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The light-harvesting complex II (LHCII) is the main component of the antenna system of plants and green
algae and plays a major role in the capture of sun light for photosynthesis. The LHCIl complexes have also been
proposed to play a key role in the optimization of photosynthetic efficiency through the process of state 1-
state 2 transitions and are involved in down-regulation of photosynthesis under excess light by energy
dissipation through non-photochemical quenching (NPQ). We present here the first solid-state magic-angle
spinning (MAS) NMR data of the major light-harvesting complex (LHCII) of Chlamydomonas reinhardtii, a
eukaryotic green alga. We are able to identify nuclear spin clusters of the protein and of its associated
chlorophyll pigments in '>*C-'3C dipolar homonuclear correlation spectra on a uniformly *>C-labeled sample.
In particular, we were able to resolve several chlorophyll 13! carbon resonances that are sensitive to hydrogen
bonding to the 13-keto carbonyl group. The data show that '3>C NMR signals of the pigments and protein sites
are well resolved, thus paving the way to study possible structural reorganization processes involved in light-
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harvesting regulation through MAS solid-state NMR.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Solid-state NMR is becoming increasingly important for under-
standing the structure-function mechanisms of photosynthetic
membrane proteins in terms of concerted structural and electronic
interactions. Through this technique, the electronic structures of the
bacteriochlorophyll (BChl) cofactors and their coordinating histidines
in purple bacterial photosynthetic antenna complexes and reaction
centers have been determined, as well as the electronic structure of
the reaction center primary electron donor in the ground and radical
cation states [1-5]. Analysis of the protein NMR chemical shifts in a
bacterial light-harvesting 2 complex (LH2) revealed local structural
and electronic perturbations of the protein backbone and BChl-
coordinating histidine, arising from strain induced by the rigid
packing in the pigment-protein oligomer [6,7].

The advantage of solid-state NMR for study of functional photosyn-
thetic architectures is that large membrane proteins can be studied
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under various sample conditions, ranging from detergent-solubilized
protein complexes to large protein aggregates. However, the (partial)
assignment of membrane proteins by solid-state NMR is still very
challenging with only few examples available up to date [8-12]. This is
also due to the fact that eukaryotic systems are often too costly or not
easily accessible for this technique in terms of selective isotope label
incorporation. While specific labeling with >N has been successfully
applied to Photosystem II from spinach [13], NMR resonance assign-
ments require more abundant labeling strategies, which are prohibi-
tively expensive. No attempt has been made so far to characterize the
light-harvesting complexes of higher plants and photosynthetic green
algae by solid-state NMR. Yet, there is an urgent need for obtaining more
structural information on these pigment-protein complexes, since their
light-harvesting proteins play a crucial role not only in photosynthesis
itself but also in the mechanisms of regulation and photoprotection
including, e.g., state transitions and non-photochemical quenching
(NPQ) where conformational changes of the proteins have been
proposed [14]. The molecular mechanism of energy dissipation in NPQ
in particular is under much debate and is one of the major topics in
photosynthesis that remains to be resolved. Several mechanisms have
been proposed for the associated reversible switch in pigment
configuration, based on protein conformational changes, aggregation-
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induced surface contacts and/or cofactor exchange [15-23]. Structural
tools to detect sensitively the possible conformation changes of these
complexes both in vitro and in vivo are however still missing.

In this paper, we report the first NMR results on uniformly '3C
labeled LHCII complexes purified from the green algae Chlamydomonas
reinhardtii and the perspectives for more in-depth studies on the
structural flexibility of oxygenic photosynthetic light-harvesting com-
plexes. The green algae C. reinhardtii is one of the most intensely studied
eukaryotic algae and its whole genome has been sequenced [24]. The
major antenna of the Photosystem II in C. reinhardtii, called LHCII, is
assembled in trimers and encoded 10 different genes called Lhcbm1-10
[25,26]. Each monomer subunit comprises an apoprotein of ~235 amino
acids whose sequences are very well conserved except for the 10-15
residues at the N-terminus. Pigment-protein subunits also include eight
chlorophyll a (Chl a), six Chl b and four carotenoids, which have been
identified as two luteins and one neoxanthin in the crystal structures of
LHCII of pea and spinach [22,27]. The fourth carotenoid, a violaxanthin,
is peripherally bound and is easily lost upon protein isolation.
Chlamydomonas LHCII also contains sub-stoichiometric amounts of the
a-carotene derived xanthophyll loroxanthin [28].

