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Preface 

Light is an electromagnetic radiation composed of elementary particles called photons and 
can be classified based on three primary properties: brightness, wavelength and polarization. 
Interaction of light with living matter is a fundamental topic in life sciences. The reason is 
easily explained: the Sun, the light source in our planet, permits development, sustenance and 
regulation of almost all form of life. 
Among the different light-induced processes, photosynthesis is fundamental and unique 
because it enables the transformation of the light energy in chemical energy. 
Beside the fascination of the curiosity-driven studies of photosynthesis, the unravelling of 
structural and functional organisation of the photosynthetic apparatus can offer the 
opportunity to mimic the process, with the aim of energy production. 
Moreover, unrevealing the role of individual complexes composing the light-converting 
machinery can allow identifying resistance and photoprotection mechanisms which allow 
photosynthetic organisms to adapt to climate changes. 
 
This thesis exploits the properties of light for investigating the early processes of 
photosynthesis: light harvesting and photoprotection. 
The main subjects of this study are the antenna complexes, that are chlorophylls-carotenoids 
binding proteins composing the photosynthetic apparatus. The antennae capture and 
efficiently transfer excitation energy to the reaction centre, where the first chemical reaction 
of the process takes place. Furthermore, in high light conditions, these complexes can 
efficiently dissipate the excess of harvested light energy, thus protecting the photosynthetic 
organisms from photo-damages. 
 
The enormous progress in structure determination of membrane proteins, together with the 
development of spectroscopic methods of very high time resolution, offer the basis to get 
insight on the properties of antenna complexes. 
Combining mutation analysis with spectroscopic measurements, the properties of pigments 
bound to the antenna complexes of green plants are determined. Moreover, the data are used 
as starting point for finely probing the pigment-protein environment of different antennae and 
investigating the roles of individual pigments, in light harvesting and photoprotection. 
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Abbreviations and symbols 

Abs, absorption 
Asn (or N), asparagine 
a.u., arbitrary units 
ADMR, absorbance-detected magnetic resonance 
ATP (or ADP), adenosine tri (or di-) phosphate 
Bx, By, higher energy optical absorption bands (Soret band) of phorphyrins 
Car, carotenoid 
1Car*, 3Car*, lowest singlet and lowest triplet excited states of carotenoid 
CD, circular dichroism 
Chl, chlorophyll 
1Chl*, 3Chl*, lowest singlet and lowest triplet excited states of chlorophyll 
CP X, chlorophyll binding protein of molecular mass X 
Cyt, cytocrome 
DM, n-dodecyl maltopyranoside 
DNA, deossiribonucleic acid 
F, phenylalanine 
Fd, ferredoxin 
FDMR, fluorescence-detected magnetic resonance 
FNR, ferredoxin NADP+ reductase 
FWHM, full width at half maximum 
Glu, glutamic acid 
Gln, glutamine 
H+, H2 hydrogen ion and molecular forms 
Hepes, n-2-hydroxyethyl-piperazine 
His (or H), histidine 
HPLC, high-performance liquid chromatography 
IEF, isoelectrofocusing 
KDa, kilo dalton 
L (or Lut), lutein 
L1, L2, carotenoid binding sites 
LHCI (or Lhca) Light harvesting complexes of Photosystem I 
LHCII (or Lhcb) Light harvesting complexes of Photosystem II 
LT, low temperature 
M, measurement 
Mg, magnesium 



 IV

N (or Neo), neoxanthin 
N1, carotenoid binding site 
NAD(P)+, NAD(P)H, nicotinamide adenine (phospho) dinucleotide (oxidized and reduced) 
nm, nanometer 
NPQ, non photochemical quenching 
3O2, ground state of molecular oxygen 
1O2

* lowest singlet excited state of molecular oxygen 
O.D., optical density 
OPO, optical parametric oscillator 
ORF, open reading frame 
PC, plastocyanin 
P680, photochemically active pigment (or electron donor) of PSII 
P700, photochemically active pigment (or electron donor) of PSI 
pQE, pET, bacterial expression vectors 
PG, phosphatidylglycerol 
PQ, PQH2 plastoquinone, plastoquinol 
PSI (II), Photosystem I (II) 
Psa X, subunit X of PSI RCs 
PsbS, 22KDa PSII protein 
qE, energy dependent quenching 
Qx, Qy, low energy absorption bands of porphyrins 
R, reference 
RC, reaction centre 
ROS, reactive oxygen species 
RT, room temperature 
S1-0 or S2-0, singlet excited states of chlorophylls 
SDS-PAGE, sodium dodecyl sulphate polyacrylamide gel electrophoresis 
TmS, triplet minus singlet 
V (or Viola), violaxanthin 
V1, carotenoid binding site 
WT, wild type 
w/v, weight per volume 
Z (or Zea), zeaxanthin 
Å, angstrom 
ε, molar extinction coefficient (M-1 cm-1) 
λ, wavelength (nm) 
τ, lifetime 
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Chapter 1 

INTRODUCTION TO PHOTOSYNTHESIS 

 

 
Light absorption and energy transfer processes mediated by antennae (pigment-

protein complexes) of the photosynthetic living organisms represent the first steps in the 
conversion of the light energy into chemical one. Structural characteristics and physiological 
roles of photosynthetic antenna complexes belonging both to green plants are discussed, with 
an emphasis on the issues remain open and which will be addressed in this thesis. 

Moreover, the main experimental tools used in this piece of work are introduced, in 
order to get into the way of studying the photosynthetic process in laboratory. 
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OXYGENIC PHOTOSYNTHESIS 
 
 
Photosynthesis is one of the most important chemical process on Earth. Using solar energy, 
photosynthetic organisms assimilate atmospheric carbon dioxide (CO2) into organic carbon, 
following the reaction: 
 

6H2O  +  6CO2  →   (CH2O)6  +  6O2 

 
Photosynthesis can be divided in two major parts. In the first, the light reactions, photonic 
energy is captured and stored into the energy-rich chemical ATP and the reducing agent 
NADPH. These compounds are subsequently used in the second part of photosynthesis, the 
dark phase, where CO2 is incorporated into organic molecules. In photosynthetic eukaryotes, 
both the light and the dark phase take place in cell organelles called chloroplasts (Figure 1A). 
 
 A       B 

 
 

Figure 1. The chloroplast (A), a schematic view. (B) The light phase photosynthesis: organisation in 
the thylakoid membrane. Images from N. Nelson and A. Ben-Shem, 2005 (1). 

 
The chloroplasts have two-envelope membranes, which encompass the aqueous stroma 
where the most abundant soluble protein on Earth, Rubisco, is located and the carbon fixation 
process of the Calvin-Benson cycle occurs. The stroma is also the matrix for an intricate 
continuous membrane system, the thylakoids, which enclose the lumen, a single aqueous 
phase. Multi-protein complexes embedded in the thylakoid membrane (Figure 1B) are 
constituents of the light harvesting antenna and the reaction centre which are involved in the 
light reactions. 
 
Since this thesis deals with the light phase of the photosynthesis, in particular with the light 
harvesting complexes (Lhc), the light reactions will be presented before focusing on the 
specifics of Lhc.  
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The photosynthetic machinery of the light reactions is composed of four major complexes 
localised in the thylakoid membrane (Photosystem I (PSI), Cytocrome b6f (Cyt b6f), 
Photosystem II (PSII) and ATP synthase (2); Figure 2), catalysing the conversion of light 
energy to chemical energy. PSI and PSII contain pigments that harvest light and funnel 
excitation energy to the reaction centre (RC), where charge separation takes place. To drive 
the electron transfer, the two photosystems work in series, in the so called Z-Scheme (3) 
reported in Figure 2 and described here. 
After absorption of light by the light-harvesting antenna of PSII, the excitation energy is 
transferred to a special pair of Chls in the PSII-RC, P680 (Primary electron donor absorbing 
at 680 nm). Upon receiving the excitation an electron is released from P680 and transported 
to the other side of the thylakoid membrane, where it is donated to a plastoquinone (PQ) 
molecule. After receiving a second electron, from the next photocycle of P680, PQ takes up 
two protons (H+) form the stromal space to form plastoquinol (PQH2), which diffuses into the 
membrane toward the Cytocrome b6f  complex. P680+ is a very strong oxidant, which extracts 
electron from water, leading to the formation of O2, the release of protons in the inner 
thylakoid space and the return of P680 to the neutral state. Between PSI and PSII electrons 
flow through the Cyt b6f complex. As the plastoquinol reaches this complex it is oxidised: 
two electrons are transferred through the Cyt b6f complex to plastocyanin (PC) and two 
protons are released into the inner thylakoid space. The resulting plastoquinone is recycled to 
PSII. In addition, the Cyt b6f complex pumps another pair of protons across the membrane. In 
PSI light is absorbed by the antenna pigments and the excitation energy is transferred to the 
RC. As in PSII, a special pair of Chls is present in the PSI-RC. The special pair, designated as 
P700 (Primary electron absorbing at 700 nm), upon excitation releases an electron that 
eventually reduces ferredoxin (Fd). The electrons of two molecules of reduced ferredoxin are 
used by NADP+ oxidoreductase (FNR) for converting NADP+ to NADPH. 
In most electron transfer steps not only electrons are transferred, but also protons are pumped 
across the thylakoid membrane, from stroma to lumen. This generates a proton gradient 
which catalyses, through the action of ATP synthase, the formation of ATP using ADP and 
inorganic phosphate (4). 
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Figure 2. The light phase photosynthesis: structure of the components and reactions. Image from N. 
Nelson and A. Ben-Shem, 2005 (1). 

 
 

LIGHT-HARVESTING PIGMENTS 
 
 
The Photosystems of higher plants bind two classes of pigments: chlorophylls and 
carotenoids. They are responsible for the absorption (harvesting) of light and the primary 
steps in charge separation (5). 
 
 

CHLOROPHYLLS 
 
 
Chlorophylls are a group of tetrapyrrolic pigments with common structural elements and 
functions. They are synthesized in a pathway starting from the glutammic acid (6). 
Chlorophyll (Chl) molecules are characterised by a fifth isocyclic ring that is biosynthetically 
derived from the C-13 propionic acid side chain of protoporphyrin; a Mg-atom is typically in 
the centre. A large number of additional structural elements exist in chlorophylls, all giving 
rise to new spectral features. In higher plants Chl a and b are present; the molecular structures 
are shown in Figure 3A. 
An important structural element of the chlorophylls is the phytol chain, which is responsible 
for their hydrophobicity. 
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          A           B  
 

 
 

Figure 3. The structure of the photosynthetic pigments (A) chlorophylls and (B) carotenoids. 
 

 

ABSORPTION PROPERTIES 
 
The characteristic ability of chlorophylls to absorb light in the visible region is due to the 
high number of double conjugated bonds present in these molecules. The Chl a and Chl b 
absorption spectra in solution (Figure 4A) do not completely overlap, which increases the 
spectral range over which light is absorbed, thus increasing the efficiency of light-harvesting. 
Both Chl species exhibit two absorption bands in the visible spectrum. In the blue/violet part 
of the spectrum an absorption band appears, due to the Soret transitions. The maxima are 
around 430-460 nm for Chl a and b, respectively. The red-most band represent the Qy 

transition which peaks around 640-670 in Chl b and Chl a in organic solvents, respectively. 
Less clear from the spectrum is the weakly Qx transition that appears around 580-640 nm and 
is masked by the Qy vibronic bands. The strong absorption of both red and blue/violet light 
by chlorophylls causes the green colours of most plants. 
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Figure 4. Absorption spectra of photosynthetic pigments: (A) Chl a and b and (B) carotenoids both in 

80% acetone, (C) Chls and Cars coordinated to LHCII antenna. 
 

CHLOROPHYLLS BOUND TO ANTENNA 
 
In vivo, chlorophylls are usually bound to proteins and the key interaction is the coordination 
of the central magnesium. In most cases, it is bound by nucleophylic aminoacids, like 
histidine (7;8). However, the presence of chlorophylls coordinated by water or even lipid 
molecules was also shown (7-9). Pigments in different sites experience different interactions 
with their specific local protein environment, which modify their electronic structure. This 
can have a large effect on the spectroscopic properties of the protein-bound pigments, like a 
maxima absorption shift over several tenth of nanometers and a dramatic change of the 
absorption and emission line shapes (10), as shown in Figure 4. Small differences in the 
environment of the pigments determine important changes in the spectroscopic features of the 
complex, allowing to probe the structure by spectroscopy, as widely discussed in this thesis 
(chapters 3-5). 
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CAROTENOIDS 
 
 
Carotenoids are organic pigments that are naturally occurring in plants, algae, some types of 
fungi and some bacteria. Over 600 different types are known. Carotenoids belong to the 
category of tetraterpenoids (i.e. they contain 40 carbon atoms). Structurally they are in the 
form of a polyene chain which is terminated by rings (Figure 3B). They are divided in two 
classes: 
 
xanthophylls: carotenoids with molecules containing oxygen, e.g. lutein and zeaxanthin 
carotenes: carotenoids contain only carbon and hydrogen, e.g. alpha-carotene, beta-carotene 
 
Besides the light absorption carotenoids are fundamental in photosynthesis for: i) structure 
stabilization and assembly of protein complexes in the thylakoid membrane (11;12), ii) 
excited state energy transfer to the chlorophylls (13;14), iii) protection against photo-
oxidative damages (15). 
 

ABSORPTION PROPERTIES 
 
The spectroscopic properties of carotenoids are mostly determined by the conjugated π-
electrons of the polyene chain. Since the number of single/double bonds is between 9 and 11 
for all the carotenoid found in light harvesting complexes (Figure 3), the differences in the 
absorption properties depend mainly on the headgroups, giving quite similar absorption 
spectra (Figure 4). 
Carotenoids in the ground state (S0) absorb blue light reaching the singlet excited state (S2); 
the first excited state (S1) can not be populated from the ground state by photons absorption 
due to symmetry reasons. In higher plants, carotenoids are mainly associated with pigment-
protein complexes located in the thylakoid membrane (16-21), probably involving 
hydrophobic interactions (22). The association with proteins strongly red-shift the absorption 
spectra of the carotenoids, compared to the one in organic solvents. This shift represents a 
lowering of the S2 transition level, due to the mutual polarisability of carotenoid and the 
protein environment (23;24). In contrast to S2, the S1 level is little affected by the surrounding 
environment (24). 
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THE LIGHT ABSORBING COMPLEXES 
 
 
Photosystem I and Photosystem II are the complexes responsible for the light energy capture 
and conversion into chemical energy. They are a plastocyanin-ferredoxin oxidoreductase and 
a water-plastoquinone oxidoreductase light dependent, respectively. 
Both are embedded in the thylakoid membrane (Figure 1B) and are composed by two 
moieties, distinguishable in Figure 5: 
 

o the core complex, where the charge separation takes place, 
o the antenna complexes, which collect and transfer the excitation energy to the reaction 

centre. 
 
The two photosystems coordinate several cofactors: i) the core binds Chl a and beta-carotene 
and ii) the antenna complexes Chl a, b, xanthophylls and beta-carotene.  
The recent structure of PSI from higher plants reveals 17 protein subunits and in overall 168 
chlorophylls and 5 carotenoids (25); biochemical data count 22 carotenoids in total (26). 
Information on the PSII architecture is mostly derived from the high-resolution structure of 
the PSII oxygen-evolving center from the cyanobacterium Thermosynechococcus elongatus 
at 3.5 Å resolution (27). There is no a high-resolution structure of a higher plant species 
determined. The cyanobacterial PSII is a 650 KDa dimeric multi-subunits complex composed 
by two almost identical monomers; for each monomer 19 subunits are clearly assigned from 
the density. The refined structure reveals details of the binding sites for cofactors and 
proposes a structure for the oxygen evolving complex. The number of coordinated 
chlorophylls is estimated between 250 and 300, depending on the protein subunits number, 
which varies with the environmental conditions (28-30). 
The polypeptides composing the two photosystems are encoded by the nuclear and 
chloroplastic genomes. Although the genes encoding for the core subunits are conserved 
between bacteria and eukaryotic photosynthetic organisms, the ones encoding for apoproteins 
of antenna complexes are more variable, concerning sequence homology in the different 
organisms (5;31). 
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Figure 5: PSI (A) and PSII (B) holocomplexes of higher plants, respectively from the structures of 
Amunts et al. 2007 (25) and courtesy to R. Kouřil and E. J. Boekema. The green shapes point out the 

antenna complexes in the two photosystems. 
 
 

THE LIGHT HARVESTING COMPLEXES 
 
 
In this thesis the antenna complexes of PSI and PSII are studied in order to elucidate their 
role in light harvesting and photoprotection, which are two processes that need to be 
constantly balanced for photosynthetic optimisation.  
The protein components of light-harvesting complexes from higher plants and algae belong to 
the Lhc family, composed by chlorophyll-carotenoid binding proteins. The gene products are 
encoded by the nuclear genome and they are named Lhca and Lhcb, for the antenna of PSI 
and PSII, respectively (32). 
 

LHCII THE ANTENNA MODEL 
 
LHCII is the most abundant integral membrane protein in chloroplasts; it binds 50% of the 
total chlorophylls and exists in vivo as hetero-trimers composed by the homologous Lhcb1-3 
gene products (33-35). 
LHCII serves to feed excitation energy into the minor light harvesting complexes (Lhcb4-5-
6) and into the core of PSII, where eventually is used for charge separation. Furthermore, it is 
fundamental in the photoprotection responses both in short and long terms (36). LHCII 
associates to both photosystems, depending on the environmental conditions. The movement 
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of LHCII between PSI and PSII process is called state transition and it acts equilibrating the 
excitation energy flow towards the PSI and PSII (recent review (37)). 

The structure 

 
A recent X-Ray structure of LHCII with a 2.72 Å resolution provides the basis for 
quantitatively underlying the functional mechanism of the light harvesting process in LHCII 
(8). Every monomeric LHCII (about 232 aminoacids) is composed of three transmembrane 
alfa–helices (helices A, B and C) and two short amphipathic helices (helices D and E), 14 
Chls (8 Chl a and 6 Chl b) and 4 carotenoids. 
A schematic model of the structure and arrangement of the pigments is shown in Figure 6. 
All ligands of the 14 chlorophylls have been identified (8) as side chains of seven amino-acid 
residues, two backbone carbonyls, four water molecules within the membrane and the 
phosphodiester group of a phosphatididylglycerol (PG). 
The chlorophylls in LHCII are vertically distributed into two layers within the membrane, 
each layer lying close to the stromal or luminal surface. Inside a monomer, the layer close to 
the stromal surface contains eight chlorophylls, which surround the central helices A and B 
forming an elliptical ring. The remaining six chlorophylls are arranged in the layer close to 
the luminal surface. They form two separate clusters containing four chlorophylls and a Chl 
a-Chl a dimer. 
Two central lutein molecules are bound in the grooves on both sides of the helices A and B. 
A third xanthophylls, a 9’-cis neoxanthin (38) is located in the Chl b-rich region around helix 
C (39), the side chains from the residues of helices B and C as well as the phytol chains form 
an hydrophobic pocket that accommodates the hook-shaped polyene chain of neoxanthin. The 
cycloexane ring of neoxanthin on the other end stretches into the exterior solvent region. A 
fourth carotenoid is located at the monomer-monomer interface: an hydrophobic pocket is 
formed by several chlorophylls, hydrophobic residues and a PG molecule. One ring and part 
of the xanthophyll phytol chain are located inside this pocket, while the opposite end group is 
located outside the binding pocket, toward the stromal surface. Bassi and Caffarri suggested 
that the V1 site is a source of violaxanthin ready to be converted in zeaxanthin upon stress 
conditions (40). 
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Figure 6. Tridimensional structure of LHCII from Liu et al., 2004 (8). Chromophores are indicated 
with the nomenclatures from Kühlbrandt et al., 1994 (41) and Liu et al., 2004 (8). 

 
 

LIGHT HARVESTING COMPLEX OF PSII (LHCB) 
 
The antenna complex of Photosystem II is composed of six different polypeptides, Lhcb1-6. 
The main antenna is LHCII, present in trimeric form, as described above. The remaining 
antenna complexes are Lhcb4-6, also known as CP29, CP26 and CP24 with an old 
nomenclature based on the molecular weight. They are altogether classified as minor antenna 
and they are generally found as monomers. They bind from eight to ten Chls and between 2 
and 3 carotenoids per monomer (16;21). Actually, no crystal structure of Lhcb antenna is 
reported, but the folding into helices is considered to be similar to LHCII. The available data 
concerning the role of pigment-protein subunits and the role of individual aminoacids in the 
pigments binding and organisation of the various cofactors derive from spectroscopic and 
functional analysis on purified or refolded complexes. 
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LIGHT HARVESTING COMPLEX OF PSI (LHCA) 
 
Light harvesting complex I (LHCI) is the antenna of Photosystem I. 
It is composed by the Lhca1-4 polypeptides (25;26;42) which are bound to one side of the 
core complex, oppositely located to the PsaH subunit, as shown by the 3D crystallographic 
structure of the holocomplex (25;26;42). Each antenna is present as a single copy and the 
whole complex is organised in two adjacent dimers: Lhca1-4 and Lhca2-3 (25;42). The recent 
structure of the PSI-LHCI structure, with a resolution of 3.4 Å (25), provides new details on 
the organisation of the antenna complexes in the Photosystem I, in comparison with the 
previous one, where the PSI was resolved with a resolution of 4.4 Å (42). In particular, by 
Amunts et al., (25) the PsaN subunit was resolved and the entire length of PsaG was traced. 
At this level, 168 Chls are described and for 65 core Chls the ring substituents and part of the 
side chains were modelled, revealing details on the Qx and Qy transition dipole moments. 
Unfortunately, for the external chlorophylls the orientation is not yet determined. 
 
Photosystem I, from both eukaryotic and prokaryotic organisms, has a peculiar spectroscopic 
feature due to chlorophylls absorbing at lower energies with respect to the reaction center 
P700.  
The presence of these chlorophylls is the fingerprinting of PSI in all photosynthetic 
organisms and it has been proposed to provide an advantage for light absorption of shaded 
leaves in dense canopies (43). In higher plants, the most ‘red chlorophylls’ are mainly 
associated with the outer antenna (LHCI) of higher plants (44). All Lhca monomeric antenna 
have red shifted emission as compared to Lhcb (emission at 680 nm), albeit at different 
energies: Lhca1 and Lhca2 emit at 701 nm, whereas Lhca3 emits at 725 nm, and Lhca4 at 
733 nm, as revealed from the analysis of recombinant proteins (26;45).  
The purification of the native individual Lhca complexes has not yet been achieved, due to 
the high similarity of the properties of the complexes. To overcome this problem and to study 
the characteristics of each antenna complex, the individual complexes were obtained by 
reconstitution in vitro (cfr. Experimental techniques). By mutation analysis and refolding in 
vitro it has been shown that an excitonic interaction between two Chl a molecules is 
responsible for the large red shift observed for these forms. Moreover, it has been shown that 
the most red emission of Lhca3 and Lhca4 is associated with the presence of an asparagine 
residue as a ligand of Chl 1015 (46). 
 
In this thesis I continue the investigation of the physical origin of the low energy absorption, 
by performing mutation analysis of Lhca3 and Lhca4 (chapters 2 and 3). These complexes 
are the most interesting in this respect, because their emission is at the lowest energy in the 
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Lhc family. Moreover, mutation analysis of the chlorophyll binding sites of Lhca3 is 
performed for probing the structure of PSI-LHCI (42), as discussed in chapter 3. 
 
 

PHOTOPROTECTION 
 
 
During evolution photosynthetic organisms have optimized the efficiency of light capture by 
a highly organized association of pigment-protein complexes. These components can, 
however, also be easily damaged by excess of light. The conversion of absorbed light in 
chemical energy, inevitably generates highly reactive intermediate by-products that can 
damage the photosynthetic apparatus. This photo-oxidative damage (or photodamage), if not 
repaired, decreases the photosynthetic yield through a process called “photoinhibition”. To 
prevent this, protection mechanisms have evolved, as will be discussed below. 
 
Under normal illumination conditions 97% of the absorbed light is delivered to the reaction 
centres, where it promotes charge separation. Instead, in stress condition as high light or 
drought, the light absorbed by antennae exceeds the capacity of the RCs, which are saturated. 
The excitation energy sits longer on the antenna pigments with the finite probability of 
intersystem crossing, that through the Chls triplets production, becomes the most probable 
dissipation pathway. The triplet chlorophylls live rather long (ms time scale; (47), and in this 
time there is a high probability they can react with molecular oxygen, leading to the 
formation of the very harmful singlet oxygen (48;49). Production of 1O2 causes oxidation of 
lipids (50), proteins and pigments (19). 
Oxygenic photosynthetic organisms have evolved multiple photoprotective mechanisms to 
cope with the potentially damaging effects of light. Within the chloroplast, regulation of the 
light harvesting and the electron transport balances the absorption and utilization of the light 
energy. 
Two kinds of responses, based on the time scale, can be distinguished: 
Short-term responses: the carotenoids are the main photo protective molecules active in the 
triplet quenching and responsible for the short component qE (Energy dependent Quenching) 
of NPQ (Non-Photochemical Quenching) (see below). Excess energy is safely dissipated as 
heat. 
 
Long-term responses: they involve de novo protein synthesis in order to modulate the antenna 
amount to the energy requirements for the photochemistry reactions. 
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SHORT TERM RESPONSES 
 
 
Short term responses permit to dissipate the excess of excitation energy by activating 
quenching mechanisms: 
 
Carotenoid-mediated triplet quenching: Carotenoids accomplish a fundamental role as 
quenchers in oxidative stress conditions, promoting the chlorophylls triplets decay with a 
very high transfer rate constant (A) and preventing the formation of ROS by oxygen 
scavenging (B). 
 
 A    3Chl* + 1Car → 1Chl + 3Car* 

 
τ = 500 ps (51) 
 
 B    102

* + 1Car → 302 + 3Car* 
 
τ = 0.7 ns in benzene (52). Carotenoid triplets decay by heat dissipation (C): 
 

 C    3Car*→ 1Car + heat 
 
In this thesis, integration of structural data and biochemical-spectroscopic studies are used to 
investigate the role of each carotenoid bound to both Lhca and Lhcb antenna in the triplet 
quenching, using LHCII structure (8) as model. See chapters 5 and 6. 
 
qE (energy dependent Quenching): NPQ is a very complex phenomenon and it involves 
several processes. Its fastest component, called qE, is activated very rapidly upon 
illumination (53). The molecular mechanism is not completely clear, but it is known to be 
dependent on the presence of a Lhc-like protein, PsbS (54), that acts as a sensor of luminal 
pH, as demonstrated in plants depleted of PsbS and exposed to rapidly changing light (55). 
The decrease of luminal pH triggers the violaxanthin de-epoxidase enzyme which catalyses, 
by the xanthophylls cycle, the reversible conversion of violaxanthin to zeaxanthin. The 
activation of xanthophyll cycle increases the zeaxanthin concentration in the thylakoid 
membrane, whose level has been correlated to the qE extent for a wide variety of plants 
(56;57).  
 
