bo.
S2.4. Residual plots (labels of each subplot show the number of
components) of DANS (for various diffusion observation times) of F.
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benjamina leaf disks oriented perpendicular to Bo. It is clear from the plots
that number of components decrease with increasing diffusion observation
time. S2.5. Residual plot (3 (black), 4 (red) and 5 (blue) component fits) of T2
associated 'H NMR spectra of perpendicularly oriented F. benjamina leaf
disks, measured at field strength of 7 T.
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Figure S2.1: Residual plot (1-component fit (black) and 2-component fit (red)), of
DANS (11 T H DOSY experiment), of a C. reinhardtii suspension at A = 20 ms,
clearly indicates that 2-component fit is better.
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Figure S2.2: Residual plot (2 (black), 3 (red), 4 (blue) and 5 (magenta) component
fits), of C. reinhardtii (7 T) after suppression of the largest fractions of mobile water
(water in the medium and part of the water inside the algae) by diffusion editing (first
gradient step 0.7 T/m): 6=2 ms, A=30 ms and g: 0.7-5.2 T/m. In addition to the water
signals (algal and chloroplast) lipid bodies and membrane lipids were also observed
here.
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Figure S2.3: Residual plots (3 (black), 4 (red) and 5 (blue) component fits) of DANS
(for various diffusion observation times) of A. platanoides leaf disks oriented
perpendicular to Bo. It is clear from the plots that 4-component fit is better for all the
observed diffusion times.
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Figure S2.4: Residual plots (labels of each subplot show the number of
components) of DANS (for various diffusion observation times) of F. benjamina leaf
disks oriented perpendicular to Bo. It is clear from the plots that number of
components decrease with increasing diffusion observation time.
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Figure S2.5: Residual plot (3 (black), 4 (red) and 5 (blue) component fits) of T2

associated 'H NMR spectra of perpendicularly oriented F. benjamina leaf disks,
measured at field strength of 7 T. It is clear from the plot that 4-component fit is
better.
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3

The effect of dehydration on leaf cellular
compartments in relation to the water buffering
role of subepidermal cells studied by *H DOSY

Abstract

We studied the effects of dehydration (from moderate to severe) on the
distribution of water in different cellular compartments in leaf disks of F.
benjamina and A. platanoides using 'H DOSY NMR. These leaves differ
with respect to subepidermal cells which are present only in F. benjamina.
Such cells may act as a water storage, buffer pool during drought. We
clearly showed the effect of this storage pool on the dehydration behaviour
of the other tissues in the leaves and cell compartments therein. This pool
prevented the fast loss of water from the chloroplasts.

PSIl efficiency was measured by PAM and correlated to the changes in
chloroplast water volume observed in both leaves. In case of moderate
dehydration the PSII efficiency of the A. platanoides leaf disks was very
comparable to that of F. benjamina leaf disks, although the amount of water
in the chloroplasts relative to the amount of chloroplast water in the fresh
leaf disks of F. benjamina and A. platanoides was quite different. In case of
severe dehydration, although both leaf disks lost same amount of their initial
water, their PS Il efficiencies were quite different because of the difference
in the amount of water in chloroplasts relative to fresh leaf disks. This
indicates a (non-linear) correlation between PSII efficiency and chloroplast
water content.
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3.1 Introduction

Drought impacts on plants include growth, yield, membrane permeability
and integrity, pigment content, osmotic adjustment, water potential and
water pools and photosynthetic activity23. Schapendonk et al. studied
water stress on photosynthesis in five potato cultivars using chlorophyll
fluorescence and gas exchange measurements*. They concluded that water
stress reduced photosynthesis, initially as a consequence of stomatal
closure, but after 3 days increasingly by inhibiting directly the photosynthetic
capacity (mesophyll limitation). Stomatal closure correlated with the
reduction in photosynthesis, but it was not the sole cause of this reduction
because the internal CO2 concentration in the leaves was not affected by
the water stress*. Under conditions of drought, reduction in chloroplast
volume might also lead to desiccation within the chloroplast, which in turn
leads to conformational changes in rubisco®. Drought stress conditions are
also known to acidify the chloroplast stroma, resulting in inhibited rubisco
activity>®. It has also been shown that at higher water deficits chlorophyll
content decreased by a significant level in Helianthus annuus®? and in
Vaccinium myrtillus8. The foliar photosynthetic rate of higher plants is
known to decrease as the relative water content and leaf water potential
decreases!?. Although photosynthetic rates were observed to decrease with
leaf water content, changes in photosynthetic rates with chloroplast water
content were not studied in intact leaf systems. The reason is that non-
invasive methods that allow us to discriminate water in the different leaf
tissues are hardly available. Recently we have demonstrated that 'H NMR
Diffusion Ordered SpectroscopY (DOSY) and Diffusion Relaxation
Correlation Spectroscopy (DRCOSY) methods allow us to discriminate
between different water and proton pools in Ficus benjamina and Acer
platanoides leaves on the basis of their (restricted) diffusion behaviour
(Chapter 2). These leaves clearly differ with respect to large subepidermal
cells, which are present only in F. benjamina. In fresh leaf disks of A.
platanoides, with their surface oriented perpendicular to the main magnetic
field, we were able to discriminate the following water and lipid pools:
vacuolar water of palisade cells plus large spongy cells (component 1),
vacuolar water of small spongy cells plus epidermal cells(component 2),
chloroplast water (component 3) and membrane lipids (component 4) and
for fresh leaf disks of F. benjamina, in addition to the abovementioned 'H
pools subepidermal cellular water was also observed (cf. Tables 1 and 2).

Here we use the previously developed 'TH NMR DOSY-DANS approach to
study the two different types of leaves F. benjamina and A. platanoides
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during dehydration. The main focus is to study the effect of dehydration on
the (re)distribution of water in the different water pools in those two types of
leaf disks and also to answer the question if the subepidermal cells in F.
benjamina act as a water storage/buffer pool during dehydration, to protect
other compartments like the chloroplasts. Fresh leaves of well-watered
plants (100% amount of water relative to fresh (AWRF)), leaves with a 20—
50% AWRF (moderate dehydration) and leaves with 5-15% AWRF (severe
dehydration) are compared. In this way we reveal the effect of subepidermal
cells in F. benjamina on the water volume of chloroplasts, and the
correlation with PSII efficiency upon dehydration.

3.2 Materials and Methods
3.2.1 Leaf disks

Leaf disks were obtained from F. benjamina and A. platanoides. Randomly-
picked leaves were used for NMR measurements. Midribs were discarded,
remaining tissue was cut into circular disks. The surface of leaf disks was
kept perpendicular to the magnetic field Bo in a standard NMR (shigemi)
tube. The resonance of pure water in an identical tube was used as a
reference (4.7 ppm). In order to study dehydration the same leaf disks were
kept aside in the lab after the NMR measurements of the fresh leaf disks.
Depending on the initial water content of the fresh leaves (which can differ
due to different water gift history and position on the plant) the dehydration
time to reach moderate hydration and severe hydration differed. For leaves
of very well-watered plants it took 80 hours to reach moderate dehydration
and an additional 20 hours to reach severe dehydration (cf. Fig. 3.1b).These
periods can be much shorter for leaves of drought stressed plants.

3.2.2 Chlorophyll Fluorescence

Fluorescence measurements were performed with a PAM 101 chlorophyll
fluorometer (Heinz Walz GmbH, Effeltrich, Germany) using a fibre optic
system as described by Schreiber (1986). Saturating pulses (800 ms) of
white light (4000 umol m=2 s=') were provided by a KL 1500 light source
(Schott, Wiesbaden, Germany). PSII efficiency (Fv/Fm) was measured using
measuring beam intensity of (0.005 pumol m=2 s~') and saturation pulse.

3.2.3 DOSY and Diffusion Associated NMR Spectra

Special NMR (Shigemi) tube was used for all experiments in order to
minimise susceptibility differences coming from interface between liquid

47



sample and air. All tH NMR diffusometry experiments were performed at 7 T
(300 MHz 'H Larmor frequency) using a Bruker Avance Il spectrometer
equipped with a Bruker diff25 diffusion probehead (Bruker, Germanyy), which
delivers maximum field gradient strengths of 10 T m-1,

All DOSY experiments were carried out using a 13-interval PFG stimulated
echo NMR experiment in combination with bipolar sine-bell shaped
gradients. The stimulated echo amplitude attenuation as a function of the
experimental parameters can be described by the Stejskal-Tanner

~(y69)*(8-5/3)p;

equation?® Iiz Yide where IL is the echo attenuation,ithe
0

0
number of the components in the system, A; the amplitude of the NMR

signal of componenti,y the gyromagnetic ratio for *H (rad T-* s), § the
effective gradient pulse duration (s), g the gradient strength (T m), and A
the effective diffusion time (s), and D the diffusion coefficient (m2 s1).

Stimulated echo was used because it allows the detection of shorter T-
components at longer diffusion observation times?. Bipolar gradients were
used to compensate for internal field gradients, which are present at high
field strengths in inhomogeneous samples. The effective gradient pulse
duration § was set to 2 ms. The effective diffusion time A was varied
between 12 and 300 ms. Gradient intensity was varied between 0.05 and
8.5 T m~1.The attenuation of NMR spectra as a function of gradient intensity
was analysed by fitting 1 to 4 exponential decays to the spectra using
SpIMod (Provencher, 1982)12, which was set to perform a coupled
exponential fit of the spectral data points. This resulted in 1 to 4 diffusion-
associated NMR spectra (DANS). The procedure is similar to the DECRA
curve resolution method described elsewhere, but SplMod is preferred
because it can handle both linear and logarithmic sampling of the gradient
axis?0,

Analysis of restricted diffusion behaviour

The time dependent diffusion coefficient D(A) was analysed using the
equation??
D) S 4

1——=———./DyA
Dy Voyz ¥’

where D, is the unrestricted diffusion coefficient, 5 the surface-to-volume
ratio of the compartment and A the diffusion observation time.
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Size estimation of the compartments:

Dimensions of the compartments were estimated using the above equation.
First, Dowas calculated by extrapolating a plot of D(A) vs. VA linearly to A=0
3/2

ms. The intercept equals Do. The slope of the line equals —sﬁﬁDo . As we

know Dofrom the extrapolation, the surface-to-volume ratio follows from

3

S = WEDO_Exslope. Assuming that the shape of the compartment is

v 4
spherical, the size (diameter) d of the compartmentis d = %

3.3 Results
DOSY experiments F. benjamina

IH NMR spectra of F. benjamina leaf disks of different levels of dehydration
are shown in Fig. 3.1a and the corresponding total amplitudes of the spectra
as a function of dehydration time in Fig. 3.1b . Clearly, the signal at higher
ppm was more sensitive to the dehydration than at lower ppm.

a) b)
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Figure 3.1: Effect of dehydration on *H NMR spectra of F. benjamina leaf disks
oriented perpendicular to Bo (a) and corresponding integrals of the spectra as a
function of time (b).

In order to determine the effect of the dehydration on individual
components/compartments a DOSY-DANS approach was applied (cf.
Chapter 2) and the Apparent Diffusion Coefficient (ADC) was measured for
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diffusion observation timesA from 12 — 300 ms. Results of the fresh leaves
(100% AWRF) were similar to the ones mentioned in Chapter 2. In Fig. 3.2
the A dependency of the spectra and in Fig. 3.3 of the related ADCs of the
four components for F. benjamina leaf disks with moderate dehydration are
presented.
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Figure 3.2: Diffusion time dependency of the spectra of the four components for F.
benjamina leaf disks (oriented perpendicular to Bo) with moderate dehydration.

A four component fit was found to be optimal (based on residuals) from 12
ms — 45 ms and a three component fit from 50 ms — 300 ms (Fig. 3.3). In
fresh leaf disks, a four component fit was found to be the best from 12 ms —
25 ms, a three component fit from 30 ms — 60 ms and a two component fit
from 65 ms — 290 ms (Chapter 2, Fig. 2.8). The differences in the observed
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number of components, as a function of A, were due to the changes in
relative amplitude fractions of the components. At A=12 ms, total amplitude
fractions of the components for fresh leaf disks were 60% for component 1,
30% for component 2 and 11% for component 3 and the fractions changed
as 30% for component 1, 48% for component 2 and 21% for component 3
as a result of moderate dehydration.
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Figure 3.3: Diffusion time dependency of the apparent diffusion coefficients (ADC)
of the four components for F. benjamina leaf disks (oriented perpendicular to Bo)
with moderate dehydration.

The amplitude of component 1 of F. benjamina (Fig. 3.2) increased with
increasing A up to around 45 ms for all resonances. The maximum at 4.7
ppm increased with about 109 arbitrary units and at 7 ppm with about 22.7.
A small increase of about 6.4 could be observed around 2 ppm. The
amplitude of component 2 in the 3 to 10 ppm range decreased, the
maximum at 4.7 ppm with about 127 and at 7 ppm with about 11. In
contrast, the resonance centred around 2 ppm increased with about 16. The
amplitude of component 3 clearly decreased for all resonances, at 7 ppm
13, at 4.7 ppm 47.6 and at 2 ppm 24. These changes in the amplitudes
cannot be explained by relaxation effects only, and suggested exchange as
observed for fresh leaf disks.

