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CHAPTER ONE 
Regulation of Photosynthesis:  

Light Harvesting and Photoprotection. 
Introduction 

 
 

To a large extent, life on earth depends on the capacity of photosynthetic organisms 
to convert sunlight into chemical energy. Plants and algae optimized light harvesting 
and excitation energy transfer processes for ultrafast conversion of solar energy into 
electrochemical potential with near unitary quantum efficiency. Notably, they also 
developed ways to adapt to naturally variable light-conditions. Sudden exposure to 
excess sunlight can be dangerous for these organisms when the metabolic activity 
saturates and the photo-excitations create oxidative, possibly deadly, damage. 
This thesis focuses on the molecular mechanisms regulating fast responses of green 
eukaryotes to stress conditions. These responses concern the very first steps of 
photosynthesis when sunlight is harvested by a series of pigment-protein complexes 
known as light-harvesting complexes (LHCs) i.e. the antennae of photosynthetic 
organisms. As we will see, these complexes play important roles both in 
photosynthesis and photoprotection, by either collecting and transferring sunlight 
excitation energy to the photosystems or, in case of saturating-light conditions, by 
dissipating as heat (quenching) the excess absorbed excitations, contributing to 
photoprotective mechanisms known as nonphotochemical quenching (NPQ).  
The current hypothesis is that the “switch” from light harvesting to quenched state 
of LHCs is regulated by the different membrane environments in the various light 
regimes. Indeed, saturation of the photosynthetic activity results in a quick drop of 
the luminal pH in the photosynthetic membrane. This acidification then correlates 
with the rapid reduction of fluorescence yield of photosystem II, identified as the 
fast phase of NPQ1. Via single molecule spectroscopy (SMS) it has been shown that 
LHCs have an inbuilt ability to switch reversibly between more and less quenched 
states2. Together these lines of evidence have led to the current proposal that the 
mechanism triggering NPQ, or the “NPQ switch”, is acting at the level of single LHCs3. 
More explicitly, it is hypothesized that LHCs sense, directly or indirectly (via external 
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Figure 1. Molecular switches in the thylakoid membrane. The leaf of a higher plant 
(an example from Nicotiana Tabacum is shown on the left) contains in the 
chloroplast a crowded lipid membrane known as the thylakoid. In the thylakoid we 
find the light-harvesting complexes (LHCs) such as LHCII. In the center, a model 
monomer of LHCII and its accessory pigments (purple and green respectively) is 
shown embedded in a model thylakoid (orange). The system is enclosed in an 
example of a molecular dynamics (MD) simulation box containing water (light blue). 
Examples of conformational changes of LHCs are shown on the right via the overlap 
of multiple conformations extracted from one of the molecular dynamics simulations 
reported in Chapter 2.  
 
triggers), the changes in pH and tune their energetics by changing their protein and 
pigments conformations. However, whether there is a direct response to the 
environment, which LHC sites (protein and/or pigments) can possibly undergo 
structural change, and the nature of the quenching mechanism itself, remain 
controversial. These questions are the basis for the research reported in this thesis. 
In Fig. 1, one of the model LHC systems investigated in this work is shown together 
with an example of the possible structural changes that LHC undergo.  
 
Light-harvesting in plants and green algae.  
The thylakoid membrane and the light-reactions. Most of the photosynthetic 
complexes are embedded in a crowded lipid membrane, known as the thylakoid, 
located within the chloroplast. The thylakoid is a continuous membrane system 
consisting of a lipid bilayer composed mainly of galactolipids and phospholipids, with 
embedded protein complexes and cofactors. The thylakoid separates the aqueous 
phase of the chloroplast into different domains: the inner portion is called the lumen 
while the outer one is known as the stroma. In this membrane the initial steps of 
photosynthesis, collectively known as the “light-reactions”, take place. Via these 
reactions, electrons are removed from water and transported across the membrane 
while protons are pumped into the lumen, creating a proton gradient across the 
membrane. Electrons and the proton gradient are necessary to provide adenosine 
triphosphate (ATP) and nicotinamide adenine dinucleotide phosphate (NADPH) to  



Regulation of photosynthesis: light harvesting and photoprotection. 
Introduction 

Chapter 1 

9 

 
 

 
 

 
Figure 2. Schematic of the thylakoid membrane and of the light-reactions. A 
simplified scheme of the electron transfer pathways (linear and cyclic) is here 
represented together with the involved photosynthetic subunits i.e. PSII and its LHCs 
in blue and light blue; Cyt b6f in purple; PSI and its LHCs in yellow and light yellow 
and ATP-synthase in red. These complexes are embedded in a model thylakoid 
membrane shown in light gold. The direction of pumping and diffusion of protons is 
represented by pink block arrows, the direction of electron transport in black arrows 
and the direction of diffusion of reactants and products of the various reactions in 
white block arrows. Charge separation is represented in orange. 
 
the downstream, “dark” reactions of the Calvin-Benson-Bassham cycle, which 
produce carbohydrates from water and CO2.  
The light-reactions are regulated principally by 4 different integral membrane multi-
protein complexes binding pigments and other cofactors. These complexes can be 
classified as follow: two photosystems, II (PSII) and I (PSI), working in light harvesting 
and light-driven electron transfer processes, cytochrome (Cyt) b6f, also working in 
electron transfer and the ATP-synthase, which is an enzyme active in proton-driven 
synthesis processes4. The thylakoid is densely packed as photosynthetic protein 
complexes can occupy up to 70% of the membrane area in some of the thylakoid 
domains5. This happens in particular in the membrane areas called grana6, cylindrical 
stacks of thylakoid containing predominantly PSII complexes. These regions are 
interconnected via the so-called stroma lamellae, which are unstacked membrane 
regions containing mainly PSI complexes and ATP synthase.  
A simplified scheme of the functional organization of photosynthetic complexes 
within the membrane is shown in Fig. 2. Here, two modes of electron transfer 
pathways take place and are defined as linear and cyclic electron flow, which we 
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here briefly introduce one after the other. In the thylakoid, sunlight energy is 
absorbed by two classes of pigments: Chls and carotenoids (Cars). These pigments 
are bound to the peripheral antennae (LHCs) and to the complexes that constitute 
the cores of PSII and PSI. In the case of PSII, excitation energy is first funneled from 
LHCs to Chls situated in the core of the photosystem, in what is specifically known as 
the reaction center. In the reaction center (also known as P680 because its optical 
absorption maximum occurs at 680 nm), after charge separation, an electron is 
donated from P680 to a pheophytin and consequently to a plastoquinone (PQ) 
molecule bound to the complex (site QA). An active Tyr (Yz) of PSII reduces P680+ 
back to P680. Electrons removed from water at the oxygen-evolving complex (OEC) 
site are used to reduce back Yz, while the protons are released into the lumen. From 
the QA site the electron is then transferred to a PQ molecule in the QB-site. At this 
site, QB-PQ after a second turnover of reduction accepts 2 protons from the stroma 
and detaches from the site in the form of plastoquinol (PQH2). This molecule diffuses 
through the membrane until it reaches Cyt b6f. Here, the electron from PQH2 is 
donated through a cycle of reactions (Q-cycle) to plastocyanin (PC), a redox protein 
that then diffuses to PSI. During the Q-cycle, protons are also released into the 
lumen. In PSI, after Chl excitation has been funneled from the peripheral antennae 
to the special pair P700, charge separation produces an electron used to reduce 
ferredoxin (Fd). PC, which has diffused from Cyt b6f to PSI, is finally used to reduce 
back P700+. From Fd, electrons are donated to the NADP-reductase (FNR) to 
produce NADPH, thus concluding the linear electron flow. The cyclic electron flow 
leads to the build up of a proton gradient across the thylakoid membrane and 
operates at the level of Cyt b6f and PSI. The overall proton gradient built by both 
transport processes finally drives the ATP-synthase to produce ATP. 
 
The light-harvesting complexes (LHCs) and their constituents (pigments and 
protein). In plants and green algae, LHCs compose a superfamily of nuclear-encoded 
proteins binding Chl type a/b and Cars whose main function is light harvesting. For a 
recent review see Ref. 7. Additionally, this gene family includes stress-related 
proteins such as HLIPs, ELIPs, PsbS and LHCSR8–12. 
Genes encoding for LHCs associated to PSII and PSI are classified respectively as 
Lhcbs or Lhcas15. In particular in higher plants, three genes encode for monomeric 
complexes of PSII i.e. Lhcb4, Lhcb5, Lhcb6 whose final pigment-binding protein 
products are known as CP29, CP26 and CP24, and three genes encode for trimer-
forming complexes (Lhcb1, Lhcb2, Lhcb3) whose final product is known as LHCII and 
is the most abundant LHC complex in the thylakoid. For PSI, six genes encode for 
products that in the native form are organized as dimers (Lhca1-6)16. The largest 
supercomplex of PSII purified from A. thaliana has been found to bind 2 trimers 
(LHCII) and 3 minor antennae per core17, The structure of a smaller supercomplex 
has been very recently resolved at a rather high resolution (3.2 Å) and contains one  
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Figure 3.A, B. PSII and PSI supercomplexes. (A) Top view of the dimeric PSII 
supercomplex (core + LHCs) as recently resolved via electron microscopy (picture 
adapted from Ref. 13). The dashed black line separates the two monomers of the 
PSII dimer. (B) Top view of the PSI as resolved via x-ray crystallography (picture 
adapted from Ref. 14). 
 
trimer and 2 monomers per core, as shown in Fig. 3.A13. PSI instead has been found 
in green algae (C. reinhardtii) to bind up to 9 antennae distributed in two concentric 
‘half moons’ around the core18. The crystal of the supercomplex from plants, 
containing 4 Lhcas per core, has been recently resolved at high-resolution (2.8 Å) and 
is rendered in Fig. 3.B14. LHCs have the effect of increasing the absorption cross-
section of PSII and PSI. Also, LHCs play a role in the early stress-responses, 
representing the main site of quenching of excess Chl excitation in high light. 
LHCs consist of three main components: Chls, Cars and protein plus additional 
cofactors such as lipids which are involved in coordinating pigments14,19,20. The 
crystal structures of LHCII19,21 also show that several water molecules are present 
inside these complexes and their presence seem to be functional for Chl-binding and 
folding of LHCs complexes, as we recently showed in silico22 and report here in 
Chapter 2.   
Below we review the major features of the principal LHC molecular constituents 
(Chls, Cars and protein). 
 
Chlorophylls. Chls are the most abundant pigments used by photosynthetic 
eukaryotes for light harvesting. The molecular structure of Chls (type a and b) is 
reported in Fig. 4.A. These pigments are cyclic tetrapyrroles with a fifth isocyclic ring 
derived from protoporphyrin. A long hydrophobic phytol tail is attached to the 
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macrocycle. In Chls, a magnesium atom (Mg2+) is located in the center of the 
tetrapyrrolic cycle and is tetra-coordinated to its nitrogens. Coordination of the Mg 
to other protein ligands, lipids or water molecules is possible and pentacoordination 
of Mg induces displacement of this atom out of the plane of the 4 nitrogens23. Ring 
distortions due to Chl-ligand interactions in LHCs have been reported to affect the 
Chl-site energy24.  
The absorption properties of Chls depend on their π-electron system extended over 
the planar macrocycle. This conjugated system gives rise to two main absorption 
bands: one in the red-infrared part of the visible spectrum (600-700 nm) and one in 
the blue one (400-480 nm). The electronic transitions of Chls can be described by a 
4-orbital model25. In this approximation, the absorption spectra of Chls can be 
described by the linear combination of one-electron transitions between the Highest 
Occupied Molecular Orbitals (HOMOs) and Lowest Unoccupied Molecular Orbitals 
(LUMOs). The resulting two lowest-energy (longer wavelength) transitions are 
known as QX and Qy because they are polarized along the x and y axes (see Fig. 2.A) 
of the Chl, as reported in Fig. 2.C, D. The remaining two highest energy transitions, 
polarized also along the x and y axes, are known as BX and BY or, more commonly, as 
Soret bands (Fig. 2.C, D).  
The absorption spectra of Chl a and b are rather different (Fig. 2.C) although the only 
difference between these two types of Chls is at the R-position (Fig. 2.A), where a 
formyl group (-CHO), rather than the methyl group (-CH3) of Chl a, is present in Chl b. 
The resulting absorption spectrum of these two Chls shows that Chl b carries a more 
red-shifted Soret band and more blue-shifted QY: this is due to the presence of the 
formyl group that confers to the macrocycle a more symmetric geometry resulting in 
an absorption spectrum more similar to that of porphyrin.  
 
Carotenoids. LHCs also bind a variety of Cars. Cars are hydrocarbons consisting of a 
long polyene chain that alternates single and double bonds. Most of the Cars bound 
to LHCs of plants and algae are oxygenated and are known as xanthophylls. 
Unoxygenated Cars (carotenes) are also present in the photosystems: in particular β-
carotene is located in the core of the photosystems14,26 or bound to some Lhca 
complexes16. Cars increase the absorption cross section of LHCs in the blue-green 
region (400-550 nm) and are active in energy transfer to Chls, thereby contributing 
to light harvesting. Cars are also commonly known to be strong antioxidants. Indeed, 
a first defense mechanism against the action of 1O2* is given by quenching 3Chl*, 
therefore preventing formation of singlet oxygen. Also, in the case of 1O2* 
formation, Cars can scavenge 1O2* by accepting its excitation energy due to their 
low-lying triplet state27. Other important roles played by these pigments in 
photoprotection are discussed below. 
Cars’ strong absorption in the visible spectrum is due to their π-electron system 
extended along the polyene chain. A variety of excited states defines the energy  
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Figure 4.A-D. Structural and absorption properties of LHC pigments. (A) The 
structural elements common to Chl a and b are here reported, including the 
tetrapyrrole and the phytol tail. A substitution of a formyl group (for Chl b) to the 
methyl group (for Chl a) at the R-position, as indicated in the figure, differentiates 
the two pigments. The directions of the transition dipole moments (y and x) are also 
indicated. (B) Molecular structures of the xanthophylls bound to LHCs. (C) 
Absorption spectra of a mixture of pigments extracted in 80% acetone from LHC 
complexes. The absorption spectrum o has been fitted with the spectra of the single 
pigments in acetone (Chls and Cars) and the results of the whole fitting are reported 
in the figure. The gray sections indicate different energy levels for the pigments as 
shown above the plot. (D) Energy level diagrams for Chls and Cars with the relative 
positions of their different energy states. The location of the Cars dark states, S1 and 
S*, is here assigned above and below the QY band of Chls, respectively: this is the 
result of the experiment presented in Chapter 6 and of previous results30. It is 
however important to mention that different assignments have been reported for 
these states in different complexes31,32. 
 
landscape of Cars. The first allowed transition is from the ground state S0, or 1Ag

 - in 
C2h symmetry notation, to the second lowest excited state: the S2 state (1Bu

 +). This 
transition is responsible for the strong absorption in the 400-550 nm range. One-
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photon transition to the first excited state is not allowed. This is because the S1 state 
(2Ag

 -) carries the same symmetry of the ground state (1Ag
-). Indeed, additionally to 

the allowed transitions, Cars display a series of symmetry-forbidden transitions to 
the so-called dark states. These states, however, can be populated via internal 
conversion (IC) from higher states (or from Chls as shown in Chapter 6 and in28,29) 
and from there they can quickly decay (~ps) to the ground state again via IC. As we 
will see, these states, thanks to their low energy level and to the fast decay, are 
suggested to have important roles in photoprotection acting as quenching channels 
of Chl excitation (Chapter 6).  
The energy level of the Car excited states inversely depends on the conjugation 
length (N). The extent of N varies among xantophylls as follow: neoxanthin (8), 
violaxanthin (9), lutein (10) and zeaxanthin (11). The longer conjugation length of 
zeaxanthin, and therefore the expected lower energy of its dark state S1, has lead 
Harry Frank and coworkers to formulate the so-called “Molecular Gear Shift” model 
which proposes that direct quenching of Chl excitation, may take place via singlet-
singlet energy transfer to zea33. However, the energy of the S1 state is difficult to 
determine and methods are being developed to measure34–36 or compute37 it.  
In addition to the S1 state, the existence of other dark states for Cars has been 
predicted38. One of these states has been identified via transient absorption and is 
known as S*. The origin and energy of S* remain controversial. This state has been 
assigned to either a vibrationally “hot” ground state39 or a distinct excited state of 
Cars31. Transient spectra assigned to S* have been identified in all LHC-related 
xanthophylls30: its spectrum is similar to that of the triplet state (for the shape and 
the spectral range) and its decay time is similar to S1 (order of ps) although slightly 
longer. It has been shown that energy transfer is possible from S* to Chls31, 
suggesting that the assignment of S* to an excited state of Cars is valid. Theoretical 
and experimental works allowed to identify the presence of S* in Cars with distorted 
conformations30,40: it was predicted that, under rotations of the conjugated end 
cycles of the Cars, the energy of S* would be lower than that of S130. Recent 
advances in femtosecond stimulated Raman spectroscopy40 have again strongly 
suggested that the S* spectrum has to be assigned to an excited state of distorted 
conformations of Cars. 
Additionally to its role in light harvesting31 and in quenching, as we propose in 
Chapter 6, experimental evidence suggests that the S* state is a precursor of Car 
triplets via singlet-fission processes32.  
 
Excitation energy transfer (EET) and pigment-pigment interactions. Pigments 
bound to LHCs must funnel the energy towards the reaction center by transferring 
their excitations as fast as possible to outcompete the rates of Chl fluorescence and 
other nonradiative processes. This is indeed done with high efficiency both in PSII41 
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and PSI42,43, thanks to the functional organization of Chls and Cars inside LHCs that 
allows resonance transfer of excitations.  
The following review of the different models used to describe pigment-pigment 
interactions in LHCs is largely based on Ref. 44. The EET process between pigments 
within LHCs is a nonradiative process which, generally in the case of weakly coupled 
pigments, can be approximated via the Förster Energy transfer theory. Under the 
assumptions of this theory, the transfer takes place via a dipole-dipole Coulomb-type 
mechanism. Conservation of energy requires that the emission and absorption 
spectra, respectively of the donor and acceptor pigments, overlap to some extent.  
The transfer rates 𝑘𝐷𝐴 for the EET process are dependent on the interaction strength 
(square) between donor and acceptor, VDA. At high values of VDA, meaning when 
strong coupling is present, donor and acceptor can form excitons: new absorption 
bands are observed and excitation is delocalized over the two pigments. The energy 
transfer dynamics can no longer be described by excitations hopping from one 
pigment to another as predicted by the Förster picture. 
The term 𝑉𝐷𝐴 can be expressed as follow: 
 

𝑉𝐷𝐴 =
𝑓1
2|�⃗�𝐷||�⃗�𝐴|
𝜀𝑟

∙ 5.04
��̂�𝐷 ∙ �̂�𝐴 − 3 ∙ (�̂�𝐴 ∙ �̂�𝐴𝐷)(�̂�𝐷 ∙ �̂�𝐴𝐷)�

𝑅3
  

               
where 𝑓1is the local field correction factor, |�̅�| the module of the transition dipole 
moment and 𝜇�  the normalized transition dipole moment vector, 𝜀𝑟  the relative 
dielectric constant, R the module of the distance between the centers of the dipole 
moment vectors and �̂�𝐴𝐷 the normalized distance vector.  
From this formula it is clear that a protein rearrangement altering the mutual 
orientation and/or the distance of the pigments can dramatically alter the coupling 
strength of these excitons and therefore the energetics of the system, as shown in 
Chapter 2.  
At interchromophore distances comparable to the size of the (transition) charge 
distribution of each pigment the dipole approximation ceases to be valid and, in the 
case of significant orbital overlap, excitation is transferred via an exchange 
mechanism. 
Depending on the extent of the pigment-protein coupling, protein disorder reflects 
on the energetics of the system also in other ways e.g. in the case of slow protein 
dynamics, which means that protein conformational motions take place on longer 
timescales than the excited state lifetime (<ns), the pigments site energies will be 
affected. This effect is called static disorder and the resulting site energy distribution 
is usually modeled as a Gaussian centered around an average energy45. An effect of 
static disorder is that the extent of exciton delocalization is reduced and therefore 
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the more dominating is the pigment-protein coupling the more valid is the Förster 
approximation. 
On the other side, in the case of strongly interacting pigments, exciton relaxation 
between delocalized excited states can be described by the Redfield theory46. In this 
model, vibrational relaxation is faster than the actual transfer and the nuclear 
motion is treated adiabatically during the relaxation. A more accurate model of 
exciton relaxation in the case of intermediate coupling values, where the 
reorganization of the nuclei is also considered, is known as the “modified Redfield 
theory”47, and it represents the model used in Chapter 4 to describe EET dynamics 
and pathways within the model LHC system, LHCSR3. 
 
LHC-protein structure and pigment-binding properties. LHC complexes consist of 
integral membrane proteins of 21-29 kDa. The protein structure is highly conserved 
among LHC genes products14,15,19,20. A typical structure is shown in Fig. 5 (left). This 
consists of three membrane-spanning alpha helices (helices A-C) plus two 
amphipatic helixes (helix D, E) exposed to the lumen. The central helices bind most 
of the pigments, keeping their organization functional for light harvesting and 
represent the rigid core of LHC complexes22,48. N-terminus and C-terminus are 
instead exposed to the solution, respectively to the stromal and to the luminal side 
of the thylakoid. These domains and the loops connecting Helix B-C and C-A are the 
most flexible parts of the complex22,48,49. The N-terminus domain is an important site 
for some of the LHC gene products: in Lhcb1-3 this domain is necessary for 
trimerisation of LHCII complexes50. Also, for LHCII and CP29 the N-terminus has been 
shown to be the site of phosphorylation51, an enzymatic process important for light 
harvesting regulation: once phosphorylated, these antennae eventually detach from 
PSII and may attach to PSI in a process known as state transitions, with the effect of 
redistributing energy between the photosystems52. 
LHCs bind up to 15 Chls19 and we show their organization in LHCII and the 
nomenclature commonly used to indicate each Chl site in Fig. 5. Most Chl binding 
sites and the functional organization of Chls (position and orientation) within each  
binding pocket are conserved to high extent among LHCs of both PSII and 
PSI14,15,19,20. Common strategies of binding of Chls to the apoprotein consist in direct 
coordination of the Chl-central Mg atom to side chains of residues, usually His, Glu, 
Gln, Arg or Asn. Most of these Chls binding sites identified via the available crystal 
structures14,19,20 have been shown via mutational analysis to be conserved (up to 8) 
in most LHCs53–55. Other strategies of binding consist in coordination of Chls via the 
amino acids backbone, or via water molecules bridging the central Mg to a residue 
or even lipids coordinating via their phosphate group the central Mg (Chl a611)19,20. 
LHC monomers all bind up to 3 Cars in the sites L1, L2, N1, as shown in Fig. 5, while 
an additional Car binding site, V1 in the figure, has been reported to be occupied in 
LHCII trimers19. The binding of Cars to the apoprotein is most probably driven by  
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Figure 5. LHCII functional organization. On the left, the main secondary structure 
elements of a monomer of LHCII19 are indicated on top of the protein shown in light 
pink. In the center, Chl a (green) and Chl b (blue) are shown together with the 
nomenclature assigned as in Ref. 19. On the right, Lut 1 and 2 (orange), neo (green) 
and vio (purple) are shown together with the name of the binding sites. A model 
thylakoid membrane is shown in light gold. 
 
interactions with multiple residues. However, which are the sites of strongest 
interactions with the protein and consequently which residues need to be mutated 
to lose Car binding is not yet known. Only one residue so far has been identified to 
be important for the binding of a Car i.e. the Tyr involved in hydrogen bonding to the 
hydroxyl group of neoxanthin (neo) in the N1 site 56. This binding site is conserved in 
all LHCs of PSII but CP2419,20,56.  
The Car composition varies depending on the LHC: the central binding sites, L1 and 
L2, bind two luteins (lut) in LHCII19 and one lutein and one violaxanthin (vio) in 
CP2920. In LHCII trimers, one of the two luts (L2 site) absorbs at longer wavelengths 
than the one in the L1 site57. This has been proposed to be due to a twisted 
conformation of Lut 2 which in turn increases the effective N of this Car58. Because 
of the peculiar arrangement of the Chls nearby the luteins (or vio) in the L1 and L2 
sites of LHCs19,20, these Cars are strongly coupled to two Chls dimers with which they 
form the exciton clusters Lut 1-Chl a611-Chl a612 and Lut 2 (Vio)-Chl a 602-Chl a603 
(see Fig. 5 for the nomenclature)19,20,59,60. Given this strong coupling and the 
evidence that Chl a612 and Chl a603 are the lowest energy sites of LHCs61, L1 and L2 
sites have been proposed as the putative quenching sites in LHCs28,62 and these 
decay channels have been proposed to be activated upon conformational changes of 
the complex2,28.  
The fourth site, V1, is occupied in trimeric complexes by vio/lut63,64. The weak 
interaction of vio with this site in monomers has been proposed to be functional in 
the xanthophyll cycle: under stress, vio is converted into zea and, therefore, the V1 
site may furnish a substrate of vio readily available to the enzyme involved in the de-
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epoxidation (violaxanthin de-epoxidase or VDE)65. 
  
Photoprotection in plants and green algae. 
Non-photochemical quenching (NPQ). Everyday sunlight irradiance over plants and 
algae changes irregularly and suddenly. This can be due to random dynamics in the 
motion of clouds or, in a canopy, of the overlapping leaves (or any object) belonging 
to the above layers.  
Sudden exposure to high light can quickly saturate the electronic transport 
preventing further absorbed excitation from being used for charge separation. As a 
consequence, 1Chls* eventually interconvert via intersystem crossing (ISC) to triplets 
(3Chls*) and, in aerobic conditions as for most plants and algae, react with oxygen 
generating singlet oxygen (1O2). This species can then induce oxidative damage to 
the different components of the photosynthetic apparatus (proteins, lipids and 
pigments)66.  
To face high light stress, plants and algae evolved a series of complex strategies of 
photoprotection. They can be distinguished in long-term responses (or acclimation), 
when upon long exposure to high-light these organisms r change their antenna 
composition, or short-term responses and in this case we speak of NPQ.  
This thesis focuses on NPQ and in particular on its fastest component, triggered by 
the low pH induced in the lumen in high light conditions. A whole series of NPQ 
mechanisms operate at different levels of organization within the thylakoid with the 
final effect to dissipate the excess absorbed energy as heat.  
The different components of NPQ are summarized as follows: 
i) qI (photoinibition): reduction in quantum yield of PSII due to photo-induced 
damage of the reaction center is indicated as photoinibition67. T To recover from qI 
state, turnover of D1 complexes is required68 and for the timescale associated to this 
process qI represents a limiting factor in the relaxation kinetics of NPQ69. 
ii) qZ (zeaxanthin-dependent quenching): acidification of the lumen under high-light 
stress triggers activation of VDE enzyme that converts vio into zea in what is known 
as the xanthophyll cycle (see above). The role of zea in quenching is still under 
debate70 although it is related to induction of NPQ in the thylakoid71. This 
mechanism is activated within ~10 to 15 minutes and it is reversed in darkness by 
the enzyme zeaxanthin epoxidase (ZxE)72. The xanthophyll cycle relaxes within 10 to 
15 mins and represents therefore another factor of delay in the relaxation of NPQ73. 
iii) qE (energy dependent quenching):  the fastest component of NPQ, qE, is 
activated within seconds to minutes after exposure to saturating light conditions and 
relaxes very quickly again within minutes1. Like the other components, qE is known 
to be triggered by the acidification of the thylakoid lumen under high light and is a 
reversible process.  
Several theories have been proposed to explain this fast and reversible switch 
between light harvesting and quenched states of Chls, and the general idea is that a 
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quenching mechanism becomes active at the level of single LHCs3. One of the 
hypotheses consists in induction of quenched states in LHCs by the binding of zea62,74 
although recent results have challenged this proposal70. Another hypothesis relates 
the qE-switch to a conformational change of LHCs themselves2,28. This is based on 
the evidence that Raman signals associated with distinct conformations of Chls and 
Cars correlate with different fluorescence lifetimes28,75. Evidence regarding the 
conformational flexibility of LHCs also comes from single-molecule fluorescence 
studies76. These conformational changes of LHCs have been proposed to be induced 
by the protonation of some of their residues exposed to the lumen77,78. However, 
conflicting results are challenging this hypothesis79–81, including those reported here 
in Chapter 3 and 5, which indicate that the antennae are not sensitive to pH. 
An alternative hypothesis is that the conformational change might be induced in 
LHCs by pH-sensitive external triggers. Indeed, two different stress-related proteins 
have been identified in plants and green algae and have been shown to be necessary 
to activate qE in these organisms i.e. PsbS in plants11 and LHCSR3 (and the homolog 
LHCSR1) in algae12,82. In mosses, both these proteins play a role in inducing NPQ83. 
PsbS and LHCSR proteins possess pH-sensing residues exposed to the lumen and 
protonation of these residues has been shown to trigger a conformational switch to 
Chl quenched state in the thylakoid or in isolated complexes80,84. These pH-sensing 
domains are present on the C-terminus and lumen loop in PsbS and on the C-
terminus in LHCSR, as shown in Chapter 3.  
A description of the conformational change(s) induced by the protonation and of the 
mechanism of quenching triggered by such switch is currently missing and structural 
information on these triggers would certainly help in solving this puzzle. Concerning 
PsbS, a crystal structure is available and it has shown that this protein binds at most 
one pigment per dimer85. This suggests that the quenching mechanism is induced in 
LHCs and not in PsbS itself. On the other hand, for LHCSR1/3 structural information is 
not yet available. However, in Chapter 4 we show that LHCSR3 is a pigment-binding 
protein with a pigment organization similar to that of related LHCs. In Chapter 3, we 
show that the quenching mechanism can then be induced already at the level of 
LHCSR3 without the need for allosteric cofactors (such as zea) or additional LHCs80. 
As presented in Chapter 5, by replacing the C-terminus of LHCII with the one of 
LHCSR3, it is possible to implement a reversible switch to quenched states in LHCII. 
The similar effects observed in these complexes upon protonation indirectly suggest 
that LHCII and LHCSR3 share common structural elements (also in terms of pigment 
organization) at the location where quenching is active after the conformational 
change.  
Another open question in the investigation of the NPQ-switches is related to the 
molecular nature of the quenching mechanism itself. Different models have been 
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proposed and, while a Chl-Chl charge-transfer state has been shown to be a 
potential quencher86,87, most of the current proposals are based on interactions 
between Chls and Cars.  
Additionally, Cars have been reported to act as quenching channels of 1Chl* 
excitation via their dark states. These states might be involved in quenching via Chl-
Car charge transfer (CT) states, as reported for complexes containing zea62,71, Chl-Car 
excitonic interactions (coupling Chl to Car S1 state) which cause a decrease of the 
effective lifetime of Chls88 or via energy transfer from Chl to Car S1 state28,29. So far 
this last process has been reported only in aggregated LHCs28 and in an ancestor of 
LHCs, the stress-related HliD complex from cyanobacteria29. In chapter 6 we present 
evidence that quenching can occur also in monomeric LHCs via transfer from Chls to 
another dark state reminiscent of S*, a state acting as quencher upon structural 
changes of the Cars30,40. 
 