Moreover, antenna subunits are able to switch from the light harvesting form into an efficient 
thermal dissipation form (58-61). The precise molecular mechanisms trough which the 
antenna could reversibly switch between fundamentally different states remain controversial. 
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In particular, there is little understanding in how the pigment function could be altered within 
these complexes, so as to form efficient energy quenchers.  
The best candidate for the quencher is the domain composed by Chl 612/Chl 611 and Lutein 
620, as it has been widely proposed (61-63) and it is discussed in the chapter 4, where Lhc 
mutants lacking in the low energy state Chla 612 are analysed. 
 
 

EXPERIMENTAL TECHNIQUES 
 
 
In this section the two main tools used during this thesis are described:  
 
the procedure of refolding in vitro and its advantages and  
the laser based absorption spectrometer; the instrument used for the time resolved 
measurements. 
 
 

REFOLDING IN VITRO OF LHC COMPLEXES 
 
This method consists in the reconstitution in vitro of Lhc antenna. It exploits the capacity of 
Lhc apoprotein to self assembly in the presence of chlorophylls and carotenoids (11). 
The method used is schematised in Figure 7. 
 
Step1: expression of the unfolded apoprotein 
Lhc from A. thaliana and Zea mays were overexpressed as follow: mature cDNA cloned in 
pQE50His vector (home-made modified pQE, Qiagen) were inserted in the SG13009 or 
BL21(DE3) (Stratagene) E. coli strains. 
 
Step 2: purification of the inclusion bodies 
The success of refolding doesn’t depend upon complete purity of the apoprotein, thus a 
preparation enriched in the desired Lhc is sufficient. Lhcs are highly hydrophobic proteins 
and do not fold without pigments, so when expressed in bacteria they segregate as inclusion 
bodies. Inclusion bodies are then purified following a method previously described (12;64) 
which consists of several wash steps with low amounts of detergents, followed by 
centrifugation step of the protein preparation. In this way the water soluble and slightly 
hydrophobic contaminants are removed. 
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Figure 7. Schematic representation of Lhc reconstitution in vitro. 
 
Step 3: preparation of the pigments mix 
Chlorophylls and carotenoids were extracted from Spinacea oleacea. In order to obtain 
complexes as similar as possible to the native ones, the Chl a/b and the Chls/Car were 
adjusted for each protein. 
 
Step 4: refolding in vitro and purification of the recombinant complex 
The apoprotein were completely denaturated and mixed pigments re-suspended in ethanol 
(<8% final volume). In few seconds the pigment-protein complex is properly folded (65). 
However, the complex is treated by cycles of freezing-thawing to increase the reconstitution 
yield. In spite of this treatment the overall yield is below 100%; thus, free pigments and 
unfolded apoprotein should be removed. For this purpose, centrifugations on sucrose 
gradients and anionic exchange chromatography are performed. In particular, the 
chromatography step is important for removing all the pigments unspecifically bound to Lhc 
complexes (66). 
 
The reconstitution in vitro has several advantages. First, in the reconstitution only the desired 
polypeptide is present. In fact, Lhca complexes are very similar, a characteristic that up to 
now prevented from purifying each of them at homogeneity. Thus, at the moment the 
refolding in vitro furnishes a unique possibility to gain information on the properties on the 
individual Lhca gene products. A second advantage is that it is possible to perform 
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mutational analysis expressing the mutated apoprotein in E. coli and performing the 
refolding. Mutational analysis is widely used in this thesis, as reported in chapters 2-3-4 and 
5. 
A third advantage is the possibility of obtaining complexes with the desired Chl and Car 
composition. This allows to gain information on the ability of individual complex to bind 
specific chlorophylls and carotenoids species and also to characterize the effect of pigment 
composition on protein complexes. 
This procedure has, of course, some limitations. The major one appears to be that, in the 
reconstituted complexes, some carotenoid binding sites can be empty; as shown by the 
comparison of pigment binding stoichiometry obtained from reconstitution studies with the 
structures of LHCII (8;9;21). This is mainly due to the fact that some binding sites are 
stabilised by protein-protein interactions and are not found in the isolated antenna, as 
discussed in chapter 5. 

 

TIME RESOLVED MEASUREMENTS: LASER BASED 
ABSORPTION SPECTROPHOTOMETER 

 
Absorption spectroscopy is an indispensable tool in the study of the protein-pigment 
complexes of the light reactions of photosynthesis. The spectrophotometer used is of the type 
of Joliot (67). The setup used for the measurements is described below and, in Figure 8, a 
schematic overview of the instruments is shown. 
 

 
 

Figure 8. Schematic view of the laser-based spectrophotometer. 
 
The first laser is a Neodymium-YAG Continuum, called “Surelite” which furnishes a bundle 
of rays for spectral measurements (68). In its active medium there are ions of neodymium that 
are choked in a transparent crystal of yttrium and aluminum. The emitted laser bundle has a 
wavelength of 1064 nm, which is transformed by the subsequently doubler that bisects the 
wavelength into 532 nm and then by a Tripler to 355 nm (which is the actual pump 
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wavelength for the OPO (Optical Parametric Oscillator). The laser is run in the pump-mode 
producing pulses flashing every 100 ms a flash of a period of 5 ns. These impulsions are used 
to pump a OPO allowing to tune the out coming flash in the range between 400 nm and 900 
nm. A second laser, a Neodymium-YAG Continuum, called “Minilite”, pumps a home-made 
dye cell, filled with DCM650, generating a light pulse of 640 nm directed to excite the 
measurement sample (M). The time frame of its flashing is regulated by the interface and the 
second laser is flashing with a variable delay shortly before the first one. A bifurcated fiber 
bundle separates the first laser’s flash in two parts which tests simultaneously the absorption 
of both Measurement (M) and Reference (R) samples. A differential amplifier records the 
signals and calculates the difference M-R and multiplies the result with a gain in order to find 
an optimal relation of signal to noise. 
Using a laser-based differential absorption spectrophotometer has obvious advantages.  
The first is an high sensibility due to the high intensity of the measuring light, permitting 
detection of carotenoid triplets even in entire leaves. Moreover, considerable noise reduction 
is present, particularly of the measuring light intensity fluctuation, by using the same laser 
flash for M and R. The easy regulation of the Minilite excitation energy permits to avoid 
signal saturation and destruction of the samples; this advantage was fundamental in the 
measurement of mutants, which can be more sensible to the light intensity than the WT, as 
presented in chapter 6. 
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PART I 
 

 

 

LIGHT HARVESTING AND 
PHOTOPROTECTION: CHLOROPHYLLS 
IN ANTENNA COMPLEXES 
  
 

 
The absorption properties of chlorophylls are modulated by the local environment. 
Chlorophylls a and b, the cofactors of antenna complexes from green plants, are mainly 
coordinated by aminoacidic ligand located in the proteic scaffold.  
Site direct mutagenesis on photosynthetic apoproteins is used as a tool for modifying the 
affinity binding of the cofactors to the complex, thus perturbing pigment-pigment and 
pigment-protein interactions and/or the three-dimensional conformation of the complexes  
Several aspects are investigated in this section using the mutagenesis tool: 
 

o Identification of the energy levels of coordinated chlorophylls 
o Probing the structure of antenna complexes 
o Identifying fingerprints domains 



 



Chapter 2 

 
PIGMENT-PIGMENT INTERACTIONS IN 
LHCA4 ANTENNA COMPLEX OF HIGHER 
PLANTS PHOTOSYSTEM I* 

 
 

ABSTRACT 
 
 
The red-most fluorescence emission of Photosystem I (733 nm at 4K) is associated to the 
Lhca4 subunit of the antenna complex. It has been proposed that this unique spectral feature 
originates from the low energy absorption band of an excitonic interaction involving 
Chlorophyll A5 and a second Chlorophyll a molecule, probably B5 (Morosinotto et al., JBC 
2003). Due to the short distances between chromophores in Lhc proteins, the possibility that 
other pigments are involved in the red-shifted spectral forms could not be ruled out. In this 
study, we have analyzed the pigment-pigment interactions between nearest neighboring 
chromophores in Lhca4. This was done by deleting individual Chlorophyll binding sites by 
mutagenesis, and analyzing the changes in the spectroscopic properties of recombinant 
proteins refolded in vitro. The red-shifted (733 nm) fluorescence peak, the major target of this 
analysis, was lost upon mutations affecting sites A4, A5 and B5 and was modified by mutating 
site B6. In agreement with the shorter distance between Chlorophylls A5 and B5 (7.9 Å) vs. 
A4 and A5 (12.2 Å) in Lhca4 (Ben-Shem et al., Nature 2003), we conclude that the low energy 
spectral form originates from an interaction involving pigments in sites A5 and B5. Mutation 
at site B6, although inducing a 15 nm blue-shift of the emission peak, maintains the red-
shifted emission. This implies that chromophores responsible for the interaction are 
conserved and suggests a modification in the pigment organization. Besides the A5-B5 pair, 
evidence for additional pigment-pigment interactions between Chlorophylls in sites B3-A3 
and B6-A6 was obtained. However, these features do not affect the red-most spectral form 
responsible for the 733 nm fluorescence emission band. 
 

 
 
 
 
 

                                                 
* This chapter is based on the article: T. Morosinotto, M. Mozzo, R. Bassi and R. Croce,  
published in Journal of Biological Chemistry (2005), 280, 20612-10619 
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INTRODUCTION 
 
 
The low-temperature fluorescence emission spectrum of leaves shows two major 
components, peaking at 685 nm and 735 nm. Fractionation of the thylakoid membranes 
showed that the former emission is associated to Photosystem II, located in the grana stacks 
and the latter to Photosystem I, in stroma membrane domains. In each Photosystem, light is 
absorbed by antenna Chls and efficiently transferred to the reaction center, where charge 
separation takes place. In Photosystem II, the reaction center absorbs around 680 nm and it is 
isoenergetic with its antenna (1). In Photosystem I, instead, a significant Chls pool, 
responsible for the 735 nm emission, absorbs at wavelengths longer than 700 nm, the 
absorption maximum of the primary donor. This causes most of the energy to be stored at 
energies lower than that of the reaction center, implying up-hill energy transfer prior to 
charge separation (2). 
 
The presence of Chls absorbing at energy lower than the primary donor is the fingerprinting 
of Photosystem I in all organisms (3). In higher plants, however, Photosystem I is enriched in 
low-energy forms, which extend the absorption into the far-red region of the spectrum, 
providing an advantage for light absorption of shaded leaves in dense canopies (4). 
These spectral forms are concentrated in the LHCI complex (5), which is composed of 4 
subunits, organized in a half-moon shaped structure, located on one side of the PSI-core 
complex (6). The four Lhca complexes, namely Lhca1 to 4, belong to the Lhc multigenic 
family, which contains also all the antenna proteins of Photosystem II (7). Lhca proteins have 
molecular weights between 21 and 24 kDa, they coordinate Chl a, Chl b, lutein, violaxanthin 
and small amounts of β-carotene and they are found in dimeric form upon purification in 
mild conditions. 
From X-ray structural analysis, 13-14 Chls molecules have been found to be coordinated to 
each Lhca subunit (6); nevertheless, measurements on purified complexes showed that only 
10-11 Chls are bound to the apoprotein upon purification or reconstitution (8). All LHCI 
components have red-shifted emission forms, albeit at different energies: Lhca1 and Lhca2 
emit at 701 nm, while Lhca3 emits at 725 nm and Lhca4 at 733 nm, as revealed from the 
analysis of recombinant proteins (8-11). It has been shown that an excitonic interaction 
between Chl a molecules is responsible for the large shift in the absorption (12) and that this 
is associated with the presence of an asparagine residue as a ligand for Chl A5 (12) (Chl 
binding sites nomenclature from (13), suggesting that this Chl is directly involved in the 
interaction. One of the major requirements for strong pigment-pigment coupling is a short 
distance between the interacting chromophores.  
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In this work, we have used the recent structural data of the Lhca4 protein (6) as a guidance 
for mutation analysis of residues coordinating chlorophylls in the Lhca4 complex. The 
analysis of these mutants provides information on the presence of pigment-pigment 
interactions within this PSI subunit, which hosts the red-most shifted spectral forms, and 
provides evidence for the Chl a molecule bound to site B5 being the interacting partner of 
Chl A5.  
 
 

EXPERIMENTAL PROCEDURES 
 
 
SAMPLE PREPARATION 
 
cDNAs of Lhca4 from Arabidopsis thaliana (8) were mutated with the QuickChange© Site 
directed Mutagenesis Kit by Stratagene©. WT and mutants apoproteins were isolated from 
the SG13009 strain of E. coli transformed with constructs following a protocol described 
previously (14;15). 
Reconstitution and purification of protein-pigment complexes were performed as described in 
(16) with the following modifications: the 1.1 ml reconstitution mixture contained 420 μg of 
apoprotein, 240 μg of chlorophylls and 60 μg of carotenoids. The Chl a/b ratio of the pigment 
mixture was 4.0. The pigments used were purified from spinach thylakoids. 
 
PROTEIN AND PIGMENT CONCENTRATION 
 
HPLC analysis was performed as in (17). Chlorophyll to carotenoid ratio and Chl a/b ratio 
were measured independently by fitting the spectrum of acetone extracts with the spectra of 
individual purified pigments (18). 
 
SPECTROSCOPY  
 
The absorption spectra at RT and 77K (LT) were recorded using a SLM-Aminco DK2000 
spectrophotometer, in 10 mM Hepes pH 7.5, 20% (w/v) glycerol (70% at LT) and 0.06% β-
DM. Wavelength sampling step was 0.4 nm, scan rate 100 nm/min, optical pathlength 1 cm. 
Fluorescence emission spectra were measured using a Jasco FP-777 spectrofluorimeter and 
were corrected for the instrumental response. The samples were excited at 440, 475 and 500 
nm. The spectral bandwidth was 5 nm (excitation) and 3 nm (emission). Chlorophyll 
concentration was about 0.02 μg/ml in 60% glycerol and 0.03% β-DM.  
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The CD spectra were measured at 10°C on a Jasco 600 spectropolarimeter. Wavelength 
sampling step was 0.5 nm, scan rate 100 nm/min and spectra were recorded with eight 
accumulations. The OD of the samples was 1 at the maximum in the Qy transition for all 
complexes and the samples were in the same solution described for absorption measurements. 
All spectra were normalized to the polypeptide concentration based on the Chl binding 
stoichiometry. 
 
 

RESULTS 
 
 
Mutation analysis was performed on Chl binding residues of Lhca4 complex. The putative 
binding ligands of Chls A3, A4, A5, B3, B5 and B6 (nomenclature from (13)) were 
substituted with residues that could not coordinate the central Mg of the Chls. All mutations 
are indicated in Table I, where the correspondence with Chl binding residues nomenclature in 
(6) is also reported. After expression in bacteria and in vitro refolding with purified pigments, 
the reconstituted complexes were purified by sucrose gradient ultracentrifugation and anionic 
exchange chromatography. All mutants yielded stable reconstituted monomeric complexes, 
as shown from their mobility in glycerol gradient (data not shown). The only exception was 
mutant A3: in this case, no stable pigment-protein complex was obtained. This mutation most 
probably affects the stability of site L1, as was previously shown for the homologous protein 
Lhca1 (19), thus preventing the correct folding of the complex (20). The pigment 
composition of each reconstituted complex is reported in Table I.  
Recombinant WT Lhca4 bound Chl a and b in a ratio of 2.5 plus lutein and violaxanthin in a 
ratio of 5.0, in agreement with previous results (8). On the basis of the differences in Chl a/b 
ratio, it may be suggested that mutants A4 and B3 lose preferentially Chl a as compared to 
the WT, while mutants A5, B5 and B6 lose preferentially Chl b.  
Mutant B3 showed an increased xanthophyll content with respect to Chl a+b, but the ratio 
between lutein and violaxanthin was unchanged as compared to the WT. In all other mutants 
the Chl/Car ratio was very similar to the WT, but they all showed higher lutein/violaxanthin 
ratio, indicating a partial loss of violaxanthin.  
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Table I. Pigment composition of WT and mutant Lhca4 complex. 
 

Sample Mutations Chl a/b Chl a Chl b Viola Lut Lut/Viola Chl/Car Binding site 
from (6;13) 

Lhca4-WT 
- 2.5±0.1 71.9±1.6 28.1±1.0 3.1±0.4 15.7±0.7 5.06 5.3±0.7  

Lhca4-A4 
E44V/ 

R158L 
2.2±0.1 68.3±1.5 31.7±1.3 2.6±0.4 15.8±0.8 6.08 5.4±0.4 A4 –11014 

Lhca4-A5 N47F 3.7±0.1 78.8±0.7 21.2±0.5 2.5±0.4 15.9±0.8 6.36 5.4±0.1 A5 –11015 

Lhca4-B3 
H185F 2.0±0.1 67.2±1.4 32.8±1.3 3.5±0.3 17.6±0.7 5.02 4.7±0.4 B3 –11023 

Lhca4-B5 E102V/ 

R105L 
5.2±0.2 83.6±2.7 16.4±0.8 1.7±0.3 16.9±0.7 9.94 5.4±0.2 B5 –11025 

Lhca4-B6 
E94V 3.9±0.1 79.5±0.5 20.5±0.4 2.6±0.3 14.4±0.8 5.45 5.9±0.5 B6 –11026 

 
The pigment analysis of Lhca4 WT and all mutants is reported. Values are normalized to 100 Chl a+b 

molecules. 
 
 

EFFECT OF MUTATIONS ON THE FLUORESCENCE EMISSION 
SPECTRA 
The effect of each mutation on the red forms of Lhca4 was assessed from the analysis of the 
fluorescence emission spectra of the complexes, measured at 77K, as shown in Figure 1. 
The emission spectrum of the B3 mutant is identical to that of WT, implying that this 
chlorophyll is not involved in the red-most emission.  
On the contrary, complete depletion of the red forms is observed in mutants A5 and B5. 
Mutant A4 also loses the 733 nm emission, but retains emission around 700 nm, detectable 
from the asymmetric broadening of the low-energy side of the 685 nm peak. Finally, in 
mutant B6 red forms are still present, but the peak is blue-shifted by 15 nm as compared to 
WT. 
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Figure 1. Fluorescence emission spectra of Lhca4 WT and mutants at 77K. Spectra were recorded 
upon excitation at 500 nm and 475 nm and normalized to the maximum of the emission. (A) A5 

(dashed line), B5 (dotted line), B6 (dash-dotted line) and WT (solid line); (B) A4 (dashed line), B3 
(dotted line) and WT (solid line)  

 

ABSORPTION AND CIRCULAR DICHROISM SPECTRA 
 
In order to get information on the spectral characteristics of the Chls affected by the 
mutations, the absorption spectra of WT and mutant complexes were measured at 77K 
(Figure 2). Three major features were visible in the WT spectrum: the peak at 645 nm due to 
Chl b, the bulk Chl a absorption with maximum at 674 nm and the red tail at wavelengths 
>700 nm. Consistent with pigment analysis, the spectra of mutants A5, B5 and B6 showed a 
strong decrease of the absorption in the Chl b region as compared to WT (Figure 2A). 
Mutants A4 and B3, instead, did not show significant differences in this region (Figure 2B). 
The bulk Chl a peak was essentially conserved in the spectra of all mutants, with limited 
blue-shifts (around 2 nm) in mutants A4, A5 and B5. On the contrary, the absorption 
component at >700 nm was affected in all samples but B3 mutant, which was identical to the 
WT in this spectral region. Mutations at sites A5, A4 and B5, e.g., completely abolished this 
spectral feature. In the B6 mutant the absorption above 700 nm, although present, was clearly 
shifted to shorter wavelengths, consistent with the observed blue shift in fluorescence 
emission from 733 to 718 nm (Figure 2C). 
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 In order to detect pigment-pigment interactions, the CD spectra of all complexes were 
measured and they are shown in Figure 3. The negative signal in the Chl b absorption region 
(630-655 nm) was strongly affected in mutants B5 and B6, where the signal was respectively 
missing or strongly reduced in amplitude. Mutants B3 and A4 did not show detectable 
differences in this region, in agreement with pigment composition and absorption spectra. In 
this respect, mutant A5 was an exception since, despite losing Chl b, it conserved a Chl b CD 
signal identical to WT, indicating that the Chl b lost upon mutation at this site is probably not 
involved in interactions with other chromophores or that the interaction is CD silent. 
In the Chl a region, the main negative band was shifted to shorter wavelengths in mutants A5 
and A4. This shift has been reported to be associated to the loss of the pigment-pigment 
interaction responsible of the red forms (12). The main difference of mutant B6 as compared 
to WT was detected in the 670-675 nm range, where the spectrum of the mutant showed 
negative component, opposite to the WT. The CD spectrum of the B3 mutant was identical to 
the WT but for the absence of a positive contribution at 660 nm. The CD spectrum of B5 
mutant was completely different from the spectrum of the WT thus suggesting that the Chl 
organization in this complex is strongly affected.  
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Figure 2. Absorption spectra (77K) of WT and mutant Lhca4 complexes. The spectra were 
normalized to the same area in the 620-740 nm spectral region. (A) A5 (dashed line), B5 (dotted line), 
B6 (dash-dotted line) and WT (solid line); (B) A4 (dashed line), B3 (dotted line) and WT (solid line). 

C) comparison of red absorption of Lhca4 WT (solid line) and mutants A5 (dashed line) and B6 
(dash-dotted line). 
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Figure 3. CD spectra of Lhca4 WT and mutants. CD spectra of mutants (solid line) compared to 

Lhca4-WT (dashed line). All spectra were normalized to the Chl content. (A) B3; (B) A4; (C) B5; (D) 
A5; (E) B6. 

 
 

DISCUSSION 
 
 
It has previously been suggested that the red absorption typical for Lhca complexes 
represents the low-energy band of an excitonic interaction having the high-energy term at 683 
nm (12). Site-selected fluorescence measurements indicate that the red-most absorption band 
of Lhca4 peaks at 708 nm at 4K (21), thus yielding a value of 260 cm-1 for the interaction 
energy. On this basis, the calculation of the distance between the interacting Chls, assuming 
the best possible geometric arrangement, yields to a value of 8.8 Å or below. From the 
structure of Lhca4 (6), four pairs of Chls can accomplish this requirement: A5-B5, whose 
center to center distance is 7.9 Å, A3-B3 (8.13 Å), B6-A6 (8.35 Å) and A4-B4 (1031) (8.33 
Å) (see Table II, listing the center-center distance of all Chls as calculated from the structure 
of (6)). The analysis of mutant proteins described here is meant to reveal which of these 
chromophores are responsible for the red forms. 
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Table II. Distance between Lhca4 Chls. Center to center distances (Å) were calculated from the 

structure (6). The value below 8.8 Å are in bold. 
 

 A1 A2 A3 A4 A5 A6 A7 B1 B2 B3 B4 (1031) B5 B6 

A1 - 13.8 24.9 16.1 17.6 16.4 23.9 8.93 18.9 28.4 24.3 15.9 19.7 

A2 13.8 - 14.9 17.6 21.3 18.3 25.6 21.2 9.26 15.5 24.6 24.5 25.3 

A3 24.9 14.9 - 19.9 20.3 22.5 22.9 28.9 16.1 8.13 23.1 26.9 28.3 

A4 16.1 17.6 19.9 - 12.2 25.3 25.9 18.8 15.7 24.9 8.33 16.3 27.7 

A5 17.6 21.3 20.3 12.2 - 18.9 15.1 15.2 24.0 27.7 16.2 7.9 18.5 

A6 16.4 18.3 22.5 25.3 18.9 - 12.3 15.8 26.8 27.2 32.5 18.5 8.35 

A7 23.9 25.6 22.9 25.9 15.1 12.3 - 20.3 32.0 30.0 30.7 16.3 10.1 

B1 8.93 21.2 28.9 18.8 15.2 15.8 20.3 - 26.5 34.2 26.0 9.9 14.9 

B2 18.9 9.26 16.1 15.7 24.0 26.8 32.0 26.5 - 15.3 20.7 28.3 33.0 

B3 28.4 15.5 8.13 24.9 27.7 27.2 30.0 34.2 15.3 - 28.1 33.8 34.2 

B4 

(1031) 
24.3 24.6 23.1 8.33 16.2 32.5 30.7 26.0 20.7 28.1 - 21.3 34.2 

B5 15.9 24.5 26.9 16.3 7.9 18.5 16.3 9.9 28.3 33.8 21.3 - 15.7 

B6 19.7 25.3 28.3 27.7 18.5 8.35 10.1 14.9 33.0 34.2 34.2 15.7 - 

 
 

CHANGES IN PIGMENT COMPOSITION INDUCED BY MUTATIONS 
 
Recombinant monomeric Lhca4 binds 10±1 Chls with a a/b ratio of 2.5 and two xanthophyll 
molecules: lutein in site L1 and both lutein and violaxanthin in site L2 (8). Ideally, mutation 
at each Chl binding site would yield loss of only one Chl molecule. However, previous 
analysis of several Lhc complexes showed that, besides the target Chl, additional 
chromophores might be lost, in particular chlorophylls and xanthophylls bound to 
neighboring sites, due to the highly cooperative nature of pigment binding in this protein 
family. The occupancy of Chl binding site A1 and xanthophyll binding site L1, respectively 
hosting Chl a and lutein, were shown to be essential for protein folding in all Lhc proteins 
analyzed so far. In fact, mutants affected in these sites in most cases were unable to fold in 
vitro (19;22;23). 
Lhca4 mutants A4 and B3 exhibit a lower Chl a/b ratio as compared to the WT, suggesting 
loss of Chl a molecules. B3 mutant shows lower Chl/Car ratio as compared to the WT, but 
the same values of lutein/violaxanthin ratio, indication that there is no loss of carotenoids. By 
normalizing to the Car content, it can thus be concluded that this mutation affects the binding 
of one Chl a molecule. In the case of A4 mutant, the Chl/Car ratio is identical to the WT, but 
the amount of violaxanthin is decreased, indicating a partial loss of carotenoids. No changes 
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in the Chl b region were observed in the absorption and CD spectra, suggesting that no Chl b 
is lost upon mutation at site A4. Normalization to the Chl b content indicates that this 
mutation affects the binding of one Chl a molecule and partially destabilizes one carotenoid 
binding site. It is most likely that the site affected is L2, which is located in the proximity of 
Chl A4 and which accommodates violaxanthin and lutein. The remaining three mutants, A5, 
B5 and B6 had a Chl a/b ratio higher than the WT, suggesting preferential loss of Chl b. In 
the case of mutants A5 and B5 the Chl/Car ratio is similar to the WT, but the 
lutein/violaxanthin ratio is higher, again suggesting loss of carotenoids from site L2, 
consistent with the results of the mutational analysis in Lhca1, Lhca2 and Lhca3 (19).  
 

Table III: Pigment content of Lhca4 mutated complexes.  
 

