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ABBREVIATIONS AND SYMBOLS
2D DAS
2D SAS
2DES
ACD
ADC
ATP
BBO
BBY
Car
CD
CFD
Chl
DAES
DAS
DGDG
DiI

DMPC
EDTA
EET
ESA
GSB
HEPES

two-dimensional decayassociated spectrum
two-dimensional speciesassociated spectrum
two-dimensional electronic
spectroscopy
anisotropic CD
analogue-to-digital converter
adenosine triphosphate
beta barium borate (β-BaB2O4)
photosystem II‐enriched
grana fragments
carotenoid
circular dichroism
constant fraction
discriminator
chlorophyll
decay‐associated emission
spectrum
decay‐associated spectrum
digalactosyldiacylglycerol
1,1′-dioctadecyl-3,3,3′,3′tetramethylindocarbocyanine5,5′-perchlorate (DiIC18(3))
dimyristoylphosphatidylcholine
2,2′,2″,2‴-(ethane-1,2diyldinitrilo)tetraacetic acid
excitation energy transfer
excited-state absorption
ground-state bleaching
2-[4-(2-hydroxyethyl)piperazin-1-yl]ethanesulfonic acid

HPLC
IRF
LD
LHCI
LHCII
MGDG
NPQ
Nx
OPA
PAA
PC
PG
PQ
PSI
PSII
RC
RT
SAES
SAS
SE
SQDG
SR
TA
TAC
TCSPC
TDC
TRF
α‐DM
β‐DM

high-performance liquid
chromatography
instrument response function
linear dichroism
light‐harvesting complex I
light‐harvesting complex II
monogalactosyldiacylglycerol
non-photochemical
quenching
neoxanthin
optical parametric amplifier
polyacrylamide
phosphatidylcholine
phosphatidylglycerol
plastoquinone
photosystem I
photosystem II
reaction centre
room temperature
species‐associated emission
spectrum
species‐associated spectrum
stimulated emission
sulfoquinovosyldiacylglycerol
synchrotron radiation
transient absorption
time-to-amplitude converter
time-correlated single-photon
counting
time-to-digital converter
time-resolved fluorescence
n‐dodecyl‐α‐D‐maltoside
n‐dodecyl‐β‐D‐maltoside
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1 INTRODUCTION
1.1 Organization and functions of the photosynthetic apparatus in
plants
1.1.1 Photosynthetic membranes
Eukaryotic photosynthetic organisms have specialized organelles called chloroplasts, which perform all photosynthetic reactions. The inner membrane system of the
chloroplast, the thylakoid membrane system, forms a physically continuous three-dimensional network, which houses the light-harvesting and energy-transducing functions of the chloroplast. Thylakoid membranes of higher plants and some green algae
are organized into a distinct granum-stroma membrane assembly. Cylindrical stacks
of discoid thylakoids are called granal thylakoids and non-stacked membrane regions
connecting the grana are called stroma thylakoids [1-3]. A typical chloroplast can have
10–20 grana with diameter approximately 300–600 nm [1], the exact numbers depend
on species and growth conditions. Grana contribute to the chloroplast’s large surface
area to volume ratio. The continuous thylakoid membrane system encloses one internal aqueous space, called thylakoid space or lumen. Thylakoids are surrounded by an
amorphous aqueous space, rich in soluble proteins and ribosomes, called stroma,
where CO2 fixation takes place. The unique structural differentiation of higher plant
thylakoids into appressed granal and non-appressed thylakoid membrane domains is
accompanied by a functional differentiation with respect to the location of thylakoid
protein complexes. The plant thylakoid membrane contains four large integral membrane protein complexes that catalyse the light-dependent photosynthetic reactions.
These complexes are Photosystem I (PSI), Photosystem II (PSII), the cytochrome b6f
complex and the ATP synthase (Figure 1).

Figure 1. Organization of thylakoid membranes in higher plant chloroplasts [4]. PSII and PSI are spatially
separated in the thylakoid membranes; PSII along its antenna, LHCII, is located in grana thylakoids and PSI
is exclusively in stroma thylakoids.

It is believed that the stacked granal regions are formed owing to electrostatic interactions between the proteins of PSII and its peripheral antenna, light-harvesting
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complex II (LHCII) in opposing membrane layers. Thus, PSII is found almost exclusively in the granum thylakoids [5]. On the other hand, PSI and the ATP synthase are
exclusively located in the non-appressed stromal regions and the outer layers of grana
[4]. This exclusion is dictated by steric hindrance — due to their large membrane-extrinsic stromal domains, PSI and the ATP-synthase cannot be accommodated in the
appressed regions, whereas PSII has a relatively flat stromal surface. The cytochrome
b6f complex is distributed evenly throughout the thylakoid membranes [6]. Although
the biological significance of the segregation of two photosystems is not completely
understood, it is likely to help regulating and balancing the electron flow between
them — for example, preventing “spillover”, i.e. an uncontrolled excitation energy migration from PSII to PSI.
1.1.2 Light-induced electron transport
Thylakoid membranes store chemical energy by utilizing electron and ion
transport following the so-called “Z-scheme” [7] depicted in Figure 2. Light energy absorbed by the light-harvesting pigments creates electronic excited states. The excitation
energy is then transferred to the reaction center (RC) chlorophylls (Chls), where charge
separation takes place. The RC Chls of PSI and PSII are called P700 and P680, respectively,
stemming from their absorption wavelength. In PSII, the primary charge separation
creates a strong oxidant, on the donor side, capable of splitting water into molecular
oxygen, protons and electrons. Mobile electron carriers — plastoquinone (PQ) and
plastocyanin — shuttle charges between PSII, the cytochrome b6f complex, and PSI.

Figure 2. The Z-scheme of photosynthesis [7] — energetic diagram of the photoinduced linear electron
transport from water to NADP+. The various electron carriers are vertically arranged according to their equilibrium midpoint potential (Em). Approximate electron transfer times are shown for most reactions.

Charge separation in PSI creates a strong reductant capable of reducing ferredoxin,
which subsequently reduces NADP+ to NADPH. The two photosystems operate in
tandem, so that the transport of one electron through the entire chain requires two
successive photon absorption events resulting in excitation of the RC Chls. The elec-
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tron transport creates transmembrane electrochemical gradient – so called proton-motive force, consisting of electrical potential and proton chemical potential. The electrochemical gradient drives the synthesis of ATP by the ATP synthase according to
Mitchell’s chemiosmotic mechanism [8]. Ultimately, the reduced NADPH and the ATP
are used for CO2 assimilation in the Calvin–Benson cycle.
1.1.3 Structure and function of Photosystem II
PSII catalyses the photoinduced electron transfer from water to plastoquinol.
Structurally, PSII consists of a core complex and peripheral light-harvesting antenna
(LHCII in green algae and higher plants). The core complex encompasses the RC, the
core antenna complexes, CP47 and CP43, and the oxygen-evolving complex. In the
native state, PSII is found as a homodimer, but the two core complexes of the dimer
appear to function independently of each other. The monomeric core complex contains
25-30 protein subunits (depending on the organism), 35 Chls a, 2 pheophytins, 11 βcarotenes, 2 plastoquinones, more than 20 lipid molecules and several inorganic ions:
Fe3+, Mn2+, Ca2+, Cl−, HCO3− [9,10]. With the exception of some peripheral and small
subunits, the PSII core complex is highly conserved among all oxygenic photosynthetic
organisms: plants, algae and cyanobacteria [11].

Figure 3. Structural arrangement of the cofactors involved in the primary reactions of PSII and pathway of
electron transfer[9]. Acc – accessory Chls, Tyrz – tyrosine, Pheo – pheophytin.

At the heart of PSII are the two homologous RC proteins, D1 and D2 (PsbA and
PsbD), each with five transmembrane α-helices, arranged in a pseudo-symmetric heterodimer. Together they bind the cofactors facilitating the light-driven charge separation and initial electron-transfer steps [12]. The pigments constituting the RC are six
Chls a and two pheophytins (Figure 3). The D1/D2 RC proteins are flanked by the core
light-harvesting antenna proteins CP43 and CP47. CP43 and CP47 have six membranespanning helices and bind 13 and 16 Chl a molecules, and 3 and 5 β-carotene molecules, respectively. CP43 protrudes toward the lumen and, together with D1 and several membrane-extrinsic proteins (PsbO, PsbP and PsbQ in higher plants), participates
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in the formation of the water-oxidizing complex, providing ligands to its inorganic
catalytic centre — Mn4CaOn.
The absorption cross-section of plant PSII is enlarged by the attachment of peripheral antenna complexes — in green plants, light-harvesting complexes, LHCII. Different PSII–LHCII supercomplexes exist, depending on species and growth conditions,
with varying number and organization of LHCII subunits [4]. In plant thylakoid membranes a dimeric core, C2, accommodates typically four copies of peripheral LHCII trimers [13], to form a C2S2M2 supercomplex [4,14] — S and M standing for strongly- and
moderately-bound LHCII. Even larger supercomplexes have been observed with one
or two additional L (loosely-bound) LHCII trimers [14]. The positions of the S- and Mtrimers are well defined in the supercomplex [4] and recently the supercomplex structure has been determined at 3.2 Å resolution for the C2S2 particle [15] and 5.3 Å for
C2S2M2 [16]. The locations of the L-trimers are debated [17,18].
1.1.4 Light-harvesting complex II
The peripheral antenna of higher plant PSII, LHCII, consists of six distinct but
closely related proteins — Lhcb1–6, belonging to the Lhc superfamily [19]. The most
abundant – Lhcb1–3 — are found as heterotrimers and termed major LHCII, LHCIIb
or simply LHCII. The genes lhcb4–6 encode the so-called minor or LHCIIa antenna
complexes CP29, CP26 and CP24, respectively (named based on molecular weights).
These monomeric complexes are located between the core complex and the LHCII trimers [15,17,20].
The major LHCII binds approximately half of all thylakoid membrane Chls and is
the most abundant membrane protein in the biosphere [21]. The X-ray crystal structure
of the LHCII trimer (Figure 4) was resolved independently from spinach and from pea
[22,23]. Each monomeric subunit has a polypeptide chain of ~232 amino acids with
three α-helical transmembrane domains and binds eight molecules of Chl a, six molecules of Chl b and four carotenoids (Cars). The relatively rigid protein structure of
LHCII [23,24] ensures precise localization and fine-tuned environment of the noncovalently bound pigment molecules. The Chls are vertically distributed in two layers
within the membrane. The layer closer to the stromal surface contains eight Chls (five
a and three b). Of these, Chls a 610/611/612 and Chls a 602/603 form two tightly packed
domains. They are closely connected with three Chls b 601 and 608/609. The remaining
six Chls are arranged in the second layer close to the luminal surface, making two domains: one consists of Chl a-a dimer 613/614, and a Chl a-b domain of Chl a 604 and
Chls b 605, 606, 607.
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Figure 4. Crystal structure of LHCII from pea [23]. Left: side view of a monomeric subunit with the stromal
surface at the top and luminal surface at the bottom; Right: top view of the trimer from the stromal side. The
Chl numbering is according to Liu et al.[22] Chl a is shown in green, Chl b in cyan and xanthophylls in orange
colour.

The Car molecules are depicted in orange colour in Figure 4. The two central xanthophylls are lutein molecules with an all-trans configuration. These carotenoids stabilize the structure — the protein cannot fold without their presence. The third, a 9′cis-neoxanthin (Nx), shaped like a bent-over hook, is in close contact with the lumenside Chl a/b domain. It also protrudes from the periphery of the trimer. The fourth
carotenoid, usually violaxanthin under low-light conditions, is located at the monomer-monomer interface.
The monomeric LHCII is always present at a stoichiometry of one per PSII RC.
According to earlier reports, it binds smaller numbers of Chl — eight for CP29, nine
for CP26, and ten for CP24 [25,26]. However, 13 Chls were found in CP29 and CP26 in
the crystal structures [15,27]. The differences might be due to the loss of some Chls
during the biochemical isolation. The minor antenna complexes appear to play an important role in the regulation of the energy flow between the main antenna and the RC
[14].
LHCII performs several functions:
(i) Obviously, its primary role, as the name indicates, is to harvest light energy,
i.e. to absorb light and transfer excitation energy toward the RC [21,28-30];
(ii) Participates in cation-mediated stacking of membrane layers, forming the appressed granal ultrastructure [2,31,32];
(iii) Regulates the macro-organization of the thylakoid membrane [33-35];
(iv) Plays an active role in protection against photodamage by non-radiative dissipation of excess excitation energy through the mechanism of non-photochemical quenching (NPQ) [29,36,37], under excess radiation level;
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Balances and regulates the excitation energy flow between the two photosystems as the changing physiological conditions require via state transitions
[38,39].
The antenna system of green plants is thus a complex apparatus for the management of excitation energy, ensuring efficient light harvesting under limited-light conditions and dissipation of excess energy when the absorbed light exceeds the
maximum capacity for electron transfer. These functions are dynamically tuned and
regulated by way of various specific interactions between the proteins and other constituents of the thylakoid membranes- for example NPQ is controlled by lumenal pH,
zeaxanthin and the PsbS protein and possibly involves a change in LHCII-LHCII interactions [40].
There is an ongoing debate to what extent and in what manner conformational
changes are involved in these processes [41]. It is generally agreed that activation of
NPQ is accompanied by structural reorganizations of the thylakoid membrane that
include rearrangement of LHCII [42-44] and possibly tight LHCII-LHCII interactions
or aggregation [36,40]. These effects are mimicked in vitro – owing to its hydrophobic
surface, LHCII has a strong propensity to aggregate in the absence of surfactants,
whereupon the fluorescence yield is substantially reduced [41,45], in contrast to the
high yield when LHCII is solubilised in detergent micelles.
The aggregated and solubilised state of LHCII in vitro show clear differences in
resonance Raman spectra [41,46] signifying alterations in pigment conformation. Aggregates are also readily distinguished by the circular dichroism (CD) spectra [47,48],
which are sensitive to small changes in the excitonic pigment–pigment interactions in
the complexes [49]. When compared to the native thylakoid membranes, the CD spectra indicated that aggregated LHCII is structurally more similar to the native state despite the low fluorescence yield, and that detergent solubilisation appeared to perturb
the native structure [48]. Considering this finding it becomes questionable whether
LHCII in detergent micelles is a representative model for the native functional state of
the complex.
There can be several reasons for the witnessed CD changes — disrupted pigmentpigment interactions between complexes, changes in the conformation of the complexes due to the disrupted protein-protein or lipid-protein interactions, or changes
directly induced by the detergent molecules. Due to the close contacts between trimers,
pigments (Chls or Cars) may come close to each other forming dipole–dipole (excitonic) interactions that give rise to strong CD signals. Solubilisation of the aggregates
with detergent disrupts the protein–protein interactions, and thus the excitonic CD
bands reflecting them. On the other hand, the detergent molecules surrounding LHCII
may cause slight changes in the conformation of the apoprotein or some of the peripherally located pigments, thus altering the excitonic interactions in the complex. Addition of detergent decreases the lateral aggregation of LHCII but not the stacking [50].
(v)
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Bassi and Caffarri [51] assumed that the lateral aggregation of LHCII enables new Chl
interactions at the periphery of the trimers, which could serve as traps for excitation
energy.
The question which of these possible effects is dominating the spectral changes has
not been answered and their fingerprints have not been determined yet.
1.1.5 Structure and function of Photosystem I
PSI is a multi-subunit pigment-protein complex, which catalyses the oxidation of
plastocyanin and the reduction of ferredoxin (Figure 5). It encompasses more than 200
pigments and cofactors, bound in a 650 kDa transmembrane protein complex, performing a photocatalytic reaction with quantum efficiency of nearly unity [52].

Figure 5. Structure of plant PSI–LHCI complex. Left: View from the stromal side, highlighting the two main
moieties of PSI–LHCI complex — the core complex containing the RC and the attached peripheral antenna
complexes, LHCI; Right: Structural arrangement of the electron transfer chain cofactors and electron transfer
pathways in the RC. The figure was created based on PDB entry 5L8R [53].

Both structurally and functionally, PSI can be viewed as composed of two physically distinct structural moieties: i) the core complex ii) and the peripheral antenna
system. The core complex binds 98 Chls a, including the RC Chls, 22 β-carotene molecules and all carriers of the electron-transport chain between the external electron donor and acceptor, plastocyanin (or cytochrome) and ferredoxin [53,54]. The two largest
subunits PsaA and PsaB coordinate the RC cofactors and most of the core antenna pigments and have high degree of structural homology with PSII subunits PsbA-D (D1CP47, D2-CP43). The PSI core complex is largely conserved even though cyanobacteria
and plants diverged in evolution one billion years ago.
The RC of PSI consists of 6 Chl a, 2 phylloqiunones, and 3 iron-sulfur clusters, arranged in a configuration reminiscent of the bacterial RC and PSII (Figure 5, right). Unlike PSII, both branches of the pseudosymmetric heterodimer are involved in the
electron transfer, merging at the first iron-sulphur cluster (Fx). The absorption of the
8
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primary donor of PSI, P700, peaks at around 700 nm, below the energy level of the bulk
Chls, which absorb at around 680 nm.
The light-harvesting antenna of higher plant PSI is extended by four Chl a/b-binding light-harvesting proteins — LHCI (Lhca1–Lhca4). These proteins are present in
single copy per PSI and organized as two heterodimers, Lhca1/4 and Lhca2/3 [55,56].
They are located at one side of the core complex in a half-moon shape [53,54]. LHCI
proteins share sequence and structural homology with the LHCII complexes of PSII.
Each Lhca monomer is composed of three major transmembrane helices and binds ~14
Chl a and b molecules and 3 Cars: one β-carotene, one lutein, one violaxanthin [54].
Another lutein is bound between Lhca1 and Lhca4, giving rise to a total of 13 Cars in
the four Lhcas. The Chls in LHCI are arranged into two layers, the one close to the
stromal side contains 36 Chls (29 Chls a and 7 Chls b) and the other layer on the luminal-side has a less dense packing composed of 16 Chls a and 5 Chls b. LHCI has
some unique Chls compared to LHCII, located at the gap region between LHCI and
the PSI core, or in connecting regions between adjacent LHCI subunits [54].
A unique feature of PSI in all oxygenic photosynthetic organisms is the presence
of the so-called “red” Chl forms, absorbing photons of energy lower than the primary
electron donor P700 [57,58] thus increasing the absorption spectral range. Although red
absorbing Chls account only for a small fraction (3–10%) of the total absorption crosssection [58], they have sizeable impact on excitation energy transfer (EET) and trapping, as the excitations must be transferred energetically uphill to the RC [59].
Despite that uphill EET slows down the overall trapping, the quantum efficiency
of PSI remains very high [56,60]. In case of cyanobacteria, the “red” Chls are located in
the core complex, and their number and energy appear to be highly species dependent
[58,60]. The PSI core complex of plants is thought to contain only one or two low-energy forms [55,61] — most red Chls are found in LHCI, in particular associated with
Lhca3 and Lhca4 [62,63]. In this respect, LHCI has distinctive spectral properties in
comparison to LHCII.

1.2 Excitonic Interactions
1.2.1 Exciton theory
In photosynthetic complexes, pigment molecules are located at close distances, often less than 10 Å, and interact with each other via electrostatic (Coulomb) interactions.
Such ensembles of interacting chromophores are not mere sums of individual chromophores but their properties are modified by interaction forces. The photophysical and
spectroscopic properties can be described by the theory of molecular excitons [64,65].
The electronic excitations of molecular aggregates are known as Frenkel excitons [66].
A Frenkel exciton is a bound state of an electron and an electron hole. The basics of
exciton theory are introduced below with the concept of the exciton dimer [64,65].
9
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Consider a dimer of identical two-level (ground and excited state) systems. The
total wave function can be described as a product of the wave functions of the monomers. There are two single-excitation wave functions, with excitations residing on each
of the monomers:
𝛹𝛹1 = 𝜙𝜙1′ 𝜙𝜙2
𝛹𝛹2 = 𝜙𝜙1 𝜙𝜙2′

(1.2.1-1)

𝐻𝐻 = 𝐻𝐻1 + 𝐻𝐻2 + 𝑉𝑉

(1.2.1-2)

where 𝜙𝜙 and 𝜙𝜙′ represent ground- and excited-state monomer wave functions. The
Hamiltonian of the system is:
where 𝑉𝑉 is the interaction energy arising from Coulombic coupling of the electric transition dipoles 𝝁𝝁𝟏𝟏 and 𝝁𝝁𝟐𝟐 connected by the space vector 𝒓𝒓:
𝑉𝑉 = −

1
3(𝝁𝝁𝟏𝟏 ∙ 𝒓𝒓)(𝝁𝝁𝟐𝟐 ∙ 𝒓𝒓)
�𝝁𝝁𝟏𝟏 ∙ 𝝁𝝁𝟐𝟐 −
�,
3
4𝜋𝜋𝜀𝜀0 𝑟𝑟
𝑟𝑟 2

(1.2.1-3)

The excited wave functions and energies can be found by diagonalizing the Hamiltonian. The energy eigenvalues are
and the eigenfunctions are

𝐸𝐸 𝛼𝛼 = 𝐸𝐸 ± 𝑉𝑉
𝛹𝛹 𝛼𝛼 =

1

√2

(1.2.1-4)

(𝛹𝛹1 ± 𝛹𝛹2 ).

(1.2.1-5)

(𝝁𝝁1 ± 𝝁𝝁2 ).

(1.2.1-6)

Thus, the excited states of the dimer, called exciton states, are linear superpositions
of the monomer excited states. For both exciton states, the excitation is delocalized between the two monomers. The energies of the exciton states are split by a magnitude
of 2V.
The transition dipole moments of the exciton states are also linear combinations of
the monomer transition dipole moments:
𝝁𝝁𝛼𝛼 =

1

√2

Thus, the transition dipole moment magnitudes, or the dipole strengths of the two
transitions will depend on the geometry of the dimer.
For an aggregate of N chromophores, there are N exciton states 𝛹𝛹 𝛼𝛼 , which are linear superpositions of monomeric states:
𝑁𝑁

𝛹𝛹𝑚𝑚𝛼𝛼 = � 𝑐𝑐𝑚𝑚𝑚𝑚 𝛹𝛹𝑛𝑛
𝑛𝑛=1

(1.2.1-7)

where 𝛹𝛹𝑛𝑛 is a state where the nth chromophore is excited and all other are in their
ground state. The coefficients 𝑐𝑐𝑚𝑚𝑚𝑚 of each product component of the summation represent the contribution of each component to the exciton’s structure. For a system of
10

1.2 Excitonic Interactions

identical monomers, 𝑐𝑐𝑚𝑚𝑚𝑚 are also identical, which means that exciton states are fully
delocalized — equally distributed among all chromophores. However, if the monomer
energy levels, called site energies, are not degenerate, the coefficients 𝑐𝑐𝑚𝑚𝑚𝑚 are not equal
and the excitations are localized or partly delocalized. Excited states can be expressed
both in terms of monomer basis states 𝛹𝛹𝑛𝑛 and in exciton basis states 𝛹𝛹𝑚𝑚𝛼𝛼 — called site
representation and exciton representation, respectively.
The theory summarized above considers only electronic degrees of freedom. For
any dynamic description of excited-state processes, the interaction of the electron system with the nuclear environment must also be included. In general, the coupling of
the electronic excited states with nuclear motions (system–bath coupling or electron–
phonon coupling) tends to localize the excitations on monomeric chromophores.
1.2.2 Excitonic circular dichroism
Exciton interactions give rise to CD even if the individual molecules are not chiral.
Excitonic CD is extremely sensitive to the exciton coupling strength and the mutual
geometry of the coupled chromophores, thus it is a useful structural probe for multichromophore aggregates such as light-harvesting complexes. This is illustrated in Figure 6 for the dimer of identical molecules, introduced in the previous section.