Methods. 
To characterize the conformational changes of LHCs and the functional organization 
of these complexes we have used both computational and experimental methods. 
The main techniques used for the work presented in this thesis are briefly 
introduced below. 
 
Molecular Dynamics simulations. Time-resolved x-ray crystallography is developing 
to the extent that dynamics of photosynthetic systems can be followed nowadays 
with reasonably high temporal- and spatial-resolution89,90. However, already since 
the late 70s91, computational techniques such as Molecular Dynamics (MD) 
simulations and Monte Carlo methods have helped characterizing dynamics of 
biosystems in silico with femtosecond- and atomistic-resolutions. MD, and more in 
general multiscale methods for complex systems, represented a breakthrough for 
the field of biophysics and for these merits the Nobel prize for chemistry in 2013 was 
awarded to M. Karplus, M. Levitt and A. Warshel who were responsible for a 
significant development in this computational field.  
MD simulations allows sampling the configurational space of large biomolecular 
systems while also providing information of the motion over time of each single 
atom (or group of atoms in lower resolutions), whereas Monte Carlo methods 
cannot determine the dynamics of the simulated system.  
LHCs are disordered systems92, meaning that their conformational landscape has a 
multitude of local energetic minima and therefore may adopt multiple 
conformations. These conformations in turn correspond to different energetic states 
of the system2. MD therefore represents a useful tool to explore the configurational 
space of LHCs by generating a set of different conformations of the system over long 
simulations (~μs) or by employing so-called enhanced sampling techniques (for a 
recent review see Ref. 93). In particular in the work, reported in Chapter 2 of this 
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thesis, we have employed long MD simulations to characterize the dynamics of a 
monomer of LHCII at a near atomistic resolution, simulating up to the microsecond 
timescale.  
The basic principles of MD applied to biophysics are based on modeling a system of 
biological significance e.g. proteins, lipids or nucleic acids, as an ensemble of classic 
particles and on following the dynamics of these particles enclosed in what is called 
a simulation box. This is done by analyzing the trajectory (position and velocity 
coordinates) generated by the motion of each single atom in the box starting from a 
known set of initial positions e.g. from a high-resolution crystal structure. A 
distribution of initial velocities must also be extracted e.g. from a Maxwell-
Boltzmann distribution at a given temperature (typically room temperature or higher 
if a membrane must be simulated in liquid phase).  
A protein-membrane complex can be approximated as a system of classic particles. 
The motions of their atoms (the particles) therefore can be obtained by solving the 
classical Newton equations for the system. The forces acting on the particles are 
computed over time and depend on the total potential energy of the system (VTOT). 
This is the sum of bonded and non-bonded types of interactions. The bonded terms 
describe bonds, angles and torsional angles (dihedrals) between groups of 
respectively 2, 3 and 4 atoms and are modeled with harmonic potentials or cosine-
based functions (for the torsional terms). The non-bonded terms include a 
description of electrostatic (via a Coulomb potential) and van der Waals (via 
Lennard-Jones potential) interactions. Forces are computed every 2-3 fs for systems 
simulated at atomistic resolution due to the presence of fast vibrational motions. 
Calculation of the forces is run in parallel on multiple processors to accelerate the 
simulation. 
A force field is the set of all the information needed to build up the energy potentials 
of a system of particles. It consists both of the list of functional forms for all the 
different type of potentials and of thermodynamic values used to parameterize 
them. For small proteins and, in general, systems of a few thousand atoms, there is 
the possibility to model them accurately and for long simulated timescales using an 
all-atom force field. That is to say, all the atoms of the system are taken into account 
when solving the equations of motion. However, in the effort to sample as much of 
the conformational space of the simulated system as possible, and therefore to 
reduce the computational cost related to sampling, it is possible to simplify the 
system with the so-called united-atom (UA) force field. In this approximation, all the 
atoms are explicitly taken into account but some of the hydrogens that are part of 
non-polar groups (all the CHn groups but aromatic or conjugated systems). This way, 
it is possible to suppress some of the fastest motions of the molecule, reducing 
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effectively the computational cost of the simulation. A UA-type forcefield has been 
used for the simulations of LHCII in the membrane presented in Chapter 2.  
 
Femtosecond transient absorption. EET within Chls and Cars bound to LHCs takes 
place on a sub-picosecond to picosecond timescale. Femtosecond transient 
absorption, is a time-resolved spectroscopy technique which allows following these 
processes in terms of changes in the absorption properties of the sample with a final 
resolution of ~100-150 fs, in the case of the set-up used for the experiments 
reported in this thesis (Chapter 4 and 6). 
The basic principle of transient absorption is the following: by exciting via a tunable-
pulsed laser (the pump), a small fraction of the pigments in the sample is promoted 
to an excited state. Because of the narrow pump pulse used (~10 nm FWHM in the 
experiments presented in this thesis), the excitation will be preferential for only 
some of the species absorbing in the sample. One can then follow the decay 
pathway of the excited species and the eventual EET to other chromophores by 
means of a pulsed white light-continuum (the probe).  
The time (t)- and wavelength (λ)-dependent variable measured in this type of 
experiment is the difference absorbance (or optical density): 
 

Δ𝑂𝐷(𝑡, 𝜆) = 𝑂𝐷𝑝𝑢𝑚𝑝𝑒𝑑(𝑡, 𝜆) − 𝑂𝐷𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑(𝜆) 
 
computed as the absorbance of the pumped-sample, 𝑂𝐷𝑝𝑢𝑚𝑝𝑒𝑑(𝑡, 𝜆), minus the one 
of the sample when the pump is off (unpumped sample), 𝑂𝐷𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑(𝜆).  

Because 𝑂𝐷 =  −𝑙𝑜𝑔 𝐼(𝜆)
𝐼0(𝜆)

, where 𝐼(𝜆) is the intensity of the probe transmitted 

through the sample and 𝐼0(𝜆) the intensity of the incident light, the final variable is 
equivalent to  
 

Δ𝑂𝐷(𝑡, 𝜆) = −𝑙𝑜𝑔 𝐼𝑝𝑢𝑚𝑝𝑒𝑑(𝑡,𝜆)

𝐼𝑢𝑛𝑝𝑢𝑚𝑝𝑒𝑑(𝜆)
. 

 
The type of signal registered originates from different contributions: pump excitation 
causes depopulation of the ground state, resulting in what is called ground state 
bleach (GSB) signal, and emission of photons due to stimulated emission (SE). Both 
these processes contribute negatively to the overall signal. Also, absorption from 
new states accessible from the excited states of the pigments (excited state 
absorption or ESA) and absorption of new species created via photochemistry 
processes (product absorption or PA) is obtained, and both these events contribute 
positively to the Δ𝑂𝐷(𝑡, 𝜆).  
A scheme of the transient absorption set-up used for the experiments reported in 
this thesis is shown in Fig. 6. It consists of an oscillator (Coherent-MIRA seed) 
producing ~50 fs-mode-locked pulses centered at 800 nm. These pulses are first  
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Figure 6. Transient absorption spectroscopy set-up. A scheme of the transient 
absorption set up at the VU University Amsterdam (LaserLab Amsterdam) used for 
the experiments reported in Chapter 4 and 6 is here shown. The pump pathway is 
shown in yellow and the probe pathway is shown in red and then white. An LHC 
structure[Liu] is shown in place of the sample holders and shaker. 
 
stretched and then amplified via a regenerative amplification (Coherent-Rega 9050). 
At this step the final repetition rate of the experiment can be set between 30 and 
250 kHz. Two diode-laser systems are used to pump the oscillator and the 
regenerative amplifier, respectively a Coherent-Verdi 2 (2W) and Coherent-Verdi 10 
(10W) systems. The amplified pulse is compressed to a final pulsewidth of ~80 fs. 
The compressed 800 nm-pulse is then split (60%/40%) in two pathways, respectively 
a pump and a probe one. The pump pathway passes through an optical-parametric 
amplifier (Coherent OPA 9400) where it can be tuned in the visible range to the 
desired excitation wavelength and narrowed via interference filters (THORLABS) at 
the value of central wavelength ± 5 nm. Before hitting the sample, the pump is sent 
through a delay-line where the steps of a retroreflector on a translation stage can 
vary the time delay between pump and probe up to 3.5 ns. The probe pulse is sent 
through a sapphire crystal to generate a white light continuum and after 
transmission through the sample is directed on a spectrograph and dispersed on a 
76-channels photodiode array. Via two choppers, one per pathway (pump/probe), 
we correct the measurements for background noise by measuring the intensity also 
when pump and probe are alternatively on/off. The final spectral window covers a 
~130 nm range. Sample degradation is prevented by mounting the sample cuvette 
on a home-built shaker.  
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Global and target analysis. The overall collection of transient absorption spectra at 
the different time delays from the initial excitation (time-zero spectrum) results in a 
plot with two independent variables (𝑡, 𝜆)  and a dependent one, Δ𝑂𝐷(𝑡, 𝜆) , 
containing all the transient spectra at different t, and all the kinetics of decay per 
single 𝜆.  
These data are generally subjected to a model-based fitting analysis. This makes it 
possible to extract information about the physical processes underlying the spectral 
evolution of the Δ𝑂𝐷(𝑡, 𝜆) data. The fitting analysis is applied simultaneously to all 
the time points and wavelengths and therefore is generally indicated as global 
analysis94. 
In these models, a finite number of processes is assumed to take place and each 
process is described as a state with an associated concentration,  c(𝑡) . The 
concentrations of the different states decay exponentially with increasing associated 
lifetimes. If the transitions between the states take place sequentially i.e. each state 
decays into the next one, we speak about a sequential compartmental model. A 
spectrum, 𝜀(λ) is associated with each state and can be associated with a pure 
species (such as a Chl or a Car excited state) or, more often, to the sum of different 
species transiently absorbing e.g. Chl b and Chl a simultaneously excited. The spectra 
𝜀(λ) extracted from a global analysis are called evolution associated decay spectra 
(EADS). 
To retrieve the spectra associated with pure intermediate excited states of different 
molecular species, if available, a particular physical model can be tested to fit the 
raw data, and this type of modeling is known as target analysis94. The kinetic models 
applied in target analysis consist of a finite number of compartments, and transitions 
between the compartments take place with associated microscopic rates. In target 
analysis, transitions between states may take place not only sequentially but also in 
branches (from one compartment to more compartments) and more transitions can 
take place simultaneously or take place at equilibrium between two compartments. 
If the model of the physical process is correct, this analysis allows the extraction of 
spectra associated with pure intermediates and these spectra are called species 
associated decay spectra, or SADS. 
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CHAPTER TWO 
From Light Harvesting to Photoprotection: 

Structural Basis of the Dynamic Switch  
of the Major Antenna Complex of Plants (LHCII)1

 

 

 
Light-Harvesting Complex II (LHCII) is largely responsible for light absorption and 
excitation energy transfer in plants in light-limiting conditions, while in high-light it 
participates in photoprotection.  It is generally believed that LHCII can change its 
function by switching between different conformations. However, the underlying 
molecular picture has not been elucidated yet. The available crystal structures 
represent the quenched form of the complex, while solubilized LHCII has the 
properties of the unquenched state. To determine the structural changes involved in 
the switch and to identify potential quenching sites, we have explored the structural 
dynamics of LHCII, by performing a series of microsecond Molecular Dynamics 
simulations. We show that LHCII in the membrane differs substantially from the 
crystal and has the signatures that were experimentally associated with the light 
harvesting state. Local conformational changes at the N-terminus and at the 
xanthophyll neoxanthin are found to strongly correlate with changes in the 
interactions energies of two putative quenching sites. In particular conformational 
disorder is observed at the terminal emitter resulting in large variations of the 
excitonic coupling strength of this chlorophyll pair. Our results strongly support the 
hypothesis that light harvesting regulation in LHCII is coupled with structural 
changes. 
 
 
 
 

                                                        
 
1 This chapter has been published as: 
Liguori, N., Periole, X., Marrink, S.J. and Croce, R., 2015. From light harvesting to photoprotection: 
structural basis of the dynamic switch of the major antenna complex of plants (LHCII).  
Scientific reports, 5. 
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Introduction. Higher plants evolved a natural capacity to modulate photosynthetic 
activity in response to varying light and other environmental conditions95. In low 
light they need to harvest every available photon to sustain life, while in high light 
they dissipate the energy absorbed in excess to avoid photodamage. Light-
Harvesting Complexes (LHCs) are pigment-protein systems responsible for photon 
absorption and transfer of the excitation energy to the reaction center, where 
charge separation occurs7.  
All LHCs share a highly homologous protein sequence15 and a very similar 
folding19,20,96. A typical LHC architecture is exemplified by the major LHC complex, 
LHCII, for which two high-resolution structures are available19,96. One LHCII monomer 
binds a total of 18 pigments: 6 chlorophylls b (Chlb), 8 chlorophylls a (Chla) and 4 
xanthophyll (carotenoids, here abbreviated as Cars, containing oxygen atoms) 
molecules: luteins (Lut 1 and Lut 2), violaxanthin (Vio) and neoxanthin (Neo)19. For 
the nomenclature of LHCII protein domains, Chls and Cars we refer to Liu et al.19. The 
pigments are embedded in the protein matrix and are mainly coordinated by the 
three transmembrane helixes that represent the common motif of the LHC 
structure7,19,20. In the following LHCII in the membrane is sometime indicated as 
“solubilized” LHCII to distinguish it from the “crystal” LHCII. A simplified scheme of 
LHCII can be found in Figure 1.A-D.  
The network of chlorophyll (Chl) and carotenoid (Car) interactions in LHCs, described 
as excitonic interactions44, is naturally designed not only to increase the absorption 
cross section of the system, but also to ensure fast excitation energy transfer while 
maintaining a relatively long Chl singlet excited state lifetime to deliver the energy 
quanta to the reaction center with high efficiency7. In addition to their role in light 
harvesting, in high-light conditions LHCs are involved in photoprotection, lowering 
the level of excited states in the membrane through a process known as Non-
Photochemical Quenching (NPQ)3. In the photoprotective state, their chlorophyll 
excited state lifetime is significantly shortened and thus the probability of forming 
singlet oxygen species is highly reduced, preventing photo-oxidative damage in the 
plant. It is generally believed that the double functionality of the LHCs is the result of 
different conformations of the complexes that can “switch” from the light harvesting 
to the photoprotective state2,97.  
Interestingly, fluorescence experiments have shown that crystallized LHCII has the 
properties of the photoprotective/quenched state75,98,99. The structure reported for 
LHCII crystals is then hypothesized to be different than the one(s) of solubilized 
LHCII, which instead is characterized by a high fluorescence yield (light 
harvesting/unquenched state)75,99. It should be mentioned that the quenched 
conformation observed in the crystal is not due to interactions between different 
complexes, as the complexes in the crystal are functionally separated75. Raman 
spectroscopy has indicated that LHCII in the crystals, in aggregates or gels in the  
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Figure 1.A-D. Molecular architecture of LHCII. (A) Scheme of the simulation box 
containing water (transparent cyan), the POPC membrane (orange) and the full 
pigment-binding LHCII system (apoprotein in black, cofactors in green). Lipids 
surrounding LHCII complex have been removed for clarity. (B) Two different side-
views of the LHCII-complex showing the chlorophylls network. Eight Chla (green), six 
Chlb (purple) and the apoprotein (black) are shown. Chlorophyll phytol tails are not 
shown. (C) LHCII apoprotein structural domains. The different regions are rendered 
in different colors. The pseudo C2-symmetry axis of the protein (z-axis of the 
protein) is shown19. (D) Side view of LHCII showing the positions of the four 
carotenoids (binding sites are indicated in parentheses) and the lipid (DPPG). 
 
absence of detergent, all examples of strongly quenched species, assumes a similar 
conformation28,75,100. These studies have systematically reported a series of 
structural differences respect to the solubilized form. More in detail crystallized 
LHCII shows distortion at the xanthophyll neoxanthin and the presence of a strong 
hydrogen bond at a Chlb-formyl site in the crystal, tentatively assigned to either 
Chlb606 or b607, in contrast to the solubilized/unquenched LHCII. Similar changes 
have been observed in vivo in NPQ conditions28. Based on these findings, a 
correlation has been proposed between these structural changes and the induction 
of dissipative states3,28.  
Conformational changes are supposed to control the energetics in LHCs by varying 
pigment-pigment interactions and thus opening quenching channels2,3,80,97. 
Strengthening of excitonic interactions between Chl-Chl and/or Chl-Car sites has 
been widely proposed as the origin of quenching, and various pigment clusters have 
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been suggested as quenching sites28,62,75,86,88.  However, the absence of the structure 
of the solubilized complex has limited the possibility to validate these proposals.  
Classic Molecular Dynamics simulations (MDs) on various photosynthetic systems 
were shown to be a powerful tool to study functional aspects of these complexes in 
native- or experimental-mimicking environments such as model membranes101–103 or 
micelles104. Amongst these studies, recent simulations applied to a cyanobacterial 
Photosystem II101 and a bacterial reaction center103 embedded in model membranes, 
have shown that MD is able to reproduce the different conformations of pigments 
and protein required to predict realistic pigments site energies101 and activation 
barriers of electron transfer processes103.  
In this work we have performed a series of microsecond Molecular Dynamics 
simulations (MDs) to follow the dynamics of a monomer of LHCII from higher 
plants19 in a native-mimicking membrane with the aim of monitoring changes in 
protein structure, xanthophyll conformation, and pigment-pigment interactions that 
can be related to the switch from the crystal/quenched state to the solubilized/light 
harvesting state of the complex. Although LHCII trimer is the most abundant form of 
this complex in the thylakoid, LHCII monomers have been proposed to be present in 
native conditions105,106. Also, LHCII shares high sequence homology with LHC minor 
antennae, which are all present in monomeric form in the membrane and they all 
share the same ability of LHCII to switch between different fluorescence states92. The 
exploration of the microsecond time-range via MDs allowed us to access events, 
such as conformational changes, otherwise invisible in the nanosecond timescale. 
We report the molecular picture of a series of systematic structural changes 
corroborating several previous experimental findings, and suggesting that our 
structures are relaxing in the timescale here explored towards the light harvesting 
state. Moreover, analyses of the structural changes observed in our MDs combined 
with excitonic calculations show that LHCII in the membrane is a dynamic system, 
whose conformational changes correlate with, and might control, transitions into the 
different energy states of the complex. 
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Figure 2.A-B. LHCII flexibility. LHCII structure as from the crystal19 (A) and as from 
simulation A (B), colored by their B-factor (Debye-Waller or temperature factor, see 
Methods in SI). B-factor values are shown with colors ranging from red (low 
fluctuations) to blue (high fluctuations). The single LHCII components are shown as 
tubes (protein), sticks (Chls) and Van der Waals spheres (Cars and DPPG). Note that 
in the crystal, the coordinates for a set of Chl phytol tails19 are missing (see Methods 
in SI). 
 
Results and Discussion 
Crystal and solubilized LHCII show different structural features. Our results show 
that the pigment-protein complex in the membrane reproduces the overall 
structural flexibility observed in the crystal, as captured by its B-factor (Figure 2.A-B 
and Methods in SI).  The high rigidity at the alpha-helix core-domains, and the high 
flexibility of the solvent exposed regions (Figure 2B) that we observe for the 
solubilized LHCII are in agreement with EPR measurements48. Indeed a rigid core has 
been proposed to be crucial for maintaining the proper architecture of Chl-Chl and 
Chl-Car interactions for efficient light harvesting48,107.  
To compare more in detail the structure of LHCII in the membrane and in the crystal, 
the Root Mean Square Deviation (RMSD) evolution has been calculated for the 
different structural domains of the protein (Supplementary Figure S3). It can be 
shown that while during the simulation the helix regions maintain an almost 
identical structure to that of the crystal, the stromal loop and especially the N-
terminus of the protein strongly deviate from the crystal structure. EPR/ESR studies 
on LHCII and on the homologous antenna CP29 have previously shown that the N-
terminus is indeed highly flexible48,49, adopting various conformations in solution, 
suggesting that this domain is constitutively highly disordered.  It can be concluded 
that compared to the crystal, LHCII in the membrane maintains the rigid alpha-helix 
core structure, while differs in the peripheral region, especially in the stromal-
exposed domains.  
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Figure 3. Carotenoid dynamics. Top panel: time-evolution of the angle between the 
dipole moment of each carotenoid (as indicated in panel) present in LHCII and the 
protein z-axis (as defined in Figure 1.C) in each simulation. Different colors indicate 
different simulations as shown in the legend below the top panel. The dipole 
moment is directed as shown by the green arrow in the bottom panel. The time 
evolution has been computed over the full trajectories of each simulation. The value 
of the angle calculated from the crystal is also reported  (gold).  Bottom panel: time-
dependent conformations extracted from Simulation A. Six different conformations 
for each carotenoid have been extracted at regular intervals from the trajectory of 
simulation A (see legend at the bottom for the color code representing the time) and 
are here overlaid to the initial conformation of the apoprotein (in black). 
 
LHCII carotenoids: mobile outside, steady inside. The four xanthophylls associated 
with LHCII have different roles (Cars binding sites are reported in Figure 1.D and 3). 
They are essential for the stability of the complex (Lut)108, take part in light 
harvesting (Lut and Neo)64,109,110, and participate in photoprotection. This last 
function is fulfilled directly by quenching Chl triplets (Lut 1 and 2)111 or Chl singlets 
(Lut)28,62,71,88, or indirectly by providing a readily available substrate for the 
Violaxanthin-De-Epoxidase (VDE), which converts Vio to Zeaxanthin, a factor 
necessary for the full NPQ development112. Changes in the carotenoid arrangement 
can thus have a large effect on the functionality of the complex. The experimental 
data show on both crystal and solubilized LHCII that Lut 1, Lut 2 and Neo are stably 
associated with the complex19,63,96, although Raman data show that the 
organization of Neo differs between crystallized and solubilized LHCII75. The 
violaxanthin in the V1 site (See Figure 1.D) was shown to be loosely bound to the 
complex as the occupancy of V1 in trimeric LHCII depends on the solubilization 
protocol63,64, and this site is empty upon monomerization63,64. 
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Our simulations are in complete agreement with the experimental results on 
solubilized LHCII.  By measuring the angle between their S2S0 transition dipole 
moment, taken parallel to the central portion of the polyene chain19,113, and the z-
axis of the protein we find that Lut 1 and Lut 2 are not only stably associated with 
the complex but their motion is strongly limited (Figure 3, Supplementary Table S3).  
In contrast, we systematically observe large deviations from their position in the 
crystal for Neo and Vio. Our simulations show that, in agreement with experimental 
results56, the portion of Neo buried inside LHCII is stably anchored to TYR112 
(Supplementary Figure S5 and Table S2), while the portion that protrudes outside 
the protein undergoes distortion and bending (Figure 3, Supplementary Table S3 and 
Video S2). Notably the portion of Neo exposed to the environment is kinked to 
different extents in the three available crystal structures of LHCs19,20,96. Also, based 
on the large changes in the Raman band at 953 cm-1, Neo has been predicted to 
adopt a different configuration in the light harvesting/solubilized form respect to the 
crystal/quenched form28,75,100.   
Our results indicate that the angle between the Neo dipole moment and the z-axis of 
the protein, which is ~60 degrees in the crystal structure, equilibrates to an average 
of ~90 degrees in the simulations, meaning that the molecule is highly kinked (Figure 
3, Supplementary Table S3 and Video S2). At variance with the other carotenoids, 
but again in agreement with experimental results63,64, Vio appears to be only loosely 
bound to LHCII. We observed from partial to complete detachment of Vio in all the 
simulations (Figure 3 and Supplementary Video S2). In particular, Vio moves out of 
its binding site in the crystal, where it lies parallel to the protein axis, and re-orients 
almost perpendicularly to the protein axis (Figure 3 and Supplementary Table S3). It 
should be noted that the orientation of Vio perpendicular to the protein axis and 
parallel to the membrane plane, as portrayed by our simulations, was also observed 
experimentally114. 
 
Energy disorder in LHCII. The large absorption cross section and efficient energy 
transfer cascade inside LHCs has been naturally engineered via a specific geometry 
of Chl-Chl and Chl-Car interactions7. Delocalization of photo-excitations over 
different pigments inside one or multiple LHCs is reached via strong dipole-dipole 
interactions, also called excitonic interactions, between the chromophores44,61,115. 
The magnitude of such interactions depends on the distance cube (power of -3), and 
on the relative orientations of their transition dipole moments44.  Thermal motions 
of the single pigments are expected to induce fluctuations around the average 
interaction energy and eventual displacement of the pigments with respect to their 
position in the crystal may strongly influence the average coupling strength. 
Conformational changes of the protein, as those expected to take place during the 
switch between light harvesting and quenched states, are thus predicted to play an  
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Figure 4. Pigment-pigment interaction dynamics. Time-evolution of the interaction 
energies for selected examples of excitonically strongly coupled pigments. We report 
three examples of Chl-Chl excitonic couplings (left side of the panel) and three 
examples of Chl-Car excitonic coupling (right side of the panel). The time-dependent 
couplings have been computed over the whole trajectories of the full set of 
simulations, as reported in the legend (bottom side of the panel for the color code). 
In each plot the coupling value calculated from the crystal is also reported. In the 
central part of the panel a representation of the structure of LHCII with indicated the 
Chl-Chl and Chl-Car pairs corresponding to the plots. The apoprotein is represented 
in white, chlorophylls are represented in either purple, green, orange or cyan, and 
carotenoids (Lut 1 and Lut 2) are represented respectively in orange or red. 
 
