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Photosynthetic thylakoid membranes contain the protein machinery to convert sunlight in chemical energy and
regulate this process in changing environmental conditions via interplay between lipid, protein and xanthophyll
molecular constituents. This work addresses the molecular effects of zeaxanthin accumulation in thylakoids,
which occurs in native systems under high light conditions through the conversion of the xanthophyll
violaxanthin into zeaxanthin via the so called xanthophyll cycle. We applied biosynthetic isotope labeling and
13C solid-state NMR spectroscopy to simultaneously probe the conformational dynamics of protein, lipid and
xanthophyll constituents of thylakoids isolated from wild type (cw15) and npq2 mutant of the green alga
Chlamydomonas reinhardtii, that accumulates zeaxanthin constitutively. Results show differential dynamics of
wild type and npq2 thylakoids. Ordered-phase lipids have reduced mobility and mobile-phase lipids have en-
largeddynamics in npq2membranes, together spanning a broader dynamical range. The fraction of ordered lipids
is much larger than the fraction of mobile lipids, which explains why zeaxanthin appears to cause overall reduc-
tion of thylakoid membrane fluidity. In addition to the ordered lipids, also the xanthophylls and a subset of pro-
tein sites in npq2 thylakoids have reduced conformational dynamics. Our work demonstrates the applicability of
solid-state NMR spectroscopy for obtaining a microscopic picture of different membrane constituents simulta-
neously, inside native, heterogeneous membranes.

© 2016 Elsevier B.V. All rights reserved.
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1. Introduction

Conversion of sunlight into chemical energy takes place inside pho-
tosynthetic membranes, where pigment-protein nano-machines carry
out a cascade of reactions that evolve in time and space [1]. In order to
safely perform the photosynthesis reactions and ensure organism fit-
ness under fluctuating light conditions, constantmembrane remodeling
takes place. In excess light, feedback deregulation mechanisms induce
quenching of sunlight excitations, dissipating the excess light energy
as heat and creating a safety valve for the photosynthetic apparatus [2,
3]. In plant and algae thylakoids, photosynthesis is regulated through
complex interplay betweenmolecular conformational changes, reversible
supramolecular interactions and membrane phase transitions [4]. Thyla-
koids are densely packed with proteins that occupy ~70% of the mem-
brane space and control the membrane phases [5]. Short- and long-
term acclimation of thylakoids to light and cold stress involves reorgani-
zation of antenna-supercomplexes [4,6–9], conversion of the xanthophyll
violaxanthin (Vio) into zeaxanthin (Zea) via the xanthophyll cycle [1] and
it).
increase of lipid unsaturation by changing lipid composition [10]. Modu-
lated by low pH, phosphorylation and the xanthophyll cycle, a part of the
light-harvesting complex II (LHCII) antenna population disconnects from
the Photosystem II (PSII) complexes and self-aggregates to form chloro-
phyll (Chl)-quenched states, which dissipate excess light [11].

The effects of xanthophyll composition on regulation and photo-
protection in thylakoids have been investigated in various studies. Zea
is known to play a central role in photoprotection, through its participa-
tion in Non-Photochemical Quenching (NPQ) [12] but also by preventing
lipid oxidative damage in the membrane [13]. The antioxidant activity of
xanthophyll pigments present in membranes was indeed found to be re-
lated to their physical-chemical interactionwith lipids [14] and their pres-
ence was shown to increase the penetration barrier to molecular oxygen
[15]. Moreover, several in vivo and in-vitro studies have reported in-
creased rigidity of Zea-containing membranes [13,16], contributing to
their stabilization. The precise role of Zea in NPQ is still under debate.
The green microalga Chlamydomonas reinhardtii(Cr.) npq2 mutant is de-
fective in Zea epoxidase and has an impaired xanthophyll cycle. In npq2
lutein and β-carotene are the major carotenoids while it is unable to
synthetize antheraxanthin and violaxanthin and accumulates Zea consti-
tutively, under all light conditions. The mutation does not impair the
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photoautotrophic growth of npq2 with respect to the parental strain
(cw15) in various growing conditions. Npq2 mutant only showed a de-
crease in chlorophyll content per cell upon cultivation in high light with
a consequent increase in the carotenoid/Chl ratio. Npq2 mutant showed
a decreased quantum yield of PSII (Fv/Fm) [17] but also faster fluores-
cence quenching upon actinic-light exposure [18,19]. Zea has been sug-
gested to be involved in quenching of excess energy by multiple
mechanisms, by activating a quenched state in LHC protein complexes
upon binding [20–22] but also at themembrane level, mediating interac-
tions between the complexes [23]. The accumulation of Zea was also
demonstrated to protect the polyunsatured lipids, during photooxidative
stress, as well as α-tocopherol [13], showing a strong antioxidative effect
fromZea independent from its binding to PSII light-harvesting complexes.