Figure 6. Excitonic CD. a: geometry of a Chl dimer with the monomeric transition dipole moments represented
by dashed yellow arrows and the excitonic transition dipole moments with red/blue arrows; b: CD of the
exciton dimer: the two exciton transitions have CD of equal magnitude but opposite sign (blue and red),
which combined produce the isotropic CD spectrum of the dimer (yellow); measurements on aligned molecules can, in principle, probe the two transitions separately.

The yellow arrows represent the monomer transition dipole moments 𝝁𝝁 and the
red and blue arrows the exciton transition dipole moments 𝝁𝝁± . The CD of the dimer
is dominated by the electronic coupling term:
ℜ± ≈ ±𝜈𝜈0 𝝁𝝁2 𝑅𝑅(𝒓𝒓 ∙ 𝝁𝝁2 × 𝝁𝝁1 )

(1.2.2-1)

i.e. the rotational strength of the exciton transitions ℜ± is of opposite sign and equal
magnitude proportional to the triple scalar product of the distance vector 𝒓𝒓 and the
transition dipole moments 𝝁𝝁1,2 of the monomer transitions. The two contributions,
dressed in Gaussians, are depicted in Figure 6b. Their sum (yellow curve) is analogous
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to the measured CD spectrum. Thus, excitonic CD is generally a superposition of positive and negative signals, originating from different excitonic transitions that can
largely cancel each other.
A significant hindrance in interpreting the CD spectra is the fact that different geometries can give rise to practically indistinguishable CD spectra. These limitations
can be overcome theoretically by measuring the anisotropic CD (ACD), i.e. the CD of
molecules with fixed macroscopic space orientation [67,68]. For example, in an ideal
case, by measuring the CD of the dimer separately with light propagating along the x
and y coordinate axes, one could extract the individual exciton CD bands [69] and
hence obtain direct physical parameters, such as the orientation of the excitonic transition dipole moments or the coupling energy (from the difference in the bands’ central
frequencies), which are not accessible from ordinary CD measurements.
A recent example where the theory was put to practical use is the CsmA protein of
the chlorosome baseplate, where bacteriochlorophyll a behave as exciton dimers having perpendicular transitions. The ACD spectra of the baseplate [70], are the first experimental demonstration of the CD components of the exciton dimer. Based on these
data the NMR structure of the protein could be validated [70]. ACD spectroscopy of
photosynthetic complexes is therefore a novel experimental approach providing additional structure-related information that is not available in other measurements.
The UV CD of peptides and proteins is widely used to study their structure, folding
and conformational dynamics, membrane insertion, and effects of ligand binding. The
far-UV CD spectra of α-helices, aromatic peptides and β-sheets has specific characteristics below 240 nm that have made CD spectroscopy a standard tool for monitoring
the secondary structures of proteins. Below 240 nm the spectra are dominated by n–π*
and π–π* transitions of the peptide backbone [71,72]. The n–π* transition gives rise to
a negative peak in the CD spectrum at 222 nm. According to Moffitt’s theory [73], excitonic interactions in α-helices result in three π–π* transitions with split energies: One
of the transitions gives rise to a negative peak at around 210 nm and the other two are
degenerate, giving rise to a strong positive peak at 190 nm, with amplitudes strongly
depending on the probing direction.
Additional information regarding the angle of orientation of the secondary structures can be extracted from the ACD spectra [74-77]. Oriented helical peptides bound
to a lipid bilayer exhibit a specific ACD spectrum, from which the orientation of the
helix with respect to the plane of the membrane can be extrapolated. A distinguishing
feature of the ACD of α-helices is the presence or absence of the negative band at 210
nm, being indicative of surface or transmembrane helix alignment, respectively [78] as
peptide backbone π–π* transition at 210 nm is polarized parallel to the α-helix,
whereas the other π–π* transition at 190 nm and the amide n–π* is polarized along the
carbonyl bonds [74].
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1.2.3 Theory of energy transfer
EET is the process resulting in the de-excitation of a donor molecule D* and concomitant excitation of an acceptor molecule A:
𝐷𝐷 ∗ + 𝐴𝐴 → 𝐷𝐷 + 𝐴𝐴∗
(1.2.3-1)
Apart from the trivial radiative mechanism, EET can result from different interactions — Coulombic or due to intermolecular orbital overlap (at distances up to several
ångströms). In the latter case, EET can occur via exchange of electrons between D and
A [79]. At longer distances the prevailing interactions are Coulombic — long-range
dipole-dipole interactions and short-range multi-polar interactions. Two scenarios can
be distinguished based on the strength of coupling, as proposed by T. Förster [80]:
weak and strong electronic coupling limit, respectively.
In the weak coupling limit, the intermolecular coupling interaction is “very weak”
compared to the interaction between the electronic and nuclear motions within the
molecule, so that excitations are essentially localized, and the spectroscopic properties
of the ensemble are the same as the sum of the individual molecules. In this case, EET
occurs as a sequence of jumps between adjoining molecules (incoherent or hopping
mechanism) and is described by Förster’s theory of resonance energy transfer. The system must satisfy several criteria: the donor fluorescence spectrum overlaps with the
acceptor absorption spectrum; the two fluorophores are in the close proximity to one
another (typically 1–10 nm); the donor and acceptor are favourably oriented with respect to each other; the fluorescence lifetime of the donor is sufficiently long.
In the strong coupling limit, the intermolecular interactions are stronger than the
electronic-vibrational coupling. Under these conditions, excitations are delocalized as
described in the frame of exciton theory. EET dynamics can be quantitated by Redfield
theory[81] as relaxation between coherent delocalized exciton states. Modified Redfield theory [82,83]further includes nuclear reorganization for each excitonic energy
level.
In many real-word systems, such as photosynthetic antenna complexes, the excitonic and excitonic-vibrational couplings are of comparable magnitude. In this intermediate regime, exciton theory applies but the coherence between interacting
chromophores is destroyed by vibrational motions and neither Förster, nor Redfield
theory accurately describe EET. This is a major obstacle in quantum modelling of EET
in photosynthetic systems. An approximate approach is generalized Förster theory
[84,85], in which EET within subdomains of strongly coupled chromophores is treated
by Redfield theory first and EET between these subdomains is calculated in the Förster
regime.
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1.3 Excitation energy transfer in photosynthetic membranes
1.3.1 EET in LHCII
The dynamics of EET between pigments in LHCII has been studied extensively
over the past decades using various time-resolved spectroscopic techniques and
theoretical approaches [21]. The general conclusions from these studies are that EET
from Chl b to Chl a takes place rapidly, with sub-ps characteristic times in the range of
0.15–0.6 ps at room temperature (RT) and 0.3–0.6 ps at low temperatures [86-96]. This
fast phase is followed by slower (~3 ps) transfer from Chls absorbing in an intermediate
region (660–670 nm) between the major Chl b and Chl a Qy bands.
Despite the wealth of literature data, there seems to be no complete consensus on
the dynamics and pathways of EET, particularly in the manifold of Chl a exciton states.
This uncertainty partly stems from the large spectral overlap between Chl a states. Excitation energy equilibration lasts only a few hundred femtoseconds; however, several
studies have reported components of up to tens of picoseconds [87,89].
Since the publication of the LHCII crystal structure, several groups have attempted
to calculate the kinetics of EET by structure-based modelling approaches. As discussed
in 1.2.3, the intermediate strength of exciton coupling in photosynthetic pigment-protein complexes makes neither Förster, nor Redfield theories of energy transfer applicable to these systems. Novoderezhkin et al. [97,98] have applied modified Redfield
theory in combination with fitting to steady-state and transient spectroscopy data to
calculate EET, which is theoretically described as relaxation in exciton basis. In principle, each of the 14 Chls in the LHCII monomer participates in all exciton states, but for
a given state only 1–3 Chls have a predominant contribution. The fastest relaxation
rates are between states shared by the same strongly coupled Chls. These are Chl b
dimers 607/607 and 608/609, Chl a dimers 602/603 and 613/614, and the Chl a
610/611/612 domain. The latter Chls are confirmed to participate in the lowest-energy
exciton state, which is the terminal energy acceptor. Slower EET rates involve relaxation between these domains as well as Chls b 601, b 605 and a 604. The latter two Chls,
which are relatively far from the rest in the structure, are termed “bottleneck” states,
responsible for the slowest components of energy equilibration between Chl b and the
terminal acceptor. However, it must be said that modified Redfield theory can strongly
overestimate the EET rates in the presence of weakly coupled and isoenergetic pigment domains. The modelling also relied on point-dipole approximation to calculate
exciton coupling, and all site energies were free fit parameters.
Renger introduced a quantum chemical / electrostatic approach to calculate the Chl
site energies as well as the electronic couplings [99-101]. The energetic configuration
of the complex is similar in Renger’s and Novoderezhkin’s models, including the assignment of the red-most strongly coupled domain (Chl a 610/611/612) but there are
some key differences. The two models disagree on the sites responsible for the slow
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transfer between strongly coupled exciton domains. Whereas Novoderezhkin identifies Chl a 604 as the “bottleneck” intermediate-energy state, Renger’s calculation predicts a much lower site energy for this Chl and hence faster downstream transfer.
Similarly, the calculated energy of the second “bottleneck” Chl b 605 is rather different
from Novoderezhkin’s assignment.
Spatial equilibration between monomeric subunits in the LHCII trimers is more
difficult to estimate experimentally. A comparative study of LHCII trimers and monomers by Kleima et al. [88] showed that, EET from Chl b to Chl a that occurs on a time
scale of 0.6 ps in LHCII trimers, is slowed down to several picoseconds in monomers,
to contribute to the observed ps process. The similarity between the monomer and the
trimer results led the authors to conclude that Chl b to Chl a transfer occurs only within
monomeric subunits of the trimers and not between different subunits. Later the dynamics of EET in LHCII trimers was modelled by using combined Redfield–Förster
approach [102,103] by including slow Förster-type transfers both between and within
monomeric subunits. The calculations predicted only slower isoenergetic or uphill EET
components with time constants of around 20 ps.
To recap, experimental and theoretical studies have established EET pathways in
LHCII occurring over a very wide range of timescales from tens of femtoseconds to
tens of picoseconds. The fastest components are assigned to exciton relaxation in
strongly coupled domains, whereas slower Förster transfer between domains takes
place over longer timescales. Despite the wealth of knowledge, there is still considerable disagreement in assigning experimental EET lifetimes to specific Chl-Chl pathways.
1.3.2 EET and charge separation kinetics in PSI
The processes of EET and trapping in PSI of plants, photosynthetic bacteria and
algae are widely studied using several time-resolved spectroscopy techniques. Briefly,
spectral equilibration in the core antenna has been found to occur on a timescale from
100–150 fs to several ps. Several studies have resolved spectral changes with lifetimes
in the range of 2–6 ps in cyanobacteria [60,104-107] as well as green algae [108-110],
ascribed to EET between the bulk Chls in the core and “red” Chls. Overall trapping in
the core complex occurs by one major phase around 20 ps, but the lifetime depends on
the amount and energies of the “red” Chls [60]. In the PSI–LHCI complex of green
plants, trapping shows an additional phase between 50 and 130 ps [59,111-113].
The excited-state kinetics is described in the literature by two alternative models,
differing from each other by the assignment of the rate-limiting step. According to the
trap-limited model, excitations are rapidly equilibrated between the antenna and the
RC and the kinetics is limited by charge separation [114,115]. In this case, the probability that the excitation will escape from the RC before it is consumed is very high. If
we assume identical excited state energy for the antenna and the RC, this probability
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is directly proportional to the antenna size [116]. A special case of the trap-limited kinetics is the so-called exciton-radical-pair equilibrium model [117], which describes a
situation where the primary photochemical reaction in the photosynthetic complexes
is reversible, hence, the charge-separated state can recombine to an excited state and
the excitation can move back to the antenna. The current prevalent view, however, is
that, because of the large distance between the core antenna and the RC Chls, EET from
the antenna to the RC is slow, hence the kinetics is transfer-to-trap-limited
[60,105,113,118,119]. In this case excitations, once captured by the RC, do not return to
the antenna.
The complexity of the PSI antenna, the large number of pigments and spectral
overlap makes it difficult to unambiguously interpret the spectroscopy data, and distinguish between different kinetic models. The high resolution crystal structures of PSI
from Pisum sativum (pea) by Nelson’s and Shen’s groups [53,54] reveal new structural
information about the green plant PSI supercomplex, including specific interactions
between the core complex and LHCI. These, in combination with detailed ultrafast
kinetics data, might improve understanding of the processes of EET, and draw a physical link between the EET function and the available structure.
1.3.3 EET between LHCII and PSI
In plants, the two photosystems — PSI and PSII — have their own separate lightharvesting systems, whose function is coordinated and finely regulated, to achieve
balanced energy flow to the photosystems, and prevent overexcitation under conditions of excess light. State transitions maintain the excitation balance between PSII and
PSI by reshaping their antenna, which involves shuttling of LHCII between them (for
reviews see [39,120]). The physiological importance of state transitions as a buffering
system for dynamic low-light acclimation has been demonstrated clearly under fluctuating light conditions [121-123]. The classical view of state transitions (Figure 7) is
that a subpopulation of the LHCII proteins, normally associated with PSII (in state 1),
becomes phosphorylated by the STN7 kinase [121,124], and migrates from the PSIIenriched stacked region to the PSI-containing unstacked stromal region – interacting
with PSI and forming PSI–LHCII supercomplexes (in state 2) [125]. Both the antenna
cross-section and the absorption bandwidth of the PSI is increased, due to abundance
of Chl b in LHCII. Whereas the formation of a PSI–LHCII supercomplex has been long
discussed, its biochemical purification had been hampered until very recently by its
instability in the presence of common detergents used for membrane protein purification. PSI–LHCII supercomplex was undetectable in state 1 conditions, and only observed in and purified from plant material pre-adapted to state 2 conditions. The size
of isolated PSI–LHCII depends on the protocol of purification.
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Figure 7. Schematic representation of regulation of state transitions [38]. State 1, when PSI is preferentially
excited, the PQ pool is oxidized and LHCII is bound to PSII. Under conditions favouring PSII excitation, the
PQ pool gets reduced and the enzyme Stn7/Stt7 kinase (in plants/algae) is activated causing phosphorylation
and undocking of the mobile LHCII units (shown in dark green) from PSII. In state 2, the mobile units of
LHCII associate to PSI, increasing its antenna cross-section. The PPH1/TAP38 phosphorylase catalyses the
reverse transition to state 1.

PSI–LHCII supercomplexes have been successfully isolated and purified using detergents [126-130] or non-detergent method by using styrene-maleic acid copolymer
[131]. Initial spectroscopic characterization of the PSI–LHCII supercomplex indicated
that the association of LHCII does not have a significant effect on the photochemical
quantum efficiency of PSI. The only notable spectral alterations observed were an increase in the average lifetime of the excited-state decay and a change in the intensity
of the fluorescence emission in the 670–690 nm region, where LHCII contributes the
most [126,129].
In these PSI–LHCII supercomplexes, LHCII has been shown to transfer energy to
PSI with high efficiency [126,129,132], so that Galka et al. [126] proposed that mobile
LHCII can be considered as an integral part of PSI in state 2. Similar observations were
successively reported for the much larger PSI–LHCII supercomplex isolated from the
green alga Chlamydomonas reinhardtii, which binds nine LHCI monomers, two LHCII
trimers and one of the monomeric PSII antenna complex [130]. Recent studies have put
forward the notion that a significant amount of LHCII is associated with PSI under
normal conditions [18,129,131] in the absence of phosphorylation. According to Wientjes et al. [129] more than half of the PSI complexes could bind one LHCII trimer, depending on the growth-light conditions. Bell et al. [131] isolated PSI–LHCII membrane
fractions from stacked spinach thylakoids at estimated stoichiometry of three LHCII
trimers per PSI, at least some of them being functionally coupled to the RC. From fluorescence lifetime imaging of Chlamydomonas cells, Iwai et al. [133] concluded that detached phospho-LHCII in state 2 form energy-dissipative aggregates in the
membranes. Ünlü et al. [134] examined the antenna sizes of PSII and PSI upon state
transitions in Chlamydomonas, and found that, despite the significantly higher number
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of mobile LHCII units in the green alga, only a very small fraction, less than one trimer,
actually delivers excitation energy to PSI in state 2. A similar conclusion was drawn
by Nagy et al. [135] from a comparison of the PSI antenna size in state 1 and 2 estimated
from electrochromic absorbance changes. However, a more recent publication [136]
challenged these conclusions demonstrating that, in state transitions, excitation energy
is redistributed between the two photosystems, rather than dissipated.
More recently, Santabarbara et al. [132] investigated digitonin-purified PSI–
LHCII supercomplexes from spinach, and found heterogeneous populations of PSI–
LHCII, in which LHCII transfer energy at different timescales, likely due to the differences in the strength and orientation of LHCII binding to PSI. Although the coupling
of an LHCII trimer to PSI affects the excited state energy transfer dynamics, these alterations do not have any significant impact on the overall photochemical quantum
efficiency of the supercomplexes, which agrees with previous observations.

1.4 Probing energy transfer by ultrafast time-resolved
spectroscopy
1.4.1 Time-resolved fluorescence spectroscopy
Theoretical basics

Time-resolved fluorescence (TRF) spectroscopy records fluorescence emission as a
function of wavelength and time after excitation by a short pulse of light:
𝐼𝐼𝑓𝑓 = 𝑓𝑓(𝜆𝜆, 𝑡𝑡)

(1.4.1-1)

For an ensemble of identical isolated fluorophores A, the fluorescence emission
follows the decay of the excited states:
𝑡𝑡

𝐼𝐼𝑓𝑓 (𝑡𝑡) ∝ 𝐴𝐴∗ (𝑡𝑡) = 𝐴𝐴0 𝑒𝑒 −𝜏𝜏

(1.4.1-2)

where 𝐴𝐴∗ is the concentration of excited states, 𝐴𝐴0 the initial concentration created by
the excitation pulse, and 𝜏𝜏 is the excited-state lifetime. For a system of fluorophores
emitting at different wavelengths, the TRF at the respective emission wavelengths
measures, in principle, the transient concentrations of the different fluorophores. In
addition, kinetics of energy transfer can be determined by TRF. For example, for two
fluorophores, A and B, coupled by reversible energy transfer, the kinetics is determined by four rate constants:
𝐴𝐴∗

𝑘𝑘𝑎𝑎

𝑘𝑘𝑎𝑎𝑎𝑎
𝐵𝐵∗
𝑘𝑘𝑏𝑏𝑏𝑏
𝑘𝑘𝑏𝑏

(1.4.1-3)

𝑘𝑘𝑎𝑎𝑎𝑎 and 𝑘𝑘𝑏𝑏𝑏𝑏 are the forward and reverse EET rate constants, and 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑏𝑏 are the
excitation decay rate constants in the absence of EET. The latter are determined simply
from the fluorescence lifetimes of A and B (measured separately):
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𝑘𝑘𝑎𝑎 =

1
1
, 𝑘𝑘𝑏𝑏 =
𝜏𝜏𝑎𝑎
𝜏𝜏𝑏𝑏

(1.4.1-4)

The kinetic system can be fully solved by TRF measurements at the wavelengths
of emission of A and B, which follow the time-dependent excited-state concentrations
𝐴𝐴∗ and 𝐵𝐵∗ . Actual photosynthetic complexes have significantly more intricate kinetics
that is solved by model fitting, as will be described in section 3.3.4.
Time-correlated single-photon counting

Time-correlated single-photon counting (TCSPC) is the detection of single photons, and the measurement of their arrival times with respect to a reference signal,
usually the excitation light source. The method uses excitation pulses of very low
power and high repetition rate, so that fluorophores are excited no more than once
during a single pulse, and the probability of detection of single emitted photon of fluorescence in one signal period is much less than one. Therefore, the detection of several
photons can be neglected. The detector signal consists of a train of pulses — each pulse
due to the detection of an individual emitted photon is timed with respect to the excitation pulse and a histogram of the frequency distribution of photon emission times is
generated. The latter is a digitized form of the fluorescence decay curve (e.q. (1.4.1-1)).
A schematic diagram of TCSPC detection is shown in Figure 8. In the conventional
configuration, laser pulses detected by fast constant fraction discriminator (CFD) are
directed to the start input of a time-to-amplitude converter (TAC), which initiates
charging of a capacitor. Meanwhile, laser pulses excite the sample and the emitted
photons generate a detector pulse, which, via another CFD, stops the charging ramp
in the TAC. Using CFDs gives accurate timing of the pulses irrespective of their original amplitude. The TAC operates as a stopwatch, generating signal amplitude proportional to the time elapsed between the start and the stop events. The time value is
digitized by the analogue-to-digital converter (ADC) and stored in the appropriate
time channel of the histogram.
Start in

CFD
TAC

Stop in

ADC

Data
reading

CFD

Figure 8. Schematic diagram of TCSPC detection system adapted from Picoquant technical notes [137]. CFD
– constant fraction discriminator, TAC – time-to-ampliltude converter, ADC – analogue-to-digital converter.

TCSPC is very efficient and accurate for several reasons. The accuracy of the time
measurement is not limited by the width of the detector pulse. Thus, the time resolution is much better than if the same detector is used in front of an oscilloscope or another linear signal acquisition device. Another important advantage is the
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extraordinary high dynamic range and signal-to-noise ratio of TCSPC due to its inherently digital nature (counting photons). As a result, TCSPC measurements can simultaneously follow many parallel decay processes occurring over a wide range of
timescales. Furthermore, the method is highly sensitive and able to resolve fluorophores at very low concentrations (absolute or relative to other fluorophores). Conversely, a limiting factor of the technique is that it only detects fluorescent states, while
many important intermediate states in the energy and electron-transport chain are
non-fluorescent. TCSPC has also limited time resolution, in the range of several ps,
and different time-resolved spectroscopy techniques are necessary to resolve any
faster processes.
1.4.2 Transient absorption spectroscopy
Transient absorption (TA) spectroscopy is a pump–probe technique, wherein a relatively strong pump pulse creates a non-equilibrium state in the sample, and the induced absorbance change is measured by a subsequent weak probe pulse (Figure 9).
In such experiments it is presumed that the probe pulse does not appreciably alter
the sample state. By varying the time interval 𝑡𝑡 between the pump and probe pulses,
we can follow the time course of the differential absorption:
𝛥𝛥𝛥𝛥(𝑡𝑡) = 𝐴𝐴(𝑡𝑡) − 𝐴𝐴𝑡𝑡=∞ ,

(1.4.2-1)

where 𝐴𝐴(𝑡𝑡) is the absorbance measured at probe pulse delay 𝑡𝑡 and 𝐴𝐴𝑡𝑡=∞ is the groundstate absorbance measured without a preceding pump pulse.
t
pump

probe

Detector
k1

ksig

k2
Sample

Figure 9. Scheme of pump–probe transient absorption spectroscopy. The output from an ultrashort-pulse laser
is split into two beams, pump and probe. The probe pulse trains are delayed, and the two beams are focused
on the sample at different incident angles. The transmitted probe beam is detected by a wavelength-sensitive
detector. Adapted from [138].