We have collected 2D 3C-'3C homonuclear correlation spectra of
uniformly 3C-labeled Chlamydomonas LHCII, showing the feasibility of
solid-state NMR to determine structural properties of the Lhcbm
proteins as well as the ground-state electronic features of the antenna
pigments. The quality of the obtained NMR data is comparable to
chemical shift data that were earlier obtained from purple bacterial
light-harvesting complexes. For these light-harvesting systems, we
could determine the electronic structures of the BChl pigments and we
have shown that the NMR chemical shifts are sensitive to localized strain
induced by the pigment-protein packing. The results presented here
give good perspectives that by specific or site-selective isotope labeling,
such atomic-level mechanistic and electronic effects are also detectable
in oxygenic antenna complexes of plants and green algae. This gives new
perspectives to investigate protein conformational changes associated
with light-harvesting regulation and accompanied changes in the
pigment ground-state electronic structures.

2. Materials and methods
2.1. Isolation of >C-labeled thylakoids
C. reinhardtii cells were grown in TAP medium [29], pH-value =7.0,

using *C-labeled Na-acetate instead of acetic acid as the only carbon
source, under illumination with 40 W fluorescence light bulbs in 500 ml
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flask under regular shaking. In order to achieve maximum labeling at a
minimal consumption of '>C-label in a first step, a small amount of cells,
taken from a normal culture grown under regular CO, supply, has been
transferred to unlabeled Na-acetate TAP growth medium in order to
adapt the cells to growth without CO, supply. After 3 days of growth the
cells were then diluted 1:10 with TAP medium containing '>C-labeled
Na-acetate as the carbon source. Cells were harvested by centrifugation
after 3 days in the upper third of the log-growth phase. Further handling
occurred under green safety light in the cool room. The cells were
suspended in a ca. 30 ml volume of HEPES 1 buffer and were broken in
the cooled French press (200 psi nitrogen). The resulting solution was
centrifuged (10,000 rpm in JA-20 rotor) for 10 min. The pellet was
suspended in HEPES 2 buffer and the suspension was repelleted at
20,000 rpm in the same rotor for 10 min. The resulting pellet which
contained the labeled thylakoids was resuspended in HEPES 3 buffer
and was adjusted to a chlorophyll concentration of 2 mg/ml. The
samples were subsequently shock frozen in liquid nitrogen.

Used buffers were as follows: HEPES 1: 25 mM Hepes, pH 7.5,
5 mM MgCl,, 0.3 M sucrose; HEPES 2: 25 mM Hepes, pH 7.5, 10 mM
Na-EDTA, 0.3 M sucrose; HEPES 3: 25 mM Hepes pH 7.5, 5 mM EDTA,
0.58 M sucrose. All buffers contained the following protease inhibi-
tors: 0.2 mM benzamidinium-hydrochloride, 1 mM amino-capronic
acid, 0.2 mM phenyl methane sulfonyl fluoride (PMSF).

2.2. LHCII isolation

Purification of the LHCII complexes from thylakoids has been
performed by sucrose gradient centrifugation after solubilization of
thylakoids membranes with 0.8% R-DM, as in Caffarri et al. [30].
Trimeric complexes have been then concentrated up to 100 mg/ml,
considering protein and pigments together.