In this work, we explored the use of in-situ 13C solid-state Nuclear
Magnetic Resonance (NMR) on whole thylakoids to gain insight in pro-
tein and lipid conformational dynamics and the effect of Zea accumula-
tion. 13C-NMR spectroscopy in conjunction with biosynthetic uniformly
13C isotope labeling provides uswith a uniquemethod to simultaneous-
ly detect protein, lipid and xanthophyll molecular constituents and
measure their molecular dynamics directly. We analyzed Cr. thylakoids
from wild type (cw15) and from npq2 mutant that, as already men-
tioned accumulates Zea in the thylakoids. 13C Magic Angle Spinning
(MAS) NMR spectra were obtained by direct and cross polarization to
separate and quantify rigid and dynamic membrane molecular compo-
nents. To measure the temperature-dependent dynamical properties,
spectra were collected over a temperature range from 0 to 25 °C. In ad-
dition, T1ρ relaxation experiments were performed to further analyze
protein backbone molecular dynamics. Results show differential dy-
namics of proteins, lipids and xanthophylls in cw15 and npq2 mem-
branes. The npq2membranes contain more xanthophylls and ordered-
phase lipids with reduced dynamics, as well as mobile-phase lipids
with enlarged dynamics, spanning a broader dynamical range. Our
study validates the application of 13C solid-state NMR spectroscopy for
functional screening of molecular membrane characteristics and dem-
onstrates how Zea accumulation influences the conformational dynam-
ics of protein and lipid constituents, affecting the functionality of
heterogeneous thylakoid membranes.

2. Materials and methods

2.1. Chlamydomonas reinhardtii strains and growth conditions

In this work we employed C. reinhardtii strains cw15 and npq2. The
first is a cell wall-less mutant [24] used as reference, used as a parental
strain for the isolation of a mutant depleted in Zea epoxidase (ZE) [25].
Both strains were cultivated in Erlenmeyer flasks with liquid tris-
acetate phosphate (TAP) medium, at 100 rpm agitation and 21 °C in a
growth chamber. Continuous illumination was provided from cool-
white fluorescent lamps under low (b 25 μmoles photons m−2 s−1)
photosynthetically active radiation (400–700 nm). The TAP medium
[26] used to grow labeled cells, was prepared using 13C labeled sodium
acetate (Sigma-Aldrich) and 15N labeled ammonium chloride (Sigma-
Aldrich). Cultures in labeled medium were set up starting from an
optical density at 750 nm (OD750) equal to 0.1 and cells were grown
until OD750 = 1. Three rounds of cultivation in labeled medium were
performed to ensure N95% labelling of the cells with 13C and 15N atoms.

2.2. Thylakoid isolation

Cells were harvested by 10 min of centrifugation at 4 °C, at 3500 g
and then washed twice in isolation medium A (IMA, 10 mM MES
pH 6.5, 2 mM KCl, 5 mM EDTA pH 8, 1 M sorbitol). After centrifugation,
cells were resuspended in cold IMA bufferwith 0.5%milk powder (com-
mercial food product) and 1 mM PMSF, 1 mM DNP-ε-amino-n-caproic
acid and 1 mM benzamidine, and then disrupted at 4 °C using an ultra-
sonic homogenizer (Sonic Rupter 400 – OMNI International - PBI) for
5 s, with the maximum power. Immediately after rupture, the samples
were centrifuged for 15 min at 2500 g at 4 °C to collect unbroken cells
on the bottom of the tube. The latter were again resuspended in IMA
buffer containing inhibitors and milk powder and treated again with
the homogenizer. This step was repeated 3 times to be sure to break
all the harvested cells, always collecting the supernatant containing
the thylakoids. The latter was centrifuged for 15 min at 2500 g at 4 °C,
to eliminate cells debris. The supernatant was then centrifuged for
30 min at 40.000 g at 4 °C to collect the thylakoids. The pellet, containing
the thylakoids, was washed twice with isolation medium B (IMB, 10 mM
MES pH 6.5, 2 mM KCl, 5 mM EDTA pH 8) and resuspended in T3 buffer
(50 mM Hepes-KOH pH 7.5, 5 mM MgCl2, 50% glycerol). Immediately,
thylakoids were frozen in liquid nitrogen and stored at −80 °C until
use. All steps were performed at 4 °C and in dim light. Thylakoids total
pigments were extracted with 80% acetone, and the chlorophyll concen-
tration of the sampleswas determined spectrophotometrically using spe-
cific extinction coefficients [27] and spectral fitting previously described
in [28].

2.3. Gel electrophoresis

Coomassie-stained SDS-page was performed using 12.5% Tris-
glycine gels as in [29]. Samples were solubilized with a solubilization
buffer (4×) containing 30% glycerol, 125 mM Tris pH 6.8, 0.1 M dithio-
threitol, 9% SDS and were loaded according to the same amount of
membranes determined by Chl assay.

2.4. NMR sample preparation

The thylakoids suspension containing 1.5 mg of Chl (approx. 10
times more in protein content) were pelleted by ultra-centrifugation
at 223,000 g for 40 min and transferred into NMR rotor inserts.

2.5. NMR experimental setup

All the NMR spectra were collected with a Bruker Advance-III 750
(17.4 T) solid state NMR spectrometer equipped with a 4 mm CP/MAS
trip-probe. Presented 2D 13C-13C proton driven spin diffusion NMR ex-
periments (PDSD) were collected with 256 scans and mixing time of
25 ms at -29 °C. Two-pulse phase modulation (TPPM) decoupling
(2 dB)was applied during the t1 and t2 periods. Each Polarization Trans-
fer (pt) NMR experimentwas performedwith 256 scans under SPINAL-
64 decoupling (1.8 dB) and the MAS frequency was set to 11.6 kHz. All
the 13C spectra were referenced to the carbonyl signal of solid 13C-
Tyrosine at 172.2 ppm. CP experiments were performed with the con-
tact time (τCP) of 2 ms, a recycle delay of 2 s and acquisition time of
20 ms, ω1

C/2π of 40.3 kHz and 1H nutation frequency linearly ramped
from 80 to 100 kHz. In insensitive nuclei enhancement (INEPT) experi-
ments two delays of 1.25 ms and acquisition time of 80 ms were used.
For Direct Polarization (DP) experiments, the delay timewas 2 s and ac-
quisition time was set to 43 ms. Presented temperature curves are the
averaged results of two independent sets of experiments. As a control,
CP and DP experiments were performed on a tri-amino acid (13C/15N
N- formyl-Met-Leu-Ple-OH(f-MLF)) using the same pulse sequences.
In this case, CP signal intensities were about four times the DP signal in-
tensities, in line with expected enhancement from the 1H and 13C gyro-
magnetic ratio.