The maximal time resolution of the measurement is mainly defined by the temporal widths of the laser pulses. However, since ultrashort pulses are necessarily broad
in frequency domain (per the Fourier transform limit), there is a trade-off between time
resolution and the ability to selectively excite optical transitions. It is common to use
spectrally broad probe pulses and disperse the transmitted probe beam with a spectrograph onto an imaging detector, thus obtaining time-dependent differential absorption spectra Δ𝐴𝐴(𝜆𝜆, 𝑡𝑡).
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In the framework of the theory of nonlinear spectroscopy [139], the TA signal reflects
the third-order optical response of the sample. The signal is an electromagnetic field with
wave vector 𝑘𝑘�⃗𝑠𝑠𝑠𝑠𝑠𝑠 created by interaction of the sample with the pump and probe laser

fields (𝑘𝑘�⃗1 and 𝑘𝑘�⃗2 , respectively) and emitted in the direction of the probe. This phasematching condition (e.q. 1.4.2-2) dictates that the sample interacts twice with the pump
and once with the probe field.
𝑘𝑘�⃗𝑠𝑠𝑠𝑠𝑠𝑠 = 𝑘𝑘�⃗1 − 𝑘𝑘�⃗1 + 𝑘𝑘�⃗2 ,

(1.4.2-2)

In general, several processes contribute to Δ𝐴𝐴:
• ground-state bleaching (GSB) — as the pump pulse produces excited states in the
sample, the concentration, hence absorbance, of molecules in the ground state
decreases, resulting in negative ΔA;
• stimulated emission (SE) from the excited state induced by the probe pulse also
produces negative ΔA signal;
• excited-state absorption (ESA) — the probe pulse may induce optically allowed
transitions from the excited states to higher excited states, resulting in positive
ΔA signal.
TA has an advantage compared to TRF in that it detects also non-fluorescent molecules, states and the absorption changes are sensitive to both changes in the ground
state and the excited state. However, the method is generally less sensitive, has lower
dynamic range, typically requires higher sample concentrations and excitation laser
power, which can lead to a variety of artefacts, for example from higher-order nonlinear responses.
1.4.3 Two-dimensional electronic spectroscopy
General principles

We can regard two-dimensional electronic spectroscopy (2DES) as an extension of
pump–probe spectroscopy that spectrally resolves not only the state of the system at
the time of detection but also the initially excited states. Hence, 2DES has advantage
over conventional pump–probe spectroscopy providing separate spectral information
of donor and acceptor molecules involved in the EET process [140,141]. A 2D spectrum
correlates two frequencies, or wavelengths — excitation frequency (ω1) and detection frequency (ω3), in a manner analogous to 2D-NMR spectroscopy, from which 2DES borrows its basic principles [142].
In simplified terms, the 2D signal intensity at excitation frequency ω1 and detection
frequency ω3 reflects the conditional population of excited states absorbing at ω3, if the
initially excited states are ones absorbing at ω1. The principle is illustrated in Figure 10,
which schematically represents the 2D spectrum of two coupled electronic transitions,
A and B.
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Figure 10. Schematic illustration of the two-dimensional spectrum of two coupled electronic transitions. Diagonal peaks appear at the absorption frequencies of the two transitions and cross-peaks reflect their coupling.

The diagonal peaks at ω1 = ω3 = ωA and ω1 = ω3 = ωB reflect the A and B transition
energies. The cross-peaks at ω1 ≠ ω3 indicate electronic coupling between transitions.
The cross-peak at ω1 = ωA, ω3 = ωB indicates that after initial excitation of the A level,
the system can be found in state B, i.e. EET from A to B. As in conventional pump–
probe spectroscopy, 2D spectra are recorded at different delay times between the excitation (pump) and detection (probe) pulses, following the time evolution of the system. The time course of the cross-peak intensity follows EET and the decay of the signal
over time indicates relaxation to the ground state. The 2D spectra contain all information recorded by conventional transient absorption spectroscopy — in fact, the projection-slice theorem holds that the 2D spectrum integrated over ω1 is identical to the
pump–probe transient absorption spectrum obtained with the same laser pulses [142].
In addition, 2DES offers several crucial advantages. By correlating the donor and acceptor frequencies, 2DES enables better understanding of the EET pathways. In complex many-chromophore systems such as photosynthetic pigment–protein complexes,
TA spectroscopy results can often be described with several different kinetic models.
In contrast, it can be proven that the 2DES spectra offer a unique solution, provided
that all states are spectrally resolved. Another advantage of time-domain Fourier
transform 2DES is that it can circumvent the Fourier transform limit because it can still
obtain spectral resolution with short, spectrally broad pulses (vide infra).
The 2D spectrum also provides valuable information about the fundamental inhomogeneous/homogeneous lineshapes of the transitions. Inhomogeneously broadened
absorption bands (due to static disorder) result in 2D peaks elongated along the diagonal, since the excitation and detection frequencies are correlated. The ratio of the diagonal width to the anti-diagonal width of the 2D peak reflects the inhomogeneous vs.
homogeneous (lifetime) line broadening. Spectral diffusion, i.e. random thermal fluctuations of the transition energies, cause the diagonal elongation to disappear over time
as the system loses memory of the initial excitation frequency. Thus, 2DES, similar to
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other photon echo techniques reveals spectral diffusion by measuring the frequencyfrequency correlation function over time [143,144].
Time-domain Fourier transform 2D spectroscopy

2DES is a third-order nonlinear [145,146] optical spectroscopic technique, that
measures a frequency–frequency correlation map, linking the electronic excited state
frequencies of coupled transitions. The most commonly used 2DES employs a sequence of three ultrashort (spectrally broad) laser pulses, effectively splitting the
pump pulse of a pump–probe experiment into two time-delayed interactions with the
sample. The pulse sequence is shown in Figure 11.

t1

φ1

t2

Tw

t3

φ2

Figure 11. Pulse sequence in 2DES — two “pump” pulses at defined coherence time t1 and phase followed by
a third pulse (“probe”) after waiting time Tw.

The sample interacts once with each pulse field — the first pulse creates coherence
between the ground state and an electronic excited state. If the second pulse at time
delay t1 is in phase with the coherent oscillation, it creates population. The third
(probe) pulse causes the emission of a photon echo signal, which will generally oscillate
in time t3 with the same frequency as the initial excitation frequency. However, during
the waiting time Tw, the system may undergo changes, or population transfer to a different state, causing a frequency shift of the echo signal. In this respect 2DES is similar
to three-pulse photon-echo peak shift spectroscopy.
The photon echo signal, in time domain, is a function of all three time delays, and
is equated with the third-order polarization. A detailed description is given in
Mukamel [139] and Hamm and Zanni [142]. The frequency-domain 2D electronic spectrum is the Fourier transform of the detected signal with respect to 𝑡𝑡1 and 𝑡𝑡3 at a fixed
waiting time 𝑇𝑇𝑤𝑤 [140,145]:
∆𝑆𝑆(𝜔𝜔1 , 𝑇𝑇𝑤𝑤 , 𝜔𝜔3 )

(1.4.3-1)

where 𝜔𝜔1 and 𝜔𝜔3 are the conjugate Fourier frequencies of 𝑡𝑡1 and 𝑡𝑡3 and ∆𝑆𝑆 is the change
in the spectrum detected at frequency 𝜔𝜔3 and caused by excitation at frequency 𝜔𝜔1 .
In practice, Fourier transformation with respect to t3 is done physically by a spectrometer (diffraction grating), because the detector is not fast enough to detect the rapidly oscillating electronic coherence in time domain. Transformation with respect to t1
is done numerically after sweeping over a range of t1 values.
23

1 INTRODUCTION

Phase cycling

The third-order 2D echo signal must be separated from all other background signals, including the interacting laser pulses and other responses, such as transient absorption. There are generally two approaches to this purpose — phase matching and
phase cycling [142]. The former relies on the fact that different signals are emitted in
different phase-matching directions if the interacting pulses are noncollinear — as in
the so-called “boxcars” geometry 2DES [147]. If the interacting pulses are collinear or
partially collinear, as in pump–probe TA spectroscopy experiments (Figure 9), the signal must be isolated from the background by phase cycling [138,148]. In phase cycling,
we take advantage of the phase dependence of the 2D signal. Data are collected at
different relative phases of the first two pulses Δ𝜑𝜑 = 𝜑𝜑2 − 𝜑𝜑1 . In all experiments presented in this work, a two-phase cycling scheme was used:
∆𝐼𝐼 = 𝐼𝐼𝛥𝛥𝛥𝛥=0 − 𝐼𝐼𝛥𝛥𝛥𝛥=𝜋𝜋

(1.4.3-2)

Oscillations of the 2D signal in time t1 appear out of phase for the two measurements, while background signals (the laser field and the TA) remain the same and
hence vanish upon subtraction.
Phase cycling can also be used to record the 2D signal in the rotating frame [142]. If
the phase difference is changed with time, such that Δ𝜑𝜑′ = Δ𝜑𝜑 + 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 𝑡𝑡1 , the phase-dependent 2D signal will shift from its intrinsic resonant frequency 𝜔𝜔0 to 𝜔𝜔1 = 𝜔𝜔0 − 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 .

In the full rotating frame 𝜔𝜔𝑟𝑟𝑟𝑟𝑟𝑟 = 𝜔𝜔0 , so 𝜔𝜔1 = 0 and the signal no longer oscillates. The

advantage of using (partial) rotating frame is that the t1 sampling frequency and hence
number of data points can be substantially reduced without under-sampling.
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2 AIMS
2.1 Main aims of the thesis
LHCII plays a central role in dispatching the captured photon energy to the RCs,
balancing the operation of PSII and PSI and dissipating the excess energy. These functions are based on and controlled by intermolecular interactions of LHCII in the
thylakoid membrane, and the innate structural flexibility of the complex, such that,
depending on the molecular environment, LHCII can assume different structural and
functional states. The general aim of this thesis work is to clarify the changes in the
molecular and excitonic structure of LHCII that are incurred by interactions with its
environment, and how these changes affect the excitation energy transfer within the
complex, and between LHCII and other pigment–protein complexes in the membrane. This main aim can be divided into the following goals:
1. One way to study isolated intrinsic membrane proteins is to extract them by using
detergents that replace the native hydrophobic environment. Detergent solubilisation of LHCII brings about CD changes in the visible region, possibly indicating
altered structure. We aimed to identify the origin of the spectral CD changes observed when LHCII is placed in different molecular environments, and to determine the correlation between these CD changes and underlying exciton
interactions.
2. A complete calculation of the electronic structure of LHCII from first quantum principles, is not available. It is difficult to assign molecular entities in LHCII to spectral
features, e.g. bands in the CD spectrum. ACD of macroscopically oriented molecules can in principle alleviate this problem by separating excitonic transitions
based on the orientation of the respective dipole moments. Therefore, we aimed to
determine the orientation dependence of the pigment excitonic transitions of isolated LHCII by recording and comparing isotropic and anisotrorpic CD spectra.
3. The excited-state lifetime of Chls in LHCII is also sensitive to the molecular environment – for example detergent removal promotes excitation quenching, and
quenched LHCII aggregates have been used as a model of NPQ in vivo. However, it
has been argued that quenching in artificial aggregates could be a result of unspecific interactions between the complexes that do not occur in the native membrane.
Our aim was to extract qualitative and quantitative information on the fluorescence quenching in LHCII in different molecular environments.
4. Despite the wealth of literature data, there seems to be no complete consensus on
the dynamics and pathways of EET in LHCII, particularly in the manifold of Chl a
exciton states. This uncertainty partly stems from the large spectral overlap between
Chl a states. Excitation energy equilibration lasts only a few hundred femtoseconds;
however, several studies have reported components of up to tens of picoseconds.
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Employing the presently most informative spectroscopic method to study EET,
2DES, we can determine the kinetics of EET between different Chls in LHCII and
test how it is affected by the molecular environment.
5. Following equilibration within and between the antenna complexes, excitation energy needs to be transferred to the RC for photochemistry to occur. In the chloroplast thylakoid membranes LHCII contacts both PSII and PSI. The interactions of
LHCII and PSI, and the energetic exchange between them were studied in reconstituted membranes to evaluate the capability of LHCII to function as a light-harvesting-antenna of PSI.
6. To successfully model the EET dynamics of the multicomplex LHCII–PSI, we need
to gain a more detailed understanding of the kinetics of EET and charge separation of isolated PSI. To this end we employed TRF spectroscopy and 2DES.

2.2 Specific tasks
1. Compare the CD spectra of isolated LHCII in different environments — in detergent
micelles, small aggregates, in polymer gels, in native and reconstituted lipid membranes, and crystals — to correlate different intermolecular interactions and CD
spectral changes.
2. Record anisotropic CD spectra of macroscopically oriented isolated LHCII to decompose the CD spectra into contributions from differently oriented excitonic transitions.
3. Investigate the effects of intermolecular interactions of LHCII on the fluorescence
yield and excitation lifetime by steady-state and TRF spectroscopy of isolated LHCII
in detergent, gel, crystals and reconstituted membranes of different lipid:protein ratios.
4. Investigate the dynamics of EET in isolated LHCII by TRF spectroscopy and 2DES.
5. Compare the kinetics of EET and charge separation of isolated plant PSI core complexes and PSI–LHCI supercomplexes by TRF and 2DES.
6. Investigate the efficiency and dynamics of EET between LHCII and PSI in reconstituted membranes of different LHCII:PSI stoichiometry by steady-state and TRF
spectroscopy.
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3 MATERIALS AND METHODS
3.1 Sample preparation
3.1.1 Plant materials
Pea (Pisum sativum), spinach (Spinacia oleracea), and Arabidopsis (Arabidopsis thaliana) wild type and mutant aba4
3.1.2 Isolation of thylakoids from neoxanthin-deficient plants
Thylakoid membranes of the Nx-deficient mutant of Arabidopsis aba4 were prepared from fully expanded leaves using the method described in [149] with slight
modifications. Control samples were prepared from wild type (Columbia) plants.
Buffers
B1: 0.4 M sorbitol, 20 mM tricine, 10 mM EDTA, 10 mM NaHCO3, 0.1% BSA,
pH 8.4
B2: 0.33 M sorbitol, 10 mM tricine, pH 7.5
B3: 20 mM tricine, 5 mM MgCl2 and 5 mM KCl, pH 7.5
B4: 0.4 M sorbitol, 20 mM tricine, 5 mM MgCl2, 5 mM KCl, pH 7.5
Procedure
1. Chop and homogenize leaves with ice-cold B1
2. Filter through two layers of cheesecloth and centrifuge (4000 g, 5 min, 4 °C)
3. Resuspend the pellet in B2 and centrifuge (4000 g, 10 min, 4 °C)
4. Incubate the pellet with small amount of B3 (2–3 ml) for short time
5. Centrifuge for 10 min at 4000 g and resuspend the pellet in B4
3.1.3 Isolation of LHC-enriched membranes
Pea seedlings were grown hydroponically in ¼ strength Knop’s solution (6.1 mM
Ca(NO3)2, 1.8 mM KH2PO4, 2.1 mM MgSO4, 1.7 mM KCl, FeCl3, pH 6.5) in darkness for
six days and then exposed to normal daylight after adding 250 mg/l lincomycin to the
growth medium. Thylakoid membranes were isolated from two-week-old plants according to Lambrev et al. [48].
Buffers
B1: 20 mM tricine 0.4 M sorbitol, 5 mM MgCl2, 5 mM KCl, pH 7.5.
B2: 20 mM tricine, 5 mM MgCl2, 5 mM KCl, pH 7.5.
B3: 20 mM tricine, pH 7.5
Procedure
1. Homogenize dark-adapted leaves with ice-cold B1
2. Filter the slurry through four layers of cheesecloth or nylon mesh
3. Centrifuge to remove the debris (200 g, 2 min, 4 °C)
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4.
5.
6.
7.

Discard the white pellet; centrifuge the supernatant (4000 g, 5 min, 4 °C)
Resuspend the pellet in B2 and centrifuge (7000 g, 5 min, 4 °C)
Finally, resuspend the pellet in B1
To unstack thylakoids, resuspend the pellet in B3 and centrifuge at 7000 g for 5
min. Repeat the process at least three times

3.1.4 Isolation of PSII-enriched membranes
PSII-enriched membrane fragments (BBYs) were isolated from pea seedlings or spinach leaves following the protocol of Dunahay et al. [150].
Buffers

B1: 0.4 M NaCl, 2 mM MgCI2, 0.2% BSA, 20 mM tricine, pH 8.0
B2: 0.15 M NaCl, 5 mM MgCI2, 0.2% BSA, 20 mM tricine, pH 8.0
B3: 15 mM NaCl, 5 mM MgCI2, 20 mM HEPES, pH 7.5
B4: 15 mM NaCl, 5 mM MgCI2, 20 mM HEPES, 0.4M sucrose, pH 7.5
Procedure
1. Grind deveined leaves in ice cold B1
2. Filter through four layers of cheesecloth, centrifuge out debris (300 g, 1 min)
3. Centrifuge the supernatant to pellet broken chloroplasts (4000 g, 10 min, 4 °C)
4. Wash the pellet once in B2
5. Resuspend the pellet in B3 plus Triton X-100 at Triton:Chl = 25:1, at final Chl
concentration 2 mg/ml
6. Incubate the suspension for 25 min at 4°C and centrifuge (3500 g, 5 min, 4 °C)
7. Discard the white pellet and centrifuge the supernatant (40000 g, 30 min, 4 °C)
8. Resuspend the pellet in B4, store at −80 °C
3.1.5 Isolation of LHCII
LHCII was isolated from PSII-enriched membrane fragments according to the protocol
described in Caffarri et al. [151].
Buffers
B1: 20 mM tricine, 5 mM EDTA, pH 7.5
B2: 20 mM tricine, pH 7.5
Sucrose gradient: 0.4 M sucrose, 10 mM tricine, 0.06% n‐dodecyl‐α/β‐D‐maltoside
(α/β DM), pH 7.5. Gradients are prepared in 12 ml tubes by freezing the solution at
−20°C and slowly thawing at 4 °C.
Procedure
1. Wash BBYs in B1, resuspend to 0.5 mg/ml Chl in B2
2. Add 0.7% β-DM/α-DM dropwise and incubate the suspension for 15 min on ice
with continuous stirring to solubilise the membrane fragments
3. Centrifuge at 10,000 g for 15 min to remove unsolubilised material
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4. Load the supernatant on sucrose gradients
5. Centrifuge at 200,000 g for 16–20 h and 4 °C in a swing-out rotor
6. Collect the green bands containing LHCII trimers, concentrate (30 kDa cutoff
Amicon filters, Millipore), freeze in liquid nitrogen and store at −80 °C until use
Preparation of LHCII aggregates
1. Dilute LHCII trimers with B1 to 10–20 μg/ml Chl content
2. Add 80–100 mg/ml absorbing beads (Bio-Beads SM-2, Bio-Rad) and stir continuously for 2–3 h to remove the detergent
For ACD measurements, lamellar aggregates of LHCII were prepared from spinach leaves according to Simidjiev et al. [152]
Detergent washing
To remove the detergent from LHCII without allowing any protein aggregation,
the method of Ilioaia et al. [153] was used.
1. Prepare polyacrylamide gel (5%) strips of 1.5 mm thickness containing the detergent–LHCII solution in a Hoefer Dual gel-caster
2. Incubate the gel for 2 h under vigorous shaking in 100-fold volume of detergentfree 20 mM Tricine buffer (pH 7.5)
3. Incubate the gel in buffer containing 0.03% β-DM for control
3.1.6 Isolation of PSI and LHCI
PSI–LHCI complexes were isolated using PSI-enriched stroma membranes as starting material. PSI-enriched stromal membranes were isolated by digitonin digestion of
pea chloroplast membranes, followed by differential centrifugation as in Peters et al.
[154] with small modification.
Buffers
B1: 0.3 M sorbitol, 50 mM tricine, 25 mM NaCl, 25 mM KCl, 5 mM MgCl2, pH 7.8
B2: 0.5 M sucrose, 40 mM tricine, 50 mM NaCl, 50 mM KCl, pH 7.8
B3: 30 mM MgCl2, pH 7.8
B4: 0.25 M sucrose, 20 mM tricine, 25 mM NaCl, 25 mM KCl, 5 mM MgCl2, pH 7.8
B5: 5 mM KOH, 2.5 mM KH2PO4, 20 mM NaCl, 20 mM KCl, 5 mM MgCl2, pH 7.8
Isolation of stromal PSI-vesicles
1. Homogenize the leaves in ice-cold B1
2. Filter the homogenate through eight layers of cheesecloth, centrifuge (300 g, 2
min)
3. Resuspend the pellet in very small amount of cold buffer B2 for very short time
and then add equal volume of B3
4. Centrifuge for 2 min at 3500 g, resuspend the pellet in B4 to 2 mg/ml Chl.
5. Add 0.2 % (w/v) digitonin to the thylakoids at 1:1 digitonin/Chl weight ratio
6. Stir for 40–60 min in dark at 4 °C
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7. Dilute 3-fold in B4 and centrifuge for 30 min at 10,000 g and discard the pellet
8. Centrifuge the supernatant (120,000 g ,1 h, 4 °C) and resuspend the pellet in B5
Purification of PSI–LHCI
PSI-enriched vesicles, with Chl a/b ratio of 9–10, were further purified by sucrose
density gradient ultracentrifugation as follows:
1. Resuspend PSI stromal membranes at Chl concentration of 1 mg/ml
2. Incubate the suspension with detergent (1% β-DM) for 20–25 min at 4 °C
3. Load on the sucrose gradients (same as LHCII) and centrifuge in a swing-out
rotor (200,000 g, 20 h, 4 °C)
4. Collect the green bands containing PSI–LHCI, concentrate (30 kDa cutoff
Amicon filters, Millipore), characterize and store at −80 °C until use.
Separation of LHCI and PSI core complexes
LHCI and PSI core complexes were isolated by further solubilisation of the β-DM
purified PSI–LHCI supercomplexes.
1. Resuspend PSI–LHCI at about 0.3 mg/ml Chl and solubilise with 1% β-DM and
0.5% Zwittergent-16 under continuous stirring (30 min, 4 °C)
2. Freeze rapidly in liquid nitrogen and slowly thaw to improve the detachment
between PSI core and LHCI. Repeat freeze and thaw for at least 5 times
3. Load on the sucrose gradient, centrifuge in a swing-out rotor (200,000 g, 18–22 h)
4. Collect the fractions of the gradient containing PSI core and LHCI, concentrate
with 30 kDa cutoff Amicon filters (Millipore), store at −80 °C until use
The purity of the PSI core preparations was evaluated by their Chl b content (<
0.4%) and Lhca1 content (western blot analysis). From the analysis, we estimated a
stoichiometry ratio of < 0.2 LHCI subunits per PSI core.
3.1.7 Preparation of proteoliposomes
Isolated complexes were reconstituted into large unilamellar lipid vesicles (liposomes) using a method based on Yang et al. [155].
Preparation of liposomes

Liposomes were prepared from egg, dimyristoylphosphatidylcholine (DMPC),
phosphatidylcholine (PC) or mixtures of plant thylakoid lipids.
1. Prepare chloroform:methanol solution mixture of isolated plant thylakoid lipids
monogalactosyldiacylglycerol (MGDG), digalactosyldiacylglycerol (DGDG),
phosphatidylglycerol (PG), and sulfoquinovosyldiacylglycerol (SQDG) (Lipid
product, UK; Avanti Polar Lipids, USA) at a molar ratio of 5:3:1:1
2. Dry the chloroform:methanol lipid mixture slowly by using a vacuum rotatory
evaporator to form a thin lipid film on the wall of a round-bottom glass vial
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3. After completely drying the solvent, hydrate the lipid film with a buffer containing 10 mM Tris-HCl (pH 7.8) and 10 mM NaCl (henceforth called reconstitution buffer) to a total lipid concentration of 5 mg/ml
4. Vortex the suspension at RT for 40 min to form multilamellar lipid vesicles
5. Subsequently subject the suspension to 10 cycles of freezing and thawing, and
then extrude by passing 10 times through a 100-nm pore membrane (Mini-Extruder, Avanti Polar Lipids, USA) to form large unilamellar vesicles
Reconstitution into liposomes

1. Add 0.05% (w/v) detergent (α/β-DM) to the preformed liposomes
2. Add protein to the desired lipid:protein ratio dropwise while vortexing. In case
of LHCII, the lipid:protein ratio was estimated taking into account 14 Chls per
monomer, and in case of PSI 156 Chl per complex
3. Incubate the lipid–protein mixture at RT for 30 min in dark
4. Add absorbent beads (Bio-Beads SM2, Bio-Rad, USA) to the mixture (80 mg/ml);
then incubate at RT for 40–60 min
5. Replace the beads with fresh ones and incubate the mixture overnight at 4 °C
For preparing PSI–LHCII membranes, purified solubilised LHCII and PSI–LHCI
were mixed at molar Chl ratios of LHCII/PSI equal to 0.26, 0.52 and 0.78 — equivalent
to approximately one, two and three LHCII trimers per PSI, respectively. The lipid:protein ratio was calculated (450:1) taking into consideration only PSI–LHCI Chls. The rest
was the same as described above.