The sizes estimated from hindered diffusion behaviours of components 1, 2
and 3 were very comparable to those of components 1, 2 and 3 in fresh leaf
disks (cf. Table 1). The compartments subepidermal cells and vacuoles of
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palisade cells lost 78% of water, epidermal cells and vacuoles of spongy
cells about 28% and chloroplasts about 15%as a result of drying (cf. Table
1).Component 4 had a Do of 3.6x1012 m2/s. The component remained with
same amplitude upon moderate dehydration indicating stability of (thylakoid)
membranes.
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Figure 3.4: Diffusion time dependency of the spectra of the three components for F.
benjamina leaf disks (oriented perpendicular to Bo) with severe dehydration.

In Fig. 3.4 the A dependency of the spectra and in Fig. 3.5 of the related
ADCs of the components for F. benjamina leaf disks with severe
dehydration are presented. Now a three component fit was found to be
optimal (based on the residuals) from 12 ms — 50 ms and a two component
fit from 55 ms — 300 ms. The decrease in the amplitude of the two peaks of
component 1 showed different A dependency although they have the same
ADC, which might indicate that the spectrum of component 1 does present

52



different proton pools with different T, and/or different exchange behaviour.
The amplitude of the total spectrum of component 1 (and 3!) increased
going from A=45 to 55 ms and a small part of component 2 goes to the
component 3 which amplitude increased with A from 45 ms to 55 ms as a
result of going from 3 to 2 component fit. Most of the signal of component 2
goes to component 1.
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Figure 3.5: Diffusion time dependency of the apparent diffusion coefficients (ADC)
of the three components for F. benjamina leaf disks (oriented perpendicular to Bo)
with severe dehydration.

Component 1 had a Do of 7.3x101° m?/s which is substantially lower than
that of component 1 from leaves with moderate dehydration (2.3x10-° m2/s)
and the estimated size from its hindered diffusion behaviour was about
8+2um. Component 2 had a Do of 1.1x101° m?/sand estimated size from its
hindered diffusion behaviour was about 3+1pum. Thus, component 1 from
leaves with severe dehydration contains components 1 and 2 of fresh leaf
disks and of leaf disks with moderate dehydration. The compartments
epidermal cells, subepidermal cells and vacuoles of both palisade cells and
spongy cells remained only with 2.5% of their initial water due to severe
dehydration (cf. Table 1). Component 2 from severely drought stressed
leaves was the same as component 3 of fresh and moderate dehydrated
leaf disks. Chloroplasts still had 33% of its initial water.
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In Table 1 the absolute total amplitudes, Do’'s and dimensions of the three
components are summarized.

Table 1: Total amplitudes of the components at A=12 ms, D¢’'s and
estimated sizes of the components with different levels of dehydration for F.

benjamina leaf disks oriented perpendicular to Bo

Component Fresh (100% Moderate Severe
AWRF) dehydration dehydration
(44% AWRF) (6% AWRF)
1 Vacuoles of Vacuoles of
palisade cells + palisade cells
subepidermal d: 20 £ 6 pm,
cells Total amplitude: Vacuoles of
d: 21 £ 10 pm, 276 palisade cells and
Total amplitude: AWRF: 22% spongy cells +
1240 Do=2.3 x10° m?/s epidermal and
AWRF:100% subepidermal
Do=2.1x10"° m%/s cells
2 Vacuoles of Vacuoles of d: 8+ 2 pum,
spongy cells + palisade cells and Total amplitude:
epidermal cells d: spongy cells + 47
9+ 2pum, epidermal and AWRF: 2.5%
Total amplitude: subepidermal Do=7.3x101 m?/s
610 AWRF: 100% cells
Do=1.1x10° m?/s d: 12 £ 5 um,
Total amplitude:
440
AWRF: 72%
Do=1.1x10"° m%/s
3 Chloroplast Chloroplast Chloroplast
d:4+1pm, d:5+1pm, d:3+1 pm,
Total amplitude: Total amplitude: Total amplitude:
230 195 76
AWRF: 100% AWRF: 85% AWRF: 33%
D0=2.2x10°m?/s | Do=1.9%x10° m?/s | Do=1.1x10"1" m?/s

In Fig. 3.6 the effect of the dehydration on the diffusion behaviour of the
components is presented. Due to moderate dehydration ADCs of water
molecules in both vacuoles of palisade cells and subepidermal cells slowed
down by about a factor of 1.3 at short diffusion times and remained same at
longer diffusion times. The slow dynamics could be due to cell’'s shrinkage
resulting from dehydration. The comparable calculated Dy's and ADCs at
longer diffusion times indicate that the membrane permeability of the
compartments remained comparable with moderate dehydration (Sibgatullin
et al., 2010)*4. Due to moderate and severe dehydration water molecules in
both vacuoles of spongy cells and epidermal cells and also in chloroplasts
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experienced more severe restricted diffusion indicating the shrinkage of the
compartments.
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Figure 3.6: Effect of dehydration on diffusion behaviour of the components for F.
benjamina leaf disks oriented perpendicular to Bo. Component 1 (a), 2 (b), 3 (c) and
4 (d) are shown.

DOSY experiments A. platanoides

In order to study dehydration effects also in leaf disks of A. platanoides
DOSY experiments were performed for diffusion observation times from 12—
300 ms on the leaf disks with no dehydration, moderate dehydration and
severe dehydration. The results of the fresh leaves were similar to the ones
mentioned in chapter 2. In contrast to F. benjamina leaf disks, the four
components were observed at all levels of dehydration and for all diffusion
observation times from 12-300 ms. In Fig. 3.7 the effect of the dehydration
on the DANS of the four components for A=12 ms is presented. The
amplitude of component 4 was not constant with dehydration, perhaps
because of deterioration of thylakoid membranes (will be discussed in the
following section). In Table 2 the changes in total amplitudes and
dimensions of the three components 1, 2 and 3 as a result of drying out are
summarized.
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Figure 3.7: Effect of dehydration on the DANS of the four components from A.
platanoides leaf disks oriented perpendicular to Bo for A=12 ms: black spectra
correspond to fresh, red to moderate dehydration and blue to extremely severe
dehydration.

The spectral shapes of each of the four components at the different A
values were very stable (data not shown), not only for fresh leaf disks but
also for moderately and severely dehydrated disks; only amplitudes
decreased with increasing A.

In Fig. 3.8 the effect of the dehydration on the diffusion behaviour of the
components is presented. In the case of moderate and severe dehydration
ADC of water molecules in vacuoles of palisade cells slowed down by about
a factor of 2, in vacuoles of spongy cells by about a factor of 3 and in
chloroplasts by about a factor of 2.5 at short diffusion times. Component 4
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Table 2: Total amplitudes of the components at A=12 ms with different
levels of dehydration for A. platanoides leaf disks oriented perpendicular to

Bo
Component | Fresh (100% Moderate Severe
AWRF) dehydration dehydration
(22% AWRF) (7.5% AWRF)
1 Vacuoles of Vacuoles of Vacuoles of
palisade cells | palisade cells and | palisade cells and
and spongy spongy cells spongy cells
cells d: 13+ 1.9 um, d: 12 + 2 ym,
d: 15+ 1 um, Total amplitude: Total amplitude:
Total amplitude: 78 37
550 AWRF: 14% AWRF: 7%
AWRF: 100%
2 Vacuoles of Vacuoles of Vacuoles of

spongy cells +
epidermal cells

spongy cells +
epidermal cells

spongy cells +
epidermal cells

d:9+1.2 um, d: 6.7 £3.2 um, d:9.3£2.2 um,
Total amplitude: | Total amplitude: Total amplitude:
310 89 25
AWRF: 100% AWRF: 29% AWREF: 8%
3 Chloroplast Chloroplast Chloroplast
d:3.6+£0.2um, | d:3.7+2.5pum, d:2.8+1.3um,
Total amplitude: | Total amplitude: Total amplitude:
110 37 8.1
AWRF: 100% AWRF: 34% AWRF: 7%

slowed down as a function of dehydration perhaps due to deterioration of
thylakoid membranes. The data presented in Figs. 3.7 and 3.8 are from two
measurements on different leaves with different dehydration levels. Severe
dehydration in Fig. 3.8 was extremely severe thus under extremely severe
dehydrated conditions the comp 4 had very low ADCs and we could also
see scattering of ADCs with big delta.

PAM fluorometry

PSII efficiency was measured for leaf disks of both F. benjamina and A.
platanoides with different levels of dehydration using PAM fluorometry. The
results are presented in Table 3. PSII efficiency was also measured for fresh
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leaf at one particular position and then for the same leaf area after cutting.
The measured PSII efficiencies were very similar (about 83%) indicating that

the cutting had no effect.
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Figure 3.8: Effect of dehydration on the ADCs
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as a function of diffusion labelling

time of the four components 1 (a), 2 (b), 3 (c), and 4 (d) from A. platanoides leaf

disks oriented perpendicular to Bo.

Table 3: PSII efficiencies of leaf disks of both F. benjamina and A.
platanoides with different levels of dehydration

Without Moderate Extremely
dehydration | dehydration severe
dehydration
F. benjamina 0.78 0.50 0.23
A. platanoides 0.79 0.51 0.07
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3.4 Discussion

F. benjamina and A. platanoides leaves have different structures especially
with respect to subepidermal cells. F. benjamina leaf has quite big
subepidermal cells which are about spherical with a diameter of 20-30 um?15,
Here we confirm from our NMR measurements that these subepidermal
cells serve as water storage pools and help the plant to survive under
drought conditions. Component 1 from F. benjamina leaf originated from
both palisade cells and subepidermal cells. Upon moderate dehydration the
component lost about 78% water mainly from subepidermal cells. As a
result subepidermal cells got shrunken and, due to the smaller dimension,
will become part of component 2. Although the dehydration levels are
different at moderate dehydration state for F. benjamina leaf disks (AWRFieat
is 44% and AWRFchoroplast about 85%) and A. platanoides leaf disks
(AWRFiear is 21% and AW RFchioroplast is only about 34%) the PSII efficiency of
the A. platanoides leaf disks was very comparable to that of F. benjamina
leaf disks. In case of severe dehydration, both leaves had lost about 93% of
initial water, but the differences in their PSII efficiencies were quite obvious:
23% in F. benjamina and only 7% in A. platanoides. That may relate to the
differences in AWRFchioroplast: 33% for F. benjamina and only 7% for A.
platanoides. Thus, we observed a correlation between PSII efficiency and
chloroplast water content though it is not linear and different for both leaves.
To a critical value of 20% of chloroplast water content, PSII efficiency was
high enough and below that level PSII efficiency declined gradually.
Saccardy et al. observed for Zea mays leaves that the efficiency of PSII
remained unchanged within the range of 100 to 60% Relative Water
Content (RWC) and then declined as RWC declined'®. Because of
subepidermal cells, chloroplasts in F. benjamina did not lose much water
even in case of severe dehydration that resulted in higher PSII efficiency.
However, high PSII efficiency does not mean high photosynthetic rates.
Thus in order to study the relation between chloroplast volume and
photosynthetic activity under complete in vivo conditions our NMR
measurements should be combined with other methods such as gas
exchange measurements.

In addition to the changes observed in the water signals we also observed
substantial changes in amplitude behaviour of component 4 (assumed to
represent membrane lipids) as a function of dehydration for the two different
leaf disks. For F. benjamina the amplitude of component 4 was not very
sensitive to dehydration (Figs. 3.2 and 3.4), but for A. platanoides the
amplitude decreased substantially (Fig. 3.7) probably due to deterioration of
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thylakoid membranes. As mentioned above, chloroplasts in leaf disks of F.
benjamina did not lose much water even in case of severe dehydration that
might have protected thylakoid membranes from deterioration. As the A.
platanoides leaves do not have subepidermal cells, chloroplasts were
sensitive to the dehydration and thus loss of chloroplast water might have
resulted in deterioration of thylakoid membranes. Because of deterioration
of thylakoid membranes membrane lipids could be more mobile and
appeared in component 3 particularly in case of severe dehydration. Other
components of deteriorated thylakoid membrane, such as proteins, for
instance, with more mobility could have appeared in component 4. For A.
platanoides leaf disks, ADCs of the membrane lipids slowed about a factor
of 3 at short diffusion times and remained same at long diffusion times in
case of the moderate dehydration and in the case of extremely severe
dehydration ADCs of component 4 slowed about a factor of 10 at short
diffusion times and about a factor of 17 at long diffusion times. The slower
diffusion of component 4 supports the speculation ‘deterioration of thylakoid
membrane’ caused by extremely severe dehydration. For F. Benjamina leaf
disks, ADCs of the membrane lipids slowed about a factor of 1.5 at all
diffusion observation times, which might indicate changes in membrane
lipid/protein interactions and/or membrane reorganization as a result of
dehydration.