2.6. T1ρ setting

13C T1ρ experiments were performed at 7 and 25 °C. We applied
SPINAL-64 heteronuclear decoupling with 1.5 dB during the relaxation
delay. To acquire the spectra after the CP MAS pulse, variable spin-
lock pulses from 10 μs to 200 ms were applied. Acquisition time
was 11 ms and τCP was set to 256 μs for all experiments, except where
stated otherwise. Relaxation curves were obtained by integrating the



Fig. 1. Coomassie-stained SDS-page of WT and npq2 Cr. thylakoids, with 2 μl (lane 1 and
3) or 10 μl (lane 2 and 4) loading of membrane material.
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appropriate regions as a function of the relaxation delay in each exper-
iment. The reported rates were determined by fitting the data to
stretched- or double-exponentials.

2.7. Temperature calibration

Temperatures were calibrated by analyzing 207Pb NMR chemical
shift of lead nitrate (Pb(NO3)2). The readout temperature was regulated
from−2.0 to 20.0 °C within± 0.1 °C. Effective sample temperature as a
function of read out temperature and spinning speed was obtained by
using the following formula [30]:

TS ¼ 0:97T0 þ 1:34�C exp ωr=7:53kHzð Þ−0:77�C

In which TS is the effective sample temperature (in Kelvin), T0 read
out temperature (Kelvin) and ωr is referred to MAS rate (kHz).

3. Results

3.1. Isotope labeling and thylakoid extraction

Cr. strains cw15 (further referred to as WT) and npq2 were chosen
for this work and cultivated according to the following considerations.
For detection through solid-state NMR, Cr. cells were labeled with car-
bon (13C) and nitrogen (15N) isotopes growing cells on 15N ammonium
chloride and 13C sodium acetate.While 15N labeled ammoniumchloride
was the only nitrogen source in themedium,C. reinhardtii is a photosyn-
thetic organism that is also able to fix CO2 from the atmosphere to
support its photoautotrophic metabolism. However, in mixotrophic
conditions in presence of acetate, the latter becomes the prominent car-
bon source [31]. We exploited this metabolic feature for incorporating
13C providing the carbon source in form of 13C-enriched sodium acetate.
Cells were nevertheless exposed to a low light intensity, close to the
compensation point, to maintain their photosynthetic metabolism ac-
tive. Also cellswere cultivated inflasks, where CO2 diffusion from the at-
mosphere is limited in order to further stimulate acetate assimilation
from the medium [32]. Three rounds of cultivation in labeled medium
were performed in these conditions with a tenfold dilution at every
step. This assured the labeling of a very large majority of the molecules
at the end of the cultivation. Thylakoids were then extracted from la-
beled cells and for analysis, the protein complexes of the photosynthetic
apparatus were purified by sucrose gradient centrifugation after mild
detergent solubilization (Supplementary Fig. S1 A). The Cr. npq2mutant
showed a reduced trimeric LHC content with respect to the cw15 strain,
as was already shown in literature [33]. Its inability to synthesize
antheraxanthin, violaxanthin andneoxanthin and the constitutive accu-
mulation of Zea even in low light conditions was confirmed by high-
pressure liquid chromatography (HPLC) analysis (Supplementary Fig.
S1B).

3.2. Characterization by SDS page analysis and by 13C-13C NMR

NMR spectra contain a wealth of structural information because the
NMR isotropic chemical shifts are unique fingerprints for each type of
atom. However, going from isolated proteins ormodel lipidmembranes
to native heterogeneous membranes, spectra become very crowded
and individual molecular components are no longer resolved. Thyla-
koids have the advantage that one class of proteins, the photosynthetic
light-harvesting complexes (LHCs), are abundant, reminiscent of
recombinantly-expressed proteins in host cell membranes. This is
illustrated in Fig. 1, presenting a Coomassie-stained SDS-page analysis
of the Cr. thylakoid membrane preparations of both cw15 and npq2,
loaded with equal volume amounts of membrane material. The light-
harvesting complex II (LHCII, indicated with the arrows) appears as
the most abundant polypeptides in both strains. The Cr. LHCII trimeric
complexes are isomers built from polypeptides encoded by 9 genes
[34,35] with molecular masses between 22 and 26 kDa. Fig. 2 shows a
spin-diffusion 13C-13C NMR spectrum (mixing time 25 ms) of the
cw15 and npq2 thylakoids compared with the one of isolated Cr. LHCII.
The NMR spectrum of WT thylakoids strongly overlaps with the spec-
trum of isolated LHCII, indicating that the LHC signals dominate the
NMR spectra of thylakoids, consistent with the fact that this is the
most abundant protein (Fig. 1 and S1). Nevertheless, the thylakoid spec-
tra are very congested due to the fact that cells were uniformly isotope-
labeled and resonances of protein, lipid and pigment constituents are
detected simultaneously.