2.3. NMR measurements

2D 13C-13C proton driven spin diffusion (PDSD) and radio-
frequency driven dipolar recoupling (RFDR) homonuclear correlation
spectra of isolated LHCII complexes were collected on a Bruker AV-
750 NMR spectrometer (Bruker GmbH, Karlsruhe, Germany) of 17.4 T
("H frequency 750 MHz) equipped with a triple MAS resonance probe.
The LHCII sample contained ~15 mg of protein loaded in a 4 mm
CRAMPS rotor and was stepwise cooled to 223 K during slow
spinning. Spectra were collected with various mixing times, varying
from 50 to 500 ms for the PDSD spectra and from 1 to 5 ms for the
RFDR spectra, with a spinning frequency of 13 kHz. The PDSD spectra
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Fig. 1. The Lhcmb1 mature protein sequence from Chlamydomonas reinhardtii (Cr) was aligned with Lhcb1.1 from Arabidopsis thaliana (At). Helices A-E were identified according to
Liu et al. [27]. Chl binding residues are indicated by the numbers of the corresponding Chls in the crystal structure of spinach LHCII and were identified according to Liu et al. and

Remelli et al. [27,40].
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Fig. 2. 1D '3C CP-MAS spectrum of the Chlamydomonas LHCII sample. The data were
collected in 2000 scans with a MAS rotation frequency of 13 kHz.

with 500 ms mixing time allowed distinction of inter-residue long-
range interactions. The proton 90° pulse was set to 3.1 ps. Two-pulse
phase modulation (TPPM) decoupling was applied during the t; and t,
periods [31]. In the RFDR experiment, Rotor-synchronized m-pulses
with a length of 8.4 pus were applied during the mixing time. In the t,
dimension, 2 K data points with a sweep width of 50 kHz were
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Fig. 4. Chlamydomonas LHCII PDSD 2D '*C-'3C correlation spectrum acquired at 50 ms
mixing time, showing the tyrosine Cq; ¢»-C; cross peaks.

recorded. Zero filling to 4 K and an exponential line broadening of
25Hz was applied prior to Fourier transformation. In the t;
dimension, 256 scans using 1 K data points were recorded. For the
1D CP/MAS NMR spectrum, 2000 scans were recorded. The 2D data
were processed with the Topspin software version 2.0 (Bruker) and
analyzed by using the program Sparky version 3.100 (T. D. Goddard
and D. G. Kneller, University of California, San Francisco). The >*COOH
resonance of U-['3C,"N]-tyrosine/HCl at 172.1 ppm was used as an
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Fig. 3. Chlamydomonas LHCII PDSD 2D '*C-'3C correlation spectrum of the protein region (0-60 ppm for the Cq, Cp and side chain resonances and 170-180 ppm for the CO
resonances and the rsonances of the negatively-charged side chains) acquired with 50 ms mixing time. The right panel shows the aliphatic region of the 2D spectrum, while the left

panel shows the correlations between aliphatic and carbonyl signals.
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external chemical shift reference without referencing this standard to
tetramethylsilane (TMS) or 4,4-dimethyl-4-silapentane-1-sulfonic
acid (DSS).

3. Results and discussion

Fig. 1 shows the Lhcbm1 protein sequence of C. reinhardtii and its
homology to the Lhcb1.1 sequence of Arabidopsis thaliana. The 1D 3C
CP-MAS NMR spectrum is presented in Fig. 2. The region from 0 to
70 ppm and the broad peak around 173 ppm contain the protein
backbone resonances: the Cz resonances are located around 25-
50 ppm, the C, resonances around 50-70 ppm and the carbonyl
resonances around 173 ppm. The large peak around 30 ppm probably
arises from lipids that remain associated to the protein complex
during isolation. The region around130 ppm contains the aromatic
amino acid residues together with the pigment Chl and Car

resonances. The Tyr C; and the Ile C, peaks are indicated in the
spectrum.