3.5 Conclusion

The *H NMR DOSY-DANS method allows us to study the behaviour of the
different cellular water pools within leaves as a function of water content
(induced by drying down). The combination of NMR and PAM
measurements indicated a nonlinear correlation between chloroplast water
volume and PSII efficiency. In case of moderate dehydration, although the
dehydration levels are different for F. benjamina leaf disks and A.
platanoides leaf disks the PSII efficiency of the A. platanoides leaf disks was
very comparable to that of F. benjamina leaf disks.

In case of severe dehydration, both leaf disks had lost about 93% of initial
water, but the differences in their PSII efficiencies were quite obvious: 23%
for F. benjamina leaf disks and only 7% for A. platanoides leaf disks. At the
same time differences in their AWRFchoroplast Were observed: 33% for F.
benjamina leaf disks and only 7% for A. platanoides leaf disks. To a critical
value of chloroplast water content, PSIl efficiency was high enough and
below 20% of AWRFchioropiast PSII efficiency declined gradually. Therefore,
we conclude that the subepidermal cells in leaves of F. benjamina clearly
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serve as water storage pools and help plants to survive under dehydrating
conditions by preventing chloroplast water loss. That high chloroplast water
content even in extremely severe dehydrated conditions gave high PSII
efficiency in F. benjamina leaf disks.

The observed changes in ADCs of the (thylakoid) membrane lipids in both
the leaf disks indicate changes in the membrane lipid/protein interactions
and/or membrane reorganization as a result of dehydration.

Supporting information

Supporting information is included below: S3.1. Residual plots (labels of
each subplot show the number of components) of DANS (for various
diffusion observation times) of F. benjamina leaf disks subjected to
moderate dehydration and oriented perpendicular to Bo. S3.2. Residual plots
(labels of each subplot show the number of components) of DANS (for
various diffusion observation times) of F. benjamina leaf disks subjected to
severe dehydration and oriented perpendicular to Bo. S3.3. Residual plots
(labels of each subplot show the number of components) of DANS (for
diffusion observation time of 12 ms) of A. platanoides leaf disks oriented
perpendicular to Bo, subjected to moderate (a) and severe dehydration (b).
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Figure S3.1: Residual plots (labels of each subplot show the number of
components) of DANS (for various diffusion observation times) of F. benjamina leaf
disks subjected to moderate dehydration and oriented perpendicular to Bo. It is clear
from the plots that number of components decrease with increasing diffusion
observation time.
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Figure S3.2: Residual plots (labels of each subplot show the number of
components) of DANS (for various diffusion observation times) of F. benjamina leaf
disks subjected to severe dehydration and oriented perpendicular to Bo. It is clear
from the plots that number of components decrease with increasing diffusion
observation time.

63



Moderate dehydration Severe dehydration

f T T T T — -12 T T T T
0 2000 4000 0 2000 4000

Figure S3.3: Residual plots (labels of each subplot show the number of
components) of DANS (for diffusion observation time of 12 ms) of A. platanoides leaf
disks oriented perpendicular to Bo, subjected to moderate (a) and severe dehydration
(b). It is clear from the plots that four component fit is better.
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4

Dynamics of chloroplast water, lipids and
thylakoid membrane signals in Chlamydomonas
reinhardtii studied by non-invasive DRCOSY and
DOSY-DANS H NMR

Abstract

Mobility of thylakoid membranes and pigment-protein complexes therein is
essential for survival of photosynthetic organisms under changing
environmental conditions. The published approaches to probe mobility of
the thylakoid membrane lipids and protein complexes are either dependent
on the use of external labels or used only for in vitro studies. Here, we
present non-invasive 'H NMR methods (DOSY and DRCOSY) to study
dynamics of water in chloroplasts, lipids in oil bodies and in thylakoid
membranes and pigment-protein complexes under complete in vivo
conditions in suspensions of the green alga Chlamydomonas reinhardtii.
Nutrient stress and excess salt stress resulted in substantial changes in
apparent diffusion coefficients of membrane lipids and pigment-protein
complexes. Nutrient stress and excess salt stress resulted in accumulated
lipid bodies and in striking differences in the dynamics and
spectra/composition of the different components.
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4.1 Introduction:

Photosynthesis is one of the most important processes for life on earth. In
higher plants and algae, photosynthetic light reactions occur in specialized
internal membranes of chloroplasts called thylakoids. Photosynthetic
organisms are exposed to strong fluctuating environmental conditions (e.g.
light and temperature). The organisms switch their behaviour to protect
themselves from the unfavourable environmental conditions by a
reorganization of the thylakoid membrane in relation to functional switching
of specific light-harvesting pigment protein complexes®2. In general, the
mobility of photosynthetic proteins and lipids in the thylakoid membranes
represents an important factor that affects light-energy conversion in
photosynthesis. As such, understanding the dynamics of these molecules in
relation to photosynthesis and stressors is fundamental to improve e.qg.
biomass and crop production3. Stress responses are in addition directly
reflected in changes in (amount of) chloroplast water, thylakoid membrane
and photosynthetic pigment-photosystem complexes and the production of
e.g. lipids accumulated in oil bodies*.

A number of methods has been used to study dynamics of molecules in
isolated thylakoid membranes or model systems of it5. Blackwell et al.t
estimated lateral diffusion coefficients for PQ-9, decyl PQ and PQ-2 in
soybean phosphatidylcholine liposomes and in isolated spinach thylakoid
and sub-thylakoid membranes using a pyrene fluorescence quenching
technique. The results provided the evidence that PQ lateral mobility within
the thylakoid membrane determines the rate of quinol oxidation by the
cytochrome bsf complex. They also concluded that plastocyanin rather than
PQ must be responsible for rapid electron transport between PS Il and PS |
and that was in agreement with a similar proposal by Lavergne, Joliot and
their co-workers”8. Using Fluorescence Recovery After Photobleaching
(FRAP) and Confocal Laser Scanning Microscopy (CLSM), lateral diffusion
of light-harvesting complexes and reaction centres in the thylakoid
membranes of the cyanobacterium Dactylococcopsissalina was measured®.
It was proposed that the lateral diffusion of the light-harvesting
phycobilisomes is involved in the regulation of photosynthetic light
harvesting (state 1-state 2 transitions)?®.

Kirchhoff et al.l% also examined the mobility of photosynthetic pigment-
protein complexes in unstacked thylakoid regions in the C3 plant
Arabidopsis thaliana and agranal bundle sheath chloroplasts of the C4
plants Sorghum bicolor and Zea maize by the FRAP technique. They
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concluded that more than 50 % of the protein complexes are mobile in
unstacked thylakoid membranes and the number dropped to only about 20
% in stacked grana regions because of the high protein to lipid ratio. Sarcina
et al.l! measured diffusion of lipid soluble fluorescent markers in the
cyanobacterium Synechococcus sp. PCC 7942 in the wild type strain and
also in a strain with an increased level of fatty acid unsaturation using the
FRAP technique. They observed a six-fold increase in the diffusion
coefficient for the fluorescent marker in the strain with increased fatty acid
unsaturation at growth temperature. This result provides evidence that the
increased lipid desaturation results in an increased lateral diffusion of lipids.

Although the above mentioned techniques (pyrene fluorescence quenching
and FRAP) were used to probe the mobility of lipids, electron carriers and
protein complexes in thylakoid membranes, their application is limited to
isolated thylakoid systems and there is a need for in vivo approaches.
These methods are also sensitive to artefacts, because e.g. FRAP
bleaching may perturb the behaviour of the membrane being examined?2
Also, the use of external fluorescent labels might result in non-native
conditions. Here, we apply the 'H Pulsed Field Gradient (PFG) NMR
technique to study dynamics of (chloroplast) water and lipids and molecules
in the photosynthetic membrane in vivo in Chlamydomonas reinhardtii
suspensions. PFG NMR is a very useful non-invasive technique to measure
diffusion in biological systems. Naturally available *H bearing NMR probe
molecules such as water, lipids, proteins and so on can directly be
measured. Thus PFG NMR does not require any external labelling and one
can even measure very low diffusion coefficients in the order of 1015 m?/s
as well if a high power gradient diffusion probe is used. Such slow diffusion
is for instance expected for supercomplexes (light harvesting complexes) in
the photosynthetic membrane®. Diffusion coefficients of particular proteins
and lipids from different membranes and cell compartments including
thylakoid membrane measured by different techniques have been reported
by Kana®.The diffusion coefficient of proteins in eukaryotic plasma
membranes is about 2.5x1013-7.5x10-1 m?/s and that of lipids in eukaryotic
membranes is about 1x10-12-4x1012 m2/s. The diffusion coefficient of lipids
in thylakoid membranes is 6x1014-1x101? m?/s, whereas the diffusion
coefficient of LHCII in stroma lamellae is about 3x10-1> m?/s and in grana it
is 5x1015 m?/s, whereas the diffusion coefficient of PSIl reaction centers
(red light adapted) is 2.3x1014 m?/s®.

In chapter 2 we reported two water pools that could be discriminated in C.
reinhardtii. One represents the cell water and the other water in the
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chloroplast. Sizes of the alga and its chloroplast were also estimated using
the restricted diffusion behaviour of the algal water and chloroplast water
(chapter 2). C. reinhardtii is a unicellular alga with a relatively large
chloroplast compartment and a high concentration of thylakoid membrane.
C. reinhardtii can be manipulated in a controlled way, allowing us to study
the (dynamic) changes in response to environmental manipulations. In this
chapter, we demonstrate that in algae more proton pools can be observed
in vivo by proper suppression of the abundant water signals. Doing so, in
addition to the chloroplast water, (membrane) lipids and large (membrane)
protein complexes were observed. The (changes in) diffusion behaviour and
in amount/composition of these chloroplast and thylakoid membrane related
proton pools in wild type C. reinhardtii grown in three different media
(normal medium, nitrogen free medium and salty medium) was studied.

4.2 Materials and Methods

4.2.1 Wild-type C. reinhardtii

Wild-type C. reinhardtii (137C) algae were grown under continuous white-
light illumination in Tris-acetate-phosphate medium?3. Algae were shaken in
a rotary shaker (100 rpm) at 30 °C and illuminated by a white lamp at 10
umol.m2.s~1, All algae were grown in 250 mL flasks with a growing volume of
120 mL and maintained in the logarithmic growth phase. The 120 mL
suspension was further centrifuged to get about 800 pL of very concentrated
algae.

For the NF (nitrogen free) experiment nitrogen was removed from the
normal medium to induce nutrient stress, and the algae were grown in that
NF medium for 4 days. To induce the salinity stress, 100 mM NaCl was
added to the normal medium and the algae were grown in that for 2 days.

4.2.2 NMR

A special NMR (Shigemi) tube was used for all experiments in order to
minimise susceptibility differences coming from interface between liquid
sample and air. All NMR diffusometry experiments were performed with a 7
T (300 MHz *H Larmor frequency) Wide Bore Bruker Avance Il spectrometer
equipped with a Bruker diff25 diffusion probehead, which delivers a
maximum field gradient strength 10 T m-1.
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In NMR diffusometry, the echo attenuation as a function of the experimental
parameters can be described by the Stejskal-Tanner equation*
I

_ ~8/\p. . . .
—=XiAe (r89)*(2 /3)D‘, where IL is the echo attenuation, 4; the amplitude
0 0

of the NMR signal, y the gyromagnetic ratio (26.75 107 rad T-* s~1for 1H), &
the effective gradient pulse duration (s), g the gradient strength (T m-1), A
the effective diffusion time (s), and D the diffusion coefficient (m? s). A
13-interval pulsed gradient sequence was used?®.

Acquisition parameters were as follows: number of averages—128 for DOSY
and 64 for DRCOSY; number of g-steps—16 (linearly distributed) for both
DOSY and DRCOSY; TR-0.75 s for DOSY and 1.7 s for DRCOSY and the
total time per experiment is 20-25 mins for DOSY and about 30 mins for
DRCOSY.

DOSY

All DOSY experiments were carried out using a stimulated echo experiment
in combination with bipolar sine-shaped gradients. Stimulated echo was
used because it allows the detection of shorter T components at longer
diffusion times!®. Bipolar gradients were used to compensate for internal
field gradients, which are present at high field strengths in inhomogeneous
samples. The effective gradient pulse durationdwas set to 3ms. The
effective diffusion time A was varied between 25 and 260 ms. Gradient
intensity was varied between 2 and 8 T m—.

DOSY data analysis

The attenuation of NMR spectra as a function of gradient intensity was
analysed by fitting 1 to 4 exponential decays to the spectra using SplMod
(Provencher, 1982)'7, which was set to perform a coupled exponential fit of
the spectral data points. This resulted in 1 to 4 diffusion-associated NMR
spectra (DANS). The procedure is similar to the DECRA curve resolution
method described elsewhere.