3.3. Polarization transfer solid-state NMR

An elegant way to reduce spectral crowding and improve resolution
is by use of NMR 1H-13C polarization-transfer spectral editing. NMR
polarization-transfer experiments are selective for molecules with
dynamics within a certain frequency window and filter out the NMR
signals of all other components. By combining polarization-transfer ex-
periments with different frequency filters, rigid and mobile molecular
components are differentiated by their selective enhancement. In addi-
tion, the transfer of the magnetization from protons to 13carbons gives
rise to signal enhancement owing to the ~4 times enlarged gyromagnet-
ic ratio of 1H compared to 13C. A comparison of polarization-transfer ob-
tained spectra with spectra obtained through direct 13C excitation,
which detects signals within a large frequency window, provides an es-
timation of the rigid andmobile fractions out of the total number ofmo-
lecular constituents.

To gain insight in protein and lipidmolecular dynamics inside thyla-
koids, a set of one-dimensional solid-state 13C NMR experiments were
employed applying 1H-13C polarization-transfer sequences that used
cross polarization (CP) [36] or insensitive nuclei enhancement (INEPT)
[37], and applying direct 13C polarization (DP) [38]. In DP experiments,
the 13C nuclei are directly polarized during the spin-lattice relaxation
process and DP detects all molecular constituents. CP and INEPT ex-
periments were applied as frequency filters [39] that are selective
for components with slow, resp. Fast molecular dynamics. 13C-
detected CP experiments provide NMR spectra of rigid 13C constitu-
ents by polarization transfer from 1H nuclei via dipolar couplings.
CP signal intensity enhancement depends on the relative gyromag-
netic ratios of 1H and 13C, which are γH = 267.5 (106 rad S−1 T−1)
and γC= 67.2 (106 rad S−1 T−1). The enhancement factor of the CP sig-
nal intensity compared to DP is maximal γH/γC, which is almost a factor
of 4. However, the actual enhancement factor depends on molecular
motions since the CP technique is based on dipolar 1H-13C couplings,
which for very dynamic molecules will average to zero. Mobile constit-
uents, on the other hand, are signal enhanced when the polarization is



Fig. 2. 13C-13C spectrum of isolated LHCII overlaid on the spectrum of WT (cw15) and npq2 thylakoids. Green; npq2, red; LHCII, blue; WT (cw15).
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transferred via scalar couplings (J- couplings), which occur in INEPT.
The process of polarization via J-couplings is in itself not affected bymo-
tions, but scalar coupling occurs in the transverse planewhere polariza-
tion relaxation (T2) depends on motion. Consequently, rigid segments
that have fast relaxation times in the transverse plane are not detectable
in INEPT [40].

In solid-state NMR spectra of biomembranes, CP-enhanced molecu-
lar components typically include lipidswith high segmental order in the
crystalline phase [41]. Because of their restrictedmotions, the 1H-13C di-
polar couplings are not averaged to zero, making CP efficient, while fast
T2 relaxation excludes their visibility in INEPT spectra. In addition, reso-
nance signals of membrane-embedded proteins, which have restricted
conformational dynamics in the millisecond range, are visible in CP-
based spectra. INEPT is sensitive for components with fast (sub-nano-
second) dynamics. For bio membranes, these typically include mobile
lipids with low segmental order in the fluid gel phase, which have
long T2 relaxation times that makes INEPT efficient, while averaging of
the 1H-13C dipolar couplings by bond re-orientation excludes them
from CP spectra.

We analyzed thylakoidmembrane preparations of cw15 and npq2 by
13C MAS NMR using DP, CP and INEPT for mobile spectral editing. In
addition, as a comparison the set of experiments was performed on
samples of isolated LHCII in β-dodecyl maltoside (β-DM) detergent mi-
celles and of LHCII protein aggregates, obtained by detergent removal, of
which preparations have been described in detail in [42]. Fig. 3 illus-
trates which thylakoid membrane components were signal-enhanced
and distinguished performing the CP and INEPT experiments, as de-
scribed in detail below. In the additional DP experiments, all the in
Fig. 3 depicted membrane components are detected. Fig. 4 presents
the CP (blue), DP (black) and INEPT (red) 13C MAS-NMR spectral inten-
sities for WT (A) and npq2 (B) thylakoids and for WT isolated LHCII in
detergent micelles (C) and LHCII aggregates (D). The INEPT spectra in
Fig. 4 contain NMR signals characteristic for lipids, while CP spectra con-
tain bands typical of the protein backbone and side-chains, as well as
peaks typical of lipids. In Fig. 4A and B the lipid galactosyl head-group
resonances are obscured by the natural-abundance 13C resonances of
glycerol that was present in the thylakoid preparations. The large inten-
sities of the lipid signals in CP (blue spectra) compared to INEPT (red
spectra) indicate that the majority of the lipid molecules are in the or-
dered phase with restrained dynamics, while there is only a small frac-
tion of mobile lipids. The two resonance peaks around 40 ppm are
identified as Chl phytol-chain signals that are visible both in CP and
INEPT, and a small band between 135 and 140 ppm is identified as the
unresolved resonances of the xanthophyll fatty-acyl chains. NMR reso-
nances of the Chl macrocycles are not observed at ambient tempera-
tures and are obscured by protein aromatic signals in 1D spectra. The
Chl macrocycle signals can be observed in 13C-13C spectra at cryogenic
temperatures [42].

