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The chlorophyll a/b light-harvesting complex of photosystem II (LHC-II) collects most of the solar energy in
the biosphere. LHC-II is the prototype of a highly conserved family of membrane proteins that fuels plant
photosynthesis in the conversion of excitation energy into biologically useful chemical energy. In addition,
LHC-II plays an important role in the organisation of the thylakoid membrane, the structure of the
photosynthetic apparatus, the regulation of energy flow between the two photosystems, and in the
controlled dissipation of excess excitation energy under light stress. Our current understanding of the
sophisticated mechanisms behind each of these processes has profited greatly from the progress made over
the past two decades in determining the structure of the complex. This review presents the developments
and breakthroughs that ultimately lead to the high-resolution structure of LHC-II. Based on an alignment of
the remarkably well engineered and highly conserved LHC polypeptide, we propose several key features of
the LHC-II structure that are likely to be present in all members of the LHC family. Finally, some recently
proposed mechanisms of energy-dependent non-photochemical quenching (NPQ) are examined from a
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structural perspective.
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1. Introduction

The plant light-harvesting complex of photosystem II (LHC-II) is
arguably the most abundant membrane protein on Earth. The complex
was discovered by Philip Thornber in 1965, then at the Twyford
Laboratories Ltd., London, a basic research unit subsidiary of the
Arthur Guinness Brewery [1]. Thornber was washing up centrifuge
tubes he had used to fractionate plant leaf extracts. He noticed that the
detergent he used to dissolve the green pellet produced a clear green
solution. Out of curiosity, he examined this solution by polyacrylamide
gel electrophoresis, then a new technique, and found that it produced
two prominent green bands, which he referred as Complex I and
Complex II [2,3]. First it was thought that the bands represented the
two photosystems I and II. Later it was discovered that Complex [ was
photosynthetically active, and indeed corresponded to photosystem I
(PS-I), whereas Complex II had no photosynthetic activity. It was
subsequently identified as the main light-harvesting complex that
served as an antenna for the photosystems, and first referred to as
LHC [4].

In the past three decades, evidence has accumulated that the
photosynthetic antenna of green plants is itself the site of excess
energy dissipation under high-light conditions, in a process that is
often referred to as non-photochemical quenching (NPQ). In the
centre of recent attention has been the energy-dependent component
of NPQ (qE), which has been the subject of numerous, sometimes
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controversial, studies. These complex protective and regulatory
processes involve not only LHC-II and the related minor LHCs but
also another member of the Lhc family, known as PsbS. The
biochemistry, structure and primary antenna function of LHC-II, as
well as its role in NPQ, are the subject of this review.

2. Biochemical and functional characteristics
2.1. The Lhc family

LHC-II is the prototype of a large and abundant class of chloroplast
membrane proteins that accounts for roughly 30% of all protein in
plant thylakoid membranes, and binds roughly half of the total Chl in
chloroplasts [5]. The LHC apoproteins are the product of the Lhc gene
superfamily, which comprises at least 30 homologous genes in Ara-
bidopsis [6]. The family contains not only the three main polypeptide
components of the major LHC-II, Lhcb1, Lhcb2 and Lhcb3, but also the
so-called “minor” antenna complexes of photosystem II (PS-II),
referred to as CP24, CP26 and CP29 [7], which originate from the
gene products Lhcb6, Lhcb5 and Lhcb4, respectively [8] (Fig. 1). Other
members are the antenna complexes of PS-I, Lhcal, Lhca2, Lhca3 and
Lhca4 and the related and more recently found Lhca5 and Lhca6 [6].
More distantly related family members are the photoprotective early
light-induced stress-response proteins (ELIPS) [9,10], and the PS-II
component PsbS [11,12], which in its mature form shares a sequence
identity of only 15% with Lhcb1.

LHC-II is nuclear-encoded [13], and the same goes for all family
members. The LHC-II cDNA was first isolated [14] and sequenced [15]
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in the early 1980s by Cashmore and co-workers. Members of the
LHC-II protein family are distinguished by an extreme degree of
sequence conservation, with 58% sequence identity and 77%
sequence similarity between Lhcb1, b2 and b3, suggesting that the
three-dimensional (3D) structures of three subtypes are virtually
identical. The similarity of the mature minor LHCs to Lhcb1 is less
pronounced, with sequence identities of 29% for CP24, 45% for CP26
and 32% for CP29, suggesting differences in their 3D structures that
may be functionally significant.

LHC-II and its relatives are found only in plants, and are thus a later
addition to the arsenal of photosynthetic pigment-protein complexes
than the so-called core antenna chlorophyll proteins CP43 and CP47 of
PS-1I that first arose in cyanobacteria about 3 bn years ago. In contrast
to the LHC family, the CP43/47 class of antenna proteins, which also
contains the iron stress protein IsiA from marine phytoplankton [16],
is encoded by genes in the plant chloroplasts genome [17]. CP43/47
show no obvious sequence or structural similarity to the LHC family
[18-20]. In terms of structure and sequence, both classes are different
from one another and from the bacteriochlorophyll-containing light-
harvesting complexes of the photosynthetic purple bacteria, often
referred to as LH1, LH2 and LH3 [21-23].

Not all photosynthetic light-harvesting complexes are membrane
proteins. For example, the Bchl a-containing “Fenna-Matthews-
Olson” complex from the green photosynthetic bacteria Chlorobium
[24], or the phycocyanins and phycoerythrins of phycobilisomes
(reviewed in [25]) are membrane-extrinsic. Antenna complexes are
thus much more varied than the photosynthetically active reaction
centre complexes, which are always integral membrane proteins.
Reaction centres obey the same basic building plan in all photosyn-
thetic organisms, and were thus invented only once. This reflects the
fact that light-induced charge separation, the hallmark of photosyn-
thetic reaction centres, requires a special geometry of a pair of Chl or
Bchl molecules which ultimately withdraws an electron from a
substrate. By contrast, efficient excitation energy transfer in the
photosynthetic antenna is clearly possible with many different
arrangements of the light-harvesting pigments.

2.2. LHC-II biochemistry

The characteristic dark green colour of the LHC-type antenna
complexes is due to their high Chl content, comprising both Chl a and
Chl b in proportions that are, within certain limits, predefined and
minimally variable for each complex under native conditions. In
addition, the LHCs bind yellow or orange carotenoids, in particular
lutein (Lut), neoxanthin (Neo), violaxanthin (Vio), zeaxanthin (Zea)
and 3-carotene. The three subtypes of the major LHC-II have the same
pigment content and spectroscopic properties [26]. Because the LHCs
contain comparatively large amounts of Chl b (in fact the entire Chl b
in plants), they have often been referred to as Chl a/b proteins. By
comparison, CP43 and 47 contain only Chl a, whereas some of the
prochlorophyte members of the IsiA class also contain Chl b [27].

The LHC-II apoprotein is synthesized in the cytoplasm and passes
through the chloroplast outer and inner envelope, before being
inserted into the thylakoid membrane, a process mediated by the
chloroplast signal recognition particle [28]. Both cpSRP54 and cpSRP43
are required for membrane targeting [28]. Apparently, the cpSRP
recognizes and forms a complex with the DPLG sequence motif at the
stromal end of trans-membrane helix 3 that later provides a binding
site for Lut 1 [29].

LHC-II and related Chl a/b binding proteins are able to self-
assemble in vitro, yielding complexes biochemically and spectro-
scopically similar to the native complexes isolated from thylakoid
membranes. The first LHC-II reconstitution experiments used poly-
peptides and pigments that were both extracted from thylakoids [30].
A few years later a method was developed to refold LHC-II from
isolated pigments and recombinant polypeptide expressed in E. coli
[31]. Recombinant minor LHCs CP29 [32], CP26 [33] and CP24 [34]
were similarly refolded from their components, as were the three
different subtypes of LHC-II, Lhcb1, Lhcb2 and Lhcb3 [35], which
cannot be isolated in pure form, and the members of the Lhca sub-
family [36-38]. With the publication of the first atomic model of LHC-
Il [39], it became possible to devise and refold mutants that lacked
individual Chl binding side chains. In this way, the specific roles of
particular pigments in LHC-II could be directly investigated. Soon this
strategy was used not only for LHC-II [40,41] but also for the
monomeric CP29 [42], and later for Lhcal [43], Lhca2 [44], Lhca3
[45] and Lhca4 [46]. The capacity of the complex to self-assemble in
vitro is no less remarkable than its assembly in vivo. Based on the
dynamics of excitation energy transfer in the process of refolding, it
has been suggested that Chl binding during in vitro assembly of LHC-II
happens in two kinetic phases [47], such that Chl a binds predomi-
nantly during the first phase, whereas only Chl b binds during the
second, slow phase [48]. However, the assembly of the mature
pigment-protein complex in the membrane, and whether or not it
follows the same pathway are not well understood (for a review of
recent progress see [49]). Free Chl that is not in van-der-Waals contact
with a carotenoid would invariably form triplet states in the light,
which in turn would give rise to highly reactive and damaging singlet
oxygen. It is therefore thought that Chl must be bound to a molecular
chaperone, most likely a protein such as ELIP, in complex with a
protective carotenoid before being incorporated into LHC-IL

In the membrane, LHC-II assembles into trimers. The three main
subtypes Lhcb1, 2 and 3 seem to combine randomly into trimers of all
possible permutations, although they have varying propensities to do
so [35]. It has been shown [50] that the WYGPDR motif present in LHC-
Il and CP26, but not in CP24, CP29 or the Lhca proteins [51] (Fig. 1) is
required for trimer formation. The assembly of the LHC-II trimer from
monomers most likely occurs spontaneously, as the trimer also
assembles readily from monomers in detergent solution [52].
Apparently the monomer-trimer equilibrium is shifted far towards
the trimer. Consequently the concentration of free LHC-II monomers
in the thylakoid membrane is negligible, whereas the situation is less
clear-cut for the minor LHCs. For example, when Lhcb1 and Lhcb2 are
absent, trimers of CP26 appear to substitute for the major LHC-II, and
the macro-organisation of the PS-II supercomplex is preserved [53].