3.2 Biochemical analyses
3.2.1 Lipid:protein estimation
DiI (lipophilic fluorescent dye, also called DiIC18(3) or 1,1′-dioctadecyl-3,3,3′,3′tetramethylindocarbocyanine perchlorate) (Invitrogen, USA) was used as a probe to
estimate the lipid:protein ratio in reconstituted proteoliposomes. DiI was added to the
mixture at a lipid:dye ratio of 125:1. Proteoliposome fractions of different density and
lipid:protein ratios were separated by density gradient ultracentrifugation.
1. Prepare discontinuous (step) gradients by adding 2 ml layers of 7, 14, 21, and
28% Ficoll 400 (GE Healthcare, USA) dissolved in reconstitution buffer (10 mM
Tris-HCl (pH 7.8) and 10 mM NaCl)
2. Load the proteoliposome sample on the gradient, and centrifuge for 18 hours at
200,000 g at 4 °C
3. Collect coloured band fractions (four to five) containing proteoliposomes of different densities with a syringe
The molar concentration of Chl (a+b) and DiI in the LHCII proteoliposome fractions
was estimated from the measured absorbance at 553 nm (DiI absorption maximum)
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and 674 nm (Chl absorption maximum). Absorption spectra of DiI-liposomes and
LHCII-liposomes (without DiI) of known concentration were used as reference. The
lipid:protein ratio was then calculated assuming a fixed lipid/DiI and Chl/LHCII ratios
(125 and 14, respectively).
3.2.2 Pigment composition
The Chl and Car content of all samples (thylakoid membranes, BBY particles, purified complexes, reconstituted membranes) were determined spectrophotometrically
from 80% acetone extract using the following protocol:
1. Dilute the sample in 80% acetone and incubate for 5 min in dark (3–4 repetitions)
2. Centrifuge for 3 min at 10,000 g to pellet the protein fraction
3. Measure absorbance of the acetone extracts at λ= 646.6 nm, 663.6 nm and
470 nm, taking into consideration the scattering of the light (absorbance value
at 750 nm) and calculate the average values for different repetitions
4. Calculate Chl and Car concentrations using absorption coefficients from Porra
[156]:
o Chl a (mg/ml) = (12.25*A663.6 − 2.55*A646.6) * f /1000
o Chl b (mg/ml) = (20.31*A646.6 − 4.91*A663.6) * f /1000
o Chl a + Chl b (mg/ml) = (7.34*A663.6 + 17.76*A646.6) * f /1000
o Chl a / Chl b = (13.71*A663.6 − 2.85*A646.6) / (22.39*A646.6 − 5.42*A663.6)

The pigment composition of thylakoid membranes was determined by reversedphase high-performance liquid chromatography (HPLC). Pigments were extracted
with 100% acetone. Samples were centrifuged, and the extracts were passed through a
PTFE 0.2 µm pore size syringe filter. Pigments were separated using a 4.6×250 mm
ReproSil-Pur Basic RP-18 column with 5 µm particle size (Dr. Maisch, Ammerbuch,
Germany) and a Shimadzu LC-20 HPLC system. The acetone extract (20 μl) was injected to the column and the pigments were eluted by a linear gradient from acetonitrile, water, and triethylamine (9:1:0.01) to ethylacetate. The gradient was run from 0
to 25 min at a flow rate of 1 ml/min.
3.2.3 Freeze-fracture electron microscopy
For the freeze-fracture and electron microscopy of reconstituted membranes, the
sample suspension was deposited onto a gold sample holder and flash-frozen in partially solidified Freon. Fracturing was performed at −100 °C in a freeze-fracture device
(BAF 400D, Balzers AG, Liechtenstein), and the surface was etched at −110 °C. Replicas
were prepared by platinum-carbon shadowing, placed on copper grids and examined
in a Morgagni 268D (FEI, The Netherlands) transmission electron microscope.
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3.2.4 Dynamic light scattering
The average size and size distribution of the sample components were measured
by a W130 dynamic light scattering apparatus (AvidNano, United Kingdom). After
appropriate dilution, 80 μl of the samples were loaded into microcuvettes and thermostated to 25 °C for the measurement. The analysis of the data was performed with the
i-Size software supplied with the instrument.
3.2.5 Absorption and CD spectroscopy
Absorption spectra were recorded using Evolution 500 dual-beam spectrophotometer (Thermo Scientific, USA). CD spectra were recorded with a J-815 (Jasco, Japan) or
a Chirascan (Applied Photophysics, UK) spectropolarimeter. Absorption and CD spectra were recorded with spectral bandwidth of 1 nm and 3 nm, respectively, or better.
Measurements were carried out at RT, in standard glass cuvettes with optical path
length of 1 cm. Samples were diluted to an absorbance of 1.0 at the red maximum.
3.2.6 Linear dichroism and anisotropic circular dichroism spectroscopy
Linear dichroism (LD) and ACD spectra were recorded from macroscopically
aligned samples. Different methods for achieving sample orientation were used, depending on the type of material — magnetic alignment, polyacrylamide gel compression or surface supported drying.
Magnetic alignment

Thylakoid membranes were oriented by placing the sample in a magnetic field (1.5
T) parallel to the measuring light. Due to their diamagnetic susceptibility anisotropy,
planar membranes tend to align, so that beam is orthogonal to the membrane plane.
Using the same magnetic field, magnetic CD was measured. To separate magnetic CD
from constitutive CD, two measurements were performed reversing the magnetic field
direction.
Polyacrylamide gel compression

To obtain the orientation of relatively smaller pigment–protein complexes LHCII,
samples were trapped in polyacrylamide (PAA) gel. The gel containing 5% acrylamide:bis-acrylamide (30:1) was polymerized with 0.2% ammonium persulfate and
0.2% N,N,N′,N′-Tetramethylethylenediamine (TEMED) on ice. The polymerization
time was about 15–20 min. The orientation was then done by compressing the gel along
one dimension while allowing it to expand along the other two dimensions. The compression factor was 1.6, causing the vesicles’ diameter to squeeze to half of the original
size (Figure 12). Orientation was tested by LD measurements.
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Surface supported drying

Membrane suspensions were deposited on quartz glass surface, and gradually
dried under N2 gas stream to form thin dry films on the glass surface. This method
promotes vesicle fusion into flat membrane patches with the lipid bilayer oriented horizontally on the surface.

Figure 12. Flattening and alignment of vesicles by gel compression for ACD measurements. In face- and edgealigned orientation, the measuring beam propagates in direction parallel and perpendicular, respectively, to
the direction of compression.

3.2.7 Synchrotron CD spectroscopy
UV CD/ACD measurements were performed at the Diamond Light Source B23
Beamline using synchrotron radiations (SR). CD spectra were measured at room temperature in the range 180–260 nm. Liquid suspension samples were placed in quartz
cells with optical path length of 0.2 mm. For the UV ACD measurements, the quartz
plates with LHCII membrane patches were mounted on a motorized translating Lincam stage. The vertical probe beam was focused onto the plate with a microscope objective. In this way, an area of up to 25 mm2 was scanned, sampling the CD spectra
from different spots spaced 1 mm apart.

3.3 Spectroscopic analysis of energy transfer
3.3.1 Steady-state low-temperature fluorescence spectroscopy
For measurements at low temperature, diluted samples were deposited on Whatman glass fibre discs to ca. 0.5 μg Chl cm−2. The filters were then immersed in liquid
nitrogen and transferred to a Dewar vessel filled with liquid nitrogen that was placed
into the measurement chamber of a Fluorolog spectrofluorimeter (Jobin Yvon Horiba).
The fluorescence emission spectra from 600 to 800 nm were recorded at two excitation
wavelengths, 436 nm and 470 nm. The spectral bandwidth was 5 nm and 3 nm excitation and emission, respectively. Excitation spectra were recorded at 680 nm and
730 nm detection wavelengths with excitation from 400 to 600 nm, 3/5 nm excitation/emission bandwidth. Measurements were taken with 1 nm increment and 1 s integration time.
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3.3.2 Time-resolved fluorescence spectroscopy
RT fluorescence decays were measured by TCSPC using a FluoTime 200
instrument (PicoQuant, Germany). The setup shown in Figure 13 is equipped with a
high time-resolution microchannel plate detector (MCP) detector (Hamamatsu R3809U) and a computer-controlled monochromator for measuring time-resolved
spectra.
Computer
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Figure 13. Schematic representation of the TCSPC setup. The laser light path is shown as solid black line and
the electrical path is shown as dashed line.

The source of excitation is a Fianium WhiteLase Micro (NKT Photonics, UK) supercontinuum laser. The laser provides white-light pulses at a repetition rate of
20 MHz. The laser beam passes through an excitation monochromator and optical filter assembly holding a band-pass filter (BP) and attenuating neutral density filters
(ND). The excitation wavelength is 633 nm for all experiments. The beam is then focused onto the sample cell holder in the sample chamber of the FT200 spectrometer.
The fluorescence light was passed through an emission monochromator and detected
by the MCP. The reference signal from the laser is amplified by the PAM 102 amplifier,
passed through a nanosecond delay box, and connected to Channel 0 of the PicoHarp
300 electronic block. The detector signal from the MCP is connected to Channel 1. The
PicoHarp 300 module is slightly different from the conventional TCSPC setup outlined
in 1.4.1, Figure 8. Instead of a TAC/ADC combination, it uses two time-to-digital converter (TDC) logics, one at the sync and one at the detector input, and photon arrival
is timed as a digital difference.
Fluorescence emission was detected through a monochromator at wavelengths between 670 and 750 nm in a 50 ns window with 4 ps time steps. The sample was continuously circulated through a flow cell with 1.5 mm path length to avoid the hitting of
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the same sample portion with the laser pulse repeatedly. The optical density at the
excitation wavelength was 0.02–0.03. The instrument response function (IRF) was
measured under the same optical conditions as the investigated fluorescent sample
using 2% Ludox (colloidal silica) as scattering medium. The width of IRF was 40–50 ps
at the excitation wavelength.
Fluorescence decays acquired at different detection wavelengths were analysed by
a global lifetime fitting routine using a kinetic model and iterative convolution with
the measured IRF. The modelling is described in section 3.3.4.
3.3.3 Two-dimensional spectroscopy
The 2DES measurements were performed using a femtosecond laser system in a
partially collinear pump–probe beam geometry setup. The block diagram of the instrument is shown in Figure 14. Briefly, a commercially available Ti:Sapphire oscillator
(Micra, Coherent) produces seed pulses at average power 0.5 W, centred at 800 nm and
with pulse duration of 40 fs.
The seed pulses are amplified with a chirped-pulse regenerative amplifier (Legend
Elite, Coherent) operating at 1 kHz repetition rate. The major part of the amplified
beam is used to pump a two-stage white-light seeded beta-barium borate (BBO),
home-built optical parametric amplifier (OPA) to yield colour/bandwidth-adjustable
pulses in the visible range. The near-infrared pulses generated from the OPA are frequency-doubled to obtain the excitation pump pulses.
The excitation beam is directed to a linear pulse shaper (Dazzler, Fastlite) utilising
an acousto-optic programmable dispersive filter (AOPDF) to generate the first two collinear interaction pulses at varied coherence time delays t1 and relative phases. The
compressed shaped pump pulses of 50–55 fs (full width half maximum) duration were
attenuated to the required energy per pulse.
The probe pulses, used as the third interaction pulse, are generated from a white
light continuum produced by focusing a small fraction (5%) of the amplified 800 nm
beam through a 2 mm sapphire window. After delaying across the mechanical translation stage, the white light is focused into the sample cell. Part of the white light is used as
a reference beam, using a beam splitter, to correct for intensity fluctuations during the
measurement. The excitation dynamics is recorded by controlling the time delay of the
probe pulse with respect to the second excitation pulse, referred as waiting time Tw,
with a motorized delay stage. The probe beam is spatially overlapped with the pump
beam on the sample, and then focused onto a spectrometer (Acton SP2300, Princeton
Instruments) equipped with a fast CCD array detector (Pixis 100B, Princeton Instruments) to spectrally resolve the signal. To avoid unwanted polarization effects, the polarization angle between the pump and the probe beams was set to 54.7° (magic angle).
Scattered light from the pump pulses was detected, and corrected for, by placing an
optomechanical chopper on the probe path.
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Figure 14. Pulse-shaper-assisted pump–probe geometry 2DES setup. The OPA output pulses are transformed
into pulse pairs by the pulse shaper and focused onto the sample cell. Probe white-light pulses are generated
by focusing the 800 nm beam from the chirped-pulse amplifier onto a sapphire window. An optical chopper
on the probe path is used to correct for scattered light from the pump. A mechanical translation stage controls
the delay (Tw) between the pump and probe pulses. The probe and a reference beam are collimated and focused onto a CCD spectrometer.

Background-free 2D signals were acquired using a 1×2 phase-cycling scheme as
discussed by Zhang et al. [148], in partial rotating frame with a reference frequency
50 THz away from the absorption maximum, so that the signal oscillates along t1 with
a ~20 fs period (Figure 15). The t1 delay was scanned from 0 to 150 fs with increments
of 3 fs steps. The Tw delay between the second excitation pulse and the probe pulse
(population waiting time) was varied from −0.3 to 800 ps, in a logarithmic progression.
Due to the presence of a coherent artefact [157] at short Tw, only 2DES at Tw larger than
150 fs were analysed.

Figure 15. Retrieval of the 2D signal by phase-cycling: t1 dependence of the responses recorded from LHCII
at 680 nm, Tw = 150 fs, pump relative phases 𝜙𝜙0 = 0 and 𝜙𝜙1 = 𝜋𝜋. The difference 𝜙𝜙0 − 𝜙𝜙1 is the 3rd order photon
echo without background signals (e.g. linear and transient absorption).
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All experiments were done at RT. The optical density of the sample was adjusted
to 0.3 at the excitation wavelength. For measurements of PSI, 20 mM sodium ascorbate
and 60 mM phenazine methosulfate was added to ensure rapid recovery of the RC.
Samples were placed in a flow cell with 1 mm optical path length, to ensure that the
pump beam excites different portions of the sample during data collection. Linear absorption spectra were taken before and after measurements to check that sample integrity. Data were analysed by global lifetime analysis described in sections below.
3.3.4 Kinetic data analysis
The excited state kinetics of photosynthetic systems, which are composed of large
number of chromophores with specific kinetic and spectral properties, can be unravelled only if the time-resolved experiments (e.g. fluorescence, transient absorption,
etc.) are conducted over a broad spectral range and time range. These kinds of experiments bring large multidimensional data sets, which are not so simple and straightforward to analyse by conventional tools. Analysis of such data require special techniques
in order to disentangle the underlying kinetic mechanisms. Global lifetime analysis
and target compartmental analysis (kinetic modelling) techniques were used throughout this work. A brief description of these methods follows; more details can be found
in the literature [158,159]. All data analysis was programmed in MATLAB.
Global analysis

Global analysis is a mathematical way to reasonably describe the experimentally
measured kinetics in terms of decay lifetimes. To illustrate the applicability of the analysis, we take as an example a kinetic system of two subsequent states, A and B, that
can represent excited states, and transfer rate constants 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑏𝑏 :
𝑘𝑘𝑎𝑎

𝑘𝑘𝑏𝑏

𝐴𝐴 �� 𝐵𝐵 →

(3.3.4-1)

𝑑𝑑𝑑𝑑
= −𝑘𝑘𝑎𝑎 𝐴𝐴
𝑑𝑑𝑑𝑑
𝑑𝑑𝑑𝑑
= 𝑘𝑘𝑎𝑎 𝐴𝐴 − 𝑘𝑘𝑏𝑏 𝐵𝐵
𝑑𝑑𝑑𝑑

(3.3.4-2)

The time dependence of A and B is given by the system of first-order linear differential equations:

To solve the system, we set the initial conditions (𝑡𝑡 = 0), for example:
𝐴𝐴(0) = 1, 𝐵𝐵(0) = 0

(3.3.4-3)

𝐴𝐴(𝑡𝑡) = 𝑒𝑒 −𝑘𝑘𝑎𝑎 𝑡𝑡
𝑘𝑘𝑎𝑎
(𝑒𝑒 −𝑘𝑘𝑎𝑎 𝑡𝑡 − 𝑒𝑒 −𝑘𝑘𝑏𝑏𝑡𝑡 )
𝐵𝐵(𝑡𝑡) = −
𝑘𝑘𝑎𝑎 − 𝑘𝑘𝑏𝑏

(3.3.4-4)

Generally, the initial concentrations depend on the excitation wavelength. The solution of the system is:
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In this particular case, A decays exponentially and B shows biexponential kinetics
— rise and subsequent decay. The solution (3.3.4-4) can be rewritten in a more general
form:
𝐴𝐴(𝑡𝑡) = 𝑎𝑎1 𝑒𝑒

𝐵𝐵(𝑡𝑡) = 𝑏𝑏1

𝑡𝑡
−𝜏𝜏
1

𝑡𝑡
−
𝑒𝑒 𝜏𝜏1

+ 𝑎𝑎2 𝑒𝑒

+ 𝑏𝑏2

𝑡𝑡
−𝜏𝜏

2

(3.3.4-5)

𝑡𝑡
−
𝑒𝑒 𝜏𝜏2

where 𝜏𝜏1 = 1/𝑘𝑘𝑎𝑎 and 𝜏𝜏2 = 1/𝑘𝑘𝑏𝑏 are lifetimes of the system with amplitudes:
𝑎𝑎1 = 1, 𝑎𝑎2 = 0
𝑏𝑏1 = −𝑏𝑏2 = −

𝑘𝑘𝑎𝑎
𝑘𝑘𝑎𝑎 − 𝑘𝑘𝑏𝑏

(3.3.4-6)

Equation (3.3.4-5) is the general solution to any two-component first-order system.
Next, we will translate the time-dependent species concentrations into measurable
quantities, for example fluorescence. The time and wavelength-resolved fluorescence
emission is given by:
𝐹𝐹(𝜆𝜆, 𝑡𝑡) = 𝑓𝑓𝐴𝐴 (𝜆𝜆)𝐴𝐴(𝑡𝑡) + 𝑓𝑓𝐵𝐵 (𝜆𝜆)𝐵𝐵(𝑡𝑡)

(3.3.4-7)

where 𝑓𝑓𝐴𝐴 (𝜆𝜆) and 𝑓𝑓𝐵𝐵 (𝜆𝜆) are wavelength-dependent species-associated emission spectra
(SAES). Substituting 𝐴𝐴(𝑡𝑡) and 𝐵𝐵(𝑡𝑡) from eq. (3.3.4-5) we obtain:
𝐹𝐹(𝜆𝜆, 𝑡𝑡) = (𝑎𝑎1 𝑓𝑓𝐴𝐴 + 𝑏𝑏1 𝑓𝑓𝐵𝐵 )𝑒𝑒

This can be written as:

𝐹𝐹(𝜆𝜆, 𝑡𝑡) = 𝐴𝐴1 𝑒𝑒

𝑡𝑡
−𝜏𝜏
1

𝑡𝑡
−𝜏𝜏
1

+ (𝑎𝑎2 𝑓𝑓𝐴𝐴 + 𝑏𝑏2 𝑓𝑓𝐵𝐵 )𝑒𝑒
+ 𝐴𝐴2 𝑒𝑒

𝑡𝑡
−𝜏𝜏
2

𝑡𝑡
−𝜏𝜏
2

(3.3.4-8)
(3.3.4-9)

In other words, the fluorescence decay at any wavelength can be described as a
sum of two exponential components with wavelength-dependent pre-exponential amplitudes that are linear combinations of the species emission spectra:
𝐴𝐴1 = 𝑎𝑎1 𝑓𝑓𝐴𝐴 + 𝑏𝑏1 𝑓𝑓𝐵𝐵
𝐴𝐴2 = 𝑎𝑎2 𝑓𝑓𝐴𝐴 + 𝑏𝑏2 𝑓𝑓𝐵𝐵

(3.3.4-10)

Eq. (3.3.4-9) can be extended for an arbitrary system of n components, and to include convolution of the fluorescence decay with the IRF, to obtain the detected signal,
𝜓𝜓(𝜆𝜆, 𝑡𝑡) = 𝐹𝐹(𝜆𝜆, 𝑡𝑡) ∗ 𝐼𝐼(𝑡𝑡):
𝑛𝑛

𝜓𝜓(𝜆𝜆, 𝑡𝑡) = � 𝐴𝐴𝑖𝑖 (𝜆𝜆) �𝑒𝑒 −𝑡𝑡/𝜏𝜏𝑖𝑖 ∗ 𝐼𝐼(𝑡𝑡)�
𝑖𝑖=1

(3.3.4-11)

The pre-exponential terms 𝐴𝐴𝑖𝑖 (𝜆𝜆) are called decay-associated spectra (DAS) or decay-associated emission spectra (DAES).
The goal of the global analysis is to determine the lifetimes and DAS by fitting eq.
(3.3.4-11) to the experimental kinetic traces recorded at different detection wavelengths. If 𝑚𝑚 kinetic traces were to be analysed individually (and not globally), the
number of lifetimes to be recovered by fitting would be equal to 2 ∙ 𝑚𝑚, m times larger
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than the number of lifetimes in the real system. In practice, the fitting was done by
nonlinear least-squares minimization of the reduced χ2 statistics. The efficiency and
robustness of the minimization algorithm (likelihood to find the global minimum) is
vastly improved by treating only the lifetimes as nonlinear parameters. The DAS are
obtained at every iteration step by linear least-squares fit.
The described global analysis approach was extended for 2DES data [160]. In this case,
the assumption is made that the diagonal peaks as well as the cross-peaks in the 2D
spectra follow the kinetics of the excited state population in the system. Then the time
dependence of the absorptive signal Δ𝐴𝐴 at any excitation and detection wavelength
(𝜆𝜆1 , 𝜆𝜆3 ) is described with the same set of lifetimes and corresponding two-dimensional
decay-associated spectra:
𝑛𝑛

Target analysis

𝛥𝛥𝛥𝛥(𝜆𝜆1 , 𝜆𝜆3 , 𝑇𝑇𝑤𝑤 ) = � 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖 (𝜆𝜆1 , 𝜆𝜆3 ) ∙ 𝑒𝑒
𝑖𝑖=1

𝑇𝑇
− 𝜏𝜏𝑤𝑤
𝑖𝑖

(3.3.4-12)

Global analysis can recover the lifetimes in the system, and useful information
about the processes occurring with these lifetimes can be inferred from the DAS. However, the ultimate goal of the experiment is to uncover the full kinetic system, as described in (3.3.4-1), the rate constants, spectra and concentrations of its components
(species). In the special case, where different components in the system are independent from each other, the DAS are identical to the SAS, i.e. they would represent the
species spectra as if they were isolated and then measured individually. However, in the
general case where transfer between components occurs, global analysis does not recover
the species spectra. This is, in principle, possible by kinetic modelling (target analysis),
applying some a priori knowledge of the system. The kinetic scheme (3.3.4-1) and initial excitation conditions (3.3.4-3) may be known or guessed in advance. The remaining task is to determine the rate constants and species spectra, by fitting with imposed
reasonable constraints (parameter bounds). The system of differential equations in matrix form is:
𝒑𝒑̇ (𝑡𝑡) = 𝑲𝑲𝑲𝑲(𝑡𝑡)

(3.3.4-13)

𝒑𝒑(𝑡𝑡) = 𝒑𝒑(0)𝑼𝑼𝑒𝑒 𝜦𝜦𝑡𝑡 𝑼𝑼−1

(3.3.4-14)

where 𝒑𝒑(𝑡𝑡) is the vector of time-dependent species concentrations and 𝑲𝑲 is the matrix
of transfer rate constants. The system is solved by eigenvalue-eigenvector decomposition to obtain the species concentration kinetics:
where 𝜦𝜦 are eigenvalues and 𝑼𝑼 eigenvectors of the matrix 𝑲𝑲.
The measurable signal (e.g. fluorescence) is then calculated according to eq.
(3.3.4-7), and, after correction and convolution with IRF, compared with the experimental data. The SAES are obtained as linear fit parameters.
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4.1 Variations in the excitonic interactions in LHCII detected by
circular dichroism
4.1.1 Distinguishing the spectral signatures of protein–protein and detergent–
protein interactions
Excitonic interactions in LHCII are altered upon detergent solubilisation

Solubilisation of LHCII with the commonly used mild neutral detergent β-DM
brings about profound changes in the excitonic CD spectra, as compared to the spectra
of LHCII in the thylakoid membrane or in detergent-free aggregates [48]. This has been
well documented in the literature [47,48] but the origin of the differences has not been
clarified. To investigate the nature of the CD changes upon detergent solubilisation of
LHCII, we performed systematic comparison of isolated LHCII in various environments — detergent-free aggregates, trimers in detergent micelles, and trimers in polymer gel.
The CD spectra of LHCII trimers solubilised with α-DM and β-DM, and aggregates
obtained by extracting the detergent, as well as the aggregates-minus-trimers spectra,
are shown in Figure 16. The spectra of detergent-solubilised LHCII are well-known
[47,48,161]. In the red region, the spectra are characterized by two negative bands
(654 and 683 nm) and a positive one (669 nm) associated with the Qy exciton states of
Chl b and a. In the blue region, the spectra have a more complex structure, owing to
the multitude of Chl and Car transitions. The dominating bands for LHCII in α-DM
are (−)439, (+)446, (−)474, and (+)484. The spectrum of LHCII in β-DM micelles additionally has a strong peak at (−)492 nm, which is the most prominent difference between the two DM isomers.