DRCOSY

A stimulated echo-based diffusion experiment, using bipolar gradients and
sine-shaped pulses, was combined with a time-domain CPMG experiment.
The effective gradient pulse duration § was set to 3ms. The effective
diffusion time A was 40 ms. Gradient strength was varied between 2 and 8
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T m~L. An echo time TE of 0.2 ms was used and 2k echoes were recorded.
The data was analysed using 2D Fast Laplace Inversion!® (2-dimensional
version of CONTN) and also SplMod?*® (discrete fitting with a sum of (limited
number of) exponentials).

Analysis D(A): In the limit of short A, D depends linearly on the square root
of the diffusion time. The slope of this dependence is determined by the
surface-to-volume ratio (S/V) of the water containing compartment, (Sen,
2004)20, according to the equation?!
D(A S 4
(4) =1-——F+,/D,A

D, V oz

4.3 Results
4.3.1 DOSY on wild-type C. reinhardtii grown in normal medium (NM)

IH diffusion was measured in C. reinhardti by PFG DOSY (Diffusion
Ordered SpectroscopY) NMR for a set of diffusion times (A) from 25 ms to
260 ms. Diffusion attenuated *H NMR spectra for A = 40 ms are shown in
Fig. 4.1.

1.8x10° 1

— 2 T/M

—: 2.4 T/M
m—): 2.8 T/m
m—: 3.2 T/m

1.6x10°
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2.0x10" A
0.0

Figure 4.1: Diffusion attenuated *H NMR spectra of C. reinhardtii for A= 40 ms, =3
ms, g: 2-8 T/m (medium and part of cell water already suppressed).
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Medium water, a large part of the cell water and mobile metabolites were
already suppressed using a diffusion filter: the first gradient value was 2
T/m. The diffusion attenuated 'H NMR spectra were analysed by fitting the
diffusion attenuation curve by a discrete number of components. Four
diffusion associated 'H NMR spectra (DANS) related to four different
diffusion coefficients were obtained for all the diffusion times from 25 ms up
to 260 ms. The result for A=40 ms is shown in Fig. 4.2.

25

m— amp_1/10, ADC=3x10"" m?/s
20 4 — amp_2, ADC=0.9x10"" m?/s
m— amp_3*2, ADC=1.3x10"* m’/s
s aMp_4*7, ADC=1.3x10" m’/s

o 15-
o
2
g
£ 10
54
0 -
T T T T T T T T 1
7 6 5 4 3 2 1 0 -1
ppm

Figure 4.2: Diffusion Associated *H NMR spectra (DANS) at A=40 ms. Note the
differences in the scaling factors to make the spectral intensities comparable! The
amplitude of component 1 was divided by 10 and of components 3 and 4 were
multiplied by 2 and 7, respectively.

DANS and apparent diffusion coefficient (ADC) as a function of A for
component 1 are shown in Fig. 4.3. The spectrum contained only one peak
at the resonance of water and the compartment size estimated from the
restricted diffusion was about 4.6+1.2 um. We assigned this component to
chloroplast water because of the estimated dimension which was in the
order of chloroplast size in C. reinhardtii and also because of its ADC which
was in the order of the ADC of chloroplast water in leaves (see chapter 2).
This component was the largest fraction after suppressing the medium
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water and part of the algal water, representing about 90% of the total
remaining signal.
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Figure 4.3: DANS (a) and ADC as a function of diffusion labelling time A (b) of
component 1. Estimated size from its A-dependence of D(A) is 4.6+1.2 um:
chloroplast water.

Component 2 (Fig. 4.4) has a huge peak at 4.7 ppm, and less intense peaks
in the region 1 — 2.5 ppm. Its diffusion coefficient is almost 1000 times lower
than that of bulk water. The integral of this component was about 3% of the
remaining signal after the initial suppression. Probably it was from both
water protons (4.7 ppm) and lipid protons diffusing at about the same rate,
but with a different A dependence that might have resulted in such a strange
diffusion behaviour of the component (Fig. 4.4b). The roughly estimated size
from its D(A) was about 1.3+1 pm so it might represent lipid bodies. The
ADC of the component was 2x10-12 m?/s at A=220 ms which is close to the
ADC (0.79x10712 m?/s at A=400 ms) of TAGs in oil bodies in seeds??.

DANS and diffusion behaviour of component 3 (about 4% (integrated
intensity) of the signal) are shown in Fig. 4.5. The spectrum has resonances
at chemical shifts of lipid protons such as CH3 at 0.8-0.9 ppm, CH2 at 1.1
ppm, CH2CH2COO at 1.62 ppm, CH2—-CH=CH at 2.02-2.09 ppm, CH-OH
at 3.4—4 ppm , a,B-glycosidic bonds at 4-5 ppm and CH=CH at 5.2 ppm?2223,
Its diffusion coefficient is about 2x10-%?2 m?/s at A=25 ms, which is similar to
what is observed for lateral diffusion of lipids in model membranes?*25,
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Figure 4.4: DANS (a) and diffusion behaviour (b) of component 2.
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Figure 4.5: DANS (a) and diffusion behaviour (b) of component 3.

Fig. 4.6 shows DANS and diffusion behaviour of component 4. DANS
showed resonances in a broad chemical shift range. The integral fraction of
the component was about 3% of the signal. The ADC of the component was
2x1071* m?/s at A=25 ms which is in the order of that of membrane protein
complexes®. The root mean square displacement of component 4 calculated
from the restricted diffusion behaviour was ~32 nm for all A from 25 ms to
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220 ms which indicates that the mobility of this component was severely
restricted.
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Figure 4.6: DANS (a) and diffusion behaviour (b) of component 4.

Fig. 4.7 shows the diffusion time dependency of the spectra of all
components. The integral of component 1 reduced slightly between A=25
ms and 40 ms but substantially by about 65% between A=40 ms and 55 ms
and then gradually from 55 ms till 220 ms. Integral of component 2
increased substantially about 63% from A=25 ms to 40 ms and reduced to
31% from A=40 ms to 55 ms and then to 53% from A=55 ms to 70 ms and
then decreased gradually with increasing A. The complex behaviour of
component 2 with increasing A could be coming from the combination of
water (either vacuole or lumenal) and lipid bodies diffusing at the same rate.
Although the total integral of component 3 decreased gradually with
increasing A, resonances of component 3 show quite complex behaviour,
some resonances decayed faster and some resonances even increased.
The integral of component 4 decreased gradually with increasing A because
of T1 relaxation.
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Figure 4.7: DANS as a function of diffusion observation time for component 1 (a),
component 2 (b), component 3 (c) and component 4 (d) for NM algae.

4.3.2 DOSY on WT C. reinhardtii grown in nitrogen free (NF) and salty
medium (SM)

C. reinhardtii was grown in nitrogen free medium (NF) and also in salty
medium (SM, 100 mM NaCl was added to the normal medium and the algae
were grown in the salty medium for 2 days). The growth rate of algae was
reduced because of the stress and that resulted in a lower concentration of
algae in NF and SM. In order to have equal concentration (numerically) of
algae in the three different samples, we normalised each sample on its own
first diffusion filtered step at A=25 ms. Diffusion measurements were
performed on both algae separately. A four component fit was found to be
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optimal (based on residuals) for the used gradient values (2-8 T/m) and all
the diffusion times for the C. reinhardtii grown in both media.

The DANS of component 1 (a single peak at water resonance) from both NF
and SM algae was quite similar to the one obtained for the NM algae (Fig.
4.8a, A= 40 ms) and its ADC at A=25 ms was 4.4x10-1* m?/s for NF algae
and 2.1x10-* m?/s for SM algae. The compartment size estimated from the
dependence of D(A) as a function of A (Fig. 4.9a) was 4.9+1.2 um for NF
algae and 3.8+0.5 um for SM algae. The dimensions were very much
comparable for NM algae and NF algae. The size decreased significantly in
SM algae indicating that the chloroplasts lost water (smaller volume)
because of excess salt stress.
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Figure 4.8: DANS of componentsl (a), 2 (b), 3 (c) and 4 (d) from NM algae, NF
algae and SM algae at A= 40 ms.
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Figure 4.9: ADCs of componentsl (a), 2 (b), 3 (c) and 4 (d) as a function of diffusion
observation time for NM algae (Olive), NF algae (red) and SM algae (royal).

The DANS of component 2 from both NF algae and SM algae show same
resonance peaks but with different relative amplitudes (Fig. 4.8b, at A=40
ms). Differences in relative amplitudes of the resonances of the spectrum
were quite clear. NM algae had a higher intense peak at 4.7 ppm and SM
and NF algae had one at 1.14 ppm. The diffusion behaviour of this
component was significantly different for NM, NF and SM algae (Fig. 4.9b),
maybe because of not well resolved separation of components land 2
and/or 2 and 3 (mixing of water protons and lipid protons).

The DANS of component 3 from both NF algae and SM algae had broader
resonances than the DANS of component 3 from NM algae (Fig. 4.8c, at
A=40 ms). Differences in relative amplitudes of the resonances were quite
clear, as well in the diffusion behaviour of this component of NF with respect
to that of NM and SM (Fig. 4.9c).

The DANS of component 4 from NF algae and SM algae showed
substantial changes with respect to DANS of component 4 of NM algae (Fig.
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4.8d, at A=40 ms). Also, the diffusion behaviour of the components was
significantly different (Fig. 4.9d). The ADC was about 35 times faster in NF
algae in comparison to NM algae at A=120 ms and 22 times at A=220 ms
and the apparent diffusion was about equal in both NM algae and SM algae.
The error bars in the observed ADC’s from NM algae (also from SM algae)
were quite high because of very slow diffusion. To be able to measure
diffusion accurately sufficient signal attenuation by the gradient pulses is a
prerequisite. The error bars in the observed ADC’s from NF algae were
negligible (Fig. 4.9d) because of the faster diffusion, which could be
measured accurately with the available maximal gradient strength.
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Figure 4.10: DANS as a function of diffusion observation time for component 1 (a),

component 2 (b), component 3 (c) and component 4 (d) for NF algae. The colour
code is the same in all four plots.

80



Figs, 4.10 and 4.11, show time dependency of the DANS of all the
components for NF algae and SM algae, respectively. It is clear from these
figures that the spectra were quite stable with increasing A. All components
from NF algae had slower decays than the ones from NM algae indicating
that the nutrient stress resulted in longer T1's. Also, components from SM
algae showed slightly slower decays in comparison to NM algae.
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Figure 4.11: DANS as a function of diffusion observation time for component 1 (a),
component 2 (b), component 3 (c) and component 4 (d) for SM algae.

4.3.3 DRCOSY measurements

Diffusion-Relaxation correlation spectroscopy (DRCOSY) experiments were
performed on all the samples for a diffusion time of 40 ms to obtain the
corresponding T»'s related to the ADCs. The DRCOSY data was analysed
by both CONTIN and SpIMod. The D-T> correlated plots for WT algae grown
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in NM, NF and SM are shown in Figs. 4.12a, b and c, respectively. Table 1
gives an overview of all the results from DOSY and DRCOSY (analysed by
both CONTIN and SpIMod). It is clear from the table that the best agreement
was between DOSY and DRCOSY analysed by CONTIN, but not by
SpIMod. This is because the SpIMod is not really a 2D fit and it is less
successful in the discrimination of T, components in broad distributions.

4.4 Discussion

The results summarized in Table 1 were obtained by different approaches:
DOSY and DRCOSY. The discrimination of components in addition
depends on the applied fitting procedure: discrete fitting with a sum of (a
limited number of) exponentials (SplMod)®, a continuous distribution
(CONTIN)28 or a 2-dimensional version of CONTIN (2d-FLI)!8 or multivariate
methods?7:28, |t is well known that results of SplMod can differ substantially
from those of CONTIN, depending on the differences in relative amplitude,
difference in D values and how broad the distributions in the parameters
are?%30, DOSY makes use of diffusion coefficients of different species to
separate their NMR signals. In DOSY, a 1D NMR spectrum is measured for
a set of gradient strengths and the set of 1D NMR spectra is further
analyzed to extract the corresponding diffusion coefficients. Here, we used
SpIMod because of its ability to handle exponential sampling of the gradient
axis and performed a ‘coupled fit' of all spectral points and gradient steps,
resulting in a spectral decomposition3!. Discrimination of components largely
depends on the differences in spectral characteristics and the diffusion
coefficients.

DRCOSY resolves signals based on diffusion coefficients and relaxation
times. DRCOSY is a combination of PGSTE and a multi echo sampling
CPMG. In DRCOSY, an echo train was measured for a set of gradient
strengths and the set of echo trains was further analyzed by both (2-
dimensional) CONTIN and (coupled) SplMod to extract relaxation times and
their correlated diffusion coefficients. As mentioned above CONTIN results
of DRCOSY were in good agreement with the DOSY results.