2.3. LHC-II function

As its name suggests, the primary function of LHC-II is to make the
photosynthetic process in green plants more effective by intercepting
solar photons and delivering their excitation energy to the reaction
centres (Fig. 2). Without such an antenna, the plant photosystems
would be hopelessly inefficient. Whereas the PS-II reaction centre
contains only 6 chlorophylls (and two pheophytins), it is estimated
that there are between 130 and 250 antenna chlorophylls per PS-II
core dimer [54], or up to 8 LHC-II trimers ([5]). LHC-II trimers and PS-II
reaction centres form supercomplexes of various stoichiometries in
the membrane, which can be isolated by mild detergent treatment

Fig. 1. Polypeptide sequence alignment of mature LHCs. All sequences are of Arabidopsis genes except the first, which is from pea to highlight key features in the crystal structure [92].
Green background, trans-membrane helix; blue background, amphipathic lumenal helix; orange, N-terminal “trimerisation motif” and C-terminal Trp that are both critical for trimer
formation; red, Arg in salt bridges to Glu residues indicated in brackets; black, fully conserved signature residues. Pigment binding residues in the sequence are colour-coded: light
blue, Chl a side chain ligand; dark blue, Chl a backbone ligand via water; light green, Chl b Mg and formyl side chain ligand; dark green, Chl b Mg and formyl backbone ligand via
water; pink, side chain ligand for carotenoid OH groups; violet, backbone ligand for carotenoid OH groups. (*) indicates strict conservation except for PsbS. Note that Chls 7 and 10 do
not have polypeptide ligands but are held in place by coordination of the central Mg to PG and Chl 13 (via water), respectively. The program MUSCLE [173] was used for the alignment.
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Fig. 2. Light-harvesting and non-photochemical quenching. The LHCs have two
important functions in plant photosynthesis. (A) Under normal light conditions, they
collect solar energy and transmit it to the reaction centres of the photosystems. (B)
Under high-light conditions, the antenna of photosystem II (PS-1I) switches to a
quenched state, by which photodamage is prevented and excess energy is safely
dissipated as heat.

and visualized in the electron microscope [55,56], in which LHC-II
trimers and the PS-II dimer can be distinguished. The assignment of
other regions to individual minor LHCs is however largely speculative.

The dynamics of light-harvesting and excitation energy transfer
within LHC-II have been thoroughly investigated over the years, using
a wide variety of spectroscopic techniques (see [57] for review). Apart
from their structural and photoprotective roles, the LHC-II carotenoids
complement the light-harvesting function of the Chls, thereby
increasing the regions of the visible spectrum that can be harvested.
The overall carotenoid-to-Chl excitation energy transfer efficiency is
estimated to be ~70-90%, with time constants between 50 and 200 ps
(see [58] for review). The high-resolution structures, which unam-
biguously identified the position and identity of all pigments in the
complex, greatly assisted the interpretation of the spectroscopic data
accumulated at that stage. A model for the excitation energy dynamics
has recently been presented [59]. A hallmark of these processes is the
efficient and fast energy transfer from Chl b to Chl a, which typically
occurs on the sub-ps time scale. Spatial equilibration of the excitation
energy is estimated to be reached within ~48 ps [60], after which it
resides predominantly in the Chl a cluster comprising Chl 1, Chl 2 and
Chl 7 [61] (Table 1). This cluster is situated at the periphery of the
trimer, which is the obvious site for efficient energy transfer to
photosystems, either directly or via the minor LHCs.

More than 30 years ago it was discovered that LHC-II is
phosphorylated [62] by a specific kinase [63] at a threonine residue
near the N-terminus [64], which is conserved in Lhcb1 and b2, but not
in Lhcb3. Phosphorylation of LHC-II enables the plant to adapt to light
conditions changing on the timescale of minutes. The main effect of
LHC-II phosphorylation appears to be a partial dissociation of the
complex from PS-II, and a closer association with PS-I [65]. This is
related to state transitions, whereby the antenna funnels more energy
into PS-I than into PS-II in state 2, and vice versa in state 1 (reviewed
by [66-68]). State transitions enable the plant to balance photosyn-
thetic activity between cyclic electron flow around PS-I and vectorial

electron flow through PS-II. Consistent with this, the redox state of
the plastoquinone pool controls the LHC-II kinase activity, and
therefore the state transitions [69]. As Lhcb3 lacks the phosphoryla-
tion site, this component, or indeed LHC-II trimers containing it,
does not move from PS-II to PS-1, and hence does not participate in
state transitions [70].

The LHC-II kinase is required for state transitions and light
adaptation [71], proving that LHC-II phosphorylation is the key factor
in this process. Accordingly, plants without Lhcb1 and Lheb2 that lack
the phosphorylation site do not undergo state transitions [72]. Mild
proteolytic treatment of isolated photosynthetic membranes removes
the N-terminal segment of LHC-II on the stromal surface, carrying the
phosphorylation site and 3 or 4 Arg and Lys residues, which make it
highly positively charged at physiological pH. LHC-II is mainly
responsible for membrane appression and grana formation in
chloroplast thylakoids. The charged N-terminal segment mediates
membrane appression by electrostatic interaction [73]. The electro-
static repulsion between the charged membrane surfaces is reduced
by mono- or divalent cations, whereby Mg?™ is roughly 10 times more
effective than Na* or K* in charge screening and thus in inducing
membrane stacking [74]. Arabidopsis mutants lacking both Lhcb1 and
Lhcb2 still have chloroplast grana [72], implying that Lhcb3 and other
proteins, most likely PS-II, also contribute to grana formation.

3. LHC-II crystallisation

Well-ordered crystals are a prerequisite for determining the
precise atomic structure of any protein, and hence for understanding
the exact molecular mechanisms and modes of action. Most
membrane proteins are notoriously difficult to crystallise, but LHC-II
is an exception. Aggregates of two-dimensional (2D) crystals form
spontaneously when salt is added to purified, detergent-solubilized
LHC-IL. Similarly, under the right conditions, small 3D crystals form
within seconds, and their growth can be watched in the light
microscope (WK, unpublished). Nevertheless it took more than two
decades from the first serendipitous observations of crystalline
aggregates to the complete, high-resolution structure of the complex.

3.1. Two-dimensional crystals and electron crystallography

The extraordinary propensity of LHC-II for forming crystalline
arrays has been noticed from the early days of investigating cation-
induced precipitates of the complex in the electron microscope.
Freeze-fracture replicas of such in vitro aggregates showed that they
were stacks of crystalline sheets [75,76], which in some ways
resemble stacked thylakoid membranes of chloroplast grana. Crystal-
line patches of LHC-II were found in negatively stained, reconstituted

Table 1
Chlorophylls nomenclature.
Standfuss et al. [91] Kiihlbrandt et al. [39] Liu et al. [89]
Chla
Chl 1 al 610
Chl 2 a2 612
Chl 3 a3 613
Chl 4 a4 602
Chl 5 a5 603
Chl 6 a6 604
Chl 7 b2 611
Chl 8 b3 614
Chl b
Chl 9 - 601
Chl 10 a7 607
Chl 11 b1 608
Chl 12 b5 609
Chl 13 b6 606
Chl 14 - 605
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Fig. 3. Three-dimensional crystal packing of LHC-II. The two available high-resolution
structures of LHC-II were determined from crystals of two different lattice types. (A)
The spinach LHC-II structure was solved from crystals of spherical, icosahedral
proteoliposomes, with 20 LHC-II trimers per vesicle [89]. The five trimers facing the
viewer were removed for clarity. (B) Type-I crystals consisting of membrane-like two-
dimensional crystals yielded the structure of the pea complex [91].

membranes [77]. A systematic investigation of crystalline membranes
produced by adding mono- and divalent cations to LHC-II solubilized
in Triton X-100 showed that they were two-dimensional crystals of
LHC-II trimers alternating in up/down orientation relative to the
membrane plane [78]. This arrangement does not exist in native
thylakoids, where all complexes naturally face the same way, although
the complex does crystallise in situ when sufficient detergent is added
to membrane preparations to solubilize a proportion of the complexes
[79]. The strong tendency to form crystalline membrane arrays is thus
a fortuitous property of the complex, quite unrelated to any of its
biological functions, evidently for the sole benefit of electron crystal-
lographers and spectroscopists. A first three-dimensional map of such
crystalline membranes showed that LHC-II in the 2D crystals is a
trimer, and indicated its dimensions and symmetry [80]. Later it was
shown by analytical ultracentrifugation that the complex is also a
trimer in detergent solution [81].