3.1. LHCII "3C-"3C spectrum—the protein region

Fig. 3 shows the two-dimensional >C-'>C homonuclear PDSD
correlation MAS NMR spectrum obtained with 50 ms mixing time. We
are able to identify spin clusters of the alanines Co—Cp (A), glycines C-Cy,
(G),isoleucines C3-Cy; and Cy1-Cy (1), valines Co~Cp and Cp—-C,, (V) and
threonines Co—Cp (T). The broad clusters of the threonine resonances
represent the different environments of the threonines, of which some
reside in the large loop regions of the protein. In contrast, the isoleucine
resonances that reside in the more homogeneous transmembrane
alpha-helical part of the protein (see Fig. 1) are clustered in a narrow
region. In the CO region around 173 ppm, cross peaks are distinguished
of the negatively-charged side chains glutamic acid (Glu) Gs, aspartic

®;-3C (ppm)

180 160

140 120
;- *C (ppm)

Fig. 5. Chlamydomonas LHCII PDSD 2D '*C-'2C correlation spectrum acquired with 50 ms mixing time, of the aromatic region in which Chl resonances are observed. The
Chlamydomonas LHCII spectrum (in red) is overlaid on an REDR >C-'3C correlation spectrum obtained of the purple bacterial light-harvesting complex 2 of Rps. acidophila (in green)
of which the BChl '3C resonances have been assigned. In the spectra, also tyrosine side chain resonances are resolved that are presented more clearly in Fig. 4.
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acid (Asp) C, and glutamine (GIn) C; (E, D, Q). The Glu and Gln side
chains are involved in Chl H-bonding and coordination, forming the
central ligands to several of the Chls in the LHCII complexes of pea and
spinach [22,27]. The negatively-charged residues are also possible
reporters of a change in pH gradient and may trigger regulatory
conformational changes [32]. The narrow line widths of the isolated
peaks (~ 0.8 ppm) indicate that, similar to the purple bacterial LH2
antenna protein that was studied extensively by solid-state NMR, the
LHCII proteins solubilized in detergent are well-folded, rigid complexes.

In the aromatic region, cross peaks from Chl pigments are observed,
and some aromatic side chains of the protein can be identified. The
tyrosine (Tyr) side chain C.-C; cross peaks are resolved, since their
position is also well-separated from other resonances. Fig. 4 presents the
resolved Tyr C;-C; cross resonances that fall into three cross peaks (C; =
153.8, 153.9 and 154.7 ppm with respective volumes of 30%, 26% and
44%). All Lhcbm apoproteins contain at least 6 Tyr residues (Fig. 1) that
occur in the loop regions of the protein with heterogeneity of the protein
environments. None of the tyrosine resonances are shifted downfield
towards the values for tyrosinate.

3.2. LHCII '3C-13C spectrum—the pigment region

In Fig. 5, the two-dimensional '>C-'3C homonuclear correlation MAS
NMR data of LHCII for the aromatic region (drawn in red) are overlaid on
a spectrum of the purple bacterial light-harvesting 2 complex for
Rhodopseudomonas acidophila (LH2, drawn in green), for which a
complete assignment of its bacteriochlorophylls (BChls) has been
obtained previously [5]. Overlay of the spectrum of LHCII on the
spectrum of the purple bacterial LH2 allows a comparison of the local
environments of the pigments in the two types of complexes, related to
their optical spectroscopic properties. By similar “homology mapping”
of the spectra of purple bacterial core (LH1) on the one hand and
bacterial peripheral (LH2) antenna complexes on the other hand, the
differences in their BChl electronic structures were directly compared
[3]. More variety is expected comparing the '>C responses of the Chl
pigments of Chlamydomonas LHCII and Rps. acidophila LH2, due to the
structural differences in their pigment-protein assemblies. The crystal
structures of trimeric LHCII and of the LH2 complex of Rps. acidophila are
shown in Fig. 6. Whereas the LHCII complexes are assembled in trimers
of which each monomer contains 14 Chls (depicted in green in Fig. 6A),
the LH2 peripheral antenna complex of the purple bacterium Rps.
acidophila is a ring-shaped nonamer complex, in which each of the nine
subunits contains three BChls (in green in Fig. 6B). Two BChls in the LH2
subunit form a dimer and the LH2 oligomer complex contains a ring of
BChl dimers that are excitonically coupled.