Diffusion time dependency of the DANS of the various components (Fig.
4.7) clearly indicates the problem of proper separation of components.
Components 2 and 3 are due to both water protons and lipid protons which
have diffusion coefficients in the same order of magnitude but with different
time dependency, which resulted in scattering of ADCs especially for
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component 2. Also, amplitude fractions of the components were very small
(<10%) in comparison to that of comp 1 and thus they were less accurate.
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Figure 4.12: Diffusion-relaxation correlated plot at A=40 ms for WT C. reinhardtii

grown in NM a), NF b) and SM c).
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Table 1: 4-comp fit results of DRCOSY data analyzed by SplMod for WT
algae grown in NM, NF and SM.

DOSY DRCOSY
CONTIN SplMod
Comp | Relative | ADC ADC T2 Relative ADC T2
onent | amplitude | (um? (um?/s) (ms) amplitude | (um?/s) (ms)
% s) %
1 90 30 26 7 84 25 3
NM 2 5.5 9 18 70 6 9 70
algae 3 3 1.3 1.3,07& 10,98 & 10 1.6 & 31&7
0.56 27 1.5
4 1.5 0.013 0.01 3 -- -- --
1 84.4 29 18 7 64 14 7
NF 2 8.6 4.7 7.5 64 5.5 2 280
algae 3 6.4 2 23,16 8, 25, 82 24 1.9 72
&1 & 353
4 0.6 0.018 0.01 6.5, 18 & 6.5 1.1 18
91
1 40 17 10 6 32 1.4 6
SM 2 22.6 1.9 6.2 58 2 0.84 10240
algae 3 23.6 0.68 0.64 & 9 & 64 35.5 0.69 72
1.5
4 13.8 0.0 0.01 5,18 & 30.5 0.3 19
195

Notwithstanding these limitations, using DOSY and DRCOSY, we were able
to discriminate and characterise chloroplast water in C. reinhardtii
suspensions.T; of the chloroplast water was about 7 ms and the ADC was
about 3x10-11 m2/s at A=40 ms.T, of the chloroplast water was not changed
upon nitrogen stress and salt stress (Fig. 4.12; Table 1). However, because
of the osmotic stress chloroplasts (component 1) lost about 50% water in
SM algae, according to our estimates using A=40 ms (DOSY
measurements, Fig. 4.8a) and consequently the chloroplast dimension
reduced from 4.6£1.2 pum to 3.8#0.5 um. In NF algae, changes in
chloroplast water content and volume were not substantial.

The size estimated from the dependence of D(A) as a function of A (Fig.
4.4b) for component 2 from NM algae was about 1.3 um. The component
most probably represents lipid bodies. T, of the component was about 70
ms (Fig. 4.12a and Table 1) which is typical for lipids in oil bodies.
Component 2 from NF algae had higher intensities than NM at 1.3 ppm and
2 ppm (Fig. 4.8b) indicating that the nutrient stress resulted in accumulation
of lipid bodies. The size of the accumulated bodies estimated from the
dependence of D(A) as a function of Awas about 2+ 0.3um, very well in
agreement to the value reported by Siaut et al.%. T, of this component was
about 64 ms (CONTIN fit, Fig. 4.12b). Component 2 from SM algae had also
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higher intensities at 1.3 ppm, 2 ppm, 2.6 ppm and at 5.2 ppm (Fig. 4.8b)
suggesting that the osmotic stress also resulted in accumulation of lipid
bodies. The size of the accumulated bodies estimated from the restricted
diffusion behaviour was about 1.3+0.2 um. T, of the lipid bodies was about
60 ms from CONTIN fit (Fig. 4.12c).

Component 3 from NF algae and SM algae had broader peaks in the DANS
spectra. ADCs of component 3 from NM algae, NF algae and SM algae
were 1.3x1012 m?/s, 3.4x101> m?/s and 1x1012 m?/s, respectively at A=25
ms. T2's of the component from NM algae were about 10 ms, 27 ms and 98
ms and were comparable to those from NF algae.

After growth in a Nitrogen Limited (NL) continuous culture system, C.
reinhardtii exhibits substantial changes in thylakoid protein profiles32. They
have reduced amounts of cytochrome bef, and light-harvesting complexes,
7-fold increased amounts of NADH-PQ oxidoreductase, with major subunits
of 51 kDa and 17 kDa and two novel cytochromes of 34 and 12.5 kDa are
highly abundant®?. These differences in amount of various protein
complexes and pigment molecules in the thylakoid membrane could explain
the substantial changes observed in the relative amplitudes of the peaks in
DANS of component 4 from NM, NF and SM algae (Fig. 4.8d).

Component 4 from SM algae did not have resonances in the lower ppm
region (+1 to —1) for A’s from 40 ms — 120 ms. It might be because of fitting
problem resulting from differences in relative amplitudes. For A=25 ms a 4-
component fit is better, but for other diffusion times residuals from the lower
ppm region in the 3-comp fit are better than in the 4-comp fit (cf. Residual
plots presented in supplementary information). As the residuals from other
ppm regions are better in the 4-comp fit for all diffusion observation times, 4
components were considered.

In order to prove that this component 4 indeed relates to pigment-protein
(super) complexes in the thylakoid membrane, spinach thylakoid membrane
suspensions have also been studied (See Chapter 5). The spectra of
component 4 clearly show a different composition in the different systems,
and change under environmental stressors, but the diffusion behaviour is
very comparable and typical for such systems.

The observed changes in ADCs of these components might reflect the
reorganization of the photosynthetic protein complexes resulting from the
stress (nutrient and salt stress). An increase in diffusion was observed
earlier by Iwai et al.® who measured phosphorylation dependent LHCII
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diffusion in isolated thylakoid membranes of C. reinhardtii using
fluorescence correlation spectroscopy. The diffusion was nearly 2-fold faster
(ADC ™~ 2.13+1.2x10-*?2m?/s) under phosphorylated conditions as compared
to that of de-phosphorylated ones (ADC ~ 0.92+0.6x10-12m2/s). However,
the ADCs calculated by them strongly differ (about 45 times faster) from our
results (in the order of 10-14 m2/s) which in turn are in good agreement with
reported values for LHCII complexes®. In addition, it should be noted that in
recent studies, Unlii et al. claimed that a free pool of LHCII exists in C.
reinhardtii, which plays an important role in short term photo-protection
mechanisms during photosynthesis34:35,

The huge standard deviations for the ADC of this component 4 for NM and
SM C. reinhardtii were due to insufficient diffusion attenuation of the signal.
One can decrease the standard deviations in the ADC by increasing the
diffusion attenuation either by increasing & and/or g. Using stronger
gradients (g) is more advantageous than longer gradient pulses as
increasing & results in more Tz-weighting and as the protein complexes
already have quite short T2’s. The standard deviations were much smaller in
NF C. reinhardtii which indirectly indicates that the diffusion was extremely
slow in both NM and SM C. reinhardtii. Component4 was observed also in
DRCOSY measurements for all NM, NF and SM algae but perhaps the
insufficient attenuation resulted in such a strange appearance for the signals
(Fig. 4.12). T, of the component was about 3 ms in NM algae and both
nutrient stress and salt stress resulted in longer T,’s (cf. Table 1). Thus,
rotational dynamics of the membrane protein complexes became faster in
NF algae and SM algae in comparison to that of NM algae. By proper
diffusion filtering, these spectra can be obtained in about 5 mins. This opens
the possibility to further characterize component 4 by more advanced 2D
NMR methods.

4.5 Conclusions

IH NMR methods (DOSY and DRCOSY) were applied to study (the
dynamics of) chloroplast water, lipids in oil bodies and in (thylakoid)
membrane and (thylakoid) pigment-protein complexes in vivo in C.
reinhardtii grown in normal medium and under stress conditions. This
information has not yet been available for intact photosynthetic micro-
organisms. Using restricted diffusion behaviour of chloroplast water, the size
or volume of chloroplasts in C. reinhardtii of WT grown in normal medium,
nitrogen free medium and salty medium could be estimated. Salt stress
resulted in substantial changes about 17% in chloroplast size (4.6+£1.2 um in
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NM and 3.8£0.5 um in SM), related to a decrease of about 55% of the
volume). T of the chloroplast water was not changed upon stress.

T, and restricted diffusion of lipid bodies and membrane lipids could also be
measured for NM, NF and SM C. reinhardtii. Sizes of the oil droplets as
estimated from their hindered diffusion were 1.3+1 um, 2.0£0.3 um and
1.3+0.2 um for NM, NF and SM C. reinhardtii, respectively. T, of lipid bodies
was longer than that of membrane lipids in all the three NM, NF and SM C.
reinhardtii and T, of membrane lipids was comparable in all the three NM,
NF and SM C. reinhardtii.

Most significantly, we could study dynamics and (changes in) composition of
photosynthetic pigment-protein complexes in vivo in WT C. reinhardtii grown
in the three different cultures (NM, NF and SM). By proper diffusion editing
these spectra can be measured in about 5 minutes at 300 MHz thus it would
be even better at higher field spectrometers.

In conclusion, DOSY and DRCOSY NMR are very useful techniques to
study dynamics and amount of chloroplast water, lipids in oil bodies and in
(thylakoid) membrane) and (photosynthetic) pigment-protein (super)
complexes in vivo in C. reinhardtii and also to probe changes in the
dynamics and composition under changing environmental conditions.

Supporting information

Supporting information is included below: S4.1. Residual plot (3-component
fit (black) and 4-component fit (red) for all diffusion times) of DANS (7 T H
DOSY experiment), of a C. reinhardtii suspension grown in normal medium
(S-1a), nitrogen free medium (S-1b) and excess salt medium (S-1c).
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Figure S4.1a: Residual plot (3-component fit (black) and 4-component fit (red) for all
diffusion times) of DANS (7 T 'H DOSY experiment), of a C. reinhardtii suspension
grown in hormal medium.
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Figure S4.1c: Residual plot (3-component fit (black) and 4-component fit (red) for
all diffusion times) of DANS (7 T 'H DOSY experiment), of a C. reinhardtii
suspension grown in salty medium.
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5

Study of water and lipid dynamics in
Synechocystissp.PCC 6803 by non-invasive
DRCOSY and DOSY-DANS 'H NMR

Abstract

Non-invasive 'H NMR methods (DOSY and DRCOSY) are used to study the
dynamics of water molecules in water pools, lipids in oil bodies and in
thylakoid membranes and pigment-protein complexes under complete in
vivo conditions in a suspension of the blue-green alga
Synechocystissp.PCC 6803. The Diffusion Associated NMR Spectra
(DANS), the corresponding diffusion coefficients and the T2 values of the
different components are compared with those observed in suspensions of
C. reinhardtii, a unicellular green alga, and of isolated spinach thylakoids.
The differences in membrane composition (ratio of the different membrane
lipids) were clearly observed in the DANS of the oil bodies and the
(thylakoid) membranes, but the diffusion coefficients were quite comparable.
Also the DANS of the component that is assigned to the pigment-protein
complexes are quite different, reflecting the differed composition. The
diffusion coefficients of this component in isolated spinach thylakoids and in
C. reinhardtii are very comparable, but about a factor of 10 lower with
respect to that of Synechocystis at short diffusion times. The dynamics of
these complexes in these systems are thus quite different. The presented
methods can be used to study volume regulation of the cells and to probe
changes in the water and lipid dynamics, changes in the (thylakoid)
membrane organization/composition and dynamics under changing
environmental conditions.
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5.1 Introduction

Photosynthesis is one of the most important processes for life on earth
which releases oxygen as a by-product. Photosynthesis occurs in plants,
microalgae and also in some bacteria. Light dependent photosynthetic
reactions take place in the thylakoid membrane and dark reactions in the
stroma of the chloroplasts in plants and microalgae and in the cytosol in
cyanobacteria. In order to optimize photosynthesis in changing
environmental conditions the photosynthetic membrane reorganizes its
protein organization. These reorganizations include state transitions that
balance the excitation of the two photosystems, non-photochemical
guenching, which thermally dissipates excess energy at the level of the
light-harvesting antenna, and cyclic electron flow, which supplies the
increased ATP demand needed for by CO2 assimilation?.

Mobility of the pigment-protein complexes and of the thylakoid membrane
lipids plays a very crucial role in the thylakoid membrane reorganization. We
were able to study the mobility of the thylakoid membrane lipids in intact leaf
disks and also in C. reinhardtii suspension (Chapters 2 and 4, respectively)
using PFG 'H NMR methods. In C. reinhardtii suspension (changes in) the
dynamics of the accumulated lipid bodies upon nutrient stress and salt
stress, of the membrane lipids and of the photosynthetic protein complexes
were studied. Here we applied the developed PFG NMR methods to study
the thylakoid membrane dynamics in the prokaryotic photosynthetic
cyanobacteriumSynechocystissp.PCC 6803. Both C. reinhardtii and
cyanobacteria are model systems to study photosynthesis. Synechocystis is
also of interest for biofuel production and therefore we will try to detect the
lipid fractions. In comparison to C. reinhardtii cyanobacteria like
Synechocystis have a higher thylakoid membrane fraction with a different
composition of the light-harvesting complexes (phycobilisomes are
appressed against the thylakoid membranes) and also a different structure
of the thylakoid membranes (stack of parallel sheets). We studied whether
the above mentioned differences are visible in the different components that
we observe with PFG !H NMR, especially the ones we assigned to
(membrane) lipids and the photosynthetic pigment-protein complexes
(Chapter 4). In addition to Synechocystis suspensions of isolated spinach
thylakoids were measured for comparison and as a reference.