2D crystallisation conditions were optimised by introducing n-
nonyl glucoside (NG) as a second detergent, and by observing a
carefully controlled temperature regime. In this way it was possible to
avoid stacking and to grow single 2D crystals that measured up to
10 um across, diffracting electrons to 3.2 A or better when cooled with
liquid nitrogen [82]. At this time, Henderson and colleagues were
developing their new method for determining the structures of
bacteriorhodopsin by electron diffraction and cryo-EM of 2D crystals
at near-atomic resolution [83,84]. The stage was therefore set for using
the 2D crystals of LHC-II to work out the structure of this complex by

electron diffraction [82], high-resolution cryo-EM and image-proces-
sing [39].

3.2. Three-dimensional crystals and X-ray crystallography

Around the time when 2D crystals of LHC-II were first obtained and
analyzed, the first reports of diffracting 3D crystals of membrane
proteins were published: bacteriorhodopsin [85], bacterial photosyn-
thetic reaction centres [86] and bacterial outer membrane porins [87].
Early attempts to grow 3D crystals of pea LHC-II had in fact been
successful and yielded two different crystal forms [88]. One form grew
in the shape of octahedra with cubic symmetry and a surprisingly
large unit cell. The octahedral crystals were most likely of the same
type used later by Liu et al. to determine the 2.7 A structure spinach
LHC-II [89], which consist of icosahedral vesicles of 20 LHC-II trimers
(Fig. 3A) packed on a cubic lattice. Indeed, such small vesicles can be
seen by negative-stain electron microscopy in preparations of
crystalline aggregates (Fig. 4). Most likely, the “heptameric assem-
blies” of LHC-II reported by Dekker et al. [90] are nothing other than
these icosahedral vesicles (Fig. 5) as their appearance and dimensions
are identical. Generally, it is not advisable to draw conclusions about
the 3D structure of a macromolecular assembly from single view
projections.

The other crystal form of LHC-II obtained in the mid-1980s grew in
the shape of hexagonal plates. This form evidently consisted of stacked
2D crystals (Fig. 3B), as electron diffraction of thin specimens
indicated the same unit cell and apparent symmetry as the 2D arrays
[88]. More recently this was confirmed by freeze-fracture electron
microscopy of hexagonal crystals, which shows 2D lattices in exact
register, forming a 3D lattice (Fig. 6). These crystals were too small for
the X-ray sources available at the time, and structure determination by
electron crystallography of the well-ordered 2D crystals seemed the
more promising alternative. More than 15 years later, the hexagonal
plates yielded the 2.5 A X-ray structure of pea LHC-II [91].

It is interesting to note that the two crystal types of LHC-II are due
to two different, fortuitous properties of the LHC-II trimer: one to its
unique propensity to form planar 2D lattices in the membrane by
surface complementary, and the other to its unrelated ability to form
small icosahedral lipid-protein vesicles that resemble virus capsids
and pack like spheres into a cubic lattice.

Not every crystal of a membrane protein diffracts well, no matter
how perfect it looks to the eye (Fig. 7). Unfortunately in this respect
LHC-II is no exception. For the structure of pea LHC-II, more than 400

Fig. 4. Icosahedral LHC-II vesicles and stacks of 2D crystals observed by electron
microscopy.
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Fig. 5. In vitro assemblies of LHC-II. (A) Volume-rendered representation of the 20
trimers in one complete icosahedral vesicle, as in the cubic spinach LHC-II crystals [89].
(B) The dimensions of the LHC-II assemblies described by Dekker et al. [90] are almost
identical. Scale bar: 100 nm.

individually mounted, rapidly frozen hexagonal crystals had to be
examined by X-ray diffraction at the synchrotron before a complete,
more or less isotropic data set could be collected. Crystal defects that
are not visible in the light microscope are revealed by electron
microscopy of freeze-fracture replicas. Consecutive crystalline layers
of 2D crystals in type-I lattices [92] can be misaligned (Fig. 8A). The
repeat distance between successive layers can vary (Fig. 8B) or
protein-free patches may be interspersed (Fig. 8C). Aging crystals may
bend almost like rubber (Fig. 8D), although remarkably they still
diffracted X-rays in the x-y plane. The effects shown in Fig. 8B and D
would result in resolution anisotropy manifest in poor diffraction in z-
direction. Most likely similar type-I crystals of other membrane
proteins suffer from the same defects.

4. LHC-II structure
4.1. Structures determined by electron microscopy
The first molecular structure of LHC-II determined to 6 A resolution

by electron crystallography showed three alpha helices that span the
membrane [93]. The overall dimensions of the kidney-shaped
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Fig. 6. Freeze-fracture image of a type-I pea LHC-II crystal. Type-l membrane protein
crystals [92] are ordered stacks of 2D crystals. Several successive layers can be seen,
with all layers in register. Such crystals routinely diffract beyond 3 A at a synchrotron
source. The arrow indicates a crystal defect in one layer, resulting in a displacement of
the 2D lattice by about half a unit cell. Scale bar: 100 nm.

monomer were 30 A by 50 A, with a thickness of ~60 A; the diameter
of the roughly cylindrical trimer was ~75 A. The map showed 15
regions of density that were of the size and shape expected of Chl
tetrapyrroles at 6 A, but no assignment to Chl a or b was feasible at
that early stage. The 6 A map did however show the close structural
similarity between two of the trans-membrane helices and some of
the surrounding Chls.

The high-resolution EM structure (PDB code: 2W7B) at 3.4 A in
x-y direction - and better than 49 A in the perpendicular z-
direction - made it possible to trace most of the polypeptide chain,
especially of the three membrane-spanning helices where bulky
side chains were well resolved [39]. 12 Chl tetrapyrroles were
identified unambiguously. Apart from the chain trace, the most
exciting feature of this map was two elongated regions of density
related by the same internal near-twofold symmetry as the two long
helices and a subset of the 12 resolved Chls. Based on considerations
of symmetry and pigment stoichiometry, these elongated densities
were assigned to the two luteins in LHC-I, as it turned out correctly.
Even though the structural differences between Chl a and b were
not visible at this resolution, a tentative assignment was made
based on the distance of Chls from the two luteins, taking into

Fig. 7. Hexagonal plates of pea LHC-II.
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Fig. 8. Defects in the type-I lattice of pea LHC-II crystals. Freeze-fracture shows (A) three rotationally misaligned crystalline layers, (B) different spacing between consecutive layers,
(C) small protein-free patches of detergent or lipid. (D) Bent crystalline layers in an aged crystals. The arrow in (A) indicates an in-plane lattice displacement, as in Fig. 6. Scale bar:

100 nm.

account that Chls a were more at risk from photodamage than Chls
b, and therefore needed to be in close contact with carotenoids. This
assignment was necessarily incomplete, as the two more peripheral
carotenoids were not visible in this map. Nevertheless it proved to
be correct for 9 out of the 12 resolved Chls, including the 6 Chls a
nearest to the two luteins.

4.2. X-ray structures

After the 3.4 A EM structure, work in our lab was resumed on the
hexagonal type-I crystals. This choice was based on the following
considerations: a higher-resolution structure of LHC-1I was evidently
necessary, but the 2D crystals were unlikely to yield such a structure,
since they diffracted electrons to better than 3 A only very
occasionally, and could not be improved despite considerable effort.
Over the years, the octahedral crystals had yielded diffraction up to 6 A
in our hands, but could not be frozen, which seemed essential for
high-resolution data collection. On the other hand we knew the
hexagonal crystals to be ordered to at least 3.7 A from the earlier
electron diffraction experiments [88].

The original hexagonal plates had been very small, and it took
several years to develop a protocol for growing them to a size where
they were both large enough (up to 400 um across, and 20 um thick)

and well enough ordered for data collection. Still, resolution
anisotropy, most likely due to the defects shown in Fig. 6, was a
persistent problem that was finally overcome only by screening a large
number of crystals.

Work with the hexagonal crystals was progressing well, when the
publication of the structure of the spinach complex [89] (PDB code:
1RWT) came as a shock. Evidently, Liu et al. had found ways to
improve the octahedral crystals, amongst other things by adding lipid
to the crystallisation mix, and were able to freeze them for data
collection. The structure was an impressive tour de force in protein
crystallography. It confirmed all the features observed in the high-
resolution EM map, and revealed additional features that had not been
resolved at 3.4 A, especially the two remaining Chls and the two
carotenoids, Neo and Vio.