The LH2 BChl '3C-'3C resonances are labeled in the green spectrum
in Fig. 5. The three BChls per subunit reside in different protein
environments and have three distinctive sets of >C chemical shifts.
Evidently the LH2 nonamer complex is structurally very homogeneous
resulting in nine identical spin signals collected for each of the three
subunit BChls, yielding a high S/N ratio. Compared to the LH2 BChl
signals, the LHCII Chl signals are weaker and have lower S/N ratios. This
can be explained by heterogeneity of the pigment-protein environ-
ments of the LHCII antennae that are more disordered structures than
LH2. If the 14 Chls per monomer reside in different protein environ-
ments - as is suggested by the LHCII crystal structures [22,27] and by the
differences in their site energies [33] - their '>C resonances will not
overlap. For each Chl, in this way only three spin signals are collected per
LHCII trimer complex, resulting in a lower S/N per mole protein.

In the lower part of the spectrum in Fig. 5, some of the resonance
cross peaks observed for the LHCII complex (in red) coincide with the
LH2 resonances (in green). Relying on the LH2 BChl assignments, few
Chl signals are tentatively assigned. In the LHCII spectrum the cross peak
at 100.3-146.6 ppm is tentatively attributed to the Chl C4-5 resonances
and the cross peak at 109.0-150.0 ppm to the Chl C15-16 resonances. A
large number of LHCII signals occur in the region of the LH2 BChl C10-11

cross peaks (»1: 95-105 ppm, ®2: 147-153 ppm) that could be due to
heterogeneity of the LHCII Chl C10-11 resonances and/or overlap of the
C10-11 and C5-4 cross signals. Overall, many LHCII cross signals deviate
from the signals of the LH2 BChls, which could represent differences in
the LHCII Chl and LH2 BChl protein surroundings. In this stage, we
cannot attribute any Chl signals to specific Chls in the structure.

The cross resonances of the Car phytyl groups are all clustered in
the narrow region of 120-140 ppm in the lower right part of the
spectrum in Fig. 5, while the Car head group signals fall in the region
that is dominated by the protein signals (30-60 ppm) [34]. Assign-
ment of the Car signals would require a more extended study that
includes Car-specific isotope labeling and performing experiments at
higher magnetic fields for better separation.

Fig. 7 shows the Chl C132-C13' cross peaks that are easily resolved
owing to their position in an isolated part of the spectrum. The LHCII
spectrum (in red) again is overlaid on the RFDR spectrum of acidophila
LH2 (in green). The Chl a and Chl b C13" keto carbonyls are capable of
hydrogen bonding. The H-bonding patterns of LHCII Chls depend on
the oligomerized state of the complexes, associated with their in vitro

Fig. 6. (A) The crystal structure of trimeric LHCII (PDB ID: 2bhw) and (B) the crystal
structure of LH2 of Rps. acidophila (PDB ID: 2fkw). The (bacterio)chlorophylls are
colored in green and the carotenoids in orange.
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Fig. 7. Chlamydomonas LHCII PDSD '3C-'3C correlation spectrum (in red) acquired at 50 ms mixing time, showing the diversity in the Chl 132-13" resonances. The spectrum is
overlaid on an RFDR 'C-'3C correlation spectrum obtained of the purple bacterial light-harvesting complex 2 of Rps. acidophila (in green), which shows three distinctive 132-13!

cross resonances for the three types of LH2 BChls (B850, B850p and B800).

fluorescence quenching characteristics. Resonance Raman experiments
on detergent-solubilized trimeric LHC I, as was used in this study, and
highly oligomerized plant LHCII complexes revealed that during the
oligomerization process an H-bond is formed to a Chl b formyl group
and to a Chl a keto carbonyl group [35].