Sample Mutation ΔChla ΔChlb ΔViola ΔLutein Binding site from (6;13) 

Lhca4-WT - - - - - - 

Lhca4-A4 E44V/R158L -1 - -0.1 -0.2 A4 –11014 

Lhca4-A5 N47F -1 -1 -0.1 -0.3 A5 –11015 

Lhca4-B3 H185F -1 - - - B3 –11023 

Lhca4-B5 E102V/R105L -2 - 2 -0.2 -0.6 B5 –11025 

Lhca4-B6 E94V - -1 -0.1 -0.3 B6 –11026 

 
Values are expressed as a difference with respect to the pigment composition of the WT complex. 

 
 
Moreover, normalization to the Car content would give a Chl a content higher than in the WT 
for both complexes, contrasting with the loss of Chl a absorption forms observed in the 
spectra. On this basis, we suggest that mutation at site A5 actually induces the loss of one Chl 
a and one Chl b with a concomitant partial loss of the xanthophyll in site L2, thus accounting 
for the change in Chl a/b and in lutein/violaxanthin ratio. The effect of the mutation at site B5 
is stronger, as suggested by the large changes in the CD spectrum and by the strong reduction 
of the thermal stability of the complex (60% of WT, data not shown). Furthermore, the 
lutein/violaxanthin and Chl a/b values are strongly increased with respect to the WT. In order 
to explain these data, we suggest that this mutation leads to the loss of four Chls (2 Chl a and 
2 Chl b) and of the carotenoid in site L2. The mutant at site B6 shows  a higher Chl/Car ratio 
and a slightly higher lutein/violaxanthin ratio as compared to WT, indicating xanthophyll 
loss, consistent with the phenotype of the same mutants in other Lhc complexes (22-24). 
From these data we suggest that mutant B6 loses one Chl b molecule and has reduced 
occupancy of the L2 carotenoid binding site. Table III summarizes the pigment binding 
properties of WT and mutants.  
 



Chapter 2
 

 36 

PROPERTIES OF INDIVIDUAL CHROMOPHORES IN LHCA4 
 
The fluorescence emission spectra of the complexes show that the Chl in site B3 is not 
involved in the interaction leading to the red forms, the emission spectrum of this mutant at 
low temperature being identical to that of the WT. All other mutants are instead affected, 
although to a different extent, on their red emission component. In the following, we discuss 
the properties of the individual Lhca4 chromophores and the effects of the mutation of the 
corresponding binding sites. 
 

MUTANT B3 
 
The H185F mutant loses one Chl a molecule thus suggesting that a Chl a is bound to site B3 
as was the case in the homologous Lhca1 complex (19).  
In the CD spectrum the main difference with respect to WT is the disappearance of the 660 
nm (+) signal. This feature suggests that Chl a in site B3 interacts with a neighboring 
pigment. Unfortunately, no clear changes can be observed in other spectral regions: possibly 
the expected negative component of the interaction is hidden by other signals. Since the 
nearest neighbor of Chl B3 is Chl A3 (8.13Å), the most likely hypothesis is that the positive 
CD band at 660 nm is the signature of an interaction between Chls A3 and B3. 
The absorption difference spectrum shows three positive bands with maxima at 660 nm, 672 
nm and 680 nm (Figure 4). The first band corresponds to the signal lost in the CD spectrum 
and likely represents the high-energy term of the Chl-Chl interaction. The remaining two 
peaks are possibly a combination of the low-energy band of the interaction, which is lost in 
the mutant, and of the absorption of the now monomeric Chl A3, still present in the complex. 
The absence of negative components in the spectrum can be explained by proposing that the 
redistribution of the oscillator strength between the two interacting Chls favours the low 
energy band and that the shift induced by the interaction is small. In this case, the expected 
negative contribution in the difference absorption spectrum, deriving from the now 
monomeric Chl A3 can be hidden by the positive signal of the low energy band of the dimers. 
This suggestion is supported by the observation that the amplitude of the 660 nm absorption 
band accounts for less than one Chl molecule. Moreover, the Gaussian deconvolution of the 
difference spectrum (data not shown) suggests that the low-energy absorption form peaks at 
677 nm, while the monomer absorption is blue shifted by only 1-2 nm. This can in fact be 
expected for an interaction between pigments with very different site energies, as it is the 
case. Furthermore, a very similar situation was previously described for mutants A3 and B3 
of Lhca1 (19), where the picture was clearer thanks to the possibility of analyzing both 
mutants. Although in the case of Lhca4 the impossibility of reconstituting mutant A3 does 
not allow obtaining further details, the data are consistent with the hypothesis that the two 
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interacting monomers are not isoenergetic and that the Chl monomer in site A3 absorbs at 
lower energy than B3. Moreover, the data clearly indicate that Chl B3 is not involved in the 
red emission of Lhca4 complex. The small difference above 700 nm represents less than 6% 
of the absorption of the WT in this region and it is not significant as shown by the fact that 
the fluorescence emission is identical to the one of the WT. 
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Figure 4. Difference absorption spectrum between Lhca4 WT and Lhca4-B3 mutant. The area of each 
absorption spectrum was normalized to the Chl content (Table III) prior to subtraction. 
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MUTANT B6 
 
Mutant E94V loses one Chl b molecule, suggesting that a Chl b is accommodated in site B6. 
The fluorescence emission spectrum of the mutant is 15 nm blue-shifted as compared to WT, 
implying a change in the environment of the “red” pigments. Although a loss of Chl a 
molecules was not detected in the complex, the absorption spectrum of the mutant differs 
from the absorption spectrum of the WT in the Qy Chl a absorption region (Figure 5A). A 
decrease in intensity above 700 nm (max 712 nm) is observed in the absorption, together with 
a gain around 693-694 nm. This difference explains the fluorescence shift: the red-most 
absorption in the mutant is blue-shifted and this new spectral form is responsible for the 718 
nm emission.  
To get information on the new absorption band present in the mutant, the absorption 
spectrum at low temperature of the Lhca4-B6 complex was described in terms of Gaussian 
components (Figure 5B). In order to fit the spectrum, a wide band peaking at around 694 nm 
is required (FWHM: 26 nm), while in WT the red most band was detected at 708 nm-1. 
However, the 694 band in the B6 mutant has width similar to the absorption band of the red 
pigments, suggesting  a similar origin. This implies that the chromophores involved in the 
interaction are still in place, although somehow disturbed in their organization. In addition, 
the results clearly imply that the Chl located in site B6 is not directly responsible for the low-
energy emission, while its role seems to be important in maintaining the right geometry 
between the interacting Chls, as it was previously suggested in the case of Lhca1 (19). 
The Chl b in site B6 absorbs at 642/483 nm as can be judged by the absorption difference 
spectrum (Figure 5A). Loss of (-) amplitude in the CD spectrum at the same wavelengths 
(Figure 3E) suggests that this Chl is involved in pigment-pigment interactions. The positive 
term of the interaction is not present in the Chl b region of the CD spectrum, thus suggesting 
that it should be searched for in the Chl a region, where, in fact, loss of a positive 672 nm 
signal can be detected. Although changes of different origin in this region cannot be 
excluded, due to the effect on the interaction leading to the red-most form, it is likely that the 
672 nm component represents the signal of the second term of the interaction involving Chl 
B6. The structure of Lhca4 shows that the nearest neighbor of Chl B6 is Chl A6 (6). We thus 
suggest that the A6 site accommodates a Chl a molecule in Lhca4 and that this Chl interacts 
with Chl B6. The oscillator strength associated to the 642 nm absorption band in the WT 
minus B6 difference spectrum corresponds to slightly less than one Chl. This implies that the 
energy distribution slightly favours the low-energy band of the interaction. In the difference 
spectrum, a small negative signal is observed around 668 nm and a positive one at 673 nm 
(Figure 5A). These two signals possibly represent a combination of the loss of absorption of 
the dimer and the gain of absorption of monomeric Chl A6, which is still present in the 
mutated B6 complex.  
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In conclusion, it appears clear that Chl B6 is not directly responsible for the low-energy 
spectral form in Lhca4. The Chl coordinated to this site absorbs at 642 nm and seems to 
interact with Chl A6. We propose that Chl B6 plays a role in keeping the conformation of the 
protein which leads to the red forms, as previously suggested for Lhca1 (19). This effect is 
possibly mediated by the xanthophyll molecule in site L2, which is partially lost in the 
mutant. Chl B6 has been previously shown to be a ligand for the xanthophyll molecule in site 
L2 (22).  
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Figure 5. Spectral analysis of Lhc4-B6 mutant. (A) Difference absorption spectrum between Lhca4-
WT and Lhca4-B6 mutant. Before subtraction, the spectra were normalized at the Chl content. (B) 

Gaussian deconvolution of the absorption spectrum at 77K of Lhca4-B6 mutant.  

 

MUTANT A4 
 
Chl A4 is co-ordinated by an Arg/Glu ionic pair. The E44V/R158L mutant loses one Chl a 
molecule, thus suggesting that site A4 accommodates Chl a, as in all Lhc complexes analyzed 
so far (19;22;23;25). The fluorescence emission spectrum of the A4 mutant complex does not 
show the 733 nm peak, but it still conserves emission around 700 nm (see in Figure 1 the 
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comparison with A5 and B5 mutants). The loss of red forms upon mutation at the A4 site 
may have at least two different origins: 
 

o Chl A4 is directly involved in the red absorption and the mutation has a direct effect 
on the low-energy form. 

o Mutation of this site changes the conformation of the protein, thus having an indirect 
effect on the red forms. 

 
As for the first hypothesis, three mutants show loss of the red emission in Lhca4: A4, A5 and 
B5. The substitution of the natural ligand for Chl A5 (Asn) with an His clearly indicates the 
direct involvement of Chl A5 in the low energy forms (12). In the structural model of the 
protein, the distance between Chl A4 and Chl A5 is too large (12.2 Å) in order to allow for 
the strong interaction responsible for the red form. Alternatively, the red form could originate 
from interactions involving all three Chls, namely A4, A5 and B5. However, in this case, 
mutations at sites A4 and B5 would have left at least part of the interaction in the mutants and 
thus part of the red-shifted emission, while this is not the case.  
As for the second hypothesis, we should consider that mutation of site A4 affects the ionic 
bridge between E44 and R158, which stabilizes the structure of all Lhc proteins (13). The 
absence of the ionic pair is likely to have an effect on the packing of transmembrane helices 
and thus on the mutual position of the Chls coordinated to these helices. This hypothesis is 
consistent with the fact that the A4 mutant complex is obtained with a very low yield. 
Moreover, this mutation affects the xanthophyll bound to site L2, whose presence is relevant 
for red forms, as shown here by the B6 mutants and in previous mutation analysis. Based on 
these considerations, we propose that the almost complete lack of red emission in the A4 
mutant is rather due to a different conformation assumed by the mutant complex than to a 
direct involvement of Chl A4 in the interaction yielding the red forms in WT Lhca4. 
 

MUTANT A5 
 
The mutation N47F induces the loss of two Chl molecules, one Chl a and one Chl b. Site A5 
has been shown to coordinate a Chl a molecule in all Lhc complexes analyzed so far 
(19;22;23). We thus propose that site A5 coordinates a Chl a molecule also in Lhca4, while 
Chl b is coordinated to a neighbor site. Although the nearest neighbor of Chl A5 is Chl B5, it 
is unlikely that the second Chl is lost from this site. The CD spectrum clearly shows no 
changes in the Chl b region upon mutation of site A5, while large changes are observed upon 
mutation at site B5 (see below). Unfortunately, it is presently impossible to make even a 
polite guess about the location of the second Chl lost upon mutation of site A5, and we prefer 
to leave this question open. The Lhca4-A5 complex does not show the 733 nm emission 
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typical for Lhca4-WT, suggesting that the A5 site is involved in the interaction leading to the 
red form, in agreement with previous experiments where the substitution of the Asn ligand of 
Chl A5 with an His (Lhca4-NH mutant) led to loss of the low-energy absorption (12). 
The absorption difference spectrum WT-A5 mutant is reported in Figure 6. In the red region 
of the Qy Chl a absorption, at least two forms can be detected, respectively at 683 nm and 
above 700 nm. The same two features have previously been observed in the difference 
spectrum between Lhca4 WT and the mutant N47H which maintains Chl a binding to site A5 
but loses the interaction leading to red-forms (12). These spectral features are thus the 
“markers” of the lost interaction yielding to the red forms. A negative contribution in the 
absorption spectrum is detected at around 670 nm. This component probably represents, at 
least in part, the absorption of the monomer of the Chl which in the WT interacts with Chl A5 
and which is still present in the mutant complex. However, considering the low stability of 
the complex, this signal is probably the sum of several contributions including the absorption 
of partially disconnected Chls, which are present in the sample, as judged by the fluorescence 
emission spectrum. In fact, the analysis of the NH mutant, which has the same stability as the 
WT, showed the contribution of monomeric Chls at 676 nm. It should be noted that the fact 
that the average energy for the two excitonic levels is red shifted with respect to the 
absorption of the monomeric pigments is due to a change in the transition energy of the 
interacting pigments, an effect known as displacement energy (26).  
In the Chl b region, the absorption difference spectrum shows bands at 645/473 nm (468/470 
nm at RT), which can be associated with the Chl b lost in this sample. The CD spectrum in 
the Chl b region is identical to that of WT, indication that this Chl does not interact with other 
pigments or the interaction is CD silent. Whatever the reason for the absence of the CD signal 
is, it is clear that this Chl b does not participate in the interaction leading to the red forms, 
because the red-most component have a clearly negative CD signal (12). In addition, this Chl 
b form peaks at 645 nm, a wavelength typical for monomeric Chl b in a protein environment.  
 

MUTANT B5 
 
Mutations E102V/R105L likely yielded the loss of four Chl molecules: 2 Chls a and 2 Chls b, 
indicating that the substitution of the ER bridge on the C-helix strongly affects the complex 
as previously shown for Lhcb1 (23).  
The fluorescence emission spectrum shows that this mutation completely abolishes the red 
emission forms, thus suggesting that the Chls lost upon mutation of this site are involved in 
the low-energy absorption. In the absorption spectra, the lack of the red-most band and of the 
683 nm component is also clear (Figure 6). However, the amplitude of the main peak in the 
absorption difference spectrum is higher than in the case of the A5 mutant and blue-shifted 
by 2 nm, suggesting the loss of a second Chl a form (Figure 6). From the A5 minus B5 
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difference spectrum, it can be observed that the additional Chl a form, lost upon B5 mutation, 
has absorption at 673 nm (data not shown). The amplitude of the absorption in the Chl b 
region is reduced in agreement with the pigment analysis. The CD signal is very different 
from that of WT Lhca4, an indication that the mutation at this site strongly perturbs the 
pigment organization.  
Out of the four Chls lost in this mutant, one seems to be Chl B6 due to the lack in both 
absorption and CD spectra of the same components that are lost for the B6 mutant. Thus, the 
other three sites affected by mutation E102/R105 accommodate in total 2 Chls a and 1 Chl b. 
One of them is clearly bound to site B5, while for the other two we tentatively propose that 
they are accommodated in sites A6 and A7. The structure of LHCII shows that both Chl A6 
and A7 are coordinated by water molecules and they are located in the region between the B 
and C helix (25). It is reasonable to predict that, if the mutation E102V/R105L strongly 
affects the region in between these two helices, the first effect is the loss of coordination via 
water molecules. Moreover, the additional Chl a lost upon mutation of the B5 site, as 
compared to the A5 mutant, absorbs at 673 nm, which is the wavelength at which Chl A6 is 
expected to absorb (see above). According this hypothesis, one Chl a + one Chl b should be 
accommodated in sites B5 and A7. Both these sites are occupied by Chl b in LHCII (23) and 
their association to the protein scaffold is stabilized by an H-bond of the formyl group of Chl 
b with the Gln 131 (25). In Lhca4 this Gln is substituted by Glu, which is most probably not 
protonated at the pH present in the membrane and thus can not stabilize the Chl b ligation via 
H-bond. It is thus possible that both sites have mixed occupancy, which would also allow 
explaining the two emission forms present in Lhca4-WT.  
As already observed for mutant A4, the effect of the B5 mutation on the red forms may have 
at least two different origins:  
 

o the Chl a accommodated in B5 is the second term of the excitonic interaction 
involving Chl A5 (direct effect) 

o mutation of site B5 induces a perturbation in the system with consequential loss of red 
absorption (indirect effect). 

 
Although both hypotheses are reasonable, we favour the first one for the following 
motivations: 
First, it has been shown that the red absorption band is the low-energy band of an excitonic 
interaction. The mutation analysis clearly shows that between the three candidate Chl pairs to 
be at the origin of the red forms, only the A5/B5 pair induces loss of the red emission. 
Second, a mutation of site B5 leads to the loss of the red-most form also in Lhca1 and Lhca2 
(19;24), where the impact of the mutation on the protein stability was lower than in the case 
of Lhca4, thus making hypothesis 2 unlikely.  
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Figure 6. Difference absorption spectrum between Lhca4-WT and Lhca4-A5 and Lhca4-B5 mutants 
Difference with Lhca4-A5 is shown in solid line and with Lhca4-B5 mutant in dashed line. Before 

subtraction, the spectra were normalized at the Chl content. 
 
 

CONCLUSION 
 
 
In this work we have performed mutation analysis of several putative Chl binding sites of 
Lhca4 with the aim of understanding the origin of the red emission forms which characterize 
this complex. Differently from what observed in the case of Lhcb1 and Lhcb4, where most of 
the mutations seemed to have a local effect (22;23), in the case of Lhca4, large changes in 
different spectral region were observed, suggesting that in this case several mutations have 
the effect of perturbing the overall structure of the system. It seems that the structure of 
Lhca4 is more “cooperative” as compared to the structure of the antenna system of 
Photosystem II, possibly due to a more extended excitonic network.  
Mutation analysis clearly shows that the red emission form of Lhca4 is lost upon mutation at 
sites A5, B5 and A4. By interpreting these results within the frame of excitonic interactions, 
we suggest that the two interacting Chl a molecules which originate the red form are located 
in site A5 and B5. Loss of red emission upon mutation of site A4 is likely to be due to a 
different folding of the mutant, which is induced by the loss of the ionic pair E44 R158 that 
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stabilizes the WT structure, rather than to a direct involvement of Chl A4 in the interaction, 
although this possibility can not be completely ruled out. In Figure 7, the structure of Lhca4 
obtained in (6) is presented. The Chls which influence the red-most absorption are indicated 
in colors different from green. Beside the A5/B5 pair, evidence for additional pigment-
pigment interactions is obtained between Chls in sites B3-A3 and B6-A6. However, the 
interactions between these pigments do not lead to the formation of low-energy bands of high 
intensity and/or shifted to >700 nm and therefore do not contribute to the 733 nm 
fluorescence emission unique of this PSI subunit. 
 
 

 
 

Figure 7. Structure of Lhca4. All the chlorophylls are indicated in green with the exception of those 
whose depletion has an effect on the red emission of Lhca4. A5 and B5 are in red, B6 in orange and 

A4 in yellow. 



                                                                                                       The origin of the Red Forms in Lhca4
 

 45

Reference List 
 

 

 1.  Jennings, R. C., Bassi, R., Zucchelli, 
G., Dainese, P., and Garlaschi, F. M. 
(1992) Res. Photosynth. I, 291-294 

 2.  Croce, R., Zucchelli, G., Garlaschi, 
F. M., Bassi, R., and Jennings, R. C. 
(1996) Biochemistry 35, 8572-8579 

 3.  Gobets, B., van Stokkum, I. H., 
Rogner, M., Kruip, J., Schlodder, E., 
Karapetyan, N. V., Dekker, J. P., and 
van Grondelle, R. (2001) Biophys.J. 
81, 407-424 

 4.  Rivadossi, A., Zucchelli, G., 
Garlaschi, F. M., and Jennings, R. C. 
(1999) Photosynthesis Research 60, 
209-215 

 5.  Haworth, P., Watson, J. L., and 
Arntzen, C. J. (1983) Biochim. 
Biophys. Acta 724, 151-158 

 6.  Ben Shem, A., Frolow, F., and 
Nelson, N. (2003) Nature 426, 630-
635 

 7.  Jansson, S. (1999) Trends Plant Sci. 
4, 236-240 

 8.  Croce, R., Morosinotto, T., 
Castelletti, S., Breton, J., and Bassi, 
R. (2002) Biochimica et Biophysica 
Acta-Bioenergetics 1556, 29-40 

 9.  Schmid, V. H. R., Cammarata, K. V., 
Bruns, B. U., and Schmidt, G. W. 
(1997) Proc. Natl. Acad. Sci. USA 
94, 7667-7672 

 10.  Schmid, V. H. R., Potthast, S., 
Wiener, M., Bergauer, V., Paulsen, 
H., and Storf, S. (2002) J. Biol. 
Chem. 277, 37307-37314 

 11.  Castelletti, S., Morosinotto, T., 
Robert, B., Caffarri, S., Bassi, R., and 
Croce, R. (2003) Biochemistry 42, 
4226-4234 

 12.  Morosinotto, T., Breton, J., Bassi, R., 
and Croce, R. (2003) J. Biol. Chem. 
278, 49223-49229 

 13.  Kühlbrandt, W., Wang, D. N., and 
Fujiyoshi, Y. (1994) Nature 367, 
614-621 

 14.  Nagai, K. and Thøgersen, H. C. 
(1987) Methods Enzymol. 153, 461-
481 

 15.  Paulsen, H., Finkenzeller, B., and 
Kühlein, N. (1993) Eur. J. Biochem. 
215, 809-816 

 16.  Giuffra, E., Cugini, D., Croce, R., 
and Bassi, R. (1996) Eur. J. Biochem. 
238, 112-120 

 17.  Gilmore, A. M. and Yamamoto, H. 
Y. (1991) Plant Physiol. 96, 635-643 

 18.  Croce, R., Canino, G., Ros, F., and 
Bassi, R. (2002) Biochemistry 41, 
7334-7343 

 19.  Morosinotto, T., Castelletti, S., 
Breton, J., Bassi, R., and Croce, R. 
(2002) J. Biol. Chem. 277, 36253-
36261 

 20.  Formaggio, E., Cinque, G., and 
Bassi, R. (2001) J. Mol. Biol. 314, 
1157-1166 

 21.  Croce, R., Chojnicka, A., 
Morosinotto, T., Ihalainen, J. A., van 
Mourik, F., Dekker, J. P., Bassi, R., 
and van Grondelle, R. (2007) 
Biophys.J. 93, 2418-2428 

 22.  Bassi, R., Croce, R., Cugini, D., and 
Sandona, D. (1999) Proc. Natl. Acad. 
Sci. USA 96, 10056-10061 

 23.  Remelli, R., Varotto, C., Sandona, 
D., Croce, R., and Bassi, R. (1999) J. 
Biol. Chem. 274, 33510-33521 

 24.  Croce, R., Morosinotto, T., Ihalainen, 
J. A., Chojnicka, A., Breton, J., 
Dekker, J. P., van Grondelle, R., and 
Bassi, R. (2004) J. Biol. Chem. 279, 
48543-48549 

 25.  Liu, Z., Yan, H., Wang, K., Kuang, 
T., Zhang, J., Gui, L., An, X., and 
Chang, W. (2004) Nature 428, 287-
292 

 26.  van Amerongen, H., Valkunas, L., 
and van Grondelle, R. (2000) 
Photosyntheric excitons, World 
Scientific Publishing 

 
 



 



Chapter 3 
 

PROBING THE STRUCTURE OF LHCA3  

BY MUTATION ANALYSIS* 

 
 

ABSTRACT 
 
 
Lhc proteins constitute a family of transmembrane proteins which share homology in 
sequence and similarity in the general organization although members can be strongly 
differentiated such as in the case of PsbS and ELIPs. In this work, we report on the 
structure of Lhca3, a pigment-protein subunit component of the antenna system of 
higher plants Photosystem I, through the effect of point mutations in critical sites. Based 
on the structure of PSI-LHCI (Ben Shem et al., PDB file 1QZV remark 999) it has been 
suggested that Lhca3 may have different folding as compared to other members of the 
Lhc family. In particular, it was proposed that the two central helices may be swapped 
and chlorophylls in sites 1013 and 1023 are not present. This different folding would 
imply that the chlorophylls coordinated to the two central helices have different ligands 
in Lhca3 with respect to the other Lhc complexes. The structural model was tested by 
substituting the putative binding residues with residues unable to coordinate 
chlorophyll and the spectroscopic properties of the individual pigments were used as 
structural probes. The results indicate that Lhca3 folds in the same way as the other 
antenna proteins. Moreover, the low-energy absorption form originates from 
interaction between chlorophylls in site 1015 and 1025, like for the other PSI antenna 
subunits. Evidence is also shown for the presence in Lhca3 of chlorophylls in sites 1013 
and 1023. 
 
 
 
 
 
 
 
 
 

                                                 
* This chapter is based on the article M. Mozzo, T. Morosinotto, R. Bassi and R. Croce, 
published in Biochimica et Biophysica Acta (2006), 1757, 1607-1613 
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INTRODUCTION 
 
 
Higher plant Photosystem I, the plastocyanin/ferredoxin oxido-reductase, is composed of a 
core complex and of an outer antenna system, consisting of four major polypeptides, the 
products of the genes Lhca1-4 (1;2). A breakthrough in the study of the PSI-LHCI was the 
resolution of the structure of this supercomplex at 4.4 Å (3). This represents the largest 
structure of a membrane complex resolved up to now and it provides essential information 
about the organisation of the complexes and the localisation of most Chl molecules.  

It was shown that Lhca1-4 subunits are bound on one side of the core in agreement 
with a previous model (4), and that a single copy of each polypeptide is present per P700. 
Moreover, it was shown that several Chl molecules are bound at the interface between the 
reaction centre and the antennae, possibly favouring the energy transfer to P700 (3;5-7). 
Lhca proteins belong to the Lhc multigenic family, which also includes the Lhcb antenna 
complexes of Photosystem II. These pigment-protein complexes are characterised by three 
transmembrane helices sharing high similarity. Comparison of the Chl organisation in LHCII, 
a complex whose structure has been analysed in detail (8;9), and most Lhca complexes 
reveals a high level of homology, consistent with the conservation of all Chl binding residues 
(10). 
 

One exception seems to be Lhca3: based on the analysis of the electron density map, it 
has been suggested that the two central helices might be swapped (3). In the remark 999 of 
the 1QZV structure it is reported: “in Lhca3 only, the transmembrane helix closest to helix C 
is not the longer of the two tilted transmembrane helices (labelling as in Kühlbrandt et al. 
1994). This might indicate that in Lhca3 the helix closes to helix C is not the first helix (from 
the N-terminus) but the third one. The electron density map is not conclusive here but seems 
to suggest that this might be the case. It this is true and Lhca3 folds differently, then the 
numbering of residues in Lhca3 must change accordingly”. Moreover, it appears that in the 
Lhca3 structure the Chls in sites 1013 and 1023 are missing while a “new” Chl (1041) in an 
intermediate position (3) was resolved. In this work we have checked these suggestions by 
mutation analysis. In the following the Chl nomenclature by Ben-Shem et al. (3) is used. For 
clarity, the correspondence to the nomenclature of LHCII (8) is reported in brackets. 