At this point, we had already solved the structure of the pea
complex by X-ray crystallography of the hexagonal plates, ultimately
by molecular replacement with the 3.4 A EM map, and model building
and refinement was on the way. The full structure of the pea complex,
determined entirely independently of the spinach structure, was
finally published in 2005 [91] (PDB code: 2BHW). A detailed
comparison of the two structures is presented in Section 4.8. The
following sections describe the main features of the LHC-II polypep-
tide, and of the bound pigments and lipids.
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4.3. The LHC-II polypeptide

The chain trace of the LHC-II polypeptide was essentially complete
in the 3.4 A EM structure, apart from an unresolved stretch between
helices B and C, which comprises a short amphipathic helix on the
lumenal surface, and the first 25 residues at the N-terminus. As had
already been obvious from the earlier 6 A map [93] there were three
membrane-spanning helices, two of them (helices 1 and 4 in the X-ray
structure; B and A respectively in the EM maps) unusually long and
tilted, and related by local near-twofold symmetry (Fig. 9). This
symmetrical arrangement reflects an internal repeat in the polypep-
tide [94] that indicates a gene duplication event in the early evolution
of the complex. Many of the more recently reported membrane
protein structures show evidence of internal repeats, although in
most cases, as e.g. in the aquaporins [95] and Na-coupled solute
transporters [96,97] the repeats are inverted, whereas this is not the
case in LHC-IL. The two long helices are linked by a third, shorter and
slightly curved helix (helix 3 in the X-ray structure; C in the EM maps).
The two short amphipathic helices on the lumenal side (helices 2 and
5), related by the same local near-twofold symmetry, link helix 1 to
helix 3, and helix 4 to the C-terminus.

The two central helices 1 and 4 are interlocked by a symmetrical
pair of salt bridges, making this part of the complex particularly rigid.
The Arg and Glu residues that form these salt bridges are a signature
motif of the family (Fig. 1). The assembly of the two long tilted helices
plus the two luteins that sit in the grooves at either side of the helix
pair, and the 6 Chls a closest to them is the central structural motif of
LHC-II and is highly conserved. The interlocking salt bridges are found
even in the single-helix ELIPS, which are thus likely to form dimers in
the membrane and may be the early ancestors of LHC-II [98]. The
residues making this salt bridge are also present in PsbS, which is
therefore likely to have the same central coiled-coil helix motif found
in LHC-IL Since the glutamate oxygens of both salt bridges each serve
as a Chl a ligand in LHC-II, PsbS has at least the potential to bind two
Chls in these positions. A third salt bridge in helix 3, which provides
the Mg ligand for Chl 12, is fully conserved except in PsbS.

It has been shown that a tryptophan (Trp 222 in pea Lhcb1) 11
residues upstream from the C-terminus is critical for trimer formation
[99], and that a hydrophobic residue is required in this position for
stable trimers. Inspection of the LHC-II structure reveals that Trp 222
is sandwiched between Vio and Chl 10 of the neighbouring trimer,
obviously a sensitive site for trimer stability. This finding demon-
strates nicely that the presence or absence of a single hydrophobic
contact, equivalent to 3 kcal/mol [100], can decide whether or not an
oligomeric complex forms in the membrane.

It was suggested early on that membrane appression in vitro and
thylakoid stacking seen in normal chloroplasts are brought about by
the same mechanism and involve LHC-II polypeptides directly [101].
More than 20 years later, the LHC-II structure showed that the
positively charged N-terminal segment and the otherwise negatively
charged stromal surface of the complex complement one another, and
may give rise to a velcro-like interaction between parallel grana
membrane surfaces [91]. This would explain why phosphorylation,
which effectively neutralizes one positive charge at the N-terminus,
reduces this interaction, making it easier for LHC-II to move out of the
granal membranes towards PS-I.

4.4. Chl binding sites

The central Mg in the Chl chlorin ring requires an extra ligand with
a free electron pair, such as an N or carbonyl O for stable binding. In a
protein, these ligands are usually amino acid side chains, or water
molecules H-bonded to a main chain carbonyl. Most of the residues
involved in Chl binding are conserved throughout the family (Fig. 1).
These include the side chains that coordinate Chls 1-5, 8 (except in
Lhcb4.3 and 6), 12 and 13, suggesting that these residues bind Chls

Stroma

Lumenal side

Fig. 9. LHC-II structure. The trimeric complex is shown (A) from the stromal side, (B)
from within the membrane and (C) from the lumenal side. Grey, polypeptide; cyan, Chl
a; green, Chl b; dark orange, lutein; light orange, neoxanthin; yellow, violaxanthin;
pink, lipids.

also in the corresponding family members. Chls 6, 9, 11 and 14 are
coordinated by main chain carbonyls via a water molecule. The central
Mg of Chls 7 and 10 does not have a protein ligand but is coordinated
by the PG head group (Chl 7) or a Chl 13 oxygen. For Chls without side
chain ligands it is difficult to tell whether their binding sites are
conserved or not, although this is likely for Chl 6 which is part of the
central set of 6 Chls a.

The specificity of a binding site for Chl a or b is determined by the
presence of a hydrogen bonding partner for the Chl b formyl group.
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Table 2

Pigment composition of native LHC monomers of photosystem II.

LHC Chla Chlb Chla/b Lut Neo Vio Chl/Car  Ref.

LHC-II 8 6 133 2 1 1 35 [89,91]

CP29 6 2 3 1 035 065 4 [174]
6.8 2.0 34 0.9 0.6 12 33 [107]

CP26 6.2 2.8 2.2 1.02 061 038 45 [102]
7.5 3.0 25 12 1.0 0.9 34 [107]

CP24* (n) 2.7 23 117 054 - 047 5 [34]

CP24° (1) 5 5 1 1.5 - 0.5 5 [34]

¢ Values for (n) native and (r) recombinant CP24 are given.

Although Chl a sites can be forced to accept Chl b and vice versa under
artificial in vitro reconstitution conditions [32,34,102], there is no
evidence for mixed occupancy of any Chl site in either X-ray structure.
Each binding site therefore seems to be specific for its proper pigment
under in vivo equilibrium conditions.

In the sequence alignment of Fig. 1, hydrogen bonding donors
are fully or partly conserved for the Chl b formyls of Chls 10, 11,
12 and 14, so that these are probably also Chl b in the corres-
ponding complexes. Chl 7 is likely to be confined to the trimer-
forming species, which contain the PG coordinating this pigment.
Chl b molecules 11 and 14 are most likely present only in the
major LHC-II, i.e. Lhcb1-3. A minimum set of Chls common to
most LHCs thus includes Chl a molecules 1-6 and 8, plus Chl b
molecules 12 and 13. This is broadly consistent with the
experimentally determined Chl content and a/b ratios of the
minor LHCs (Table 2).

4.5. Carotenoid binding sites

Unlike the Chls, carotenoids do not require electron-rich side
chain ligands that are easy to spot in a sequence alignment. The
LHC-II carotenoids do however have an OH group at each end, and
thus the potential to form specific hydrogen bonds to the
polypeptide. Close inspection of the LHC-II sequence alignment
(Fig. 1) reveals that the binding sites of the lutein head groups in
LHC-II are no less highly conserved than the Chl binding sites. The
characteristic Lut binding motif is the DPLG sequence in the hook-
like extension [93] at the stromal end of trans-membrane helix 4,
which is part of the internal repeat and reoccurs in the equivalent
extension at the stromal end of helix 1. Whereas in this position the
motif has mutated to DTAG in LHC-II, it is repeated without
modification in Lhcal, Lhca2 and Lhcb6, which suggests that these
proteins are evolutionarily the oldest members of the LHC family.

The hook-like shape of this motif provides the stereoselective
binding pocket for the Lut head groups, which make two hydrogen
bonds each, one to the Asp and the other to the main chain nitrogen
before the Gly in this sequence. At the other end of Lut 1 and 2, two
highly conserved residues accommodate the other head group and
provide a hydrogen bonding partner. Neither of the two lutein-
binding DPLG motifs is conserved in PsbS, which is thus unlikely to
bind Lut but may bind other carotenoids transiently.

Neo is similarly held in place by a single hydrogen bond between
the OH group at its tip and Tyr112, which is conserved in the Lhcbs,
except Lhcb6, and an otherwise hydrophobic binding pocket [103].
The high specificity of this binding site for Neo is clearly due to the fact
that it can only accommodate the 9’-cis stereoisomer (Fig. 14). In WT
plants there is no 9’-cis carotenoid other than Neo, and virtually all
Neo is 9'-cis [104,105]. In plant mutants that lack the ability to produce
Neo, some of the Vio converts to the 9’-cis stereoisomer which can
then occupy the Neo site [106]. The Lut and Neo binding sites are thus
specific for their respective carotenoid, although they can be forced to
accept other carotenoids under non-native conditions, e.g. by in vitro
refolding or in particular mutants. Vio is the only LHC-II carotenoid
that is not held in place by direct polar contacts with the polypeptide
scaffold, but by hydrogen bonds of its OH groups to a glycerol OH of
PG, and to the phytyl carbonyl of Chl 10. Probably on account of this,
and its position at the monomer interface, Vio has a low binding
affinity and is easily lost during LHC-II purification [107], presumably
as a result of partial dissociation and reassociation of the LHC-II trimer
in the presence of detergent.

