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To protect the photosynthetic apparatus against photo-damage in high sunlight, the photosynthetic antenna
of oxygenic organisms can switch from a light-harvesting to a photoprotective mode through the process of
non-photochemical quenching (NPQ). There is growing evidence that light-harvesting proteins of photosys-
tem II participate in photoprotection by a built-in capacity to switch their conformation between
light-harvesting and energy-dissipating states. Here we applied high-resolution Magic-Angle Spinning
Nuclear Magnetic Resonance on uniformly '>C-enriched major light-harvesting complex II (LHCII) of
Chlamydomonas reinhardtii in active or quenched states. Our results reveal that the switch into a dissipative
state is accompanied by subtle changes in the chlorophyll (Chl) a ground-state electronic structures that af-
fect their NMR responses, particularly for the macrocycle '>C4, 'C5 and '3C6 carbon atoms. Inspection of the
LHCII X-ray structures shows that of the Chl molecules in the terminal emitter domain, where excited-state
energy accumulates prior to further transfer or dissipation, the C4, 5 and 6 atoms are in closest proximity to
lutein; supporting quenching mechanisms that involve altered Chl-lutein interactions in the dissipative state.
In addition the observed changes could represent altered interactions between Chla and neoxanthin, which
alters its configuration under NPQ conditions. The Chls appear to have increased dynamics in unquenched,
detergent-solubilized LHCIL. Our work demonstrates that solid-state Nuclear Magnetic Resonance is applica-
ble to investigate high-resolution structural details of light-harvesting proteins in varied functional condi-
tions, and represents a valuable tool to address their molecular plasticity associated with photoprotection.
© 2013 Elsevier B.V. All rights reserved.
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1. Introduction

Light is the source of energy for photosynthetic organisms but, when
in excess, it also drives the formation of reactive oxygen species and con-
sequently photo-inhibition. Photosynthetic organisms evolved mecha-
nisms to regulate light-harvesting efficiency in response to variable
light intensity as for avoiding oxidative damage. Non-photochemical
quenching (NPQ) consists in the rapid dissipation of excitation energy
as heat and is manifested in photosynthetic light-harvesting antennae
of oxygenic photosynthetic organisms. These antennae have a dual
role: they are designed for optimal light-harvesting, and when exposed
to excess light they can switch into a light-energy dissipating state. In
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higher plants and most algae the major component of rapid fluorescence
quenching is the pH- or energy-dependent component, gE. In plants, the
qE energy dissipation process is cooperatively induced by a decrease in
lumen pH, via protonation of PsbS proteins, and by the activation of
zeaxanthin synthesis via a xanthophyll cycle [1,2]. Upon gE activation,
antenna complexes undergo a conformational change generating
quenching sites. In algae, PsbS is absent [3] while the sensor of lumenal
pH triggering of NPQ is the LhcSR protein [4], a pigment-binding
complex with a short fluorescence lifetime [5]. In algae as well other
organisms, antenna complexes participate in quenching and specific in-
volvement has been evidenced for Lhcbm1, the major component of the
major light-harvesting complex II (LHCII) [6,7]. This result is consistent
with the Lhcbm1 component of Chlamydomonas LHCII undergoing a
conformational change contributing to the quenching reaction synergic
with quenching in LhcSR. This effect would be similar to that described
for PsbS on Lhcb proteins [8].
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Several models have been proposed for the mechanisms of
de-excitation of the chlorophyll (Chl) first excited state under NPQ
conditions, involving a change in pigment configurations in the
light-harvesting antennae of photosystem II. Proposed quenching
mechanisms for plants include formation of carotenoid (Car) radical
cations in the minor antennae that quench the Chl excited-state by
Chl-zeaxanthin charge transfer [9], Chl-Chl charge-transfer states
characterized by far red fluorescence emission [10], excitation energy
transfer from Chl to a low-lying Car excited state occurring the major
antenna [11-13] and low excitonic Car-Chl states [14]. The different
proposed mechanisms are not exclusive and may operate in parallel.
Reduced Chl excited-state lifetimes can be reproduced in-vitro in
self-aggregated antenna proteins and comparison of their spectro-
scopic properties suggests that the in vitro and in vivo photophysical
quenching mechanisms are similar [10,12,15]. LHCII complexes
immobilized in a gel, which are prevented from aggregation, switch
into a fluorescence-quenched state upon detergent depletion [16]
and single antenna proteins fluctuate between fluorescent and
quenched states modulated by the physic-chemical environment
[17], supporting a quenching model that includes intra-molecular
conformational changes. Two high-resolution X-ray structures are
available of pea [18] and spinach [19] LHCII trimers but to which ex-
tent they represent the energy-dissipating or light-harvesting state is
controversial [13,20] and LHCII may adopt a particular structure in
each crystal type [21]. Single LHCII trimer complexes reconstituted
in lipid nanodiscs retain their light-harvesting state, but show small
spectral changes compared to unquenched LHCII trimers in detergent
micelles, demonstrating that LHCII exhibits conformational variability
within its light-harvesting state [22].