important role in modifying the spectroscopic properties of the pigments2,80,92. 
However, no information about the effect of the protein dynamics on these 
interactions is available, leading some researchers to challenge the possibility that 
different conformations of LHCs are responsible for the different functionalities98.  
To determine to which extent the dynamics of the complex can alter pigment-
pigment interactions, we have thus calculated the time-dependent excitonic 
coupling strengths between the strongest interacting pigments and compared them 
with the values obtained from the crystal structure19,115 (see Methods in SI). Here we 
have used a point-dipole approximation to compute all the coupling values, as done 
by Liu et al. for the LHCII crystal19. Although especially in the case of short 
intermolecular distances other methods might be more accurate116,117, the large 
differences respect to the crystal value that we observe for some of the Chl pairs are 
an indication of the large re-organization freedom at these chlorophyll sites. 
 Chl-Chl clusters. We found systematic deviations from the crystal values for most of 
the chlorophyll pairs in all the simulations (Supplementary Table S4) with the 
exception of Chlb608-Chla610 (Figure 4) and Chla613-Chla614 (Supplementary 
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Figure S6 and Table S4). The largest deviations were observed for Chlb607-Chlb606 
and Chla611-Chla612, which showed an increase and decrease, respectively, of the 
interaction energies by ~60% and ~50% on average compared to the crystal value 
(Figure 4, Supplementary Table S4). Notably these two clusters have been proposed 
as putative quenching sites in the complex28,61,75. In the following we discuss in detail 
the changes observed at these sites. 
Chlb607-Chlb606 cluster. In Raman experiments on LHCII-crystals, a narrow band at 
1639 cm-1, otherwise missing in unquenched/solubilized samples, was assigned to 
the presence of a hydrogen bond at a Chlb-formyl site, tentatively attributed to the 
Chlb607-Chlb606 cluster75,100. This local conformational change was then suggested 
to possibly lead to a strong exciton dimer, functional in energy quenching75,100. In 
agreement with the Raman results, upon solubilization in the membrane we observe 
a systematic and reproducible loss of an H-bond present in the crystal structure at 
the Chlb607-Chlb606 site (Supplementary Figure S10 and Table S6). An example of 
this event is shown in Supplementary Video S3, where it can be observed that the H-
bond between the Chlb607-formyl group and GLN131 breaks, and the GLN131 
switches to coordinate Chlb606. This is also in agreement with mutational analysis 
studies that have indicated that GLN131 is the ligand of Chlb606 in solution54. 
However, we do not find correlation between the loss of the H-bond and the 
variation in coupling strength between the two Chls (Supplementary Table S7). Also, 
the significant increase in this coupling strength in the membrane compared to the 
situation in the crystal (Figure 4 and Supplementary Table S4), suggests that the 
observed conformational change of this particular Chl cluster is unlikely to be 
responsible for the functional switch. 
Chla611-Chla612 cluster.  Chla611 and Chla612 form the strongest exciton cluster in 
the crystal and are responsible for the lowest energy form of LHCII54,61,117. In the 
functional Photosystem II supercomplexes this Chl cluster is responsible for the 
transfer of the excitation energy from LHCII to CP29 and to the core41, and it is thus 
an optimal site for light harvesting regulation. Indeed, this Chl pair alone or in 
combination with Lut 1 was proposed as site of quenching28,118. Our simulations 
show that this cluster is highly dynamic. Our findings reconcile with the observation 
that Chla611-Chla612 are in slightly different conformations in the two crystal 
structures19,96,117, and with experimental evidences that show the influence of 
thermal motions on the Chla611-Chla612 interaction in solubilized LHCII117,119. More 
importantly, our simulations reveal that the interaction energy between these two 
Chls decreases in the membrane as compared to the crystal, making this site an 
excellent candidate for the quenching site. Consequently, the factors influencing this 
cluster might be important in the regulation of light harvesting in LHCII. In Simulation 
A after ~300 ns we observed a strong deviation of the interaction energy between 
these two Chls from the crystal value (Figure 4), which is due to the re-orientation 
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and movement of Chla612 towards Chla611 (Supplementary Figure S8 and 
Supplementary Video S4).  As anticipated, the extent of the variations in the 
excitonic coupling in Simulation A are likely to be overestimated by the point-dipole 
method used here due to the short dipole-dipole distances between the chlorophylls 
reached in this simulation. Application of a more accurate method such as the 
extended-dipole116,117 indeed results in reduced fluctuations (see Supplementary 
Figure S9). However a strong reduction in interaction energy is again found over 
time, similarly to what is observed by using the point-dipole method (Figure 4). 
Video S4 shows that DPPG coordinates via its phosphate the central Mg of Chla611, 
is itself coordinated to LYS182 (Helix B) and TYR44 (N-terminus)19, and interacts with 
other residues at the N-terminus of the protein19,96, suggesting that changes in the 
N-terminus can influence this pigment cluster. By plotting the RMSD of each 
simulation per single residue (Supplementary Figure S4), it is possible to infer that 
the N-terminus relaxes to different conformations, which all differ from that of the 
crystal. We can thus test the effect of the organization of the N-terminus on this Chl 
cluster. Interestingly, the N-terminus movement changes the network of interactions 
around the ligand of Chla61119,96 (Supplementary Video S4 shows an example of it). 
The analyses show that different coupling states of the Chla611-Chla612 cluster 
correlate to different conformations of the N-terminus (0.98 Pearson correlation, see 
Figure 5 and Supplementary Table S7). In particular, the shorter the distance 
between the N-terminus and the Chla611-ligand (DPPG), the weaker the interaction 
energy between Chla611 and Chla612 is. Considering the key role of Chla611-
Chla612 in the energy cascade of LHCII61,117, structural disorder at this site might be 
at the origin of the molecular switching of LHCII2. Moreover, it is known that the N-
terminus is involved in protein-protein interactions50 and it can be expected that 
external factors such as changes in the connectivity between complexes, which 
occur as a result of membrane reorganization in stress conditions120,121, or 
phosphorylation of the N-terminus as observed during state transitions51, can trigger 
and stabilize the conformational switch.  
Chl-Car clusters.  Due to their very short-living excited state, carotenoids are in 
principle ideal quenchers115. Indeed several authors have reported that energy 
dissipation can occur via interactions between Lut 1 or Lut 2 and neighboring Chls. 
This interaction is expected to involve the S1 forbidden state of the 
carotenoids28,88,115, which cannot be unambiguously calculated yet. We thus proceed 
by calculating the interaction between the Chls and the carotenoid transition dipole 
moment S2S0 as done in previous studies19,113. Although these values cannot be 
directly related to the quenching, they give information about the possibility for 
rearrangement of the different Chl and Car clusters, which is an essential 
requirement for switching between light harvesting and quenched states2,3,97.  
In contrast to what we found for the Chl-Chl pairs, we observed that most Chl-Car 
interactions, and therefore their relative distance and orientation, are conserved 
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when compared to the crystal interactions (Supplementary Figure S7 and Table S5). 
Interestingly, we observe significant modulations only for Chla603-Lut 2 and 
especially for Chla612-Lut 1 (Figure 4, Supplementary Figure S7 and Table S5). It is 
worth noticing that Chla603, which is located at the interface between monomers, 
might be less flexible in LHCII trimers (Figure 2). Together with the dynamics 
reported at the Chla611-Chla612 site (see above), our results suggest that the 
Chla611-Chla612-Lut 1 cluster possesses all the characteristics for being a site of light 
harvesting regulation in LHCII.  
Neoxanthin can act as reporter of a quenched conformation of LHCII. A correlation 
between Neo distortions and a quenched conformation has been observed 
experimentally5,28.  We have thus tested possible correlations between the ensemble 
of different orientations of Neo and the Chl-Chl and Chl-Car coupling states 
computed. We find that such correlation exists only in case of Chla603-Lut 2 (Figure 
5 and Supplementary Table S7), which notably has been pinpointed as one of the 
putative quenching sites62,122,123. The data indicate that the structures showing the 
highest bending of Neo also show the highest deviations from the coupling strength 
at this site in the crystal.   
Based on the fact that the neoxanthin protrudes out of LHCII into the membrane, the 
strong correlation observed here can be caused by the environment influencing both 
Neo and the Chla603-Lut 2 cluster organization. Another explanation for the strong 
correlation can rely on the direct effect of Neo in activating the re-arrangement of 
these pigments through its bending motion, therefore acting as a trigger for the 
conformational change. Indeed a direct cause-effect relationship between changes 
in the neoxanthin structure, and the switch to the quenched conformation, has been 
previously suggested3,5,28. We therefore tested this hypothesis by investigating 
whether the gradual tilting of Neo is synchronized with the variations of the 
Chla603-Lut 2 coupling strength. We did that by plotting per each simulation the 
Chla603-Lut 2 interaction energies as a function of the different angles of Neo from 
the protein axis, both computed over the full trajectory (as reported respectively in 
Figure 4 and 3). No correlation between the two events is observed in the analysis 
(Supplementary Figure S11 and Table S8), suggesting that Neo distortions cannot 
directly induce changes in the exciton manifold. It is likely that Neo, due to its 
flexible structure and its exposure to the outer environment, is prone to be affected 
by the same environmental changes that are believed to induce dissipative states 
and then in the experiments acts as a reporter, but not as a trigger, for the 
conformational change involving the putative quenching site Chla603-Lut 2. 
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Figure 5. Model of the conformational switch of LHCII. Upper panel: on the left the 
variation of excitonic coupling at the Chla611-Chla612 cluster (∆E a611-a612) is plotted 
in function of the decrease in distance between the N-terminus and DPPG (∆dN-

terminus-DPPG), which is the ligand of Chla611. On the right the variation of excitonic 
coupling at the Chla603-Lut 2 cluster (∆E a603-Lut 2) is plotted in function of the extent 
of bending of the xanthophyll neoxanthin (∆ ϑNeo). The (0,0) point represents the 
crystal. Trend lines show the best fit  (0.99 Pearson coefficient for the plot on the 
left, -0.98 Pearson coefficient for the plot on the right). Note that two points on the 
second graph overlap (See Table S3 and S5). Lower panel: summary of the 
conformational changes observed in our simulations going from the crystal to the 
membrane-solubilized form of LHCII. Different colors represent the different 
domains of LHCII involved in the switch: in green the N-terminus conformational 
changes associated with the Chla612-Chla612-DPPG cluster; in magenta the 
neoxanthin bending (indicated by a red arrow) associated with the Chla603-Lut 2 
cluster; in cyan the GLN131 conformational change associated with the Chlb607-
Chlb606 domain (H-bond loss between the Chlb607-formyl and GLN131 oxygen). 
Protein is shown in transparent black, the membrane is schematically represented in 
yellow. Chlorophylls phytol tails are not shown for clarity. Snapshots extracted at 
regular intervals from simulation A, depict various examples of the conformations of 
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N-terminus, neoxanthin and GLN131. Black circles highlight the regions in which a 
strong correlation has been observed. 
 
Conclusions. By investigating in silico the dynamics of LHCII in the microsecond time 
range, we observed systematic changes from the crystal structure matching 
experimental observations, which indicate that the structure of LHCII in the model 
membrane has the structural characteristics expected for the light harvesting state 
of the complex. A model of the solubilized LHCII conformation, summarizing the 
conformational changes observed in this work is presented in Figure 5. LHCII in the 
membrane shows a highly disordered N-terminus and loss of an H-bond at the 
Chlb607-Chlb606 site. Neoxanthin is also strongly kinked compared to the crystal 
structure.  
More important, our simulations uncovered a strong correlation between the 
structural disorder at the N-terminus and the energetic disorder of the lowest 
energy site of the complex, Chla611-Chla612. The results indicate that even small 
changes in the organization of the N-terminus, which can occur in vivo due to the 
reorganization of the membrane in stress conditions, could correspond to large 
changes in the Chla611-Chla612 coupling, making this site an excellent candidate for 
determining the poised state of LHCII2,28. On the other side, our results suggest that 
another putative quenching site involving Chl-Chl interactions, Chlb607-Chlb606, is 
unlikely to be involved in quenching. In addition, although our findings confirm that 
the observed Neo distortions correlate with different excitonic strengths at one 
possible quenching sites (Chla603-Lut 2), we did not find any evidence for the 
proposed direct cause-effect relationship3,5,28. The correlation of Neo with Chla603-
Lut 2 and the large variations at the Chla611-Chla612-Lut 1 cluster also suggest that 
more than one quenching site can be present in LHCII. Our simulations clearly show 
that LHCII can exist in different conformational states characterized by large 
differences in the coupling strength between pigments, supporting the proposal that 
the NPQ “switch” can be driven by the conformational flexibility of LHC complexes.  
 
Materials and Methods.  In the following we give an overview of the protocol 
employed to simulate our systems. Full details of the protocol and analyses are given 
in the Supplementary Information.  
For all the MDs, we employed the GROMOS force-field (version 54a7124 for the 
apoprotein and 53a6125 for the pigments and lipids), which treats all the atoms 
explicitly except for some of the non-polar hydrogens125. See Supplementary 
Information for information on the development of the force-field parameters for 
LHCII cofactors.  One monomer of LHCII from the crystal structure deposited by Liu 
et al. (Chain A, PDB 1RWT)19 was embedded in a lipid bilayer composed of POPC126 
(344 total lipids), mimicking native membrane conditions101,103, and solvated in more 
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than 15k SPC-water molecules at neutral physiologic salt concentration (10 mM Na+ 
Cl-)127.  We produced six independent simulations each lasting ~1 µs (simulations A, B 
and C and A, B, C-N-term) including all the crystallographic cofactors bound to LHCII 
(pigments, interstitial water molecules, DPPG). See Figure 1.A for a scheme of the 
simulation box. Water molecules found in the X-ray structure19 were placed in the 
crystal although they were able to enter into the protein within 100 ns, as observed 
in an additional ~1 µs  control simulation (MD No Water, Supplementary Figure S2.A-
C and Video 1). Full set of simulations is described in detail in the Supplementary 
Information (Supplementary Table S1). 
In all the simulations we first applied a careful multi-step equilibration (minimization, 
NVT and up to 140 ns NPT equilibration at 300 K) where position restraints (the 
position of selected atoms were restrained to the initial crystal coordinates) were 
gradually removed from the parts of the system we wanted to preserve from 
eventual distortions during the initial relaxation. These parts included chlorophyll 
rings, carotenoid chains, and the protein backbone (see full methods in SI). In three 
simulations (simulations A, B, C-N-term), just before the complete release of the 
position restraints, we removed constraints from the N-terminus, defined here as 
the first 39 residues (residues 14 to 5319). We then allowed the N-terminus to 
equilibrate for 100 ns before removing all other position restraints. This test was 
used to obtain a more complete sampling of this highly disordered domain48,49 and 
to test the effect of different conformations on the nearby chlorophylls. For all of the 
simulations, we then ran unbiased NPT simulations over timescales on the order of a 
microsecond.  Parameters for the simulations and analyses protocols are given in the 
SI.  
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Materials and Methods. In this work we performed classic Molecular Dynamics 
simulations (MDs) of a monomer of Light-Harvesting Complex II (LHCII) embedded in 
a lipid bilayer with explicit solvent. To model and simulate the system, and to analyze 
the large set of data, we made use of a set of pre-built packages and home-built 
tools listed below. We describe here the protocol followed to model, simulate and 
analyze the system. Additional analyses are also reported. 

Software and tools. MDs were run on the GROMACS simulation package, version 
4.6.3 (http://www.GROMACS.org/128). Simulations were visualized via the Visual 
Molecular Dynamics-VMD software (http://www.ks.uiuc.edu/Research/vmd/129). 
Analyses were run using the tools available on the GROMACS platform and through 
ad hoc-built codes. 

LHCII pigment-protein monomeric complex modeling. All the simulations are based 
on the structure of a monomeric subunit of the Light-Harvesting Complex II (LHCII), 
crystallized by Liu and coworkers  PDB 1RWT, chain A19. The monomer consists of 232 
amino acids (residues 14 to 246), 8 chlorophyll a (Chla), 6 chlorophyll b (Chlb), 2 
Luteins (Lut 1 and 2), 1 Violaxanthin (Vio), 1 Neoxanthin (Neo). Additionally present 
are 60 interstitial water molecules and one 1,2-dipalmitoyl-sn-glycero-3-
phosphoglycerol (DPPG) lipid molecule19.  

The PDB coordinates of the protein were converted to a united-atom forcefield 
(GROMOS 54a7124) via the pdb2gmx tool of GROMACS128. All the titratable amino 
acids were considered to be in the standard protonation state at pH 7. 

Of the total of 14 chlorophylls bound to LHCII, only a partial set of coordinates was 
available for the phytol tail of 4 of them (Chla 604, Chlb 605, Chlb 606 and Chla 
614)19. The phytol tails are the most flexible part of the chlorophylls and in LHCII they 
occupy regions exposed to the environment, where mobility is expected to be high 
(see thermal factors in the main manuscript: Fig.2A-B, and below Fig.S1) making 
difficult to obtain the structure of the full phytol tail at high resolution19,20,98.  We 
completed the missing coordinates of the partial Chla and Chlb by using the structure 
                                                        
 
2 Supplementary Videos can be found at:  
http://www.nature.com/articles/srep15661#supplementary-information 
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of one of the complete Chla or Chlb respectively from the same PDB file and copying 
the coordinates of the phytol tail, after overlapping the 4 tetrapyrrole-nitrogens of 
the complete Chl with those the partial Chl.  B-factor is a strong indicator of 
conformational flexibility. Therefore, the high B-factor computed for the phytol tails 
in our MDs (and anticipated by their large B-factor in the crystal structure19), testify 
that over the long time scales investigated here (~1 μs) the choice of the initial 
coordinates of the phytol tails did not affect the sampling of their conformational 
space. 

Pigments and DPPG force-field parametrization. Parameters for the full set of LHCII 
cofactors were derived compatibly with the GROMOS 53a6125 forcefield, following 
the protocol we recently developed to build the topologies of the main cofactors of 
Photosystem II130. To summarize our methodology, after obtaining an initial topology 
using the Automated Topology Builder (ATB, atb.net131), the parameters obtained for 
the bonded terms of the potential (bonds, angles, proper and improper dihedrals) 
were refined based on GROMOS 53a6125 forcefield building blocks. Partial charges 
were calculated via the GAMES-UK package132, based on the Restricted Hartree-Fock 
method with 6-31G* basis set. Final charges were adjusted with respect to the 
symmetry of the molecule and to the united-atom GROMOS 53a6125 model, for 
which the partial charges are summed and assigned to the carbon atom in all the CHn 
groups (but not for aromatic or conjugated systems). 

Similarly, we modeled Chlb based on the recently parametrized Chla130. The two 
molecules differ only at the C-7 position, where a formyl group in Chlb replaces the 
methyl group of Chla. Concerning the xanthophylls (Lut, Vio, Neo), most of the bond, 
angle, and dihedral values are compatible to the choices previously made for β-
carotene130. Lut, Vio and Neo differ from β-carotene for the position of the double 
bond on the rings, the presence of hydroxyl groups (at both beta-rings), and that of 
epoxide groups at one (in Neo) or both beta-rings (in Vio). Additionally, Neo presents 
an allenic double bond. 

The DPPG molecule was parametrized based on the dipalmitoyl-sn-glycero-3-
phosphatidylcholine (DPPC) for the tails, and on the 1-palmitoyl-2-oleoyl-sn-glycero-
3-phosphoglycerol (POPG) for the headgroup, developed by Kukol et al.126. To model 
our homogeneous 1-palmitoyl-2-oleoyl-sn-glycero-3-phosphocholine (POPC) bilayer 
we used parameters from the same set of lipid topologies126, which are available on 
http://lipidbook.bioch.ox.ac.uk. 
LHCII-membrane system modeling. Embedding of the LHCII complex into a pre-
equilibrated POPC bilayer was performed via a multi-step protocol. Relaxation of the 
bilayer prior to inserting the whole protein-cofactor complex allows a shorter 
equilibration time for the final system (LHCII + bilayer + explicit solvent). Therefore, 
our first step was to create a pre-equilibrated lipid bilayer satisfying the following 
features: the membrane should be wide enough to separate LHCII complex from its 
periodic image with at least ~6 lipids, and should present a “pore” large enough for 
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the insertion of LHCII. To embed LHCII in the membrane we used genbox (tool of 
GROMACS128), which deletes any lipid or solvent molecules within van der Waals 
distance from the solute (in our case LHCII).  

 We first converted the LHCII-apoprotein structure (without cofactors) to a coarse 
grained force-field model (MARTINI133) via martinize.py tool (available at 
http://md.chem.rug.nl/cgmartini/). The MARTINI-LHCII apoprotein was later 
embedded into a MARTINI-POPC bilayer (two homogeneous layers of pure POPC in 
the ratio 204:204 per monolayer) with 5376 MARTINI-water beads via the insane.py 
tool134 (available at http://md.chem.rug.nl/cgmartini/). After 500 steps of 
minimization (steepest descent), we then relaxed the system via 30 ns of NPT 
simulation (at a temperature of 323 K to equilibrate the bilayer faster). During all 
these steps, strong isotropic position restraints (10000 kJ mol-1 nm-2) were applied to 
the whole protein to avoid shrinking of the protein structure (which in this simulation 
lacks all the cofactors). From the last snapshot of the MDs, we retrieved the 
coordinates of the bilayer alone (therefore presenting a pore in the membrane of the 
size of the CG-LHCII previously embedded). Finally, POPC bilayer was backmapped to 
the united atom resolution (GROMOS 53a6)126 via the SUGARPIE tool135.  

Finally, after alignment of the GROMOS-LHCII with the pore in the GROMOS-POPC 
bilayer (via editconf tool, GROMACS128), we embedded the full LHCII in the 
membrane (via genbox tool, GROMACS128), and consequently solvated the system 
with water (via genbox) and ions (via genion tool, GROMACS128).  

As described in the main manuscript, the final system consisted of one monomer of 
LHCII  (including all the cofactors) embedded in a bilayer formed by 344 POPC 
molecules (a few lipids in van der Waals radius from LHCII were automatically 
deleted by genbox as previously explained), and solvated by more than 15k water 
molecules at neutral physiologic conditions (10 mM Na+ Cl-)127. 

Simulations. During minimization (steepest descent), NVT relaxation (10 ps), and the 
first part of the NPT equilibration period (40 ns), isotropic strong position restraints 
were applied to the protein and to its ligands. In this way, we aimed at relaxing the 
membrane and the solvent, minimizing perturbation of the protein and of the ligands 
crystal positions19, as done by Ogata and coworkers for Photosystem II136. More in 
detail, position restraints were applied to the protein backbone, the chlorophyll-
tetrapyrroles (but not the phytol tails), the carotenoid molecules and the DPPG lipid. 
Position restraints were set to a starting value of 10000 kJ mol-1 nm-2 and then 
gradually reduced to zero every 10 ns of NPT simulation (for a total of 40 ns 
simulated time), following the sequence 10000 1000 500 200 0 kJ mol-1 nm-

2. This equilibration protocol was repeated for the control simulation missing the 
initial crystallographic water molecules and the DPPG molecule (see main manuscript 
and Table S1).  The final snapshot retrieved after the last 10 ns at 200 kJ mol-1 nm-2 
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(for the simulation started with the complete LHCII structure, including 
crystallographic water and DPPG), was used as starting conformation for the principal 
simulation A, B, and C (which have all been started from different random velocities). 
As anticipated in the main manuscript, from this conformation we started also the 
three control simulations (A-, B-, C- N-term) where the N-terminus (first 39 protein 
residues) was allowed to relax for additional 100 ns while the other cofactors and the 
protein backbone were kept constrained (force constant kept at 200 kJ mol-1 nm-2), 
prior to removal of the remaining position restraints. Finally, a total of 7 independent 
NPT simulations were run up to ~1.1 μs (for the full set of MDs see Table S1). An 
integration time step of 2 fs was used for all the simulations, applying constraints on 
all the bonds (LINCS algorithm137). Particle Mesh Ewald (PME) scheme was used to 
treat long-range electrostatics, and cutoff values of 1 nm and 1.4 nm were selected 
respectively for short-range Coulomb and van der Waals interactions. Pressure was 
set to 1 bar under semi-isotropic coupling to a Parrinello-Rahman barostat138, with 
relaxation time constant of 5 ps and compressibility of 4.5·1o-5 bar-1. Temperature 
was kept at 300 K via a Nose-Hoover thermostat139-scheme, with 0.5 ps time 
constant and with solvent, membrane and LHCII-complex coupled to the thermostat. 
All the simulations were run with Periodic Boundary Conditions (PBC).  

In one of the control simulations (simulation No Water), the buried water molecules 
were absent and only the bulk water molecules were present in the starting 
simulation box. Using this control, we tested if the water is necessary for the stability 
of LHCII, since the water molecules are different in number and location in the two 
available LHCII crystal structures19,96 (Figure S2.A). The absence of most of the water 
molecules in the latest crystal96 might be due to limits in resolution of x-ray 
diffraction140, and not to a functional reason. MDs represent a powerful tool to 
investigate the effective water sites136,141. Our simulation initially missing all the 
interstitial water molecules, converged to a re-hydrated LHCII in less than 100 ns 
(Video S1). In all the MDs, water molecules stably occupied the same sites (Figure 
S2.C), corresponding to the ones expected from the crystal of Liu et al19, testifying 
that equilibrium is reached over the explored time-range. As hypothesized before19, 
we find that most of the water molecules buried inside the protein are involved in 
chlorophyll coordination and stabilization of the helices (Figure S2.B).  
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Table S1. List of the simulations performed.  
 
 
Analyses. Unless otherwise stated, the analyses were run over all the simulations 
except for the control simulation missing the crystallographic water molecules (MD 
No water, see Table S1). In most of the analyses, calculations have been performed 
on the whole trajectories after the first 400 ns of thermal equilibration. The 
description of the analyses is directly embedded in the caption of the respective 
figure. 
 
B-factor (Figure 2 in the main manuscript, Figure S1 in the SI).  
Root Mean Square Fluctuations (RMSF) of the atomic positions, were calculated via 
g_rmsf tool (GROMACS128) from the trajectories previously fitted (rotational + 
translational fit) onto the protein backbone and successively converted to B-factor 
for comparison with the crystal thermal factor. B-factor (B) is related to RMSF 

through the following formula: 𝐵 = 8𝜋2

3
𝑅𝑀𝑆𝐹2. 
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Figure S1. Chlorophyll organization in LHCII. Left: site view; Right: top view. LHCII 
apoprotein is shown in white. Chlorophylls are colored by their B-factor, with the 
most flexible parts are described in blue and the most rigid ones are described in 
red. B-factor range is here between 0 and 100 Å2 as in Figure 2 in the main 
manuscript. 
 

 
Figure S2.A-C. Water occupancy in LHCII. Here we calculated the water occupancy 
volume maps (at 1 Å resolution and combining all the frames by averaging) 
corresponding to the different populations of water molecules within 3 Å from LHCII 
protein, pigments and DPPG. Analysis of water occupancy in LHCII was performed via 
the Volmap tool (VMD)129, over the full trajectory of the simulations after the first 
400 ns.  
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In C, the volume maps are represented as a mesh and correspond to the positions 
occupied by water molecules respectively for 10%, 20% and 40% of the total 
simulation time (after the first 400 ns).  Three structures are shown: the Crystal 
structure (black), the simulation “No Water” (blue) and the principal simulation A 
(green).   
In panel A the structural alignment of the protein (cartoon), water and DPPG 
molecules from the two available high resolution crystal structures of LHCII is shown: 
PDB-1RWT19 in black with the water molecules described as a grid and PDB-2BHW96 
in yellow with the water molecules described by their van der Waals surfaces. In B 
the final protein structure from simulation A is shown, together with the water 
volume map corresponding to 40% occupancy in this simulation (the same as the 
green structure in C bottom right).  The chlorophylls found within 3 Å from the 
reported water volumes are also shown. We found that DPPG helps to prevent large 
movements of the N-terminal domain which, in the absence of this lipid (simulation 
“No Water”), partially inserted in the membrane (as seen from the blue structure in 
C and in Video S1).  The observed influence of DPPG on the N-terminus folding is 
particularly interesting considering that DPPG was shown to be necessary for LHC 
trimerization142, which in turn is controlled by the N-terminus50. 
 

  
Figure S3. LHCII apoprotein dynamics as measured by the Root Mean Square 
Deviations (RMSD). RMSD for the single domains of LHCII protein (described by 
different colors in the protein structure on the bottom right side of the panel) were 
computed for each simulation against the common starting structure (reached at the 
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end of the equilibration with position restraints over the whole LHCII complex with a 
force constant of 200 kJ mol-1 nm-2, see above). 
 

 
Figure S4. N-terminus conformational flexibility. Heat-Maps of the RMSD of the N-
terminus calculated for each simulation against the common starting structure 
(similarly to what described above for Figure S3). The heat-maps show the time 
evolution of the RMSD per each single residue of this domain. Heat maps were 
constructed via the RMSD visualizer plugin of VMD129. 
 

                  
 
Table S2 and Figure S5. Neoxanthin H-bond to TYR112 and Chla604. H-bond 
occupancy is defined as the percentage of time that the H-bond is present between 
two partner atoms, over the total time of the simulation, excluding from the analysis 
the first 400 ns of simulation. The analyses were performed for each simulation. Via 
the HBonds plugin of VMD129 a search was carried out over the atoms of the whole 
Neo molecule for binding partners amongst any LHCII residue and LHCII cofactor 
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(pigments and DPPG) using the following criteria: Donor-Acceptor distance should be 
less than 3.5 Å (cut-off distance), Donor-H-Acceptor angle should be less than 300 
(cut-off angle) and an occupancy higher than 10% should be present at least in four 
simulations. The is divided in two sections describing H-bond occupancy at the 
Lumen side and Stroma side of the membrane. The values of occupancy (% of the 
total simulated time after the first 400 ns), the average value (over the simulations) 
and the standard deviation associated to the average (%) are given per each 
simulation. At the bottom of each section the atoms involved in the H-bond with the 
hydroxyl group of each carotenoid, as determined by the analysis, are listed. In the 
Figure, the Neo carotenoid binding sites is shown. For each pair (carotenoid-residue) 
all the atoms possibly involved in the H-bond during the MD trajectory (see Table) 
are shown.  

Carotenoid transition dipole moment (Figure 3 in the main manuscript, Table S3 in 
the SI). Carotenoid transition dipole moment (transition S2S0) was considered 
oriented parallel to the central part of the polyene chain, as indicated by the green 
arrow in Figure 3 of the main manuscript and as modeled in previous studies19,113,143. 
We first employed a rotational + translational fit of the trajectories onto the protein 
backbone of the central helices A and B, for a scheme see Figure S2, taking as 
reference for the fit the same structure used for the RMSD analysis, see Figure S4. 
The z-axis of the box roughly coincides throughout the resulting trajectories with the 
2-fold symmetry axis of the LHCII crystal (indicated in Figure 1.C, main manuscript). 
The angle between the dipole moment vector and the z-axis of the simulation box 
(often referred to as protein axis in the text), was calculated via dot product by using 
g_sgangle tool (GROMACS128).  Time evolution of the angles respect to the protein 
axis is reported in Figure 3, of the main manuscript. The final average angle 𝜗𝑀𝐷 has 
been computed for each carotenoid and for each simulation (by averaging over the 
whole trajectory starting from 400 ns). The average variations of the angle respect to 
the crystal, Δ𝜗 (expressed in percentage), were calculated per each carotenoid as 
average over the  𝜗𝑀𝐷 computed on the different simulations as:  

Δ𝜗 =
(𝜗𝑐𝑟𝑦𝑠𝑡𝑎𝑙 − 𝜗𝑀𝐷)

𝜗𝑐𝑟𝑦𝑠𝑡𝑎𝑙
∙ 100  

 
where  𝜗𝑐𝑟𝑦𝑠𝑡𝑎𝑙 is the value of the angle in the crystal. Additionally the final average 
angle, 𝜗𝑀𝐷�����, averaged over the final angles (𝜗𝑀𝐷 ) of each simulation, and the 
standard deviation for this average were calculated. Also, we report the average 
variation Δ�̅� (expressed in percentage), respect to the crystal value which was 

calculated as: Δ�̅� = (𝜗𝑐𝑟𝑦𝑠𝑡𝑎𝑙−𝜗𝑀𝐷�������)
𝜗𝑐𝑟𝑦𝑠𝑡𝑎𝑙

∙ 100  
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Table S3. LHCII carotenoid angles respect to the protein axis. For each simulation 
we show the final average angle 𝝑𝑴𝑫 and the associated standard deviations (both 
expressed in degrees). In brackets the relative variations respect to the crystal value 
𝚫𝝑 (expressed in %) are reported. On the bottom of the Table we report per each 
carotenoid the average angle 𝝑𝑴𝑫������, calculated over the full set of average angles 
𝝑𝑴𝑫, the associated standard deviation (both expressed in degrees) and the average 
variation from the crystal value 𝚫𝝑�  (expressed in percentage) calculated as 
described above. 

 
Excitonic coupling (Figure 4 in the main manuscript, Figure S6-7 and Table S4-5 in 
the SI).  
QY chlorophyll transition dipole moments were taken parallel to the nitrogen ND-NB 
axis, as in19,113,115. Carotenoid transition dipole moments were calculated as 
described above. Interaction energy (in cm-1), also known as excitonic coupling 
strength, was calculated using the following formula: 
 

𝑉12 =
𝑓1
2|�⃗�1||�⃗�2|
𝜀𝑟

∙ 5.04
(�̂�1 ∙ �̂�2 − 3 ∙ (�̂�1 ∙ �̂�12)(�̂�2 ∙ �̂�12))

𝑅3
 

 
where 𝑓1is the local field correction factor, |�⃗�| the module of the transition dipole 
moment and �̂�  the normalized transition dipole moment vector, 𝜀𝑟  the relative 
dielectric constant (here equal to 2.4115), R the module of the distance between the 
center of the dipole moment vector and �̂�12 the normalized distance vector (in nm), 
(�̂�1 ∙ �̂�2 − 3 ∙ (�̂�1 ∙ �̂�12)(�̂�2 ∙ �̂�12)) is often referred to as orientation factor, k 44. 
Dipole moment values were taken as 4, 3.4 and 4.5 Debye respectively for Chla, Chlb 
and Cars19,113,115. Angles between dipole vectors and distance vector (necessary for 
the dot products listed above) were calculated via g_sgangle tool (GROMACS128). 
Calculations of the final coupling strengths for the strongest coupled clusters, as 
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in19,113 (listed in Table S4-5 together with their standard deviation), were run via 
homebuilt codes over the full set of trajectories, and the final average value, 𝐸𝑀𝐷 
(and the associated standard deviation) was calculated discarding the first 400 ns of 
each simulation. Per each 𝐸𝑀𝐷 obtained in each simulation and per each Chl-Chl pair, 
we then calculated the variations of the coupling strength respect to the crystal 
(Δ𝐸), which are expressed in percentages, similarly to what explained above for Δ𝜗. 
Also, the final average variation, Δ𝐸�, was calculated for each Chl-Chl pair similarly to 
Δ�̅�, based on the final average coupling value 𝐸� (average over the various 𝐸𝑀𝐷). 