 
Each Chl coordinated to an Lhc complex has specific spectroscopic properties due to 
interactions with the protein and neighbouring pigments. Mutation analysis has been 
performed on two Lhcb complexes (11-13) and three Lhca complexes (14-16) revealing 
conservancy of the chromophore properties in several binding sites. For example, the 
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interacting dimer Chl 1012 (612)/ Chl 1022 (611) displays its main absorption at 681-682 nm 
in all complexes analysed so far, as can be inferred from mutation of the ligand for Chl 1012.  
Lhca protein subfamily is characterised by the presence of low-energy absorption forms 
yielding fluorescence emission above 700 nm. In the case of Lhca1, 2 and 4 it was shown that 
these forms originate from an excitonic interaction involving Chl a molecules in sites 1015 
(603) and 1025 (609) (14-16).  
In this work we integrate the model obtained for Lhca3 from X-ray crystallography with the 
results from mutation analysis, using the spectroscopic properties of the individual 
chlorophylls as structural probes, in order to get details on the overall structure of the 
complex and on the spectroscopic properties of the individual chromophores coordinated to 
it. We found evidence for the presence of Chls in binding sites 1013 and 1023 in Lhca3. 
Moreover, the Chls responsible for the low energy absorption in Lhca3 are the same as found 
in the other Lhca complexes. We conclude that Lhca3 shares its overall structural 
organization with the other members of the Lhca sub-family. 
 
 

EXPERIMENTAL PROCEDURES 
 
 
SAMPLE PREPARATION 
 
cDNA of Lhca3 from Arabidopsis thaliana (17) was mutated with the QuickChange© Site 
directed Mutagenesis Kit, by Stratagene©. WT and mutants apoproteins were isolated from 
the SG13009 strain of E. coli transformed with constructs following a protocol previously 
described (18). Reconstitution and purification of protein-pigment complexes were performed 
as described in (19) with the modification reported in (20). 
 
PROTEIN AND PIGMENT CONCENTRATION 
 
HPLC analysis was done as in (21). The chlorophyll to carotenoid ratio and the Chl a/b ratio 
were measured independently by fitting the spectrum of acetone extracts with the spectra of 
individual purified pigments (22). 
 
SPECTROSCOPY 
 
The absorption spectra at RT and 77K were recorded using a SLM-Aminco DK2000 
spectrophotometer, in 10 mM Hepes pH 7.5, 60% glycerol and 0.06% n-dodecyl-β-D 
maltopyranoside. The wavelength sampling step was 0.4 nm, the scan rate 100 nm/min, the 
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optical pathlength 1 cm. Fluorescence emission spectra were measured using a Jasco FP-777 
spectrofluorimeter and corrected for the instrumental response. The samples were excited at 
440, 475 and 500 nm. The spectral bandwidth was 5 nm (excitation) and 3 nm (emission). 
Chlorophyll concentration was about 0.02 μg/ml in 60% glycerol and 0.03% n-dodecyl-β-D 
maltopyranoside. 

 
 

Figure 1. Molecular model of Lhca3 from the PSI-LHCI structure of Ben-Shem et al. (3). The Chls 
affected by the mutation analysis are reported in color. 

 
 

RESULTS 
 
 
The cDNA encoding Lhca3 from Arabidopsis thaliana was mutated at the putative Chl 
binding sites by substituting nucleophilic residues with apolar amino acids, which cannot 
coordinate the central Mg of the Chls. The list of mutations performed is reported in Table I 
(Chl binding sites nomenclature from (8) and (3)). In Figure 1 a schematic representation of 
the structure of Lhca3 from Ben-Shem et al (3) is reported, the Chls in colour are the target of 
the mutations. WT and mutant apoproteins were overexpressed in E. coli and reconstituted in 
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vitro adding pigments (23). The refolded complexes were purified from the excess of 
pigments used in the reconstitution by sucrose gradient ultracentrifugation and ionic 
exchange chromatography.  
All mutants yielded stable reconstituted monomeric products except in the case of 
R64L/E184V and E59V/R189L. For mutant Q201L a faint green band was obtained in the 
sucrose gradient, but the complex was highly unstable and unable to survive the following 
purification steps.  
The pigment content of the complexes is reported in Table I. We have to mention that the 
number of Chls coordinated to reconstitute Lhca3 is lower than in the native complex (3). 
This is probably due to the fact that the binding of few peripheral Chls is stabilised by 
interactions between two different complexes, while the reconstituted complex is in 
monomeric form. As expected, given the high Chl a/b ratio of the WT (17;24), most 
mutations affected Chl a binding. Only two mutants, namely E126V/R129L and N62F, have 
a higher Chl a/b ratio, indicating loss of Chl b.  
 

Table I. Pigment composition of Lhca3 WT and mutated at different chlorophyll binding sites. 
 

 
 
The putative Chl binding sites affected by the mutation are indicated, as identified from sequence 
homologies. Nomenclature from (8) and (3) are reported for the Chls. In brackets are reported the 
number of reconstitutions performed for each complex . 
 
 
The Chl/Car ratio of the WT was 3.6, suggesting the presence of 3 carotenoid molecules per 
10±1 Chls in agreement with previous results (17;24). This value was different in all mutants 

Sample 

Putative 

chl 

Binding 

site 

Chl 

tot 
Chl a/b Chl a Chl b Viola Lute beta-Car 

WT (12)  10 6.2 ± 0.8 8.6 ± 0.15 1.4 ± 0.15 0.5 ± 0.04 1.9 ± 0.2 0.36 ± 0.25 

R64L/E184V (1) 1011-610 - - - - - - - 

N187V (3) 1012-612 8 4.7 ± 0.4 6.6 ± 0.1 1.4 ± 0.1 0.5 ± 0.01 1.4  ± 0.12 0.38 ± 0.14 

Q201L (9) 1013-613 - - - - - - - 

E59V/R189L (3) 1014-602 - - - - - - - 

N62F (3) 1015-603 8 7.3 ± 0.3 7.0 ± 0.04 0.96 ± 0.04 0.26 ± 0.004 1.71 ± 0.04 - 

H216F (4) 1023-614 9 5.5 ± 0.6 7.6 ± 0.12 1.4 ± 0.12 0.62 ± 0.08 1.77 ± 0.17 0.34 ± 0.25 

E126V/R129L (6) 1025-609 8 9.2 ± 3.2 6.3 ± 0.15 0.73 ± 0.16 0.33 ± 0.04 1.52 ± 0.26 - 

E118V (5) 1026-606 9 5.9 ± 0.8 7.7 ± 0.18 1.32± 0.18 0.38 ± 0.08 1.88 ± 0.15 0.1 ± 0.09 
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with the exception of N187V: lower values were observed for mutant H216F, suggesting a 
preferential loss of Chl, while all other complexes showed an increase in this value implying 
a more severe carotenoid loss. Three carotenoid species were found associated to the WT: 
lutein, which represents the main xanthophyll, violaxanthin and β-carotene. The carotenoid 
composition was affected in most of the mutants: complete loss of β-carotene and reduction 
of violaxanthin content were observed in mutants N62F, E126V/R129L and E118V. Reduced 
content of lutein was observed upon mutation at site N187V. 
In mutant N187V, H216F and E118V the number of the Chls lost was estimated assuming a 
constant amount of Chl b. This assumption is supported by the analysis of the absorption 
spectra of these complexes, which showed no changes in the Chl b region as compared to the 
WT (Figure 3). In this view, Lhca3-N187V loses two Chls a, mutants H216F and E118V one 
each. For E126V/R129L and N62F complexes, which lose Chl b, the pigment to protein 
stoichiometry was estimated based on the carotenoid content. Both mutants show complete 
loss of β-carotene and strong reduction of violaxanthin, which suggests that one of the three 
carotenoid binding sites is empty. Normalisation to two carotenoids gives a Chl/protein ratio 
of 8 in both complexes.  
 

 
Figure 2. Fluorescence emission spectra at 77 K of Lhca3 WT and mutants. A) Emission spectra of 

Lhca3 WT (solid line) and mutants N187V (dashed line) and N62F (dotted line). B) Emission spectra 
of Lhca3 WT (solid line) and mutant H216F (dashed line), E126V/R129L (dotted line) and E118V 

(dash-dotted line). The spectra are normalised at the maximum. 
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FLUORESCENCE EMISSION SPECTRA 
 
The major spectroscopic characteristic of Lhca3 is the presence of a spectral forms which 
emit around 724 nm (17). By mutating the ligands of the individual Chls and measuring the 
fluorescence emission spectra of the mutated complexes it is possible to detect which are the 
pigments responsible for the red emission. The fluorescence spectra of WT and mutated 
complexes were recorded at 77K where the contribution of the red forms is enhanced (Figure 
2). At 77K the fluorescence emission spectrum of Lhca3-WT is characterised by a maximum 
at 724 nm and an additional band around 689 nm. Two mutants, namely E126V/R129L and 
N62F, lose the 724 nm component and show a maximum at 682.5 nm. Mutant E118V still 
maintains the emission at 724 nm, although the maximum of the spectrum is shifted to 689 
nm. Mutants H216F and N187V have emission spectra identical to the WT in the red region, 
but the latter shows reduced amplitude in the 680-690 nm region, suggesting that this 
mutation is affecting a Chl, which participates to the 690 nm emission. Only two mutants lose 
the red emission band, thus indicating a specific and local effect of the mutations. 
 

 
Figure 3. Absorption spectra at 77 K of Lhca3 WT and mutants. A) Absorption spectra of Lhca3 WT 

(solid) and mutants N187V (dashed) and N62F (dotted). B) Absorption of Lhca3 WT (solid) and 
mutant H216F (dashed), E126V/R129L (dotted), E118V (dash-dot). The spectra are normalised to the 

Chl content reported in Table I. 
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ABSORPTION 
 
The absorption of individual pigments in protein is tuned by the environment and thus the 
spectroscopic characteristics of the pigments can give information about the environment 
(protein, neighbour pigments etc. ) of each chromophores. To investigate the properties of the 
individual Chl in Lhca3, the absorption spectra of all mutants were measured at 77K and they 
are reported in Figure 3. 
Mutants E126V/R129L and N62F lose completely the red absorption tail, in accordance with 
the fluorescence data. All other complexes exhibit absorption above 700 nm, although in the 
case of the Lhca3-E118V complex the intensity is strongly reduced as compared to the WT. 
In agreement with the pigment analysis, the only two mutations affecting the Chl b 
absorption region are E126V/R129L and N62F. Clear loss of absorption around 660 and 670 
nm is observed in mutant H216F, while the Lhca3-N187V complex is depleted in absorption 
around 680 nm.  
 
 

Table II. Correspondence of chlorophyll ligands and binding sites. 
 

Ligands “alignment-based” conformation “swapped” conformation 

R64L/E184V 1011-A1-610 A4-1014-602 

N187V 1012-A2-612 A5-1015-603 

Q201L 1013-A3-613 - 

E59V/R189L 1014-A4-602 A1-1011-610 

N62F 1015-A5-603 A2-1012-612 

H216F 1023-B3-614 - 

E126V/R129L 1025-B5-609 B5-1025-609 

E118V 1026-B6-606 B6-1026-606 

 
 

In the “alignment-based” conformation, the binding sites identified in LHCII structures (25) and (8) 
have been located in Lhca3 by sequence alignment. The “swapped” conformation, instead, indicates 
the correspondence following the hypothesis that helix A and B are swapped in Lhca3 (3). The Chl 

nomenclature from (3;25) and (8)is reported. 
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DISCUSSION 
 
 
Based on the electron density map, it has been suggested that Lhca3 may fold differently as 
compared with the other Lhc complexes, with the helix closest to helix C not being helix B, 
but helix A. However, the structure also shows that the positions of most of the Chls in Lhca3 
are conserved as compared to the other Lhc complexes (3). If this suggestion is correct, then 
the ligands for the Chls coordinated to residues of helices A and B, namely Chls 1011 (610), 
1012 (612), 1013 (613), 1014 (602) and 1015 (603) should be swapped with respect to the 
ligands in all other Lhc complexes. For clarity the Chl ligands in the two possible 
conformations are reported in Table II. Moreover, the Lhca3 structural model does not show 
Chls in sites 1013 (613) and 1023 (614), but a new Chl, 1041, located in an intermediate 
position.  
 
For this study we have used the Lhca3 gene of Arabidopsis thaliana, while the structure has 
been obtained on PSI-LHCI from pea. The proteins from pea and Arabidopsis shows 91,8% 
identity and most of the substitution are homologous, moreover all the putative Chl binding 
residues are conserved, thus strongly suggesting that the overall structure and the pigment 
properties are conserved between the two species. 
In order to probe the chromophore coordination in Lhca3, mutation analysis of the putative 
Chl binding sites has been performed. It has been shown that the spectroscopic properties of 
several chromophores are conserved throughout the Lhc family: the interacting dimer Chl 
1012 (612)/ Chl 1022 (611) displays the main absorption at 680-681 nm in all complexes so 
far analysed, as can be inferred by mutation of the ligand for Chl 1012 (12;14). Similarly, in 
Lhca complexes, Chl 1015 (603) was shown to be involved in pigment-pigment interaction 
with Chl 1025 (609), leading to the low-energy absorption forms (20;26;27). If the folding of 
Lhca3 is different from that of the other Lhc complexes, one can expect that a mutation at 
residue N187 (ligand for Chl 1012 according to sequence alignment) does not affect Chl 
1012, but instead Chl 1015, while a mutation at N62 would influence Chl 1012. Considering 
that the Chl organisation and the primary structure are very similar in the Lhc complexes we 
can thus expect to see the “signature” of Chl 1012 upon mutation at site N62 and the 
“signature” of Chl 1025 upon mutation at N187.  
 

MUTATION N187V  
 
In Lhc complexes, Chl 1012 (612) is usually coordinated to a N (or H) in the helix A. 
Mutation at this site in Lhc complexes leads to the loss of the absorption at 680-681 nm 
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(values for room temperature). This red absorption originates from an excitonic interaction 
which involves Chl 1012 and Chl 1022 as shown by mutation analysis and calculations based 
on the structure of LHCII (12;28;29).  
In Lhca3, the N187V mutation leads to the loss of 2 Chl a molecules. In the absorption 
difference spectrum at low temperature, two bands are present at 666 nm and 679.5 nm 
(Figure 4) (the difference at RT shows the maximum at 681.5 nm), which are likely to 
represent the two absorption contributions of the dimer, as supported also by circular 
dichroism measurements (data not shown). Considering isoenergetic monomers, the 
interaction energy would be 149 cm-1 (30), a value very similar to what was calculated for 
LHCII based on its structure (8). Moreover, the spectrum in Figure 3 is very similar to the 
spectrum of the same mutant in LHCII (see Remelli et al. (12) Figure 5A) with the difference 
that the Chl b contribution is not present here.  
This result suggests that N187 coordinates Chl 1012 also in Lhca3. The second Chl lost as a 
consequence of this mutation is most probably accommodated in site 1022, which is located 
in close proximity of Chl 1012. We can conclude that in Lhca3 both these sites coordinate a 
Chl a molecule responsible for the 666/680 nm absorption.  
 

 
Figure 4. Absorption difference spectrum of Lhca3 WT and N187V mutant (solid line) upon 

normalization at the Chl content. Gaussian fitting of the absorption spectra is also reported (dashed 
line). 
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MUTATIONS N62F, E126V/R129L AND E118V 
 
It has been shown that in Lhca1, Lhca2 and Lhca4 the red-shifted forms originate from 
pigment-pigment interaction involving Chls in sites 1015 and 1025 (14;16;27). In the case of 
Lhca3 it was demonstrated that the substitution of N62 with H abolished the red forms 
without any loss of Chls, as in Lhca4 (26). If the folding of Lhca3 is different from the one of 
the other Lhc complexes, the N62H mutation should not have affected the Chl in site 1015, as 
suggested, but the Chl in site 1012. This would imply that the second Chl participating to the 
interaction leading to the “red forms” in Lhca3 could not be Chl 1015, which is 24.7 Å 
distant from Chl 1012 (3), but should be Chl 1022, which is at 9.3 Å. If this is correct, then 
the mutation at site 1025, ligand E126, should not influence the red forms. This is not the 
case: the mutation of E126 completely abolished the “red forms”, as well as the mutation at 
site N62, thus suggesting that the Chls coordinated by these residues are located nearby.  
In Lhca 1,2 and 4 complexes it has been observed that mutation of the glutamate in helix C, 
originally described as ligand for Chl 1026, has an effect on the “red forms” (14-16). It was 
proposed that this residue is necessary to stabilise the conformation yielding to the low-
energy absorption. Mutation of this residue (E118) in Lhca3 leads to the loss of one Chl a 
molecule (likely Chl 1026) and to a strong reduction in the red forms, although the emission 
at 724 nm is still present. This residue is located on the C helix and its involvement in the red 
forms of Lhca3 strongly supports the view that the structure of Lhca3 is very similar to the 
one of the other antenna complexes 
 
We can conclude that in Lhca3 N62 coordinates Chl 1015 and that in Lhca3 the red emission 
forms originate from an interaction between Chls 1015 and 1025.  
 

MUTATIONS Q201L AND H216F 
 
In the Lhca3 structure Chls 1013 and 1023 were not resolved: at their place a "new" Chl in 
intermediate position (1041) was modelled (3). However, sequence alignment shows that the 
putative ligands for these two Chls, respectively Q201 and H216, are conserved in Lhca3 
(10), raising the question whether these two Chls are present in Lhcb3. Mutations of both 
these residues were performed. Unfortunately, it was not possible to obtain a stable complex 
carrying the mutation of site Q201, indicating that this residue is important for protein 
stabilisation. Identical results were obtained for Lhca4 (15), in which Chl 1013 is present 
accordingly to the X-ray structure.  
Pigment analysis indicates that the H216F mutation in Lhca3 induces the loss of one Chl a 
molecule, strongly suggesting that this residue is coordinating a Chl a. In principle this Chl 
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can also be 1041 and this would mean that the structure of the D helix in Lhca3 is different 
with respect to the structure of all other Lhc complexes. However, the sequence in this region 
is conserved throughout the Lhc family. The absorption difference spectra for the H216F 
mutant upon normalisation to the Chl content is reported in Figure 5. The spectrum is 
qualitatively similar to the one of the same mutant in LHCII (12) and Lhca4 (15) and it shows 
at least three contributing bands with maxima at around 660, 670 and 680 nm (Figure 5). Due 
to the localisation of the mutation in a peripheral domain of the complex, neither long range 
nor protein destabilisation effects are expected, in line with the results on other Lhc 
complexes (11;12;14;17), leading to the conclusion that the loss of the Chl coordinated by 
H216 has an effect on neighbouring pigments. Looking at the structure of Lhca3, Chl 1041 is 
completely isolated from the rest of the pigments and in the structure of the other complexes 
the only Chl 1023’s neighbour is Chl 1013, supporting the idea that both Chls are present in 
Lhca3. 
 
In conclusion, H216 is a Chl ligand in Lhca3 and it coordinates a Chl a molecule, which then 
corresponds to Chl 1023 in the other Lhc complexes. About Chl 1013, the proposal that this 
Chl is present also in Lhca3 is based on indirect evidences:  
 

o the mutation at the putative ligand for this Chl inhibits the folding of the complex, as 
well as in Lhca4 where this Chl is present.  

o Mutation at site H216 shows an effect on a second Chl molecule and the most obvious 
candidate is Chl 1013. We thus suggest that the Chl organisation in the D helix 
domain is conserved in Lhca3 and Chl a molecules are present in sites 1013 and 1023. 

 

THE TWO ER BRIDGES – R64/E184 AND E59/R189 (PUTATIVE LIGANDS 
FOR CHL 1011 AND 1014) 
 
It has been proposed that the structure of LHCII is stabilised by two ionic pairs between 
helices A and B (25). Moreover, the residues involved in the ionic bridge are also the ligands 
for Chls 1011 (610) and 1014 (602) and they are conserved in all Lhc family members. 
Reconstituted Lhcb1 complex was obtained in the absence of either one or the other ionic 
pair, although the stability of the complex carrying the mutation of the 1011 ligand was 
significantly lower (12). It was concluded that the E (helix A) R (helix B) ionic pair plays a 
more prominent role in the structure stabilisation when compared to E (helix B) R (Helix A) 
pair. This result was confirmed by mutation analysis of Lhcb4, Lhca1 and Lhca4 in which the 
same mutation inhibited folding (11;14). In this respect Lhca3 behaves differently: both 
mutations are lethal for the protein, suggesting that in this complex all four residues play a 
fundamental role in protein stabilisation.  
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Figure 5. Absorption difference spectrum of Lhca3 WT and H216F mutant upon normalization at the 
Chl content (solid line). The description of the spectrum in terms of Gaussian forms is also presented 

(dotted line). 
 

CAROTENOID ORGANISATION 
 
The X-ray structure of Lhca complexes within PSI-LHCI does not reveal the position of the 
carotenoids, but information about the carotenoid organisation in Lhca3 can be obtained from 
mutation analysis. β-carotene is specifically lost upon mutation of the ligands for Chls 1015, 
1025 and 1026. In the structure of LHCII (8) these Chls are located near to the xanthophylls 
in site 621, thus suggesting that this site accommodates β-carotene in Lhca3. In the same 
mutants also a reduction of violaxanthin was observed, which suggests mixed occupancy for 
the 621 site. A decrease in lutein content was observed upon mutation of site 1012, which is 
located in close proximity of lutein 620 in LHCII, indicating that in Lhca3, as in all Lhc 
complexes analysed so far, the 620 site is occupied by a lutein. Based on these results and on 
the pigment composition of the complex it can also be concluded that the third carotenoid 
binding site accommodates lutein and violaxanthin.  
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CONCLUSION 
 
 
In this work we have integrated the structural data obtained for Lhca3 in the PSI-LHCI 
complex (3) with spectroscopic measurement, using the chlorophylls as structural probes, to 
get details about the organisation of the complex. A model of the structure of Lhca3 based on 
the X-ray data (3) and on the results of this work is presented in Figure 6. The absorption 
properties of several Chls were determined: The “red forms” originate from an excitonic 
interaction involving Chl a molecules in sites 1015 and 1025. A second excitonic couple is 
formed by Chls in sites 1012 and 1022 which are responsible for the absorption at 666/682 
nm. Data presented here show that Lhca3 has a general folding very similar to all other 
members of the Lhc family and that the same residues are responsible for the coordination of 
the Chls. Furthermore, mutational analysis suggests that both Chls 1013 and 1023, although 
not visible in the structure, are present in the complex. However, it should be noticed that 
Lhca3 is the only protein where the mutations at both ionic bridges between helices A and B 
inhibit the folding, suggesting that Lhca3 has some structural peculiarity as compared to the 
other Lhc complexes. 
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Figure 6. Model of Lhca3 from the PSI-LHCI structure of Ben-Shem et al. (3) integrated with the 

results of this work.  
 

The pigments affected by the mutation analysis are reported in color: blue, Chls 1012 and 1022; red: 
Chls 1015 and 1025; purple: Chls 1011 and 1014; yellow: Chl 1026; green: Chl 1013 and 1023; 

orange: lutein 620; brown: beta-carotene/violaxanthin site 621; pink: lutein/violaxanthin, the position 
of this carotenoid is only based on the similarity of the site occupancy compared to LHCII and it is 

thus tentatively. The numbers indicate the absorption maxima of the Chls, in nm (see text). 
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CHAPTER 4 
 

ALL PHOTOSYSTEM II ANTENNA 
COMPLEXES POSSESS THE FINGERPRINTS 
OF THE NON-PHOTOCHEMICAL 
QUENCHING SITE* 
 
 

ABSTRACT 
 
 
Under light stress conditions the photosynthetic system of plants dissipates dangerous excess 
energy via a mechanism called non-photochemical quenching (NPQ). It has been proposed 
that the pigment cluster consisting of chlorophylls 611 and 612 and lutein 620 in LHCII, the 
major antenna complex of Photosystem II, is the quenching site. We have studied the 
excitonic interactions between these pigments not only for LHCII, but also for the minor 
light-harvesting complexes Lhcb4, Lhcb5 and Lhcb6. It is demonstrated that the biochemical 
and spectroscopic properties of this cluster are identical for LHCII, Lhcb4 and Lhcb5 and are 
similar for Lhcb6. It is concluded that if this cluster is responsible for the quenching in 
LHCII, then all complexes are prepared to be a quencher. This can explain the finding that 
none of the Lhcb complexes is strictly required for NPQ, while in the absence of all of them 
NPQ is abolished. 

 
 
 

                                                 
* This chapter is based on the submitted article: M. Mozzo, F. Passarini, R. Bassi, H. van 
Amerongen and R. Croce 
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INTRODUCTION 
 
 
Photosynthetic antenna complexes of higher plants have a dual role: 

o they harvest sunlight, transferring excitation energy to the reaction centre, where it is 
used to induce charge separation but  

o in full sunlight they rapidly switch into a non-photochemical quenching (NPQ) state, 
which safely dissipates excess energy via a mechanism known as qE, thus protecting 
the system from photodamage (1) 

It has been demonstrated that the crystal structure of the main light-harvesting complex 
LHCII corresponds to a quenched state, and the pigment cluster lutein 620 (Lut 620)/Chla 
611/Chla 612 (2) (Figure 1) was identified as a possible quenching site. Recently, it was 
found that LHCII is in the same quenched state when it is aggregated but also when qE is 
induced in vivo (3). Lut 620 was shown to be the quencher, whereas Chla 611 and Chla 612 
function as a site for excitation localization (4;5). Switching between the light-harvesting and 
quenched state is ascribed to a change in interaction between Lut 620 and Chla 611/Chla 612 
(2;6;7). Because Lut 620 is in contact with Chla 612 (8) which in turn is close to Chl 611, it 
was assumed that all three pigments are strongly excitonically coupled (7;9-11). However, 
detailed experimental characterization of the mutual interactions is lacking. 
Although most research on NPQ focuses on LHCII, evidence exists that also the minor 
antenna complexes, being Lhcb4 (CP29), Lhcb5 (CP26) and Lhcb6 (CP24) might act as 
quenchers (12-16). Analysis of mutant plants lacking the individual complexes Lhcb4, Lhcb5 
or LHCII has shown that none of them is strictly required for NPQ (17;18), although in the 
absence of all of them NPQ is nearly absent (19). Only a mutant lacking Lhcb6 is strongly 
affected in NPQ (20), but this effect is ascribed to limitation of proton pumping (De Bianchi 
et al., submitted). These data strongly suggest that more than one Lhcb complex might 
contribute to NPQ, in line with the proposal that multiple quenching sites are distributed 
throughout Photosystem II (PSII) (21).  
In aggregated LHCII the fluorescence is quenched by Lut 620 and switching to the quenched 
state is accompanied by the same structural change that occurs upon qE-induction in vivo (3). 
Also aggregation of the minor antenna complexes leads to fluorescence quenching (12). Due 
to the high structural homology between these complexes, it might be expected that the 
quenching mechanism is similar in all cases. If Chla 611/Chla 612/Lut 620 would indeed be 
the quenching site in all complexes, this would require that the pigments are organized in the 
same way with highly similar mutual interactions. However, experimental proof for such 
similarity is lacking.  
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Figure 1. Structure of an LHCII monomer (8) showing the organization of Chla 612 (dark green), 
Chla 611 (light green) and Lut 620 (yellow). 