4.6. Pigment structure

Perhaps the most remarkable property of LHC-II is its ability to
bind a total of 54 pigments of 5 different kinds in the small volume
of one trimer, and orient them precisely relative to one another. On
average, LHC-II uses only 13 amino acids per pigment to achieve
this, which makes it almost twice as effective in terms of
polypeptide economy compared to bacterial antenna complexes.
Within the trimer, the Chls are located in two layers near the
stromal and lumenal membrane surface, respectively. Five Chl a and
three Chl b are found in the stromal layer; the other three Chl a and
three Chl b are located in the lumenal layer. The centre-to-centre
distances between neighbouring Chls fall within a narrow range of
10 A to 13 A. As expected of an efficient solar energy collector, the
orientation of the 42 Chl Q, dipole moments in the trimer sample
all directions in space about evenly, maximising light-harvesting
efficiency.

Fig. 10. Pigment configuration in the LHC-Il monomer. (A) All pigments bound to one LHC-II monomer are shown, in the same colour code as in Fig. 9. (B) Stereo diagram highlighting

the local twofold symmetry of key pigments.
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Fig. 11. Lipid and detergent molecules in the LHC-II X-ray structures. The most evident difference between the pea (A) and the spinach (B) LHC-II structure is the location of lipid and

detergent molecules. Green, PG; magenta, DGDG; red, NG detergent.

The X-ray structures ended the long-standing uncertainty on the
exact number of Chls bound per LHC-II monomer, which is 14 [89,91]
(Fig. 9). In retrospect, it is worth noting that precise measurements of
the protein concentration of crystalline LHC-II by quantitative amino
acid analysis combined with Porra’'s method of determining Chl a and
b [108] had returned the correct figure of 14.0 Chl per LHC-Il monomer
in the early 1990s (Nussberger, Dorr and Kiihlbrandt, unpublished
results). The two high-resolution structures also agreed in the exact
position of all 4 carotenoids in the complex.

In the LHC-II trimer, the 6 Chl b molecules (Chls 9 to 14) form a
cluster around the Neo binding pocket near the monomer interface,
suggesting that they may be a later addition compared to the central
set of 6 Chls a surrounding the luteins. The contact surfaces of Chl 11
and Chl 13 with Neo are especially extensive. Accordingly, a
recombinant, refolded LHC-II mutant lacking Chl 13 binds either
almost no Neo [109], or only half the amount compared to WT [40,41],
depending on the exact refolding conditions. Even so, the complex is
still stable and functional, although its ability to form trimers is
diminished.

The same local twofold symmetry that relates the two long
alpha helices linked by the pair of ion bridges within the LHC-II
monomer also applies to the two Luts and the 6 Chls a closest to
them, and indeed to all Chls in the stromal layer. When super-
posing the two Luts, Chl 1, Chl 2 and Chl 3 overlap almost perfectly
with their symmetry mates Chl 4, Chl 5 and Chl 6 (Fig. 10). This
pigment/protein arrangement seems to be an ancient feature that
is highly conserved, most likely because it is optimal for light-
harvesting, energy transmission and photoprotection. The high
conservation of key residues in the LHC fold (Fig. 1) and in the
binding pockets of many pigments throughout the LHC family
further suggests that this basic arrangement is also shared by the
minor LHCs.

In the superposition of Fig. 10, the conformation of the m-system in
the two Luts is essentially the same, in contrast to a previous
suggestion [110]. Whereas the pair of Lut molecules occupies a central
location in the interior of the LHC-II monomer, Vio and Neo assume
more peripheral positions. Neo is distinct from the other carotenoids
in that roughly half of its length protrudes into the lipid phase of the
membrane. As mentioned above, Neo in LHC-II is present almost
exclusively as the 9'-cis stereoisomer, whereas the other three bound
carotenoids are in the all-trans conformation. The significance of this
striking feature is still unknown. Its exposed position would make Neo
predestined for functionally important interactions with other
membrane proteins in the photosynthetic apparatus of green plants.
The location of Vio at the monomer-monomer interface would make it
easy to exchange this carotenoid for Zea in the xanthophyll cycle
[111,112].

Table 3
Superposition of LHC-II X-ray structures.

rms deviation (A)  Average (A)  Maximum (A)

Polypeptide

(14 to 231) Ca 0.35 030 233
Main chain 0.40 0.31 3.64

(20 to 220)  Co 0.34 0.29 117
Main chain 0.35 030 1.19

Pigments

(all Chls) Mg atoms 0.20 0.18 0.46
Chlorin rings 0.25 0.23 0.70

Main chain plus pigments

(14t0231)  (all Chls) 0.36 0.29 3.64

(20 t0 220)  (all Chls) 0.33 0.28 121
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Fig. 12. Stereo diagram showing the rms deviation between pea and spinach LHC-II. The
pea LHC-II polypeptide is colour-coded from blue (low rms deviation) through white to
red (high rms deviation).

4.7. Bound lipids

In addition to the polypeptide and pigments, two different lipids
complete the LHC-II structure. Of these, PG is known to be required for
trimer formation [113]. Hydrolysis of PG by phospholipase A2 causes
the trimer to break up into monomers, highlighting the structural role
of this lipid as a hydrophobic glue between subunits [114]. Dissocia-
tion of the trimer into monomers also occurs when the first 49
residues are proteolytically cleaved off the LHC-II polypeptide [114].

This segment includes Tyr44, which makes a polar contact with the PG
head group. The segment also includes the upstream WYGPDR
“trimerisation motif” common to those LHCs that are known to form
trimers in vivo; i.e. the major LHC-II itself and CP26. This motif is
structurally close to the PG lipid, although no direct contacts are
evident. Probably its absence disrupts the PG binding site, so that
trimer formation is prevented. PG also coordinates the central Mg of
Chl 7, indicating that PG has more than one function in the assembly of
the complex.

Like PG, DGDG is required for the formation of both 2D and 3D
crystals of LHC-II [114]. While PG is present in one copy per
monomer, several molecules of DGDG per monomer co-purify with
the trimeric complex. Biochemical experiments had indicated that
PG must bind at the monomer interface and has a direct structural
role in the trimer, whereas DGDG binds more peripherally [114].
This is indeed borne out by the two high-resolution structures,
which show DGDG either in a central hydrophobic cavity on the
lumenal side in the higher-resolution structure of the pea complex
[91], or at the periphery, bridging the gap between two adjacent
trimers on the stromal side of the spinach complex in the highly
curved proteolipid vesicles [89] (Fig. 11). In fact, the DGDG position
is the most apparent difference between the two LHC-II structures.
The lipid in the hydrophobic cavity on the threefold axis is no doubt
present in both, but was not resolved by Liu et al. In the structure of
the pea complex, DGDG is most likely also present in the large
cavities between trimers in the 2D lattice (along with detergent and

Spinach LHC-II

Fig. 13. Stereo diagrams of the B-factor distribution in the structure of (A) pea and (B) spinach LHC-II. The colour gradient goes from blue (lower B-factors, low flexibility) through
white to red (higher B-factors, high flexibility). The protein is shown as a solid surface and the pigments in stick representation. Detergent, lipids and phytyl chains are omitted for

clarity.
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other lipids) but not resolved, as it may not occupy a unique binding
site. On the other hand, two ordered molecules of peripherally
bound DGDG per monomer are resolved in the structure of the
spinach complex, where they mediate contacts between trimers in
adjacent trimers forming the icosahedral vesicles, and are thus
immobilised. Note however that this particular trimer interaction is
not physiological, as it would impose an extreme membrane
curvature, which cannot occur in the planar grana thylakoids.

4.8. Comparison of the two X-ray structures

LHC-II is thought by some to undergo a functionally important
change of its 3D structure in the process of non-photochemical
quenching (see Section 5 below). If the complex is indeed able to
adopt different conformations, this should be detectable in the
structures of LHC-II from two plant species that are not closely
related, determined independently from completely different crystal
forms that were grown under different conditions, including pH. A
detailed comparison of the two X-ray structure is therefore of interest.
In the absence of visible differences between the two structures, the
degree of similarity between them will indicate the rigidity or
flexibility of the complex, which in turn reflects the likelihood of
such a conformational change actually taking place.

The X-ray structures of pea [91] (PDB code: 2BHW) and spinach
LHC-II [89] (PDB code: 1RWT) were superposed and compared.
Superposition of the main chain polypeptide atoms of residues 14 to
231 that are resolved in both indicates an almost perfect overlap. The
rms deviation between all main chain atoms in this range is only
0.40 A (Table 3). Remarkably, the largest deviation between two
equivalent atoms in the main chain between residues 20 and 220
(excluding both termini) of the two structures is less than 1.2 A.