 
Figure S6. Time evolution of Chl-Chl interaction energy in the different simulations. 
Full set of time-evolution excitonic coupling strengths calculated as described above. 
The corresponding crystal values are shown as a straight line in gold, as indicated in 
the legend. 
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Figure S7. Time evolution of Chl-Car interaction energy in the different simulations. 
Full set of time-evolution excitonic coupling strengths calculated as described above. 
The corresponding crystal values are shown as a straight line in gold, as indicated in 
the legend. 
 
 

                                   
Figure S8. Time evolution of Chla611-Chla612 orientation and distance in 
simulation A. Excitonic coupling in the point-dipole approximation (here used to 
calculate all the coupling values, see Methods) is proportional to the orientation 
factor k and inversely proportional to the cube of the distance between the dipole 
moments (r3). In the figure these values are plotted separately. It can be seen that 
the large variations observed in this simulation are mostly due to changes in 
orientation. 
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Figure S9. Excitonic coupling computed via the extended dipole method for the 
Chla611-Chla612 cluster in simulation A. Excitonic coupling was calculated as 

𝑉𝑒𝑥𝑡 𝑑𝑖𝑝 =  1
4𝜋𝜀0

∑
𝑞𝑖
1𝑞𝑗

2

�𝑟𝑖
1−𝑟𝑗

2�𝑖𝑗=±
116,117 where the partial charge q is equal to  𝑞 = 𝜇

𝑑
 (with 

𝜇 being the dipole taken equal to 4 Debye as in the point-dipole approximation and 
d the distance between the NB-ND nitrogens of the same chlorophyll) and �𝑟𝑖1 − 𝑟𝑗2� 
is the distance between the partial charges located in this approximation on the NB 
and ND nitrogens of each chlorophyll. 𝜀0 is the vacuum permittivity. It should be 
noted that, in this approximation, partial charges have been placed on the nitrogens, 
which might result in an underestimation of the actual dipole extent. As reported in 
the main manuscript, the fluctuations in coupling are reduced compared to the 
point-dipole method (see Figure 4 and Supplementary Figure S6). However, the 
trend over time computed via the point-dipole method is the same, confirming that 
the rearrangement of this chlorophyll pair leads to a strong reduction of their 
interaction energy. 
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Table S4. Chl-Chl excitonic coupling strengths. In the Table we report the results of 
the analysis described above. For each Chl-Chl pair and for each simulation, we list 
the average excitonic coupling strength, 𝐄𝐌𝐃, the associated standard deviation 
(both expressed in cm-1) and in brackets the variation in the coupling strength (𝚫𝑬) 
respect to the crystal, expressed in percentage. On the bottom part of the Table, we 
report the final average coupling 𝐄�, calculated over the whole set of 𝐄𝐌𝐃, and the 
associated standard deviation (both expressed in cm-1). Finally, we report the 
average variation in coupling strength 𝚫𝑬� (expressed in percentage). 
 
 

  
 
Table S5. Chl-Car excitonic coupling strengths. The results of the analysis on each 
Chl-Car strong excitonic couples are reported similarly to what described for Table 
S4. 
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N-terminus to DPPG distance and Chlb607-formyl to GLN131 oxygen distance 
(Figure S8 and Table S6).  The distance between the most flexible part of the N-
terminus  (residues 14-44, see Figure S4) and the DPPG headgroup, and the distance 
between the Chlb607-formyl hydrogen and the GLN131 oxygen were calculated 
using the g_dist tool of GROMACS128. The associated final average values (dN-terminus-

DPPG, dChlb607-GLN131 ) and the associated standard deviations (calculated starting from 
400 ns of trajectory), the relative variations per each simulation ΔdN-terminus-DPPG and 
ΔdChlb607-GLN131 and the final average variations Δ�̅�𝑁−𝑡𝑒𝑟𝑚𝑖𝑛𝑢𝑠−𝐷𝑃𝑃𝐺  and 
Δ�̅�𝐶ℎ𝑙𝑏607−𝐺𝐿𝑁131  were calculated as described above for the 
carotenoid dipole moment analysis. The results are summarized in Table S6. 
 

 
 
Figure S10. H-bond at the Chlb607 site. We here report the results of the analysis of 
distances between the Chlb607-formyl hydrogen and the GLN131 oxygen 
(Chlb607:H-GLN131:O) and between the Chlb606-central magnesium and the 
GLN131 oxygen (Chlb606:MG-GLN131:O). The Chlb606:MG-GLN131:O distance was 
calculated as described above for the Chlb607:H-GLN131:O group. Video S3 shows 
an example extracted from simulation A (here shown in the upper left side of the 
panel) of the event of H-bond loss between the Chlb607-formyl group and the 
GLN131 oxygen. GLN131 oxygen, after an initial period of equilibration, switches to 
coordinate the central magnesium of Chlb606. In the plots the sudden decrease of 
distance between the Chlb606-magnesium and the GLN131 oxygen, and the 
simultaneous increase of distance between the Chlb607-formyl group and the 
GLN131 oxygen (H-bond loss) are clearly visible. Chlb607:H-GLN131:O distance 
varies in average 94% from the initial distance value (see Table S5). 
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Table S6. Analysis of the N-terminus to DPPG distance and Chlb607-formyl to 
GLN131 oxygen distance. In the table we report per each simulation, the average 
values and associated standard deviations (expressed in nm) and the variations 
respect to the crystal value (expressed in percentage) for the N-terminus to DPPG 
and Chlb607-formyl to GLN131 oxygen distances (dN-terminus-DPPG, dChlb607-GLN131, ΔdN-

terminus-DPPG and ΔdChlb607-GLN131). At the bottom of the Table, the final average distance 
and the associated standard deviations (expressed in nm) and the final average 
variation respect to the crystal, 
𝒅�𝐍−𝐭𝐞𝐫𝐦𝐢𝐧𝐮𝐬−𝐃𝐏𝐏𝐆,𝒅�𝑪𝒉𝒍𝒃𝟔𝟎𝟕−𝑮𝑳𝑵𝟏𝟑𝟏,𝚫𝒅�𝐍−𝐭𝐞𝐫𝐦𝐢𝐧𝐮𝐬−𝐃𝐏𝐏𝐆  and 𝚫𝒅�𝑪𝒉𝒍𝒃𝟔𝟎𝟕−𝑮𝑳𝑵𝟏𝟑𝟏 , 
calculated similarly to what described for the carotenoid transition dipole moment 
(see above) are reported. 

 
Table S7. Correlation between conformational changes and excitonic coupling. 
Here the correlation coefficients (Pearson) between a set of conformational changes 
and the variations of the excitonic couplings (Δ𝐸) are reported. With this analysis we 
tested the hypothesis that a correlation exists between the ensemble of possible 
coupling states obtained from the relaxed structures of LHCII in the membrane (in 
the different simulations), and the various conformations reached after the 
systematic conformational changes reported. The conformational changes that we 
considered are the decrease of distance between the N-terminus and the DPPG 
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headgroup, ΔdN-terminus-DPPG, the Neo distorsion calculated as variation in the dipole 
moment angle respect to the z-axis of the protein, Δϑneo, and the increase of 
distance between the Chlb607-formyl hydrogen and the GLN131 oxygen (H-bond 
loss), ΔdChlb607-GLN131. Per each single Chl-Chl or Chl-Car exciton dimer, we calculated 
the Pearson coefficient over the ensemble of different Δ𝐸 and ΔdN-terminus-DPPG, Δϑneo 

or ΔdChlb607-GLN131 reported from the simulations A, B, C and A-, B-, C- N-term. The 
values used in this analysis are reported in Table S3-7. As reported in the main 
manuscript (Figure 5), the (0,0) point per each serie of data represents the crystal 
state. 

                                 
Figure S11 and Table S8. Correlation between the Neo bending motion and the 
putative quenching site Chla603-Lut 2. For each single simulation the correlation 
over the full trajectory between the Neo tilt angle (reported in Figure 3) and the 
Chla603-Lut 2 time evolutions (reported in Figure 4 and Figure S7) is shown. For each 
simulation we calculated the Pearson coefficients, which are then summarized in 
Table S8. 
 
Videos3

 
. All the videos have been rendered via VMD129 software.  

Video V1. LHCII re-hydration. In this video, the full trajectory of the MD “No Water” 
is shown (for a total of ~1.1 µs, see Table S1). This simulation of the LHCII complex 
has been started in absence of the crystallographic waters (which are then present in 
the bulk water for a total of ~15K water molecules) and of the lipid DPPG. In the 
video the structural alignment of the MD-protein (red) and LHCII from the crystal19 
(1RWT PDB, chain A, black) is shown. The water molecules are shown as van der 
Waals-glossy beads (MD No water) and as black wireframe (crystal). The water 

                                                        
 
3 Supplementary Videos can be found at:  
http://www.nature.com/articles/srep15661#supplementary-information 
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molecules within 3 Å from the protein are shown. The re-hydration of LHCII 
apoprotein takes place in less than 100 ns in this simulation.  
 
Video V2. Violaxanthin detachment and Neoxanthin distortion. In this video we 
show the full trajectories, after fitting them onto the Cα carbon atoms of the proteins, 
of the three principal simulations (A, B and C). The protein structure is represented 
in black for simulation A, magenta for simulation B, green for simulation C. On the 
left side of the protein structure the Violaxanthin molecule (left) and the DPPG lipid 
(right) for each simulation are shown. On the right side of the protein the carotenoid 
Neoxanthin is shown. The color code for the cofactors is the same as for the protein. 
In the Video two main events are shown: the detachment of Violaxanthin (Figure 3 
and Table S3) and distortion of Neoxanthin (Figure 3 and Table S3).  
 
Video V3. H-bond loss at the Chlb607-Chlb606 site. In the Video, extracted from the 
full trajectory of simulation A, loss of the H-bond between Chlb607-formyl group and 
the GLN131 oxygen is shown (see Figure S8). Also, it is possible to see the switch of 
the GLN131 oxygen that during the simulation becomes the ligand for the central 
magnesium of Chlb606 (see Figure S8). Chlb607 and Chlb606 are respectively in 
purple and yellow. GLN131 and the formyl group of the two Chls are colored based 
on their atoms (red for oxygen, white for hydrogen, cyan for carbon and blue for 
nitrogen). The protein in the background is rendered in transparent green. Water 
molecules within 3 Å from the Chl607-Chl606 group and from GLN131 are also 
shown.  
 
Video V4. Energy disorder at the Chl611-Chl612 site. In the Video we report the 
event registered at the Chla611-Chla612 site showing the full trajectory of simulation 
A. In this simulation a strong deviation from the crystal value of the excitonic 
coupling strength for this cluster of Chls is observed (see Figure 4 and S6, and Table 
S4). The Video shows that this disorder is originated by a variation of the relative 
distance and orientation of the two Chls. It is shown that DPPG interacts with Chl611 
and with various residues at the N-terminus of the protein. Chla612 is in magenta 
and Chla611 is in gold. DPPG lipid is colored based on each constituent atom (see 
Video V3 caption). In the background the LHCII apoprotein is in transparent green. 
All the residues of the N-terminus within 3 Å from the DPPG headgroup are shown. It 
is then possible to see that going toward the end of the simulation (1.04 µs, see 
Table S1) the network of interactions of the DPPG with the N-terminus largely 
increases. 
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CHAPTER THREE 
Regulation of Light Harvesting in  

the Green Alga Chlamydomonas reinhardtii:  
the C-Terminus of LHCSR is the Knob of a 

Dimmer Switch4

 
 

Feedback mechanisms that dissipate excess photoexcitations in light-harvesting 
complexes (LHCs) are necessary to avoid detrimental oxidative stress in most 
photosynthetic eukaryotes. Here we demonstrate the unique ability of LHCSR, a 
stress-related LHC from the model organism Chlamydomonas reinhardtii, to sense 
pH variations, reversibly tuning its conformation from a light harvesting state to a 
dissipative one. This conformational change is induced exclusively by the 
acidification of the environment and the magnitude of quenching is correlated to the 
degree of acidification of the environment. We show that this ability to respond to 
different pH values is missing in the related major LHCII, despite high structural 
homology. Via mutagenesis and spectroscopic characterization, we show that 
LHCSR’s uniqueness relies on its peculiar C-terminus subdomain, which acts as a 
sensor of the lumenal pH, able to tune the quenching level of the complex. 
 
 
 
 
 
 

                                                        
 
4 This chapter has been published as: 
Liguori, N., Roy, L.M., Opacic, M., Durand, G. and Croce, R., 2013. Regulation of light harvesting in the 
green alga Chlamydomonas reinhardtii: the C-terminus of LHCSR is the knob of a dimmer switch.  
J. Am. Chem. Soc, 135(49), pp.18339-18342. 
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Introduction. The capture and storage of light energy by photosynthetic organisms is 
the process that sustains virtually all life on earth, but it is also a hazardous business. 
If the absorbed energy exceeds the capacity of the metabolic reactions, it can result 
in photo-oxidation events that can ultimately result in the organism’s death144. Plants 
and algae have evolved elaborate mechanisms to protect themselves against 
oxidative damage144,145. Collectively known as non-photochemical quenching (NPQ), 
these multi-component mechanisms serve to dissipate excess absorbed energy as 
heat. It is known that this process is triggered by low luminal pH144, an indication that 
the electron transport chain in the photosynthetic apparatus is under stress, but the 
exact action mechanism is a matter of debate. 

Members of a subfamily of light-harvesting complex (LHC) genes are known to be 
major players in this process145. While the PsbS protein required for qE, the fast 
component of NPQ, is constitutively expressed in higher plants and does not bind 
pigments144, algae and mosses12 require the expression of a stress-related pigment-
binding complex previously indicated as LI81883,146. LHCSR, as it is now known, has 
recently been identified as the key component to activate qE in the model organism 
Chlamydomonas reinhardtii12. 

LHCBs, the light harvesting antennae of photosystem II (PSII), were also suggested to 
have a role in the quenching process, as sites of chlorophyll energy dissipation28,62. 
Currently, the hypothesis that PsbS and LHCSR represent active triggers of a 
conformational switch after sensing lumen acidification is the most accepted 
one147,148. This switch is in turn hypothesized to initiate a functional rearrangement 
of the whole PSII, including conformational changes in LHCb antennae, leading to 
energy dissipation79,121,149. However, the nature of the quencher still remains a 
matter of debate,28,71,87,88 and the fact that LHCSR binds pigments, while PsbS does 
not, suggests different quenching mechanisms in plants and algae. Nevertheless, in 
all organisms, the necessary condition to induce structural interconversion is the 
availability of pH sensors. PsbS has been shown to possess two lumen-exposed acidic 
residues which are necessary for its function in qE in plants150. Although the 
availability of one or two pH-sensitive residues was also reported for nearly every 
LHCb151–153, a self-assisted conformational switch to a dissipative state upon lumen 
acidification for the single PSII antennae has not been clearly demonstrated. Indeed, 
most of the studies showing pH-dependent quenching of LHCs153–156 have been 
performed upon detergent removal, thus inducing aggregation. Oligomerization is 
well known to cause high degrees of quenching86,157  with the dissipation magnitude 
depending on the size of the aggregates157,158. This makes it impossible to 
discriminate between the direct effect of the pH on observed quenching and that of 
the aggregation and it is then easy to understand the primary importance of 
elucidating the direct effect of pH on the induction of energy dissipation.  

In this work, we employed a new methodology to investigate in vitro the response 
and sensitivity to pH variations of two different systems. First, we studied the main 
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LHC complex, LHCII, in both trimeric and monomeric forms, aiming to characterize its 
sensitivity to its  environment. Next, we focused on the pH response of the stress-
related LHCSR from C. reinhardtii, with the aim of understanding its action 
mechanism in triggering qE activation12. Finally, we investigated possible bridges 
between its optical properties and structural features by mutating all protonable 
residues in its C-terminus. 

Results and Discussion. To obtain reliable data, it is essential to be able to perform 
the experiments at different pH values without incurring aggregation or misfolding of 
the complexes. Indeed, aggregation is not the only undesired side effect deriving 
from an acid environment. There is risk of protein misfolding with consequent loss 
and degradation of pigments (at pH~5.5 chlorophylls are already over the threshold 
of pheophytinization)159. Therefore, for experiments in stress conditions (pH << 6), 
solubilizing protein in common detergents (β-DM or α-DM) was not reliable; this 
method systematically resulted in a significant loss of pigments, especially in the case 
of monomers. To reduce these undesirable effects, we made use of neutral 
amphipols (called NAPols)160, which are synthetic polymers that keep membrane 
proteins stable in aqueous solutions. Replacement of detergent (α-DM or β-DM) with 
NAPol resulted in stable pigment-binding complexes at all experimental conditions 
tested here, while at the same time not affecting the optical properties of the 
samples (Supplementary Information (SI) Fig. S1 and Fig. S2).  

Briefly, after exchanging pigment-protein complexes in detergent for NAPol (methods 
described in SI), we varied the acidity of the solution first by dilution from a neutral 
solution buffer (HEPES at pH 7.6) to the desired ones (MES at pH 5.5 and citrate 
buffer at pH 4.4). Next, the samples were loaded on sucrose density gradients with 
different pH buffers. This step sets the final pH and reveals the oligomeric state of 
the complexes. In general, one band corresponding to monomeric or trimeric 
complexes was observed in all gradients. We noticed that some aggregates were 
formed, in the case of LHCII monomers and LHCSR, as expected only at lower pH. To 
check that no aggregation was taking place in the monomeric/trimeric samples, we 
acquired the 77 K fluorescence spectra of all samples. The eventual appearance of a 
fingerprint-emitting band around 700 nm would have indicated that aggregation 
processes had taken place86. Measurements were repeated after 24 h to be sure that 
any eventual process of oligomerization was complete. The formation of aggregates 
was not detected in the spectra from the collected monomeric or trimeric bands in 
any case (Fig. 1A, B and Fig. 2A, B).  

We measured time-resolved fluorescence, via time-correlated single-photon 
counting (TCSPC) technique, to test the effect of pH on the chlorophyll singlet excited 
state lifetime of the complexes. Emission was recorded after selective excitation at 
470 nm and monochromatic acquisition at 685 nm for LHCSR (emission maxima  
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Figure 1. 77 K emission spectra of LHCII (A) trimers and (B) monomers at indicated 
pH conditions. Raw and fitted traces acquired via TCSPC of LHCII (C) trimers and (D) 
monomers at indicated pH-conditions.  

centered at ~685 nm), and 680 nm for LHCII, (emission maxima at ~680). In all 
conditions, we found that three components were sufficient for an optimal global fit 
of the fluorescence kinetics. As shown in Tables S1, the lifetimes obtained for LHCII 
trimeric and monomeric complexes at pH 7.6 were ~3.3 and ~2.6 ns, respectively 
(Fig. 1C, D, Table S1), highly comparable to the values reported in the literature123,161, 
and in no case were they visibly shortened at lower pH. For each sample, we 
calculated the percentage of quenching as the ratio between the lifetime in stress 
conditions (pH 5.5 or pH 4.4) over the lifetime at pH 7.6. Virtually no quenching was 
observed at any of the pH values for LHCII (both trimers and monomers) (Table S1).  

To support our findings, we additionally measured the relative fluorescence quantum 
yield for all systems under investigation (Table S2). This value is expressed as the ratio 
between the quantum yields at lower pH (5.5 or 4.4) and at pH 7.6 (See SI). Again, no 
significant changes (<10%) in quantum yield were detected (Table S2). To confirm 
that NAPol did not affect the response of the antennae to environment conditions, 
we also tested LHCII trimers in α-DM at the different pH-conditions. Again, we found 
a lifetime of ~3.3 ns at all pH values (Fig. S6, Table S4). No visible degradation was 
detected at low pH conditions in detergent, testament to the reputation of LHCII 
trimers as extremely stable complexes.  
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Figure 2. (A) 77 K emission spectra of LHCSR-wildtype and (B) LHCSR-NEUTAIL, under 
different pH conditions. Raw and fitted traces acquired via TCSPC of (C) LHCSR-
wildtype and (D) LHCSR-NEUTAIL, again under different pH conditions. 

These results altogether strongly indicate that pH drop alone cannot induce 
conformational changes to a dissipative state in LHCII monomers or trimers. This 
leads to the conclusion that quenching previously reported in LHCb complexes upon 
acidification and detergent removal153–156 was caused by aggregation.  

Strikingly different was the scenario depicted for LHCSR. The decay kinetics collected 
in low-light-mimicking conditions (pH 7.6), were satisfactorily described with three 
components, the shortest being ~300 ps (Fig. 2C, Table S1), while no lifetimes faster 
than 100 ps were actually found, at variance with previous results148. The calculated 
average lifetime was ~1.9 ns, a value similar to that of the PSI-antennae in 
unquenched conditions162, and significantly different from the 0.9 ns previously 
reported148. This latter value is more similar to that of an aggregate-like antenna, and 
it was indeed used to suggest that LHCSR is in a permanent quenching state in the 
membrane148. On the contrary, the LHCSR chlorophyll lifetime found in our study 
presents relaxation time scales for the nonstress conditions (pH 7.6) largely 
corresponding to a light harvesting conformation and not to that of a quencher148, 
which suggests that LHCSR is not constantly quenched in the membrane.  
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 In an acidic environment (pH 5.5 and pH 4.4), LHCSR displayed a clear shortening of 
the fluorescence lifetime with the amplitude correlating with the drop in pH (Fig. 2C, 
Table S1). A 23% quenching activity is observed at pH 5.5, whose magnitude 
increases to 32% at pH 4.4. Interestingly, upon quenching induction in LHCSR, we 
obtained a significant increase of the amplitude of the shortest component (~300-
400 ps), indicating that the protonation stabilizes the quenched conformation. Again, 
confirming the trends registered via TCSPC acquisition, a quantum yield reduction of 
28% was calculated at pH 5.5, reaching values of 49% at pH 4.4 (Table S2). As was the 
case for LHCb monomers, a small amount of LHCSR aggregates was present in the 
sucrose gradient at low pH. Fluorescence lifetime measurements on LHCSR 
aggregates (Fig. 2C, Table S1) clearly showed that the quenching extent was simply 
increased upon aggregation. 

To check if the pH-dependent quenching of LHCSR is reversible, we again acquired 
time-resolved fluorescence on a sample previously placed at pH 4.4 and 
consequently diluted back to pH 7.6 (methods in SI). Lifetime increased from ~1.5 ns 
(pH 4.4) back to ~2.1 ns at pH 7.6 (Figure S5, Table S3), confirming that the pH-
dependent “switch” of LHCSR is completely reversible. The small difference in 
lifetimes compared to the previous measurements is attributed to a small amount of 
free pigments in the preparation at both pH values. 

From the dependence of the extent of quenching on the pH, we derive that the 
nature of the conformational switch for this protein is different than an “on-off 
mechanism” activated once the pH is below a certain threshold. The protein scaffold 
of LHCSR seems to functionally tune pigment interactions due to a folding 
conformation that is sensitive to the acidity of the environment and determines the 
extent of the quenching. 

To understand the origin of the pH sensitivity of LHCSR, we compared the primary 
sequences of LHCSR with those of two model antennae, LHCII and CP29. Although 
most of the pigment- binding sites and secondary structure elements are 
conserved148, there is an obvious difference in the C-terminus region (Fig. 3A). LHCSR 
presents nine acidic residues compared to only two in LHCII. Figure 3B shows a 
model rendered after alignment of LHCSR and LHCII, suggesting that these acidic 
residues are exposed to the luminal space.  

We hypothesized an involvement of these residues in the pH-dependent sensitivity 
and conformational switch peculiar of LHCSR. To test this hypothesis, we designed a 
mutant LHCSR-NEUTAIL in which the nine acidic residues have been exchanged for 
neutral amino acids with no capability to sense pH (glutamic acid to glutamine, 
aspartic acid to asparagine)150. After overexpression of the apoprotein in Escherichia 
coli, the pigment-protein complex was reconstituted in vitro with pigments (See SI). 
Spectroscopic characterization of the mutant shows that the LHCSR-NEUTAIL is 
virtually identical to the wildtype (WT) (Fig. S3A, B). However, the pH response of the 
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mutant differs from that of the WT: LHCSR-NEUTAIL was incapable to respond to pH 
changes (Fig. 2D, Table S1). The average lifetime calculated from the fit of the 
fluorescence decay kinetics (~1.8 ns), as well as the lifetime and the amplitude of the 
three decay components, was the same at pH 7.6 and pH 5.5. Relative quantum yield 
measurements confirmed that pH sensitivity in LHCSR-NEUTAIL was abolished by our 
mutations (Table S2). In the case of LHCSR-NEUTAIL, a release of pigments was 
observed at pH 4.4 (Fig. S4), which hindered a clear interpretation of the data 
collected (Tables S1 and Table S2). Pigment disconnection could be due to the pH 
conditions being too harsh for the mutated protein, perhaps because one or more of 
the mutated residues may be important for stabilization under acidic conditions.  

Conclusions. Summarizing, the data suggest that the LHCII antennas are optimized 
for light capture and excitation energy transfer163 and do not have the in-built 
capability to change conformation in response to pH changes. Instead, they require 
external triggers to switch to a dissipative conformation in stress 
conditions12,144,147,164. On the contrary, LHCSR is able to switch from a light harvesting 
to a dissipative conformation simply in response to a pH change, while it is in a 
monomeric state and without the need of zeaxanthin binding. Interestingly our data 
show that, in contrast to what was previously suggested, at neutral pH LHCSR exists 
in a light harvesting conformation and can thus participate in the energy transfer 
dynamics of PSII when normal physiological conditions are restored in the organism. 
Then, as a chameleon protein, LHCSR possesses the ability to convert to a non-
aggregated quenched conformation under stress conditions, with the amplitude of 
the energy-dissipating activity depending on the degree of pH-drop in the thylakoid 
lumen. Presumably, this switch in conformation can in turn trigger a conformational 
switch in other LHC partners79, with LHCSR in the double role of trigger and 
quencher. What is clear is that the unique characteristic of the LHCSR C-terminus, 
being rich in acidic residues, confers the ability to sense pH variations and drive NPQ 
in the model organism Chlamydomonas reinhardtii. 
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Figure 3. (A) Protein sequence alignment of the C-terminus of LHCSR from 
Chlamydomonas reinhardtii (Cr) and the related LHCII and CP29 from Spinacia 
oleracea (So). Evidenced in green and mauve are aspartic (D) and glutamic (E) acids 
respectively. Rendered in (B), a 3D structure of LHCSR obtained from structure 
homology modeling based on the crystal structure of LHCII from spinach36. From the 
overall black structure of the protein, we can distinguish at the C-terminal (same 
color scheme as in (A)) eight different acid residues (the ninth one belongs to a 
portion of the C-terminus longer than the LHCII corresponding domain and therefore 
excluded from this homology model). In yellow is rendered a simplified section of a 
model thylakoid membrane. 
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CHAPTER THREE 
SUPPLEMENTARY INFORMATION 

 

Methods. 
LHCSR3 and LHCSR-NEUTAIL Cloning and Reconstitution. LHCSR3 was amplified 
from Stress III cDNA library (Chlamydomonas Resource Center) with primers 5’ 
ATGGATCCATGCTCGCGAACGTCGTTTC 3’ and 5’ TACTCGAGCAGGCTCTTGAGGTTGTCG 
3’ in a reaction supplemented with 1M Betaine. The PCR product was digested with 
BamHI and XhoI and cloned into a similarly digested petMHis expression vector59 
that provided a fused C-terminal his-tag. Following sequence verification, LHCSR was 
over-expressed in E.coli, recovered as inclusion bodies and reconstituted with 
pigments following the protocol described in Ref. 165, with a few modifications. 
Briefly, inclusion bodies stored in TE were solubilized with 2% LDS, heated at 95C for 
1 minute with 1.4 mM BME, and then mixed with 1% OG and pigments. LDS was 
precipitated by KCL and the clarified mix was subjected to nickel column affinity 
purification. Complexes were eluted in 0.06% beta-DM and further purified via 
sucrose density gradient centrifugation. LHCSR-NEUTAIL was synthesized by Eurofins 
(see LHCSR sequences reported below), cloned into the same expression vector and 
the protein was expressed, purified and reconstituted as above. LHCII was cloned 
previously59 and expressed, purified and the monomers reconstituted as above165. 
 
>LhcSR-WT (Primary sequence) 
MLANVVSRKASGLRQTPARATVAVKSVSGRRTTAAEPQTAAPVAAEDVFAYTKNLPGVTAPFE
GVFDPAGFLATASIKDVRRWRESEITHGRVAMLAALGFVVGEQLQDFPLFFNWDGRVSGPAIY
HFQQIGQGFWEPLLIAIGVAESYRVAVGWATPTGTGFNSLKDDYEPGDLGFDPLGLKPTDPEEL
KVMQTKELNNGRLAMIAIAAFVAQELVEQTEIFEHLALRFEKEAILELDDIERDLGLPVTPLPDNL
KSL  
>LHCSR-NEUTAIL (Primary sequence) 
MLANVVSRKASGLRQTPARATVAVKSVSGRRTTAAEPQTAAPVAAEDVFAYTKNLPGVTAPFE
GVFDPAGFLATASIKDVRRWRESEITHGRVAMLAALGFVVGEQLQDFPLFFNWDGRVSGPAIY
HFQQIGQGFWEPLLIAIGVAESYRVAVGWATPTGTGFNSLKDDYEPGDLGFDPLGLKPTDPEEL
KVMQTKELNNGRLAMIAIAAFVAQELVEQTEIFQHLALRFQKQAILQLNNIQRNLGLPVTPLPN
NLKSL  
 
>LHCSR-NEUTAIL (Nucleotides) 
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atgctcgcgaacgtcgtttcccgcaaggcttctggcctgcgccagacccccgctcgtgccactgtggccgtcaagtccgtg
tctggccgtcgcacaactgccgctgagccgcagactgctgcgccggtcgcagcggaggacgtcttcgcatacacgaaga
accttcccggcgtgaccgctccctttgagggtgtgttcgaccccgctggcttcctcgccactgcctccatcaaggacgtgcg
ccgttggcgtgagagcgagatcacccacggccgcgtggctatgcttgccgccctgggcttcgtcgtgggcgagcagctgc
aggacttccccctgtttttcaactgggacggccgcgtgtctggccccgccatctatcacttccagcagatcggccagggct
tctgggagcccctgctgatcgccatcggcgtggccgagtcctaccgtgtcgccgtcggttgggccacccccaccggcacc
ggcttcaactccctgaaggacgactacgagcccggtgacctgggcttcgaccccctgggcctcaagcccaccgaccccg
aggagctcaaggtcatgcagaccaaggagctgaacaacggccgcctggccatgatcgccatcgccgccttcgtggccca
ggagctggtggagcagaccgagatcttccagcacctggctctgcgcttccagaagcaggccattctgcagctgaacaac
attcagcgtaacctgggcctgcccgtcacccccctgcccaacaacctcaagagcctg 
 
Isolation of LHCII trimers. Trimeric LHCII was isolated from Arabidopsis thaliana as 
published elsewhere64. Briefly thylakoid membranes from plants, were solubilized in 
α-DM and run on an overnight-sucrose gradient. Trimers were then collected from 
their corresponding gradient band in a final solution containing 0.03% α-DM, 10 mM 
HEPES at pH 7.6, and 0.5 M sucrose.  
Amphipols- and buffer-exchange. To exchange detergent to neutral amphipols, 
proteins were diluted in the appropriate final buffer (10 mM Hepes at pH 7.6, 20 mM 
MES at pH 5.5, or 25 mM Citrate buffer at pH 4.4) containing 0.03% α-DM and 
neutral amphipols were added in the ratio of 5:1 NAPol:protein (mg/ml) and 
incubated on ice in the dark. After 2 hours, Bio-beads were added to the protein 
solution and mixed overnight via magnetic stirring at 277K in the dark. The resulting 
NAPol-protein solution was subjected to sucrose density gradient centrifugation at 
appropriate pH for 18h at 4 C. Sucrose gradient solution contained 0.5 M sucrose 
and depending on the desired pH it was composed of 10 mM Hepes pH 7.6, 20 mM 
Mes pH 5.5, or 25 mM Citrate buffer pH 4.4. Samples were collected from the 
desired band (monomeric, trimeric or aggregates, the latter collected as a pellet 
from the bottom of the tubes). Reversibility of the pH-induced quenching process of 
LHCSR-wildtype was checked on a sample that was previously trapped in amphipoles 
at pH 4.4, following our protocol. From the same sample-batch, time-resolved 
fluorescence was measured both at pH 4.4 and after dilution into Hepes buffer (pH 
7.6, 100 mM final concentration). As a control, all the proteins were additionally run 
without NAPol exchange on sucrose gradients at final concentration of 10 mM HEPES 
pH 7.6, 0.5 M sucrose and 0.03% α-DM for LHCII trimers, or 0.06% β-DM for LHCII 
monomers, LHCSR-wildtype and LHCSR-NEUTAIL mutant. As control, LHCII trimers 
solubilized in α-DM, were placed and measured as controls at pH 5.5 (20 mM MES) 
and pH 4.4 (25 mM Citrate buffer) after sucrose density centrifugation as described 
above. 
 