In this work, we present high-resolution MAS-NMR data of LHCII
complexes prepared in light-harvesting and light-energy dissipating
states. Photosynthetic light-harvesting proteins represent a challenge
for NMR since they are oligomers that are densely packed with
chromophores, which in the case of LHCII correspond with ~one
third of the total molecular weight of the complex [23]. In addition,
the low yields that are generally obtained from recombinant re-
constituted light-harvesting complexes are insufficient for large-scale
preparations, and isotope labeling of photosynthetic organisms is re-
quired for the preparation of NMR samples. In earlier work this was
achieved for Rhodopseudomonas acidophila purple-bacteria, which
permitted us to selectively compare the bacteriochlorophyll (BChl)
ground-state electronic structures of the different BChls in intact
peripheral and core light-harvesting oligomers [24]. NMR protein
secondary shifts revealed subtle strain in the protein backbone fold,
induced by the dense pigment-protein packing in the complexes
[25], an effect that was not resolved in the X-ray structures. We have
recently shown that uniformly '>C-labeled LHCII can be obtained in
large quantities from Chlamydomonas reinhardtii green algae grown
on '3C-acetate-labeled media [26]. The LHCII complex of C. reinhardtii
is homologue to LHCII of plants (see Figure S1 in the Supporting Infor-
mation section for a sequence comparison of Lhcbm1 and Lhcb1). Here,
we use the NMR spectra of C. reinhardtii LHCII together with the avail-
able X-ray structures of higher-plant LHCII to assign a large number of
NMR correlation signals to pigment and protein nuclear-spin clusters.
Subsequently, '*C-13C dipolar correlation NMR spectra of LHCII com-
plexes are analyzed in detail to provide a structural comparison of
LHCII in its light-harvesting and energy-dissipating states.

2. Materials and methods
2.1. Sample preparation

Uniformly labeled '*C-LHCII was prepared as described in Ref. [26].
The LHCII proteins were isolated from thylakoid membranes by sucrose

gradient using 0.6% a-dodecyl-maltoside (a-DM), as shown in Figure
S1 in the Supporting Information section. To obtain highly quenched

LHCII aggregates, the LHCII complexes in 3-DM buffer were incubated
with BioBeads for extraction of 3-DM, after which the sample was con-
centrated with 30kD filters. The LHCII aggregates were obtained from
the sediments on the filters and directly loaded into a 4 mm cramps
rotor. For NMR samples of LHCII in a fluorescent, light-harvesting
state, the detergent-solubilized LHCII was concentrated to a final con-
centration of about 100 mg/ml taking pigments and protein together.
Fluorescence experiments performed to reveal the functional states of
the LHCII preparations are described in the Supporting Information
section.