Figure 16. Comparison of the CD spectra of LHCII trimers solubilised with α-DM or β-DM and aggregates. a:
CD spectra; b: CD difference spectra of aggregated minus α-DM and β-DM solubilised LHCII.
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Removal of the detergent, regardless of the isomer used, led to distinctive changes
in the CD spectra — most notably, an increase of the (−)436 and (+)484 nm bands, and
a decrease of the (−)683 nm band. Less prominent, but highly reproducible changes of
the shoulders at 460 nm and 647 nm were observed as well. The difference spectrum
(Figure 16b) reveals a negative band peaking at 438 nm and a composite positive band
with maximum at 489 nm. Difference bands are also observed in the red region at
649, 660 and 682 nm. The difference spectra are very similar to those previously reported [48].
Protein and detergent interactions have specific independent signatures

By comparing the CD spectra of LHCII aggregates and solubilised trimers, it is
hard to know whether these changes are due to the loss of protein–protein interactions
in the solubilised state or to changes in the pigment organization of the complexes
brought about by the detergent environment. In order to separate these two effects,
which we will refer to as “protein interactions” and “detergent interactions”, respectively, we adopted a gel dialysis procedure from Ilioaia et al. [153], in which solubilised
LHCII trimers are trapped in a polymer gel that allows us to remove the detergent (by
dialysis) without invoking aggregation. The CD spectra of dialyzed gel with and without β-DM are shown in Figure 17. The CD spectrum of dialyzed gel differs from aggregates as well as detergent-solubilised trimers. By comparing the CD spectra of the
LHCII gels after dialysis and after subsequent re-addition of the detergent (Figure 17a),
the effects of the detergent alone can be identified.

Figure 17. Comparison of the CD spectra of LHCII trimers in gel with and without β-DM. a: CD spectra of
dialysed gels (washed) and after re-addition of β-DM (washed+β-DM); b: CD difference spectra

From the difference CD spectrum of the LHCII gels after dialysis and after re-addition of β-DM (Figure 17b, red curve), it is evident that the detergent is responsible for
the (−)492 nm band and for a small enhancement of the (−)683 nm band, but it has no
effect on the (−)437 and (+)484 nm bands. Enhancement of the (−)437 and (+)484 nm
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bands is clearly a signature of aggregation, or “protein interactions”, as can be seen in
the comparison of aggregates in solution and trimers in detergent-free gel (Figure 17b,
blue curve). To make the comparison as accurate as possible, the CD spectrum of the
washed (dialyzed) gel was corrected for distortions, such as pigment losses during the
dialysis. Thus, the two difference spectra shown in Figure 17b show separately the effects of aggregation and of the detergent (β-DM).
To summarize, we were able to separate the changes in excitonic interactions due
to protein–protein interactions from those due to detergent–protein interactions. The
(−)437 nm, (+)484 nm, and (−)681 nm CD difference bands can be attributed solely to
protein–protein interactions in LHCII aggregates. The two epimers of DM, when
added to LHCII in dialysed gels, alter the CD spectra in an identical manner, except
for the difference band at 494 nm. The differences can only be explained with conformational changes in the LHCII trimers induced by interaction with the detergent molecules. The spectral differences found in the blue region presumably involve
interactions of Cars and Chls. In the next sections we will investigate further the aggregation-specific and detergent-specific CD changes and show that β-DM most likely
incurs a change in the conformation of the xanthophyll Nx or the region of LHCII in
the vicinity of Nx.
4.1.2 Spectral signatures of LHCII in native membranes
Interestingly, the aggregation signature is also observed in the CD spectra of the
native chloroplast membrane, after osmotic disruption of the granal macro-organization. Osmotic treatment of the thylakoid membranes breaks the granal stacking thus
the psi-type CD features are completely removed [49,162], and the spectra are dominated by excitonic CD bands arising from pigment–pigment interactions inside the
pigment–protein complexes or their small aggregates. Lambrev et al. [48] observed that
native unstacked thylakoid membranes have CD spectra similar to lamellar LHCII aggregates and, when solubilised with detergent, they resemble solubilised LHCII.
PSII-enriched (BBY) membrane fragments are also known to have such aggregation signature. To check whether the spectral signature of aggregates is due to nonspecific protein–protein interactions in the aggregates or due to protein–protein interactions like those found in the native membranes, we compared CD spectra of native
LHCII-enriched membranes.
Thylakoid membranes from lincomycin-grown plants

Etiolated pea plants were grown for six days in medium containing lincomycin,
which blocks protein translation in the chloroplast. As a result, the plants form membranes devoid of PSI and PSII core complexes and enriched in nuclear-encoded LHC
proteins. The HPLC profile (Figure 18) showed that the amount of β-carotene, normally
found in the core complexes, was reduced by 92% in membranes from lincomycin43
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treated plants (expressed per mole Chl a). At the same time, the relative amount of
xanthophylls and Chl b, found in the light-harvesting complexes only, was increased
by 95% and 44%, respectively. These membranes could then serve as a proxy for the
native state of LHCII [163], with the caveat that they contain not only the major trimeric
LHCII (LHCIIb) but also monomeric LHCII (LHCIIa) and LHCI, which is evident from
their 77K fluorescence emission spectra (not shown).
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Figure 18. HPLC profile of thylakoid membranes isolated from normal and lincomycin-grown pea leaves. Vio
– violaxanthin, Lut – lutein, β-Car – β-carotene.

Aggregation CD signature in LHCII-enriched membranes

The CD spectra of LHCII-enriched thylakoid membranes, shown in Figure 19a, had
dominating peaks at (−)438, (−)474, (+)484 and (+)668, similar to those observed in the
CD spectrum of LHCII aggregates. In fact, the spectra are virtually indistinguishable
from LHCII macro-aggregates [48]. Consequently, solubilisation of the thylakoid

Figure 19. Typical CD spectra of thylakoid membranes (native LHCII-enriched membranes) isolated from
lincomycin-grown pea leaves. a: membranes resuspended in 20 mM Tricine buffer (blue curve) and solubilised with 0.1% β-DM (red curve); b: CD difference spectrum, unsolubilised minus solubilised.
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membranes with β-DM had the same effect on the CD spectra as with LHCII aggregates. The resulting CD difference spectrum (Figure 19b) was almost identical to the
difference spectrum corresponding to solubilisation of LHCII aggregates with β-DM
(Figure 16b). The finding of the same aggregation-specific bands in native LHCIIenriched membranes and in artificial LHCII aggregates indicates a similar structural
organization in both systems. LHCII–LHCII interactions cause a specific conformational change in the complexes or create specific new exciton states between pigments
on the periphery of adjacent complexes.
4.1.3 Spectral differences in neoxanthin-deficient LHCII
The strongest CD differences observed upon changing the LHCII environment
were in the blue-green wavelength region of Chl b and xanthophyll absorption. Nx,
located in the periphery of the trimeric complex and in close interaction with Chl b, is
most likely to be at least partially responsible for the CD changes in the blue region. It
has been known from Raman spectroscopy that the conformation of Nx changes upon
aggregation of LHCII [41]. The aba4 mutant of Arabidopsis does not synthesize Nx,
and was used to test how the presence or absence of this carotenoid affects the excitonic CD spectra of LHCII in vivo. Thylakoid membranes were isolated from leaves of
wild type plants and aba4 mutant and were solubilised with 0.1% α-DM or β-DM to
reveal the excitonic CD spectra of individual pigment–protein complexes.
The most significant feature of the Nx-deficient membranes CD spectrum was the
decrease of the amplitude at (−)492 nm (Figure 20). A comparison of the absorption
spectra of the thylakoid membranes also reveals missing absorption at 492 nm in the
Nx-deficient mutant; the absence of Nx led to less pronounced but distinct changes at
437 nm, 475 nm, and 657 nm (data not shown). Virtually the same CD difference spectra were observed in the comparison of thylakoid membranes solubilised with α-DM
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Figure 20. Typical CD spectra of thylakoid membranes from Arabidopsis thaliana, solubilised with 0.1% β-DM.
a: wild type and the neoxanthin-deficient mutant aba4. The CD spectra are normalized to the absorbance at
675 nm; b: CD difference spectrum wild type-minus-aba4.
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(not shown). Reduction of the CD amplitude at 492 nm and concomitant enhancement
at 475 nm was also observed in in vitro refolded LHCII lacking Nx [164,165]. From
these observations we can conclude that Nx contributes mainly to the 492 nm band in
the CD spectra and, since this band is sensitive to the environment of LHCII, changes
in the environment, particularly the presence of detergent β-DM, bring about changes
in the conformation of Nx or the Nx-binding site of LHCII.
The conformation of Nx has been shown to change upon aggregation of LHCII
[41,166] and assumed to be responsible for the CD changes [153]. However, based on
the comparison of wild type and Nx-deficient thylakoid membranes, it seems more
likely that Nx contributes to the changes at (−)494 nm, which are associated with the
interaction of the detergent β-DM and lipids. This CD band was previously attributed
to lutein [167] but our results do not support this assignment. Evidently, the Nx site is
sensitive to β-DM and the conformation of this carotenoid is altered when the detergent (or lipid) is removed from the medium, which is also evident from resonance
Raman spectra [167]. However, aggregation itself does not appear to be associated
with a change in Nx conformation. On the other hand, the change at (−)437 nm, presumably reflecting Chl a interactions, is found both in aggregates and in Nx-deficient
membranes.
4.1.4 Spectral signatures of LHCII in reconstituted membranes
In native membranes, LHCII interacts with the lipids and other membrane proteins
embedded in the lipid membrane. In isolated LHCII, the lipid environment is replaced
by the detergent. Obviously neither LHCII aggregates in aqueous solution nor LHCII
trimers in detergent micelles or gels can be regarded as proxies for the native state of
LHCII, which is the thylakoid lipid membrane. To some extent LHCII aggregates resemble the thylakoid membrane [48], where LHCII interactions also take place. However, lipid–protein interactions in the native membrane cannot be neglected and
unspecific random contacts in the aggregates probably disturb the structure. There is
a possibility that CD bands in the aggregates originate from such non-specific interactions. To test the effects of lipids and to separate CD spectral changes due to specific
protein–protein interactions in the membrane, we recorded CD spectra of LHCII reconstituted into artificial lipid membranes. We used PC (egg lecithin), DMPC and native thylakoid lipid mixture (MGDG, DGDG, SQDG and PG), and LHCII membranes
were made at different calculated lipid:protein ratios.
The morphology of the reconstituted LHCII:PC membranes is revealed by electron
micrographs obtained after the freeze-fracture procedure. Large, nearly spherical vesicles appear typically in transmission electron microscopy images, as we can observe
in Figure 21. The fractured membrane surface is patchy; the closely packed small entities — with a characteristic size of ca. 20 nm — evidently represent the embedded protein complexes.
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Figure 21. Representative freeze-fracture transmission electron microscopy image of LHCII:PC membranes
reconstituted at lipid:protein ratio of 300:1 and purified by sucrose density gradient ultracentrifugation. The
scale bar corresponds to 200 nm.

The CD spectra of reconstituted LHCII membranes were not dissimilar to those
already published [155,168]. The CD spectra of several different reconstitutions shown
in Figure 22a show two strong positive bands (446, 482 nm) and a negative band
(492 nm) in the blue region, and a positive band (670 nm) in the red region.
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Figure 22. Comparison of CD spectra of LHCII reconstituted into lipid membranes. a: LHCII:DMPC membranes (blue curve), LHCII:PC membranes (red curve), LHCII:native thylakoid lipids membranes (yellow
and purple curves). The CD spectra are normalized to the absorbance at 675 nm. b: CD difference spectra
(spectra in (a) minus “washed gel” in Figure 17a).

No aggregation signature in reconstituted LHCII membranes

A comparison of the CD spectra of LHCII membranes with LHCII in detergentfree gel (cf. Figure 17) showed a decrease of the (−)474 nm band and an increase of the
(−)492 nm band (Figure 22b), yielding CD difference bands at 478 nm and 494 nm. Interestingly, the strong (−)492 nm band characteristic for β-DM-solubilised trimers is
also present in all lipid membranes. This indicates that lipids and β-DM detergent create similar kind of environment for the excitonic interaction contributing to this band.
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It is also of note that the specific aggregation signatures at (+)484 nm and (−)437 nm
were not observed in the membranes. The largest-amplitude difference in the CD of
membranes compared to trimers — at 475–478 nm (Figure 22b) — is of a different origin
than the aggregate-specific band at 484 nm. The likely reason for the decrease of
474 nm band is the monomerization of trimers upon incorporation into liposomes. Natali et al. [169] have recently found similar changes in the CD spectra of LHCII reconstituted into liposomes. This effect is unexpected as LHCII trimers are very stable even
in detergent environment [170], and it has been shown that trimerization is favoured
by the presence of lipids [171]. Reconstitution with different lipids, including native
thylakoid lipids, and with different intermediate detergents, resulted in essentially the
same CD spectra.
Interestingly, the same CD differences at (+)448 nm, (−)494 nm attributed previously to the interaction of LHCII with detergent (4.1.1) were also observed in reconstituted lipid membranes, even with native thylakoid lipids. This is somewhat surprising
since the negative band was neither observed in native thylakoid membranes [48] nor
in LHCII-enriched membranes from lincomycin-treated plants. It can be concluded
that the native conformation of the complex is not completely maintained in reconstituted membranes. One factor of possible significance is that in reconstituted membranes the complexes are inserted unspecifically with respect to their stromal/luminal
side, possibly allowing irregular contacts between the protein complexes and thus additional pigment–pigment interactions. However, it is more plausible that the protein
density (number of LHCII per membrane area) and consequently interactions between
complexes are different in the native and artificial membranes — this point is examined in the following section.
4.1.5 Heterogeneity of reconstituted membranes
The major CD signatures were present in all reconstituted membranes; however,
we observed spectral variability from one batch to another. The likely reason is that
the reconstituted membranes are heterogeneous having domains of LHCII with different lipid:protein ratios. To test this, we fractionated LHCII liposomes by density gradient ultracentrifugation (Figure 23a) and used a lipid marker to estimate the
lipid:protein ratio of each fraction.
The distribution of LHCII in the different liposome fractions is plotted in Figure
23b and c for two selected preparations with different starting lipid:protein stoichiometry — 1000:1 or 1500:1. After density gradient ultracentrifugation, the fraction containing the highest amount of LHCII showed lipid:protein ratio of 455:1 for the first
and 70:1 for the second preparation. The actual lipid:protein ratio of the reconstituted
membranes greatly differed from the initial stoichiometry in the reconstitution mixtures. Moreover, the final lipid:protein ratios vary largely from sample to sample and

48

4.1 Variations in the excitonic interactions in LHCII detected by circular dichroism

they exhibit no direct correlation with the initial stoichiometry. Because of this variability, there is no practical way to predict the lipid:protein ratios of the reconstituted
membranes a priori.
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Figure 23. Separation of reconstituted LHCII membranes fractions by density. a: bands of increasing density
(B1–B5) in Ficoll gradient; b: relative Chl content of the separated fraction from a sample prepared with initial
lipid:protein ratio of 1000:1; c: initial lipid:protein ratio of 1500:1. The numbers above the bars indicate the
lipid:protein ratio of the fraction, determined as described in 3.2.1.

CD spectra of separated fractions of different densities, respectively lipid:protein
ratios, are shown in Figure 23. The CD spectra of low-density fractions (Figure 23b, blue
curve) with higher lipid:protein ratios hinted at the presence of LHCII monomers,
which lack the trimeric signature bands at (−)473 nm and (−)644 nm. More importantly,
the aggregation-specific CD bands (e.g. at 437 nm) were not pronounced in any fraction. If present, their magnitude was definitely smaller than in lipid-free LHCII aggregates (cf. Figure 16) or in native LHCII-enriched membranes (cf. Figure 19).
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Figure 24. CD spectra of LHCII in proteoliposomes fractions of different density from two proteoliposome
preparations. a: at initial lipid:protein ratio of 500:1; b: at initial lipid:protein ratio of 1000:1. The CD spectra
are normalized to the absorbance at 675 nm.
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4.1.6 Spectral changes in LHCII crystals
Spectroscopic studies of LHCII are commonly performed using detergent-solubilised protein. On the other hand, the structure of LHCII, which is key to understanding
its properties, is obtained using crystals. From the results presented above we know
that LHCII is very sensitive to its molecular environment — a change in the latter
causes detectable changes in the CD spectrum, which probably result from conformational changes of the pigment–protein complexes. Prof. Wenrui Chang’s group (Chinese Academy of Sciences) has produced a new type of multilayer membrane LHCII
crystals [172], which closely resemble the organization of the chloroplast thylakoid
membranes by having the same arrangement of complexes in one membrane layer and
interfacing adjacent membrane layers. The small size and thickness of these crystals
allows them to be subjected to optical measurements in transmission mode. CD spectra
were recorded from such multi-layer membrane crystals of LHCII, obtained from
Dr. Mei Li (Figure 25).
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Figure 25. CD spectra of LHCII crystals compared with solubilised LHCII trimers with n-octyl-β-D‐thiomaltopyranoside (OTM). a: visible region; b: UV region.