Absorption and Fluorescence experiments. For fluorescence measurements at room 
temperature, samples were diluted in their specific buffer to an Optical Denstity 
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(OD) at the Qy maximum of ~0.05 cm-1. For the measurements at 77K, samples in the 
same buffer and in 70% glycerol were cooled to the specified temperature in an 
Oxford cryostat (DN1704). Steady-state spectra were recorded on a HORIBA Jobin-
Yvon FluoroLog-3 spectrofluorometer. Time-Correlated Single Photon Counting 
(TCSPC) experiments were carried out on a FluoTime 200 from PicoQuant, with the 
sample cooled to 283K and magnetically stirred throughout the acquisition. All 
fluorescence decay curves were registered after monochromatic laser pulse-
excitation centered at 470 nm, average power of 105 uW and a repetition rate of 10 
MHz. Emission signal was accumulated until a maximum of 20 thousands counts at 
the peak channel. Acquisition channels were separated by 8 ps. Kinetics were 
globally analyzed, after deconvolution from the Instrument Response Function (IRF), 
measured with a pinacyanol iodide-dye dissolved in methanol, whose lifetime is ~6 
ps166. Full Width at Half Maximum (FWHM) of the IRF was ~88 ps. Global analysis 
was made via TRFA Data Processor Advanced software (http://www.sstcenter.com/). 
Fluorescence quantum yield was computed from the integrated area under the 
steady-state emission curve, after selective excitation of the sample at 630 nm. 
Quantum yield reduction was calculated per each protein at pH x (pH 5.5 or pH 4.4) 

respect to the same sample at pH 7.6 as 1 − 𝐸𝑝𝐻𝑥
𝐸𝑝𝐻 7.6

∙ 𝑂𝐷𝑝𝐻 7.6

𝑂𝐷𝑝𝐻𝑥
 where E is the integrated 

area under the emission (in the wavelength domain from 645 to 800 nm) and OD is 
the optical density of the complex at the excitation wavelength (630 nm). Absorption 
spectra were acquired at room temperature on a Varian Cary 4000 UV-Vis-
spectrophotometer. 
LHCSR structural-modeling. LHCSR secondary structure (Fig. 3B) was obtained after 
multiple sequence alignment via ClustalW2167 and the final structure was computed 
via the homology-modeling server SWISS-MODEL168. Final model for Fig. 3B was 
rendered via VMD software129. 
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Figure S1. Room temperature absorption spectra of LHCII trimers, monomers, 
LHCSR-wildtype and LHCSR-NEUTAIL trapped either with NAPols or in β-DM at pH 
7.6. 
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Figure S2. Room temperature fluorescence emission spectra of LHCII trimers, 
monomers, LHCSR-wildtype and LHCSR-NEUTAIL trapped either with NAPols or in β-
DM at pH 7.6 after excitation at 500 nm. 
 

 
 
Figure S3. Spectroscopic comparison between LHCSR-wildtype and LHCSR-NEUTAIL 
mutant. Room temperature (A) absorption and (B) fluorescence emission spectra at 
pH 7.6 after excitation at 500 nm, of the wildtype and mutant. All spectra are 
normalized at the Qy maximum.  
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Figure S4. Fluorescence emission spectra of LHCSR-NEUTAIL at different pH-
conditions after excitation at 475 nm (chlorophyll b region). At pH 4.4 a slight 
shoulder around 650 nm appears, suggesting a release of a small amount of 
pigments. 
 
 

 
 
Tables S1. pH-dependent fluorescence lifetime. Fitting results of the fluorescence 
kinetics acquired via TCSPC for the various complexes. We attribute the negative 
quenching factors, which mean that fluorescence lifetime was higher in these 
samples than the control ones at pH 7.6, to the contribution given by the long decays 
from the little amount of “free” pigments released at low pH. However, free 
pigments contribute only to the longest lifetime components and do not affect the 
shortest one. 
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Table S2. pH-dependent quantum yield. Relative fluorescence quantum yield 
calculated at different pH for the different samples as indicated on the tables. Values 
of relative quantum yield around ~10% are close to the experimental error for this 
measurement. The negative value of -12% found in LHCSR-NEUTAIL at pH 4.4, 
corresponding to a small increase of fluorescence respect to pH 7.6, is attributed 
again to the release of a small amount of pigments detected in this case (Fig. S4) 
 

         
 
Figure S5, Table S3. Test of the pH-induced quenching activity reversibility : time-
resolved fluorescence decay traces of LHCSR-wildtype tested starting from a solution 
buffer at pH 4.4, and diluted back to pH 7.6 (indicated here as pH 7.6 rev).  
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Figure S6. Time-resolved fluorescence decay traces of LHCII trimers solubilized in α-
DM, obtained under different pH-conditions. 

                               
 
Table S4. pH-dependent fluorescence lifetime and fluorescence quantum yield of 
LHCII trimers in α-DM. On the upper part of the table, lifetime components and 
amplitudes associated to LHCII trimers in α -DM after global fitting of the TCSPC 
traces (Fig. S5). On the bottom, fluorescence quantum yield calculated for LHCII 
trimers in α-DM at different pH-conditions. 
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CHAPTER FOUR 
Excitation Dynamics and Structural Implication 

of the Stress-Related Complex LHCSR3 from the 
Green Alga Chlamydomonas reinhardtii5

 

 

 
LHCSR3 is a member of the Light-Harvesting Complexes (LHC) family, which is mainly 
composed of pigment-protein complexes responsible for collecting photons during 
the first steps of photosynthesis. Unlike related LHCs, LHCSR3 is expressed in stress 
conditions and has been shown to be essential for the fast component of 
photoprotection, non-photochemical quenching (NPQ), in the green alga 
Chlamydomonas reinhardtii. In plants, which do not possess LHCSR homologs, NPQ is 
triggered by the PSBS protein. Both PSBS and LHCSR3 possess the ability to sense pH 
changes but, unlike PSBS, LHCSR3 binds multiple pigments. In this work we have 
analyzed the properties of the pigments bound to LHCSR3 and their excited state 
dynamics. The data show efficient excitation energy transfer between pigments with 
rates similar to those observed for the other LHCs. Application of an exciton model 
based on a template of LHCII, the most abundant LHC, satisfactorily explains the 
collected steady state and time-resolved spectroscopic data, indicating that LHCSR3 
has a LHC-like molecular architecture, although it probably binds less pigments. The 
model suggests that most of the chlorophylls have similar energy and interactions as 
in LHCII. The most striking difference is the localization of the lowest energy state, 
which is not on the Chlorophyll a (Chl a) 610-611-612 triplet as in all the LHCB 
antennas, but on Chl a613, which is located close to the lumen and to the pH-sensing 
region of the protein. 
 
 
 

                                                        
 
5 This chapter has been published as: 
Liguori, N., Novoderezhkin, V., Roy, L.M., van Grondelle, R. and Croce, R., 2016. Excitation dynamics 
and structural implication of the stress-related complex LHCSR3 from the green alga Chlamydomonas 
reinhardtii. Biochimica et Biophysica Acta (BBA)-Bioenergetics. 
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Introduction. Rapid changes in sunlight quality and quantity are everyday 
occurrences for plants and algae169. The success of photosynthesis relies on the 
ability of these organisms to quickly and reversibly adapt to the changing 
conditions144. Accordingly, all photosynthetic organisms of the green lineage have 
evolved strategies to deal with the rapid light changes occurring in their 
environment. 
During the first steps of photosynthesis, plants and green algae employ various Light 
Harvesting complexes (LHCs) to capture solar photons and transfer the excitation 
energy to the reaction centers of Photosystems I and II (PSI and PSII) where charge 
separation takes place (for reviews see Ref. 7,170). LHC antenna complexes consist 
of three transmembrane helices, and bind each up to 15 chlorophylls a/b (Chls a/b) 
and 4 carotenoids (lutein (lut), violaxanthin (vio) and neoxanthin (neo))171. 
A sub-group of LHCs are expressed in stress related conditions. These include early 
light-induced proteins, ELIPs (plants, mosses and algae)8–10, and LI818 proteins, also 
known as LHCSR (mosses and algae)12,83, which are related to the LHCX complexes 
found in diatoms172. LHCSR3 protein expressed in the green alga C. reinhardtii12 has 
been shown to trigger a complex process known as non-photochemical quenching 
(NPQ)145, which dissipates a large part of the absorbed energy as heat. In plants, 
NPQ activation depends on PSBS11, which is constitutively expressed, while in 
mosses, intermediates in the evolution between green algae and vascular plants, 
both PSBS and a homolog of LHCSR are employed83. These proteins are responsible 
for the fastest component of NPQ, called qE, during which the fluorescence quantum 
yield of the LHC antennae is significantly reduced within seconds, alleviating the 
potential oxidative stress caused by high light exposure144. While the exact molecular 
quenching mechanism is still a matter of debate173 it has been proposed that both 
PSBS and LHCSR3 “sense” pH changes in the thylakoid lumen which correlate with 
photosynthetic activity, and switch conformation, activating (at low pH) or de-
activating (at high pH) the quenching processes79,80,84.   
However, PSBS and LHCSR3 have several different properties. PSBS does not bind 
pigments85,174 while LHCSR3 does80,148, and while the first is constitutively expressed 
in plants, the latter is only expressed upon exposure of C. reinhardtii to a variety of 
stress-conditions12,175. Additionally, a very short fluorescence lifetime component 
(below 100 ps) probed in vitro in reconstituted LHCSR3 complexes supported the 
hypothesis that LHCSR3 is in a default quenched conformation and it becomes even 
more quenched at low pH148. These observations have led to the suggestion that 
LHCSR3 is not involved in light harvesting and its bound pigments are only 
instrumental for the energy quenching12,148,175.  
However, in our previous work80 we have shown that LHCSR3 has an excited state 
lifetime of 2 ns at neutral pH, compatible with the fluorescence lifetime of an 
antenna, and it becomes shorter only after acidification, in contrast to the earlier 
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reports148. Similar conclusions were reached by measuring the fluorescence lifetime 
of PSII-LHCSR3 supercomplexes at different pHs79.  
Structural information on LHCSR3 is currently missing, preventing a direct 
comparison between the architecture of LHCSR3 to other antenna complexes such 
as LHCII19 and CP2920, and the unpigmented NPQ trigger PSBS in plants85.  
In this work, by combining ultrafast spectroscopy and modeling, we propose a model 
for the functional organization and the excited state dynamics in LHCSR3. Excitation 
energy transfer between the individual pigments is very sensitive to their spatial 
organization and, together with the excitonic dynamics, gives information about the 
structural organization of the complex. The model provides information on binding 
sites and pigment organization and can guide future mutagenesis studies aimed at 
understanding the role of this complex in photosynthesis and photoprotection in the 
model organism Chlamydomonas reinhardtii.   
 
Materials and Methods. 
Sample preparation. Recombinant LHCSR3 from C. reinhardtii (with a His6 tail) was 
overexpressed in Escherichia Coli. The resulting inclusion bodies were then 
reconstituted with pigments following the protocol described in80,176. The pigment 
composition was determined by fitting with the individual pigment forms the 
absorption spectra recorded after 80% acetone-pigment extraction and via HPLC 
analysis (see Table 1)177. Results of the pigment analysis are listed below in Table 1. 
For all of the measurements the sample was diluted to the required OD in a buffer 
consisting of HEPES (pH 7.6), 0.5 M sucrose and 0.06% beta-DM. 

 
Chl a/b  Chls/Cars 

Chl a + 
Chl b  

Chl 
a  

Chl 
b  

lut  vio  neo 

LHCSR3 5.51  3.81  8 7 1 
39%1  
35%2  

61%1  
55%2  

0%1  
10%2  

Table 1. Pigment binding properties of recombinant LHCSR3 as from 80% acetone 
extraction (1) or HPLC analysis (2). 
 
Sequence homology modeling.  Primary sequence alignment of LHCII, CP29 
(Arabidopsis thaliana) and LHCSR3 (C. reinhardtii) was done with ClustalW2167. 
Sequence homology modeling aligning LHCSR3 against the LHCII structure-
template19 was run on SWISS-MODEL178.  
Steady-state spectra. Absorption spectra were acquired on a Varian Cary 4000 
UV-Vis-spectrophotometer. Fluorescence emission and excitation spectra were 
acquired at OD<<0.1 cm-1 on a HORIBA Jobin-Yvon FluoroLog-3 spectrofluorometer. 
CD spectra were recorded on a Chirascan CD Spectrophotometer (Applied 
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Photophysics) at a temperature of 10oC. All the other steady-state spectra were 
recorded at room temperature.   
Femtosecond transient absorption and global analysis. Transient absorption 
spectroscopy experiments were run on a Coherent Ti:Sa MIRA seed (mode-locked 
oscillator) and Rega 9050 (regenerative amplifier) system described elsewhere179, 
adapted to a repetition rate of 20 kHz. Briefly,  mode-locked 800 nm-seed pulses 
(Coherent-MIRA seed) were first stretched to be amplified (Coherent-Rega 9050) 
and then compressed to a pulse width of ~80 fs (autocorrelated). The beam was 
then split with a 60%/40% ratio of the initial power respectively to the pump and 
probe beam-pathways. Depending on the experiment, pump was tuned to 489, 652, 
662 and 672 nm by means of optical parametric amplification (Coherent OPA 9400) 
and the bandwidth of the tuned pump-pulse was further reduced to a FWHM of 10 
nm via interference filters (THORLABS) centered at the above mentioned 
wavelengths. White-light continuum for the probe was generated after focusing the 
800 nm-probe beam into a sapphire crystal. Probe light was then dispersed and 
collected on a 76-channels photodiode array, overall covering a ~130 nm-spectral 
window. Pump beam-pathway was deviated to a delay line (up to 3.5 ns) before 
hitting the sample.  
Energy per pulse was adjusted to 5 nJ/pulse (489, 652 and 662 nm) and 3 nJ/pulse 
(672 nm). A power study at 662 nm excluded possibility of annihilation effects at the 
power used for the measurements (See Fig. S5). OD of the sample was adjusted to 
~0.6 mm-1 in a 1 mm-Quartz cuvette. Oxygen scavenging system was used for all the 
measurements to prevent sample degradation180. Sample-cuvette was shaken 
throughout the measurement. 
 Per each different excitation wavelength, raw 2 dimensional (time and wavelength) 
TA data were then subjected to global analysis with an unbranched sequential 
scheme94. A total of 4 (chl excitations) or 6 (cars excitation) compartments 
exponentially evolve each one into the next one (e.g. 1234). From this 
analysis we retrieved the spectrum corresponding to each compartment, 
Evolutionary Associated Difference Spectrum (EADS) and the time constant 
associated to the decay94. Two scans per each excitation wavelength were acquired 
and averaged before global analysis. Analysis were run on Glotaran 1.5.1 
software181. Global analysis of the TA traces acquired upon cars excitation (489 nm) 
was made by fitting simultaneously spectrally-dispersed traces belonging to two 
distinct and partially overlapping data-acquisition windows. One window was 
centered in the Soret absorption region (window range ~470-599 nm), the other one 
in the chlorophyll QX/QY region (window range ~584-713 nm). The instrument 
response function (IRF) for the experiment was estimated via global analysis, and 
ranges between 71 (660 nm excitation) and 86 fs (652 nm excitation). 
Exciton model. Modeling of the linear and TA spectra of LHCSR3 was done following 
a protocol developed previously182. Modeling of the linear spectra was done using 



Excitation dynamics and structural implication of the stress-related complex 
LHCSR3 from the green alga Chlamydomonas reinhardtii 

Chapter 4  

79 

 
 

 
 

the modified Redfield theory in a pure exciton basis. To model the TA kinetics we 
used the combined Förster-Redfield theory, where relaxation within stromal-side 
(Chls a602-a603, a610-a611-a612, b609) and luminal-side (Chls a604, a613) 
compartments was calculated with modified Redfield, while the stromal-to-lumenal 
transfers were modeled with generalized Förster theory. Notice that the luminal-side 
(Chls a604-a613) transfer rates are the same in the Redfield and Förster pictures 
(due to big energy gap between the a604 and a613 pigments).  In the modified 
Redfield, the pulse duration is supposed to be less than the time constants of the 
modeled kinetics. In other words we neglect the dynamics during the pump and 
probe pulses. But the calculated TA response is still dependent on overlap of the 
pulse spectrum and the spectra of the exciton bands of the LHC. In the calculation 
we suppose a pulse duration of 120 fs, but this is not critical, i.e. variation within 80–
140 fs will not change significantly the results (because we model the kinetic 
components of 150–200 fs and longer). 
The spectral density of exciton-phonon coupling was constricted as a sum of 
overdamped Brownian oscillator (with dumping constant γ = 30 cm−1 and coupling 
strength λ = 40 cm−1) and 48 high-frequency underdumped vibrational modes with 
the total Huang-Rhys factor of S=0.84 for Chl a182. The frequencies and relative 
amplitudes of the 48 vibrational components are assumed to be the same as for 
LHCII183. Coupling to slow conformations of the complex is accounted for using the 
model of static disorder, implying uncorrelated random shifts of the site energies 
described by Gaussian distribution with the width of σ=110 cm−1 (FWHM) for Chls a. 
For Chl b, the disorder and all phonon couplings (both for low- and high-frequency 
modes) are scaled by 1.3.   
 
Results.  
Pigment-binding properties of LHCSR3. LHCSR3 apoprotein from C. reinhardtii was 
overexpressed in E. coli and reconstituted with pigments176. The pigment 
composition of the resulting complex is shown in Table 1. The Chl a/b ratio (5.5) of 
LHCSR3 was significantly higher than that of LHCII (Lhcb1.319) or related LHCs for 
which values varying between ~1 (CP24)123 and 3.0 (CP29)53 have been reported. This 
indicates a higher binding-affinity for Chl a, as reported also for the homologous 
LHCSR from mosses184.  
The Chls/Carotenoids (Chls/Cars) ratio of LHCSR3 was 3.8. This complex binds mainly 
violaxanthin (vio) and lutein (lut) (Table 1). Traces of neoxanthin (neo) were also 
found (10%). Vio and lut are expected to occupy the internal binding sites L1 and L2. 
This assumption is based on the general binding affinity of L1 and L2 sites for these 
carotenoids56,185 and on the evidence that their occupation is needed for the stability  
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Figure 1.A-C. Steady-state spectra of LHCSR3. A. Room-Temperature (RT) absorption 
spectrum. B. Circular Dichroism (CD) spectrum collected at 10 °C. C. RT fluorescence 
emission spectrum. 
 
of the LHCs186. Moreover, it is unlikely that in LHCSR3 vio occupies the external V1 
site as found in LHCII trimers19 since this site is empty in monomeric LHCs20,22,56,63.  
Normalizing therefore to two carotenoids we can expect 8 Chls bound to LHCSR3: 7 
Chls a and 1 Chl b (Table 1). However it must be noted that the recent structures of 
LHCI (LHC antennae of PSI) have shown that vio can occupy the N1 site14, therefore 
we cannot exclude that this is occurring also in LHCSR3, and that in that case the 
complex binds 3 carotenoids and 11 Chls. However, a total of 6.7 ± 1.9 chlorophylls 
has been previously determined by Bonente et al148, in agreement with the presence 
of only two carotenoids associated with LHCSR3 (Table 1). 
 
Steady-state characterization of LHCSR3. The room temperature absorption, circular 
dichroism (CD) and fluorescence spectra of LHCSR3 are reported in Fig. 1.A-C. As 
previously described148, LHCSR3 presents a “red” maximum of absorption located at 
678 nm (Fig. 1.A), 4 nm red-shifted with respect to C. reinhardtii LHCII81. The 
shoulder at ~650 nm, originating from Chl b- and present in all LHCs, is almost absent 
in LHCSR3 in agreement with the low Chl b content of this complex (Fig. 1.B). Chl b 
deficiency also explains the absence of the negative peak around 650 nm in the CD 
spectrum (CD, Fig. 1.B), commonly found in all LHCs59,113. A single minimum at 680.5 
nm is observed in the QY region of the CD spectrum and it originates from strong 
excitonic interactions between Chls a44,59,113,117,182. In the Soret region, local minima 
at 493.5, 461 and 437 nm are due to Cars-Chl and Chl-Chl interactions113. The 
emission spectrum (Figure 1.C) has a maximum at ~681 nm similar to what 
previously shown148.  
 
Energy transfer within LHCSR3. A first estimation of Chls b-to-Chls a and Cars-to-Chls 
a excitation energy transfer (EET) efficiency can be obtained based on the 
deconvolution of the fluorescence excitation (exc) and absorption spectra (abs) in 
the Soret region in terms of single pigment forms (Fig. 2.A, C)187. Fitting of the exc 
spectrum was produced by fixing the maxima of the pigments’ spectra in the  
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Figure. 2.A-D. Deconvolution of LHCSR3 room temperature absorption (abs) and 
excitation (exc) spectra. Excitation spectrum was collected at low OD (0.05 cm-1). 
Soret region of the exc (A) and abs (C), and Qy region of the abs (D) were 
deconvoluted with single Chls and Cars forms as explained in the main text. Numbers 
and arrows in (A) indicate the positions of the most red maxima of vio and lut. lut 
spectrum has been magnified (x5) for clarity. In (D), the Chl a (a) and b (b) forms 
used for the fit are listed together with the position of their maxima. In (C, D) 
number and red rectangles are representative of the different excitation 
wavelengths used in the transient absorption experiments (central wavelength ± 5 
nm). Exc spectrum (B) recorded at 77K with indicated the lowest energy maximum of 
vio (491 nm). 
 
positions retrieved by deconvolution of the abs and by allowing only the amplitudes 
to vary.  
By comparing the results for abs and exc, only a small part of the Chl b-pool was 
found active in EET to Chls a. Some Chl b disconnections (most likely due to lose 
binding of this Chl type to LHCSR3148,184) are indeed observed in the sample (Fig. S1) 
as observed previously148. Also, while both vio and lut species contribute to the abs 
spectrum (respectively peaking at ~490 and ~496 nm on the red side of their 
spectra), vio contributes the most to the Cars-to-Chls EET. Similar values for the 
absorption of vio and lut in protein environment have been observed in LHCII185. EET 
seems indeed to occur almost only from vio, as suggested also by the sharp peak  
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Figure 3. Chlorophyll-Chlorophyll EET. Evolution associated spectra (EADS) following 
global analysis of the transient absorption traces collected at room temperature on 
LHCSR3 after respectively 652, 662 and 672 nm-excitation, as indicated in each inset. 
A sequential model was applied to the data. Local minima are reported in each plot.  
 
located at 491 nm100,185,188, which is present in the exc spectrum recorded at 77 K 
(Fig. 2.B).  
We then investigated whether the functional organization of the pigments bound to 
LHCSR3 resembles that of related LHCs by means of ultrafast transient absorption 
measurements. We followed EET kinetics after preferential excitation in the Chl b- 
(652 nm), Chl a- (662 and 672 nm) and Cars- (489 nm) regions (Fig. 3).  
Global analysis was applied with a sequential kinetic scheme to all datasets94. The 
resulting spectral evolution is represented by the Evolution Associated Difference 
Spectra (EADS) reported in Fig. 3 (for Chls excitations) and Fig. 4 (for Cars excitation).  
 
Chl-Chl EET. Four components were necessary to fit the data collected after each 
Chl-excitation. In Fig. 3, the EADS are shown while in Fig. S6 we report the decay of 
selected traces for all the Chl-excitations. The first and second components, of the 
order of ~100 fs and ~2 ps respectively, are associated with EET from the excited 
Chls to more red-shifted Chls a, similar to other LHCs61,189,190. The third spectral 
component of the TA evolution has a time constant in the 100-300 ps range. This 
decay-component has also been found after 489 nm-excitation (Fig. 4) and it is 
associated with the loss of about 20% of the QY-bleach. A similar decay component 
was observed in the fluorescence decay of LHCSR3 and was shown to be pH-
dependent, implying that this component might originate from the population of 
internal quenchers80. Differences in this timescale (102 ps) reported in pump-probe 
(values varying between 91 and 230 ps) with respect to the 300 ps observed in time-
resolved fluorescence80, are mainly due to the fact that in this time-window 
(between 50 ps and 1000 ps) less than 10 data points have been acquired, due to our 
focus on the fast timescales (sub-ps and ps) to characterize the energy transfer 
dynamics. The fourth and last EADS describes the final relaxation of the Chl a-excited 
states to the ground state. The lifetime of this component cannot be estimated 
precisely because of the time window of the experiment.  
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Chl b-Chl a EET. Upon 652 nm-excitation a broad asymmetric ground state bleach 
(GSB) appears as the first EADS, with a local minimum at ~650 nm (Chl b-region). 
Additionally, two minima located at ~657 nm and ~681 nm are present at time zero 
and originate most likely from direct excitation of these Chls a states (see Fig. 2.D). 
The Chl b state shows two main transfer components in 130 fs and 2.5 ps, suggesting 
EET from at least two different Chl b sites, similar to what was found in CP29190,191 
and CP26189. However, the component of 130 fs accounts for most of the EET to red 
Chls a, suggesting that excitation is preferentially transferred to Chls a from a single 
Chl b site. The actual transfer time from Chl b to Chl a might be slower than 130 fs. 
The ultrashort character of this component may be influenced by the presence of 
coherent artifacts94, as suggested by the slower Chl b lifetime (215 ps) retrieved from 
our model (see below). EET takes place from ~650 nm to red Chls a centered at 
about 683-685 nm (see also Decay Associated Difference Spectra -DADS- in Fig. S2). 
Mixed Chl a/b sites might account for the remaining 2.5 ps EET component. In CP29 
and CP26, an additional component longer than 5 ps has been detected189,190. This 
suggests that an additional Chl b binding-site present in CP29 and CP26 is not 
occupied in LHCSR3. It should be noted that no long lived Chl b is observed upon 652 
nm excitation, indicating that at this wavelength the disconnected Chl b, is not 
excited.  
Chl a-Chl a EET. Via preferential excitation in the Chl a region (662 and 672 nm), we 
can identify transfer to red Chls a (peaking between 681 and 685 nm) from at least 3 
different Chls with maxima at 658, ~670, ~678-679 nm (Fig. 3 and DAS in Fig. S2).  
The main band at 681 nm is already populated after the first ~100 fs upon both Chls 
a excitations.  EET processes up to to 2.2 ps (second and third EADS) are required to 
complete the EET from the forms located at ~660 nm (see DAS in Fig. S2), to the 
more red Chls a. The band located between 660 and 670 nm represents a 
“bottleneck” state in the EET cascade and this energy site is assigned to Chl a604 in 
all the LHCs modeled so far61,117. 
 
Cars-Chls EET. Upon excitation at 489 nm, both vio and lut are excited (53 vs. 24%). 
Additionally, Chls a and b receive 5% and 18% of the initial excitation, respectively. 
Similarly as in Croce et al.192, direct excitation has been computed by convoluting the 
pigment spectra (as the ones reported in Fig. 2.C) with the spectrum of the 
excitation laser pulse (489 ± 5 nm). 
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Figure 4. Carotenoids-Chlorophylls EET. Evolution associated spectra (EADS) 
obtained by the global analysis of the transient absorption traces collected at room 
temperature on LHCSR3, after 489 nm-excitation. A sequential model was applied to 
the data. Local minima are indicated in each spectrum. 
 
Six components were necessary to fit the TA traces, and the resulting EADS are 
reported in Fig. 4. Most of the GSB in the first EADS originates from the population of 
the excited S2 states (S2S0 transition), with minima peaking at 487, 496, 516, 527 
and 535 nm. Amongst these peaks we expect coherent artifacts due to the ultrafast 
timescale of this component. However it should be noted that vibronic peaks were 
also found at 530 nm in CP29 upon 489 nm excitation110 and at 533 and 543 nm in 
CP26 upon 506 nm-excitation at 77 K193. Considering the low amount of direct 
excitation of Chls a, the bleaching at 656 and 677 nm in the first EADS is at least 
partially due to ultrafast EET from the excited S2 state of the carotenoids to the Chls, 
similarly to what found in CP29110,190 and CP26193.  
The first EADS evolves into the second EADS (red spectrum) within 90 fs. This 
represents EET from the Cars S2 state to Chls and accounts for about 63% of the total 
Chls a bleaching. No transfer to Chl b is detected. The result of internal conversion 
(IC) from the S2 excited state is the population of a vibrationally unrelaxed -hot S1 
state(s)- which can be recognized from the excited state absorption (ESA)39,194 in the 
500-620 nm range. It is worthwhile to note the broad shoulder on the blue side of 
the ESA peaking around 509 nm, where on the ns-timescale it is possible to detect 
Cars triplet signal (cyan spectrum). This feature might be related to the presence of 
the S* state30 in the Cars spectrum of LHCSR3.  
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The following sub-picosecond spectral evolution takes place in 720 fs (second and 
third EADS). From the hot S1 state about 8% of the energy is transferred to Chls a 
centered at 681 nm (green spectrum). On this timescale we observe relaxation of the 
hot S1 state(s) to the final S1 state (green spectrum), which can be recognized by a 
broad ESA peaking at 533 nm. 
The S1 state then decays in 9.8 ps to the GS. Within this time the remaining 29% of 
energy is transferred to Chls a.  EET from the S1 state to Chls has been excluded in 
CP26193, and detected instead in LHCII and CP29110,190. 
The two final lifetimes are associated with the decay of the red Chls a (~2 ns 
component) to the ground state and with the formation of Cars triplets, respectively. 
Cars triplets, shown in the final spectrum, decay on infinite time scales 
(microseconds)195 relative to the time-range investigated in our experiment (up to 
3.5 ns, see Methods).  
 