In addition to the thylakoid lipid membrane dynamics this chapter also
describes Synechocystis water dynamics and the possibilities to study
Synechocystis volume regulation.
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5.2 Materials and Methods
5.2.1 Wild Type Synechocystissp.PCC 6803

Wild Type Synechocystissp.PCC 6803 cells were grown under continuous
white-light illumination in BG-11 (Allen, 1968)2 buffered with 20mM HEPES-
NaOH (pH 7.5) and sodium carbonate was omitted. Synechocystis cells
were shaken in a rotary shaker (100 rpm) at 30 °C and illuminated by a
white lamp at 50 umol.m2.s1. The cells were grown in 250 mL flasks with a
growing volume of 100 mL and maintained in the logarithmic growth phase.
The 100 mL suspension was further centrifuged to get about 800 pL of
highly concentrated cells.

Spinach thylakoids were isolated from fresh spinach leaves using the
method described by Caffarri et al®.

5.2.2. DOSY and Diffusion Associated NMR Spectra

A special NMR (Shigemi) tube was used for all experiments in order to
minimise susceptibility differences coming from the interface between liquid
sample and air. All high-field *H NMR diffusometry experiments were
performed at 7 T (300 MHz *H Larmor frequency) using a Bruker Avance Il
spectrometer equipped with a Bruker diff25 diffusion probehead, which
delivers a maximum field gradient strength of 10 T m—2,

DOSY NMR diffusometry were carried out using a stimulated echo
experiment in combination with bipolar sine-bell shaped gradients (so-called
13-interval). The echo attenuation as a function of the experimental
parameters can be described by the Stejskal-Tanner equation*

Lo e @09 (6=%/5)p,

Io

where IL is the echo attenuation,4; the amplitude of the NMR signal of
)

component i, y the gyromagnetic ratio of the relevant nucleus (rad T-* s71), 6§
the effective gradient pulse duration (s), g the gradient strength (T m=1), A
the effective diffusion time (s), and D; the diffusion coefficient of component i
(m2s1).

Stimulated echo experiments were performed in order to detect shorter T>
components at longer diffusion observation times®. Bipolar gradients were
used to compensate for internal field gradients, which are present at high
field strengths in inhomogeneous samples. The effective gradient pulse
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duration § was set to 2 ms for Synechocystis and 3 ms for spinach
thylakoids in order to have sufficient attenuation to measure the slow
diffusion observed in the spinach thylakoids. The effective diffusion time A
was varied between 20 and 60 ms for Synechocystis and between 25 and
150 ms for spinach thylakoids. The gradient intensity was varied between 1
and 8 T m for Synechocystis and between 2 and 8 T m-! for spinach
thylakoids (in order to have proper attenuation)The attenuation of NMR
spectra as a function of gradient intensity was analysed by fitting 1 to 4
exponential decays to the spectra using SpIMod (Provencher, 1982)%, which
was set to perform a coupled exponential fit of the spectral data points. This
resulted in 1 to 4 diffusion-associated NMR spectra (DANS). The procedure
is similar to the DECRA curve resolution method described elsewhere?’, but
SplMod is preferred because it can handle both linear and logarithmic
sampling of the gradient axis*.

Dimensions of the compartments were estimated as described in chapter 2
(Materials & Methods).

DRCOSY

Diffusion-relaxation experiments were performed on a 300 MHz
spectrometer equipped with a gradient coil capable of delivering a 10 T m-!
field gradient. A stimulated echo-based diffusion experiment, using unipolar
gradients and rectangular pulse shapes, was combined with a time-domain
CPMG experiment. The effective gradient pulse duration § was set to 2 ms
and the effective diffusion time A was 30 ms. Gradient strength was varied
between 1 and 8 T m~. An echo time of 0.2 ms was used and 2k echoes
were recorded. The data was analysed using 2D Laplace transformation.

5.3 Results
5.3.1 DOSY

1H diffusion was measured in a Synechocystis suspension for diffusion
observation times from 20 ms to 60 ms in order to study the dynamics of
water and lipids. Diffusion attenuated 'H NMR spectra of Synechocystis for
A= 30 ms are shown in Fig. 5.1. Here, medium water signal was suppressed
using a diffusion—filter (first gradient-step was chosen to be 1 T/m).We were
able to decompose the attenuated spectra into components with different
associated diffusion coefficients (Diffusion Associated NMR Spectra, DANS)
by coupled fitting of the attenuation of the individual spectral points.
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Diffusion associated 'H NMR spectra of Synechocystis for A= 30 ms are
shown in Fig. 5.2. A four component fit was found to be the best for all the
diffusion observation times based on residual plots (shown in
supplementary data).
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Figure 5.1: Diffusion attenuated *H NMR spectra of Synechocystis for A= 30 ms, §=
2 ms, g: 1-8 T/m (medium water was already suppressed at first g-step of 1 T/m).
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Figure 5.2: Diffusion associated *H NMR spectra of Synechocystis for A= 30 ms, §=
2 ms, g: 1-8 T/m (medium water was suppressed using a D—filter). Amplitudes of the
components 2, 3 and 4 were multiplied by 2, 4 and 6, respectively.
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The DANS of component 1 as a function of A is shown in Fig. 5.3a.The
amplitude fraction of this component was about 82% of the total signal at
A=20 ms. The spectrum showed a large resonance at 4.7 ppm and minor
(just above the noise level) resonances at 0.7 ppm, 1.2 ppm, 1.4 ppm, 1.7
ppm, 3.1 ppm, 3.6 ppm and 5 ppm. The behaviour of the amplitude as a
function of A was quite different for the water resonance at 4.7 ppm and the
other resonances indicating that the water protons had a shorter T1. The
apparent diffusion coefficient (ADC) of the component was 1.4x101° m?/s at
A=30 ms and restricted diffusion was observed (Fig. 5.3b). The size of the
compartment as estimated from the A-dependence of D(A) was about 8.5
um. This value fits quite well with the size of a Synechocystis cell, indicating
that the component stems mainly from water inside Synechocystis.

The DANS of component 2 as a function of Ais shown in Fig. 5.3c. The
amplitude fraction of the component was about 5% of the total signal at
A=20 ms. The spectrum showed a very large resonance at 4.7 ppm and
small resonances at 4.45 ppm, 3.6 ppm, 2.2 ppm, 1.9 ppm and 1.8 ppm.
The ADC of the component was 3.6x10-11 m?/s at A=30 ms. Probably, it was
from both water protons (4.7 ppm) and lipid protons diffusing at about the
same rates. It might represent lumenal water and lipid bodies. The water
protons have a shorter Ti than the other protons as manifest from the
amplitude behaviour of the signals as a function of A (Fig. 5.3c).

The DANS of component 3 as a function of A is shown in Fig. 5.3e. The
amplitude fraction of the component was about 8% of the total signal at
A=20 ms. The spectrum showed resonances at chemical shifts of lipid
protons such as CH3(0.7-0.9 ppm), CH2( 1.1 ppm), CH2CH2COO (1.62
ppm), CH>—CH=CH (2.02-2.09 ppm), CH-OH (3.4-4 ppm) and a, f
glycosidic bonds (4-5 ppm)8 Also for this component the amplitude
behaviour as a function of A was different for the resonance at 4.7 ppm and
for the other resonances. The corresponding ADC was about 3.7x10712 m?/s
at A=30 ms. Component 3 showed restricted diffusion (Fig. 5.3f). The DANS
and ADC of component 4 as a function of A are presented in Figs. 5.3g and
5.3h, respectively. The amplitude fraction of this component was about 5%
of the total signal at A=20 ms and the spectrum shows quite broad
resonances. The amplitudes of the resonances around 4-6 ppm decay
faster than those around 1 ppm with increasing A, indicating differences in
T, values of the spins. The ADC of the component was 2.7x10-%® m?/s at
A=30 ms.
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Figure 5.3: DANS as a function of diffusion labelling time A for components 1 (a), 2
(c), 3 (e) and 4 (g) and ADCs as a function of diffusion labelling time A for
components 1 (b), 2 (d), 3 (f) and 4 (h) for Synechocystis suspension.

Diffusion was also measured for a suspension of spinach thylakoids, mainly
to compare the lipid/protein composition and dynamics with the components
observed in Synechocystis. Because the observed diffusion was slower in
the spinach thylakoids suspension, diffusion was measured with §=3 ms
and g: 2-8 T/m. A three component fit was found to be the best for all A from
20 ms to 150 ms. The time dependency of the DANS of all the three
components and the associated diffusion behaviour are shown in Fig. 5.4.
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The behaviour of the amplitude as a function of A was quite different for the
water resonance at 4.7 ppm and the other resonances for both components
1 and 2. For component 3, the amplitudes of the resonances around 4-6
ppm decay faster than those around 1 ppm with increasing A as observed
for component 4 from the Synechocystis suspension.
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Figure 5.4: DANS as a function of diffusion labelling time A for components 1 (a), 2
(c) and 3 (e) and ADCs as a function of diffusion labelling time A for components 1
(b), 2 (d) and 3 (f) for spinach thylakoids suspension.

5.3.2 DRCOSY

Diffusion-Relaxation correlation spectroscopy (DRCOSY) experiments were
performed on a Synechocystis suspension for a diffusion time of 30 ms to
determine the corresponding T2's of the ADC’s. The DRCOSY data was fit
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by both CONTIN and SPLMOD. The D-T2 correlated plot resulting from the
CONTIN fit is shown in Fig. 5.5. Four diffusion distributions were observed.

1™ 107" 1" 107 10
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Figure 5.5: Diffusion-T2 relaxation correlated plot for Synechocystis suspension at
A=30 ms.

Table 1 shows the 4-comp fit results of DRCOSY data analyzed by
SPLMOD. The ADC of component 1 from the CONTIN fit was 1.8x10-10
m2/s and was about 3-fold slower in the SPLMOD fit. This component
showed diffusion similar to that of component 1 as observed with DOSY
experiments. The T2 of this component from both CONTIN and SPLMOD
was about 10 ms which is quite close to the T, of chloroplast water in Ficus
benjamina leaf disks. Therefore, the component was assigned to
Synechocystis water.

Component 2 showed an ADC similar to that of component 2 as observed
with DOSY experiments. The component had two T’'s in the order of
about10 ms and 50-60 ms from CONTIN and T, of the component was only
about 3 ms from SPLMOD.

The ADC of component 3 as obtained from the DRCOSY measurements
was 1.5x1012 m?/s, which corresponds to component 3 of the DOSY
measurements. The component had T, values around 3, 10 and 35 ms as
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Table 1: Four component fit results of DRCOSY data (cf. Fig. 5.6) analyzed

by SPLMOD
Comp 1 Comp2 | Comp3 Comp 4
Fraction 0.87 0.035 0.08 0.015
T2(s) 0.009 0.003 0.028 0.076
ADC 5x101! 5x1012 | 3.2x101? | 1.2x101?
(m?/s)

obtained from the CONTIN fit and around 28 ms when applying SPLMOD.
The ADC of the component 4 from the DRCOSY measurements was
1.2x1012m?/s when applying SPLMOD and was 1-2x1012 m?2/s as obtained
from the CONTIN fit which is close to the value of component 4 as obtained
from the DOSY measurements. The T2's of the signal were 3 ms (SPLMOD)
and 60 ms (CONTIN).

5.4 Discussion

In order to suppress the medium water to be able to detect the
Synechocystis water, the first gradient step was chosen to be 1 T/m instead
of 2 T/m as used in C. reinhardtii suspensions, because of higher mobility of
water and lipids in the Synechocystis suspension in comparison to
suspension of C. reinhardtii cells and spinach thylakoids (Figs. 5.6b-5.8b).
Calculated Do’s of cell water were about 4.4x10-1° m?/s and 3.5x101° m?/s
in Synechocystis and C. reinhardtii suspensions, respectively. The
calculated Do of chloroplast water in C. reinhardtii suspension was about
6x101* m?/s. Thus, in order to observe chloroplast water and other slower
components the first gradient step was chosen to be 2 T/m in C. reinhardtii
suspension.

Because of the different structure of Synechocystis, only one (cellular) water
pool (other than the lumenal water pool) was observed whereas two water
pools (cytoplasmic water and chloroplast water) were observed in C.
reinhardtii (Chapters 2 and 4). In Fig. 5.6 we compared the related spectra
and ADC’s as a function of A for these water pools. Water of both C.
reinhardtii and Synechocystis was more mobile and less restricted than the
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chloroplast water of C. reinhardtii (Fig. 5.6b). T2's of the cell water (Fig. 2.2
from Chapter 2) and chloroplast water (Fig. 4.14 from Chapter 4) from C.
reinhardtii were around 15 ms and 3 ms, respectively. T, of the
Synechocystis water was about 10 ms.