 
Light-spectroscopic techniques can be very sensitive tools to probe pigment-pigment 
interactions and the local environment of pigments in light-harvesting complexes (Lhc’s) 
(22). Whereas Chl a in ethanol absorbs at 664.5 nm, the location of its absorption maximum 
can vary from 660 to 710 nm in Lhc proteins. In particular, strong interactions between 
nearby chromophores play an important role in tuning the spectroscopic properties and thus 
the function (23). Since it was proposed that Chla 612 interacts strongly with Chla 611 and 
Lut 620 it might thus be expected that a small structural change will cause major 
spectroscopic changes. In order to study the excitonic interactions between Lut 620, Chla 611 
and Chla 612 and comparing them for all complexes, we have performed mutations of the 
putative Chla 612 binding site in all outer antenna complexes of PSII. Comparison of the 
absorption and circular dichroism (CD) spectra between wild type (WT) and mutant samples 
are discussed in detail. 
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EXPERIMENTAL PROCEDURES 
 
 

SAMPLE PREPARATION AND ANALYSIS 
 
cDNA of Lhcb1, Lhcb4 from Zea mays, Lhcb5 from Arabidopsis thaliana cloned in pQE50 
His (home modified pQE50, Qiagen) and Lhcb6 from Arabidopsis thaliana cloned in 
pETMHis (home modified pET28 (a)+, Novagen) were mutated with the QuickChange Site 
directed Mutagenesis Kit, by Stratagene. WT and mutant apoproteins were isolated from the 
SG13009 and Rosetta2 DE3 (pLysS) strains of E. coli, transformed with constructs like in 
(24;25). Reconstitution and purification of pigment-protein complexes were performed as 
described in (26) using the following Chl a/b ratio’s in the reconstitution mixture: 2.4 for 
Lhcb1, 4.0 for Lhcb4 and 3.0 for Lhcb5-6. The pigment composition was analyzed by HPLC 
and fitting of the absorption spectra of the acetone extracts as in (27). Pigment composition, 
absorption and CD spectra were fully reproducible for all samples obtained after all 
reconstitutions. 
 

SPECTROSCOPY 
 
The absorption spectra at RT and 77K were recorded using a SLM-Aminco DK2000 
spectrophotometer, in 10 mM Hepes pH 7.5, 0.2 M sucrose (60% glycerol at 77K) and 0.06% 
n-Dodecyl-beta-D-maltoside. The wavelength-sampling step was 0.4 nm, scan rate 100 
nm/min, optical pathlength 1 cm. The CD spectra were measured at 10°C on an AVIV 
62ADS or a J600 spectropolarimeter. The wavelength-sampling step was 0.5 nm and the scan 
rate was 25 nm/min.  
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Table 1. Pigment composition of the complexes. 

 

Sample Chl a/b Chl/Car Neo Viola Lut Chl tot Chl a Chl b Car tot 

Lhcb1-WT 

Lhcb1-N183F 

1.36 

1.15 

4.2 

3.6 

0.96 

0.93 

0.18 

0.16 

1.71 

1.65 

12 

10 

6.9 

5.4 

5.1 

4.6 

2.9 

2.8 

Lhcb4-WT 

Lhcb4-H216F 

2.36 

1.9 

4.1 

3.7 

0.77 

0.75 

0.42 

0.44 

0.86 

0.81 

8 

7 

5.6 

4.6 

2.4 

2.4 

2.0 

1.9 

Lhcb5-WT 

Lhcb4-N188F 

2.01 

1.72 

3.5 

3.1 

0.92 

1.0 

0.18 

0.06 

1.73 

1.86 

10 

9 

6.7 

5.7 

3.3 

3.3 

2.8 

2.9 

Lhcb6-WT 

Lhcb6-H191F 

1.0 

0.9 

5.1 

5.9 

- 

- 

0.96 

1.05 

0.99 

0.38 

10 

9 

5.0 

4.2 

5.0 

4.7 

2.0 

1.5 

 
The data are the average of 2 measurements on 2 different samples for Lhcb4 and Lhcb5 and on 4 

samples for LHCII and Lhcb6. The maximum error is less than 0.1.  
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RESULTS AND DISCUSSION 
 
 

PIGMENT COMPOSITION 
 
The WT apoprotein of Lhcb1, the main constituent of LHCII, was overexpressed and 
reconstituted as described before (5). The same was done under identical conditions for the 
mutated apoprotein (Lhcb1-N183F), which lacks the ligand for Chla 612. As expected, a 
lower Chl a/Chl b ratio is found for the mutated protein (Table 1). In both proteins the 
relative amounts of neoxanthin (Neo), violaxanthin (Viola) and lutein are identical (0.8: 0.2: 
2.0, Table 1), consistent with the fact that the carotenoid (Car) composition remains 
unaltered. This allows normalization to the Car content. Taking 12 Chls for WT reconstituted 
protein (see (5)) it is found that the mutated complex lacks 1.4 Chl a and 0.6 Chl b, in 
agreement with previous results (5), where the difference was ascribed to the loss of Chls 612 
and 611. The binding site for Chl 611 was concluded to have mixed occupancy, i.e. it can 
bind both Chl a and Chl b (5). 
 

SPECTROSCOPIC FINGERPRINTS IN LHCII 
 
77K absorption spectra of both proteins are compared in Figure 2A, after scaling to the 
pigment content. The difference spectrum (Figure 3) shows the loss of a major band at 678 
nm (681 nm at room temperature (RT)) and a minor one at 660 nm for the mutated protein. 
These bands are due to two excitonically coupled Chls, since the difference in the RT CD 
spectra of both proteins (Figures 4A and 5) shows the loss of a negative CD band near 681 
nm and a positive one near 660 nm. The 681 nm state is the lowest-energy state and acts as a 
preferential site for excitation localization.  
Remarkably, the loss of both bands is accompanied by a strong increase of Car absorption 
(Figure 3). Since Lut 620 is the only Car close to Chla 611/Chla 612, this increase is ascribed 
to a loss of excitonic interaction(s) between Lut 620 and Chla 611/Chla 612. Apparently, this 
interaction leads to substantial hypochromism for Lut 620 which must be accompanied by 
prominent hyperchromism for Chl a.  
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Figure 2: Absorption spectra at 77K of WT and mutant Lhcbs. (A) LHCII-WT (solid) and LHCII-
N183F (dashed); (B) Lhcb5-WT (solid) and Lhcb5-N216F (dashed); (C) Lhcb4-WT (solid) and 

Lhcb4-H216F (dashed); (D) Lhcb6-WT (solid) and Lhcb6-H191F (dashed). Spectra are normalized to 
Chl content.  

 
This might offer an explanation for an intriguing feature observed in triplet-minus-singlet 
spectra of LHCII (28;29). The presence of a triplet on a Car later identified (30) as L1 (Lut 
620) leads to decreased Chl a Qy absorption. Presumably, strong excitonic interactions 
between Lut 620 and Chla 611/Chla 612 lead to hyperchromism in the Qy region. Upon 
triplet formation on Lut 620 the excitonic interaction is broken, reducing the hyperchromism 
and thus decreasing Chl absorption. Excitonic interaction probably also occurs between the 
main Lut 620 transition and the Chl Bx transition (near 437 nm). Disappearance of this 
interaction causes a blue shift of Lut absorption and this explains the positive feature near 
500 nm in the difference spectrum (Figure 3). Summarizing, we have identified four 
fingerprints for the strong excitonic interactions between Lut 620 and Chla 611/Chla 612 in 
the WT protein: strong hypochromism of Lut 620, red-shifted absorption of Lut 620, a weak 
excitonic band at 660 nm and a strong excitonic band at 681 nm. Excitations tend to be 
localized in the low-energy state (681 nm) where they can be quenched by Lut 620 upon 
induction of qE or in the case of aggregation. 
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Figure 3: Absorption difference spectra obtained by subtraction of the spectra in Figure 2 of LHCII 
(solid line), Lhcb5 (dashed line) Lhcb4 (dotted line). The spectra are normalized to the maximum.  

 

ANALYSIS OF PSII MINOR ANTENNA COMPLEXES 
 
In order to investigate the presence of an “LHCII-like” quenching site in the minor antenna 
complexes, the putative ligand for Chla 612 was mutated for Lhcb4, Lhcb5 and Lhcb6 and 
WT and mutated proteins were reconstituted under identical conditions.  
All mutated proteins show a lower Chl a/b ratio than the corresponding WT proteins, again 
indicating the loss of Chl a (Table I). The Car composition (N:V:L) is the same for WT and 
mutant protein in the case of Lhcb4 and Lhcb5. Normalizing the WT and mutated proteins to 
the same Car content, these proteins appear to lose one Chl a molecule, showing that Chla 
612 is a Chl a in both complexes, as was found in previous analysis for Lhcb4 (31). Lhcb6 
shows reduction of the Lut content (presumably Lut 620) upon mutation. Therefore, there is 
no clear way of normalization and we assume that one Chl is lost like for Lhcb4 and Lhcb5. 
It should be noted however, that the conclusions presented below also hold if Lhcb6 loses 
two Chls. 
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Figure 4: Circular dichroism spectra of Lhcb-WTs and mutants. (A) Spectrum of LHCII-WT (solid 
line) and LHCII-N183F (dashed line); (B) spectrum of Lhcb4-WT (solid line) and Lhcb5-N216F 

(dashed line); (C) spectrum of Lhcb4-WT (solid line) and Lhcb4-H216F (dashed line); (D) spectrum 
of Lhcb6-WT (solid line) and Lhcb6-H191F (dashed line). The spectra are normalized to the 

absorption.  
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Figure 5: Circular dichroism difference spectra obtained by subtraction of the spectra in Figure 3 of 
LHCII (solid line), Lhcb4 (dashed line) and Lhcb5 (dash-dotted line). The spectra are normalized to 

the minimum in the Qy region. 
 
The low-temperature (LT) absorption spectra of the WT and mutated proteins are given in 
Figures 2B-2D and the difference spectra are shown in Figures 3 and 6. The lowest-energy 
state appears to be absent for all mutants. The maximum in the RT difference spectrum is at 
680.5-681 nm for Lhcb5 and Lhcb4, and at 679.6 nm for Lhcb6, which shows a broader 
difference band. The second derivative of the difference spectrum of Lhcb6 shows two 
contributions, at 680 and 673 nm (not shown). The values differ somewhat at LT being 676 
nm for Lhcb4 and Lhcb6, and 676.8 nm for Lhcb5. Like for LHCII, the difference spectra for 
Lhcb4 and Lhcb5 show the loss of a second small absorption band at 660 nm, indicating 
identical excitonic coupling between Chla 612 and Chla 611. This is confirmed by the CD 
difference spectra that are very similar to the one observed for LHCII (Figure 5). Below 500 
nm the absorption difference spectra for Lhcb4 and Lhcb5 are dominated by similar negative 
bands as observed for LHCII, which are due to the increased absorption of Lut 620 in the 
mutated protein. Also the CD difference spectra are nearly identical to that of LHCII with 
negative peaks at 500, 466 and 438 nm and positive ones at 486 and 404 nm. Finally, the 
absorption of Lut 620 is blue-shifted upon removal of Chla 612, as evidenced by the positive 
feature in the absorption difference spectrum near 500 nm (Figure 3). Since all four 
fingerprints of excitonic interactions between Lut 620 and Chla 611/Chla 612 in LHCII are 
nearly identical for Lhcb4 and Lhcb5, it is concluded that the quenching domain in all three 
complexes is highly similar. It has been shown that qE in vivo is accompanied by a 
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conformational change of the Neo (3). Although most of the Neo is associated to LHCII, it 
was recently shown (32) that Lhcb4 and Lhcb5 bind neoxanthin in the same site as LHCII. 
Therefore, the change in neoxanthin conformation that is observed in vivo might also partly 
be due to neoxanthin present in Lhcb4 and Lhcb5. 
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Figure 6. Difference spectra of Lhcb6 obtained from the spectra in figure 2 and 4 (A) Absorption; (B) 
circular dichroism.  

 
For Lhcb6 the situation is somewhat different. Whereas the low-energy band of the Chl pair 
is at a similar position, the second band is at 670 instead of 660 nm and its intensity is similar 
to that of the red-most band (Figure 6), indicating that the interacting Chls have different 
mutual orientations/positions (23). The CD difference spectrum confirms the excitonic nature 
of both bands (Figures 4D and 6). Although the high-energy band is at a different position 
than for the other complexes, the overall appearance of the CD difference spectrum is similar. 
Because a Lut is lost in the mutated protein, it is not possible to identify the coupling between 
Chla 611/Chla 612 and Lut 620 nm. However, the absorption spectrum of the WT protein 
also shows red-shifted absorption around 500 nm, that is lost in the mutated protein (Figure 
6). Although the quenching cluster seems to be present in Lhcb6, its nature is not identical to 
that of the other three complexes. 
 
So far the molecular origin of the quenching is unknown. It was realized before that strong 
interactions between Cars and Chls in LHCII might lead to a shortening of the Chl 
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fluorescence lifetime (10;33) and it was proposed that excitonic interactions between Lut and 
Chl a would lead to mixing of their excited states (10). Since the excited state of Lut is much 
shorter-lived (~10 ps) this will shorten the Chl excited-state lifetime. Here it is shown that 
strong excitonic coupling indeed occurs, in particular between Lut 620 and the Chla 611/Chla 
612 pair. An increase of the interaction strength due to a small structural change could thus 
account for a decrease of the Chl excited-state lifetime, thereby explaining qE induction. 
Although the molecular origin of the quenching mechanism still needs further substantiation, 
it is now clear that excitonic interactions in the quenching cluster of LHCII are identical for 
Lhcb4 and Lhcb5, whereas they seem to be similar for Lhcb6. We conclude that if Lut 620, 
Chla 612 and Chla 611 form the quenching cluster in vivo, then the minor complexes are 
most likely also involved in qE via the same molecular mechanism as in LHCII. This can 
explain a series of data obtained on knock-out and antisense mutants of Lhcb’s, which 
demonstrate that none of these complexes per se is strictly required for quenching, but that 
removal of all of them leads to the disappearance of qE. 



Fingerprints of NPQ in Lhcb antenna
 

 77

Reference List 
 

 

 1.  Niyogi, K. K. (1999) Annu. Rev. 
Plant Physiol. Plant Mol. Biol. 50, 
333-359 

 2.  Pascal, A. A., Liu, Z., Broess, K., 
van Oort, B., van Amerongen, H., 
Wang, C., Horton, P., Robert, B., 
Chang, W., and Ruban, A. (2005) 
Nature 436, 134-137 

 3.  Ruban, A. V., Berera, R., Ilioaia, C., 
van Stokkum, I. H., Kennis, J. T., 
Pascal, A. A., van Amerongen, H., 
Robert, B., Horton, P., and van 
Grondelle, R. (2007) Nature 450, 
575-578 

 4.  Novoderezhkin, V. I., Palacios, M. 
A., van Amerongen, H., and van 
Grondelle, R. (2005) J. Phys. Chem. 
B 109, 10493-10504 

 5.  Remelli, R., Varotto, C., Sandona, 
D., Croce, R., and Bassi, R. (1999) J. 
Biol. Chem. 274, 33510-33521 

 6.  Wentworth, M., Ruban, A. V., and 
Horton, P. (2003) J. Biol. Chem. 278, 
21845-21850 

 7.  Yan, H., Zhang, P., Wang, C., Liu, 
Z., and Chang, W. (2007) Biochem. 
Biophys. Res. Commun. 355, 457-
463 

 8.  Liu, Z., Yan, H., Wang, K., Kuang, 
T., Zhang, J., Gui, L., An, X., and 
Chang, W. (2004) Nature 428, 287-
292 

 9.  Gradinaru, C. C., van Stokkum, I. H. 
M., van Grondelle, R., and van 
Amerongen, H. (1998) Ultrafast 
absorption changes of the LHC II 
carotenoids upon selective excitation 
of the chlorophylls. In Garab, G., 
editor. Photosynthesis: Mechanisms 
and Effects / XI. Int. Congr. 
photosynthesis Budapest 1998, 
Kluwer Academic Publisher, 
Dordrecht 

 10.  van Amerongen, H. and van 
Grondelle, R. (2001) J. Phys. Chem. 
B 105, 604-617 

 11.  Gradinaru, C. C., van Grondelle, R., 
and van Amerongen, H. (2003) J. 
Phys. Chem. B 107, 3938-3943 

 12.  Ruban, A. V., Young, A. J., and 
Horton, P. (1996) Biochemistry 35, 
674-678 

 13.  Bassi, R. and Caffarri, S. (2000) 
Photosynthesis Research 64, 243-256 

 14.  Moya, I., Silvestri, M., Vallon, O., 
Cinque, G., and Bassi, R. (2001) 
Biochemistry 40, 12552-12561 

 15.  Dall'Osto, L., Caffarri, S., and Bassi, 
R. (2005) Plant Cell 17, 1217-1232 

 16.  Avenson, T. J., Ahn, T. K., 
Zigmantas, D., Niyogi, K. K., Li, Z., 
Ballottari, M., Bassi, R., and 
Fleming, G. R. (2007) J. Biol. Chem. 

 17.  Andersson, J., Walters, R. G., 
Horton, P., and Jansson, S. (2001) 
Plant Cell 13, 1193-1204 

 18.  Andersson, J., Wentworth, M., 
Walters, R. G., Howard, C. A., 
Ruban, A. V., Horton, P., and 
Jansson, S. (2003) Plant Journal 35, 
350-361 

 19.  Briantais, J.-M. (1994) 
Photosynth.Res. 40, 287-294 

 20.  Kovacs, L., Damkjaer, J., Kereiche, 
S., Ilioaia, C., Ruban, A. V., 
Boekema, E. J., Jansson, S., and 
Horton, P. (2006) Plant Cell 18, 
3106-3120 

 21.  Horton, P., Wentworth, M., and 
Ruban, A. (2005) FEBS Letters 579, 
4201-4206 

 22.  Mozzo, M., Morosinotto, T., Bassi, 
R., and Croce, R. (2006) Biochim. 
Biophys. Acta 1757, 1607-1613 

 23.  van Amerongen, H., Valkunas, L., 
and van Grondelle, R. (2000) 
Photosynthetic Excitons, World 
Scientific, London 

 24.  Nagai, K. and Thogersen, H. C. 
(1987) Methods Enzymol. 153, 461-
481 

 25.  Paulsen, H., Finkenzeller, B., and 
Kühlein, N. (1993) Eur. J. Biochem. 
215, 809-816 

 26.  Giuffra, E., Cugini, D., Croce, R., 
and Bassi, R. (1996) Eur. J. 
Biochem. 238, 112-120 



Chapter 4
 

 78 

 27.  Croce, R., Canino, G., Ros, F., and 
Bassi, R. (2002) Biochemistry 41, 
7334-7343 

 28.  van der Vos, R., Carbonera, D., and 
Hoff, A. J. (1991) J. Appl. Magn. 
Reson. 2, 179-202 

 29.  Peterman, E. J. G., Dukker, F. M., 
van Grondelle, R., and van 
Amerongen, H. (1995) Biophys. J. 
69, 2670-2678 

 30.  Lampoura, S. S., Barzda, V., Owen, 
G. M., Hoff, A. J., and van 
Amerongen, H. (2002) Biochemistry 
41, 9139-9144 

 31.  Bassi, R., Croce, R., Cugini, D., and 
Sandona, D. (1999) 
Proc.Natl.Acad.Sci.USA 96, 10056-
10061 

 32.  Caffarri, S., Passarini, F., Bassi, R., 
and Croce, R. (2007) FEBS Lett. 581, 
4704-4710 

 33.  Naqvi, K. R., Javorfi, T., Melo, T. 
B., and Garab, G. (1999) 
Spectrochim.Acta A 55, 193-204 

 
 



PART II 
 

 

 

LIGHT HARVESTING AND 
PHOTOPROTECTION: CAROTENOIDS IN 
ANTENNA COMPLEXES 
 
  
 

 
Xanthophylls and carotenoids are cofactors of photosynthetic antennae absorbing visible light 
and they are able to act as strong antioxidant molecules. They are isoprenoids and they are 
coordinated by hydrophobic interactions to the proteic scaffold of the antenna complexes.  
Differently from chlorophylls, the carotenoid site occupancy can vary, depending on the 
environmental conditions. In this section, complexes with altered carotenoid composition are 
analysed and compared with Wild Type complexes in order to elucidate several aspects: 
 

o Energy levels of individual xanthophylls in antenna complexes 
o Photoprotective roles of carotenoids and triplet energy transfer processes between the 

antenna cofactors 
o Efficiency of the antenna in the protection against harmful species 
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SINGLET AND TRIPLET STATE TRANSITIONS OF 
CAROTENOIDS IN THE ANTENNA COMPLEXES 
(LHCA) OF HIGHER PLANTS PHOTOSYSTEM I* 
 
 

ABSTRACT 
 
 
In this work the spectroscopic characteristics of carotenoids associated to the antenna 
complexes of Photosystem I have been studied. Pigment composition, absorption spectra 
and laser induced triplet-minus-singlet (TmS) spectra were determined for native LHCI 
from wild type and lut2 mutant from Arabidopsis thaliana as well as for reconstituted 
individual Lhca WT and mutated complexes. All complexes from WT bind lutein and 
violaxanthin, while beta-carotene was found to be associated only to the native LHCI 
preparation and to recombinant Lhca3. In the native complexes the main lutein 
absorption bands are located at 492 and 510 nm. It is shown that violaxanthin is able to 
occupy all lutein binding sites, but its absorption is blue shifted to 487 and 501 nm. The 
“red” lutein absorbing at 510 nm was found to be associated to Lhca3 and Lhca4 which 
also show a second carotenoid, peaking around 490 nm. Both these xanthophylls are 
involved in triplet quenching and show two TmS maxima: one at 507 (corresponding to 
the 490 nm singlet absorption) and the second at 525 nm (with absorption at 510 nm). 
The “blue” absorbing xanthophyll is located in site L1 and can receive triplets from 
chlorophylls (Chl) 1012, 1011 and possibly 1013. The red-shifted spectral component is 
assigned to a lutein molecule located in the L2 site. A 510 nm lutein was also observed in 
the trimers of LHCII but was absent in the monomers. In the case of Lhca the 510 nm 
band is present in both the monomeric and dimeric complexes.  It is suggested that the 
large red shift observed for this xanthophyll is due to interaction with the neighbor Chl-
1015. In the native TmS spectrum the contribution of carotenoids associated to Lhca2 is 
visible, while the one of Lhca1 is not. This suggests that in the Lhca2-Lhca3 
heterodimeric complex  energy equilibration is not complete at least on a fast timescale. 
 
 
 

                                                 
* This chapter is based on the article: R. Croce, M. Mozzo, T. Morosinotto, A. Romeo, R. 
Hienerwadel and R. Bassi, published in Biochemistry (2007), 46, 3846-3855 
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INTRODUCTION 
 
 
Carotenoids play several roles in photosynthesis:  
 

o they act as accessory pigments in collecting light and transfer excitation energy to the 
Chls;  

o they protect the system by dissipating the Chl triplets and working as oxygen 
scavengers (1);  

o they are essential for the stability of the Lhc proteins (2) and  
o they are involved in the energy dissipation from the chlorophyll singlet excited states 

(3).  
 
Although about 600 carotenoids have been described in nature, only a small number is found 
in higher plants antenna complexes, while their composition is highly conserved, suggesting a 
specific role for each of them. 
 
The recently revealed structure of LHCII (4), the major antenna complex of PSII, shows the 
location of four carotenoid binding sites. Two of them (L1 and L2) are located in the center 
of the macromolecule where they host lutein in the protein purified from leaves. 
Nevertheless, in carotenoid biosynthesis mutants or in recombinant protein reconstituted in 
the absence of lutein, sites L1 and L2 can also bind violaxanthin and/or zeaxanthin (5-7). The 
xanthophylls bound to these sites act in both energy transfer and Chl triplet quenching (8). 
Lutein in site L1 is responsible for an absorption band at around 494 nm and a triplet minus 
singlet (TmS) maximum around 506-7 nm (9-13). The spectroscopic characteristics of the 
lutein in site L2 strongly depend on the aggregation state of the complex: in monomeric 
LHCII lutein in L2 exhibits singlet absorption at around 490 nm (14) and triplet absorption at 
506 nm (8), while in trimeric complexes the S2,0-S0,0 absorption is red shifted to 510 nm and 
the TmS maximum to 525 nm (9;13). The origin of these changes is unknown, but several 
possibilities have been proposed (15). The xanthophyll bound to site L1 has been shown to be 
essential for structure stabilization: its occupation by either violaxanthin, zeaxanthin or lutein 
is needed for the folding of monomeric complex (16) while the latter xanthophyll is the only 
one which allows for trimerization (17;18). A third carotenoid binding site (N1), occupied by 
neoxanthin, is located near helix C of LHCII (19). This carotenoid has been shown to be 
active in transferring singlet energy to Chl, but it does not seem to accept Chl triplets, 
possibly because nearest neighbour chromophores are Chls b, having low probability of 
forming triplets (14;20) since energy transfer from Chl b to Chl a is much faster (x 103) than 
triplet formation. The occupancy of this site is dispensable for the stability of the complex 



Carotenoids in Lhca complexes
 

83 

(5). The fourth site (V1) is located at the periphery of the complex and in normal condition 
accommodates violaxanthin and lutein (21;22). The carotenoids in this site are not involved 
in energy transfer nor in triplet quenching (22). It has been suggested that the V1 site is a 
source of violaxanthin ready to be converted in zeaxanthin upon stress conditions (23). 
 
Whereas the carotenoid organization in LHCII and in the minor antenna complexes of PSII 
has been extensively studied, little is known about the carotenoids in Lhca complexes.  
The antenna complex of PSI is composed by four homologous Lhca proteins (Lhca1-4), 
located on one side of the PSI core complex (24). The structure at 4.4 Å, reveals the location 
of Chls within the pigment-protein complexes, but does not resolve carotenoid molecules. 
Nevertheless, the high sequence homology with LHCII (genes Lhcb1-3) suggests a similar 
organization. In this study, we used native LHCI preparation from WT and mutant plants and 
recombinant Lhca complexes to determine the characteristics of singlet and triplet 
absorptions of the Cars associated to these complexes. 
 