The UV region of the CD spectra of crystals and solubilised trimers showed marginal differences that are probably insignificant (Figure 25b). However, the crystals exhibited markedly different CD spectra in the visible region, especially between 450 and
500 nm compared to the CD spectra of LHCII trimers in detergent micelle or liposomes.
The crystal spectra are strongly reminiscent of LHCII monomers in solution, although
the X-ray structure clearly shows the trimeric organization of the complexes.
Up to now, the CD of LHCII has been modelled only based on spectra of detergent
micelles but using the previously published crystal structures [22], which, however,
for their high optical density, were not amenable for CD spectroscopy. Clearly, measuring the absorption and CD spectra of the crystals themselves will aid in any calculations and possibly reveal important structural differences when compared with the
data from other in vitro or in vivo conditions.
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Exciton interactions are at the basis of ultrafast EET in the diverse photosynthetic
light-harvesting antennas. The smallest of changes affecting the pigment arrangement
in the light-harvesting assemblies might go undetected by microscopy or X-ray diffraction but have large impact on exciton interactions and EET. CD spectroscopy can,
and has routinely been used to, detect such changes [49]. The flip side of the extreme
sensitivity of CD is that it is very difficult to obtain physical structural parameters directly from it. As briefly mentioned in the Introduction (Section 1.2.2), ACD measurements can, in principle, significantly reduce the uncertainties by separating exciton
transitions and their corresponding CD bands based on their orientation with respect
to the axes of (macro)molecular symmetry. This section compares the CD and ACD
spectra of isolated LHCII in aggregated state and in reconstituted membranes, oriented by different methods. Whereas the psi-type ACD of lamellar macroaggregates
in compressed gels has been reported earlier [69,162], purely excitonic ACD spectra of
LHCII have not been published yet.
4.2.1 ACD of LHCII oriented by gel compression
Representative CD and ACD spectra of LHCII aggregates and reconstituted membranes are shown in Figure 26. The CD spectra were recorded from the uncompressed
gel and ACD spectra were obtained from uniaxially compressed PAA gels in facealigned orientation. Additionally, LD was measured in edge-aligned orientation (not
shown), at an angle α = 90°. Note that in randomly samples as well as in face-aligned
orientation, due to rotational symmetry, LD is zero. In the red wavelength region, the
isotropic CD spectra of LHCII membranes have a Chl Qy peak at 669 nm and two negative peaks at 652 and 681 nm. In the blue region there are positive peaks at 445 and
482 nm and negative ones at 473 and 492 nm (see section 4.1.4) and aggregates show
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Figure 26. CD and ACD spectra of LHCII. a: lamellar aggregates; b: reconstituted membranes. CD and ACD
spectra measured on uncompressed or face-aligned uniaxially compressed gel, respectively. The spectra are
normalized to unity absorbance at 675 nm.
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an additional peak at 437 nm. Some minor changes can be detected in the CD spectrum
of LHCII in gel compared to buffer medium – the amplitude of the (−)473 nm band is
diminished (data not shown).
The ACD spectra were strikingly different in comparison to the isotropic CD spectra. The ACD spectra for both sample types feature a number of well-resolved bands,
several of which are barely or not at all visible in the isotropic CD spectra. In particular,
certain bands in the blue wavelength region, associated with Car–Chl interactions are
strongly enhanced in the ACD spectra. Especially characteristic are the (+)445 nm and
(+)482 nm bands, which are several-fold more intense in the ACD spectra (Figure 26).
Further, a 505 nm band and several bands in the region 550-600 nm are clearly visible
in the ACD spectra but barely detectable in the CD spectra. As the ACD spectra are
measured from face-aligned membranes (cf. Figure 12 on page 34), we can conclude
that the aforementioned features originate from Chl–Chl and Chl–Car excitonic transitions with transition dipole moments oriented predominantly in the membrane
plane. On the other hand, some features in the isotropic CD, such as the negative bands
at 428 and 473 nm, are suppressed in the ACD spectra, signifying that the associated
transition dipole moments are perpendicular to the membrane plane.
A technical limitation of the method of orienting membranes by gel compression
is the strong UV absorbance of polyacrylamide, which renders this spectral region inaccessible to CD measurements. To overcome this restriction, we measured ACD spectra of surface-supported LHCII–lipid films.
4.2.2 ACD of LHCII in dry films
We compared the ACD spectra obtained from dry LHCII–lipid films deposited on
quartz plates (Figure 27) to check weather PAA cause some changes in the complex
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Figure 27. UV-Vis CD and ACD spectra of reconstituted LHCII membranes. The spectra were measured in a
buffer containing 10 mM NaCl and 10 mM Tris/HCl, pH 7.8 and for ACD measurements the samples were
deposited on quartz windows whereby forming flat membrane sheets.
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and to access the UV region. The ACD spectra in compressed gels and in dry membrane films were virtually identical. This is a strong evidence that (1) both methods
effectively orient the membranes and (2) the spectra are free from artefacts such as
inadvertent structural changes or optical (flattening, scattering) effects.
Furthermore, rehydrating the dried samples fully restored the isotropic CD spectra
of the LHCII membrane suspensions, as compared to the spectra measured before depositing on the quartz plate (not shown), showing that drying did not cause any irreversible changes to the pigment-protein complexes. Furthermore, drying of LHCII
trimers solubilised in detergent micelles had no effect on their CD spectra (not shown).
Therefore, it is highly unlikely that the ACD spectra contain optical artefacts or reflect
structural alterations in the complexes that might have occurred upon drying. It appears reasonable to assume that the features of the ACD spectrum are solely a consequence of the alignment of the LHCII membranes with respect to the measuring beam.
Possibly due to a higher degree of orientation of LHCII in the dry films, the ACD
features are even more distinguished compared to the samples in gel compression. The
ACD spectra show at least three positive/negative band pairs in the region between
500 and 600 nm, where the CD spectra are flat and featureless. Evidently these bands
originate from excitonic coupling of weak electronic transitions. This result is a direct
experimental evidence that Chls possess optically weak electronic excited states between the Qx and B band — beyond the classical four-orbital model of porphyrins [173]
Notable features were also observed in the near-UV region of the ACD spectra
(above 260 nm): positive peaks at 286 and 335 nm and a pronounced shoulder at 324
nm. The newly discovered strong ACD in this region was surprising because of the
small absorption and almost negligible isotropic CD. We can hypothesise that the CD
in this region originates from Chl or Car molecules, or it may have contribution from
aromatic amino-acid of the protein backbone. Further investigation is necessary to test
this hypothesis.
All in all, due to the smaller number of overlapping bands and the stronger amplitude of the remaining bands the ACD spectra appear substantially less crowded and
ambiguous than the isotropic CD spectra, making it easier to ascribe the features of the
CD spectra to structural entities in LHCII. Further advantage is that the bands in the
ACD spectra reflect excitonic transitions of a known orientation with respect to the
membrane plane, namely parallel to the membrane plane, whereas the CD bands that
are missing from the ACD spectra, by exclusion, must reflect transitions that are oriented predominantly perpendicularly to the membrane plane. This provides a unique
opportunity to experimentally test and understand the relationship between the structure and the photophysical and spectroscopic properties of the complex.
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4.2.3 CD and ACD spectra in the UV region
Isotropic and anisotropic UV CD spectra of LHCII were measured using synchrotron radiation to probe for changes in the conformation and orientation of the apoprotein. The advantages of SR CD measurements are not only in the increased sensitivity
and signal-to-noise ratio, especially in the far-UV region, but also in the ability to conduct microscopic measurements with the highly focused beam. This allowed us to
probe the heterogeneity of the dehydrated membrane films. The UV CD spectra of
LHCII in lipid membranes are virtually identical to the spectra of detergent-solubilised
LHCII, as shown in Figure 28 and reported by Horn and Paulsen [174]. These spectra
bear the characteristics of α-helical proteins – two negative bands of approximately
equal amplitude, at 210 nm and at 222 nm, and a strong positive band at 192 nm with
nearly double intensity. The non-zero amplitude in the near-UV region must arise
from the protein side-chain residues and pigment cofactors.

Figure 28. UV SR CD spectra of LHCII in detergent micelle and in reconstituted membranes. Measurements
were done in buffer medium in 0.2 mm pathlength cell. Spectra were normalized at 210 nm.

ACD spectra in the UV region were recorded from chloroplast thylakoid
membranes and reconstituted LHCII membranes. Due to their relatively large
magnetic susceptibility, thylakoid membranes are easily oriented in magnetic field
[69]. The face-aligned ACD spectra were corrected for MCD contribution as in ref. [69].
In agreement with theoretical considerations, the ACD spectra of thylakoid
membranes (Figure 29a) showed a positive band at 194 nm (2 nm red shifted compared
to CD) and a negative band at 222 nm, whereas the 210 nm band was largely missing.
This result is consistent with the prevailing transmembrane orientation of the
thylakoid protein α-helices.
The UV ACD spectrum of reconstituted LHCII membranes recorded from surfacesupported films is shown in Figure 29b. To avoid artefacts from uneven drying and
inhomogeneities in the samples, the quartz windows with dry membrane films were
mounted on a motorised translating stage and spectra were sampled from different
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Figure 29. UV SR CD and ACD spectra of photosynthetic complexes a: thylakoid membranes in suspension
(CD) and oriented in 0.5 T magnetic field (ACD); b: reconstituted LHCII membranes in suspension (CD) and
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spots scanning the window surface. The spectra had qualitatively similar features despite some variability in the relative intensities of the bands. Compared to the isotropic
CD, the ACD spectra showed several notable differences. The 192 nm peak shifted to
196 nm and had lower amplitude; the negative peak at 222 nm had also reduced amplitude; whereas the 210 nm band did not appear to change significantly. Additionally,
a positive peak at 240 nm followed by a trough at 250–260 nm was distinguished in
the ACD of LHCII — these features likely originate not from the peptide backbone but
from pigments and aromatic residues. The red shift and amplitude change of the
192 nm band in the ACD spectra resemble the spectral characteristics of transmembrane peptides [74]. However, in other respects the LHCII spectrum is more difficult
to interpret — for example the relative amplitude of the 210 nm band relative to the
222 nm increased in the oriented membranes, rather than decreased.
In summary, the UV ACD spectra of LHCII are presented here for the first time.
While these spectra show some of the predicted features of the oriented
transmembrane α-helices, the UV CD spectrum of LHCII apparently does not reflect
only the protein secondary structure but is considerably more complex. Further
research is necessary to separate the contributions from the protein backbone, sidechain residues and pigment cofactors in the far-UV region but it is evident that semiempirical calculations of secondary structure must be applied with caution to
pigment–protein complexes.
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4.3 Modulation of the fluorescence lifetime by the molecular
environment
The Chl fluorescence lifetime of LHCII is an observable quantitative measure of its
antenna function. The fluorescence lifetime is determined by the rates of radiative and
non-radiative deactivation — loss processes that limit the maximal quantum yield of
photochemical energy conversion. Hence, if the fluorescence lifetime is long, the complex can function as an efficient antenna and if the lifetime is short, the complex dissipates the absorbed energy before it is transferred to the RC. The shortening of the
fluorescence lifetime, respectively fluorescence yield, of the PSII antenna is termed
NPQ and is an important photoprotective mechanism found in all oxygenic photosynthetic organisms.
This chapter dwells on the effects of the molecular environment, namely the presence of detergents, or aggregation in aqueous solution and in lipid membranes, on the
fluorescence yield/lifetimes of LHCII.
4.3.1 Fluorescence lifetimes of LHCII in different environments
It is well known that the fluorescence yield of LHCII drops dramatically in the
absence of detergent [45,175]. The phenomenon was initially attributed to aggregation,
whereby Chls from adjacent trimers may come in close contact that causes quenching
in a mechanism like the concentration quenching of Chl solutions [176]. However,
Ilioaia et al. [153] found that quenching occurs even in LHCII trimers trapped in gels
where aggregation is prevented. In lipid environment LHCII exhibits fluorescence
lifetimes that largely vary with the specific conditions [168], and it is not entirely clear
whether the 4-ns lifetime in detergent represents the native state. Belgio et al. [163]
found that the lifetime of LHCII-enriched membranes from lincomycin-treated
Arabidopsis plants was 2 ns.
Here we complement these results by comparing the fluorescence decays of LHCII
in β-DM micelles, washed polyacrylamide gels, native LHCII-enriched membranes,
artificial reconstituted membranes, and aggregates (Figure 30). The longest excitedstate lifetime (3.6 ns) was observed in detergent micelles (“trimers”). The LHCII
lifetime in gel was determined in the presence and absence of detergent. In detergentfree gel the lifetime was reduced 10-fold with decay kinetics like those reported by
Rutkauskas et al. [177]. LHCII reconstituted in DMPC, PC, or native thylakoid lipid
membranes (“rec. membr.”) typically exhibited average lifetimes between 1 and 2 ns.
The same range of lifetimes was observed in thylakoid membranes from lincomycintreated pea plants (“native membr.”).
It is worth to note that the average lifetimes were consistently shorter than the
2.2 ns reported by Belgio et al. [163]. In the cited work, a 100-ps lifetime component,
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Figure 30. Fluorescence decays and lifetimes of LHCII in different environments. a: Fluorescence decay curves
recorded by TCSPC at detection wavelength 680 nm with excitation at 633 nm; b: Average fluorescence
lifetimes at 680 nm

presumably associated with remaining PSI cores, was omitted when calculating the
average lifetime. While we did observe a 140-ps lifetime component in our experiments, analysis of the decay-associated spectra (not shown) gave no indication that
this component is related to PSI. Hence, we must conclude that some variable degree
of quenching is always present in those membranes. It is very likely that the origin of
this quenching is the same for both reconstituted and native LHCII-enriched membranes, namely due to clustering and protein–protein interactions. An investigation on
the modulation of the fluorescence lifetime by LHCII clustering in membranes in
greater detail is presented in the next section. We must note that the “induced”
quenching rate constant in the membranes (with reference to solubilised trimers) is
only 0.2–0.7 ns-1, whereas the quenching rate constant in aggregates is 3–5 ns-1. Hence,
it can be said that the fluorescence of LHCII-enriched membranes is relatively “unquenched” if compared with the strong quenching in delipidated aggregates.
By comparing the lifetimes of LHCII in gels with and without detergent,
Ilioaia et al. [153] and Rutkauskas et al. [177] demonstrated that the quenching is not
activated by aggregation itself and suggested that it is caused by a conformational
change occurring upon removal of the detergent. If this is the case, one may try to find
a specific change in the excitonic CD that correlates with fluorescence quenching. The
aggregation signatures at (−)437 and (+)484 nm are irrelevant because they were absent
in “quenched” gels and present in “unquenched” LHCII-enriched membranes. The
Nx-specific change at (−)494 nm is not related to quenching either, because the
fluorescence lifetimes were unchanged when β-DM was replaced by α-DM. We can
conclude that the structural changes affecting the CD signals in the spectral region of
carotenoids are not the ones responsible for quenching.
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4.3.2 Quenching in reconstituted LHCII membranes
Proteoliposomes are an attractive system to investigate in detail the mechanism of
NPQ in a lipid bilayer environment. However, to be able to disentangle the effect of
lateral aggregation, conformational switches, and protein–lipid interactions, all of
which have been suggested to play a role in NPQ, it is essential to know how the lipid
environment influences the properties of the complex and to have full control of their
organisation in the proteoliposome. Moya et al. [168] showed that the fluorescence
yield of LHCII liposomes is lower than solubilised LHCII trimers. Schaller et al. [178]
reported that the fluorescence quenching depends on the types of lipids in the membrane. Two recent studies of LHCII reconstituted into liposomes and lipid nanodiscs
show that LHCII fluorescence quenching is driven by LHCII protein–protein interactions and not by a specific thylakoid lipid microenvironment [169,179]. Dilution of
LHCII with lipid:protein ratio that leads to a few proteins per liposome increases the
fluorescence reaching the maximal Chl fluorescence, observed for LHCII in detergent
micelles. Conversely, the fluorescence yield was lower at higher protein density.
There is a large mismatch between the magnitude of quenching and the reported
lipid:protein ratios [168,179]. One possible reason for the discrepancy is that clustering
of LHCII in the membrane, depending on the reconstitution conditions, results in effective lipid:protein ratios that are different from the bulk stoichiometry (cf. Figure 23).
Here we analyse the fluorescence lifetimes of reconstituted LHCII membranes taking
into account the actual lipid:protein ratio measured after fractionating the proteoliposome samples by density (see sections 3.2.1 and 4.1.5).
Figure 31a shows the Chl fluorescence decay kinetics measured at 680 nm from
LHCII membrane fractions of increasing densities (denoted B2–B5). The fluorescence
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Figure 31. a: Fluorescence decay kinetics recorded by TCSPC from LHCII liposome fractions of different
density (B2–B5, corresponding to the bands in Figure 23a). The decays were recorded at 680 nm emission
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decay of the lowest-density Chl-containing fraction B2 is virtually the same as the decay of detergent-solubilised LHCII trimers (Figure 30). However, fractions of higher
densities — B3 to B5 — showed progressively faster fluorescence decay, i.e. shorter
decay lifetimes. Thus, the decays clearly show that the fluorescence lifetime of LHCII
strongly depends on the lipid:protein ratio of the membranes. For a quantitative analysis, we performed simultaneous exponential fitting of the fluorescence decay kinetics
of a given sample measured at different emission wavelengths in the region 664–744
nm. The resultant DAES are plotted in Figure 31b for one fraction. The fluorescence
decay components, their relative amplitudes and the average lifetimes were also different in different fractions. Table 1 reports the lifetimes and relative amplitudes at 680
nm for fractions B2–B5 corresponding to the bands in Figure 23a.
Table 1. Fluorescence lifetimes and relative amplitudes for LHCII liposome fractions of different density

Fraction

τ1 (ns)

a1

B2

τ2 (ns)

a2

τ3 (ns)

a3

τ4 (ns)

a4

τav (ns)

0.34

73%

1.87

2%

4.54

25%

3.48

B3

0.10

10%

0.46

83%

1.51

5%

3.91

2%

1.36

B4

0.10

16%

0.38

67%

0.85

11%

1.60

5%

0.73

B5

0.09

41%

0.35

52%

0.86

8%

0.29

In fractions of higher density, the shorter lifetime components increase in amplitude, whereas the contribution of long lifetime components diminishes. For instance,
the shortest lifetime component, 0.1 ns, is not detected in fraction B2 but increases to
40% in B5. Conversely, long lifetime components of >1.5 ns are not detected in this
fraction. Consequently, the average fluorescence lifetime progressively shortens.
There are two possible reasons for the observed multiexponential decay. One is
that within each membrane fraction, there exists further distribution of subpopulations
of different structure and fluorescence properties. The second possibility is that the
heterogeneity is dynamic, i.e. the same population of LHCII can undertake different
structural states that change the fluorescence yield and kinetics. There is ample evidence to conclude that both static heterogeneity and dynamic fluctuations (disorder)
contribute to the multicomponent fluorescence decay. In favour of the first interpretation, we can point out that certain lifetimes are observed in different proteoliposome
fractions but their relative amplitudes gradually change with the fraction’s density,
which indicates the existence of subpopulations of different abundance (Table 1). On
the other hand, single molecule spectroscopy experiments have revealed that even individual LHCII units can drastically change their fluorescence emission properties
over time [180,181] and this dynamic disorder is possibly enhanced when LHCII is
incorporated in the lipid membrane [169,182].
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4.3.3 Quenching depends on the lipid:protein ratio
The data analysis presents a definitive proof that the fluorescence lifetime of LHCII
strongly depends on the lipid:protein ratio, at least within individual preparations. To
test whether there is a general correlation between the degree of fluorescence quenching and the lipid:protein ratio, we analysed the fluorescence decays of different sample
preparations. The fact that both the fluorescence lifetime and the lipid:protein ratios
are measured in absolute terms allows us for the first time to establish the correlation
between them and determine the apparent quenching rate constant as function of lipid:protein ratio. Figure 32 shows the quenching rate constant calculated from 20 different LHCII proteoliposome fractions as
𝑘𝑘𝑞𝑞 =

1 1
−
𝜏𝜏 𝜏𝜏0

where τ is the average lifetime at 680 nm, obtained from global analysis of the TRF
spectra, and τ0 is the fluorescence lifetime of solubilised LHCII (3.6 ns). The plots show
that fluorescence quenching is an intrinsic property of LHCII in the lipid membrane
and is noticeable even at very high lipid:protein ratios. At the highest lipid:protein
ratios the kq is zero but in samples with lipid:protein ratios under about 1000, kq gradually increases with the protein content, reaching values of ~3 ns-1, which are comparable to those observed in LHCII aggregates.
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Figure 32. Dependence of the effective quenching rate constant of LHCII in reconstituted membranes on the
lipid:protein ratio. See text for details.

The quantitative mismatch between previously reported correlations between the
fluorescence yield and lipid:protein ratio is now well understood in the frame of the
high degree of heterogeneity in the proteoliposomes (see section 4.1.5). Quenching is
observed in samples with containing significantly more lipid than the native thylakoid
membrane. Granal thylakoid membranes contain about 1.5 lipids per Chl [183] and the
ratio is even less in PSII-enriched membrane fragments [184]. On the other hand, as
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discussed before, in the native membranes the excitation lifetime of LHCII could be
closer to 2 ns [163]. In our experiments, we observed a 2-ns lifetime in proteoliposomes
at lipid:protein ratios of 1000:1, or 70 lipids per Chl — substantially more than in granal
membranes. This is a surprising finding especially considering that even at far higher
protein densities, quenching is not triggered in vivo, unless excess light conditions generate specific signals for it.
4.3.4 Fluorescence quenching in LHCII crystals
Icosahedral LHCII crystals have shown short fluorescence lifetimes more akin to
aggregated rather than solubilised or membrane-inserted LHCII [185,186]. Here we
analysed the fluorescence kinetics of membrane LHCII microcrystals [172], of the same
type as in section 4.1.6.
Figure 33 depicts selected fluorescence decay traces measured at 680 nm from
LHCII crystal suspensions collected from different crystallization wells. In comparison
with LHCII trimers in β-DM, the fluorescence of the crystal suspension decayed rather
rapidly. There was a high degree of variability between wells or even between focusing the excitation beam on distinct positions of the same sample. Clearly the samples
were rather heterogeneous in fluorescence as they were in morphology (not shown).
Another important observation to notice is that the fluorescence decays were markedly
multiphasic, and could not be described with a signal exponential, in contrast to solubilised LHCII.
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Figure 33. Fluorescence decay curves recorded by TCSPC from LHCII crystals collected from different crystallization wells and compared with LHCII trimers (blue curve). The emission was measured at 680 nm with
excitation at 633 nm. The fluorescence is normalized to the maximum and plotted in logarithmic scale.

Quantitative exponential analysis of the fluorescence decays is shown in Table 2.
The average lifetimes were in the range of 0.6–1 ns. Minimum four exponential lifetimes were necessary for a good fit. Of these, the longest lifetime, 3.8 ns, likely originates from some dissolved LHCII in the mother liquor. We noticed that the crystals
61

4 RESULTS AND DISCUSSION

mostly dissolved within an hour after diluting, upon which the fluorescence lifetime
increased to around 2–4 ns. Even if the long lifetimes are omitted, the remaining decay
kinetics remain decidedly multiexponential. Most excitations decay over a 0.5 ps timescale but the contribution from 0.1 and 1 ns components is also well resolved.
Table 2. Fluorescence lifetimes and amplitudes for LHCII crystals

Lifetime (ns)

0.12 ± 0.03

0.52 ± 0.13

1.03 ± 0.15

3.82 ± 0.35

amplitude

17% ± 3

44% ± 13

13% ± 13

8% ± 5

The multiexponential fluorescence decay of the membrane LHCII crystals contrasts with the monoexponential decay of icosahedral crystals reported previously
[185,186]. This finding is interesting because it suggests the existence of static or dynamic structural disorder within the crystal. It is of course possible that the sampled
suspension contains LHCII crystals of different packing and consequently different
fluorescence lifetimes. However, the TCSPC measurements were performed with
highly focused (<100 μm) excitation beam on highly diluted samples. The fluorescence
curves are most probably recorded from single crystals, so the lifetime heterogeneity
must be at microscopic level. Preliminary fluorescence lifetime imaging results
(data not shown) confirm that the fluorescence decays of single crystals are also multiphasic. A possible explanation is that quenching centres are randomly spawned
within the crystal because of defects in the crystal lattice, oxidized or triplet-excited
Chls, for example. These quenching centres may trap migrating excitations from the
bulk of the crystal, which would result in a non-exponential fluorescence decay (a distribution of decay lifetimes). To quench the fluorescence of the entire crystal, such defects or quenching centres must occur in sufficiently high numbers and be evenly
distributed at distances not longer than the average excitation migration length.
Lastly, the multiexponential fluorescence can be explained with dynamic disorder,
i.e. dynamic fluctuations in the conformation of the complexes within the crystal. The
profound effect of the dynamic disorder on excited state structure of LHCII has been
demonstrated by single-molecule spectroscopy [187,188] and molecular dynamics simulations [182]. Obviously, structural transitions in the crystal lattice are severely but
not completely limited, which can be judged quantitatively by the B-factors obtained
from X-ray diffraction data. If this is indeed the reason for the fluorescence kinetics,
then we must draw a conclusion of significant scope — the fluorescence lifetime, respectively the antenna function of LHCII can be modulated by extremely small structural transitions that are below the 2.6 Å resolution of the crystal structure. It could be
speculated that the lipid content of these membrane crystals [172] makes the environment more flexible compared to other crystal types. This hypothesis could be tested
by comparative experiments with different crystal types.
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The pathways and dynamics of EET between Chls in LHCII were studied by 2DES
at RT. To follow EET from high-energy Chl b states to low-energy Chl a states, the
excitation pulses were tuned to cover only the Chl b absorption band (650 nm centre
wavelength). To follow energy equilibration in the Chl a domain, we applied excitation
pulses overlapping with the Chl a Qy band (centred at 675 nm). In this way we were
able to uncover interband EET dynamics, i.e. from different spectral regions of the
Chl b manifold to different spectral regions of the Chl a manifold, as well as intraband
dynamics, i.e. between different Chl a exciton states.
Following the analysis of EET dynamics of solubilised LHCII, we examined how
the change in the environment, and possibly conformation of the LHCII complex upon
aggregation affects the energy transfer routes and excitonic couplings on the ultrafast
time scales. We showed that whilst the general characteristics of Chl energy transfer
are retained in the aggregated state, specific changes in the dynamic population of intermediate-energy Chl a states and the energy transfer rates could be identified.
4.4.1 Energy transfer dynamics upon Chl b excitation
Two-dimensional spectra

Representative series of 2D spectra of LHCII trimers recorded at different delay
(waiting) times Tw after excitation in the Chl b band are shown in Figure 34. The vertical

Figure 34. Purely absorptive 2D spectra of LHCII trimers recorded in the Chl Qy region with excitation pulses
at 650 nm. Spectra at selected waiting times (Tw) are plotted in terms of excitation wavelength λ1 and detection
wavelength λ3. Contour lines mark areas of equal intensity with a corresponding colour-coded fill.
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axis represents the excitation wavelength λ1, which is related to the Fourier transform
of the signal dynamics over the coherence time t1 (as described in 1.4.3). The horizontal
axis represents the detection wavelength λ3. The purely absorptive 2D signal at coordinates (λ1, λ3) reflects the conditional population, at time Tw, of excited states absorbing at wavelength λ3, given that the initial excitation was at λ1. The peak found along
the diagonal line (λ1 = λ3) corresponds to the Qy band of Chl b, which is within the
spectral range of the excitation pulse and reflects the remaining population of the initially excited Chl b states at time Tw. Off-diagonal peaks (cross-peaks) found at λ1 < λ3
result from excitonic coupling (at early Tw) and EET between Chls (at later Tw).
Because of the large degree of spectral overlap, individual cross-peaks are not resolved in the 2D spectra. However, the cross-peak signals provide substantial information on which Chl spectral regions are energetically coupled. The spectral shape
evolves in time as excitation energy is transferred from the initially populated states.
As energy is transferred from Chl b to Chl a, the Chl b diagonal peak at 650 nm rapidly
disappears, and a cross-peak appears at (650→680) nm. The Chl b diagonal peaks are
nearly undetectable in the 2D spectra at delay time of 3 ps and longer, while the intensity of the main Chl a cross-peak is increased, indicating that excitation energy from
Chl b has been transferred to Chl a over this time. However, the pronounced intensity
at intersection (655→660) nm shows markedly slower EET from the 660 nm state to
lower energy Chls. At longer delay times, Tw = 30 ps, the cross-peak shape is almost
symmetric revealing the (quasi)equilibrium population of Chl a states.
Global lifetime analysis

To obtain a quantitative measure of the EET timescales and associated pathways,
the data were subjected to global lifetime analysis as described in 3.3.4. The resulting
2D DAS describe the correlation between the Chl excitonic states participating in the
kinetics at a given lifetime. Four decay components were required to obtain satisfactory fit to the data at the given signal-to-noise ratio. We stress that these lifetimes are
not exact intrinsic lifetimes of the system, which has much more complex kinetics.
Moreover, certain processes, like spectral diffusion, lead to non-exponential evolution
of the signal at a fixed wavelength. The lifetimes should be considered as mean values
indicating the timescales that dominate the spectral evolution. The 2D DAS (Figure 35)
reveal characteristic spectral profiles of intermediate states that are not readily identified just by inspecting the 2D spectra alone.
The decay of the absorptive signal (GSB/SE signal) with a characteristic lifetime
produces negative amplitudes in the DAS. Conversely, positive amplitudes indicate
that the GSB/SE signal, or the population of the respective excited states, rises. A
positive/negative peak pair along a fixed λ1 in the 2D DAS strongly suggests EET
occurring from the wavelength range of the negative peak to the positive one.
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Figure 35. Two-dimensional decay-associated spectra of LHCII trimers, obtained from global lifetime analysis
of a series of 2D spectra at TW from 150 fs to 800 ps with four exponential decay components. The decay
lifetimes are indicated as the title on each plot.