2.2. Solid-state NMR

2D '3C-13C proton driven spin diffusion NMR experiments (PDSD)
were collected with a Bruker AV750 17.4 T ('H frequency 750 MHz)
solid state NMR spectrometer equipped with a triple MAS resonance
probe. The LHCII samples contained ~15 mg of protein loaded in a
4 mm CRAMPS rotor and were stepwise cooled to temperatures of
223-243 K during slow spinning. Spectra were collected with various
mixing times varying from 10 to 300 ms and using rotor frequencies
of 13000 or 11500 kHz. The 'COOH resonance of U-['3C, >N]-
tyrosine/HCl was used as an external chemical shift reference and all
chemical shifts are referenced to tetramethylsilane (TMS). The proton
90° pulse was set to 3.1 ps. 1>C B; field strengths of ~50 kHz correspond-
ing with a cross polarization time of 2.0 ms were applied during a
ramped CP sequence. Two-pulse phase modulation (TPPM) decoupling
was applied during the t; and t; periods. The specific processing param-
eters of the presented spectra are provided in the Supporting Informa-
tion section.

2.3. Structure modeling and chemical shift prediction

Based on the LHCII crystal structure of pea (Pisum sativum, PDB ID:
2BHW) a homology structure of C. reinhardtii LHCII was build based on
the Lhcbm1 sequence of Chlamydomonas LHCII using the SWISS-
MODEL Expasy web server [27-31]. The backbone C,, Cg and CO and
the C, and C; protein chemical shifts of the homology structure were
predicted using the program SHIFTX2 [32]. Predicted correlations
from '3C-3C NMR homonuclear correlation spectroscopy were
obtained using the FANDAS program [33] available at http://www.
wenmr.eu/services/FANDAS/html/main.php.

3. Results and discussion

3.1. The fluorescence states of detergent-solubilized (U) and aggregated
(Q) LHCII

LHCII trimer complexes were prepared in their active light-
harvesting, i.e. fluorescent state (sample U) and in energy-dissipating,
strongly fluorescence-quenched and aggregated state (sample Q).
Quenching of Chl singlet excited-state energy by NPQ is quantified by
the parameter Ky = F,,/F', — 1, which reflects the reduction in Chl
fluorescence F',, compared to the unquenched state F,. Sample Q
contained detergent-depleted, self-aggregated LHCIl complexes with
Kq = 19. This sample exists in strongly quenched and strongly aggre-
gated conformations based on its spectral signatures at 77 K, i.e. the
appearance of a second fluorescence band around 700 nm, as shown
in Figure S3 in the SI section. Sample U, representing LHCII in its
light-harvesting state, was prepared in 3-DM detergent buffer solution
above the critical micelle concentration (CMC) and concentrated to
~100 mg/ml for the NMR experiments. Time-resolved fluorescence
experiments were performed on the concentrated LHCII-3-DM micelle
solution to verify that the complexes retained their fluorescent state at
high concentration. The decay-associated fluorescence spectra of U
are shown in Figure S2 and the fluorescence lifetimes are presented
in Table S1, SI section. Sample U has K4 = 1.2 and an average
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fluorescence lifetime <7¢> = 1.7 ns, which is reduced compared to the
3.8 ns lifetime found for diluted solutions of LHCII trimers in 0.03%
B-DM, but significantly longer than lifetimes that are observed for
LHCII crystals (0.3-1 ns) [20] or for LHCII aggregates [34] (<0.3 ns).
The major fluorescence component of U decays with 2.5 ns (SI, Table
S1), which is similar to the fluorescence lifetimes found for Chl in
thylakoid membranes in vivo under light-harvesting conditions [35]
and for membrane-reconstituted LHCII in vitro at low protein/lipid den-
sities [36]. For these systems, weak protein—-protein interactions in the
membrane are thought to cause small reduction of the fluorescence
lifetime compared to isolated LHCII trimers and such interactions
may also occur in very crowded protein-micelle solutions.