Functional model of the Chls organization in LHCSR3. The antenna complexes of PSII 
(Lhcb) and PSI (Lhca) show highly homologous structures and largely conserved 
chlorophyll binding sites15. 
 A sequence alignment of LHCSR3 with LHCII, for which the crystal structure is 
available19, and related LHCs, was generated to model the LHCSR3 structure and 
identify potential conserved pigment binding sites (Fig. 5). The amino acid sequence 
identity is 38% over 157 consecutive residues between LHCSR3 and LHCII in Spinacia 
oleracea (the crystal of LHCII is from spinach) and 37% over 108 consecutive residues 
in A. thaliana (Fig. 5). This is close to the ~44% sequence identity over 108 
consecutive residues between CP29 and LHCII, which have an almost identical 
structure19,20. Three transmembrane α-helices similar to LHCs are predicted for 
LHCSR3.  
Concerning the pigment binding sites, eight out the 14 Chls of LHCII are directly 
coordinated by specific residues19. From the alignment, we deduce that 6 of these 
Chl-binding sites are conserved in LHCSR3, namely the ligands for Chls a602, a603, 
b609, a610, a612, a613 while the ligands for Chls a614 and b606 are not present, as 
was also concluded in a previous work148. Since mutation analysis of LHCs53,54 has 
shown that no Chl is bound in these sites in the absence of the ligand, it is very likely 
that these Chls are not present in LHCSR3.  The remaining Chls bound to LHCs are 
coordinated by the protein backbone, water molecules and a lipid (Chl a611 to 
Dipalmitoylphospatidylglycerol, DPPG)19, which precludes the possibility of  
predicting them from the sequence alignment. We can however exclude a number 
of them such as Chl b607, which is likely to be absent since it is coordinated via a 
water molecule by Chl b60619, which does not have a conserved ligand in LHCSR3. 
Again, mutation analysis has shown that the absence of the ligand for b606 leads to 
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the loss of more Chls (b607)54. Also, Chl b601 (coordinated via backbone to a TYR on 
the N-terminus of LHCII) and Chl b605 (coordinated via backbone to a VAL on the 
luminal loop between helix C and helix E) are not observed in monomeric 
LHCs14,20,196. The absence of Chl b601 in LHC monomers is further supported by 
mutational analysis studies on both LHCII and CP29 showing that the removal of the 
N-terminus, which binds b601 in the LHCII trimer, does not lead to loss of Chls50,197. 
On the contrary, Chls a604, b608 and a611 are present in all LHCs crystallized so far. 
Also, Chl a604 can be expected to be conserved in LHCSR3 based on the presence of 
a “bottleneck” state in the EET process (see above)61,117. In all LHCs Chl a611 
interacts with Chl 612 and is responsible for the strong excitonic band observed in 
the Qy region of the CD spectrum (Fig. 1B)113. This band is conserved in LHCSR3 
suggesting that Chl 611 is also conserved. Based on the current knowledge, the 
presence of Chl b608 cannot be excluded, however if it is present, the total number 
of Chls would be 9, higher than the number measured by Bonente et al.148. 
To test whether our predictions of the pigment organization in LHCSR3 agree with 
the spectroscopic evidences collected so far, we built a minimal model based on the 
modified Redfield and combined Förster-Redfield theories (details are given in the 
Methods section)44,182.  
We assume the same pigment arrangement (distance and orientation) as for 
LHCII182. This assumption is based on the very high structural similarities between all 
the LHCs crystallized so far, which show an almost perfect overlap between most of 
the pigments in all structures14,19,20,196. However, we allowed for differences in the 
Chls site energies as compared to LHCII, as it is the case in the other LHCs182,198. To 
this end we treated the energies of the different sites as free parameters in the 
simultaneous fit of absorption (OD), fluorescence emission (FL), circular dichroism 
(CD) (see Fig. 4.A-C) and TA spectra (after excitation at 652 and 662 nm, see Fig. 5.A-
B). 
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Figure 5. Sequence alignment of LHCs and LHCSR3. Top. Sequence alignment of 
LHCBs of Arabidopsis thaliana and LHCSR3. Conserved Chl-binding sites are indicated 
with asterisks. Different colors indicate different protein regions corresponding to α-
helical domains (as from crystal structure19–21). Neo site (N1) is indicated in orange. 
Bottom. Sequence homology based-structural model of LHCSR3 (in pink) aligned to 
the template of LHCII used for modeling (in green19). Conserved residues are shown 
as sticks. Conserved sites (on the left) and secondary structure elements (on the 
right) are also reported. 
 
 Fit of the linear and TA spectra. The fit of the linear spectra is shown in Fig. 6. The 
unperturbed site energies E (corresponding to pure electronic transitions without 
including the reorganization shift44) of the Chls 
[a602 a603 a604 b609 a610 a611 a612 a613] sites extracted from the fit are 
E=[15194 15129 15500 16138 15152 15156 15149 15277] cm−1. This model 
corresponds to the best fit of the data. Notice that other models can fit the data 
reasonably well, differing from the model presented in Fig. 6 in only few details. For 
example, the evolutionary-based search also gives very similar exciton models (i.e. 
with a similar site energies set), but with an inverse order of the Chls a602-a603 site  
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Figure 6. Fit of the room temperature steady-state and TA spectra of LHCSR3. Top. 
Measured (magenta) and calculated (red) OD (left), CD (center), and FL (right) 
spectra for LHCSR3. Bottom. Measured (lines) and calculated (dashed lines) TA 
spectra (arbitrary units) upon 652 nm and 662 nm excitation, as indicated in the 
inset. 
 
energies (i.e. with a602 as the red-most pigment). Another group of alternative 
models is characterized by more asymmetry within the Chls a610-a611-a612 trimer 
(i.e. with the site energies of the three pigments within the 15100-15200 cm−1 

region, instead of the uniform distribution around 15150 cm-1). Below we analyze 
the model shown in Figure 6. The fit of the TA spectra obtained with this model is 
reported in the same figure. Although evidence of the absence of b605 in 
monomeric LHCs has been reported20, an additional model has been tested including 
this pigment in LHCSR3. We have found that models containing b605 fail to explain 
the transient absorption kinetics. Upon short-wavelength (640-650 nm) excitation 
they give slow kinetics (corresponding to 3-4 ps b605-to-a604 transfers in the 
luminal side) instead of the fast 200 fs population of the red spectral forms observed 
in experiment. This indicates that Chl b605 is not present in the complex. 
Excitation of the complex at 652 nm corresponds to excitation prevalently of the 
b609 pigment and results in a bleaching around 650-655 nm together with some 
instantaneous response in the Chl a region (bleach around 670-680 nm) due to 
mixing of b609 with the superradiant Chl a states (the 670-680 nm negative 
amplitude at 0-40 fs delay disappears if the exciton coupling within the b609-a603 
heterodimer is taken to be zero). At larger delays we observe an increase of the 680 



Excitation dynamics and structural implication of the stress-related complex 
LHCSR3 from the green alga Chlamydomonas reinhardtii 

Chapter 4  

89 

 
 

 
 

nm-peak reflecting energy transfers from b609 to the Chl a-states, which is then 
completed within 0.5-0.7 ps (see also Figure S3.A, B).  
Excitation at 662 nm populates the bottleneck Chl a604 state and the higher exciton 
level of the a610-a611-a612 cluster. Fast relaxation within the a610-a611-a612 
trimer results in a quick red-shift (within 100 fs) with formation of the 675-680 nm 
peak. This is followed by a further very slow (10-20 ps) red-shift due to depopulation 
of the long-lived Chl a604 state, as shown in an alternative version of Fig. 6 (bottom 
right), reported in Fig. S3.C-D.   
In every realization of the disorder we can identify 8 exciton states k, i.e. the two 
exciton levels k11, k12 of the a602-a603 dimer, the k21, k22, k23 levels of the a610-
a611-a612 trimer, and the monomeric states k3, k4, k5 localized on Chls b609, a613, 
and a604 respectively. Participation of the pigments in these states, energies 
averaged over disorder and transfer rates are listed in Table S1 and summarized in 
the scheme reported in Fig. 7.  
Remarkably, in all the models obtained, although the electronic transition energy of 
Chl a613 is higher than the energy of the a602-a603 and a610-a611-a612 sites, the 
monomeric a613 state has a bigger reorganization shift, so that the zero-phonon 
transition in a613 is redder than the a610-a611-a612 lowest state and therefore is 
the most populated state at equilibrium.  
Site population dynamics in LHCSR. Kinetics of the site populations upon different 
excitation conditions are shown in Fig. S4.A-D. As previously seen for LHCII182, the 
fastest ET channel (<100 fs) corresponds to intra-cluster exciton relaxation (i.e. 
relaxation within the a602-a603 dimer and a610-a611-a612 trimer). Inter-cluster 
transfers are slower (100-300 fs for fastest channels). Conversion from Chl b to Chls 
a in the stromal side occurs via different channels with the time constants of 300 fs 
and more (the total lifetime of the b609 state is 215 fs, according to Table S1).  
The Chl b609 excitation is followed by quick population of the stromal-side a602-603 
and a610-a611-a612 clusters. A quasi-equilibrium within these sites is reached in 1-2 
ps. This is followed by slow (few dozens of ps) population of the luminal-side 
pigments (Chls a604 and a613) from the equilibrated stromal-side clusters.  
On the luminal side, similar to LHCII, excitation of the a604 bottleneck site is always 
followed by slow transfer to the stromal side Chls a-clusters with 10-15 ps time 
constants, and by even slower population of the a613 site.  
Excitation of the higher exciton state of the stromal-side a610-a611-a612 trimer 
(with predominant contribution of the a611-a612 pigments) results in very fast 
relaxation to the lowest level (with predominant contribution of the a610 site) 
together with slower, but still fast (sub-ps) population of the a602-a603 dimer, and 
slow (ps) population of the luminal side pigments a604 and a613 (giving only small 
populations within 2 ps time scale, as shown in Fig. S4.D).  
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Discussion. LHCSR3 vs. LHCII molecular architecture. 
Chls functional organization. The overall scheme of energy transfer in LHCSR3 
(based on the data listed in Table S1) is reported in Fig. 7. Several clusters of Chls 
excitonically coupled to different extents observed previously in LHCII are also 
present in LHCSR3182. On the stromal side of LHCSR3, two strongly coupled clusters 
are predicted to be conserved: the trimer a610-a611-a612 and the dimer a602-a603. 
The trimer consisting of Chl b601-b608-b609, which is present in LHCII, is instead 
absent in the LHCSR3 model as only b609 is conserved. Binding of b608 cannot 
however be excluded. Indeed, as already illustrated in the case of LHCII182, b608 
coupled to b609 quickly relaxes to its neighbor, and therefore the resulting kinetics 
are the same as in the model with b609 alone. This means that on the basis of this 
study the presence or the absence of b608 cannot be determined.  
The fastest channels (<100 fs) correspond to intra-cluster exciton relaxation (i.e. 
relaxation within the a602-a603 dimer and a610-a611-a612 trimer). Inter-cluster 
transfers are slower (100-300 fs for fastest channels). Conversion from Chl b to Chls 
a at the stromal side occurs via different channels with time constants of 300 fs and 
longer (the total lifetime of the b609 state is 215 fs).  
The overall EET dynamics found in LHCII is conserved in LHCSR3. Similar to LHCII182, 
LHCSR3 shows ps-excitation migration between the stromal and lumenal sides. Also, 
a bottleneck state localized on Chl a604 is conserved in LHCSR3. Decay from this 
state occurs with a total time of 12 ps, similar to the 13 ps time-constant found in 
LHCII182.  
However, even slower transfers are predicted from the a613 site to the stromal side, 
taking place via different channels characterized by time constants of 60-40 ps (with 
a total time constant of 21 ps). Back transfers to the red-most a613 state from the 
stromal-side clusters are characterized by similar times. Interestingly, population of 
the a613 site occurs almost exclusively via stromal-side pigments, whereas direct 
a604→a613 transfer is almost forbidden (Fig. S4.A-D). It occurs with a significantly 
long 300 ps-time constant, at variance with the 80 ps computed in LHCII182.  
Noticeably, our model predicts that at equilibrium most of the excitation is localized 
on Chl a613 instead on the Chl a610-a611-a612 cluster as in LHCII182. As shown in Fig. 
S4.A-D, in the steady state limit, 35% of the excitation is concentrated on the luminal 
side (mostly on Chl a613), and 65% is localized on the lowest levels of the Chl a-
clusters (with predominant participation of Chls a610 and a603). It is then 
worthwhile to note that we have recently shown that protonation of the protein 
region binding Chl a613 (C-terminus) drives the quenching process in LHCSR380. A 
red state, which can work as an energy trap in this protein domain, might thus be 
involved in the quenching mechanism in LHCSR3 under pH-induced conformational 
change of the C-terminus. 
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Figure 7. Chlorophylls bound to LHCSR3 and time constants of relaxation between 
the exciton levels. Arrows indicate the fastest relaxation channels. The numbers 
near the arrows show the time constants, equal to the inverse average rates 
(reported in Table S1). Vertical positions of the levels correspond to the energies of 
the exciton states averaged over disorder. Participations of certain pigments in the 
exciton states are shown by circles, with the area proportional to the square of the 
wavefunction amplitude averaged over disorder. Grey arrows show the slow 
transfers from the luminal-side monomeric states a604 and a613 to the stromal-side 
clusters.  In the inset, the full model of LHCSR3, including protein (in gray) and 
pigments, is illustrated. Chls follows the same color scheme used for the exciton 
energy levels.  
 
Cars functional organization. Up to four Cars binding sites were observed in 
LHCs19,21, with three of them conserved in the monomeric complexes14,20,22,63,64,196. 
Predicting carotenoids binding sites from sequence alignment is a challenge as only 
the neoxanthin binding at the N1 site requires the presence of a specific residue: a 
TYR located on the lumen-exposed short-helix/loop E (between helix A and C)56. 
LHCSR3 has a TYR in the same region (TYR126, Fig. 5), but the alignment suggests a 
different position compared to LHCII and CP29. Non-conservation of the neoxanthin 
binding site is in agreement with the low amount of neoxanthin present in the 
complex (10% of the total Cars, Table 1). Considering 2 Cars per LHCSR3 apoprotein, 
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and a vio/lut ratio of 1.6 (Table 1), we can expect a heterogeneous sample with 
some complexes containing 2 violaxanthin molecules. Given the efficient energy 
transfer from vio to Chls we can further expect vio to be bound to at least one of the 
two internal sites (L1 and/or L2), similar to CP2920, from which transfer from vio is 
generally observed110,190. On the other hand, we observed that the total of 0.8 lut 
which is bound to LHCSR3 is mostly inactive in EET to Chls. Lut in all the LHCs 
crystallized so far always occupies the L1 site14,19,20,196. If this is the case in LHCSR3 as 
well, the absence of EET might be caused by a different conformation/orientation of 
the pigment in the binding pocket (causing e.g. increased distances with neighbor 
Chls). It is worth noticing that a different Car composition has been previously 
reported in LHCSR3148, due to differences in the pigment mix used for the 
reconstitution indicating that most likely vio and lut have a similar affinity for the 
internal sites in LHCSR3. 
 
Conclusions.  
LHCSR3 has been shown to be necessary for triggering NPQ in the green alga C. 
reinhardtii. At variance with PSBS, which is the protein required for triggering for 
NPQ in plants, LHCSR3 is transiently expressed and binds pigments, leading to the 
suggestion that its primary role is to act as an energy quencher12,148,175.  The 
presence of a constitutive quencher expressed only under stress-conditions, 
although an appealing hypothesis, could have consequences for the organism when 
low light conditions are restored and LHCSR3 is still present in the membranes. 
In this work we have studied in detail the light harvesting properties of LHCSR3. To 
overcome the unavailability of structural information, we have compared sequence 
and pigment-pigment EET dynamics in LHCSR3 with those of related LHC antennae. 
The results suggest that LHCSR3 binds 8 Chls and 2 carotenoids, ~1.2 molecules of 
vio and ~0.8 of lut. Vio has been found to be active in transferring energy to Chls a, 
suggesting a location in the internal site(s) of LHCSR3. 
A minimal exciton model based on the presence of 8 conserved Chls binding sites 
and built on the pigment organization of the major Light-Harvesting Complex 
LHCII19,182 allows a good description of the spectroscopic data. Although it is 
important to realize that this is a minimal model and we cannot exclude the 
presence of additional Chls in very rapid equilibration with those present in our 
model, our results indicate that LHCSR3 structure has the general LHC architecture, 
unlike the plant NPQ trigger-PSBS85. However, compared to the other LHCs, LHCSR3 
shows a higher affinity for Chl a. Our model also allows us to further describe EET 
pathways and rates within LHCSR3 Chls. At variance with LHCII, a large part of the 
population at equilibrium is on Chl a613, which is the lowest energy pigment in 
LHCSR3 and is situated close to the C-terminus. Interestingly we have recently shown 
that the protonation of the C-terminus of LHCSR3 leads to a quenched state. An 
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involvement of Chl a613 in the quenching activity in LHCSR3 is thus a hypothesis 
worthy of future exploration. 
Overall we show that LHCSR3 possesses several features that are common to related 
LHC antennae, which should permit its utilization in light harvesting when normal 
light-conditions are restored and de-protonation of LHCSR3 C-terminus is attained. 
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CHAPTER FOUR 
SUPPLEMENTARY INFORMATION 

 

                                    
 
Figure S1. Fluorescence emission of LHCSR3. Room temperature fluorescence 
emission spectrum of LHCSR3 recorded upon different excitation wavelengths, as 
indicated in the legend. 
 

 
Figure S2. Chlorophyll-Chlorophyll Energy Transfer. Decay Associated Difference 
Spectra (DADS) following global analysis of the transient absorption traces collected 
after 652, 662 and 672 nm-excitations, respectively, as indicated in each inset. Local 
minima are reported in each plot.  
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Figure S3.A-D.  Measured and calculated transient absorption spectra upon 652 nm 
and 662 nm excitation.  Alternative version of Fig. 7.E-F (main text). Left two frames: 
measured (A) and calculated (B) TA upon 652 nm excitation. Right two frames: 
measured (C) and calculated (D) TA upon 662 nm excitation.  
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Figure S4.A-D. Site populations upon selective excitation of individual exciton 
levels. A. Excitation of the highest exciton state (localized on Chl b609). B. As in A, 
but for the 50 ps time scale.  C. Excitation of the a604 bottleneck site. D. Excitation 
of the highest exciton state of the stromal-side Chls a compartment, corresponding 
to the highest level of the a610-a11-a12 trimer, with predominant contribution of 
the a611-a612 pigments, and a small contribution of the a602 pigment. 
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Figure S5. TA power study on LHCSR3. Kinetics up to 20 ps of the 682 nm-band of 
LHCSR3 upon excitation at 662 nm with different energies per pulse, as indicated in 
the legend. 
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Figure S6. Kinetic traces for selected wavelengths after preferential Chl-excitation. 
Kinetics after 652 nm (A), 662 nm (B) and 672 nm (C) shown for both raw (raw) and 
fitted (fit) data. Time axis is linear until time zero and logarithmic thereafter. 
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Table S1. Parameters of the exciton states (energies and wavefunctions) and the 
transfer rates within LHCSR3 complex at 293K. All the values are averaged over 
disorder (with the assignment of every exciton state in each realization). The rates of 
fast downhill relaxation within the a602-a603 dimer and a610-a611-a612 trimer are 
highlighted in yellow and green; intercluster transfers from the trimer to the dimer 
are highlighted in red; from the dimer to trimer - in magenta; transfer rates from 
b609 (k3) and a604 (k5) to the Chls a clusters (dimer and trimer) are highlighted in 
cyan; transfers to the red-most state localized at a613, from the dimer and the 
trimer are highlighted in grey. Notice that the states k11, k12 are mostly determined 
by contributions from Chls a602 and a603 (highlighted in yellow), but other sites also 
contribute due to sizable exciton mixing between all the pigments within the 
stromal-side compartment. The main contributions to the k21, k22, k23 levels are 
highlighted in green in Table S1. Predominantly localized states are highlighted in 
cyan.
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CHAPTER FIVE 
Engineering a pH-Regulated Switch in the Major 

Light-Harvesting Complex of Plants (LHCII): 
Proof of Principle6

 
 

 
Under excess light, photosynthetic organisms employ feedback mechanisms, to 
avoid photodamage. Photoprotection is triggered by acidification of the lumen of the 
photosynthetic membrane following saturation of the metabolic activity. A low pH 
triggers thermal dissipation of excess absorbed energy by the light-harvesting 
complexes (LHCs). LHCs are not able to sense pH variations, and their switch to a 
dissipative mode depends on stress-related proteins and allosteric cofactors. In 
green algae the trigger is the pigment-protein complex LHCSR3. Its C-terminus is 
responsible for a pH-driven conformational change from a light harvesting to a 
quenched state. Here, we show that by replacing the C-terminus of the main LHC of 
plants with that of LHCSR3, it is possible to regulate its excited state lifetime solely 
via protonation, demonstrating that the protein template of LHCs can be modified to 
activate reversible quenching mechanisms independent of external cofactors and 
triggers. 
 
 
 

 

 

 

 

 

                                                        
 
6 This chapter has been published as: 
Liguori, N., Natali, A. and Croce, R., 2016. Engineering a pH-regulated switch in the major light-
harvesting complex of plants (LHCII): proof of principle. The Journal of Physical Chemistry B. 
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Introduction.  Every day, photosynthetic organisms are exposed to the hazards of 
irregular changes in sunlight intensity. Sudden shifts to a high light intensity may lead 
to excess excitation in the photosynthetic membrane (thylakoids) and consequently 
to photodamage144. In response to the fluctuating environment, plants and algae 
have developed a series of photoprotective mechanisms working on different 
timescales and at different levels of organization within the thylakoid95. Altogether, 
these processes are known as Non-Photochemical Quenching (NPQ)3,145.  

The fastest response within NPQ is known as qE and is activated in plants and algae 
by the acidification of the thylakoid lumen, which results from the high rates of 
proton pumping via water splitting and cytochrome b6f activity95. Following NPQ 
activation, thermal dissipation (quenching) of chlorophyll (Chl) fluorescence is 
achieved in vivo to prevent reactions with oxygen, resulting in an overall shortening 
of the Chl fluorescence lifetime199. The main site of Chl fluorescence quenching is 
located at the level of the light-harvesting complexes (LHCs)3. LHCs are the antennae 
of plants and algae and consist of ~25 kDa membrane proteins, each binding up to 18 
pigments (Chls and carotenoids). In low light, LHCs collect solar photons and deliver 
excitations to the photosystems, where conversion of solar to chemical energy is 
achieved163. In high light, they switch to a quenched conformation, dissipating a large 
part of the absorbed energy as heat. However, these complexes do not have the 
intrinsic ability to sense pH variations80 and, for this, they rely on other proteins 
acting as pH sensors, such as LHCSR3 in algae12,148 or PsbS in plants84. Also, the low 
pH in the lumen is known to trigger the synthesis of a new carotenoid species, 
zeaxanthin200, whose role in the quenching at the level of single LHCs is still under 
debate62,70. NPQ represents an efficient stress response, enabling circumvention (at 
least partially) of the costs of repairing the proteins eventually damaged by photo-
oxidation66. However, this mechanism is known to have slow relaxation kinetics once 
normal light conditions are restored, and this lag in recovery has been estimated to 
cause up to 32% loss in carbon (CO2) uptake69. Slow recovery from NPQ has 
therefore been pinpointed as one of the inefficiencies of photosynthesis to be 
overcome in the quest for future high-yield biomass production. Engineering new 
plants capable of rapid recovery from the photoprotected state has been proposed 
as a possible solution to this issue69,201. Prime targets for optimizing NPQ recovery 
could then be the LHCs themselves. Engineering LHCs with a reversible structural 
switch that is able to induce different fluorescence states triggered directly by pH 
changes could, in principle, speed up the response of the organisms to the changes 
in light intensity. Previous studies have shown that LHCs are dynamic and can exist in 
different conformations22,77,161, and amongst these conformations some correspond 
to dissipative states202. However, until now it has not been possible to lock individual 
LHCs in quenched states. A pH-sensitive switch to quenched states was recently 
implemented in an artificial antenna system203. This approach succeeded in 
mimicking the activation of NPQ in single antennas without the need for “slow” 
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allosteric factors203. On the basis of a similar perspective, but with the additional 
drive of future application in photosynthetic organisms, we have here engineered a 
plant antenna complex mimicking the mechanism of the switch of NPQ characteristic 
of green algae. 

 
Materials and Methods.  

Gene synthesis, cloning and expression of inclusion bodies. The sequences used in 
this work are lhcb1.3 (AT1G29930) and lhcSR3.2 (Cre08.g367400), which encode, 
respectively, for the mature protein LHCII type I and LHCSR3 from Arabidopsis 
thaliana and Chlamydomonas reinhardtii. The gene encoding for the LHCSII-SR 
chimera was synthetized de novo (GenScript). During the synthesis, a histidine (HIS) 
tag was added at the C-terminus to help in purification as described in the following 
paragraph. The DNA sequence was cloned in the pUC57 vector and transformed into 
Escherichia coli BL21 cells (New England Biolabs). The recombinant protein was 
purified as inclusion bodies from bacterial lysate, as described in Ref. 176.  

In vitro Reconstitution. In vitro reconstitution of the LHC apoprotein with pigments 
was performed as described in Ref. 176. In brief, denaturation of the apoprotein was 
achieved with a strong detergent (lithiumdodecylsulfate (LDS)). After the addition of 
pigments and a mild detergent (Octyl β-D-glucopyranoside), LDS was removed by 
precipitation with KCl. Purification of the refolded protein was performed by Ni-
affinity chromatography and sucrose gradient centrifugation. The pH experiments 
were performed either in 10 mM HEPES (pH 7.5) or 50 mM citrate buffer (pH 4.4). 

Pigment extraction and HPLC analysis. The pigment composition of the complexes 
was analyzed by fitting the spectrum of the pigments extracted from the pigment-
protein complexes in 80% acetone with the spectra of the individual pigments in the 
same solvent and by HPLC, as described previously 177. The values reported in Table 
S1 (Supporting Information) are averaged over three biological replicas and three 
technical repetitions per LHC complex. 

Absorption, circular dichroism and steady state fluorescence measurements. Room-
temperature absorption spectra were recorded on a Cary 4000 spectrophotometer 
(Varian®). CD spectra were acquired on a Chirascan CD spectrophotometer (Applied-
Photophysics) at 10 °C. Fluorescence emission spectra were recorded at room 
temperature using a Fluoromax 3 (Horiba®) after diluting the samples to an optical 
density of ~0.05 at the maximum of the red absorption (Qy absorption band). Time-
resolved fluorescence measurements were performed at 10 °C using a FluoTime 200 
(PicoQuant). Excitation was provided at a 10 MHz repetition rate using a 470 nm 
laser diode (Chl b preferential excitation). The instrument response function (IRF) 
was obtained by measuring the decay of a pinacyanol iodide dye dissolved in 
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methanol, which has a 6 ps fluorescence lifetime166. The resulting IRF full width at 
half-maximum (FWHM) was ~88 ps. Global analysis of the decay traces was carried 
out using TRFA Data Processor Advanced software (http://www.sstcenter.com/). 

 

Results and Discussion. In the model green alga C. reinhardtii, NPQ induction relies 
on the expression of a specific pigment-protein complex, LHCSR3, which acts as pH-
sensitive trigger12,148. The expression of LHCSR3 reaches its maximum level about 2 h 
after stress-induction12,146. Low pH then triggers a conformational change in 
LHCSR380,148 that activates quenching in the membrane.  

 LHCSR3 and plant LHCs share 38% sequence identity (SI)204, a value very close to the 
SI scored by other LHCs that, as evidenced by their crystal structures, show high 
structural homology7,14. This suggests that the structure of LHCSR3 can be expected 
to be similar to that of related LHCs. Also, by modelling energy-transfer pathways and 
dynamics within LHCSR3, we have recently shown that the pigment organization of 
LHCSR3 can be approximated with that of LHCII204. However LHCSR3 possesses a 
structural difference that is important for its regulation: a pH-sensitive domain 
localized at its C-terminus that contains a high concentration of acidic residues (see 
Fig. 1.A, B)80.  

Altogether, (i) the evidence that LHCs can switch between different conformations 
characterized by different fluorescence states80,202 and (ii) the high similarity 
between LHCSR3 and LHCs204, suggest that a reversible and pH-induced switch, such 
as the one found in LHCSR3, might be implemented in LHCs as well.  

We tested this hypothesis by engineering a hybrid LHC (or chimera) incorporating the 
C-terminus of LHCSR3 into the LHCII of plants (A. thaliana). This chimera, named 
LHCII-SR, was designed by replacing the last 25 amino acids of LHCII with the C-
terminus of LHCSR3, a longer sequence of 35 residues. The sequence added to LHCII 
contains eight protonable amino acids80, as shown in red in Fig. 1.A. The resulting 
chimeric complex maintains the structural elements important for folding of wildtype 
LHCII, such as the N-terminus, which is necessary for the trimerization of LHCII (in the 
case of future mutational analysis in vivo) and the transmembrane helixes, necessary 
for the stability of the complex and for maintaining the correct organization of the 
pigments (distances and orientations).  

http://www.sstcenter.com/�
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Figure 1.A, B. (A) Protein sequence alignment of LHCII-SR and related LHCs of the 
higher plant A. thaliana (LHCII, CP29, CP26, CP24) and the stress-related LHCSR3 of 
the green alga C. reinhardtii. The conserved binding sites for Chl a and b are 
highlighted, respectively, in blue and green. The residues responsible for pH-sensing 
in LHCSR3 are in red. (B) Molecular architecture of a LHC antenna. Top: the 
secondary structure of LHCII19 is shown. The domain of LHCII that has been removed 
(25 amino acids) and replaced by the C-terminal domain of LHCSR3 (35 amino acids) 
is highlighted in red. The HIS coordinating Chl 614 in LHCII wildtype (B3 site) is 
rendered in the structure with red sticks. Bottom: the Chl a (in green) and b (in 
purple) and the carotenoids (in orange) bound to a LHCII monomer are shown. 
 