Fig. 12 shows the rms deviation between the two superposed LHC-
Il polypeptides. The main structural features of LHC-II, in particular the
trans-membrane helices, reveal a high degree of similarity between
the two structures. Note that the pigment binding regions are the
most similar. The only significant rms deviations are found in the
surface loop regions of the polypeptide.

When the atomic coordinates of the pigment are compared, the
rms differences are smaller by a factor of almost 2 compared to the
polypeptide main chain. This indicates that the pigment structure in
LHC-II is even more highly conserved than that of the polypeptide, no
doubt because the exact distances and mutual arrangement between
Chls on the one hand, and between Chls and carotenoids on the other,
are vital for its proper function, which is another reason for assuming
that no flexibility of the complex can be allowed.

The polar contacts of the Chl b formyl group are also essentially the
same in the pea and spinach LHC-II structures, with two exceptions.
First, the formyl group of Chl 13 in the spinach structure makes a
weak, 3.4 A polar contact with a nitrogen atom of the Chl 10
tetrapyrrole, whereas the equivalent distance in the pea structure is
slightly longer (3.8 A). While this difference may be simply a question
of map interpretation, the other exception cannot be explained so
easily. In the spinach crystal structure, the formyl group of Chl 14
makes a polar contact with an acyl group of the DGDG molecule that
mediates the inter-trimer contacts in the icosahedral vesicles. In the
pea structure this DGDG is absent, and the only hydrogen bond to the
Chl 14 formyl group is to the backbone nitrogen of Ser123. As noted
above, the location of DGDG in the spinach structure is closely linked
to the extreme curvature of the proteoliposome vesicles, so that this
polar contact between Chl 14 and DGDG is very unlikely to occur in the
membrane. Indeed, it has been suggested that an extra hydrogen bond
to a Chl b formyl group is present in the cubic crystal form compared
to trimers in detergent solution [115], and this evidently is it. The same
1639 cm™ ! band in the resonance Raman spectrum attributed to the
stretching mode of a Chl b formyl group had previously been observed
in aggregated LHC-II but not in solubilized trimers [116]. This could

mean that the icosahedral vesicles are also present in aggregated
trimers, and indeed this is the case (Fig. 4).

Apart from the rms deviation between two independently
determined experimental structures, another measure of internal
flexibility of a protein is the crystallographic temperature factor (B-
factor). This parameter is refined against the experimental diffraction
data and describes by how much individual atoms, or groups of atoms,
oscillate around their mean position in a protein structure. Looking at
the X-ray structures of the pea and spinach LHC-II colour-coded for the
B-factor (Fig. 13), it is immediately obvious that the distribution is
uneven. The surface loops and residues exposed on the stromal and
lumenal side of the complex have moderate B-factors and are thus
more flexible than the central region of the complex, which is
characterised by low B-factors and is hence the most rigid part of the
structure. This region comprises the hydrophobic core of the
monomer, with its central motif of the coiled helix pair, the two
luteins in their binding pockets, the chlorin head groups of all Chls, as
well as the third trans-membrane helix. The striking exception in this
central region of the complex is the part of the Neo that protrudes by
~9 A from the trimer surface into the lipid bilayer. When only the
carotenoids are considered (Fig. 14), it is clear that the protruding half
of Neo stands out by its high temperature factors, whereas the two
luteins in the centre of the monomer, and the violaxanthin at the
monomer interface have low B-factors. Like the Chl chlorins, they are
thus rigid and unlikely to undergo conformational changes. The only
light-absorbing part of an LHC-II pigment that has any inherently
flexibility is the protruding half of the Neo molecule.

A conformational switch in the central region of LHC-II, which
harbours the pigments that have been implicated in NPQ [115,117]
seems unlikely for several reasons. This region is packed particu-
larly tightly, which would effectively prevent any movement
without disruption of the entire complex, including the opening
of the interlocking salt bridges that hold helices 1 and 4 together.
Indeed it looks as if the whole interior of LHC-II is designed to
prevent such movements, which would make sense in a complex
whose proper function depends on the precise distance and
alignment of the light-harvesting pigments. A sliding mechanism

Lut 1

PN
gy
"

Fig. 14. B-factor distribution in LHC-II carotenoids. The carotenoids in the spinach LHC-II
X-ray structure are shown in stick representation and coloured by B-factor as in Fig. 13.
Red indicates increasing B-factors and, hence, flexibility. The pigments in one monomer
of each trimer are labelled. The triangle indicates the position of the 3-fold symmetry
axis in the trimer. Arrow, 9’-cis bond in Neo.
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by which the distance between Lut and Chls varies gradually in
response to photosynthetic activity, as recently proposed [117], can
be excluded. Such a movement would only be possible if the
corresponding part of the complex is flexible, and this would
certainly be reflected in the crystallographic B-factors. Apart from
the fact that so far there is no hard, structural evidence for any
conformational change in the LHC-II interior, such a switch would
be potentially counterproductive and dangerous if it were ever to
occur spontaneously [109].

4.9. Conserved structure of plant LHCs

The recent 3.4 A structure of pea PS-I confirmed that the four Lhca
proteins attached to PS-I have the same fold as LHC-II [118]. The
characteristic two central, intertwined trans-membrane helices, and
the third helix that runs roughly perpendicular to the membrane,
superpose almost perfectly with those of LHC-II (Fig. 15A). The only
exception is helix 4 (A) of Lhca3, which appears much less tilted and
almost parallel to helix 1 (B). In fact, in the superposition of the
polypeptide backbones (Fig. 13), this helix of Lhca3 would cut through
Lut 2 in the LHC-II structure. As the luteins are amongst the most
highly conserved features in the LHC family, and the signature
residues that form polar contacts to Lut 1 and 2 are conserved in the
Lhca3 sequence (Fig. 1), the apparent orientation of helix 4 in Lhca3

may perhaps reflect the comparatively ill-defined map density in this
region.

When the Chl positions are compared in this superposition, it is
interesting to note that the arrangement of each Lut in close contact
with 3 Chls a, as observed in LHC-II, is also found in the Lhcas (Fig.
15B). The only apparent difference is in the orientation of Chl 1 in
Lhcal and Lhca2. This is surprising because Glu180 that coordinates
the Chl 1 Mg in the pea structure is strictly conserved in all LHCs and is
also involved in the ion bridge with Arg70, which is equally conserved.
It might therefore be expected that higher-resolution structures of
these complexes will show a closer agreement with the Chl 1
orientation in the other family members. The position of Chl 3 in
the 5 structures is remarkably similar. GIn197, which coordinates the
Mg of Chl 3 also makes polar contacts to the head group of Lut 1 and to
the conserved Asn208. This might explain why the position and
orientation of Chl 3 is so similar in LHC-II and the Lhcas. Note that only
the polypeptide backbones were used for alignment, so the super-
position is not biased by the pigment geometry.

The two prolines at the beginning and end of the short
amphipathic helix 5 on the lumenal surface are conserved in most
family members except PsbS. In this protein, the predicted, unique
fourth trans-membrane helix is supposed to be located in this region,
so the lack of sequence conservation is not surprising. The Lhca
proteins in the 3.4 A structure of pea PS-I seem to lack this

Fig. 15. Comparison of LHC-II and Lhcas. (A) Lhcal, Lhca2 and Lhca4 superpose almost perfectly with LHC-II. One of the central helices of Lhca3 deviates from the others and clashes
with Lut 2 in LHC-II. (B) Stereo view of conserved Chl positions in LHC-II and the various forms of Lhca. Differences in chlorin ring orientation may reflect map quality or
interpretation. Green, LHC-II; blue Lhcal; red, Lhca2; cyan, Lhca3; magenta, Lhca4; dark orange, Lut; light orange, Neo; yellow, Vio.
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amphipathic helix [118], which includes the Chl 8 binding site. The
sequence alignment (Fig. 1) indicates clearly that it should be there,
suggesting that this helix was perhaps not resolved at 3.4 A, as was the
case for one of the lumenal helices in the 3.4 A EM structure [39]. The
33 C-terminal residues of PsbS, which have no equivalence in any
other LHC, show a striking, but almost certainly coincidental similarity
to a sequence in SO4266, a protein of the Flc (Filamentation Induced
by cAMP) family from Shewanella oneidensis MR-1. The crystal
structure of S04266 (PDB code: 3EQX) reveals that this stretch
forms an a-helix [119]. It can therefore be safely assumed that this
region of PsbS likewise forms an a-helix, as has been suggested on the
basis of its hydrophobicity [120].