For both the WT and npq2 membrane preparations, protein signals
from the backbone C′ and Ca atoms are more pronounced in DP than
in CP, indicating that the proteins have considerable conformational dy-
namics onmicro tomillisecond time scaleswhere cross polarization be-
comes inefficient. As a control, CP and DP experiments were performed
on a tri-peptide powder sample using the same pulse sequences (data
not shown). In this case, 13C CP signal intensities were roughly four
times larger than the directly polarized 13C signal intensities, in line
with the maximal expected enhancement of CP based on the 1H and
13C gyromagnetic ratios for a rigid solid. For the WT, the xanthophyll



Fig. 3. Illustration of thylakoid constituents that are selectively probed with CP and INEPT experiments, showing the lipids in blue and red, proteins in blue and xanthophylls in orange.
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band between 135 and 140 ppm is only observed in DP while for the
npq2mutant the band appears in CP, indicating that npq2mutant con-
tains xanthophylls with reduced fatty-acyl chain dynamics.

No CP signal was detected for LHCII in β-DM micelles (Fig. 4C, blue
curve) that undergo fast tumbling in solution, which confirms that the
LHCII complexeswere fully solubilized, representing a liquid statewith-
out protein aggregation. On the contrary, for LHCII aggregates (Fig.4D),
strong CP signals are detected. Also here the DP intensities dominate over
the CP, as is the case for the thylakoid spectra, indicating that despite their
strong aggregation the LHCII complexes possess significant dynamics on
sub-millisecond time scales. The 13C NMR spectra of isolated LHCII (Fig.
4C and D) also contain lipid resonances from co-purified lipids. In
13C-13C spectra of LHCII, resonances of the mono-galactosylglycerol
(MGDG) and di-galactosylglycerol (DGDG) lipid sugar head groups are
resolved [42]. The 2D-resolved resonances confirm that these signals
are not natural-abundance 13C resonances of traces of detergent, since
the probability of detecting natural-abundance 13carbons in 2D 13C-13C
spectra (~0.01%) can be neglected.

3.4. Temperature-dependent dynamics of protein and lipid constituents

To detect molecular dynamics over a physiological temperature
range, CP and INEPT spectra were collected between 0 and 25 °C. At
high temperatures, a small gradual decrease of the CP intensities is ob-
served, consistent with loss of CP efficiency due to increased molecular
dynamics. This is shown in Fig. 5, where the carbonyl C′and Ca integrat-
ed peak intensities are plotted against temperature. Simultaneously,
INEPT intensities, which detect the dynamic behavior of the mobile-
phase lipids, gradually increase with temperature, indicating enlarge-
ment of the fraction of mobile lipids. This is illustrated in Fig. 6, present-
ing the temperature-dependent dynamics of the mobile-phase lipids
along their fatty-acyl chains. The end-tails of the mobile lipids are
probed via the methyl and (ω-1) CH2 resonances (6B), and their fatty-
acyl chains are detected via their (ω-n) CH2 resonances (6C) and via
the CH resonances (6D). The INEPT fatty-acyl chain intensities of the
npq2 mutant increase more steeply with temperature, indicating en-
largedmobility of themobile lipids in npq2membranes at elevated tem-
peratures, compared to the WT.
The dynamics of the ordered lipids with temperature was followed
in CP spectra. The lipid peaks here are not fully resolved because they
overlap with the broad bands of protein side chains. Fig. 7 shows the
CP intensities of the main lipid peak at 30 ppm containing the unre-
solved (ω-n) CH2 resonances, and of the small lipid peak at 32 ppm at
different temperatures. Lipids can adapt an all-trans or trans-gauche
conformation with different 13C chemical shifts for the acyl chain car-
bons. The small peak at 32 ppm originates from CH2 carbons of lipids
in the all-trans conformation,while themain peak at 30 ppm represents
the CH2 carbons of lipids in trans-gauche conformation [43] (see also
Figs.4 and 6). The latter lipid conformation is abundant because thyla-
koids have a high degree of unsaturated lipids. In contrast to other CP
signal intensities that decrease at elevated temperatures due to en-
larged molecular dynamics, the intensity of the trans-gauche lipid
peak at 30 ppm increaseswith temperature. The observed increase is in-
dicative of all-trans to trans-gauche isomerization. The gain of CP signal
due to accumulation of trans-gauche lipids is partly compensated by
loss of CP efficiency caused by increased lipid mobility. To disentangle
the counteracting effects of dynamics and isomerization on the main
lipid peak intensity, we compared the 30/32 peak ratios in DP experi-
ments that are insensitive to changes in molecular dynamics. The WT
and npq2 membranes have similar 30/32 ratios at 7 and 25 °C (0.32,
resp. 0.42 forWT and 0.32, resp. 0.48 for npq2), fromwhichwe conclude
that the fractions of trans-gauche and all-trans lipids in the two samples
are similar. The differential slopes of the WT (solid lines) and npq2
(dashed lines) temperature curves in Fig. 7 we therefore ascribe to dif-
ferential dynamics of the ordered lipids in WT and npq2. The ordered
lipids in npq2 apparently are less responsive to temperature changes,
with smaller losses of CP efficiencies and have reduced dynamics com-
pared to the WT.