However, from the sequence alignment, it can be predicted that due to the C-
terminus replacement LHCII-SR will lack the binding site of Chl 614 (site B3, as shown 
in Fig. 1.A, B)19, which is indeed absent in LHCSR3204.  

Comparison of the absorption spectrum of a mutant of LHCII lacking Chl 614 (LHCII-
a614) to that of the chimera suggests that this is indeed the case (see Fig. S1). 
Assuming that three carotenoids per complex are conserved in LHCII-SR, as in most 
related monomeric LHCs171, we obtained an LHCII-SR complex that binds fewer Chls 
than LHCII wildtype. This assumption is supported by the identical carotenoid 
compositions in LHCII and LHCII-SR (two luteins and one neoxanthin per complex), 
which suggests that the C-terminus of LHCSR3 does not affect the carotenoid-binding 
sites19. Steady-state spectra show that LHCII-SR has the typical features of an 
antenna, that is, a large absorption cross section (Fig. 2.A), a fluorescence emission 
at 680 nm (Fig. 2.B) and excitonic interactions between the Chls, as shown by the CD  
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Figure 2.A-C. Steady-state spectra of LHCII, LHCSR3 and LHCII-SR. (A) Room 
temperature absorption spectra normalized to the most red maximum; (B) the 
fluorescence emission spectra after excitation at 500 nm, normalized to the 
maximum, and (C) the circular dichroism acquired at 10°C, normalized to the optical 
density of the samples. 
 

spectrum (Fig. 2.C)113. Fluorescence emission spectra collected at different excitation  
wavelengths testify that the complex folds stably, with only a small fraction of Chl b 
not well connected (Fig. S2), similar to LHCSR3148. 

To verify whether the hybrid tail conferred to LHCII-SR the ability to switch between 
different conformations in a pH-dependent manner, we recorded the fluorescence 
decay kinetics of the chimera at physiological (7.5) and acidic (4.4) pH values. To 
prevent the formation of aggregates, which could eventually be formed due to the 
acidic environment80, we loaded the samples on sucrose density gradients buffered 
at pH values of 7.5 and 4.4. From the sucrose density gradient tubes, we collected 
and analyzed the monomeric bands and compared their pH responses to those of 
LHCII wildtype monomers. It should be noted that fractions with mobility in the 
gradients corresponding to dimeric and trimeric LHCII-SR are also present at both pH 
values (Fig. S3) and their relative amounts increase at low pH. This is not the case for 
LHCII, suggesting that that the change in the C-terminus has an effect on protein-
protein interaction.   

As shown in Fig. 3.A, the fluorescence decay of the wildtype is not affected by 
acidification, confirming our previous results80. The average lifetime of the wildtype 
(over four biological replicas) is 2.66 ± 0.19 ns, at pH 7.5, and 2.68 ± 0.19 ns at pH 4.4 
(Fig. 3.A and Table S2). The LHCII-SR chimera (Fig. 3.B) has a lifetime of 2.19 ± 0.12 ns 
(over four biological replicas) at the more neutral pH (pH 7.5). Notably, LHCII-SR is 
more quenched at a low pH showing an average lifetime of 1.83 ± 0.14 ns (over four 
biological replicas) at pH 4.4 (Figure 3.B and Table S2). This switch is not induced by 
the loss of Chl a614, as the LHCII-a614 mutant does not undergo any pH-induced 
switch to quenched states (Fig. S4). These results indicate that the fluorescent state 
of LHCII-SR is controlled by a pH-sensitive conformational change driven by 
protonation of the C-terminus, as in LHCSR3.  
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Figure 3.A-C. pH-dependent fluorescence decay. (A) Time-resolved fluorescence as 
measured and fitted at different pHs for LHCII monomer (A), and LHCII-SR (B). (C) 
Histogram showing the average lifetimes of LHCII and LHCII-SR at different pH. The 
values are the results of 4 replicas per different complex. 

 

One essential property for the switching mechanism of LHCSR3 is its reversibility80, 
which ensures restoration of efficient energy  transfer from the LHCs to the 
photosystems under light-limiting conditions. This is therefore a desirable property of 
the LHCII-SR chimera as well. We then checked the reversibility of the switch in LHCII-
SR by setting the pH back to pH 7.5. As shown in Fig. S5, the switch is indeed 
reversible, indicating that the C-terminus of LHCSR3 confers to LHCII-SR the same 
mechanistic properties as those conferred to the original NPQ trigger in C. 
reinhardtii. It should be noticed that LHCII-SR switches reversibly in every oligomeric 
state retrieved via sucrose density gradient ultracentrifugation (Fig. S3).  

Overall, our results show that by replacing the C-terminus of LHCII with the pH-
sensitive domain of LHCSR3, it is possible to obtain a stable pigment-protein complex 
that can undergo a pH-driven and reversible switch between a light harvesting and a 
dissipative state. This strongly suggests that the quenching mechanism in LHCSR3 
and LHCII-SR depends on a common motif in the pigment architecture of these two 
complexes. This is in agreement with the evidence that all LHCs can exist in 
conformations correlated to quenched states2,22, although these states are not 
regulated directly by pH, as in LHCSR380,81. However, the extent of quenching in 
LHCSR3 is higher (~30%80) than that in the chimera (16 ± 2 %). Differences in the 
occupancies of the Chl-binding sites may account for this effect. Indeed, we have 
recently shown that in LHCSR3 the lowest energy form is associated with Chl 613204, 
which is located at the C-terminus (site A3 in Fig. 1.A). This is at variance with the 
findings in LHCII54. Chl 613 could then serve as an energy trap in the quenched 
conformation of LHCSR3, whereas it is not as efficient in the case of LHCII-SR. This 
Chl-binding site is thus a primary target for improving the quenching performance of 
the chimeric complex.  
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Conclusions. In conclusion, our results show that LHCs can be engineered to be 
“locked” in different fluorescent states in response to external signals, such as pH. 
This permits the control of the ability of LHCs to undergo conformational changes 
and paves the way to engineer a fast and reversible response to sudden variation in 
light intensity in vivo, by applying the design of an NPQ trigger, such as LHCSR3, to 
proteins expressed constitutively in the thylakoid, such as LHCII. This would make the 
regulatory mechanism independent of factors such as protein overexpression12,84 or 
synthesis of new molecules200. Clearly, the quenching induced in this chimeric 
complex is only 16 ± 2 % and needs thus to be improved before its use can be 
effective for in vivo quenching. However, we should also note that until now all 
proposed mechanisms for quenching in vivo, were responsible for a very small 
amount of quenching, from 1% for the radical cation in CP2962 to 18% for zeaxanthin 
in LHCII122. It is thus possible that the native environment employs molecular 
switches that at the level of single LHCs correspond to a rather small dissipation of 
excess energy but are enhanced in the membrane. Indeed even for LHCSR3 itself, the 
~30% quenching registered for isolated complexes79,80 corresponds to ~50% in vivo in 
C. reinhardtii systems containing the homolog of LHCSR3, LHCSR182. This effect of 
enhancement has been suggested to be due to the membrane, which stabilizes the 
switch of LHCs to their quenched conformations82. Finally, considering that LHCII 
proteins account for up to 50% of the membrane proteins of the thylakoid15, we 
expect them to have a strong effect on the final NPQ level and to result in a faster 
switch on the basis of the evidence that in plants and algae, in which NPQ activation 
depends mainly on proteins such PSBS or LHCSR3, both these triggers are present 
only in substochiometric amounts12,205. 
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CHAPTER FIVE 
SUPPLEMENTARY INFORMATION 

 
 
 

Nucleotide and peptide sequences: 
>LHCII (LhcB1.3- Locus name: AT1G29930): 
Nucleotide (CDS) sequence: 
ATGGCCGCCTCAACAATGGCTCTCTCCTCCCCTGCCTTCGCCGGTAAGGCCGTCAAGCTTTCC
CCCGCGGCATCTGAAGTCCTTGGAAGCGGCCGTGTGACAATGAGGAAGACTGTTGCCAAG
CCAAAGGGCCCATCAGGCAGCCCATGGTACGGATCTGACCGTGTCAAGTACTTGGGTCCAT
TCTCTGGCGAATCACCGAGCTACCTTACCGGAGAGTTCCCCGGAGACTACGGATGGGACAC
CGCCGGACTTTCAGCTGACCCCGAGACATTCGCAAGGAACCGTGAACTAGAAGTTATCCAC
AGCAGGTGGGCCATGCTCGGAGCCCTAGGCTGCGTCTTCCCTGAGCTTTTGGCTAGAAACG
GAGTCAAGTTCGGAGAGGCGGTTTGGTTCAAGGCCGGTTCACAGATCTTCAGCGATGGAG
GGCTCGATTACTTGGGAAACCCTAGCTTGGTTCACGCTCAGAGCATTTTGGCCATTTGGGCC
ACACAAGTTATTTTGATGGGAGCCGTTGAAGGCTACAGAGTCGCAGGAAATGGGCCATTG
GGAGAGGCCGAGGACTTGCTTTACCCCGGTGGCAGCTTCGACCCATTGGGTTTGGCTACCG
ACCCAGAGGCATTCGCTGAGTTGAAGGTGAAGGAGCTCAAGAACGGAAGATTGGCTATGT
TCTCTATGTTTGGATTCTTCGTTCAAGCCATCGTCACTGGTAAGGGACCGATAGAGAACCTT
GCTGACCATTTGGCCGATCCAGTTAACAACAACGCATGGGCCTTCGCCACCAACTTTGTTCC
CGGAAAGTGA 
 
Peptide sequence: 
MAASTMALSSPAFAGKAVKLSPAASEVLGSGRVTMRKTVAKPKGPSGSPWYGSDRVKYLGPFS
GESPSYLTGEFPGDYGWDTAGLSADPETFARNRELEVIHSRWAMLGALGCVFPELLARNGVKF
GEAVWFKAGSQIFSDGGLDYLGNPSLVHAQSILAIWATQVILMGAVEGYRVAGNGPLGEAEDL
LYPGGSFDPLGLATDPEAFAELKVKELKNGRLAMFSMFGFFVQAIVTGKGPIENLADHLADPVN
NNAWAFATNFVPGK* 
 
The transit peptide for chloroplast translation is shown in green (predicted using 
ChloroP software software 206), the C-terminus tail deleted for the generation of the 
recombinant protein LHCII-SR is shown in blue. 
 
>LHCSR3 (LhcSR3.2- Locus name: Cre08.g367400): 



110 Molecular Architecture of the Photoprotective Switches of Plants and Algae 
 

 
 

Nucleotide (CDS) sequence: 
ATGCTCGCGAACGTCGTTTCCCGCAAGGCTTCTGGCCTGCGCCAGACCCCCGCTCGTGCCAC
TGTGGCCGTCAAGTCCGTGTCTGGCCGTCGCACAACTGCCGCTGAGCCGCAGACTGCTGCG
CCGGTCGCAGCGGAGGACGTCTTCGCATACACGAAGAACCTTCCCGGCGTGACCGCTCCCT
TTGAGGGTGTGTTCGACCCCGCTGGCTTCCTCGCCACTGCCTCCATCAAGGATGTGCGCCGT
TGGCGTGAGAGCGAGATCACCCACGGCCGCGTGGCTATGCTTGCCGCCCTGGGCTTCGTCG
TGGGCGAGCAGCTGCAGGACTTCCCCCTGTTTTTCAACTGGGACGGCCGCGTGTCTGGCCC
CGCCATCTATCACTTCCAGCAGATCGGCCAGGGCTTCTGGGAGCCCCTGCTGATCGCCATCG
GTGTGGCCGAGTCCTACCGTGTCGCCGTCGGTTGGGCCACCCCCACCGGCACCGGTTTCAA
CTCCCTGAAGGACGACTACGAGCCCGGTGACCTGGGCTTCGACCCCCTGGGCCTCAAGCCC
ACCGACCCCGAGGAGCTCAAGGTCATGCAGACCAAGGAGCTGAACAACGGCCGCCTGGCC
ATGATCGCCATCGCCGCCTTCGTGGCCCAGGAGCTGGTGGAGCAGACCGAGATCTTCGAAC
ACCTGGCTCTGCGCTTCGAGAAGGAGGCCATTCTGGAGCTGGACGACATTGAGCGTGACCT
TGGCCTGCCCGTCACCCCCCTGCCCGACAACCTCAAGAGCCTGTAA 
 
Peptide sequence: 
MLANVVSRKASGLRQTPARATVAVKSVSGRRTTAAEPQTAAPVAAEDVFAYTKNLPGVTAPFE
GVFDPAGFLATASIKDVRRWRESEITHGRVAMLAALGFVVGEQLQDFPLFFNWDGRVSGPAIY
HFQQIGQGFWEPLLIAIGVAESYRVAVGWATPTGTGFNSLKDDYEPGDLGFDPLGLKPTDPEEL
KVMQTKELNNGRLAMIAIAAFVAQELVEQTEIFEHLALRFEKEAILELDDIERDLGLPVTPLPDNL
KSL* 
 
The C-terminus tail used to replace the C-terminus in LHCII for the generation of the 
chimera LHCII-SR is shown in orange. Underlined letters represent the amino acids 
responsible for pH sensing in LHCSR3 80. 
 
>LHCII-SR: 
MRKTVAKPKGPSGSPWYGSDRVKYLGPFSGESPSYLTGEFPGDYGWDTAGLSADPETFARNRE
LEVIHSRWAMLGALGCVFPELLARNGVKFGEAVWFKAGSQIFSDGGLDYLGNPSLVHAQSILAI
WATQVILMGAVEGYRVAGNGPLGEAEDLLYPGGSFDPLGLATDPEAFAELKVKELKNGRLAMF
SMFGFFVQAIVTGKGPIEHLALRFEKEAILELDDIERDLGLPVTPLPDNLKSLHHHHHH* 
 
The six histidine residues used as a protein purification tag are shown in red (see in 
the main text). 
 
 
 
 
 
The generation of the B3 mutant was done by site directed mutagenesis of the 
recombinant gene Lhcb1.3 previously cloned in the pETMHis vector using the Q5 
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Site-Directed Mutagenesis Kit (New England Biolabs). Custom mutagenic primers 
were used to create the substitution H212L: 
 
LHCB1-For    
gaaccttgctgacctattggcggatccagttaacaacaacg 
 
LHCB1-Rev 
cgttgttgttaactggatccgccaataggtcagcaaggttc  
 
Highlighted letters represent the base pairs substituted in the sequence.  
 
 
 
 
 

                                
Figure S1. Absorption spectra of LHCII and of the mutants LHCII-SR and LHCII 
mutant missing chlorophyll 614 (LHCII-614). Absorption spectra of LHCII wildtype 
and mutants normalized based on the chlorophyll (Chl) content. From the difference 
absorption spectra (wildtype minus mutant) reported in the figure, it is possible to 
infer the similarity between LHCII-SR and the mutant lacking Chl 614, due to the fact 
that its putative Chl-binding site (binding site B3, see Fig. 1.A in the main text) is 
missing in both complexes.  
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Figure S2. Fluorescence emission spectra (normalized to the maximum) of LHCII-SR 
at different excitation wavelengths corresponding to preferential excitation of Chl a 
(440 nm), Chl b (475 nm) and carotenoids (500 nm).  
 

   
Figure S3. (left) Sucrose density gradients showing the separation of the different 
LHC oligomeric states indicated as M (monomers), D (dimers), T (trimers). As 
indicated on top, the left tube contains native LHC monomers and trimers at pH 7.5, 
the central and right ones LHCII-SR at different pHs. (right) Results of the global fit of 
the fluorescence decay traces measured at different pH values for the three bands 
collected of LHCII-SR (M, D and T as indicated in the table) at different pH values as 
reported on the left. The abbreviation “rev” in the table indicates that the pH of the 
solution of LHCII-SR has been changed from 4.4 to 7.5 to test whether the switch to 
quenched states is reversible for each band. All the traces were fitted with 3 decay-
components. The amplitudes (Ai reported in %) associated to the individual 
components (Ti reported in ns with i=1-3) are shown together with the average 
fluorescence lifetime (Tave). 
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Figure S4. Fluorescence decay kinetics of the LHCII-a614 mutant. As shown in the 
figure, LHCII-a614 mutant does not undergo a pH-induced switch to quenched 
states. The average lifetime of this mutant is 2.41 ± 0.04 ns at pH 7.5 and 2.42 ± 0.11 
ns at pH 4.4 (average on 2 biological replicas). 
 

                                 
Figure S5. Fluorescence decay kinetics of LHCII-SR showing the reversibility of the 
quenching after changing the pH of the solution from pH 4.4 back to 7.5 (LHCII-SR 
rev).  
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Table S1. Pigment analysis of the LHCII-SR complex.  
The pigment composition as computed by pigment extraction in 80% and HPLC 
analysis (over 3 biological replicas and 3 technical repetitions per LHC complex). 
 

 
a/b ratio  Chls/Cars  neo/mon  vio/mon  lut/mon  chl b/mon  chl a/mon  cars/mon  

n chls for 
normaliz  

LHCII  1.23±0.03  4.35±0.03  0.96±0.01  0.19±0.01  1.83±0.02  5.81±0.05  7.18±0.05  2.99±0.02  13.0 

LHCII-SR  0.70±0.01  3.44±0.04  0.91±0.01  0.14±0.01  1.90±0.01  5.99±0.06  4.20±0.02  2.95±0.02  10.2 

LHCII B3  0.86±0.06  3.98±0.04  0.56±0.01  0.17±0.01  2.03±0.03  5.91±0.18  5.08±0.18  2.75±0.02  11.3 

 

Table S2. pH-dependent fluorescence decay of LHCII and LHCII-SR  
Results of the global fit of the decay traces reported in Fig. 3.A, B in the main text. All 
the traces were fitted with 3 decay-components. The amplitudes (Ai reported in %) 
associated to the individual components (Ti reported in ns with i=1-3) are shown 
together with the average fluorescence lifetime (Tave).  
 

LHC Complex Tave A1 T1 A2 T2 A3 T3 

LHCII pH 7.5 2.70 16 0.74 66 2.72 18 4.36 

LHCII pH 4.4 2.68 15 0.57 59 2.55 26 4.19 

LHCII-SR pH 7.5 2.08 13 0.23 39 1.29 48 3.21 

LHCII-SR pH 4.4 1.71 24 0.27 45 1.32 31 3.40 
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CHAPTER SIX 
Different Carotenoid Conformations  

have Distinct Functions  
in Light Harvesting Regulation in Plants7

 

 

 
To avoid photodamage in high light conditions, plants regulate the amount of 
excitation energy in the membrane at the level of their antennae, pigment-protein 
complexes known as the light-harvesting complexes (LHCs). It has been proposed 
that the dissipation of the energy absorbed in excess is induced by protein 
conformational changes of individual LHCs that modulate the interactions between 
pigments. However the exact quenching mechanism(s) remains unclear. Here we 
study the mechanism of quenching on LHCs that bind a single carotenoid species and 
are constitutively in a dissipative conformation. Via femtosecond spectroscopy we 
resolved a number of carotenoid dark states characterized by distinct spectra and 
lifetimes, suggesting that the carotenoid is bound to the complex in different 
conformations. Some of those states act as excitation energy donors for the 
chlorophylls and others as acceptors and are thus responsible for the observed 
quenching. Via in silico analysis, we show that structural changes of carotenoids are 
expected in the LHC protein domains on the lumenal side of the photosynthetic 
membrane, where acidification is known to trigger photoprotection in vivo. We 
therefore propose that the structural changes of LHCs affect the conformation of the 
carotenoids thus permitting the access to dark states that can act either as energy 
donors or as quenchers. 
 
 
 
 
 

                                                        
 
7 This chapter has been submitted as:   
Liguori, N. Xu, P. van Stokkum, I. van Oort, B. Lu, Y. Karcher, D. Bock, R. and Croce, R. “Different 
carotenoid conformations have distinct functions in light harvesting regulation in plants.” 
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Introduction. In photosynthetic eukaryotes, the pigment-protein complexes 
responsible for harvesting sunlight and transferring excitation energy to the 
photosystems can dynamically modulate their efficiency in response to changes in 
sunlight intensity11,12. Regulating the level of excitation in the photosynthetic 
membrane is essential for the fitness of plants and algae because, under strong light 
intensities, excess chlorophyll (Chl) excitation energy may lead to photooxidative 
damage1. 
It has been shown that LHCs can exist in different conformations corresponding to 
distinct functional states: highly fluorescent states, essential for light harvesting, or 
dissipative (quenched) states, potentially useful for photoprotection75,207. Therefore, 
it has been proposed that the fastest response of plants and algae to high light stress 
consists in stabilizing LHCs in their quenched conformation(s)3. However, the 
possible structural change(s) involved in the conformational switch22,75,80 and also 
the nature of the quenching mechanism itself28,29,71,87,88,208 have not yet been 
elucidated. 
The molecular design of LHCs is based on an integral membrane apoprotein (≈25 
kDa) binding a high concentration of Chls and carotenoids (Cars)7,15. The protein 
matrix is responsible for maintaining and possibly rearranging distances and 
orientations of the pigments. Indeed, as recently shown in silico and in vitro, distinct 
conformations of single protein domains correlate with different energy states in the 
antennae22,75 80, suggesting that structural changes of the protein matrix are 
responsible for the switch to photoprotective states in the LHCs. Yet, it is unknown 
which changes in the chromophores, possibly coupled to the rearrangement of the 
protein, are necessary to create quenching site(s). Chls and Cars display a high 
degree of flexibility, in the form of distortions and/or displacements, while bound to 
LHCs22,24,75,209. Noticeably, Raman studies have shown that twisted conformations of 
the Cars bound to LHCs occur in concomitance with dissipative states of these 
complexes75,100. However, a direct role of Cars distortions in creating quenching sites 
within LHCs was never proven. 
While it is generally accepted that the origin of quenching within LHCs is ascribed to 
specific interactions between the pigments bound to them, the exact nature of such 
interactions is still under debate28,29,71,87,88. A variety of potential quenching 
mechanisms has been proposed, each resulting in shortening of Chl singlet excited 
state (1Chls*) lifetime via fast (≈ps) thermal dissipation. Strongly coupled Chls for 
example have been shown to possess the ability to dissipate energy by forming 
charge transfer states86,87,210. All other proposed quenching channels involve Chl-
Cars interactions and have been found to correlate with modulation of fluorescence 
within the thylakoid71 and in isolated complexes28,29,88. Cars are indeed excellent 
candidates for dissipating 1Chls* excitation energy due to their ultra-short excited 
state lifetime (~10 ps) and to the presence of low-lying singlet energy levels in their 
energy landscape115. However the role in photoprotection of these so-called dark  
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Figure 1. Spectral characterization of the LHC-Asta and comparison with LHT-WT. 
(a) Steady-state absorption spectra (normalized to the Chl content, assumed to be 
the same in LHC-Asta and LHCII-WT). The difference absorption spectrum (LHC-Asta 
minus LHCII-WT; green curve) shows features of astaxanthin in solution213 minus the 
Cars missing in LHCII-Asta (lut, neo and vio)187. (b) Circular dichroism (normalized to 
the OD) of LHC-Asta and LHCII-WT monomers. (c) A model of the protein and 
pigment organization of this complex is reported based on the estimated pigment 
stoichiometry (about 14 Chls and 3 Cars per monomer, see text). In the model the 
protein is rendered in yellow, the Chls a and b in green and purple, respectively, and 
astaxanthin molecules in orange. Native Cars binding sites for monomeric LHCs are 
also indicated (L1, L2, N1). (d) Fluorescence decay kinetics (normalized to peak 
value) detected at 680 nm after excitation at 470 nm. 
 
states of Cars, as they are forbidden for one-photon transitions, is still under 
debate28,29,87. 
Here, by combining ultrafast spectroscopy and Molecular Dynamics simulations we 
explore the structure-function relationship of the Cars involved in quenching in LHCs. 
 
Results and discussion. 
LHC-Asta preserves the Chl organization of wildtype LHCs but displays a strongly 
dissipative conformation. The LHC-Asta complex was isolated from a mutant of 
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Nicotiana tabacum (N. Tabacum) in which the enzyme hydroxylase-ketolase is 
constitutively overexpressed in the chloroplast211. As a consequence, the LHCs of this 
plant do not contain the native Cars i.e. lutein, violaxanthin, neoxanthin and 
zeaxanthin19,20,200 but only the ketocarotenoid astaxanthin. At variance with wildtype 
plants, trimeric LHCs are not present in this mutant because the absence of lutein 
impairs the capacity of LHCII to form trimers212. As a result the purified LHCs (LHC-
Asta) are only monomeric and contain mostly LHCII, which is the most abundant 
antenna of plants15. 
The Chl a/b ratio of 1.33 found in LHC-Asta is identical to that of wildtype LHCII 
(LHCII-WT), suggesting that the presence of astaxanthin does not affect Chl binding. 
In all monomeric LHCs63,64, up to 3 Car binding sites are occupied i.e. the internal L1, 
L2 and the external N1 (see Fig. 1.c). If we assume 14 Chls per monomeric LHC as in 
LHCII-WT19, the Chls/Cars ratio of 2.37 measured in LHCII-Asta indicates that at least 
3 molecules of the total astaxanthin pool are functionally unconnected to the 
complex. 
 LHC-Asta and LHCII-WT are characterized by a highly similar absorption spectrum in 
the Chl-QX/QY region (Figure 1.a), with the difference in the Chl b peak being due to 
the absence of neoxanthin, which influences the absorption of the Chl b cluster close 
to the N1 site185. In contrast, the Soret/Car region differs substantially due to 
difference in the Cars content. The strong Chl-Chl excitonic interactions of LHCII-WT 
are preserved in LHC-Asta, as testified by the similar amplitude and position of the 
peaks in the circular dichroism spectrum (Fig. 1.b)113. Altogether, these aspects 
suggest that overall the Chl organization of LHC-Asta is very similar to that of LHCII-
WT.  
At variance with the wildtype, LHC-Asta is constitutively in an energy-dissipative 
state, as shown by the strong reduction (72%) of its fluorescence quantum yield 
relative to LHCII-WT (Fig. 1.d, Table S1). So far, LHCs had been stabilized in the 
dissipative conformation only upon aggregation28, detergent removal214, high 
hydrostatic pressure215, or crystallization75. However, in these conditions the study 
of the quenching process at the level of single LHC complexes or in native-like 
conditions is impossible. Therefore, LHC-Asta represents the first model system in 
which it is possible to investigate the quenching mechanism(s) at the level of LHC 
monomers.  
  