3.2. Protein >C NMR responses in the aliphatic and carbonyl region

To compare the global protein folds of LHCII in Q and U, in Fig. 1
the 3C-'3C NMR spectra of Q (red) and U (blue), collected with the
same mixing time, are overlaid in the aliphatic and carbonyl region.
A homology structure for C. reinhardtii LHCII based on plant LHCII
was constructed for prediction of the protein NMR 'C chemical
shifts, from which a simulated '>C-'3C NMR correlation plot was gen-
erated (Fig. 1, black dots). While Q shows a more intense 2D CP/MAS
correlation response for several side chain spin clusters with addi-
tional and stronger correlation signals compared to U, the overlay of
the spectra shows that both Q and U give rise to highly resolved cor-
relation data sets with very similar chemical shift patterns and back-
bone correlation signals. This shows that the global fold is preserved
going from detergent-solubilized to strongly aggregated LHCIL The
predicted NMR correlation plot is well in line with the experimental
data, showing that the experimental NMR spectra are in agreement
with the C. reinhardtii LHCII homology structure. In the experimental
spectra, correlation signals of the lipids and the Chl aliphatic groups
are visible while they are not included in the predicted correlations.

In fact, a large number of cross signals detected in the region
70-80 ppm for Q are attributable to the sugar moieties of the lipid
head groups of protein-associated lipids that remain attached upon
LHCII isolation. The correlation signals for the various amino-acid
types separate into clusters and are identified aided by the predicted
correlation spectrum for alanine (A), threonine (T), valine (V),
proline (P), serine (S), leucine (L) and isoleucine (I) in the aliphatic re-
gion and for glycine (G), alanine (A) and the side chain carboxyls of
glutamic acid (E) and aspartic acid (D) in the COO region.

3.3. Chl NMR signals in the aromatic region

Fig. 2 shows representative '>C-'3C spectra of Q in which the
LHCII Chl signals are well-resolved. Spectra of similar quality in the
Chl region were obtained from U. The xanthophyll response is
dispersed over a narrow region between ~132 and 140 ppm, as
shown in Figure S4 in the SI section. Based on '*C chemical shift assign-
ments of Chla and b in Ref. [37], Chl NMR cross-correlation signals are
resolved for the carbon macrocycle atoms. The Chl C5-4/6 cross corre-
lations (corresponding atoms drawn in purple in the Chl chemical
structure) for Chlb and Chla are set apart, owing to the fact that for
Chlb, the C4 and C6 signals overlap while for Chla they are several
ppm separated, and since the C5 signals of Chlb are ~3 ppm shifted
downfield compared to Chla. The Chl C10-9/11 correlation signals
(corresponding atoms drawn in red in the Chl chemical structure)
can also be classified for Chlb and Chla since for Chlb, the C9 and C11
chemical shifts are ~6 ppm separated, while for Chla the separation is
only ~1.5 ppm. The C10-9/11 cross peaks for Chlb show a remarkable
dispersion for different Chls, and the chemical shifts for the Chlb C10
ring atoms are distributed over a range from 110 to 115 ppm. Five
out of the six Chlb can form hydrogen bonds to the 7-formyl groups
according to the LHCII X-ray structures [18,19]. The variation of the
Chlb C9-10-11 chemical shifts can be due to structural displacements
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Fig. 1. >C-'3C NMR homonuclear correlation spectra in the aliphatic and COO region of C. reinhardtii LHCII aggregates, sample Q (red), detergent-solubilized LHCII, sample U (light
blue), and structure-predicted protein correlations (black crosses). The predicted correlation plot was generated from a C. reinhardtii LHCII homology structure.
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Fig. 2. Chl NMR responses resolved in '>*C-'3C NMR homonuclear correlation spectra of Q. Color codes of the assignments in the NMR spectra match with the corresponding atoms

in the Chl chemical structure.

of the Chl macrocycles when hydrogen bonds are formed to the
7-formyl side chains, since chlorin macrocycle chemical shifts are
very sensitive to structural deformation [24]. The overall dispersion of
the chemical shifts within the Chl nuclear spin clusters, which is also
observed in spectra of U, confirms static disorder of the various Chl
molecules in LHCII that reside in heterogeneous protein environments.
The different site energies for individual Chls due to static disorder are
responsible for the inhomogeneous broadening observed in optical
spectra and are essential for fast and directional light-energy transfer
towards the photosynthetic reaction center in vivo [38].