3.5. T1ρ relaxation experiments

In addition to the polarization-transfer experiments, we preformed
13C T1ρ relaxation experiments on the WT and npq2 thylakoids at 7
and 25 °C. Measurements of spin-lattice longitudinal relaxation in the
rotating frame (T1ρ) offer investigations of molecular dynamics from
microseconds to milliseconds and are sensitive to protein slow



Fig. 4. Overlaid 13C-DP (black), 13C -CP (blue) and 13C-INEPT (red) spectra recorded at 25 °C. A: WT thylakoids; B: npq2 thylakoids; C: LHCII in detergent micelles; D: LHCII aggregates.
*Natural-abundance 13C signals of glycerol.
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conformational dynamics. T1ρ describes the decay of magnetization
along the RF field B1, by applying a spin-lock pulse in the rotating
frame of reference. Molecular fluctuations with frequencies close to
γB1, i.e. in the range of 10–100 kHz, will induce relaxation of themagne-
tization along B1. The 13C T1ρ relaxation rates also depend on the rate of
1H-13C magnetization exchange (KHC) and on the 1H spin-lattice relaxa-
tion rate (KH), as illustrated in the kinetic scheme in Fig. 8. The mixing
time during which magnetization is exchanged is set experimentally
by the CP contact time, τCP. We performed 13C T1ρ experiments with
τCP = 256 μs in order to limit proton-driven spin diffusion and inter-
carbon magnetization transfer, which both lead to undesired averaging
of the T1ρ lifetimes of neighboring carbons. Fig. 9 shows the backbone
13C T1ρ relaxation curves, obtained by integrating the intensities
over the backbone C′ band. Instead of a single lifetime, we expect a dis-
tribution of lifetimes since themembranes contain a distribution of pro-
teins and each protein contains multiple amino-acid residues with
varying structure and dynamics. Therefore C′ T1ρ relaxation curves
were fit with stretched exponentials (e-t/T1ρ)β using a fixed parameter
β (β = 0.7). The C′ T1ρ lifetimes for WT and npq2 are similar at 7 °C,
but at 25 °C the C′ T1ρ lifetime is muchmore shortened for theWT, sug-
gesting enlarged protein dynamics in WT, but not in npq2 thylakoids.
WT T1ρ relaxation curves at 7 °C were also recorded with a longer τCP
of 2 ms. As shown in Table 1, the longer τCP shortens the C′ T1ρ lifetime
from 9.4 to 6.8 ms. Ca T1ρ lifetimes were analyzed by taking the
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integrated intensities over the Ca band (see also Table 1). For some of
the Ca data sets, the fit significantly improved if instead of a stretched-
exponential a double-exponential fit functionwas used, which suggests
that despite the short τCP that was applied, the observed Ca relaxation
kinetics are partly averaged over the side chain atoms, giving rise to
multi-exponential kinetics. Overall, the observed Ca lifetimes were sim-
ilar at the two temperature conditions and are quite similar for the npq2
andWTmembranes. The Ca T1ρ lifetimes differ significantly from the C′
T1ρ lifetimes, confirming that the C′ relaxation rates contain the charac-
teristics of carbonyl atoms.

The difference between the WT and the npq2 C′ T1ρ lifetimes seems
in apparent contradiction with the carbonyl CP/DP peak intensities in
the spectra in Fig. 4, that are very similar for WT and npq2. The reason
lies in the short τCP that was used for the T1ρ experiments. Fig. S2
shows the buildup curves for C′ and Ca polarization as function of CP
contact times for isolated LHCII. The rise and decay reflect the rates for
resp. 1H-13C transfer, building up the carbon magnetization, and for
T1ρ spin-lattice relaxation as illustrated in the scheme in Fig. 8. The car-
bonyl carbons have slow buildup of the polarization because they lack
directly attached protons. With τCP = 256 μs, only a fraction of the C′
carbons are polarized, while with τCP= 2ms (used for the experiments
presented in Fig. 4) the signal is maximal and all C′ carbons are polar-
ized. As shown in Table 1, the C′ T1ρ lifetime substantially increases
with τCP= 256 μs compared to τCP=2ms.We conclude from these ob-
servations that with τCP = 256 μs only a fraction of C′ carbons is detect-
ed, and that these carbons have reduced conformational dynamics. This
is consistent with the fact that dynamic carbonyls will have smaller
1H-13C coupling, requiring long contact times for efficient cross polari-
zation. In contrast, the Ca carbons have a fast buildup of the polarization
that is already maximal at 256 μs and have fast spin-lattice relaxation,
causing loss of signal with longer τCP. The Ca T1ρ lifetimes thus represent
the average of all the Ca carbons. The T1ρ data enables us to identify a
fraction of rigid protein carbonyls that only for the WT gain significant
dynamics between 7 and 25 °C.

4. Discussion

4.1. Molecular dynamics of LHCII in vivo and of pigment-protein complexes
in vitro

Cr. thylakoids are heterogeneous and contain the full photosynthetic
apparatus with different protein constituents. Based on the 13C-13C
NMR spectra that are dominated by LHCII we can conclude that the
observed in-situ protein dynamics to large extent represent the proper-
ties of LHC proteins. Compared to the lyophilized tri-peptide model
used as a control, the proteins inside thylakoids contain considerable
dynamics on a microsecond to millisecond time scale, reflected by the
relatively low CP/DP intensity ratios. For the LHCII aggregate sample
the CP/DP ratios were even lower, implying that in the aggregates the
LHCII complexes retain significant mobility that is more comparable
with the dynamics of polymers or hydrogels than that of protein crys-
tals. The INEPT spectrum of LHCII aggregates contains a small back-
ground signal typical of protein, representing a small fraction of LHCII
with high mobility. This suggests that in the aggregate preparations
free and aggregated LHCII co-exist in an equilibrium that is strongly
shifted towards the aggregated forms. The lipid signals in the LHCII ag-
gregate spectra are much more pronounced in CP than in INEPT, dem-
onstrating that the contained lipids have restrained dynamics and
likely are protein associated, and not free lipids from the bulk. The pres-
ence of co-purified lipids in purified LHCs is known and LHCII crystal
structures of pea and spinach contain protein-associated lipids [44,45].
No significant CP signal could be detected for LHCII in detergentmicelles
at ambient temperatures, confirming the absence of protein aggrega-
tion. Previous data have shown that CP-based NMR spectra can be ob-
tained of frozen protein-micelle solutions at cryogenic temperatures
[42,46,47].