 

EXPERIMENTAL PROCEDURES 
 
 

PURIFICATION OF LHCI FROM WT AND LUT2 PLANTS 
 
LHCI complexes were isolated by solubilizing PSI-LHCI complexes (at 0.3 mg/ml 
concentration) from Arabidopsis thaliana (WT and lut2 mutant) by a treatment using 1% β-
DM and 0.5% Zwittergent-16 and purified by sucrose density gradient centrifugation 
according to Croce et al.(25). 
 

MUTAGENESIS AND IN VITRO RECONSTITUTION 
 
cDNA of Lhca4 from Arabidopsis thaliana (26) was mutated with the QuickChange© Site 
directed Mutagenesis Kit, by Stratagene©. WT and mutants apoproteins were isolated from 
the SG13009 strain of E. coli transformed with constructs following a protocol previously 
described (27). Reconstitution and purification of protein-pigment complexes were performed 
as described in (28). 
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PROTEIN AND PIGMENT CONCENTRATION 
 
HPLC analysis was performed as in (29) The chlorophyll to carotenoid ratio and the Chl a/b 
ratio were quantified independently by fitting the spectrum of acetone extracts with the 
spectra of individual purified pigments (30). 
 
SPECTROSCOPY 
 
The absorption spectra at RT and 77K were recorded using a SLM-Aminco DK2000 
spectrophotometer, samples were resuspended in 10 mM Hepes pH 7.5, (60% glycerol for the 
77K measurements) and 0.06% β-DM. The scan rate was 100 nm/min, the sampling step was 
0.4 nm, the optical pathlength was 1 cm. 
Light-induced absorbance changes were recorded with a home built high-sensitivity laser-
based spectrophotometer as described in (31). The light pulse of 5 ns time-duration of a 
Surelite Q-switched Nd:YAG laser (Continuum) is used to pump a Surelite OPO (BBO I 
crystal, Continuum) which produces coherent, broadband tunable radiation from 420 to 590 
nm. These light pulses are used to detect light-induced absorbance changes in the time range 
from 10 ns to 10 μs with a high signal to noise ratio (10-5 O.D.). Excitation light is provided 
by dye laser emission (DCM 650) in a home built dye cell which is pumped by a second 
harmonic Minilite Nd:YAG laser (Continuum). The excitation pulses have an intensity of ~ 
1.5 mJ, wavelength 640 ±10 nm and duration of 5 ns. Three Schott BG39 (3mm) optical 
filters and a low pass dielectric filter (transmission less than 10-3 at 600 nm) are placed in 
front of each detector. The measurements were performed at room temperature. 
 
DATA ANALYSIS 
 
For a given wavelength, the kinetics of the absorbance change was recorded with variable 
delay times from 5 ns to 50 µs between the actinic and the detection light pulses. For the 
global fit analysis the data were analyzed in the time interval between 100 ns to 10 µs, taking 
only into account the carotenoid triplets decay signal. The GraphPad PRISM program 
(GraphPad Software) was used for globally analyzing the kinetics obtained between 420-580 
nm. All the TmS absorbance changes were normalized to the same O.D. at 640 nm.  
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RESULTS 
 
 

PIGMENT CONTENT 
 
LHCI was purified from Arabidopsis thaliana WT plants and lut2 mutant which does not 
contain lutein (31). The pigment composition is reported in table I. In the WT complex three 
carotenoids are present: lutein, the most abundant, violaxanthin and beta-carotene. In LHCI-
lut2, lutein is not present and this absence is compensated by an increased amount of 
violaxanthin and to a lesser extent, zeaxanthin. The Chl a/b ratio and the Chl/Car ratio are 
very similar in the two preparations, indicating that the total number of carotenoid molecules 
bound to the complexes is unchanged. This implies that binding sites are not completely 
selective, thus allowing lutein, violaxanthin (and zeaxanthin) to occupy the same sites. The 
amount of beta-carotene is identical in the two samples, suggesting a more specific binding 
site for this pigment. 
The native preparation of LHCI contains all four Lhca complexes and thus it is not possible 
to determine the characteristics of the carotenoids bound to individual gene products. To this 
aim, recombinant Lhca complexes were produced by overexpression of the apoproteins in 
bacteria and reconstitution in vitro with thylakoid pigment extracts. These complexes 
exhibited a monomeric aggregation state. The pigment composition for the pigment-protein 
complexes used in this work is reported in Table I. 
In agreement with the data on native LHCI, lutein is the most abundant xanthophyll in all Lhc 
complexes. Violaxanthin is also present in all of them, while beta-carotene was found only in 
the Lhca3 complex. Neoxanthin which is a component of the antenna complexes of PSII, 
although present in the pigment mix used for the reconstitution, does not bind to Lhca 
proteins, in agreement with the composition of the native complexes and of purified stroma 
membranes (32;33). The set of samples analyzed in this work is completed by two 
recombinant proteins carrying mutations affecting Chl binding sites located in close 
connection to L2 and L1 carotenoid binding sites: in Lhca4 N47H, the Chl 1015 
(nomenclature from (24)) binding site is modified by the substitution of N with H, which 
does not change the pigment composition but abolishes the red forms (34); Lhca4 N156F 
lacks the Chl a 1012 binding site as shown by the decrease of the Chl a/b ratio while the 
carotenoid composition is not affected by the mutation.  
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Table I. Pigment composition of the samples analyzed in this work.  
 

 Chl a/b Chl/Car Viola Lutein beta-Car Zea Chl a+b 

LHCI-WT 3.4 4.4 2.3 4.9 1.8  40 

LHCI-lut2 3.6 4.4 6.7 - 1.8 0.6 40 

Lhca1 4.0 3.3 1.0 1.8   10 

Lhca2 1.85 5.0 0.5 1.5   10 

Lhca3 6.0 3.5 0.7 1.6 0.5  10 

Lhca4-WT 2.4 4.8 0.4 1.7   10 

Lhca4-N47H 2.4 4.9 0.3 1.7   10 

Lhca4-N156F 1.9 4.6 0.3 1.6   9 
 

The data are normalized to number of Chl reported in the last column. Maximal standard deviation is 
0.1. The first two samples are native, purified from plants, the others are reconstituted complexes. 
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Figure 1. Absorption characteristics of LHCI-WT (solid line) and LHCI-lut2 (dashed line) complexes 
at 77K. (A) Blue region of the absorption spectra. The spectra are normalized to the Chl content in the 
Qy region. (B) Second derivatives of the carotenoid absorbing region (480-530 nm)of the spectra in A. 
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ABSORPTION SPECTRA 
 
To investigate the spectral properties of the carotenoids in the Lhca complexes, the 
absorption spectra at 77K were measured. In Figure 1 the blue region of the spectra of LHCI 
WT and LHCI-lut2 complexes are reported together with their second derivatives in the 
carotenoids absorption region. In the WT complex, minima in the second derivative spectrum 
are observed at 492, 509 and 517 nm. The second derivative of LHCI-lut2 shows a very 
different pattern, with minima at 484, 487, 501 and 517 nm, suggesting that the bands at 492 
and 509 nm present in the WT sample are associated to lutein. In the same binding sites the 
violaxanthin seems to absorb at 487 and 501 nm. This is in agreement with the spectra of the 
same carotenoids in organic solvents, where the violaxanthin is at least 5 nm blue-shifted as 
compared to the lutein. The conservation of the signal at 517 nm in the two samples suggests 
that it is due to beta-carotene.  
For a more detailed analysis of the absorption characteristics of the individual carotenoids, 
the absorption spectra of the reconstituted WT complexes and of the two mutants of Lhca4 
affected in Chls located in the proximity of the L1 and L2 site were also measured at 77K and 
are presented in Figure 2 together with their second derivative. The contributions of the S2,0-
S0,0 transition of the carotenoids can be detected at 498 and 488 nm in Lhca1, 493 nm in 
Lhca2, 491 nm and around 510 nm in Lhca3 and 490 and 510 nm in all three Lhca4 samples. 
To determine the contribution of each chromophore, the absorption spectra of the complexes 
were described in terms of absorption of individual pigments, using the absorption spectra of 
pigments in protein environment (35) The absorption spectra of several mutants of Lhca 
complexes lacking Chls but also affected in the carotenoid binding (36;37) were analyzed in 
order to determine the absorption maxima of the individual carotenoids (data not shown). 
These results were used as starting parameters in the fitting. The fitting program allows to 
shift the spectra on the wavelength scale and to vary their intensity. The best fitting also 
reporoduces the stoichiometry of the pigments.  
The results are reported in Figure 3 and Table II summarizes the maximum absorption of the 
carotenoids in the different Lhc complexes. Two distinct lutein absorptions can be 
discriminated at around 489 nm and at 500-510 nm. The absorption of violaxanthin was 
found between 492 and 496 nm in all complexes.  
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Figure 2. Absorption spectra in the carotenoid absorption region at 77K of recombinant Lhca 
complexes and second derivatives. The arrows indicate the minima related to the carotenoid 

absorption. 
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Figure 3. Fitting (dash-dot line) of the blue region of the absorption spectra at RT (solid line) of 
reconstituted WT and mutants of Lhca proteins with the spectra of individual pigments: Chls a (dash 

line), Chl b (dash-dot line), lutein (solid line), violaxanthin (dot line), beta-carotene (dash-dot-dot 
line). 

 
Table II. Absorption maxima of carotenoids associated to the recombinant Lhca proteins. 

 

Sample Violaxanthin Lutein beta-carotene 

Lhca1 493,8 487, 500  

Lhca2 493,3 490, 504  

Lhca3 495,8 489.5, 510.5 492.5 

Lhca4 491.8 488.5, 510.5  
 

The values have been obtained by fitting of the absorption spectrum with the spectra of pigments in 
proteins 
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TRIPLET MINUS SINGLET SPECTRA 
 
The main role of carotenoids within the photosynthetic pigment-protein complexes is 
photoprotection against singlet oxygen. This is obtained in a dual way: singlet oxygen 
scavenging and prevention of singlet oxygen formation by accepting triplet states from Chl a 
and dissipating excess energy into heat. It has been suggested that the “red forms” in Lhca4 
play a role in enhancing the triplet protection (38). 
Triplet formation in Lhca native and recombinant complexes was studied by flash-induced 
transient absorption under aerobic conditions: 5 ns flashes excited Chl a and b at 640 ± 10 nm 
and absorption changes were detected in the wavelength range of 420-600 nm.  
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Figure 4. TmS spectra of LHCI-WT (squares) and LHCI-lut2 (circles) samples at RT under aerobic 

condition: spectra of the 2.38 μs components obtained by global analysis. The difference spectrum is 
also reported (triangles). The spectra are normalised in such a way that the amount of excitation in the 

two samples is the same. 
 
 
The kinetics in the 420-580 nm range, of LHCI samples from WT and lut2 plants under 
aerobic conditions were fitted with a single component having a lifetime of 2.38 µs in both 
samples (Figure 4). The LHCI WT TmS spectrum shows two maxima peaking at 510 and 530 
nm. The LHCI-lut2 TmS spectrum shows a maximum at 513 nm and a small shoulder at 
approx. 530 nm. The difference spectrum between WT and lut2 TmS spectra, after 
normalization to the same excitation intensity, is presented in Figure 4. The major 
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components are at 515 nm (-) and 532 nm (+), suggesting that the latter peak originates from 
lutein, while the major TmS contribution of violaxanthin is detected at 515 nm.  
 

Table III. Decay lifetime of the TmS spectra obtained by global analysis of a dataset consisting of 
time traced measured at different wavelength.  

 
Sample τ (μs) 

Lhca1 2.25 ±0.06 

Lhca2 2.55 ±0.02 

Lhca3 2.41 ±0.07 

Lhca4 2.67 ±0.06 

Lhca4 –N47H 2.61 ±0.09 

Lhca4-N156F 1.94 ±0.02 

LHCI-WT 2.38 ±0.33 

LHCI-lut2 2.38 ±0.11 

 
 
In Figure 5, the TmS spectra of Lhca1-4 monomeric complexes under aerobic conditions at 
room temperature are reported. The decay of the carotenoid triplet state is very similar and 
mono-exponential for all the complexes with values between 2.25 and 2.67 μs (see Table III). 
In contrast, the shapes of the spectra differ considerably. Lhca1 shows a maximum at 510 nm 
and its spectrum is very similar to the TmS spectrum of monomeric LHCII (8;10). In the case 
of Lhca2, the spectrum is broader and shows a peak at 513 nm and a shoulder at approx 525 
nm. This latter component is more pronounced for Lhca3 complex and it becomes dominant 
in Lhca4, its spectrum exhibiting a 525 nm peak and a clear shoulder at 507 nm. 
When the measurements were performed in anaerobic conditions(data not shown), the decay 
times of the TmS signals were longer, approx. 9 μs, an observation which has also been 
reported for LHCII (9). The spectra under aerobic conditions are identical to those under 
anaerobic conditions, implying that there is no preference for direct quenching of triplet states 
by oxygen. 
The presence of two spectral components for Lhca2, Lhca3 and Lhca4 indicates the 
contribution of two carotenoid molecules, with different absorption characteristics, to the 
TmS spectrum. In order to assign each of these to individual xanthophylls in specific binding 
sites, TmS spectra were measured on two mutated Lhca4 complexes: the Lhca4 N47H mutant 
is affected in the Chl (1015) localized close to the L2 carotenoid binding site; Lhca4 N156F 
is affected in the Chl (1012) close to the L1 carotenoid binding site. The TmS spectra of the 
two mutants obtained by global analysis are reported in Figure 6. 
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Figure 5. TmS spectra of Lhca WT reconstituted complexes at room temperature under aerobic 

conditions. (A) spectrum of the 2.25 μs component of Lhca1; (B) spectrum of the 2.55 μs component 
of Lhca2; (C) spectrum of the 2.41 μs component of Lhca3; (D) spectrum of the 2.67 μs component 

of Lhca4. The spectra were obtained by global analysis. The spectra are normalised in such a way that 
the amount of excitation is the same. 

 
The amplitude of the two spectral components peaking at 507 and 527.5 nm changes in the 
two mutants as compared to the WT: Lhca4 N47H shows a maximum at 507 nm and reduced 
intensity at 525 nm, while the spectrum of Lhca4 N156F shows a clear maximum at 527.5 
nm. These results indicate that the carotenoid in the L2 site is responsible for the 525 nm 
TmS signal, while the 507 nm TmS maximum is due to the xanthophyll in the L1 site. This is 
in agreement with optically detected magnetic resonance (ODMR) data which showed that 
the 525 nm TmS signal arises from a carotenoid connected to the “red forms” (38). 
Interestingly, under aerobic conditions the lifetime corresponding to the carotenoid TmS 
decay of the Lhca4-N47H mutant is identical to that of the WT, while it is shorter for the 
Lhca4 N156F mutant. This is not the case under anaerobic conditions where Lhca4 N156F 
shows the same decay lifetime as the WT (data not shown). The difference in decay times 
under aerobic and anaerobic conditions has also been observed in the case of the LHCII 
complex and it has been attributed to an enhancement of Car triplet intersystem crossing by 
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oxygen (9). The shorter lifetime observed for the Lhca N156F mutant as compared to LHCI-
WT and the Lhca4 N47H mutant can be due to differential accessibility for oxygen (39). This 
is understandable taking into account that this mutant misses Chl 1012. Inspection of the 
LHCII structure (4) shows that carotenoids in site L1 and L2 are deeply buried into the 
pigment-protein structure. The lack of Chl 1012, however, may leave an open channel for 
oxygen to reach the carotenoids. 
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Figure 6. TmS spectra at RT in aerobic conditions of the 2.67 μs component of Lhca4-WT (triangle), 
2.61 μs component of Lhca4-N47H (square) and 1.94 μs component of Lhca4-N156F (circle). The 

spectra were obtained by global analysis. The spectra are normalised in such a way that the amount of 
excitation is the same. 

 
 

DISCUSSION 
 
 
The analysis of LHCI purified from WT plants shows that only three carotenoid species are 
coordinated to the complexes under normal conditions, lutein, beta-carotene and 
violaxanthin. The native LHCI preparation contains the four Lhca complexes in dimeric 
form, each dimer binding approx 20 Chl molecules and 4.4 carotenoid molecules (26). Thus, 
the whole LHCI complex binds 40 Chls, 2.3 violaxanthin, 4.9 lutein and 1.8 beta-carotene. 
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Each monomer binds 2.2 Cars per polypeptide on average. Similar results were obtained from 
the analysis of the LHCI-lut2 preparation: on a 40 Chls basis, 6.7 violaxanthin, 1.8 beta-
carotene and 0.6 zeaxanthin molecules were found, implying that all the five lutein binding 
site of WT LHCI can also be occupied by violaxanthin. The recombinant proteins bind the 
same carotenoid species as the native complexes. The fact that neoxanthin was absent in 
recombinant pigment-proteins, although present in the reconstitution mixture during 
refolding, indicates that the neoxanthin binding site as found in LHCII (4;19) is empty or 
non-existent in Lhca complexes. As shown previously, Lhca2 and Lhca4 each coordinate two 
xanthopyll molecules, while Lhca1 and Lhca3 each coordinate three (26;40). In total the 
recombinant proteins bound 10 carotenoid molecules, one more than found for the native 
preparation: 2.7 violaxanthin, 6.5 lutein and 0.6 beta-carotene. The amount of beta-carotene 
is clearly lower than in the native complexes. One explanation is that the binding of beta-
carotene is stabilised by protein-protein interaction. Indeed, the Lhca1-Lhca4 dimer was 
found to coordinate beta-carotene, while monomeric Lhca1 and Lhca4 were not (26). The 
fact that the amount of beta-carotene is the same in WT and lut2 plants and that it 
corresponds to approx 2 molecules, suggests that two of the carotenoid binding sites in Lhca 
complexes are selective for beta-carotene. 
 

SINGLET STATE TRANSITIONS 
 
The analysis of the absorption spectra of Lhca complexes shows two major carotenoid 
absorption bands, both are red shifted with respect to the absorption of xanthophylls in 
organic solvent (the red-most transition of lutein in acetone is located at 478 nm), one at 
around 490 nm, the second at 510 nm. The absence of the 510 nm signal in the LHCI-lut2 
sample indicates that this signal is due to lutein. In LHCI-lut2 a new signal appears at 500 
nm, suggesting that the violaxanthin which substitutes lutein in the site conferring the 510 nm 
absorption is also strongly red shifted (around 28 nm as compared to the spectrum in 
acetone). The analysis of the reconstituted complexes reveals that lutein-510 is present in 
Lhca3 and Lhca4. In Lhca2 the shift seems to be less pronounced and a form at around 504 
nm can be detected. In the case of Lhca1, the red-most lutein peaks at 500 nm. A second 
carotenoid contribution can be detected at around 490-494 nm in all complexes; this 
absorption is associated with both lutein and violaxanthin.  
 

TRIPLET STATE TRANSITIONS 
 
The TmS spectrum of Lhca1 is virtually identical to that previously described for monomeric 
LHCII (8), with a maximum at 510 nm and minima at 490 nm and 460 nm. The presence of 
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these two components suggests that the 510 nm TmS signal originates from a carotenoid 
molecule absorbing around 490 nm. The negative signal at 460 nm is likely to represent the 
second vibronic transition of the carotenoid singlet spectrum, which in solution is 30 nm blue 
shifted with respect to the lowest energy transition. An additional negative signal at 430 nm 
mainly arises from Chl a molecules which experience absorbance changes due to triplet 
formation on a neighbouring carotenoid (9;41). 
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Figure 7. (A) TmS Lhca2 minus Lhca1 difference spectrum (squares). The spectrum of lutein 
multiplied by -1 and shifted to 500 nm is also reported (solid line). The relative amplitude of the TmS 

spectra of Lhca2 and Lhca1 before subtraction was 1.36. (B) TmS Lhca3 minus Lhca1 difference 
spectrum. The spectra were normalized to the maximum before subtraction.  

 
The TmS spectrum of Lhca2 is broadened in the red as compared to that of Lhca1 and looks 
very similar to the spectrum of the trimeric LHCII complex (9) showing two components, 
one peaking more to the blue at around 510 nm and a second one more to the red at around 
520 nm, while Lhca1 only shows the former one. Subtracting the Lhca1 spectrum from that 
of Lhca2, in such a way that only the 520 nm feature remains, leads to the results in Figure 7. 
The Lhca2 minus Lhca1 TmS difference spectrum (Figure 7) shows a maximum at 520 nm 
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and minima at 500 and 470 nm, suggesting that in Lhca2 an additional carotenoid spectral 
form with singlet absorption at around 500 nm is responsible for the 520 nm triplet spectrum. 
Two components can be detected in the TmS spectrum of Lhca3, the difference spectrum 
with Lhca1 (not shown) shows a maximum at 527 nm and a minimum at 510 nm, suggesting 
that the carotenoid responsible for the 527 nm TmS signal has the lowest energy singlet 
transition at 510 nm. An additional positive component at 495 nm is visible in the difference 
spectrum, possibly representing the high vibronic state of the triplet spectrum. Similar results 
were obtained for Lhca4, in which the 525 nm form dominates the spectrum. A component at 
525 nm in Lhca4 was resolved also by ODMR measurements at 1.8K (38). 
In order to determine the contribution of each complex to the TmS spectrum of the native 
preparation, the spectra of the Lhca complexes were summed, the best match (in both 
intensity and shape) between the sum and the native TmS spectrum is obtained when only 
Lhca2 (multiplied for 0.8), Lhca3 and Lhca4 are taken into account (Figure 8).  
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Figure 8. Comparison between the TmS spectra of LHCI-WT (circles) and the sum of the TmS 
spectra of Lhca2 (multiplied for 0.8), Lhca3 and Lhca4 (squares). For the sum the TmS spectra of 
individual Lhca complexes were normalised to their relative intensity in the absorption at 640 nm. 

 
The carotenoid in Lhca1 does not seem to participate to the triplet protection in the native 
preparation, although the sample clearly contains Lhca1 (26). This is consistent with the 
previous finding that Lhca1 transfers most of its energy to Lhca4 with which it forms a 
functional dimer (42). The carotenoids in Lhca2 are apparently accepting Chl triplets in the 
native preparation. This would suggest that in the expected Lhca2-Lhca3 dimer part of the 
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excitation energy still resides on the Lhca2 complex, possibly due to the fact that the 
interaction between these complexes is less strong than observed for the Lhca1-Lhca4 dimer. 
This is consistent with the observation that detergent treatment is more effective in 
monomerizing Lhca2-Lhca3 than Lhca1-Lhca4 (26). 
The spectrum of native LHCI is slightly red shifted as compared to the sum of the individual 
Lhca complexes. A signal at 532 nm is detectable in the TmS spectrum of the WT, possibly 
originating from the carotenoid absorbing at 517 nm. This seems consistent with the finding 
that the TmS maximum is always approximately 15 nm red shifted as compared to the singlet 
spectrum. The 517 nm absorption has been tentatively attributed to beta-carotene, being 
present also in LHCI-lut2. The TmS spectrum of LHCI-lut2 indeed conserves a signal in this 
region. Moreover, no clear 517 nm absorption band, nor a 532 nm TmS band is detectable in 
the recombinant proteins, which contain reduced amounts of beta-carotene as compared to 
the WT. This leads to the conclusion that beta-carotene in the native preparation is active in 
triplet quenching. The carotenoid triplet decay times in all Lhca complexes are very similar to 
each other and also similar to the decay in LHCII (8;10), indicating a similar environment. 
 