3.4. A structural comparison of LHCII in light-harvesting and energy-
dissipating states

Because the Chl responses in the aromatic region are less congested
than the carotenoid responses and the aliphatic and carbonyl protein
responses, we focus on this part of the spectrum for a detailed compar-
ison between U and Q. Fig. 3 presents an overlay of >C-13C correlation
data for U (blue) and Q (red) that were obtained at 224 K with same
spectrometer settings and processed in the same way. Both data sets
are plotted with the threshold intensity set at 8 times the noise level.
Significant Chla peak shifts are observed for C5-4/6 cross correlations,
indicated by arrows in the spectrum. The weaker Chlb C5-4/6 correla-
tions fall below the threshold intensity at these settings. The Chla
peak shifts show that conformational changes occur between U and
Q that alter the structure or local environment of Chla around the 5
methine carbon, which represents a flexing point of the ring. The
widths of the shifted cross peaks are around 2 ppm for U and between
2 and 3 ppm for Q which suggest that they represent the averaged
signals of several Chl molecules. To improve the spectral resolution,
NMR spin diffusion experiments of U and Q were optimized

individually for visibility of the Chl C4, C5 and C6 signals by adjusting
the spin-diffusion mixing times and temperature, and resulting spectra
are presented in Fig. 4 (left, in blue: spectrum of U and right, in red:
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=1 @ﬂ Chl 20-1 %
001 100
! MQ* Chla 5-4/6
E ) ‘}:] @ Al
; o
é‘ 105 1 % Chl 15-16 b
ol Chla 10-9/11 o
&
180 155 150 145

;- "*C (ppm)

Fig. 3. Comparison of the Chl NMR responses of Q (red) and U (blue) in the aromatic region.
Significant shifts between cross peaks in spectra of U and Q are indicated by the black arrows.
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Fig. 4. 3C-"3C correlation spectra of Q (red, right spectrum) and U (blue, left spectrum) optimized for the Chl C5-4/6 cross signals. Cross peaks that are conserved between U and Q
are indicated by the connecting lines. Shifted Chl C4, 5, 6 NMR responses in U is indicated by the green circles. The C4, C5 and C6 ring atoms are highlighted in the Chl chemical

structure.

spectrum of Q). In the spectra in Fig. 4, several narrowly-spaced Chl
peaks are resolved for the C5-4/6 cross correlations. Two sets of C5-4
and C5-6 correlation peaks appear shifted in the spectra of U, indicated
by the green circles and suggesting that at least two Chls have altered
NMR responses, and the overall chemical shift pattern of the C4, 5 and
6 Chl carbon signals appears changed. Compared to the spectrum of Q,
in the spectrum of U in Fig. 4 less Chl C15-16 and Chlb C5-4/6 correla-
tions are observed, which could be due to the longer mixing time
that was used. From the data sets cannot be excluded that also for
these Chls carbon atoms chemical shifts differences occur between U
and Q.

The molecular mechanism(s) of NPQ are proposed to involve subtle
conformational changes in the local environment of the quencher
pigments [12]. It has been demonstrated that structural changes in
the order of an Angstrom as well as changes in polarity are sufficient
to alter the spectroscopic features of natural and artificial light-
harvesting systems [39-41]. Such changes are expected to have a pro-
nounced effect on the NMR chemical shifts of the involved pigments.
The ground-state electronic structures of protein-bound chromophores
are defined by the energetic potential of the protein matrix and are
sensitive to electric-field effects originating from charged groups in
the vicinity, hydrogen-bonding and van der Waals packing interac-
tions. The observation here of Chla NMR peak shifts prominently at
the site of C4, C5 and C6 macrocycle ring carbons may provide a key
to structural changes associated with NPQ. Below, possible origins of
the Chla peak shifts are discussed in the frame of existing knowledge
on the structure and functioning of LHCIL