C.reinhardtii, cell wat Cell water f C. reinhardtii
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Figure 5.6: DANS at A=40 ms (a) and ADC as a function of diffusion labelling time A
(b) for cell water (green) and chloroplast water (olive) of C. reinhardti and
Synechocystis water (blue).

Component 1 from spinach thylakoids suspension may represent water
restricted to grana, the lumen water pool and sorbitol (originating from the
isolation procedure) as the DANS of the component had a large water peak
at short A values and relatively smaller signals from sorbitol and lipids. In
case of C. reinhardtii, component 2 showed higher intensity signals at lower
ppm upon nutrient stress and salt stress (Fig. 4.8b in Chapter 4) because of
the accumulated lipid bodies. Component 2 from Synechocystis may also
have contributions from lipid bodies and the component had two T.’s in the
order of about 10 ms and 50-60 ms (Fig. 5.5).
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Figure 5.7: DANS at A=40 ms (a) and ADC as a function of diffusion labelling time A
(b) for component 2 from C. reinhardtii (olive) and Synechocystis (blue, amplitude
was multiplied by 5) and for the component 1 from spinach thylakoids suspension
(red, amplitude was multiplied by 5).

In Fig. 5.8 the DANS (a) and diffusion behaviour (b) of membrane lipids from
C. reinhardtii, the component 3 from the Synechocystis and component 2
from spinach thylakoids are compared. All the three systems had
resonances below 2.2 ppm and above 3.3 ppm though their relative
amplitudes were quite different. Synechocystis has an intense doublet at
around 2-2.3 ppm, C. reinhardtii at 1.1 ppm (comparable to Synechocystis
at 1.1 ppm) and the spinach thylakoids show high intensity at 1.37 ppm and
around 3.3 ppm. Both Synechocystis and spinach thylakoids have intense
signals at 4.7 ppm and at 3.7 ppm, C. reinhardtii only at 4.7 ppm. Only
spinach thylakoids has a resonance at 2.7 ppm and only Synechocystis has
a resonance at 2.3 ppm. The lipid compositions of cyanobacteria, algae and
higher plants are very similar although the ratios can differ®. All the above
mentioned differences in the spectra may be due to a difference in the
various lipid ratios. If the DGDG fraction is higher, then the signal at 3.4-4
ppm can be higher such as in Synechocystis and if the SQDG fraction is
more than the —CH2 resonance at 1.0-1.2 ppm can be higher. Nuzzo et al.1°
and Masuda et al.'! reported quantitative analysis of the lipids in microalgal
samples, which clearly indicated that the lipid ratios are quite different in the
three samples. The T,'s of the membrane lipids from Synechocystis were
about 3, 10 and 35 ms (Fig. 5.5 and Table 5.1).
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Figure 5.8: DANS at A=40 ms (a) and ADC as a function of diffusion labelling time A
(b) for component 3 from C .reinhardtii (olive) and Synechocystis(blue, amplitude
was multiplied by 3) and for the component 2 from spinach thylakoids suspension
(red, amplitude was multiplied by 5).

Sarcina et al. (2003) found a diffusion coefficient of a lipid soluble marker in
cells of the cyanobacterium SynechococcusPCC 7942, using Fluorescence
Recovery After Photobleaching (FRAP), of about 0.3x10-12 m?/s2,
Membrane lipid diffusion in C. reinhardtii was in that order, 0.1-1x1012 m?/s,
but the observed diffusion of component 3 in Synechocystis was faster (0.9-
3.6x10-12 m?/s) indicating that the diffusion in (thylakoid) membranes can be
quite different in different systems.

The spectra of component 4 for Synechocystis and C. reinhardtii and
component 3 for spinach thylakoids show substantial differences but the
ADCs are comparable at long diffusion observation times (Fig. 5.9). The
ADC of component 4 at A=50 ms from Synechocystis was about 2x1014
m2/s and was in the order of the ADC of component 3 from spinach
thylakoids and component 4 from C. reinhardtii (Fig. 5.9b). The diffusion
coefficient of phycobilisomes on the thylakoid membrane surface in
Synecoccocus PCC 7942 is about 3x1014 m?/s3 which is in the order of
ADC of component 4 at A=50 ms and thus component 4 from Synechocystis
may have contributions from phycobilisomes. T»’s of the component were 3
ms and 60 ms. The diffusion coefficient of LHCII (light-harvesting complex I
of plants and green algae) was reported to be 0.8x104 m?/s in isolated
spinach thylakoid membranes by Consoli et al.*4. This value fits quite well to
the ADC of the slowest component from both spinach thylakoids and C.
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reinhardtii. So the slowest component from both spinach thylakoids and C.
reinhardtii might have some contribution from LHCII. By proper diffusion
filtering, the spectra of component 4 can be obtained in about 5 mins
choosing only the last gradient step. This opens the possibility to further
characterize the component by more advanced 2D NMR methods.
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Figure 5.9: DANS at A=40 ms (a) and ADC as a function of diffusion labelling time A
(b) for component 4 from C. reinhardtii (olive) and Synechocystis(blue) and for the
component 3 from spinach thylakoids suspension (red).

5.5 Conclusions

Synechocystis water can be detected using 'H NMR DOSY and DRCOSY
experiments with an appropriate D-filter. The ADC of the water was about
1x101° m?/s at A=30 ms and T, was about 10 ms. Thus, it is possible to
measure T, and ADC of the Synechocystis water even at low field strengths
and using a maximum gradient strength of 1 T/m. Hindered diffusion of the
water was observed and the estimated size from the hindered diffusion was
about 8.5 um, which corresponds to the size of a Synechocystis cell. Using
the cell water signal it is possible to study Synechocystis volume regulation
and to probe changes in the water dynamics under changing environmental
conditions.

In addition (thylakoid) membrane lipids and their dynamics have been
studied in both Synechocystis and spinach thylakoids suspensions.
Diffusion NMR is a completely in vivo approach to study the membrane
dynamics in Synechocystis. Using this approach we were able to detect the
difference in thylakoid membrane composition in Synechocystis, C.
reinhardtii and spinach thylakoids. It is also possible to probe the changes in
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the membrane organization/composition and dynamics under changing
environmental conditions by this technique. The T.'s of component 2
(perhaps lumenal water and lipid bodies) from Synechocystis were about 10
ms and 50-60 ms. The T.'s of the membrane lipids were about 3, 10 and 35
ms. The slowest component from Synechocystis might have contributions
from phycobilisomes but further research has to be done for complete
characterization.

Supporting information

Supporting information is included below: S5.1: Residual plot (3-component
fit (black) and 4-component fit (red) for all diffusion times) of DANS (7 T H
DOSY experiment), of a Synechocystis suspension. S5.2: Residual plot (2-
component fit (black), 3-component fit (red) and 4-component fit (blue) for all
diffusion times) of DANS (7 T *H DOSY experiment), of a spinach thylakoids
suspension.
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Figure S5.1: Residual plot (3-component fit (black) and 4-component fit (red) for all
diffusion times) of DANS (7 T 'H DOSY experiment), of a Synechocystis suspension.
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spinach thylakoids suspension.
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General discussion

The aim of this thesis was to explore the use of PFG NMR approaches to
study dynamics of chloroplast water, thylakoid membrane lipids and proteins
in photosynthetically active systems by making use of naturally available
probe molecules and effects of different environmental conditions on the
dynamics of these molecules. In order to provide easy understanding, this
chapter is divided into two sections; the first section is about dynamics of
chloroplast water in leaves and in photosynthetic microorganisms and the
second section is about dynamics of (thylakoid) membrane lipids and
proteins in photosynthetic microorganisms.

6.1 Section | (dynamics of chloroplast water)

Although chloroplast water amounts to around 10-30% of the total leaf
water, a very limited number of NMR studies of chloroplasts in vivo in
relation to leaf water content has been published. McCain et al.! reported
that chloroplast water can be discriminated from non-chloroplast water by
using an orientation-dependent NMR spectrum of a leaf. Because of
susceptibility differences coming from loosely bound manganese ions near
the thylakoid membrane chloroplast water can be shifted with respect to
non-chloroplast water!. However, DOSY measurements on leaf disks of F.
benjamina and A. platanoides (Chapter 2) clearly revealed that even
vacuolar water can be shifted from the (bulk) water resonance (4.7 ppm)
and also that chloroplast water can have resonances at 4.7 ppm. Thus,
discrimination of chloroplast water based on spectral characteristics only is
not correct. More recently, Musse et al.?2 characterized various cell
compartments in Brassica napus leaves by monitoring leaf senescence
using low-field 'H NMR relaxometry, light and electron microscopy?. They
concluded that chloroplast water can be observed as a water pool with aT»
of about 20 ms, and can easily be distinguished from the other T, pools.
However, the observed T, of chloroplast water can be affected by exchange
and thus the discrimination of chloroplast water from other water pools in
leaves is not always reliable. As described in chapter 2 our approaches
(DOSY and DRCOSY) are applicable in general to all types of leaves
(irrespective of the orientation dependence) and at all available field
strengths using very short diffusion times that minimize effects of exchange.
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Using this approach we were able to discriminate chloroplast water
successfully not only in leaf disks but also in the intact photosynthetic
microorganism C. reinhardtii. Translational dynamics of the chloroplast
water in the above mentioned three systems was about comparable, the
diffusion coefficient being in the order of 3x101* m? s~* at A=25 ms at 20° C.
This is the first report on translational dynamics of chloroplast water so far,
to the best of our knowledge. This work is useful to track changes in leaf
tissues and subcellular compartments, e.g. during leaf development,
senescence and drought, and in turn to help to understand the relation
between chloroplast water and photosynthesis and the changes in it by
combining with other studies such as fluorescence and gas exchange for
instance.

Although previous studies®#%67 on Chloroplast Volume Regulation(CVR),
the process by which chloroplasts import or export osmolytes to maintain a
constant volume in a changing environment, were done only on in vitro
systems, the studies showed that CVR is essential for efficient
photosynthesis. McCain et al.57 studied CVR for the first time in intact leaf
disks using H NMR spectroscopy based on the abovementioned
assumption (shifted peak uniquely corresponds to chloroplast water) which
is not correct (cf. Chapter 2). As we were able to detect chloroplast water
accurately under complete in vivo conditions (using *H DOSY and DRCOSY
methods), we tried to study CVR in leaf disks of F. benjamina and A.
platanoides as a function of dehydration. The approaches DOSY and
DRCOSY have been applied to follow the behaviour of the different water
pools (water in different leaf tissues and in chloroplasts) during dehydration.
The effect of sub-epidermal cells (present in F. benjamina, not present in A.
platanoides) on the dehydration behaviour of chloroplast is demonstrated.
Chloroplasts appeared to be less sensitive than other compartments (such
as vacuoles for instance) to moderate dehydration stress in leaf disks of
both F. benjamina and A. platanoides. With extended stress, chloroplasts
became equally sensitive as vacuoles in A. platanoides but they were still
less sensitive in F. benjamina because of the buffer role of sub-epidermal
cells. This demonstrates that Chloroplast Volume Regulation (CVR) can be
studied.

Also, to find out correlation between chloroplast water volume and
photosynthetic rates, PS Il efficiency (FW/Fm) was measured using PAM
fluorometry but actually high PS Il efficiency does not necessarily mean high
photosynthetic rates. Thus in order to study the relation between chloroplast
volume and photosynthetic activity under complete in vivo conditions our
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NMR measurements should be combined with other methods more directly
related to photosynthetic activity, such as gas exchange measurements. We
found a non-linear correlation between chloroplast water volume and PS I
efficiency. To a critical value of chloroplast water content, PS Il efficiency
was 0.35 and below 20 % of AWRFchioropiast (Amount of (chloroplast) Water
Relative to Fresh) PS Il efficiency declined gradually. Perhaps, a photo-
protection mechanism of PS Il is related to chloroplast water content.

We also studied nutrient stress and osmotic stress effects of algae.T- of the
chloroplast water did not change upon nitrogen stress and salt stress (Fig.
4.12; Table 4.1). In Nitrogen Free (NF) algae, changes in chloroplast water
content and volume were trivial. At 100 mM excess salt stress chloroplasts
lost about 50% water (DOSY measurements at A=40 ms, Fig. 4.8a, Chapter
4) and consequently the chloroplast dimension reduced from 4.6x£1.2 um to
3.8+0.5 um. It is possible to probe changes in chloroplast water volume and
dimensions (although not precisely as estimated by time dependent
diffusion of chloroplast water) in C. reinhardtii suspension using *H DOSY
NMR under changing environmental conditions (nitrogen starvation and
excess salt). By combining this research with other techniques such as gas
exchange, it would be possible to study relation between chloroplast water
volume and photosynthesis under various environmental conditions.