LOCATION OF THE CAROTENOIDS 
 
Four carotenoid binding sites have been observed in the structure of LHCII, L1 and L2 
located in the centre of the protein forming a crossbrace between helices A and B, N1 
occupied by neoxanthin and located near the C helix and V1 occupied by lutein and 
violaxanthin and located at the periphery of the complex (4;19;21;22). It has been suggested 
that the neoxanthin binding site is very selective for this xanthophyll and the absence of 
neoxanthin in Lhca complexes suggests that this site is empty or non-existent in these 
complexes, with the possible exception of Lhca1 in which small amount of neoxanthin has 
been observed (43). The remaining three sites present in LHCII can all be occupied by both 
lutein and violaxanthin, although L1 and L2 clearly have a preference for the former (5;6). 
According to the pigment composition, Lhca2 and Lhca4 coordinate only two carotenoids 
with a violaxanthin/lutein ratio of 1 to 3. These data support the view that the two carotenoids 
associated to Lhca2 and Lhca4 are bound to the two innermost sites, L1 and L2. In Lhca3 and 
Lhca1 three carotenoids are present. Lhca1 shows an increased content of both lutein and 
violaxanthin as compared to Lhca4, suggesting that the additional binding site corresponds to 
site V1 in LHCII, although the location of these xanthophylls in N1 site can not be excluded. 
In Lhca3 the main difference with respect to Lhca2 and Lhca4 is the presence of beta-
carotene. Based on mutation analysis it has been proposed that Lhca3 accommodates beta-
carotene in L2 site (37). However, beta-carotene has never been found in other Lhc proteins. 
Thus we can not rule out the possibility that Lhca3 exhibits a special beta-carotene binding 
site, different from those found in LHCII. 
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In order to assign to each carotenoid in each binding site its spectral properties, two mutants 
of Lhca4 have been analysed. Lhca4-N47H is affected in the binding ligand for Chl 1015 
which is the nearest neighbour of carotenoid in site L2. Moreover, this complex loses the 732 
nm red-shifted emission (34). Lhca4-N156F loses Chl 1012, which is the nearest neighbour 
to the carotenoid molecule in site L2. These two mutants show the same carotenoid 
composition of the WT, indicating that the mutation did not affect the binding of xanthophyll 
nor the specificity of the binding sites. The analysis of the absorption spectra reveals that the 
absorption maxima of the carotenoids are practically unchanged in the case of Lhca4-N47F, 
and only a small blue shift of the 510 nm lutein to 507 nm can be observed in the Lhca4-
N47H mutant. On the contrary, clear differences can be observed in the TmS spectra: LHCI-
N47H shows a decrease of the 525-532 nm contribution and an increase of the 507 nm form. 
This indicates that in the mutant fewer triplets are transferred from Chls to lutein-525 nm as 
compared to WT Lhca4, leading to the conclusion that the carotenoid responsible for the 525 
nm TmS spectrum is located in site L2, near to Chl 1015 whose absorption has been changed 
by the mutation. The reduction of the intensity of the 525 nm form is the result of a different 
distribution of the excitation energy among Chl chromophores within the pigment-protein 
complex in the absence of “red forms”. While in the WT at least 60% of the energy at RT is 
located on the red Chls (i.e. Chl 1015 and 1025), this is not true in the mutant as can be 
observed from the fluorescence emission spectrum (35). A second factor which influences the 
TmS spectra can be a change in the distance between Chl 1015 and carotenoid L2 (34). It can 
be concluded that the lutein molecule located in the L2 site absorbs at 510 nm and is 
responsible for the TmS peak at 525 nm. This is confirmed by the TmS data of Lhca4 N156F. 
This complex exhibits higher amplitude at 525 nm as compared to WT. Chl 1012 being 
absent in this mutant, it is clear that the capacity to transfer triplets to L1 (neighbour of 1012) 
is decreased and thus most of the triplets are transferred to the carotenoid bound to site L2. It 
can thus be concluded that the xanthophyll responsible for the 507 nm triplet, which shows 
singlet absorption at around 490 nm is located in L1 site. It is worth noticing that although 
Chl 1012 is absent there is still substantial triplet transfer to the xanthophyll in the L1 site, 
indicating that Chls other than the 1012 can transfer triplets to this carotenoid. The candidates 
are Chl 1011 and Chl 1013, which are located very close to the lutein end rings in LHCII.  
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THE “510NM-LUTEIN” 
 
The data presented above clearly indicates that a lutein molecule absorbing at 510 nm is 
associated to LHCI. This lutein was found in Lhca3 and Lhca4 and is located in site L2. This 
assignment is in agreement with transient absorption data on Lhca4, showing that, upon 
excitation at 514 nm, most of the energy is directly transferred to the “red forms” (eg. to Chl 
1015 and Chl 1025 which are located near the L2 site (44)). The TmS signal originating from 
this lutein molecule was found at 525 nm.  
A lutein molecule absorbing at 510 nm and responsible for the 525 nm triplet spectrum was 
also found in trimeric LHCII associated to the L2 site (13). Interestingly, this spectral form is 
not present in the LHCII monomer, thus suggesting that changes in the binding site are 
occurring upon trimerisation. In the case of Lhca, the 510 nm lutein is present in both 
monomers and dimers, indicating that the binding pocket for L2 in Lhca3 and Lhca4 
complexes is very similar to that of the LHCII trimer. The origin of the strong red shift of the 
absorption spectrum of this carotenoid is not known, it has been proposed that the presence of 
Mg ions in the trimer is responsible for the large shift observed for this lutein but in this case 
the red lutein is also present in recombinant proteins which have been reconstituted in the 
absence of Mg (15;45). It has also been proposed that the shift is due to the presence of a 
charged residue close to the lutein molecule (45). The only charged residue located relatively 
closed to L2 in the structure of LHCII is a Arg 185, which is conserved in all Lhca 
complexes, thus to account for the results on Lhca it should be assumed that the folding of 
Lhca1 and Lhca2 is different with respect to that of Lhca3 and Lhca4. One other possibility is 
that this xanthophyll strongly interacts with a neighbour Chl. According to the structure of 
LHCII this should be Chl 1015 which lies parallel to the carotenoid in site L2. Interestingly, 
substitution of N, the natural ligand for Chl 1015, with H, which has been proposed to change 
the position of Chl 1015 induces a small blue-shift of the absorption spectrum of the 510 nm-
lutein. Moreover, the absence of this Chl (mutant N47F; (36)) leads to the loss of the 510 nm 
absorption (unpublished results). These findings not only confirms that lutein responsible for 
the 510 nm absorption is located in the L2 site, but also suggest that the lutein L2-Chl 1015 
interaction is at the origin of the large red shift observed.  
.
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Chapter 6 

 

PHOTOPROTECTION IN THE ANTENNA 
COMPLEXES OF PHOTOSYSTEM II: ROLE 
OF INDIVIDUAL XANTHOPHYLLS IN 
CHLOROPHYLL TRIPLET QUENCHING* 
 
 

ABSTRACT 
 
 
In this work the photoprotective role of all xanthophylls in LHCII, Lhcb4 and Lhcb5 is 
investigated by laser-induced Triplet-minus-Singlet (TmS) spectroscopy. The comparison of 
native LHCII trimeric complexes with different carotenoid composition shows that the 
xanthophylls in sites V1 and N1 do not directly contribute to the chlorophyll triplet 
quenching. The largest part of the triplets is quenched by the lutein bound in site L1, which is 
located in close proximity to the chlorophylls responsible for the low-energy state of the 
complex. The lutein in the L2 site is also active in triplet quenching and it shows a longer 
triplet lifetime than the lutein in the L1 site. This lifetime difference depends on the 
occupancy of the N1 binding site, where neoxanthin acts as an oxygen barrier, limiting the 
access of O2 to the inner domain of the Lhc complex, thereby strongly contributing to the 
photostability. The carotenoid triplet decay of monomeric Lhcb1, Lhcb4 and Lhcb5 is mono-
exponential, with shorter lifetimes than observed for trimeric LHCII, suggesting that their 
inner domains are more accessible for O2. Like for trimeric LHCII, only the xanthophylls in 
sites L1 and L2 are active in triplet quenching. Although the chlorophyll to carotenoid triplet 
transfer is efficient (95%) in all complexes, it is not perfect, leaving 5% of the chlorophyll 
triplets unquenched. This effect appears to be intrinsically related to the molecular 
organization of the Lhcb proteins. 
 

                                                 
* This chapter is based on the article: M. Mozzo, L. Dall’Osto , R. Hienerwadel, R. Bassi and R. 
Croce, in press in Journal of Biological Chemistry; Epub 13-12-2007 
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INTRODUCTION 
 
 
Under normal light conditions, the photosynthetic apparatus is very efficient in harvesting 
light energy and transferring excitation energy to the reaction centre, where it is used to 
induce charge separation. In high light, when the amount of energy harvested by the system 
exceeds the capacity for electron transport to available sinks, other de-excitation mechanisms 
become important (1). Part of the excitations decay via intersystem crossing leading to the 
production of chlorophyll (Chl) triplets which live rather long (τ= 600-1100 μs in different 
solvents (2;3)) and can react with molecular oxygen producing singlet oxygen, a very reactive 
and harmful species (4). The damage includes oxidation of lipids (5), protein and pigments 
(6), leading to photoinhibition of the photosynthesis machinery and photobleaching. Light-
harvesting complexes are protected against singlet-oxygen formation by carotenoids (7). 
These isoprenoids can act in two ways:  
 

o by quenching of Chl triplets (τ= 500 ps (8)) and 
o by directly scavenging singlet oxygen (τ= 0.7 ns in benzene (9)).  
 

In both cases carotenoid triplets are formed that decay to the ground state, producing heat (τ= 
9 μs in benzene (10)). For these processes to occur, Chls and carotenoids need to be in close 
contact because triplets are transferred from Chls to carotenoids via the Dexter exchange 
mechanism (11). The close distances are maintained by the proteins, which coordinate the 
pigments, thereby allowing fast energy transfer and efficient photoprotection. 
 
The carotenoid composition of higher plants is highly conserved: the chloroplast-encoded 
subunits of Photosystem I (PSI) and Photosystem II (PSII) core complexes bind β-carotene 
while the outer antennae, composed of nucleus-encoded light-harvesting complexes (Lhc) 
accommodate lutein, neoxanthin and violaxanthin in moderate light, while zeaxanthin is 
produced (12) via de-epoxidation of violaxanthin, under light-stress conditions. The structure 
of LHCII (13), the major antenna complex of PSII, shows the location of four carotenoids. 
Two xanthophylls are bound in the centre of the molecule in sites L1 and L2, which 
accommodate mainly lutein (14). A third carotenoid binding site (N1), highly specific for 
neoxanthin, is located near helix C (15). The fourth site (V1) is at the periphery of the 
monomeric subunits and it accommodates violaxanthin, lutein or zeaxanthin depending on 
light conditions (16;17). All carotenoids, but the one in the V1 site (17), are involved in light-
harvesting and singlet energy transfer (18-20). 
Three carotenoid binding sites are present in Lhcb4 and Lhcb5, although these complexes 
seem to coordinate less than three xanthophylls, possibly due to some loss during 
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purification. Like in LHCII, site L1 binds lutein, N1 neoxanthin and L2 violaxanthin (in 
Lhcb4) or lutein (in Lhcb5) (16;21). Singlet energy transfer was observed from all three 
xanthophylls (22;23), but the triplet energy transfer and the triplet quenching properties of the 
carotenoids bound to these complexes have never been investigated.  
Several carotenoid triplet studies on LHCII by absorbance-detected magnetic resonance 
(ADMR), fluorescence-detected magnetic resonance (FDMR) and TmS have been reported in 
literature (8;18;24-33). Although there is general agreement on the lifetime values under 
anaerobic conditions, differences exist with respect to the values measured in the presence of 
oxygen. Peterman et al. (18) found a bi-exponential decay of the carotenoid triplets with 
components of 2 and 4 μs, associated respectively to the TmS spectra peaking at 505 and 525 
nm; Schödel et al. (30) described the decay kinetics with a monoexponential decay of 2 μs, 
while a longer lifetime, around 7 μs, was found by Siefermann-Harms and Angerhofer (27). 
Because the presence of oxygen enhances the intersystem crossing (34), it was suggested that 
this difference is due to the sample preparation procedure: it was assumed that the faster 
lifetimes are associated to LHCII complexes which have partly lost their structural integrity, 
required to prevent oxygen from diffusing into the complexes (27). Because most of the 
xanthophylls have similar absorption spectra it has not been possible to unequivocally 
determine how many and which carotenoids are contributing to the TmS spectrum. However, 
due to the very fast energy transfer from Chl b to Chl a (35), it is expected that triplets are 
mainly formed on Chls a and thus carotenoids should be located in their close proximity (36). 
At that time the available structure of LHCII (36) showed only the location of the two central 
xanthophylls and carotenoid to Chl singlet energy transfer measurements have shown that 
these xanthophylls transfer their excitation energy primarily to Chl a molecules, supporting 
the hypothesis that Chls a are in close proximity of luteins L1 and L2 (18-20). Later, 
Lampoura et al. (32) speculated that the violaxanthin in the V1 site could not be involved in 
triplet quenching, since it was not active in singlet energy transfer (17) and that also the 
neoxanthin was not involved since it was surrounded by Chl b molecules (15). However, 
from the 2.72 Å resolution structure of LHCII (13) it is now known that at least one Chl a 
molecule is in close proximity of each xanthophyll: L1 is the carotenoid closest to Chls 610, 
612, 613 and 614 (all Chl a according to the structure). L2 is the nearest neighbor of Chls 602 
(a), 603 (a), 607 (b), and 609 (b), N1 of Chls 604 (a), 605 (b), 606(b) and 608(b) and V1 of 
Chls 601(b) and 611(a). Moreover, in the equilibrated system part of the energy, although 
small, is still located on Chls b (37), which thus might also require triplet quenching.  
 
In this work, we have investigated the role of all individual xanthophylls in photoprotection 
by analyzing native LHCII preparations with different carotenoid composition. We also 
report, for the first time, on the carotenoid triplet properties of the minor antenna complexes 
Lhcb4 (CP29) and Lhcb5 (CP26). By combining spectroscopic measurements with structural 
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data on the LHCII holocomplex, we derive detailed information about the functional role of 
the individual carotenoids in the Lhc antenna complexes.  
 
 

EXPERIMENTAL PROCEDURES 
 
 

PLANT MATERIAL 
 
The wild type (WT) and mutants of Arabidopsis thaliana (ecot. Col-0) npq2 (38) and 
chy1chy2lut5 (39) were grown under controlled light conditions (photoperiod 8 hours light 
and 16 hours dark; 100 μmol of photons m-2 s-1 for WT and npq2; 30 μmol of photons m-2 s-1 
for chy1chy2lut5 plants, due to their higher photosensitivity), temperature (23 °C/20 °C, day/ 
night) and relative air humidity (60–70%). 
 
THYLAKOID PREPARATION—SOLUBILIZATION AND SAMPLE 
PREPARATION 
 
 Unstacked thylakoids were isolated from leaves, as described previously (40). LHCII trimers 
from WT and mutants were purified by sucrose gradient, as previously reported (17). 
Trimeric WT LHCII was further fractionated by flatbed isoelectrofocusing (IEF) at 4°C, as 
described previously (41). Green bands were harvested and eluted from a small column with 
10 mM HEPES, pH 7.5, and 0.06%, n-dodecyl-α-D-maltoside (α-DM) and further 
fractionated on a 0.1 to 1 M sucrose gradient containing 0.06% α-DM and 10 mM HEPES, 
pH 7.5, for 24 h at 280,000g at 4°C. 
 
RECONSTITUTED COMPLEXES 
 
The apoproteins of Lhcb1, Lhcb4 from Zea mays (14;42) and Lhcb5 from A. thaliana (38) 
were overexpressed in the SG13009 E. coli strain transformed with constructs following a 
protocol described previously (43;44). Reconstitution and purification of pigment-protein 
complexes were performed as described in (42) using a Chl a/b mixture with ratio 2.4 for 
Lhcb1 and 3.0 for Lhcb4 and Lhcb5. 
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PIGMENT ANALYSIS 
 
The pigments were extracted with acetone 80% and separated and quantified by HPLC, as 
previously described (45) and by fitting the spectra of the acetone extracts with the spectra of 
individual pigments (46). 
 
SPECTROSCOPY 
 
The absorption spectra at RT in 10 mM Hepes pH 7.5, 0.2 M sucrose and 0.06% β-DM were 
recorded using a SLM-Aminco DK2000 spectrophotometer. The wavelength sampling step 
was 0.4 nm, scan rate 100 nm/min, optical pathlength 1 cm. Fluorescence emission spectra 
were measured using a Fluorolog (Jobin Yvon) spectrofluorimeter and corrected for the 
instrument response. The samples were excited at 440 and 475 nm. The spectral bandwidth 
was 5 nm (excitation) and 3 nm (emission). The chlorophyll concentration was about 0.02 
μg/ml in 10 mM HEPES and 0.03% α-DM.  
Light-induced absorbance changes were recorded with a home-built high-sensitivity laser-
based spectrophotometer as described in (47), in the presence and absence of oxygen. The 
anaerobic conditions were obtained incubating the sample with 20 µg/ml Glucose oxydase, 
40 µg/ml Catalase and 0.02 mM/ml of glucose for 15 minutes. 
During the measurements in aerobic conditions the signal intensity at 510 nm was checked at 
regular time interval, to detect possible loss of intensity due to bleaching of the sample. This 
value was used to build a curve of the intensity variation as function of time, in order to 
correct the data. The correction was particularly important for LHCII-L and LHCII-LZ which 
showed amplitude reduction during the experiment. 
For a given wavelength, the kinetics of the absorbance change were recorded with variable 
delay times from 5 ns to 9 ms between the actinic and the detection light pulses. The delay 
time was obtained by setting the electronic trigger for each laser light pulse. The delay of the 
light pulses were determined with fast silicon detectors (Thorlabs-Det210). For one kinetic, a 
set of measurements with increasing delay times was performed. The time between 
excitations of the sample was 300 ms. For aerobic conditions, a set of 29 different delays 
times were recorded, for anaerobic conditions, a set of 48 delay times. The kinetics are the 
average of 5-10 sets of measurements. For the global fit the data were analyzed in the time 
interval between 70 ns to 9 ms in the 420-580 nm range. The GraphPad PRISM program 
(GraphPad Software) was used for globally analyzing the kinetics. 
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RESULTS 
 
 
LHCII trimers were purified from WT plants and mutant plants affected in the carotenoid 
biosynthesis: npq2, which is blocked at the level of the zeaxanthin epoxidase and 
accumulates only lutein and zeaxanthin (LHCII-LZ); chy1chl2lut5, which lacks all the 
xanthophylls in the β-β branch and contains only lutein (LHCII-L). The trimers from WT 
plants were purified under mild and more aggressive conditions, which led to complexes 
which differ in the carotenoid/protein ratio (17). Monomeric LHCII (Lhcb1), Lhcb4 and 
Lhcb5 were obtained by refolding in vitro. 
 

Table I. Pigment composition. 
 

  Sample preparation Chla/Chlb Chls tot Cars Neo Viola Lut Zea 

LHCII-WT4 LHCII WT trimer native 1.4 14 4.0 1.0 0.4 2.6 - 

LHCII-WT3 LHCII WT trimer IEF 1.3 13 3.0 1.0 0.2 1.8 - 

LHCII-LZ LHCII npq2 trimer 1.4 14 3.5 - - 2.5 1 

LHCII-L LHCII chy1chy2lut5 trimer 1.5 14 2.7 - - 2.7 - 

Lhcb1 rLhcb1 WT monomer 1.3 12 3.0 1.0 0.3 1.7  

Lhcb4 rLhcb4 WT 2.7 8 1.9 0.5 0.5 0.9 - 

Lhcb5 rLhcb5 WT 1.9 9 2.4 0.8 0.1 1.5 - 
 

Maximal standard deviation is 0.1. 
 
 

PIGMENT CONTENT 
 
The pigment composition of the complexes is reported in Table I. The two different 
preparations of LHCII WT, WT4 and WT3, bind 4 and 3 carotenoids, respectively. They 
differ in the amount of lutein and violaxanthin, in agreement with the absence of the 
xanthophyll in the V1 site in the complex purified by IEF (LHCII-WT3), as was shown 
previously (17). LHCII-LZ binds 3.5 carotenoids. The absence of neoxanthin and 
violaxanthin is partially compensated by the accumulation of zeaxanthin, while the amount of 
lutein is unchanged. The presence of zeaxanthin in LHCII trimers obtained by IEF (48) 
indicates that this xanthophyll also binds to the internal sites (L1 and L2), although it is not 
possible to discriminate between them. LHCII-L coordinates 2.7 luteins (39) which are likely 
to be accommodated in sites L1, L2 and V1, while site N1 is empty (49). Monomeric Lhcb1 
coordinates three carotenoids, lacking the xanthophylls in the V1 site (50). Lhcb4 coordinates 
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lutein, violaxanthin and neoxanthin, which are accommodated in sites L1, L2 and N1, 
respectively (Table I). The L1 and N1 sites of Lhcb5 have similar occupancy as those of 
Lhcb4, while the L2 site binds lutein (16;21). 
 

ABSORPTION SPECTRA 
 
The absorption spectra of the trimers with altered carotenoid composition are reported in 
Figure 1, where they are compared to the WT spectrum (WT4). The WT minus LHCII-L 
absorption difference spectrum (Figure 1B) is identical, both in the carotenoid and in the Chl 
absorption region, to the difference spectrum (WT minus Lhcb1-L) obtained for Lhcb1 
monomers reconstituted in vitro in which the N1 site is empty (14). Note the decrease in the 
absorption of Chl b at 650 nm which is typical for complexes lacking neoxanthin and the lack 
of a 488 nm band which is the lowest-energy absorption maximum of the neoxanthin (15). It 
can be concluded that the environment of the neoxanthin does not change upon trimerization. 

 
Figure 1. Absorption Spectra. Absorption spectra at RT of, LHCII-LZ (A) and LHCII-L (B) (dot-dash 

lines). In all panels also the spectrum of LHCII-WT4 (thin solid line) is presented together with the 
difference spectrum (thick solid line) multiplied by 3. The spectra are normalized to the Chl content. 

 
In the difference spectrum WT minus LHCII-LZ (Figure 1A) a positive band around 490 nm 
and a negative around 504 nm were detected, corresponding respectively to the neoxanthin 
which is absent in LHCII-LZ and the zeaxanthin, which absorbs mainly around 504 nm, in 
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agreement with previous results on recombinant complexes (15). This difference spectrum is 
very similar to that of LHCII-WT minus LHCII-L (the sample without neoxanthin), 
suggesting that the N1 site is at least partially empty, also in LHCII-LZ. No decrease in the 
absorption at 510 nm is observed, thus suggesting that site L2 is still accommodating lutein. 
Moreover, the main absorption band of zeaxanthin was found at around 504 nm, 18 nm red-
shifted as compared to the absorption in solution. This shift is compatible with the binding of 
zeaxanthin in sites L1 and N1, which induce a similar shift in lutein and neoxanthin 
absorption in the WT complex (15). 
The WT4-WT3 difference spectrum (not shown) is identical to the one reported by Caffarri et 
al. (17) showing the loss of a xanthophyll band around 486 nm.  
 

TRIPLET MINUS SINGLET SPECTRA 
 
Triplet formation in native and recombinant Lhcb complexes was studied by flash-induced 
transient absorption under aerobic and anaerobic conditions: 5 ns flashes excited Chl b at 640 
nm and absorption changes were detected in the 420-580 nm range.  

A) LHCII TRIMERS  

 
The decay of the carotenoid triplets in LHCII-WT4 under aerobic conditions could be best 
fitted by a bi-exponential decay: the first component having a lifetime of 2.30 µs, a maximum 
at 507 nm and a bleaching at 490 nm and the second component having a lifetime of 3.6 µs, 
maximum at 522.5 nm and bleaching at 505 nm (Figure 2A, Table II). This indicates that one 
or more carotenoids absorbing around 490 nm are responsible for the fast decay while a red-
shifted xanthophyll – absorption around 505 nm – is responsible for the slower decay. These 
results are in agreement with those of Peterman et al. (28), but in disagreement with other 
TmS experiments which showed a single decay component (8;27). The amplitudes of the two 
components differ: 68% of the total spectrum is associated to the fast decay and 32% to the 
slow decay, as shown in Figure 2. Under anaerobic conditions, the triplet decay is also best 
fitted with two exponentials. The fast component has a lifetime of 9 µs, maximum at 510 nm 
and a shoulder at 522 nm, and it corresponds to Car triplet decay (Figure 2B, Table II). The 
difference in the carotenoid triplet lifetime for aerobic and anaerobic conditions has been 
observed before (28) and it is due to the presence of oxygen which enhances intersystem 
crossing (34). A second component with very small amplitude, ms lifetime and a Chl TmS 
spectrum was also observed, indicating the presence of a small population of unquenched 
Chls. 
To study the contribution to triplet quenching for the carotenoids in the V1 site, the TmS 
spectra of LHCII-WT3, in which the V1 site is empty, were measured (Figure 2C-D, Table 
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II) and compared to those of LHCII-WT4. The shape of the spectra, the relative amplitudes of 
the components and the lifetimes are virtually identical in both complexes, thus indicating 
that the carotenoid in the V1 site is not participating in triplet quenching. 
 

Figure 2. Triplet minus Singlet spectra of LHCII-WT4 (A-B) and LHCII-WT3 (C-D). The spectral 
components were obtained by global fit of the kinetics. (A) LHCII-WT4 measured in aerobic 

conditions: 2.3 µs component (circle), 3.6 µs component (square). (B) LHCII-WT4 in anaerobic 
conditions: 9 µs spectral component (circle), ms spectral component (square). (C) LHCII-WT3 in 

aerobic conditions: 2.1 µs spectral component (circle), 3.7 µs spectral component (square). (B) 
LHCII-WT3 in anaerobic conditions: 9.2 µs spectral component (circle), ms spectral component 

(square). 
 
To investigate the involvement of the neoxanthin in triplet quenching, the TmS spectra of 
LHCII-L, in which the N1 site is empty, were measured. The fitting of the triplet decay of 
LHCII-L under aerobic conditions only requires a single exponential showing a 2 µs lifetime 
(Figure 3A, Table II), at variance with the WT results. However, the TmS spectrum of 
LHCII-L is identical to the sum of the two spectral components obtained for the WT (data not 
shown), indicating that the different decay behaviour is due to a change in the lifetime of the 
red-shifted xanthophyll triplet, rather than to a change in the energy distribution of the 
xanthophylls bound to the complex. Under anaerobic conditions, the decay time is 9.7 µs. A 
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long living (ms) Chl triplet component (Figure 3B), with the features of both Chl a and Chl b 
(24;51), was also detected, demonstrating the presence of unprotected Chls. The TmS 
carotenoid spectra of LHCII-L are identical to those of LHCII-W4, thus demonstrating that 
the neoxanthin is not participating to the triplet spectrum. 

 
 

Table II: TmS spectral features and carotenoid triplet lifetimes (τ) 
 

Sample Aerobiosis Anaerobiosis 

 N °components max T-S (nm) τ (μs) N ° components max T-S (nm) τ (μs) 

LHCII-WT4 2 507 2.30± 0.08 1 510 8.95± 0.06 

  522 3.64± 0.22    

LHCII-WT3 2 507 2.14± 0.09 1 507 9.17± 0.08 

  522 3.70± 0.29    

LHCII-LZ 2 510 2.40± 0.11 1 515 10.2± 0.3 

  522 4.11± 0.07    

LHCII-L 2 507 1.92± 0.06 1 510 9.71± 0.13 

Lhcb1 1 507 1.96± 0.02 1 507 8.61± 0.10 

Lhcb4 1 505 1.53± 0.01 1 505 7.97± 0.05 

Lhcb5 1 507 1.76± 0.11 1 507 8.28± 0.05 

 
Absorption maxima of the TmS (max T-S) spectra and carotenoid triplet lifetimes were obtained by 

global analysis of a data set consisting of time traces measured at different wavelengths. In addition to 
the components reported in the table all complexes under anaerobic conditions show a ms decay 

component, with the spectrum of Chl triplets. 
 
Zeaxanthin is a component of LHCII under light stress conditions where it substitutes 
violaxanthin, thus inducing a conformational change of the complex, leading to a switch from 
a light-absorbing to an energy-dissipating mode (38;52). The analysis of LHCII-LZ purified 
from npq2 plants allows verifying whether the conformational change induced by the binding 
of zeaxanthin influences the triplet-energy transfer properties of the system. The triplet decay 
under aerobic conditions can be fitted with a bi-exponential function; the spectrum is 
dominated by a fast component with maximum at 510 nm and a lifetime of 2.40 µs. A second 
component with a maximum at 522 nm and a lifetime of 4.11 µs, is also present, but its 
amplitude accounts for only 10% of the total spectrum, showing a strong reduction with 
respect to the same component in LHCII-WT (Figure 3C, Table II). 
 In the absence of oxygen the lifetime of the carotenoid triplets increases to 10.2 µs and the 
spectrum shows a maximum at 515 nm whereas also a second component with a ms lifetime 
and a Chls TmS spectrum is detected (Figure 3D, Table II). The shift of the carotenoid 
spectrum, as compared to the WT, demonstrates the involvement of zeaxanthin in the triplet 
quenching and it suggests that this xanthophyll is partially occupying the L1 site. This is not 
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Figure 3. Triplet minus Singlet spectra of LHCII-L (A-B) and LHCII-LZ (C-D). The spectral 
components were obtained by global fit of the kinetics. (A) LHCII-L measured in aerobic conditions: 

2 µs component (circle). (B) LHCII-L in anaerobic conditions: 9.7 µs component (circle), ms 
component (square). (C) LHCII-LZ in aerobic conditions: 2.4 µs spectral component (circle) and 4.1 
µs spectral component (square). (B) LHCII-LZ in anaerobic conditions: 10.2 µs spectral component 

(circle), ms spectral component (square). 
 
reflecting the situation in WT plants exposed to stress conditions, where the zeaxanthin in 
mainly accommodated in the V1 site (17). However, LHCII obtained from npq2 plants is 
widely used as a model system to determine the effect of zeaxanthin in the process of non-
photochemical quenching (38;48;53). Knowledge about the location of the zeaxanthin in 
LHCII purified from these mutant plants is thus important for the interpretation of 
experimental results. 