5. LHC-II and non-photochemical quenching

Apart from their main light-harvesting function, members of the
LHC family also have an essential role in the dissipation of excess solar
energy under high-light conditions. The thylakoid membranes of land
plants experience frequent and drastic changes in light intensity.
Under steady-state conditions, the photosynthetic efficiency of the
thylakoid membrane is optimal for a given light level. This level can
vary in the time frame of minutes or seconds, be it through changes in
cloud cover, or the sudden exposure of a shade leaf to bright sunlight.
The resulting potential over-excitation of the photosynthetic system
can lead not only to an excessive proton gradient across the thylakoid
membrane, but also to photodamage to the photosystems themselves,
due to singlet oxygen formation upon interaction of molecular oxygen
with Chl triplets. To guard against this, plants have developed a set of
photoprotective mechanisms collectively referred to as non-photo-
chemical quenching (NPQ), by which excess excitation energy is safely
dissipated as heat.

The assumed, and in some cases well-substantiated roles of plant
LHCs in NPQ have been the subject of numerous recent studies and
debates. The three components of NPQ, qE, qT, and ql, are each
characterised by their relaxation kinetics [121]. Most of the recent
investigations have focussed on qE, the rapidly inducible and
reversible component of NPQ, which is governed by lumenal pH.
Under high-light conditions, protons accumulate in the thylakoid
lumen, due to the high activity of the photosynthetic electron
transport chain, and the resulting imbalance between proton
accumulation in the lumen and the consumption of the proton
gradient (ApH) for CO, fixation and ATP production by the ATP
synthase (Fig. 2B). The increase in ApH across the thylakoid
membrane triggers a series of physiological responses, which
ultimately result in qE. The ability to activate qE in coping with a
sudden increase in light intensity is crucial for plant fitness in the field
[122]. In an effort to identify the main players in gE, it has been shown
that Arabidopsis plants lacking Lhcb1 and Lhcb2 have reduced qE [72],
confirming previous suggestions that LHC-II itself plays an important
role in this photoprotective mechanism [123]. However, the exact
details of the qE mechanism and the role of LHC-II or the other
members of the Lhc family have so far remained elusive.

5.1. Aggregation quenching

The pronounced dependence of the fluorescence properties of
LHC-II on its aggregation state has intrigued researchers for more than
two decades [124-132]. The bright 680 nm fluorescence and long
lifetimes of the detergent-solubilized complex contrast strongly with
the quenched fluorescence and very short lifetimes of LHC-II
aggregates [125,127,131,132]. Another spectroscopic marker of LHC-II
aggregates is the appearance of an emission peak centred around
700 nm at cryogenic temperatures. A drop in Chl fluorescence yield,
shorter fluorescence lifetimes at ambient temperature and concomi-
tant increase in 700 nm fluorescence at liquid nitrogen temperature
(77 K) was also observed in isolated thylakoids [133,134] or plant

leaves [123] under qE conditions. These similarities lead to the
aggregation quenching model by Horton [135,136], whereby a pH
induced conformational change in LHC-II results in its aggregation in
the thylakoid membrane, and ultimately in the enhancement of
excitation energy dissipation as heat. This model assumes that (a)
LHC-II aggregation occurs in vivo and (b) LHC-II can switch between at
least two alternative conformations.

We have shown above that some of the larger assemblies
presented as evidence of LHC-II aggregation in vivo, i.e. the heptameric
assemblies of trimers, are in fact proteoliposome vesicles [89], which
form from the detergent-solubilized complex. Indirect evidence for
LHC-II aggregation in vivo comes from spectroscopy, once more based
on spectroscopic markers of LHC-II aggregates that were also found in
plant leaves [137] and thylakoids [130]. The question is then whether
the formation of larger LHC-II assemblies in vivo, if it occurs, can
generate quenching units, either by internal conformational change or
by interactions at the trimer-trimer interface, or whether it just
increases the connectivity of the antenna, conducting the excitation
energy to another, specifically created quenching unit. van Amerongen
and co-workers concluded that in vitro aggregation creates energy
traps [131]. Holzwarth and co-workers likewise suggested that the
quenching mechanism observed with in vitro aggregates and NPQ in
vivo are likely to be the same, involving a Chl-Chl charge-transfer state
[137]. Both groups point out that, although the spectroscopic markers
of the quenching mechanism in vitro and in vivo are similar, this does
not necessarily mean that the strong interaction of trimers within
aggregates also occurs in vivo.

Single crystals of LHC-II represent another aggregation state, which
is of special interest as the recent X-ray structures of the complex have
been determined from them [89,91]. Initial studies lead to the
conclusion that the LHC-II in the crystals is quenched, just like
aggregates [110,115]. Based on the (incorrect) assumption that there is
no energy transfer between the trimers within the crystals, it was
further concluded that the corresponding X-ray structure was that of
the “crystallisation-induced” quenched conformation of LHC-II. More
recently we have demonstrated experimentally that, on the contrary,
energy transfer does occur in crystals, with transfer rates similar to
those observed in vivo [109]. Therefore, the two available X-ray
structures show the complex in the fully active, energy transmitting
conformation. As no structural evidence for another conformation has
been forthcoming, this is presumably the only functional state of the
complex. Like others [131,137], we concluded that the in vitro
quenching interactions between trimers that would be present in
aggregates, cannot occur in vivo, whereas random quenchers can form
at the periphery of the LHC-II trimers. In type-I LHC-II crystals, such
quenching centres might form locally due to lattice defects (arrows in
Figs. 6 and 8A), which would bring trimers along the line of
displacement into close contact, possibly giving rise to such peripheral
Chl-Chl pairs.

5.2. The xanthophyll cycle

A well-known consequence of the pH drop in the lumen of the
thylakoids is the activation of the xanthophyll cycle [111,112]. In this
enzymatic cycle Vio, one of the carotenoids bound to the light-
harvesting complex under normal light conditions, is converted to Zea
by the lumenal enzyme violaxanthin de-epoxidase. Presumably, the
increase in Zea and the concomitant reduction of Vio will result in an
exchange of Vio by Zea in the LHCs. Once the light stress is over, the
stromal enzyme zeaxanthin epoxidase catalyses the reverse reaction,
so that the LHCs return to their initial pigment composition. The
xanthophyll cycle and its regulation have recently been reviewed
[138].

The effect of the substitution of Vio by Zea on the function of LHC-II
is a matter of debate. Some early papers reported quenching induced
by Zea [139]. More recently, an 11% reduction in fluorescence quantum
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yield upon Zea binding to refolded LHC-II has been reported [140].
Other studies have shown no significant reduction on the Chl excited
state lifetimes in Zea-LHC-II [125,141,142]. This is in line with recent
calculations, which indicate that the excited state energies of Vio and
Zea in LHC-II are virtually identical, and that therefore the simple
exchange of xanthophylls is not sufficient for effective dissipation of
excess excitation energy [143]. Other effects such as pH-sensing by
PsbS are likely to play a role.

Although Zea formation is correlated with qE [144], it is still not
clear whether or not Zea binding is necessary for switching the
antenna into the quenched state. Some recent studies have con-
jectured that Zea acts as an allosteric effector of quenching, rather
than being directly involved in the quenching mechanism [136,145-
149]. In our view this is highly unlikely, given that Zea itself would be
an ideal quencher for excited Chls, and is produced in significant
quantities during NPQ. If indeed quenching involves Zea bound to an
antenna complex, it is then not clear by which mechanism the
excitation energy would be dissipated. It could either be excitation
energy transfer from Chl to Zea (the gear-shift model; [150]) or
through electron transfer from Zea to Chl (the carotenoid radical
cation model; [151]). Current opinion leans towards the latter
hypothesis. Indeed, the spectroscopic signature of a carotenoid cation
radical has been detected in thylakoids under gE conditions [152] but

the identity or origin of the radical cation within the photosynthetic
apparatus was not identified. Recent experiments have suggested that
the minor LHCs, rather than LHC-II itself are the location of the
carotenoid radical cation [140,141], although even in this model, Zea
binding is thought to be a necessary, but not sufficient step towards
quenching [153]. It has been proposed that a conformational change in
the minor LHCs is necessary to bring a Chl pair into close contact with
a Zea in the L2 binding site, so that they form a quenching charge-
transfer state [153]. Although it has been put forward that the Lut 1
site may be occupied by Vio in the minor LHCs (see [49,138] for
reviews), this is difficult to prove. L2 is exclusively occupied by Lut in
LHC-II, and the high sequence conservation of the Lut binding pockets
(Fig. 16) suggests that, on the contrary, in vivo both sites are occupied
by Lut in all LHCs.