Table 1 presents the resolved C13! resonances and their shifts
relative to the C13! resonances of monomeric BChl in acetone-dg [5]
that were obtained in an earlier study using the same reference (note
that BChl and Chl C13" keto carbonyl side chain structures are
identical so that they can be compared). The Chl resonances fall into
eight cross peaks with different relative intensities. The Chl ii line is
relatively broad and the intensity is relatively strong, suggesting that
the signals arise from several chromophores. In contrast, the response
of Chl iii is very narrow and the keto carbonyl side chain of this
chromophore should be in a very rigid position. Formation of a
hydrogen bond to the Chl keto carbonyl can downshift the C13'
resonances compared to the chromophore in solution. According to
Table 1 this might be the case for 25-35% of the Chls (i.e., 3-5 Chls
assuming that the signals arise from fourteen different Chls in total).
This roughly estimated number should be taken with some caution
since the relative intensities of the NMR signals can be affected by
different factors. The number is smaller than for the LHCII structure
from spinach, where 6 out of the 14 Chls have H-bonded keto
carbonyls [27].

4. Conclusions

The resolution of the 2D NMR spectra that we obtained for
uniformly '3C labeled LHCII antennae is sufficient to identify

Table 1
Chlorophyll '3C keto carbonyl assignments and relative shifts Ao compared to
monomeric BChl a in acetone [5].

Chl C13! [ppm] Ao13! [ppm] Line width [Hz] Rel. volume [%]
i 187.0 —2.0 137.0 12

ii 187.7 —13 196.4 23

iii 188.0 —1.0 96.8 9.8

iv 188.5 —0.5 150.8 13

\% 189.1 +0.1 149.4 6.7

vi 189.4 +04 1394 109

vii 190.2 +1.2 155.7 14

viii 190.7 +1.7 134.0 9.8

pigment and protein spin clusters, including residues that are
possibly involved in the regulatory role of light-harvesting. This is
important, because it implies that we have a structural tool to
monitor light-regulated structural changes in detail even in
uniformly labeled samples. In particular, the Chl 13" resonances
that are sensitive to H-bonding and associated environmental
changes in different aggregation states are easily resolved in the
LHCII 2D NMR spectrum. The narrow NMR lines show that the LHCII
complex also forms a very ordered structure under non-crystalline
conditions. The comparison of the LHCII Chl signals to the LH2 BChl
signals illustrates how the structural heterogeneity of different
antennae is reflected in the NMR spectra. This type of “homology
mapping” gives a method to compare the pigment local environ-
ments of different types of antenna complexes or to compare the
pigment environments of an antenna system brought into different
functional states.

Extensive NMR studies on a purple bacterial LH2 complex, for
which a high-resolution X-ray structure exists [36], have demon-
strated that by solid-state NMR we can probe the pigment and
protein electronic structures and resolve structural details comple-
mentary to X-ray structural data [3,5-7]. The resolution of the
collected LHCII NMR spectra in this pilot study suggests that in
future experiments such details can also be obtained from plant or
green-algae antenna complexes, if site-specific and selective isotope
labeling is applied. Intrinsic labeling of the Chls is also possible by
addition of '3C-labeled 8-aminolevulinic acid, a precursor for the Chl
macrocycles, to the growth medium. This method has successfully
been applied to selectively label BChls and bacteriopheophytin
(Bpheo) in bacterial photosynthetic reaction centers (see for
instance Ref. [4]) and to selectively label Chls in intact cells of
cyanobacteria Synechocystis [37].

We propose that solid-state NMR techniques applied on oxygenic
light-harvesting complexes could be valuable tools to probe
mechanistic effects and concerted protein and pigment conforma-
tional and electronic changes associated with light-harvesting
regulation. New developments to perform high-resolution NMR of
proteins in native membranes are promising [38] and may in the
future be applicable to study whole thylakoid membranes or “LHCII-
only” macrodomains, which consist of arrays of LHCII trimers with
similar long range chiral order as the native membranes [39]. This
would extend the possibilities of solid-state NMR to probe the
structural plasticity of light-harvesting antennae in great detail in a
native photosynthetic membrane.
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