The first 2D DAS (270 fs) indicates fast EET between strongly coupled Chl b and
Chl a excitonic states. The negative (λ3 = 640−665 nm) and positive (λ3 = 670−690 nm)
signals correspond to the decay of Chl b and rise of Chl a bleaching signal, respectively.
It is rather clear from this 2D DAS that there is ultrafast, femtosecond-scale EET to a
broad range of Chl a, including the lowest ones (680 nm). The positive peak can also
be seen to be non-circular and aligned in an anti-diagonal fashion. This indicates that
the lower-energy acceptor excitons are correlated with the higher-energy donor excitons. The second 2D DAS reflects slower energy transfer pathways between Chls, occurring on a timescale of ~3 ps. In contrast to the first 2D DAS, the slow energy transfer
from Chl b to Chl a is mediated by intermediate-energy states, which is evident by the
appearance of negative cross-peak intensity around λ3 = 670 nm. The position of the
intermediate cross-peak along λ1 shows that it is coupled to Chl b absorbing at 655 nm.
Comparing the amplitude of the negative diagonal peak signal of Chl b in the first and
second 2D DAS, we can conclude that most Chl b excitations are transferred over the
fast timescale (270 fs).
The third 2D DAS (14 ps) is characterized by a broad negative cross-peak at the
detection wavelength of 665−690 nm, signifying decay of Chl a population. This
component can be attributed to a combination of energy equilibration of a portion of
excited state population from weakly connected Chls to the lowest Chl excited state,
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and singlet−singlet annihilation occurring when two migrating excited states collide
within their lifetime [92,94,189].
The final 2D DAS component reflects the slow (~3 ns) decay of the lowest energy
Chl a exciton states to the ground state. The uniform shape of the DAS along λ1 shows
that the final decaying state is independent from which Chls were initially excited.
Long-lived intermediate energy states

The 2DES results on LHCII trimers presented here compare well to the report by
Wells et al. [160] and we refer to this article for a more detailed discussion. One notable
difference is that, owing to the longer range of waiting times, we have resolved four
lifetime components (compared to three in the earlier work). Although the additional
14 ps lifetime shows predominantly excited state deactivation (singlet–singlet annihilation), the shape of the 2D DAS shows that it has contribution from EET as well. Thus,
apart from the slow 2–3 ps EET dynamics, which was reported earlier, we resolve an
even longer-lived Chl a intermediate state, absorbing at around 670 nm. Exciton energy
transfer models based on Redfield / modified Redfield theory predict generally faster
equilibration times [97] but slow energy transfer between Chl a states, on the time scale
of tens of picoseconds, have been estimated by Renger et al. [99] applying generalized
Förster theory. It must be noted that this intermediate state has a different identity than
the intermediate state at 665 nm decaying in the 2.7 ps 2D DAS, discussed also in earlier works on LHCII [160,190,191]. Furthermore, from the positions of the cross-peaks,
we can differentiate the pathways from Chl b to the intermediate states. The 665 nm
intermediate state appears to be coupled to Chl b states absorbing at 655 nm and the
longer-lived 670-nm state is coupled to Chl b at ~650 nm. The pigments responsible for
the long-lived state are most likely located on the luminal side of the complex, far from
the low-energy exciton domains on the stromal side. Previously the “bottleneck” state
was assumed to be on Chl 604 [97,190], but calculations by Renger et al. [99] predict,
on one hand, red-shifted Chl 604 and, on the other hand, slow energy transfer (tens of
ps) from Chl 613/614.
4.4.2 Effect of aggregation on the energy transfer dynamics
The kinetics of EET in LHCII aggregates was measured under the same conditions
as solubilised LHCII trimers. The 2D spectra of aggregated LHCII showed the same
general features as LHCII trimers (data not shown) with no immediately recognizable
differences apart from a ca. 2-nm red-shift and the comparatively faster loss of signal
amplitude due to excitation quenching. Global analysis of the data resulted in four
lifetimes (Figure 36) that, apart from the final decay lifetime of 160 ps, were essentially
the same as in solubilised LHCII. However, as it was mentioned earlier, these lifetimes
merely represent the dominant timescales of spectral evolution and we must inspect
the 2D DAS to understand the underlying processes. By comparing the 2D DAS of
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aggregates and trimers, we can conclude that different EET processes occur on a
timescale of 2–3 ps in the two sample types. To facilitate the comparison, horizontal
slices of the 2.5–2.6 ps 2D DAS of trimers and aggregates are plotted in Figure 37.

Figure 36. Two-dimensional decay-associated spectra of LHCII aggregates, obtained from global lifetime analysis of a series of 2D spectra at Tw from 150 fs to 800 ps with four exponential decay components. The decay
lifetimes are indicated as the title on each plot.

Figure 37. Horizontal slices at selected excitation wavelengths λ1 of the second 2D DAS component (2.6 ps,
2.5 ps) of LHCII. a: LHCII trimers; b: LHCII aggregates from Figure 35 and Figure 36, respectively.

In trimers, the 2.6 ps 2D DAS shows a cross-peak at (655→665 nm) that was ascribed to an intermediate-energy Chl state. In the 2.5 ps 2D DAS of aggregates we observe additional negative amplitude at (650→670 nm), apparently lower-energy Chl a
exciton states decay on this timescale in aggregates. Conversely, we can notice negative amplitude at (650→670 nm) in the 14 ps DAS of trimers but not of aggregates.
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Hence, we propose that the long-lived intermediate state at 670 nm decays faster in
aggregates, on a timescale of ~3 ps, than in trimers.
The 14 ps 2D DAS component has significantly larger amplitude in aggregates.
This is most likely because in aggregated LHCII excited states can jump over adjacent
complexes migrating over a much larger domain size [189,192] thus increasing the likelihood for annihilation.
To summarize, our 2DES comparison of solubilised and aggregated LHCII did not
reveal significant differences in the dynamics of EET in the Chl b region but provided
sufficient evidence that the dynamics of exciton equilibration in the Chl a domain is
indeed altered upon aggregation. This effect was then further examined by 2DES with
direct Chl a excitation (4.4.4).
4.4.3 Chl a exciton equilibration dynamics
Two-dimensional spectra

Representative purely absorptive 2D spectra for selected waiting times Tw are plotted in Figure 38. In these experiments both the excitation and detection wavelength
axes correspond to Chl a excited states, so they are aimed at extracting details on the
dynamics of intraband EET, or exciton relaxation within the exciton manifold of Chl a.
Over time, exciton relaxation populates progressively lower-energy states causing
a shift of the 2D signal to longer detection wavelengths λ3, i.e. to the left of the diagonal
line. Inspecting the 2D spectrum at Tw = 150 fs one can conclude that within this time
part of the energy is already transferred from initially excited states absorbing at
λ1 = 660–670 nm to lower-energy states at λ3 = 675–680 nm. However, relaxation is not
yet completed because the shape of the 2D spectrum still markedly depends on λ1.
For example, the slice at λ1 = 665 nm has a pronounced shoulder below 670 nm,
which is lacking in the other slices (Figure 38, right panel). This behaviour is expected,
as it is known that EET in LHCII takes place for up to several picoseconds
[86,87,89,91,193-195]. In contrast, the 2D spectrum at Tw = 30 ps reveals that by this
time EET is completed because the shape of the 2D spectrum no longer depends on λ1,
meaning that the same terminal acceptor states are populated regardless of the initial
excitation. The uniformity of the 2D spectral shape is a direct proof that all absorbing
chromophores in the system are coupled via EET. If uncoupled pigments were present,
they would be identified as static diagonal peaks in the 2D spectra.
Energy equilibration — downhill vs. uphill EET

Because the energy differences between Chl a states are comparatively small, at RT
there is a significant probability that energy is transferred also uphill, i.e. from lowerenergy to higher-energy states. The terminal state is not the lowest-energy exciton state
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but a thermal quasiequilibrium, wherein different energy levels are populated according to the Boltzmann distribution. The kBT term at 298 K corresponds to a wavelength
difference of ~10 nm, spanning several exciton states. Uphill energy transfer generates
cross-peaks at λ1 > λ3 — below the diagonal line — which we can observe in Figure 38.
However, assessing uphill EET from snapshot 2D spectra is difficult because positive
ESA may obscure any GSB/SE signal below the diagonal line. Unequivocal evidence
for uphill EET is found by analysis of the 2D signal time dependence, presented below.
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Figure 38. 2DES of LHCII with Chl a excitation. Left: purely absorptive 2D spectra of LHCII trimers recorded
in the Chl Qy region at 0.15 ps and 30 ps waiting times (Tw) with excitation pulses at 675 nm. Right: horizontal
slices from the 2D spectra at excitation wavelengths of 665, 675 and 685 nm and waiting times 0.15 ps and
30 ps. The slices are normalized at their negative maxima for easier comparison.

Time dependence of the 2D signal

The Tw dependence of the 2D signal can be significantly affected by unwanted processes, such as polarisation artefacts (decay of anisotropy) and singlet–singlet annihilation. In this work we took care to eliminate these two effects. To record isotropic
transients reflecting pure population dynamics, the polarisation planes of the excitation and detection beams were set at the magic angle relative to each other by using
half-wave plates and low-dispersion polarizer filters. To eliminate singlet annihilation,
which results from the interaction of two excited states, we used very low excitation
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pulse energies (< 1 nJ) so that the probability for multiple simultaneous excitations in
a complex is negligible. The average excitation probability per pigment can be approximated by the ratio ΔA/2A, where ΔA is the maximal absorption difference induced
by the excitation pulses and A is the total absorbance of the sample [189]. The maximal
pump–probe signal at 680 nm for the presented data was 2.4 mOD, corresponding to
0.0036 excitations per Chl a, or less than one excitation per 11 LHCII trimers, on average. The probability for multiple excitations in the same complex, calculated from the
Poisson distribution, is 0.36%. Measurements at a low excitation rate require increased
instrumental sensitivity. The noise RMS level of the measured integrated ΔA signal in
the 2DES measurements was 1×10−5.
Figure 39 shows the Tw dependence of the horizontal slices at excitation wavelengths (λ1) of 665 nm and 685 nm. Hence, the plots represent the dynamic spectral
evolution, on a logarithmic time scale, for the case when initial excitation is on the
high-energy side or low-energy side of the Qy absorption band, respectively. It is evident that excitation on the short-wavelength side (λ1 = 665 nm) leads to gradual spectral shift to longer wavelengths (downhill EET), whereas excitation in the red tail
(λ1 = 685 nm) is followed by a blue shift (uphill EET). The peak position converges for
both excitation wavelengths at times longer than 10 ps. The spectral shifts reveal exciton equilibration in the Chl a manifold (both downhill and uphill) taking place on the
time scale of hundreds of fs to about 10 ps.

Figure 39. Waiting time dependence of the 2D signal at two fixed excitation wavelengths λ1 = 665 nm and
685 nm. The plots can be understood as analogous to pump–probe experiments with pump wavelengths
corresponding to λ1 — i.e. on the blue and red side of the Chl a Qy absorption band of LHCII.

Global lifetime analysis

The transient 2D data were subjected to global lifetime analysis as described in
3.3.4. Three lifetimes — 0.54 ps, 4.7 ps, and 3.2 ns — were necessary and sufficient to
obtain a good fit of the 2D signal, at the given signal-to-noise ratio, at all wavelengths
in the time window from 0.15 ps to 60 ps (the best fit was nearly the same for time
windows up to 600 ps). The representative 2D DAS are plotted in Figure 40.
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Figure 40. 2D decay-associated spectra of LHCII trimers, resulting from a three-exponential fit of the transient
2D signals from 150 fs to 64 ps with best-fit lifetimes of 0.54 ps, 4.7 ps, and 3.2 ns. Left: contour plots of the
2D DAS. Right: horizontal slices of the corresponding 2D DAS at three excitation wavelengths, normalized
at their negative maxima.

The 2D DAS are well suited to visually identify EET pathways associated with a
lifetime. The 2D DAS shows if a cross-peak rises or decays (positive or negative amplitude, respectively) with a certain lifetime. As it was mentioned previously
(4.4.1, page 63), a negative diagonal peak at (λA/λA) and a corresponding positive crosspeak at (λA/λB) and a corresponding strongly indicate EET from state absorbing at λA
to λB. If λA < λB, the EET is energetically downhill. The reverse, or uphill, EET produces
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a cross-peak at (λB/λA) and a diagonal peak at (λB/λB), provided that the excitation
pulses access λB. Thus, the symmetric pairs of cross/diagonal peaks in the 2D DAS can
identify donor–acceptor pairs coupled by reversible EET (energetically downhill/uphill). The ratio of intrinsic forward/reverse rate constants is determined by the state
energy levels and degeneracy, but the observable equilibration lifetime is invariably
the inverse sum of the forward and reverse rate constants. A unique advantage of 2D
DAS is in the potential to identify donor–acceptor pairs, which should appear on the
same 2D DAS as symmetric positive/negative peaks above and below the diagonal
line, signifying downhill and uphill EET direction, respectively. Note that the donor–
acceptor pairs need not to be individual excited states but quasiequilibrated pools of
strongly coupled states.
Downhill and uphill EET pathways

The 4.7 ps 2D DAS in Figure 40 can be interpreted as showing EET from states absorbing at approximately 667 nm to the lowest-energy Chl a states around 680 nm. The
positive cross-peak at (667→680 nm) signifies downhill EET and the cross-peak at
(680→667 nm) — uphill EET between the same excited states. The symmetry in the
positive/negative peak positions is also evident from the horizontal slices of the 2D
DAS. The spectra are not symmetric with respect to the peak intensity, which depends
on factors such as the ratio of forward/backward energy transfer and the dipole
strength of the respective transitions. Thus, we have for the first time directly detected
the bidirectional process of thermodynamic equilibration between excited states coupled by reversible EET.
The 0.54 ps 2D DAS has a more complex shape than the 4.7 ps 2D DAS. Broad
negative amplitude along the diagonal line peaking at 670 nm, flanked by parallel positive cross-peaks, suggests that multiple exciton states in the region 660–680 nm are
engaged in EET on the time scale of hundreds of femtoseconds. This 2D DAS has also
high degree of symmetry with respect to the diagonal line, likely because of downhill
and uphill EET routes. However, the spectral changes reflected by this 2D DAS could
be not be assigned to a specific EET step but evidently involve a mixture of different
pathways as well as spectral diffusion, i.e. fluctuations in the exciton energy levels that
destroy the correlation between excitation and detection wavelengths over time.
Comparison with literature and Chl b excitation data

The lifetimes of 0.5 and 5 ps are in good agreement with numerous previous studies of Chl a exciton relaxation in LHCII — observed by transient absorption [92,94,193],
fluorescence [95] and three-pulse photon echo [93,96]. On the other hand, we rule out
equilibration timescales slower than 5 ps. At first glance this conclusion may seem
contradictory to previously reported EET lifetimes of tens of ps, especially observed at
77K [87-89]. While low-temperature studies are indispensable for understanding the
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nature of the spectral changes, benefiting from practically unidirectional EET improved spectral resolution and fine structure, the results obtained from low-temperature experiments may not be readily extrapolated to physiological conditions, where
different structural states may become accessible to the protein.
Another source of apparent discord between the present and earlier data is that
here we report strictly exciton/spectral equilibration processes without contribution
from singlet–singlet annihilation and anisotropy decay. We contend that lifetimes in
the range of 10–20 ps observed previously [91,193,195,196] are contributed by singlet–
singlet annihilation, which is often evident because of the non-conservative shape of
the DAS, indicating excitation decay rather than EET, and has been discussed in detail
by Connelly et al. [94] The slower components in the range of 20 ps, detectable by singlet–singlet annihilation, may reflect additional spatial equilibration between sameenergy exciton states on different monomers in the trimer, possibly Chl a 602/603
[102,103], in agreement with numerous earlier works [28].
From analysis of the Chl b excitation 2DES data (4.4.1), we concluded that the
665 nm intermediate state decays mainly on a 2–3 ps lifetime — faster than the 4.7 ps
determined with Chl a excitation. In the former experiment, the lifetimes are determined mainly by the kinetics of Chl b — Chl a EET, whereas in the latter, Chl b does
not have a major contribution to the spectral dynamics. Furthermore, the 14–15 ps
timescale in the former experiment reflects primarily exciton annihilation. Because of
this, the 5 ps lifetime could not be resolved in the Chl b excitation experiment.
Superradiance, delocalization and homogeneous width

Apart from the kinetic information, the 2DES data reveal additional details on the
excitonic and electron–phonon couplings in the complex, by way of degree of homogeneous and inhomogeneous broadening, dynamics of spectral diffusion, and dipole
strength of the exciton transitions. As is clearly illustrated in Figure 39, low-energy Chl
a states (at detection wavelength around 680 nm) have larger dipole strength, i.e. they
are superradiant, likely because the states are delocalized over excitonically coupled
pigments with favourably oriented transition dipole moments [197]. This is in agreement with the nonlinear polarised fluorescence study of Schubert et al. [198] who estimated that the emitting state in LHCII is superradiant, having two-fold larger dipole
strength compared to monomeric Chl. The best-fit values for homogeneous bandwidth
(160–200 cm−1) and for the inhomogeneous width (240–260 cm−1) agree well with other
modelling and experimental data [195]. It must be noted that, to take full advantage of
the rich information encoded in the 2DES data, quantitative model fitting is essential.
The phenomenological theoretical model illustrates that the discussed parameters —
broadening, transition dipole strength, correlations, etc. — have profound effect on the
simulated spectra and the fit to the experimental data, but more detailed structurebased models need to be tested.
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4.4.4 Effect of aggregation on the energy transfer dynamics
2D spectra of LHCII aggregates were recorded under the same conditions as solubilised LHCII. Three lifetime components were sufficient to fit the data. The best-fit
lifetimes for one representative sample were 0.25, 2.2 and 66 ps (Figure 41). These lifetimes are markedly different than the lifetimes obtained for solubilised LHCII (4.4.3).
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Figure 41. 2D decay-associated spectra of LHCII aggregates, resulting from a three-exponential fit of the
transient 2D signals from 150 fs to 64 ps with best-fit lifetimes of 0.25 ps, 2.2 ps and 66 ps. Left: contour plots
of the 2D DAS and right: horizontal slices of the corresponding 2D DAS at three excitation wavelengths,
normalized at their negative maxima.
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However, from the shape of the 2D DAS we can conclude that the 0.25 and 2.2 ps component in aggregates are roughly equivalent to the 0.5 and 4.7 ps component, respectively, in trimers (cf. Figure 40) and the 66 ps component represents excitation decay.
The 2.2 ps component has the characteristic uphill/downhill features of EET between the 665–670 nm and 678–683 nm spectral ranges but the negative diagonal peak
is extended to longer wavelengths compared to the respective peak in trimers. Like
trimers, the final 2D DAS shape is independent from excitation wavelength showing
that exciton equilibration is completed before the excitations decay on the timescale of
66 ps. The decay lifetime is much shorter compared to value determined by TCSPC
(~200 ps). This apparent discrepancy is due to the large effective domain size in aggregates, which increases the likelihood of singlet–singlet annihilation [189].
Chl–Chl EET dynamics is accelerated in aggregates

The Chl b excitation 2DES of LHCII (4.4.2) revealed that EET between Chl a states
is accelerated in aggregates, particularly from 670 nm, which decayed on a 2.2 ps time
scale. This effect is confirmed in the Chl a excitation experiments — the reversible EET
between the intermediate 670-nm level and the lowest-energy Chl states occurs on a
4.7 ps timescale in trimers and 2.2 ps in aggregates. We stress that this faster EET is a
separate effect independent from “quenching”, i.e. the faster rate of non-radiative deactivation of the singlet excited states in LHCII aggregates.
One likely explanation for the faster EET is that upon aggregation LHCII undergoes structural changes that alter the couplings between Chls and consequently the
EET kinetics. Based on the results presented here, we can only speculate about the
possible causes for the accelerated decay of the intermediate-energy 670 nm state in
aggregates. We hypothesise that it is either due to a conformational change in the trimeric complex, or, possibly, due to interactions between Chls in adjacent trimers.
Recent structure-based exciton calculations of LHCII by Müh and Renger [199] predicted red shift of site energies (and consequently exciton energies) of specific Chl a
molecules upon aggregation of solubilised trimers. A 3 nm red-shift of site energies
was calculated for Chls 603 and 610, which absorb at 676 nm and 679 nm, respectively.
A 1−2 nm red-shift in energy was calculated for Chls 611, 612 and 613 with site energy
positions between 670 to 676 nm. The reorientations and changes in energy levels may
be the reason for altered energy transfer kinetics but are small enough so that 2D crosspeaks in trimers could be attributed to the same pigment groups. Aggregation also
results in slight variations of the site energies of some Chl b molecules — 601 and 607
are shifted by 2–3 nm in aggregates. It remains a possibility, albeit unlikely, that in
aggregates fast energy transfer (~3 ps timescale) occurs from the peripherally positioned Chl 613/614 pair to Chls on the nearest neighbour complex.
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4.5 Energy transfer and charge separation in PSI
4.5.1 Fluorescence kinetics
Fluorescence lifetimes of PSI core and PSI–LHCI complexes

The excited-state decay kinetics of PSI core complexes and PSI–LHCI complexes in
the tens of ps to ns range was followed by TCSPC with high dynamic range and accuracy. The fluorescence decays, recorded at different wavelengths over a 4-ns time period, were subjected to global analysis with a five-exponential model. The
characteristic lifetimes of PSI–LHCI complexes were 16 ps, 71 ps, 172 ps, 2.2 ns and
5 ns (Figure 42a) — in line with published results from different groups
[56,113,200,201]. Most excitations decay with a 16 ps lifetime, as was previously reported [56,200,201]. The DAES for this component peaks at around 685 nm and is attributed to emission from both core and antenna Chls. The second-largest component,
71 ps, shows a prominent broad peak around 720 nm, originating from low-energy
states — the well-known “red” Chls — in PSI. It has the largest contribution to the
fluorescence intensity at 720 nm (71%). The third component peaks at 720–730 nm, has
a relatively small amplitude (12%) and 27% contribution to the intensity at 720 nm.
The average fluorescence lifetime at 688 nm is 44 ps (excluding the emission from free
Chls as they are not part of the functional complex). The two major-contribution lifetimes, 16 and 71 ps, reflect together the overall trapping of excitations in the PSI RC as
well as the rate-limiting equilibration with the “red” Chls in LHCI.
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Figure 42. Decay-associated fluorescence emission spectra of isolated PSI complexes obtained from global
analysis of fluorescence decays measured by TCSPC. a: intact PSI–LHCI supercomplex; b: PSI core complex.