Upon light excitation, fast energy transfer takes place among the
pigments toward the terminal Chla fluorescence-emitting domain
formed by the Chl610/611/612 cluster [38], where excited-state energy
accumulates prior to further transfer or dissipation. According to sever-
al quenching models based on Chl-Lut energy transfer or low excitonic
states, Lut620 interacts with Chla within the terminal emitting domain
[12,42,43] and the fluorescence switch involves a change in distance or
orientation that brings Chla and Lut620 in closer contact [12]. In the
LHCII crystal structures, it is striking that the shortest Chl-Lut620 dis-
tances are between the Lut620 polyene chain and the C4-5-6 atoms
of Chl610 and 612 of which the latter Chl is in coplanar contact with
Lut620 [18]. This is shown in Fig. 5A, where the structures of Lut620,
Chl610 and 612 are taken from the LHCII crystal structure of pea
(P. sativum, PDB ID: 2BHW) and the Chl C4-5-6 atoms are highlighted
in green. The observed NMR peak shifts could be explained by altered
interactions between Lut620 and Chl610 and 612 in the dissipative
state that for instance cause structural deformation of the Chl rings.

An analysis of out-of-plane Chl macrocycle distortions in the LHCII
structure shows macrocycle displacements for Chl612 near ring I and
I, where the C4, C5 and C6 ring carbons are located [44]. The NMR
chemical shifts of the macrocycle 5-methine ring atoms are very sensi-
tive to ring structural displacements, and small changes in the Chl con-
formational structure due to altered Chl-lutein interactions would
affect the chemical shifts of the involved atoms [24].

In addition, the two LHCII crystal structures show differences for the
orientation of a methionine (Met) group close to Chl610, which sug-
gests conformational flexibility of this group that affects the Chl610

Chl610

Lut620
e
"N

» P

B
Chi6o4/

Fig. 5. Chl-carotenoid interactions in the LHCII crystal structure of pea (Pisum sativum,
PDB ID: 2BHW) [18]. A; Chl610, Chl612 and Lut620, B; Neo and Chl604. The Chla C4, 5
and 6 ring carbon atoms are highlighted in green and are in close proximity to the
carotenoids (inter-distances <4 A).
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site energy according to Muh et al. [45]. Since the Met side chain is
close to the C4-5-6 ring atoms of Chl610, conformational changes of
this group will affect the Chl610 C4-5-6 NMR chemical shifts.

The third Chla in the terminal emitter domain, Chl611, is ligated by
the phosphodiester group of a phosphatidyl glycerol (PG) lipid mole-
cule. The same work of Muh et al. demonstrated that the site energy
of this pigment is dominated by the presence of the negatively-
charge head group of PG on one side and the positively-charged lysine
Lys182 on the other side. The lipid oxygen atoms are oriented toward
the Chl611 C4-5-6 atoms, and the Chl611 C4-5-6 chemical shifts should
be sensitive to small changes in the orientation of the PG head group.

While the neoxanthin (Neo) carotenoid is not directly involved in
the quenching process, the formation of NPQ in vivo and quenching of
LHCII in vitro is associated with a twist in the Neo conformation
[12,46]. Short pigment-pigment distances involving Chla C4-5-6
atoms exist for Chla 604 and the head group of Neo, as shown in
Fig. 5B. The site energy of Chl604 is dominated by the presence of a
tyrosine hydroxy (Tyr112) [45]. The observed NMR peak shifts there-
fore could also include changes in the local environment of Chl604 in
the quenched state caused by a re-orientation of Neo and modified in-
teractions with Tyr112.

In addition to specific pigment or protein interactions, the chemical
shifts of Chls in the protein exterior, including the terminal-domain
pigments Chl611 and 612, will be sensitive to polarity changes of the
protein micro-environment. This micro-environment is different for
LHCII trimers embedded in detergent micelles than for LHCII aggre-
gates, which could lead to shifted NMR responses for the exposed Chl
sites. To distinguish between possible origins of the observed NMR
peak shifts, the magnitudes of the effects on the Chl chemical-shifts
of specific electrostatic and structural interactions in LHCII as discussed
here will have to be further tested by theoretical calculations.