B) LHCB MONOMERIC COMPLEXES  

 
For Lhcb1 the carotenoid triplet decay was fitted with a single exponential decay. The TmS 
spectrum shows a maximum at 507 nm and a lifetime of 2 µs in the presence of oxygen and 
8.6 µs under anaerobic conditions (Figure 4A, Table II). As compared to the spectrum of 
trimeric LHCII, monomeric Lhcb1 lacks the 522 nm form, in agreement with an earlier report 
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on monomerized native LHCII (18). This indicates that the recombinant complex has the 
same triplet characteristics as the native one, as was previously reported for other 
spectroscopic characteristics (14;50). 
The carotenoid triplet decays for Lhcb4 (CP29) and Lhcb5 (CP26) were best fitted with 
single exponentials (Figure 4B-C). In the presence of oxygen, lifetimes of 1.53 and 1.76 µs 
were obtained for Lhcb4 and Lhcb5, respectively, and 8.0 and 8.3 µs under anaerobic 
conditions (Table II). The maxima of the TmS spectra were 505 nm for Lhcb4 and 507 nm 
for Lhcb5. A ms component with small amplitude, corresponding to Chl triplets, can be 
observed for all monomeric complexes under anaerobic conditions (Table II). Comparison of 
the spectra of the monomeric complexes shows a clear variation in their spectral width, the 
narrowest spectrum belonging to Lhcb4 and the broadest one to Lhcb1 (Figure 4), indicating 
that the carotenoids participating in the triplet quenching have different properties in these 
antenna complexes.  
 

CHLOROPHYLL TRIPLETS 
 
In all complexes, a small ms component corresponding to the decay of the Chls triplets was 
detected. The amount of Chl triplets was estimated in two independent ways. The first 
method compares the intensity of the TmS ms component to that of the TmS spectrum of Chl 
a in solution, measured under the same conditions and normalized to the absorbed number of 
photons. This comparison showed that around 5% of the triplets reside on Chls in most of the 
samples, corresponding to a 95% efficiency for Chl to Car triplet transfer. This value was 
slightly lower for Lhcb5 (88%) and still lower for LHCII-LZ (76%) and LHCII-L (70%). 
Similar results were obtained by calculating the amount of Chl triplets using the extinction 
coefficients of Chls and carotenoids (18;28;54). To check if the Chl triplet component was 
due to disconnected Chls, the fluorescence emission spectra of all samples, after excitation of 
either Chl a or Chl b were measured (data not shown). The results show that all complexes 
are thermally equilibrated, indicating that all Chls are participating in energy transfer, thus 
excluding the possibility that the observed triplets are formed on disconnected pigments. This 
result is at variance with previous room temperature TmS measurements, which suggested 
that there were no unprotected Chls associated to LHCII (18;24;27;30). The difference can be 
due to the time window used for the experiments, which is 9 ms for most of the 
measurements presented here, while it was in the μs range in the previous experiments. A 
difference in the signal to noise ratio between the experiments might also explain the 
discrepancy.  
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Figure 4. Triplet minus Singlet spectra of monomeric Lhcb. Lhcb1 (A), Lhcb5 (B) and Lhcb4 (C) 

were measured under anaerobic conditions: square: µs spectral component; circle: ms spectral 
component. 
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DISCUSSION 
 
 
The comparison of LHCII trimeric complexes with different carotenoid composition allowed 
determining the role of the xanthophylls in photoprotection for all four binding sites. The 
results clearly show that neither the neoxanthin in the N1 site, nor the xanthophylls in the V1 
site are active in triplet quenching. The two components of the TmS spectrum at 507 nm and 
522.5 nm can thus unequivocally be attributed to the luteins in sites L1 and L2, with the red 
lutein accommodated in site L2, as suggested previously (32). Similar results were obtained 
for Lhca4 which show that the blue carotenoid is in site L1 and the red one is in the L2 site 
(47).  
 The triplet transfer occurs via the Dexter mechanism (55;56) that requires close 
proximity between donor and acceptor, since the exchange coupling decreases exponentially 
with the distance. Calculations on LH2 complexes suggested that for efficient triplet transfer 
the distance should not be larger than 4 Å (56). The edge-to-edge distances between the Chls 
and the carotenoids can be calculated from the structure of LHCII and they are reported in 
Table III. Chls a 610, 612 and 613 are in close proximity of lutein-L1 assuring full 
photoprotection. Chls a 602 and 603 are located at less than 4 Å from lutein-L2 and are also 
efficiently protected. Chl 604 is located at 4.4 Å from lutein-L2 and at 4.24 Å from the 
neoxanthin (N1), but it seems to transfer energy to the former, although a very small amount 
of transfer to the neoxanthin cannot be excluded. The difference in amplitude for the TmS 
spectrum of lutein-L1 (507 nm) and lutein-L2 (522 nm) can be explained based on the 
excited-state populations of the different chlorophylls at equilibrium. Indeed, Chls 610 and 
612 participate to the low-energy state of the system (37;50) and, thus, are highly populated 
at equilibrium. This makes them a preferential sites for triplet formation and the lutein-L1, 
the major player in triplet quenching. Very recently, it was proposed that lutein-L1 is 
involved in singlet excited state quenching in aggregates of LHCII. However, it was shown 
that even under quenching conditions this xanthophyll is still active in triplet quenching 
(29;57), although the amount of triplets is strongly reduced. Two more Chls a are present in 
LHCII, namely Chls 611 and 614. Chl 614 is at 7 Å from lutein-L1 but it is in close 
proximity of Chl 613 and it is at least partially protected via downhill singlet energy transfer 
to Chl 613. Site 614 is accommodating a high-energy Chl which is not expected to be highly 
populated at equilibrium (37;50). Chl 611 forms an excitonic pair with Chl 612, participating 
to the low-energy state of the system, and it is thus populated at equilibrium. The nearest 
xanthophyll is located in the V1 site, but the distance is more than 7 Å, too large for efficient 
triplet transfer, as confirmed by the observation that the xanthophylls in the V1 site are not 
contributing to the triplet quenching. Thus, Chl 611 seems not to be protected in purified 
LHCII and it possibly contributes to the observed Chl triplet component. Chls b are located in 
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close proximity of neoxanthin and lutein-L2, but, in most cases, the distance is larger than 4 
Å. The Chls b are mainly protected in an indirect way, through fast singlet energy transfer to 
a neighbouring Chl a (35). However, although their population at equilibrium is small, it is 
not zero (37), and this can explain the observed ms component Chl b contribution (58). It can 
be concluded that a small amount of Chl triplets is formed at physiological temperatures, 
explaining the bleaching of purified LHCII-WT after exposure to strong illumination (59).  
 

Table III. Carotenoid – Chlorophyll distances 
 

Chl L1 L2 N1 V1 

601    4.45 

602  3.45   

603  3.80   

604  4.40 4.24  

605     

606  5.85 3.98  

607  5.40  4.90* 

608   4.59  

609  8.06   

610 3.64    

611  9.30  7.70 

612 3.70    

613 3.90    

614 7.35    
* Chl b from adjacent monomer within a trimeric LHCII 

 
Closest distances (Å) between the conjugated π-systems of chlorophylls and carotenoids in sites L1, 

L2, N1 and V1  

 
 
The TmS spectrum of the Lhcb1 monomer is narrower than that of the LHCII trimer 

and slightly shifted to higher energy. This effect is mainly due a difference in the 
spectroscopic properties of the xanthophyll in the L2 site, which is blue shifted in the 
monomers as compared to the trimer; consequently also its triplet spectrum is blue shifted, as 
observed previously for LHCII native monomers (18). Previous data showed that the L1 site 
is occupied by a lutein molecule with absorption around 494 nm in all complexes (14;18;60-
62). Therefore, it seems reasonable to assume that the triplet properties of lutein-L1 are 
similar in all complexes. Comparison of the L1 TmS spectrum with the spectra of the 
monomers provides information about the additional xanthophylls participating in the triplet 
quenching (Figure 5). The TmS spectrum of lutein-L1 can be obtained from the analysis of 
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WT LHCII under aerobic conditions. The TmS spectrum of Lhcb4 is virtually identical to 
that of lutein-L1 (Figure 5A), suggesting that: 

 
o only one xanthophyll is participating in the triplet quenching or  
o all bound xanthophylls have similar spectra.  

 
Figure 5. Analysis of the TmS spectra of monomeric complexes. Comparison of the TmS spectra of 

the monomeric complexes Lhcb1 (A), Lhcb5 (B) and Lhcb4 (C) (open square) measured under 
aerobic conditions (see table II for the lifetimes) and the TmS spectrum of lutein-L1 (circle) as 

obtained from the analysis of LHCII-WT3 (fast component under aerobic conditions).  
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It has been shown that neoxanthin in the N1 site of Lhcb4 absorbs at 483 nm (21), lutein-L1 
at 494 nm and violaxanthin in the L2 site at 492.6 nm (62). If neoxanthin would participate to 
the TmS spectrum, a component could be expected that is blue-shifted with respect to the L1 
spectrum. Since this is not the case we conclude that neoxanthin does not quench triplets in 
Lhcb4. The red part of the TmS spectrum of Lhcb5 is slightly broader than the spectrum of 
lutein-L1 (Figure 5B), suggesting the involvement of a second carotenoid, probably 
accommodated in site L2 (notice that also in this complex the neoxanthin in N1 is at higher 
energy than lutein-L1 (21)). The larger amplitude in the red part of the spectrum of Lhcb5, 
when compared to Lhcb4, is probably due to the different occupancy of the L2 site (lutein vs. 
violaxanthin). It appears that in all Lhcb the absorption spectrum of the xanthophylls bound 
to site L2 is 5-6 nm more red-shifted than that of the corresponding xanthophyll in site L1 
(21;61;62). It can thus be expected that for Lhcb5, in which both sites accommodate lutein, 
the spectrum of L2 is red-shifted as compared to that of L1, while for Lhcb4, which 
accommodates violaxanthin in L2 and lutein in L1, the two spectra overlap, since the maxima 
of lutein and violaxanthin in solution differ 6 nm (63). 
Although the neoxanthin is not directly participating in the triplet quenching, two striking 
effects can be observed in the TmS spectra of the complexes in which the N1 site is empty 
(LHCII-L) or partially empty (LHCII-LZ):  
 

o the triplet lifetime of the lutein in the L2 site strongly decreases and becomes 
identical to that of lutein-L1;  

o the Chl to carotenoid transfer efficiency decreases from 95 to 70%.  
 

The increased concentration of Chl triplets is in agreement with previous results, which 
showed that complexes lacking neoxanthin are more sensitive to photobleaching (15;49). 
Fluorescence emission measurements show that both complexes become quickly thermally 
equilibrated, indicating that all chromophores are active in singlet energy transfer, but are not 
all equally active in transferring triplets. Because triplet transfer requires shorter distances 
between the pigments than singlet transfer, this suggests that the absence of neoxanthin has 
an effect on the structure of the complex, likely increasing the distance between some of the 
Chls and a xanthophyll molecule in site L1 or L2, thus leaving a small amount of Chls 
unprotected. The mechanism for such uncoupling can be suggested on the basis of a previous 
report (21) showing  that, in the absence of neoxanthin, the strong excitonic interaction 
between Chls 604 and 606 is lost, pointing to a different organization of this protein domain.  
The difference in triplet lifetime for the carotenoids in the L1 and L2 sites was attributed to a 
difference in oxygen accessibility (28). The occupancy of the N1 site thus appears to be 
important for creating a barrier against oxygen. Looking at the structure of trimeric LHCII it 
can be observed that the lutein in the L2 site is deeply buried in the complex, but that the 
absence of the neoxanthin is opening a channel in the structure, which directly points to the 
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end ring of the lutein in L2 (Figure 6), allowing oxygen to get into close contact. This effect 
can explain the results of Schödel et al. (8;30) who found only one decay component in the 
triplet spectrum of LHCII under aerobic conditions with a 2 μs lifetime. As mentioned by the 
authors, the amount of neoxanthin varied extensively in their preparations (8), suggesting that 
the carotenoid in N1 was destabilized, thus explaining the absence of the long-decaying 
component. The structure also shows that the lutein in site L1 is partially exposed (Figure 6) 
and therefore easily accessible for oxygen in the WT protein, explaining its shorter triplet 
lifetime.  
The structure thus explains the presence of two different lifetimes for the carotenoid triplet 
decay under aerobic conditions, as was also found by Peterman et al. (28). The fact that 
Sieferman-Harms and Angerhofer observed only one longer lifetime is thus not compatible 
with the structural organization of the complex. Moreover, their argument that only intact 
LHCII will show one long lifetime (27) does not apply to our LHCII trimers which were 
purified by very mild detergent treatment and in one single step, in contrast to the preparation 
of Siefermann-Harms, which required several steps in which a harsh procedure using triton 
X-100 was needed as well as the elution from gel. Possibly, the digitonin used in their 
preparation acts as a screen around LHCII, limiting the access of oxygen.  
 

 
 

Figure 6. Effect of the absence of neoxanthin. Model of LHCII trimer (13) in the presence (left) and in 
the absence (right) of neoxanthin.  

 
The apoproteins of the three monomers are in different blue colors, Chls are in green, lutein-L1 in 

yellow, lutein-L2 in red and neoxanthin in magenta. It can be observed that while in the presence of 
neoxanthin the lutein-L2 is deeply buried in the complex (lutein-L2 in red is not visible), the absence 
of neoxanthin opens a channel which exposes lutein-L2 to the external environment (lutein-L2 in red 

is visible). 
 
The protective effect of the neoxanthin is not visible in the Lhcb1 monomer, in agreement 
with the fact that in this complex the L2 site is easily accessible from outside. The same 



Chlorophyll triplet quenching in Lhcb
 

 121

reasoning holds for Lhcb4 and Lhcb5, which only show a short lifetime, although both 
accommodate neoxanthin in the N1 site (21). Moreover, the triplet lifetimes of the 
monomeric complexes under aerobic conditions are shorter than observed for LHCII trimers, 
indicating that they are more accessible to oxygen, in agreement with the fact that they have a 
less packed structure.  
However, it is likely that in the membrane, when the proteins are assembled around the 
reaction centre, they are oriented in such a way that the internal part of the complex is again 
protected and that also in these complexes neoxanthin is protruding into the membrane, 
acting as an oxygen barrier. 
 
 

CONCLUSION  
 
 
We have obtained a description of the role of the different xanthophylls binding sites in 
trimeric LHCII: only the xanthophylls bound at sites L1 and L2 have a direct role in Chl 
triplet quenching, while the occupancy of site N1 by neoxanthin controls the accessibility of 
molecular oxygen to the inner core of the complex. The trimeric organization of LHCII, is 
thus effective in screening the internal protein domain from molecular oxygen as long as the 
N1 site is occupied. 
A second important conclusion is that the xanthophylls only quench 95% of the Chl triplets, 
thus leaving 5% of the Chls unquenched. We propose that this incomplete quenching of 
3Chl* triplets is the reason for the need of singlet oxygen scavenging, not only by carotenoids 
bound to Lhc but also by carotenoids free in the lipid matrix (64;65) or present at the 
interface between the lipids and the proteins (66). 
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SUMMARY 
 
 
Photosynthesis is the process in which sunlight energy is used to convert CO2 into organic 
compounds. To perform this process plants, algae and cyanobacteria are equipped with two 
multisubunit protein complexes, Photosystem I (PSI) and Photosystem II (PSII). Many of the 
subunits bind chromophores which absorb part of the visible light and efficiently transfer the 
excitation energy to a special chlorophyll molecule, where it is used to promote charge 
separation. The capture of the light energy is achieved by the light harvesting complexes 
(antenna complexes) of both photosystems, which coordinate chlorophyll and carotenoid 
(xanthophyll) molecules. 
The photosynthetic efficiency (the ratio of the energy stored to the energy of light absorbed) 
varies under different environmental conditions. During their life, plants experience large 
fluctuations in light intensity, which occur on time scales ranging from seconds to seasons. In 
several conditions the amount of energy harvested by the plants exceeds the need of the cell 
and this excess energy can lead to the production of reactive oxygen species that can cause an 
inhibition of photosynthesis. To prevent this photoinhibition, plants have evolved several 
regulatory mechanisms. In excess light, part of the absorbed energy is thermally dissipated 
via a mechanism called Non-Photochemical Quenching (NPQ). The antenna are fundamental 
in the photoprotective responses, switching from a light harvesting form to an efficient 
thermal dissipation form. There is little understanding of the precise molecular mechanism 
through which the antenna could reversibly switch between fundamentally different states, in 
particular in how the pigment function can be altered within these complexes. 
 
In this thesis I report results on the investigation of the functional architecture of light 
harvesting complexes integrating the available structural data of LHCII from Spinacea 
oleacea and of the two photosystems, with the spectroscopic properties of chlorophylls and 
carotenoids bound to these complexes.  

It is known that pigments in different sites experience different interactions with their 
specific local protein environment, which modify their electronic structure. This can have a 
large effect on the spectroscopic properties of the protein-bound pigments and, thus, on their 
role in light-harvesting and photoprotection. Small differences in the environment of the 
pigments may lead to important changes in the spectroscopic features of the complex and 
thus, for instance, change the functional role of a specific pigment cluster. On the other end, 
the high sensitivity of the pigments to their local environment allows to use them as very 
sensitive structural probes. 
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Refolding by an in vitro procedure allows us to analyse individual antenna, 
identifying the spectroscopic and biochemical properties of each complex. Moreover, the 
creation of mutants by site direct mutagenesis, substituting the aminoacid coordinating a 
chlorophyll with a residue unable to coordinate the pigment, permits to elucidate the 
characteristics of individual cofactors and to investigate their role in the antenna complex. 
This technique, together with the purification of native complexes, provided the samples 
analysed in this thesis. 

 
 
Part I focuses the attention on the determination of the spectroscopic properties of 
chlorophylls bound to monomeric antenna from PSI and PSII of higher plants, with particular 
attention to the low energy forms of both photosystems. These forms are particularly 
important because their represent a relative energy sink which makes them the best candidate 
for playing a primary role in the regulation of the energy flow thought the system. By 
refolding in vitro several WT and mutant complexes were obtained. 
 

In chapter 2 the Lhca4 antenna is analysed. A typical feature of the antenna 
complexes of Photosystem I is the presence of chlorophyll (Chl) molecules which absorb at 
energy levels lower than the reaction centre. These Chls act as a sink for the excitation 
energy, which is used for charge separation and should be transferred against a gradient. 
Among the four Lhca complexes the Lhca4 complex is known for its most red forms, which 
shows a fluorescence emission at 732 nm. In this chapter we have investigated the origin of 
the red forms in this complex, performing mutation analysis at the putative binding ligand of 
several Chls and comparing the spectroscopic properties of the mutants with that of the Wild 
Type. We could conclude that the red forms are the low energy band of an excitonic 
interaction involving two Chls a molecules at sites 1015 and 1025. Mutations at neighbouring 
sites, which are not directly responsible for the red forms, lead to a change in the fluorescence 
properties of the complex, indicating that this feature is very sensitive to small changes in the 
structure of the protein. The spectroscopic properties of other Chls bound to the complex and 
the strength of their interaction were also analysed, furnishing a complete map of the 
spectroscopic properties of the individual chromophores bound to this antenna complex. 
 

In chapter 3 we used mutation analysis and refolding in vitro to investigate the 
structure of Lhca3. From the first determined X-ray structure of PSI-LHCI it was suggested 
that Lhca3 has a different folding as compared with the other members of the Lhc family, 
with the two central helices being swapped. Spectroscopic features of individual chlorophylls 
are here used to probe the folding of this complex. Our results not only demonstrate that 
Lhca3 has the typical folding of Lhc complexes, but also reveal the presence of Chls 1013 
(A3) and 1023 (B3), which were not observed in the crystal structure. The more recent 
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structure of PSI-LHCII confirms our findings. Moreover, we can assign the absorption 
characteristics to several Chls bound to the complex and we demonstrate that also in Lhca3 
the low energy emission forms are originated by the excitonic interaction between Chls 1015 
(A5) and 1025 (B5). We can conclude that the ‘red forms’ origin is conserved in all the Lhca 
and modulation of the emission energies is dependent on the pigments environment, 
distinctive for each complex. 
 

In chapter 4, we studied by mutation analysis a particular domain of the antenna 
complexes of Photosystem II, composed of two Chls (612 and 611) and one xanthophyll 
(Lutein L1). It has been proposed that this domain is involved in the mechanism of energy 
dissipation which protects the system from high light damage. It was previously shown that 
in LHCII these two Chls represent the low energy state of the system and that in situations 
which simulate NPQ they can transfer energy to the neighbouring lutein. Here we 
demonstrate that in LHCII these Chls strongly interact with the lutein molecule, already in 
“normal” conditions and in the absence of quenching. A small change in the structure is thus 
sufficient to transform them in an efficient quenching site. The same experiments were 
repeated on the minor antenna complexes of Photosystem II. It is demonstrated that this 
domain is fully conserved in Lhcb4 and Lhcb5 and at least partially conserved in Lhcb6.  
Our results indicate that if this protein domain is responsible for the quenching in LHCII, all 
the antenna are prepared to be a quencher. This can explain the finding that for the NPQ all 
antenna complexes are dispensable, suggesting the presence of multiple quenching sites in 
the Photosystem II. 
 
 
Part II focuses on the study of the carotenoids bound to the antenna complexes of both 
photosystems. These pigments play several roles in the photosynthetic process acting as 
accessory light-harvesting pigments, being fundamental for the structural stabilization of the 
complexes and, more important, they are involved in the photoprotection mechanisms. In 
high light conditions, when the amount of energy harvested by the system exceeds the 
capacity for electron transport to available sinks, the photochemistry is limiting and other de-
excitation mechanisms become of importance. Part of the excitation energy decays via 
intersystem crossing, leading to the production of chlorophyll triplets which can react with 
molecular oxygen producing singlet oxygen, a very reactive and harmful species, leading to 
the oxydation of the photosynthesis machinery. The main role of the carotenoids is to protect 
the system from this damage by quenching the chlorophyll triplets and scavenging the singlet 
oxygen. The carotenoid composition of the antenna complexes is highly conserved through 
the plant kingdom and different carotenoids species have been observed to be bound to 
specific binding sites. In this section we have investigated the role of each of them in light 
harvesting and chlorophyll triplet quenching. 
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In chapter 5 the attention is focused on the structural and spectroscopic analysis of 

the carotenoids in the Lhca antenna. A complete map of the carotenoids distribution in all 
four Lhca complexes is given. Integrating spectroscopic measurements with mutation 
analysis it was possible to localize the individual binding sites, which were not resolved by 
X- ray crystallography and to determine the occupancy of each of them. The singlet and the 
triplet energy transitions of each xanthophyll in each binding site were also determined. This 
information, integrated with the analysis of mutants, permits to determine that the carotenoids 
occupying sites L1 and L2 are active in the triplet quenching. Both carotenoids decay with 
the same lifetime, but with distinguished spectroscopic features: the xanthophyll in L1 has a 
maximum at 507 nm and that in L2 at 522 nm. Moreover, the interaction Chl 1015 - Car L2 
seems to influence the energy distribution of the carotenoid triplet decay, causing a shift to 
lower energies. Comparison of the LHCI native complex and the sum of individual Lhca 
Triplet minus Singlet spectra indicates that beta-carotene is active in the triplet quenching. 
Furthermore, our results suggest that energy equilibration is complete in the Lhca1-Lhca4 
heterodimer, but not in Lhca2-Lhca3, at least in the fast scale. 
 

In chapter 6 the carotenoids bound to the Lhcb antenna are investigated in order to 
elucidate their role and efficiency in the triplet quenching. Our findings demonstrate that in 
all the Lhc antenna only the carotenoids accommodated in the two internal sites L1 and L2 
are responsible of the triplet quenching. In LHCII trimer the lutein in L1 site, localised in 
close proximity of the low energy state chlorophyll, is quenching the largest part of the 
triplets. The carotenoid in L2 has a longer lifetime and shows a red shifted maximum 
compared to the one in L1. The difference in lifetime depends on the occupancy of the N1 
site, which acts as an oxygen barrier limiting the oxygen access to the inner Lhc domain and 
contributing to maintain the photostable conformation of the complex. The carotenoid triplet 
decay of monomeric Lhcb1, Lhcb4, Lhcb5 is monoexponential and shorter than in the LHCII 
trimer, indicating the absence of an oxygen barrier, protecting the internal sites. Furthermore 
it is shown that, different from previous reports, the chlorophyll to carotenoid triplet energy 
transfer has an efficiency of 95% allowing explanation of in vivo data. 
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SAMENVATTING 
 

 

In het fotosyntheseproces wordt zonlicht omgezet in organische componenten die uiteindelijk 
ook als voedsel onmisbaar zijn voor zeer uiteenlopende organismen op onze aarde. In groene 
algen en planten vind dit proces plaats in de zogenaamde thylakoidmembraan die 
opgevouwen zit in een organel dat de chloroplast heet. In de eerste twee stappen van de 
fotosynthese wordt het licht opgevangen door lichtverzamelcomplexen (light-harvesting 
antennecomplexes) en wordt deze excitatie-energie vervolgens overgedragen aan 
reactiecentra. In deze reactiecentra wordt excitatie-energie omgezet in chemisch gefixeerde 
energie. Reactiecentra en antennecomplexen zijn opgebouwd uit verschillende subeenheden 
waaraan pigmentmoleculen zoals chlorofylmoleculen zijn gebonden. Nauwkeurige 
bestudering van deze antennecomplexen is belangrijk omdat ze een grote rol spelen in de 
regulatie van de lichtopvang. Dit is belangrijk voor zowel optimale groei als voor het 
voorkomen van schade aan de reactiecentra als planten stress ondervinden. In dit proefschrift 
wordt de moleculaire basis van de lichtopvang en de afgifte van overmaat van geabsorbeerd 
licht beschreven en met name de rol die de antennecomplexen daarin spelen. Er is gebruik 
gemaakt van een combinatie van technieken uit de moleculaire biologie, biochemie and 
spectroscopie.  
De ontwikkelde methode en de verkregen resultaten kunnen worden gebruikt voor verder 
onderzoek naar interacties en energieoverdracht tussen eiwitsubeenheden betrokken bij de 
fotosynthese. Het optimaliseren van de antennecomplexen is een nuttige stap in de 
ontwikkeling van kunstmatige fotosynthese, die uiteindelijk belangrijk kan worden voor de 
productie van biobrandstof. We hebben in dit proefschrift bovendien beschreven dat er 
functioneel geconserveerde pigment-bindende domeinen zijn in fotosynthese-eiwitten uit 
organismen die zich in de loop van de evolutie verschillend hebben ontwikkeld. Van deze 
domeinen veronderstellen we dat ze een centrale rol spelen tijdens fotoprotectie. 
Fotoprotectie is een onmisbare reactie van fotosynthetische organismen als ze blootgesteld 
worden aan stressomstandigheden. 
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