The LHCII Chl macrocycle signals are not detected by CP- neither by
INEPT-based 13C-13C spectra at ambient temperatures. Their molecular
motions apparently occur on intermediate time scales where both
type of experiments are inefficient. The ChlmacrocycleNMR resonances
of the membrane preparations emerge in NMR spectra at cryogenic
temperatures and are weakly visible at 244 K (data not shown). In
our previous work, a dynamic transition was revealed between 223 K
and 244 K for the Chls in detergent-solubilized LHCII [42] and Chl
macrocycle resonances started to disappear from CP-based 13C-13C
spectra above 223 K. In line with these NMR observations, quasi-
elastic neutron scattering experiments showed a dynamical transition
at 244 K for LHCII in detergent micelles [48]. The transition was accom-
panied with a shift of the Chl a absorption maximum that was ascribed
to a variety of conformational sub-states of Chl612, based on altered re-
sults for a Chl612mutant. Our previous NMR study also showed that for
LHCII aggregates the Chl macrocycle signals are still visible at 244 K,
demonstrating that LHCII aggregation reduces Chl conformational dy-
namics. According to the low-temperature NMR data of thylakoids
that will be presented in detail elsewhere, the conformational dynamics
of Chls in thylakoids is intermediate between the values for LHCII aggre-
gates and for LHCII detergent micelles. The difference in dynamics sug-
gests that the detergent micelle forms an artificial microenvironment
where the LHC pigment-protein complexes are more flexible than in
their native states. Liposomal membranes or lipid nano-discs may pro-
vide a microenvironment that is closer to their in-vivo states [46,49]
and it will be of interest to address the dynamics and conformational
sub-states of Chls in membrane-reconstituted LHCII.

4.2. Differential dynamics in npq2 and WT membranes: the effects of Zea
accumulation

No abrupt changeswere detected following CP and INEPT intensities
over the range 0-25 °C that would clearly mark a phase transition. In-
stead, the temperature curves show gradual increase in dynamics of
the ‘fast’ and ‘slow’ membrane components and of lipid isomerization,
consistent with an overall rise of membranemolecular dynamics at ele-
vated temperatures on both fast (ps-ns) and slow (Nms) time scales. In
npq2 membranes, the ordered lipids are less sensitive to temperature
changes, whereas the mobile lipids have enlarged dynamics compared
to the WT. This effect is the opposite of the reported influence of polar
xanthophylls thatwere shown to act asmembranemodulators, increas-
ingmembrane fluidity in the ordered phase, while decreasing the fluid-
ity in the liquid crystalline phase, thereby broadening gel-to-fluid phase
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Fig. 6. 13C INEPT intensities ofWT and npq2membranes as function of temperature. A: Inept spectra of npq2 recorded at temperatures between 0 and 25 °C. B-D: integrated INEPT spectral
regions as function of temperature. The regions correspond to the lipid carbon atoms schematically drawn in thepictures below. A: Filled green squares: CH3 region,WT; open red squares:
CH3 region npq2; filled blue circles: (ω-1) CH2 regionWT; open black circles: (ω-1) CH2 region npq2. B: Filled green squares: trans-gauche CH2 region,WT; open red squares: trans-gauche
CH2 region npq2; filled blue circles: all-trans CH2 regionWT; open black circles: all-trans CH2 region npq2. C: Filled green squares: CH/aromatic region,WT; open red squares: CH/aromatic
region npq2.
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transitions [50]. The reverse effect for Zea-accumulating membranes,
compared to WT membranes that mainly constitute Vio, could be ob-
served because Zea is a less-polar xanthophyll [20]. Our analysis pre-
dicts that Zea-accumulating membranes will have more narrow gel-
to-fluid phase transitions, which might be an advantage under stress
conditions since this would allow faster switching between the phases.

In bothWT and npq2 thylakoids the fraction of mobile lipids is small
compared to the fraction of ordered lipids. The overall membrane fluid-
ity will therefore be dominated by the behavior of the ordered-phase
lipids and consequently, is reduced for Zea-containing membranes.
The fraction of ordered lipids could represent lipids that are associated
with proteins or stabilized in between super complexes, while the mo-
bile lipids represent the bulk lipids that are not in direct protein contact.
The restricted dynamics of the majority of the lipids despite their large
number of unsaturation suggests that in the tightly packed thylakoids,
where greater part of the surface area is protein occupied, most of the
lipids are immobilized between the protein complexes.

The slow-dynamic components that are observable via CP could be
further separated in rigid and dynamic subsets based on T1ρ relaxation
kinetics using short contact times. The T1ρ lifetimes indicate that the
npq2membranes contain a subset of protein sites with limited confor-
mational dynamics that only modestly respond to temperature changes