3.5. Dynamics of LHCII in light-harvesting and energy-dissipating states
Comparing '>C-"3C NMR spectra of Q and U collected at 244 K, the

Chl signals are weaker in the spectra of U, in particular those of the
Chl C4-5-6 ring atoms. This is illustrated in Fig. 6, which shows an
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Fig. 6. NMR responses of the Chl aromatic carbons in spectra of Q (red) and U (blue)
obtained at 244 K, illustrating that cross peak intensities in the spectrum of
unquenched LHCII (U) are reduced above the glass transition temperature due to in-
creased Chl dynamics.

overlay of spectra from U and Q collected at 244 K in the region of
the Chl aromatic carbons. The spectra were collected with same spec-
trometer settings and processed in the same way, and are plotted
with the threshold intensity set at 7 times the noise level. With this
threshold setting, the Chl C5-4/6 correlations are not visible in the
spectrum of U, while in the spectrum of Q both Chla and Chlb C5-4/
6 correlation signals are present. The differences in sensitivity
suggests that the Chls in LHCIl have enhanced flexibility in U,
i.e. increased motions on the micro- to millisecond timescale,
resulting in smaller dipolar couplings that attenuate polarization
transfer. The protein NMR responses in Fig. 1 are also acquired from
data sets obtained at 244 K, and these show fewer correlations for U
compared to Q in the aliphatic region, indicative of increased flexibil-
ity of the protein side chains in U as well. Chl cross peaks start to
emerge in spectra of U when the temperature is set below 230 K.
Below this temperature also signals of the lipid head groups emerge
in the spectra of U. Apparently, around 230 K the protein-attached
lipids become immobilized by freezing out of the motions of the
solvent molecules and of protein-attached water and detergent shell
molecules. In contrast, lipid signals emerge in spectra of Q already
at elevated temperatures (Fig. 1, in the red spectrum of Q at 244 K
the lipid head group signals appear between 70 and 90 ppm). This
contrast can be explained by the low water content and condensed
packing of the LHCII complexes in aggregates that probably provide
a larger hydrophobic scaffold for the proteins than the detergent mi-
celles surrounding the individual LHCII trimers in U. In similar way,
the low-water content and condensed packing of LHCII inside aggre-
gates could cause differences in Chl dynamics between U and Q of
pigments located in the peripheral regions of the complex.

The possibility of LHCII internal conformational changes was dis-
puted based on the rigidity of the LHCII pigment-protein complex
that is expressed by the low B-factors of the LHCII crystal struc-
tures [47]. However, according to our NMR data, in unquenched LHCII
trimers in detergent micelles, i.e. conditions that might be more close
to the native light-harvesting state of the protein, the Chls exhibit
restricted dynamics that is reduced in the aggregated, quenched
state. This implies that the transition into a dissipative state involves
conformational or environmental changes at specific Chl sites, which
is indeed observed for Chla. We propose that the reduced mobility of
Chls in LHCII aggregates, or similarly in LHCII crystals, has a role in pro-
moting the quenched state. Inhibition of specific dynamic motions will
moderate the pigment and protein conformational energy landscape,
which then could shift the thermodynamic equilibrium between differ-
ent conformations towards the energy-dissipating states.

4. Conclusions

By uniform '2C isotope enrichment in combination with solid-state
NMR spectroscopy, protein and pigment high-resolution structural
details of oxygenic light-harvesting complexes in light-harvesting and
energy-dissipative states were compared. The results reveal that the
transition of LHCII into an energy-dissipative state in vitro is accompa-
nied by subtle changes in the ground-state electronic structure of Chla
particularly at the sites of C4, C5 and C6 macrocycle carbon atoms.
Based on present knowledge of the LHCII structure and function, we
suggest that these changes involve the Chls in the terminal-emitter
domain (Chl610, 611 and 612) that are close to Lut, supporting
quenching mechanisms that involve altered Chl-Lut interactions in
the dissipative state. In addition, the observed NMR changes could in-
volve Chl604 that is near the Neo head group. The results presented
here can be considered a starting point to evaluate conformational
changes associated with the photophysical process of NPQ, now that
it has been shown that the structural flexibility of photosynthetic
light-harvesting complexes can be probed by MAS NMR at great detail
under non-crystallized and controlled, varying functional conditions.
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