Excitation energy transfer and quenching in LHC-Asta. We investigated the origin of 
the quenching in LHC-Asta by means of femtosecond transient absorption with 
selective excitation of either astaxanthin (at 508 ± 5 nm) or Chls (at 690 ± 5 nm) (see 
Fig. S1). This way we probed excitation energy transfer (EET) from astaxanthin to 
Chls and vice versa.  
Global analysis. A first glance at the EET dynamics was obtained by fitting the data 
with a sequential kinetic scheme (global analysis)94. In this simplified picture every 
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state decays exponentially into the following one. By applying this model we have 
then retrieved two types of spectra: the ones associated to each evolving species 
(evolution associated difference spectra, EADS) and the corresponding decay 
associated difference spectra (DADS), representing the rise and/or decay of the 
different excited states. Here, we first present the main observations obtained from 
the global analysis. The quantitative model (target analysis)94 of the EET and 
quenching dynamics in LHC-Asta are presented in the next paragraph.  
The evolution of the astaxanthin excited states dynamics upon 508 nm-excitation is 
described by 6 components (Fig. 2.a and Fig. S2.a, b). The first important feature 
visible in this analysis concerns the presence of multiple dark states in the energy 
landscape of this Car. The spectrum appearing with a time constant of less than 200 
fs (red EADS in Fig.2.a) has the characteristics of the spectrum that was assigned to 
the dark state S1 in a previous work on monomeric astaxanthin in DMSO213 (i.e. the 
ground state bleach (GSB) at ~500 nm and of the two distinct positive peaks of 
excited state absorption (ESA) at ~595 and ~630 nm). However, while in isolated 
astaxanthin this state displays a mono-exponential decay (5.3 ps)213, the decay in 
LHC-Asta is bi-exponential with 2.7 and 7.8 ps time constants. The 7.8 ps EADS (Fig 
2.a, green) resembles the S1 state spectrum, but the relative amplitude of the two 
maxima (595 and 630 nm) has changed. These features suggest that the decay of 
astaxanthin takes place in the ps-time range via two different low-energy states 
characterized by different spectra and lifetimes, with the longer one assigned to the 
species peaking at ~595 nm. The EADS also show that at least a sub-population of 
the astaxanthin bound to LHC-Asta is active in excitation-energy transfer (EET) to 
Chls. This is visible as a rise of the Chl bleach around 680 nm on the time scale of 
astaxanthin decay (see also the two positive DADS around 680nm, Fig S2.a). The 
excitation spectrum of LHC-Asta (Fig. S3) confirms that there is EET from astaxanthin 
to Chls. The different lifetimes at which the Chl signal appears are compatible with 
the decay of S2 (assigned based on the spectra and lifetimes213) (<<100 fs), 
vibrationally “hot” S1 (172 fs) and S1 (2.7 ps) states of astaxanthin, suggesting that 
all those states are involved in EET to Chls. In contrast, the 7.8 ps decay of the 
species peaking at ~595 nm is not accompanied by any visible EET to the Chls. 
The evolution of the Chl-a decay, after preferential excitation in the red edge of the 
QY region (690 nm) can be described by 4 components and the results are reported 
in Fig. 2.b (normalized DADS) and S2.b (EADS).  The initial EADS (Fig. S2.b) shows GSB 
peaking at ≈680 nm (band associated to Chl a -QY) and has an associated lifetime of 
2.2 ps, which is typical for EET between Chls in LHCs182. Notably, on this timescale, 
about 20% of the energy is lost. The explanation for this energy loss is provided by 
the normalized DADS in Fig. 2.b: in case of EET exclusively between Chl species, all 
DADS would resemble pure Chl spectra. However, the black DADS associated with  
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Figure 2. Global analysis results upon selective excitation of Cars (508 nm) and Chls 
(690 nm). (a) EADS estimated from the global analysis of the data collected upon 508 
nm (Cars) excitation. The grey and magenta EADS associated respectively to ultrafast 
(<100 fs) and long-lived (>ns) species have been scaled for clarity, as indicated in the 
legend. (b) First three DADS normalized to their minimum for the data collected 
upon 690 nm (Chls) excitation. The full set of EADS and DADS for both excitation 
wavelengths is reported in Fig. S2.a, b. 
 
the 2.2 ps component does not resemble that of pure Chl excited states. It can be 
inferred that two phenomena take place simultaneously in the first 2.2 ps: 1) energy 
equilibration between the most red Chls (preferentially excited at 690 nm) and the 
blue ones (see inset in Fig. 2.b and Fig. S2.b); 2) EET to an additional species that is 
characterized by a spectrum different from that of Chls. Interestingly, in the 480-640 
nm region, the difference between the 2.2 ps DADS and a pure Chl DADS resembles 
that of the inverted green and blue EADS reported in Fig. 2.a, which we assigned to 
astaxanthin singlet excited state(s).  
                                        
Target analysis. To resolve the spectra of the Car and Chl pools of LHC-Asta active in 
EET and in quenching, we applied a compartmental target fit model94. Each 
compartment represents a species with its species-associated difference spectrum 
(SADS). With a small set of spectral assumptions, decay and transfer rates between  
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Figure 3. Target models of the excited state dynamics in LHC-Asta after Car (508 
nm) and Chl (690 nm) excitations. (a) SADS estimated from the kinetic model for 
Cars excitation (508 nm) shown in (b). Spectrum and lifetime of Sq have been 
constrained to be the same for both models and for clarity the associated SADS is 
not shown in (a). (c) SADS estimated from the kinetic model for 690 nm-excitation 
shown in (d). In (b) and (d) red arrows indicate the direction of EET between the 
various pigments. SADS of the Car and Chls triplet states (Chl T and Car T) are 
assumed to be zero above 630 nm and below 630 nm, respectively. The numbers 
next to the arrows in (b) and (d) are rates in ns-1. For clarity, the components 
describing unconnected astaxanthin (b), and the formation of Chl T and Car T states 
are not shown in (b, d). The full target models are shown in Figure S5. 
 
compartments can be estimated. The quality of the fit of the simultaneous analysis 
of all data is excellent (see Fig. S4). In the following, we first describe the model of 
the EET dynamics in LHC-Asta and then we describe the quenching process. 
The kinetic scheme used for the analysis of the dataset collected upon 508 nm-
excitation (Cars-excitation) is shown in Fig. 3.b and the estimated SADS are shown in 
Fig. 3.a. The model also includes excited states dynamics of the astaxanthin 
molecules that are unconnected to Chls in LHC-Asta (omitted in Fig. 3.b for clarity). 
The complete model is presented in Fig. S5.a together with all the a priori 
assumptions on which it is based.  
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Because of the heterogeneity of lifetimes and spectra observed via global analysis 
(see above), the ultrafast decay of the S2 state was modeled to take place via two 
competing channels. The first channel is represented by “hot” S1 (green SADS in Fig. 
3.a), which then relaxes to S1 (red SADS). The SADS of “hot” S1 presents the features 
of a vibrationally unrelaxed S1 with the GSB centered at ~500 nm and the ESA 
extended above 700 nm. This resembles the shape of a red-shifted S1 spectrum, 
similar to monomeric astaxanthin213. The second channel leads to a compartment 
with a spectrum (black SADS) that is different from S1 and hot S1, and therefore 
corresponds to a different electronic state. Based on the position of the maxima of 
the black SADS, which are at higher energy than that of S1, and on its lifetime, which 
is longer than that of S1 (8 ps vs 6 ps), we assign this species to the so-called S* state 
of astaxanthin. Indeed similar properties characterize the S* spectrum and lifetime 
of Cars in bacterial LHs31,32. Excited astaxanthin further depopulates via excitation 
energy transfer to Chls via S2, hot S1 and S1 with associated rate constants (7000, 
3000 and 366 ns-1) comparable to the ones estimated for Lut to Chl in wildtype 
LHCII109.  
The model applied to the measurements collected upon Chl-excitation (690 nm) 
includes 6 compartments (Fig. 3.c, d; full model in Fig. S5.b). 
Equilibration between Chls occurs on multiple time scales, from the lowest energy 
Chl (Chl a1’, blue SADS in Fig. 3.c) via an intermediate (Chl a2’, gold) to the highest 
energy Chl (Chl a3’, orange SADS). Equilibration is “uphill”, because the 690 nm laser 
preferentially excites low-energy Chls. The SADS of Chl a1’, a2’ and a3’ show very 
similar ESA, which is nearly flat in the region 480-620 nm, without imposing any 
spectral constraint.  
 The quenching process is modeled for both excitations as a dissipative pathway in 
which all the Chls populate an unknown species called Sq (Fig. 3b, d). The large 
majority of Chls is quenched by Sq on multiple timescales, with estimated rates 
ranging between 1.59 and 5.07 ns-1. Only a minor part of the Chls excited pool leads 
to the formation of Chls and Cars triplets (see Fig. S5.a, b). It is worth noting that the 
spectrum and the lifetime of Sq were estimated independently from all the other 
species. The spectrum of Sq (black SADS in Fig. 3.c) displays a broad ESA between 
~540 and ~650 nm similarly to the dark states of astaxanthin, S1 and S* (red and 
black in Fig.3a). The lifetime of Sq is estimated to be about 12 ps, comparable again 
to that of a Car dark state. 
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 Figure 4. Dark states of astaxanthin bound to LHC-Asta. (a) Overlay of the SADS of 
the different Car dark states estimated from the target analysis reported in Fig. 3. (b) 
Simplified scheme of the potential energy surface of astaxanthin bound to LHC-Asta. 
In this representation S1 is higher in energy than S* and Sq as based on previous 
literature30. Sq is positioned at the lowest level because it is found to be the only 
state able to quench Chls in LHC-Asta. For further explanation see text. The red 
arrows indicate that Sq, similarly to S*30,40, originates from twisted conformations of 
the Car. 
 
The nature of the quencher in LHC-Asta. To better elucidate the nature of the 
quencher, in Fig. 4.a we overlay the SADS of Sq (here in red) with those associated to 
S1 (black) and S* (green). The SADS of Sq strongly resembles that of S* (red vs. black 
spectra in Fig. 4.a), but not that of S1 (red vs. green), in most of the region between 
540 nm and 620 nm. Also, the lifetime of Sq (12 ps) is twice slower than that of S1 (6 
ps). An additional strong difference between the astaxanthin Sq and S1 states lies in 
their role in EET within LHC-Asta: while the S1 state is found to be a donor of 
excitation energy to Chls (see above), the Sq state is found to be an acceptor. 
Altogether these findings indicate that Sq corresponds to a Car excited state distinct 
from S1 and more similar to S*. The presence of multiple dark states (S1, S* and Sq) 
together with the fact that LHC-Asta contains only one Car species, indicate that 
astaxanthin is bound to the protein in different conformations. Some conformers 
then create a quenching site within LHC-Asta: the Sq state. This state must be lower 
in energy than the Chls and/or possess a higher coupling with them. This last 
condition might derive from an increased dipole character of the SqS0 transition 
due to a higher degree of twisting of the Car216. The heterogeneity in the population 
rates of Sq from the Chls (Fig. 3.b, d) might also be related to the presence of 
multiple conformations of the astaxanthin bound to LHCs. A cartoon of the different 
dark states resolved in LHC-Asta is shown in Fig. 4.b. 
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 Car conformational flexibility in LHCs. We have shown that astaxanthin binds to 
LHC-Asta in at least three pools of conformations, of which one opens a quenching 
channel (Sq). For cyclic Cars, such as astaxanthin and the native xanthophylls bound 
to LHCs, rotation of the conjugated ring (when present) around the polyene chain 
strongly modulates the properties of the first excited state (spectrum, lifetime and 
energy level)30. For all the native Cars bound to LHCs, it was shown that they 
undergo such “twist” in solution30. It is unknown, however, whether such Car 
structural flexibility, which would enable a quenching mechanism similar to the one 
found in LHC-Asta, is favored in native LHCs as well. To investigate the 
conformational disorder of native Cars when bound to LHCs, we analyzed 6 
independent Molecular Dynamics simulations of a monomer of LHCII embedded in a 
model lipid membrane22. Due to the long sampling (about 1 microsecond) a large 
ensemble of LHCII conformations was observed. Over this ensemble, we quantified 
the conformational flexibility of the Cars bound to LHCII in the two putative 
quenching sites, L1 and L2 (both of them bind luteins in the native complex). To do 
so, we selected the angles between the end rings and the polyene chain and 
computed the distribution of these dihedral angles along the whole simulation 
trajectories. In Fig. 5, the distributions of the dihedrals associated to the two end 
rings of each lutein are shown together with the values computed over the three 
available LHCII crystals19,98,209. The values computed on the crystals structures fall 
within the ranges sampled by the simulations and already show the high degree of 
disorder of the luteins bound to LHCII. The largest distribution of angles is obtained 
at the lumen side, and in particular at the L2 site. This means that the probability to 
undergo a structural change at this domain is the highest. This is interesting 
considering that under strong light intensities, acidification of the lumen has been 
proposed to trigger (directly or indirectly) the conformational switch of LHCs11,12,80. 
Moreover, the ring of lutein exposed to the Lumen side of the complex is the one 
conjugated to the polyene chain19,20,98,209, therefore the rotation of this specific ring 
is responsible of the Car energetics. The fact that the site in which lutein experiences 
the major conformational freedom is exposed to the lumen and also contains the 
conjugated ring suggests that the orientation of luteins within LHCs is functional for 
the regulation of light harvesting. 
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Figure 5. Conformational flexibility of the Cars’ end rings in wildtype LHCII. The 
dihedral distributions for the two end-rings of lutein bound to LHCII were computed 
over 6 independent MD simulations. The different simulations are labeled as in our 
previous work22.  The values for the dihedrals measured on 3 different crystals of 
LHCII are also reported and are indicated in the plots as Crystal-S, P or C according to 
the organism from which LHCII was purified (spinach19, pea98 or cucumber209). The 
dihedrals of the ring located at the Stromal side are reported on the top panels and 
those of the ring at the Lumen side are reported in the middle panels. The lower 
panels show the atoms used to define this dihedral angle (green for the Stromal and 
blue for the Lumen side of the membrane). Cars are shown as orange sticks. The 
nearby elements of LHCII apoprotein are shown in transparent white. The left panels 
are for site L1, and the right for site L2. 
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Conclusions.  
In this work we have investigated the origin of the quenching processes taking place 
in LHC monomers from plants binding Chls and astaxanthin. LHC-Asta was found to 
be highly quenched. Due to the similarity in Chls organization between this complex 
and the wildtype LHCII, LHC-Asta is an interesting model system to study quenching 
in isolated LHCs in absence of aggregation and denaturing conditions (detergent 
removal). Via femtosecond transient absorption spectroscopy combined with global 
and target analyses of the data acquired after preferential Cars and Chl-excitation, 
we disentangled the contribution of two different Cars dark states (S1 and S*) from 
the overall spectral evolution of astaxanthin. The decays of these two states are well 
separated in time and energy, as previously reported for a variety of carotenoids30–

32. In LHC-Asta S1 is not responsible for the energy dissipation present in the 
complex, as proposed for other quenched LHC model systems28,29. Instead, it acts as 
a donor of excitation energy to Chls. We resolved a third Car dark state, here called 
Sq, which, based on the spectrum and on the lifetime, is strongly reminiscent of S*. 
This state, differently than the other astaxanthin states, acts as an acceptor of 
excitation energy from Chls and is responsible for the quenching present in this 
model LHC.  
For the first time different Car configurations are identified within the same LHC 
complex and their role in light harvesting is shown to be distinct, suggesting that a 
structural change of these pigments can be involved in inducing photoprotection in 
plants. Based on MD simulations, we show that the structural switches that induce 
changes in the site energy and lifetime of their dark states may also be present 
within wildtype LHCs. Notably these switches are favored at the lumen side of the 
complex where different light-intensities trigger major changes in the environment. 
We therefore propose that structural changes of the protein coupled to structural 
changes of the Cars represents a strategy to cope with high-light stress in vivo. 
 
Materials and Methods.  
Sample preparation. Monomeric LHC fractions (LHC-Asta system) were isolated from 
the mutant of N. tabacum211 using the procedure for LHC isolation64,70.  
For all the measurements the sample was diluted to the required OD in a buffer 
consisting of HEPES (pH 7.6), 0.5 M sucrose and 0.03% alpha-DM. Wildtype LHCII 
monomers (LHCII-WT) were reconstituted following the protocol previously 
reported176. Pigment analysis was carried out on the pigments extracted in 80% 
acetone177. 
Steady-state spectra and time-resolved fluorescence. Room-temperature 
absorption spectra were acquired on a Varian Cary 4000 UV-Vis spectrophotometer. 
Circular dichroism (CD) spectra were recorded on a Chirascan CD Spectrophotometer 
(Applied Photophysics), at 10o C. Time-resolved fluorescence was recorded via Time-
Correlated Single Photon Counting (TCSPC) on a FluoTime 200 from PicoQuant, at 
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10o C. Excitation was centered at 470 nm (Chl b region and Asta), with an average 
power of ≈100 uW and a repetition rate of 10 MHz. Signal was accumulated until a 
maximum of 20 thousands counts at the peak channel, over channels separated by 8 
ps. The Instrument Response Function (IRF) was estimated via the measured decay 
of a pinacyanol iodide, whose lifetime is ≈6 ps166.  
Femtosecond transient absorption. Transient absorption spectroscopy experiments 
were run at room temperature on a system described elsewhere204. Briefly, mode-
locked 800 nm-seed pulses (Coherent-MIRA seed) were amplified via regenerative 
amplification (Coherent-Rega 9050) and split into pump and probe pathways 
(60%/40% ratio). The pump wavelength was tuned either to 508 or 690 nm via 
optical parametric amplification (Coherent OPA 9400), and the final pump pulse was 
narrowed around the central value with a FWHM of 10 nm by means of interference 
filters (THORLABS). The probe-pulse was focused into a sapphire crystal to generate 
white-light continuum. The dispersed probe pulse is detected via a 76-channels 
photodiode array. Each spectral window covers a ≈130 nm range. For each excitation 
and each power, two spectral windows were recorded, respectively in the Soret 
region (window range ≈480 -610 nm) and the Chl QX/QY region (window range ≈590-
720 nm). A delay line varied the pump-pathway length, allowing to record transient 
absorption spectra until 3.5 ns after excitation. All the experiments were run at a 
repetition rate of 40 kHz. OD values of the sample were set to ≈0.6 cm-1 at the peak 
around 680 nm, in a 1 mm-Quartz cuvette. A shaker ensured refreshing of the 
sample throughout each measurement.  
Selective excitation of astaxanthin (508 nm) was collected under a 5 nJ/pulse pump-
energy. Regarding the Chl-excitation (690 nm), the data presented in the main 
manuscript concerning the global analysis are mainly from experiments at 15 
nJ/pulse pump-energy where singlet-singlet annihilation effects157 were mostly 
prevented given the low absorption cross section of LHC-Asta at 690 nm (Fig. S1) and 
the power used (a flux of ≈10 14 photons/cm2 corresponding to less than one 
absorbed photon per complex). To further quantify the eventual presence of singlet-
singlet annihilation effects we also collected experiments at lower energies (5, 10 
nJ), as described in the caption of Table S2. As reported in the same table, the 
contribution of annihilation to the kinetics is very minor, ranging between 1% and 
14% for the powers used for these experiments (5 to 15 nJ).  
Global and Target analysis methodology has been described in Ref. 94.  
MD simulations. The full protocol used to produce the simulation trajectories had 
been previously published22.  
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Figure S1. Deconvolution in single pigment forms of the LHC-Asta absorption 
spectrum. Spectral deconvolution with the spectra of individual pigments of the 
room-temperature absorption spectra in the Soret (left) and QX/QY region (right) of 
LHC-Asta, as in Ref. 187. The excitation wavelengths used for the transient 
absorption experiments are indicated by the pink rectangle in the plot centered at 
the excitation wavelength ±5 nm, to represent the laser pulse-width. 
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Figure S2. DADS and EADS estimated from the global analysis applied to 508 nm 
(Cars) and 690 nm (Chls) excitation. (a, c) EADS and (b, d) DADS estimated for (a, b) 
Cars excitation (508 nm) and (c, d) Chls excitation (690 nm). In (d) only the first three 
components are shown for clarity, as in Fig. 2, main text. In (a-c), the grey and 
magenta EADS and DADS associated respectively to ultrafast (<100 fs) and long-lived 
(>ns) species have been scaled for clarity, as indicated in the legend. In the grey 
SADS, contributions from coherent artifacts might be present.  

                                     
Figure S3. Deconvolution in single pigment forms of LHC-Asta excitation spectrum 
(Chl detection). The room-temperature excitation spectrum of LHC-Asta detected at 
690 nm (black) is fitted with absorption spectra of Chl a and b and astaxanthin, 
similarly to what was previously reported in Ref. 187. The excitation spectrum was 
recorded at low OD (0.05 cm-1). The presence of astaxanthin in the excitation 
spectrum demonstrates energy transfer from astaxanthin to Chl. The transfer 
efficiency is low by comparison with the absorption spectrum shown in Fig. S1.a. 
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Figure S4. Time traces of raw data (light colors, in µOD) and fit (dark colors). 
Wavelength is indicated in the ordinate label of each panel. For the 508 nm 
excitation the traces are in shown in grey/black and orange/red, for the 690 nm one 
in cyan/blue and light green/dark green. Note that the time axis is linear until 4 ps 
after the maximum of the IRF, and logarithmic thereafter. 
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Figure S5. Complete model used for the Target analysis of the datasets collected 
upon Cars (508 nm) and Chls (690 nm) excitation. In (a) and (b), the complete 
reaction schemes used respectively for the 508 nm and 690 nm excitation 
wavelengths are presented, including the associated rates in ns-1.  
The models are based on the following assumptions: i) two pools of astaxanthin, 
unconnected and connected ones, are present in LHC-Asta in equal amounts as 
indicated by the biochemical analysis (see main text). In the figure the unconnected 
pool follows the scheme enclosed in the blue square in (a). To limit the degrees of 
freedom of the fit, the only difference between connected and unconnected 
astaxanthin is the presence/absence of EET to Chl (internal rates and SADS are 
assumed identical).  ii) the decay of astaxanthin takes place via the “hot” S1, S1, S* 
and triplet states, iii) EET from the connected astaxanthin to Chl occurs from the S2, 
“hot” S1, and S1 states as observed in the global analysis (see main text and Fig. S2), 
iv) a state, called Sq, serves as a de-excitation pathway for Chls. To limit the number 
of free parameters, the spectrum of Sq below 520 nm has been linked for S1, S* and 
Sq, similarly to what was done previously for other LHC systems31,32. Above 650 nm 
the Sq SADS is constrained to be zero because the estimate of the small Sq signal is 
imprecise in the presence of the spectral evolution of the strong Chl Qy-bands. 
Removal of these constraints does not improve the fit nor does it change the 
spectral shape of the ESA of Sq. The estimated SADS is shown in Fig. S6. v) 
astaxanthin triplets (Car T) are formed directly via S* (and via Chls on longer 
timescales), as previously shown in the case of spheroidene and rhodopin glucoside 
bound to bacterial LHC (LH2)31,32. Additionally, Car T are generated via Sq, given the 
similarity between this state and S* (see main text).  
Given the time resolution of our experiment (see Methods in the main text), all the 
rates corresponding to ultrafast timescales (<<100 fs) and the ones corresponding to 
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long-lived species (>>ns) have been fixed. The Chl T species represents both Chl 
triplets and the small fraction of long-lived Chls also detected via time-resolved 
fluorescence (Table S1). The SADS presented in Fig. 3.a and 3.c in the main text have 
been estimated by fitting simultaneously 4 datasets: one obtained upon excitation at 
508 nm with an energy per pulse equal to 5 nJ, and three obtained upon excitation 
at 690 nm at different energies (5, 10 and 15 nJ). For the 690 nm-excitation, a model 
accounting for annihilation effects was added to the target scheme as explained in 
the caption of Table S2. The SADS and decay rate of Sq were constrained to be the 
same in the four datasets. 
 

                     
Figure S6. SADS estimated for the dataset collected upon Chls excitation (690 nm) 
without spectral constraints on Sq. SADS estimated via a model identical to the one 
presented in Fig. 3.d and S5.b where however the spectral constraints on the Sq 
compartment, used to minimize the number of free parameters as explained in the 
caption of Fig. S5, have not been used.  The estimated Sq SADS shows the same ESA 
as in Fig.3c. It is however more noisy in the bleach region, where the probe light is 
noisy. In the Chl-Qy region the spectrum shows a bandshift-like shape. This feature 
might originate either from an evolution in the Chl pool simultaneous to the one of 
Sq and therefore captured by this SADS in the analysis, or from excitonic coupling 
between Cars and Chls208.   
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Figure S7. Concentrations of the different species estimated via Target analysis of 
the datasets collected upon Cars (508 nm) and Chls (690 nm) selective excitation. 
(a) Concentration profiles for the different components according to the model 
presented in Fig. 3.b and S5.a (508 nm-excitation wavelength). The subscript 
“unconnected” refer to the astaxanthin considered unconnected (Fig. S5.a). The 
concentrations of S2, hot S1 of the unconnected astaxanthin are not shown in this 
figure. The concentration of S* is the sum of the ones of both connected and 
unconnected astaxanthin. (b) Concentration profiles for the different components 
according to the model presented in Fig. 3.d and S5.b (690 nm-excitation 
wavelength). Note that the time axis is linear until 4 ps and logarithmic thereafter.  
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τ1  (A1) τ2 (A2) τ3 (A3) Τaverage 

LHCII WT 0.3 ns (16%) 1.9 ns (36%) 3.7 ns (48%) 2.5 ns 

LHC-Asta 0.3 ns (60%) 1.0 ns (31%) 2.7 ns (9%) 0.7 ns 

 
Table S1. Fluorescence lifetime of LHCII WT and LHC-Asta. The results of the global 
analysis of the kinetics acquired via time-correlated single photon counting (TCSPC) 
acquisition are listed in the table. We acquired the emission decay at the wavelength 
corresponding to the LHCII WT and LHC-Asta maxima (680 nm) upon 470 nm-
excitation (Chlorophyll b and astaxanthin region). The fluorescence yield is 
proportional to the average fluorescence lifetime. Therefore the fluorescence yield 
of LHC-Asta relative to LHCII WT is 0.7/2.5=0.28. 
 
 
Power LHC-Asta_NA (%) LHC-Asta_A (%) 
5 nJ 99 1 
10 nJ 95 5 
15 nJ 86 14 

          
Table S2. Annihilation contribution to the 690 nm (Chls) excitation. To quantify the 
possible contribution of singlet-singlet or singlet-triplet annihilation to the kinetics 
recorded upon 690 nm excitation the model presented in the main text has been 
applied to 3 datasets collected at increasing powers (see Table). The fraction of LHC-
Asta without annihilation (LHC-Asta_NA) follows the kinetic schemes of Fig. 3.d and 
Fig. S5.b. The fraction with annihilation (LHC-Asta_A) follows a modified scheme, 
where additional decay rates to the ground state of 56 ns-1 have been added to the 
Chl a1’, a2’ compartments. 
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Summary 

 
 
For plants and algae, fluctuations in sunlight intensity are a daily challenge. In their 
natural habitat, exposure to strong irradiance may occur over both slow and fast 
timescales and has required these organisms to develop strategies to protect 
themselves from the danger of photooxidation. Therefore, beside the efficient 
mechanisms of light harvesting and excitation energy transfer to fuel the 
photosynthetic machinery, both plants and algae evolved a series of complex 
feedback mechanisms aimed at dissipating excess absorbed sunlight energy. As 
widely reported in recent years, these mechanisms act on a variety of timescales and 
at different levels of organization within the photosynthetic membrane, known as 
the thylakoid. However, the precise molecular-scale mechanisms that modulate 
photosynthesis within a few minutes of exposure to high light intensities remain 
unknown. 
This question was the motivation for the research reported in this thesis. This 
research has utilized a variety of experimental and theoretical methods and in 
particular combined mutational analysis, ultrafast spectroscopy and molecular 
dynamics (MD) simulations.  
 
It has been proposed that the smallest units active in photoprotection in plants and 
algae are the same ones active in the first steps of photosynthesis, specifically, the 
light-harvesting complexes (LHCs). Several different LHCs are present in the 
thylakoid: all of them are membrane proteins most of which bind a variety of 
chlorophyll (Chl) and carotenoid (Car) pigments (up to 18 per single protein). Single-
molecule fluorescence spectroscopy has previously shown that all LHCs have the 
intrinsic ability to reversibly switch between different emissive states, suggesting 
that all LHCs can potentially be stabilized in selected energy states functional for 
light harvesting or photoprotection. However, it has not previously been determined 
which domains are responsible for the conformational flexibility of LHCs and, in 
particular, for varying the energetics of these systems. To investigate these open 
questions we ran long MD simulations of a monomer of LHCII, the most abundant 
LHC of plants, in a model thylakoid membrane. The results are reported in Chapter 2. 
By characterizing the dynamics of each single protein domain and of each pigment, 
we showed that in general the most flexible regions of the protein are the ones 
exposed to the solvent. In particular, we showed that, at least in the case of LHCII, 
the N-terminus is a highly disordered domain and conformational changes in this 
domain may strongly affect the interaction strength between the two Chls 
responsible for the lowest-energy state of the system, thereby varying the energetics 
of LHCII.  
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Chapter 2 shows that LHCs are indeed potential sites for light-harvesting regulation, 
thanks to their ability to undergo conformational changes between different energy 
states. However, from previous in vivo studies, it is known that despite the highly 
similar structure and functional pigment organization shared by most LHCs, only two 
of these complexes are strictly necessary to trigger photoprotective mechanisms. In 
particular, one of these triggers is found in plants (PsbS), while the other is specific 
to algae (LHCSR). If these complexes are missing, photoprotection is drastically 
affected in these organisms. The fact that PSBS and LHCSR function differently from 
other LHCs, despite their high homology, led us to try to identify structural elements 
that are functional for photoprotection in LHCSR and PsbS, and also missing from 
most LHCs. Further, we aimed to identify the environmental stimuli to which these 
elements respond. We investigated these problems, in the case of LHCSR, via an in 
vitro study that combined site-directed mutagenesis and time-resolved fluorescence. 
Our results are reported in Chapter 3. LHCSR was found to be responsive to changes 
in pH, consistent with prior knowledge that low pH is known to be the major high-
light stress indicator in the thylakoid. In particular, low-pH was found responsible for 
activating a quenching mechanism in LHCSR and not in other LHCs. The structural 
element of LHCSR involved in pH-sensing was found to be its C-terminus, 
characterized by a high concentration of acidic residues at variance with all other 
LHCs. To probe this, we had constructed a mutant of LHCSR missing all the acidic 
residues on the C-terminal sequence and we found that, indeed, pH-sensing ability 
and the switch to a quenched state were absent from this mutant. 
 
Our results in Chapter 3, strongly suggest that LHCSR is able to undergo functional 
conformational changes by sensing variations in its environment under stress 
conditions. A reason why LHCSR is the only known pigment-binding LHC able to 
trigger photoprotection might lie in its structure and pigment organization, which 
may differ from other LHCs. Moreover, a recent crystal structure of the trigger of 
photoprotection in plants, PsbS, has revealed that its structure differs significantly 
from most LHCs (additionally, PsbS does not bind pigments), suggesting that the 
triggers of photoprotection might not have the same organization as the antennae. 
To address this point, we have combined ultrafast spectroscopy with theoretical 
modeling to build a minimal model of the pigment organization in LHCSR. These 
results are reported in Chapter 4. By simultaneously fitting a large set of linear 
spectra with an exciton model based on the pigment organization of LHCII, we found 
that LHCSR can be expected to have the structure of an antenna protein and, in 
particular, it is highly similar to LHCII (but with fewer pigments). Moreover, as 
suggested also by the results in Chapter 3, the fact that at high pH values 
(compatible with non-stress conditions) LHCSR shows a fluorescence lifetime similar 
to other LHCs suggests that this complex can work as an antenna or as a quencher in 
different conditions. 
 
The evidence that LHCSR shares a similar pigment organization with LHCII (Chapter 
4) and that LHCII is able to switch between different energetic states (Chapter 2), 
suggests that a pH-sensitive switch, similar to that of LHCSR, might be engineered 
into LHCII. In Chapter 5 we tested this possibility in vitro by engineering an LHCII in 
which the original C-terminus (not sensitive to pH) was replaced with that from 
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LHCSR. The result is a stable antenna that can be triggered to a quenched state by 
low pH. The implementation of such a reversible switch directly in LHCII, is not only 
interesting from the perspective of fundamental science, but it might also be of 
significant help in increasing crop yields. Indeed, it has recently been proven that by 
speeding up the relaxation kinetics from photoprotective states it is possible to 
increase plant biomass production by about 15% [Kromdijk, J. et al 
(2016) Science, 354(6314), 857-861]. 
 
Overall, we have seen that the protein matrix of LHCs plays an important role in 
light-harvesting regulation. However, it has never previously been shown whether 
the pigments themselves possess conformational flexibility and whether this might 
be functional in activating photoprotection. In Chapter 6, we report the analysis of a 
model LHC system, where all the native Cars of LHCs are missing and are replaced by 
a single type of Car, astaxanthin. This LHCII, although preserving the same protein 
structure and pigment functional organization of the native one, is stabilized in a 
highly quenched state. Via ultrafast spectroscopy combined with global and target 
analysis, we were able to disentangle different excited states in the energy 
landscape of the Car bound to the quenched LHCII. Some of these states act as 
energy donors and some as acceptors of Chl excitations, overall suggesting that the 
Car is bound in different conformations to the protein and that different 
conformations have different functions in light harvesting. To understand where 
conformational switches of Cars are favored in LHCII (and most likely in LHCs in 
general) we then analyzed a large set of MD simulations. We found that functional 
distortions of Cars might be expected most likely at one of the internal Car binding 
sites, known as L2, and in particular in the lumen region, where acidification is 
expected under stress conditions. These results show for the first time that 
structural changes of the Cars are at the basis of the on/off switch controlling 
photoprotection.  
 
Together, the investigations reported in this thesis have demonstrated that LHCs are 
dynamic systems whose protein and pigments are able to undergo conformational 
changes that can regulate the level of the excited states in the membrane. For the 
first time, we reported in detail the structure-function relationship for both the 
protein domains and the pigments involved in the photoprotective switch, linking 
the effect of selected conformational changes to the energetics of LHCs.  
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