Fig. 7. 13C CP-MAS intensities ofWT and npq2, illustrating lipid isomerization as a function
of temperature. Filled black squares: trans-gauche CH2 region npq2; open blue squares:
trans-gauche CH2 region WT; Filled red circles: all-trans CH2 region npq2; Filled green
circles: all-trans CH2 region WT.
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Fig. 9. 13C’ T1ρ relaxation curves of WT and npq2. T1ρ relaxation at 7 °C (A) and 25 °C (B) of
WT (black filled squares) and npq2 (red open squares) and stretched-exponential fits
(WT, solid black lines; npq2, red dashed lines). The fit relaxation lifetimes are 9.4 ms
(WT, 7 °C), 10.4 ms (npq2, 7 °C), 1.4 ms (WT, 25 °C) and 7.8 ms (npq2, 25 °C).
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between 7 and 25 °C.Npq2mutationwas shown to not affect photosyn-
thetic apparatus composition, nor photosystems antenna size, even in
different light conditions [51]. In the npq2membranes, however, LHCII
proteins aremore prone tomonomerization as shown in previous stud-
ies in A. thaliana [52-55] and confirmed here (Fig. S1 A). Although
monomerization could affect the NMR resonances of specific residues
and pigments at themonomer-monomer interface in the LHCII trimers,
such spectral details are not resolved in the crowded spectra of
uniformly-labeled thylakoids presented in Fig. 2. We suspect that
monomerization will change the LHCII backbone dynamics. However,
rather an increase of flexibility is expected for monomers compared to
trimers than the observed reduced protein dynamics in npq2 thylakoids.
In the npq2 membranes lateral aggregates may have formed in which
proteins have restricted conformational dynamics. On the other hand,
C′ T1ρ lifetimes of LHCII in-vitro aggregates are similar to those of pro-
teins in WT thylakoids. Alternatively, binding of Zea could alter the in-
trinsic dynamics of LHC proteins at specific sites. Such sites would
form a subset of carbonyls that are rigidified in npq2 thylakoids com-
pared to theWT, conform our T1ρ results. In that respect it is interesting
that we also observe reduced conformational dynamics of the xantho-
phylls in npq2. The molecular structure of Zea only differs from Vio, its
epoxidized form, at the head group. Due to the de-epoxidized head
groups, Zea xanthophylls are more hydrophobic [20], which could
change their interactions with the protein direct environments.

Summarizing the results from spectral editing and relaxation exper-
iments, we can conclude that Zea accumulating membranes have
(1) more rigid xanthophylls, (2) contain a subset of rigid protein sites
that are less sensitive to temperature changes, and (3) contain thylakoid
Fig. 8. Kinetic scheme of 1H to 13C polarization transfer and T1ρ spin relaxation.
lipids that span a broader dynamical range with reduced fluidity of the
large pool of ordered-phase lipids, and enlarged acyl-chain dynamics of
the small pool of mobile lipids. Our observation that Zea-rich npq2
membranes contain xanthophylls, protein and ordered-phase lipid
constituents with lower backbone and fatty-acyl chain dynamics is con-
sistent with the detected overall increase in membrane rigidity in Zea-
containing membranes as discussed in literature, at least for what con-
cerns A. thaliana [52,56]. The co-existence of ordered and mobile lipids
suggests that the thylakoids of both WT and npq2 Cr. cells contain seg-
regated membrane domains, which may differ in size and composition.
Additional electron or atomic-force microscopy would have to be per-
formed to address the effect of Zea accumulation on the supramolecular
membrane organization, while additional NMR experiments on Zea-
containing LHCII could address the effect of xanthophyll exchange on
protein internal molecular dynamics.

4.3. Application of in-situ NMR to photosynthetic membranes

The results of this study demonstrate the ability of biosynthetic
isotope labeling and solid-state NMR for assessing protein and lipid
molecular dynamics in native, heterogeneous membranes, providing



Table 1
T1ρ lifetimes of the carbonyl and Ca atoms, forWT and npq2 Cr. thylakoids and for LHCII ag-
gregates (LHCIIagg). *Fitting with a double-exponential fit instead of a stretched exponen-
tial; value presents the lifetimes of the slow components.

Sample/atom T1ρ (ms, 7 °C) T1ρ (ms, 25 °C)

WT
C′ 9.4 ± 1.5 1.5 ± 0.5
Ca 1.1 ± 0.3 [2.7 ± 0.9]* 1.0 ± 0.4 [3.1 ± 2.0]*
C′ (τCP = 2 ms) 6.8 ± 1.1 –

npq2
C′ 10.4 ± 3.1 7.2 ± 2.2
Ca 0.7 ± 0.5 [5.0 ± 2.0]* 0.9 ± 0.3 [4.4 ± 1.8]*

LHCII agg
C′ 9.5 ± 4.0 1.8 ± 1.3
Ca 0.9 ± 0.8 [3.6 ± 1.6]* 0.5 [7.9 ± 3.7]*
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a microscopic picture on thylakoid organization of C. reinhardtii WT
and npq2 mutant strains. The study of Arnold et al. demonstrated
that lipid and polysaccharide constituents of micro-algae could be
identified by whole-cell NMR using dynamic spectral editing for
improving spectral resolution [57]. An interesting idea would be to use
polarization-transfer NMR approaches for combined analytical and
dynamics screening of photosynthetic cell components. The in-situ NMR
experiments may also serve as a steppingstone toward structural charac-
terization of LHCpigment-protein complexes in their native environment.
While in-cell or in-situNMR spectroscopy for structure characterization is
very challenging, several studies have been reported, for example solid-
state NMR of recombinant-expressed PagL in E. coli whole cells and cell
envelopes, in-situNMRof theChl-binding CsmAprotein andDynamicNu-
clear Polarization NMR of proteins in native cellular membranes [58,60].
In-cell NMR studies that are aimed at structural characterization of a tar-
get protein generally rely on genetic manipulation to reduce the back-
ground signals of other cellular or membrane components. Recently, a
chloroplast biosynthesis induction/repression system was reported to
create minimal cells with stripped thylakoids containing LHCII as the
only Chl-binding protein [61]. Such system could be explored to create
protein selectivity and determine LHCII conformational structure and dy-
namics in situ.
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