6.2 Section Il

In addition to chloroplast water dynamics, lipids in lipid bodies, (thylakoid)
membrane lipids and most probably protein pigment complexes could be
observed and their dynamics were studied. In intact leaf systems, T2 of the
membrane lipids is on the order of 5 ms, their apparent diffusion coefficient
is 2.7x1012 m?/s at A=12 ms and 5x101% m2/s at A=290 ms. Hindered
diffusion of the lipids was also observed. It is possible to probe changes in
membrane dynamics under changing environmental conditions using the
hindered diffusion of membrane lipids.

Itis clear from DOSY measurements on C. reinhardtii suspensions that both
nutrient stress and salt stress result in an accumulation of lipids in lipid
bodies. The apparent diffusion coefficient (ADC) of the lipid bodies was
2x10712 m?/s at A=220 ms which is close to the ADC (0.79x107*?2 m?/s at
A=400 ms) of TAGs in lipid bodies in seeds®. The size of the accumulated
bodies was about 2+0.3 um in NF algae, in very good agreement with the
value reported by Siaut et al.® and it was about 1.3+0.2 um in SM algae.
Thus, 'H DOSY and DRCOSY measurements are very useful to study
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accumulated lipid bodies in algae. Study of accumulated lipid bodies has
applications in bio-fuel production. As we already have an idea about
characteristics (ADC and T2) of lipid bodies even inexpensive low field
DRCOSY measurements can be used to study the lipid bodies and that in
turn helps to study in vivo effects of growth/environmental conditions easily
at low cost.

ADC’s of membrane lipids from NM algae, NF algae and SM algae were
1.3x1012 m?/s, 3.4x1012 m2/s and 1x1012 m?/s, respectively at A=25 ms at
20° C. TheT: of the component of NM algae were about 7 ms and 30 ms,
whereas for NF algae it was about 23 ms. Thus nutrient stress resulted in
longer T, values, reflecting higher mobility of the membrane lipids of C.
reinhardtii. The T, of the membrane lipids from Synechocystis was in the
order of 20 ms (Fig. 5.6 and Table 5.1, Chapter 5).The lipid compositions of
cyanobacteria, algae and higher plants are very similar, although the ratio
between the different lipids differ’0. All the observed differences in the
spectra (of membrane lipids, Fig. 5.9 from chapter 5) may be due to a
difference in the various lipid ratios for plants and cyanobacteria. Nuzzo et
al. reported a quantitative analysis of lipids in microalgal samples which
clearly indicates that the lipid ratios are quite different in the three
samples'l,

In addition to the lipid bodies and membrane lipids, a very intriguing
component was observed in the photosynthetic microorganisms (C.
reinhardtii and Synechocystis) and also in isolated spinach thylakoid
suspensions. The Diffusion Associated NMR Spectrum (DANS) of the
component from C. reinhardtii suspension had substantial changes due to
nutrient stress and salt stress which indicates that the component might
have contributions from thylakoid membrane protein (super) complexes,
because after growth in a Nitrogen Limited (NL) continuous culture system
C. reinhardtii exhibits substantial changes in thylakoid protein profiles!2.
These differences in amount of various protein complexes and pigment
molecules in the thylakoid membrane could explain the substantial changes
observed in the relative amplitudes of the peaks in DANS of this component
from NM, NF and SM algae (Fig. 4.8d, chapter 4).

Also, the spectra of this component for Synechocystis, C. reinhardtii and
spinach thylakoids showed substantial differences but the ADC’s were
comparable at long diffusion observation times (Fig. 5.10, Chapter 5). The
ADC of the component at A=50 ms from Synechocystis is about 2x1014
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m?/s and is in the order of the ADC of the component from spinach
thylakoids and from C. reinhardtii (Fig. 5.10b, Chapter 5). The diffusion
coefficient of phycobilisomes on the thylakoid membrane surface in
Synecoccocus PCC 7942 is about 3x101* m?/s13 which is in the order of the
ADC of the component at A=50 ms and thus the component from
Synechocystis might have contributions from phycobilisomes. TheT,’s of the
component were 3 ms and 60 ms. The diffusion coefficient of the major
light-harvesting complex LHCII was reported by Consoli et al.* to be
0.8x101* m?/s in isolated spinach thylakoid membranes. This value fits
quite well with the ADC of the slowest component from both spinach
thylakoids and C. reinhartdtii. So the slowest component from both spinach
thylakoids and C. reinhartdtii might have some contribution from LHCII. By
proper diffusion filtering, the spectrum of the component can be obtained in
about 5 mins choosing only the last gradient step. This (diffusion edited
spectrum combined with more advanced 2D NMR methods) opens a new
way to study the photosynthetic proteins because the approach does not
need any of the following requirements such as expensive isotope labelling,
low temperatures to have solid state samples (thus possible to study the
proteins in native conditions) and long-range crystalline structures.
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Summary

1)

2)

3)

4)

5)

Using 'H DOSY and DRCOSY methods with appropriate D-filter, it
was possible to discriminate chloroplast water from other water
pools in leaf disks of Ficus benjamina and Acer platanoides and
also in suspension of green algae Chlamydomonas reinhardtii.
Synechocystis water was also detected in Synechocystis
suspension using the methods.

Also, we were able to study dehydration effects on leaf cellular
compartments in leaf disks of F. benjamina and A. platanoides. We
conclude from the study that subepidermal cells (present only in F.
benjamina) serve as water storage pools and help plants to survive
under dehydrating conditions by preventing chloroplast water loss.
Algal water and chloroplast water were observed in suspension of
green algae Chlamydomonas reinhardtii. Using restricted diffusion
behaviour of chloroplast water, the size or volume of chloroplast in
C. reinhardtii of WT grown in normal medium (NM), nitrogen free
medium (NF) and salty medium (SM) could be estimated. Salt
stress resulted in substantial changes about 17 % in chloroplast
size (4.6+x1.2um in NM and 3.8+ 0.5um in SM), related to a
decrease of about 47 % of the volume.T, of the chloroplast water
increased by about a factor 2 for both NF algae and SM algae in
comparison to that of the NM algae.

In leaf disks and in suspensions of Synechocystis, C. reinhardtii and
spinach thylakoids, membrane lipids were observed. To the best of
our knowledge, no other lipid diffusion measurements in intact leaf
systems have been reported. Hindered diffusion of the lipids was
also observed. It would be possible to probe changes in membrane
dynamics under changing environmental conditions using the
hindered diffusion of membrane lipids.

T, and restricted diffusion of lipid bodies and membrane lipids was
measured for NM, NF and SM C. reinhardtii. Nutrient stress and salt
stress had substantial effect on lipid production (lipid bodies) and
dynamics of membrane lipids. Estimated sizes of the lipid bodies
from their hindered diffusion were 1.3um, 2 + 0.3um and 1.3 +
0.2um for NM, NF and SM C. reinhardtii, respectively. T, of lipid
bodies was longer than that of membrane lipids in all the three NM,
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6)

NF and SM C. reinhardtii and T» of membrane lipids was longer in
NF and SM C. reinhardtii than that of NM C. reinhardtii.

Most significantly, we could study dynamics and (changes in)
composition of photosynthetic pigment-protein complexes in vivo in
WT C. reinhardtii grown under the three different cultures (NM, NF
and SM) and also in suspensions of Synechocystis and spinach
thylakoids. By proper diffusion editing these spectra can be
measured in about 4 minutes at 300 MHz thus it would be even
better at higher field spectrometers. This opens the possibility to
apply 2D NMR methods for further characterisation of the spectral
components.

124



125



Acknowledgements

| would like to thank Dr. Henk Van As, first of all, for giving me the big
opportunity to work on very interesting project in a peaceful and friendly
environment. In addition to the opportunity, Dr. Henk Van As, encouraged
and supported me in each and every phase of the project. | would like to
thank Prof. Herbert van Amerongen for critically reading the thesis and also
for the valuable suggestions.

My gratitude goes to Frank Vergeldt for providing an excellent algorithm to
fit DOSY data. | would like to thank Pieter de Waard who introduced me to
NMR spectrometer, Cor Wolfs for helping me with sample preparation and
Rob Koehorst for helping me with PAM fluorometry. | would also like to
thank Caner Unlu and Emilie Wientjes for providing algae suspension and
isolated thylakoids. My gratitude goes to Jan Willem Borst who helped me
with CLSM measurements. Special thanks go to my roommate Evgenia
lermak for moral support.

Gratitude goes to my Biophysics colleagues and friends: Netty Hoefakker,
Fugui Xiao, Daan de Kort, Shazia Farouq, Volha Chukhutsina, Alena
Prusova, Tunde Toth, Yashar Ranjbar, Lijin Tian, Carel Fijen, Edo Gerkema,
Elena Golovina, Arjen Bader, Folkert Hoekstra, John Philippi, Johannes
Hohlbein, Tatiana Nikolaeva, and John van Duynhoven.

My special thanks go to all my family members: Madan Mohan,
Buchchamma, Rathish, Meera Manohar, Gopala Krishna, Vasundhara Devi,
Shravan Kumar, Akshahanthri and Anjaneeswar.

126



127



Training and Education

The Graduate Scheol|

Education Statement of the Graduate School

Experimental Plant Sciences

I
Issued to: Shanthadevi Pagadala
Date: 6 June 2017
Group: Laboratory of Biophysics
University: \Wageningen University & Research
1) Start-up phase date
» |First presentation of your project
Title: 1H and 31P in vivo NMR methods to study thylakoid membrane
phase, time dependent lipid diffusion and exchange Jan 10, 2012
» |Writing or rewriting a project proposal
\Writing a review or book chapter
» |MSc courses
BIP 30806: Advances in Magnetic Resonance, Wageningen, NL Mar-Apr 2012
» |Laboratory use of isotopes
Subtotal Start-up Phase 7.5 credits*
2) Scientific Exposure date
» |EPS PhD student days
EPS PhD student day 2013, Leiden, NL Nov 29, 2013
» |EPS theme symposia
EPS Theme 3 Symposium-'Metabolism and Adaptation', Amsterdam, NL Mar 22, 2013
EPS Theme 3 Symposium-'Metabolism and Adaptation', Wageningen, NL Mar 11, 2014
EPS Theme 3 Symposium-'Metabolism and Adaptation', Wageningen, NL Mar 14, 2017
» INWO Lunteren days and other National Platforms
Dutch Meeting on molecular and cellular biophysics, Veldhoven, NL Oct 01-02, 2012
Dutch Meeting on molecular and cellular biophysics, Veldhoven, NL Sep 30-Oct 01, 2013
IAnnual meeting 'Experimental Plant Sciences' 2014, Lunteren, NL Apr 14-15, 2014
IAnnual meeting 'Experimental Plant Sciences' 2015, Lunteren, NL Apr 13-14, 2015
» |Seminars (series), workshops and symposia
Symposium '‘Measuring the Photosynthesis phenome', Wageningen, NL Jul 07-09, 2014
» [Seminar plus
» |International symposia and congresses
MR in food conference, Wageningen, NL Jun 27-29, 2012
EUROMAR, Hersonissos, Crete, Greece Jun 30-Jul 05, 2013
» |Presentations
Talk: FOM meeting 2011, Amsterdam, NL Oct 19, 20128




[Talk: FOM meeting 2012, Utrecht, NL

Mar 14, 2012

Poster: Dutch meeting 2012, Veldhoven, NL Oct 01, 2012
Talk: FOM meeting 2012, Amsterdam, NL Oct 29, 2012
Talk: FOM meeting 2013 Mar 07, 2013
Poster: EUROMAR, Hersonissos, Crete, Greece Jul 02, 2013
Talk: FOM meeting 2014, Groningen, NL May 13, 2014
Poster: Ampere NMR School 2014, Zakopane, Poland Jun 24, 2014
Talk: FOM meeting 2015, Utrecht, NL Jun 12, 2015
» |IAB interview
Meeting with a member of the International Advisory Board of EPS Jan 05, 2015

» [Excursions

Subtotal Scientific Exposure|

16.6 credits*

3) In-Depth Studies

date

» |[EPS courses or other PhD courses

Postgraduate course 'In vivo NMR', Wageningen, NL

Dec 10-20, 2012

IAmpere NMR school, Zakopane, Poland

Jun 22-28, 2014

» [Journal club

» |Individual research training

Subtotal In-Depth Studies

4.8 credits*

4) Personal development

date

» [Skill training courses

FOM course 'Taking charge of PhD project’, Utrecht, NL

Apr 18 & 25, 2012

FOM course 'Art of presenting science', Utrecht, NL

Sep 14, 28 -Oct 12, 2012

FOM course 'Art of scientific writing', Utrecht, NL

Mar 01, 15 -Apr 05, 2013

» |[Organisation of PhD students day, course or conference

» |Membership of Board, Committee or PhD council

Subtotal Personal Development

3.1 credits*

TOTAL NUMBER OF CREDIT POINTS*

32.0

which comprises of a minimum total of 30 ECTS credits

Herewith the Graduate School declares that the PhD candidate has complied
with the educational requirements set by the Educational Committee of EPS

* A credit represents a normative study load of 28 hours of study.

129



This research received funding from the Foundation of Fundamental
Research on Matter (FOM).

130