Looking at the structure of the LHC-II monomer (Fig. 16), it is
difficult to envisage how carotenoids in the L1 or L2 binding pockets
can be exchanged on a fast timescale, without virtually complete
disassembly and reassembly of the whole complex. In order to
partition from LHC-II into the lipid phase of the membrane, Lut 1
would have to extract itself from behind the tightly bound chlorin ring
of Chl 2, while Lut 2 would have to pass the chlorin rings of both Chl 5
and Chl 10, not to mention the phytyl chains of several other Chls. Both
replacements would require the breaking of at least 4 hydrogen bonds,

Fig. 16. Accessibility of the L1 and L2 binding sites in the LHC-Il monomer shown in four different orientations, rotated by 90° relative to one another. The two luteins (dark orange)
are deeply buried in the complex, so that exchange of a carotenoid bound to either site would require disassembly of the complex. Colour coding as in Fig. 9.
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which is energetically highly unfavourable in a membrane environ-
ment. The binding pockets of Chl 2 and Chl 5 are located in regions of
extreme sequence conservation (Fig. 1) that are also the most tightly
packed, rigid part of the LHC-II monomer, and the same Chl/
carotenoid arrangement is to be expected in the minor LHCs (Fig.
16). When native complexes were used instead to demonstrate Car
radical cation formation in the minor LHCs [140], the Zea enriched
samples were purified from the Arabidopsis npq2 mutant, which lacks
both Neo and Vio [154], so that isolated complexes will inevitably have
a non-WT pigment composition. For all these reasons, the carotenoid
radical cation mechanism for quenching in vivo should, for the time
being, be regarded as tentative.

5.3. The conformational change hypothesis

The local Chl concentration in LHC-II is roughly 300 mM, yet the
complex is able to transmit energy to the reaction centres in the
thylakoid membrane, or, in the isolated complex, to re-emit it in the
form of fluorescence. By comparison, solutions of free Chl at a
similar concentration emit virtually no fluorescence, due to
concentration quenching [155], so that all the absorbed light energy
is converted into heat. It would therefore only take a small change
in the pigment geometry to turn LHC-II from a complex that collects
and transmits excitation energy into one that instead dissipates it in
the form of heat. It is then tempting to postulate a conformational
switch mechanism that would convert LHC-II from an active
antenna into a quenching centre under high-light conditions, to
protect the photosynthetic apparatus from damage. This conforma-
tional change mechanism of LHC-II quenching has been proposed
many times [110,115,117,136,147,149,153,156,157].

On the other hand, a highly concentrated and finely balanced
system such as LHC-II could easily be quenched by other, spurious
effects in vitro, such as extrinsic quenching centres close to one of the
Chls exposed on the outside of the complex. It would be difficult to
differentiate between these two possibilities by spectroscopy. Solid
structural studies would be essential to demonstrate a conformational
change beyond doubt. So far, no such evidence has been forthcoming.

The observation of two main LHC-II populations with different
fluorescence lifetimes in detergent solution was taken as evidence for
two conformations (quenched or unquenched) that were supposed to
be in equilibrium [156,158]. A variety of experimental procedures have
been used to shift this equilibrium towards the quenched conforma-
tion: incorporation into liposomes [156], high pressure [158],
detergent removal from gel-immobilised complexes [159] and pre-
cipitation [117,131]. Evidently, detergent removal or precipitation
results in quenched aggregates. Aggregates are also a likely side
product when LHC-II is reconstituted into liposomes. Finally, under
extreme pressure, non-physiological contacts between LHC-II trimers
that form quenching centres are likely to occur. The observed
differences between the two alleged conformations were attributed
to changes in the Neo conformation and an additional hydrogen bond
of the formyl group of at least one Chl b. Although Neo is not required
for quenching, a change in its conformational has been correlated with
the extent of qE in vivo [117]. However, as shown here and elsewhere
[160], both effects can be explained by parts of pigments exposed on
the exterior surface of the complex, i.e. Neo and Chl 14, and thus do
not signify an internal rearrangement of the complex.

5.4. Interaction with PsbS

Random mutagenesis studies of Arabidopsis lead to the discovery
that PsbS is required for qE [161]. In some ways this was a surprise, as
quenching by PsbS was thought to require pigment binding, and the
protein had already by that time been shown to be stable without
bound pigments [162]. Pigment binding by PsbS is still a matter of
controversy [163,164]. Two scenarios are possible. Either PsbS

participates directly in the quenching event, and in this case it must
bind pigments, even if transiently, or it is an effector of qE by
interaction with one or several of the LHCs.

A sensitivity of PsbS to the lumenal pH is well-established [165],
conferred by two pH-sensing glutamate residues [166] (Glu62 and
Glu166 according to the predicted sequence of the mature protein [6]
and in Fig. 1). Low pH results in the formation of PsbS monomers
[165]. Interestingly, when thylakoids were incubated at low pH, PsbS
monomers were predominantly found together with LHC-II, while
dimers were preferentially associated with the PS-II core [165]. Two
additional lines of evidence support PsbS interaction with the LHCs.
First, immunoaffinity experiments have indicated contacts between
PsbS and both LHC-II and CP29 [167]. Second, resonance Raman
measurements in vivo under qE conditions have correlated the
distortion of Neo configuration with the PsbS content of the thylakoid
membrane [117].

An alternative model of the qE mechanism that reconciles all these
considerations and does not require a conformational switch within
the LHC is to propose that the PsbS monomers transiently bind
pigments under qE conditions, so that by bringing its pigment(s) in
close proximity to the LHCs a quenching unit is created [109,168].

6. Conclusion

LHC-II was one of the first membrane proteins to have its structure
determined - after the bacterial reaction centre [169], bacteriorho-
dopsin [170] and bacterial porins [171,172] - and the very first one of
eukaryotic origin. In this sense the LHC-II structure heralds a new era,
as structural biology of eukaryotic membrane proteins will be a main
challenge for the future. Unlike most of the few eukaryotic membrane
proteins in the PDB today, LHC-II does not have a bacterial homologue.
This will be increasingly the case for other eukaryotic membrane
proteins, so in order to find out their molecular structure and
mechanisms of these proteins, one has to either isolate these proteins
from the cells or tissues where they are abundant, which for LHC-II
was easy, because there is so much of it and this is why it came first.
But nearly all the naturally abundant eukaryotic membrane proteins
have been done (Ca-ATPase, Na/K-ATPase, acetyl choline receptor,
aquaporins, VDAC), so in future new proteins will have to be expressed
in heterologous or cell-free systems, which is difficult, especially if, as
is the case with LHC-II, they form macromolecular assemblies, as
many of them do. The functional oligomer of LHC-II was the first
eukaryotic membrane protein assembly to be refolded in vitro from its
components. Again these were pioneering studies that will lead the
way to other, even more complex systems.

It seems that almost every single residue in the tightly engineered
polypeptide of LHC-II has a special role, from the highly charged N-
terminus that controls membrane organisation and grana formation,
to the Trp near the C-terminus, which is needed for trimer formation.
Probably this is true of most proteins, but rarely is it so visible, because
of the numerous, deeply coloured cofactors bound by LHC-II, and the
many different pigment or lipid interaction sites.

Today, thanks to a number of important advances in the past
decade in determining the structures of the constituent large
membrane protein complexes, the photosynthetic membranes of
prokaryotes and plants are, along with the mitochondrial respiratory
chain, the best-understood membrane system of all. Still, 5 years after
the X-ray structure, and 15 years after the 3.4 A EM structure, LHC-II
has not yet yielded all its secrets. In spite of much excellent work, and
a good deal of speculation, the mechanisms by which plants protect
their photosynthetic system against photodamage are still not well
understood.

A long-held hypothesis for NPQ claims that LHC-II itself acts as a
molecular switch by changing its internal pigment organisation from a
light-harvesting and energy transmitting state to one that instead
dissipates the excess energy as heat. However, there never has been
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any hard, structural evidence for such change, and indeed, as pointed
out in this review and elsewhere [109], such an unprecedented change
could easily become counterproductive or even disastrous for a
complex whose proper function relies on a precisely optimised, highly
conserved pigment geometry. Until such evidence is produced, the
conformational change hypothesis will remain just that, an unproven
hypothesis. All observations that have been brought forward in
support of it can be explained in other, more plausible ways. Most of
them are to do with the remarkable tendency of LHC-II to form
quenched aggregates under unphysiological conditions in vitro, and a
certain preference amongst spectroscopists to focus on the properties
of these aggregates, which are fascinating in themselves, and easy to
prepare and study.

There is however no reason to believe that a sophisticated
protective mechanism essential for plant fitness and survival should
be left to a single protein. This seems especially unlikely if the protein
in question already performs another essential function, which is the
exact opposite of dissipating excess energy. In fact this would be
unprecedented, if one considers other, similar mechanisms such as the
state transitions, which work by changing interactions between
different proteins with one another in the membrane. The same is
true of signal transmission cascades, chemotaxis, and many other such
response mechanisms, and this is likely to be the case also for NPQ.

To finally answer the question “how does non-photochemical
quenching work?” will thus require further rigorous experimentation
that takes careful account of what the LHC-II structure tells us,
combined with advanced biochemistry and yet more detailed
spectroscopic studies. More structural studies will be needed,
especially of the minor LHCs. These will be more difficult, because
the proteins are far less abundant and much less stable than the major
antenna complex itself. However, structural biology and protein
crystallography are advancing continually, so there is hope that
detailed structural information on at least some of the minor LHCs will
become available in the future. Also a structure of PsbS, with or
without bound pigments, would be extremely interesting and
valuable for understanding NPQ, and thus for resolving one of the
few remaining fundamental questions in photosynthesis research.
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