The core complex fluorescence decayed with lifetimes of 22 ps and 41 ps; with negligible contribution from longer decay components (Figure 42b). Overall, the lifetimes
and DAES of both types of preparations show a high degree of similarity with the
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fluorescence kinetics of A. thaliana PSI reported by Wientjes et al. [56] Decay components with >1 ns lifetime originate from small amounts of LHCI unattached to the core,
which is evident if the spectra are compared with those of isolated LHCI (not shown).
These and other lifetime components of very small amplitudes — 41 ps and 215 ps in
PSI core, and 172 ps in PSI–LHCI — will be excluded from further analysis. Although
components of very similar lifetime and DAES have been reported in several studies
[56,200,202], it is possible that they represent minor subpopulations of complexes.
Then, the PSI core fluorescence decay is described with a single 22 ps lifetime and the
PSI–LHCI kinetics is biexponential with lifetimes of 16–17 ps and 70–75 ps.
The 22 ps DAES of the isolated core has a very similar spectral shape with the 16 ps
component of PSI–LHCI, representing the overall excitation trapping in the core complex. Notably, the trapping lifetime is slightly longer in PSI–LHCI than in the isolated
core. The 71 ps component shows emission from low-energy “red” Chls [56,201,203]
and its spectral shape is nearly identical to the emission spectrum of LHCI (not shown).
Thus, the core complex and the peripheral antenna retain their spectral identities in
the DAES.
Kinetic model

To extract more information about the physical origin of the observed fluorescence
kinetics and DAES, we performed target compartmental analysis [158,159]. A kinetic
model, with compartments corresponding to different physical parts of the system and
species-associated emission spectra (SAES) for each compartment, was fitted to the
experimental data. The fluorescence kinetics of PSI–LHCI can be described with a simple two-compartment model encompassing energy equilibration between the “red”
states in the antenna and the bulk Chls. The fitted SAES for this model and the kinetic
scheme (including two unconnected compartments) with fitted rate constants are
shown in Figure 43.
b
1

a
Free

0.45

18
13

Bulk
45

0.26

Red 2
4.7

SAES

LHC red

0.8
0.6
0.4

Bulk
LHC red
Red 2
Free

0.2
0
680

700

720

740

Wavelength (nm)

Figure 43. Fluorescence kinetics of solubilised PSI–LHCI complex. a: kinetic scheme used in the target analysis
and fitted rate constants (ns−1); b: species-associated emission spectra obtained from target analysis with four
compartments.
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The lifetimes, DAES and, hence, reconstructed fluorescence decays (not shown)
were identical to those obtained by global analysis. According to the model, the 16 ps
decay component is associated primarily with trapping (charge separation) and EET
to the “red” Chls. The 70 ps component is associated mainly with excitation equilibration between the “bulk” and “red” compartments. Note that the “Red 2” compartment,
peaking at 735 nm, was excluded from the model scheme because it might not represent a separate state in the antenna but a subpopulation of PSI.
The inverse sum of the forward and reverse red–bulk EET rate constants, 32 ps, is
a proxy for the equilibration time. The overall equilibration time is the sum of several
EET timescales — between bulk and red Chls in LHCI (Lhca3/4), between LHCI subunits (e.g. between Lhca1 and Lhca4), and between LHCI subunits and the PSI core
complex. The two-compartment model cannot discriminate between these EET processes. Wientjes et al. [204] have shown that the timescale of red–bulk equilibration in
isolated LHCI is about 16 ps. If the overall equilibration time in PSI–LHCI is 32 ps, it
follows that the timescale of EET from the bulk LHCI Chls to the core is also in the
range of 10–20 ps (32 − 16 = 16 ps).
4.5.2 Two-dimensional spectroscopy
Two-dimensional spectra

2DES experiments on PSI core and PSI–LHCI complexes were performed with excitation pulses centred at 680 nm that spectrally overlap with the Qy absorption region
of Chl a. The maximal transient absorbance signal (at 680 nm) for all experiments was
no more than 2 mOD. Based on the excitation pulse energies, as well as on the magnitude of the transient signal, we estimated, on average, less than one excitation in a PSI
complex per pulse. Therefore, singlet–singlet annihilation has negligible effect on the
kinetics.
Representative purely absorptive 2D spectra of PSI core complexes and intact
PSI–LHCI for selected waiting times Tw are plotted in Figure 44. The 2D spectra recorded at waiting time 150 fs have a slanted shape along the diagonal, i.e. attesting that
energy equilibration between the bulk Chl a states is not yet completed. As the system
becomes thermally equilibrated, the correlation between excitation and detection
wavelengths is progressively lost. Consequently, the spectra at 5 ps show no diagonal
slant. Instead, part of the signal is detected at wavelengths longer than 700 nm, evidently due to EET to the “red” Chls. Because of this relationship, 2DES gives a definitive time course of thermal equilibration, which appears to be virtually completed
within 5 ps in both PSI core and PSI–LHCI.
The most obvious difference between the spectra of the two preparations is the
extended tail at λ3 > 700 nm in the PSI–LHCI supercomplex, which is due to the additional “red” states in the peripheral antenna.
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Figure 44. Representative purely absorptive 2D spectra of PSI core (upper row) and PSI–LHCI (lower row)
recorded in the Chl Qy region with excitation pulses at 680 nm at the indicated waiting times (Tw).

Time dependence of the 2D signal

Figure 45 shows the spectral evolution upon excitation at 675 nm and 690 nm. The
data show the time-dependent red or blue shift depending on whether the initial excitation was on the blue or red side of the absorption band, respectively. Spectral equilibration seems to be complete after ~3 ps, i.e. earlier compared to LHCII (cf. Figure 39).

Figure 45. Waiting time dependence of the 2D signal at fixed excitation wavelengths λ1 = 675 nm and 690 nm.
The plots can be understood as analogous to pump–probe experiments with pump wavelengths corresponding to λ1 — i.e. on the blue and red side of the Chl a Qy absorption band of PSI–LHCI.
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Figure 46 plots the time courses at selected wavelengths, showing energy redistribution occurring in the first few ps after excitation. The diagonal traces (675→675 nm,
etc.) rapidly decay, whereas off-diagonal traces show a lag-phase (e.g. 675→690 nm)
or rise of the bleaching signal amplitude (682→700 nm) that follows the population of
states via EET. Uphill EET is clearly seen in e.g. the trace 690→675 nm. The plots also
show that a component absorbing at ~700 nm is populated at times 1–10 ps and decays
afterwards.

Figure 46. Time traces of the absorptive 2D signal at selected wavelength intersections, λ1/λ3 from PSI–LHCI.
Measured datapoints (from Figure 44) are shown as symbols and lines represent fit by global analysis. a:
λ1 = 675 nm; b: λ1 = 690 nm.

Global analysis – PSI core

For a quantitative description, the transient 2DES data were subjected to global
lifetime analysis. Good fit of the PSI core data in the time window 0.15–100 ps was
obtained with three unconstrained exponential decay components (with lifetimes 0.49,
3.5 and 19 ps) and a non-decaying component. The lifetimes are in good agreement
with those obtained from pump – probe spectroscopy experiments of cyanobacteria
and green algae [104-106,108-110,205-207]. The 2D DAS are plotted in Figure 47.
Energy equilibration in the core complex

In the previous section (4.4), describing the study of EET in LHCII, it was demonstrated that simultaneous downhill/uphill EET routes appear as symmetric crosspeaks on the 2D DAS. The first 2D DAS on Figure 47 (0.49 ps lifetime) features a positive cross-peak above the diagonal at excitation wavelengths 670–680 nm and a symmetric cross-peak below the diagonal at 680–690 nm. Therefore, the 2D DAS strongly
suggests that exciton equilibration between states in the 670–690 nm wavelength region occurs on a 0.5 ps timescale. Furthermore, the slanted ellipsoid shape of the crosspeaks shows that multiple states of different energies are engaged in EET. In this respect, exciton equilibration in PSI is reminiscent of spectral diffusion of an inhomogeneously broadened band, which would produce the same characteristic 2D DAS shape.
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Figure 47. 2D decay-associated spectra of PSI core, resulting from a three-exponential fit of the transient 2D
signals from 150 fs to 300 ps with best-fit lifetimes of 0.49 ps, 3.5 ps, 19 ps and a non-decaying component.
Negative amplitudes (red) represent decay and positive amplitudes — rise of the bleaching signal.

The second 2D DAS (3.5 ps lifetime) exhibits a negative peak at around λ3 = 685 nm
and a broad positive cross-peak at λ3 = 704 nm. This component can describe the net
downhill EET from the bulk Chls to a pool of Chl a with an absorption band around
700 nm. Because the excitation pulse spectrum does not extend to 700 nm, it is not
possible to observe uphill cross-peaks in this region. EET processes with a very similar
spectral signature and lifetimes in the range of 2–3 ps have been observed in PSI from
cyanobacteria [60,104,106,205,208] and C. reinhardtii [108-110]. The spectral changes
were attributed to equilibration between bulk antenna excited states and low-energy
“red” Chls. Here we show that the plant PSI core, which contains less, if any, “red”
Chls [52,61], exhibits the same kinetic behaviour. The 2D DAS spectrum is not conservative, i.e. the negative peak amplitude is larger than the positive peak amplitude.
The stronger decay amplitude suggests loss of excitations on this timescale. We can
thus argue that initial trapping already occurs on the timescale of 3 ps. The negative
peak is slanted along the diagonal (inhomogeneously broadened or slow spectral diffusion), whereas the positive cross-peak lacks any such correlation, which means, first,
that the exciton energies are not (yet) randomized and, second, that there is minimal
or no correlation between the donor and acceptor state energies.
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Trapping and radical pair formation

The 19 ps 2D DAS has only negative amplitudes, except at detection wavelengths
under 670 nm, where it shows Chl excited state absorption. The majority of excitations
in the PSI core decay on this timescale. In contrast to the previous 2D DAS, the peak
shape of the trapping component is completely independent from excitation wavelength, which can be confirmed by comparing horizontal slices of the 2D DAS at different λ1 (not shown). Therefore, we can conclude that the 19 ps component reflects
trapping of excitations from a fully equilibrated antenna pool. The final 2D DAS corresponds to a state that does not decay within our experimental Tw range. It shows two
distinct bleaching peaks — around 680 and 700 nm. It represents the spectrum of the
oxidized RC (P700+) and probably long-lived excitations in a small number of uncoupled
Chls. Horizontal slices of the 2D DAS (not shown) are very similar to the P700+ transient
absorption spectrum, reported for example in [209]. The non-decaying spectrum is of
significantly lower amplitude than the rest, indicating that some RC remain closed between excitation cycles. From a comparison of the relative DAS amplitude or the relative non-decaying signal amplitude at 700 nm to earlier published data on open and
closed RCs [105], we estimate that the majority of RCs in this work must be in an open
state. The non-decaying amplitude can also be reduced because of singlet–singlet annihilation and other quenching processes, for example singlet quenching by phenazine
methosulfate [210]. For these reasons, the amplitudes of the DAS, and consequently
SAS, are not an accurate estimate of the concentrations of the respective species.
Global analysis of PSI–LHCI

Global analysis of the 2DES kinetics of PSI–LHCI required four exponential decay
lifetimes – 0.5, 3.2, 14 and 53 ps (Figure 48). The first two (0.5, 3 ps) and the non-decaying component (not shown) had 2D DAS essentially the same as for the isolated PSI
core. The main excitation decay lifetime was consistently found to be shorter (14–16
ps), compared to the isolated PSI core (18–20 ps), as was found also by TRF. An additional 53 ps lifetime, not present in the core, is associated with the decay of “red” Chls
in the peripheral antenna, absorbing at wavelengths 700–710 nm. The 14 and 53 ps 2D
DAS show that trapping in the PSI–LHCI supercomplex, as in the isolated core, occurs
from a thermally equilibrated antenna.
A comparison of the spectral shape of the main decay components for PSI–LHCI
(14 ps) and PSI core (19 ps) reveals a marked difference on the long-wavelength side.
A similar difference is noticeable in the fluorescence DAES of the core and the supercomplex (cf. Figure 42) but is even more pronounced in the 2D DAS. It can be concluded that the 14 ps lifetime in PSI–LHCI reflects both trapping of excitations and
equilibration with “red” Chls in the peripheral antenna. Population of “red” states results in reduced net DAS amplitude in the far-red range.
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Figure 48. 2D decay-associated spectra of PSI–LHCI, resulting from a four-exponential fit of the transient 2D
signals from 150 fs to 300 ps with best-fit lifetimes of 0.51 ps, 3.2 ps, 14 ps, 53 ps. The non-decaying component
is not shown.

In summary, global analysis of the 2DES data of isolated PSI core complexes and
the intact supercomplexes reveals spectral equilibration in the main Chl a Qy band with
a 0.5 ps and equilibration with “red” spectral forms at 700 nm on a 3–4 ps timescale.
The main trapping lifetime in the core complex is 20 ps and the additional 53 ps lifetime is associated with “red” Chls in the peripheral antenna. There is close similarity
between the 2DES and TRF data in terms of lifetimes and spectral features.
Kinetic modelling

To examine the physical processes that determine the spectral changes and obtain
the relevant EET and electron-transport rate constants, we performed kinetic model
fitting (target analysis) of the 2DES data. In the following analysis, the spectra were
integrated over a window of excitation wavelengths 670–690 nm, essentially converting the 2DES results to transient absorption spectra with broadband excitation. The
approach is warranted by the fact that the spectral changes at longer delay times are
independent from excitation wavelength. Subpicosecond kinetic components were excluded from the kinetic scheme. The target analysis allows us to assess whether the
kinetic models produce physically realistic rate constants and species-associated spectra [158,159].
Two kinetic model schemes were tested. In both cases the model comprised of two
compartments for the PSI core and one for the peripheral antenna, LHC. Due to the
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increased number of free parameters, fitting this type of models often can end in different local χ2 minima, depending on the starting values of the fit parameters. To counter this, we performed the analysis in two steps. First, we fitted the core model (only
two compartments) to the data for isolated PSI cores. Next, the full model (with LHC
compartment) was set up with initial rate constants obtained from the first fit and 30%
of initial excitations placed on LHC. After fitting the models to the PSI–LHCI data, the
best-fit rate constants for the core compartments were found the same (within 10%
margin) as they were for the isolated core complex.
“Red antenna” model

The first model, which we will refer to as “red antenna” model, incorporates “red”
states in the core antenna, represented by the “Core Red” compartment. Charge separation is modelled as a single decay pathway from the “Bulk” compartment. The
scheme is equivalent to the model of Wientjes et al. [56]. The rate constants, DAS and
SAS for the PSI–LHCI supercomplex are plotted in Figure 49.
a
LHC red

20
12

54

Bulk

190

Core
red

71

2

b

1

1

3.7 ps
16 ps
60 ps

c

0

SADS

DADS

0
-1

-1

-2
-2
-3
-4
660

670

680

690

700

Wavelength (nm)

710

720

-3
660

LHC
Core bulk
Core red
670

680

690

700

710

720

Wavelength (nm)

Figure 49. Target analysis of PSI–LHCI with a “red antenna” model. a: kinetic scheme; b: decay-associated
absorption difference spectra; c: species-associated absorption difference spectra. The rate constants (indicated in the scheme in ns−1) and spectra were determined by fitting to the PSI–LHCI 2DES data, integrated
over excitation wavelength. Subpicosecond decay components as well as the final, non-decaying trap component are omitted for the sake of brevity.

We should note that the same set of rate constants of equilibration and charge separation resulted in different apparent trapping lifetimes for the isolated core (19 ps)
and the supercomplex (16 ps), in agreement with the global analysis (vide supra). The
DAS for the supercomplex showed (Figure 49b), as expected from the global analysis,
energy equilibration occurring on a 3–4 ps timescale, followed by decay of bulk excitations with 16 ps lifetime and finally decay of “red” states in LHC with 60 ps lifetime.
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The LHCI–PSI equilibration time is 32 ps, almost identical to the one obtained from
target analysis of TRF data. The SAS are single bleaching/stimulated emission bands
centred at 684, 702 and ~710 nm for the bulk Chls, core red Chls, and LHC red Chls,
respectively.
Thus, target analysis with this kinetic scheme produced a physically realistic
model, if one assumes the existence of “red antenna” Chls in the core complex equilibrating on a 3–4 ps timescale and monoexponential (14 ps time constant) trapping kinetics. The kinetic scheme could well be interpreted in line with a “transfer-to-traplimited” model, assuming that the 14 ps trapping time is limited by EET to the RC and
intrinsic charge separation is very fast, so that the excited RC cannot be detected in the
spectra due to its very low transient concentration. However, there are arguments
against this interpretation. First, 3–4 ps equilibration time has not been reported before
for plant PSI. Second, “red antenna” states here cannot be identified with red states in
other plant PSI studies. For example, Wientjes et al. detected red Chls emitting around
720 nm, with 40–50 ps equilibration time. In fact, our TRF results are in perfect agreement with this component (note the 41 ps red-shifted DAES in Figure 42b). Hence, to
explain the 3–4 ps equilibration, we must assume the existence of additional red antenna states absorbing around 700 nm. A rough estimation of the number of Chls in
the “LHC red” and “Core red” compartments is given by the thermodynamic parameters of the equilibration calculated from the ratio of forward and reverse rate constants and the SAS peak wavelengths (Table 3).
Table 3. Thermodynamic parameters of red-bulk equilibration

TCSPC
Parameter
Rate constant ratio
(forward / reverse)
Free-energy change
(T = 293 K)
Enthalpy change
(from SAS peaks)
Entropy change
Number of Chls ratio
Total number of Chls
Number of “red”
Chls

Definition
𝑘𝑘1
𝑘𝑘2

Δ𝐺𝐺 = 𝑘𝑘𝑘𝑘 ln

𝑘𝑘1
𝑘𝑘2

Δ𝐸𝐸 = ℎ𝜈𝜈1 − ℎ𝜈𝜈2

𝑁𝑁1
=
𝑁𝑁2
= −Δ𝐺𝐺 + Δ𝐸𝐸
𝑇𝑇Δ𝑆𝑆
𝑁𝑁1
= 𝑒𝑒 𝑘𝑘𝑘𝑘
𝑁𝑁2
𝑇𝑇Δ𝑆𝑆 = 𝑘𝑘𝑘𝑘 ln

𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡

𝑁𝑁2 = 𝑁𝑁𝑡𝑡𝑡𝑡𝑡𝑡 − 𝑁𝑁1
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LHCI red
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13 ns−1/18 ns−1

12 ns−1/ 20 ns−1
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−8 meV

−12

−32 meV

81 meV

74 meV

44 meV

89 meV

86 meV

78 meV

35

31
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143
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4

4.5

4
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From the kinetic model it follows that both the core and LHCI must contain about
4 red Chl forms. However, the PSI core should contain fewer red antenna Chls than
LHCI. According to Croce et al. (1998), PSI core complexes from maize contain at most
two red forms. The reported absorption spectra are virtually identical to our PSI core
preparations, hence we can rule out the presence of additional red forms in the PSI
core antenna of pea. It is then reasonable to assume that the “core red” states are not
in the antenna but represent the PSI RC, P700.
“Red RC” model

The second kinetic scheme (Figure 50) will be referred to as “red RC” model. It
separates the core complex into a “bulk” and a “RC” compartment, the latter responsible for trapping. Note that the only difference between the kinetic schemes of the
“red antenna” and “red RC” model is the location of the de-excitation channel.
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Figure 50. Target analysis of PSI–LHCI with a “red RC” model. a: kinetic scheme; b: decay-associated absorption difference spectra; c: species-associated absorption difference spectra. Details as in Figure 49.

Fitting resulted in essentially identical lifetimes and DAS (hence equal goodness
of fit) as the “red antenna” model, although the rate constants were markedly different.
The equilibration time between LHC and the core was about the same. The SAS were
almost unchanged — the RC SAS matched the “Core red” spectrum’s peak position
(702 nm) and half-width (19–23 nm) but with a smaller amplitude. This, and the high
ratio of forward to reverse core–RC rate constants (1.6), make the model physically
unrealistic if the RC compartment is to represent Chl excited states. However, “RC”
can be interpreted as a charge-separated state (oxidised RC), which then implies a fast
antenna–RC exciton equilibration, similar to Holzwarth’s trap-limited model of PSI
[115,200,211]. Thus, we have shown here that the same experimental kinetics of PSI
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can be described equally well with two alternative models. Based on the experimental
data alone, it is not possible to judge which model is correct. Evidence for and against
both models has been put forward and discussed extensively in the literature [58]. Our
results seem to favour the “red RC” model, simply because the alternative necessitates
the existence of multiple “red” states in the PSI core antenna, which have not been
observed by other methods.
Extended model with antenna–RC equilibration

The “red RC” model scheme is incomplete in the sense that it implies fast exciton
equilibration between the antenna and RC Chls. On the other hand, the 2D DAS clearly
show that energy equilibration on a 0.5 ps timescale involves the spectral region
around 690 nm. Based on this, we performed target analysis of the 2DES data with an
extended model that includes antenna–RC exciton equilibration explicitly. The kinetic
scheme consists of three compartments (antenna, excited RC, radical pair) and is identical to the PSI core model of Slavov et al. [200]. The model was fitted to the PSI core
data, selecting a window of excitation wavelengths (λ1) on the blue side of the absorption band (675 ± 5 nm). The results are shown in Figure 51.
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Figure 51. Target analysis of PSI core complex with an extended “red RC” model. a: kinetic scheme; b: decayassociated absorption difference spectra; c: species-associated absorption difference spectra.

The lifetimes (0.64, 4, and 19 ps) and rate constants closely matched the values
reported by Slavov et al. as well as the recent model of Santabarbara et al. [132]. The
SAS of the excited RC peaks slightly above 690 nm, in line with the results of
Gibasiewicz et al. [108,212], and the radical pair shows bleaching at 700 nm, as expected
for P700+. The model and species-associated spectra are also in good agreement with the
target analysis of transient absorption data of Chlamydomonas PSI, reported in [115].
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The excited RC is populated on a timescale of 640 fs (reported by the positive SAS
amplitude at 690 nm, Figure 51) by exciton equilibration with the antenna states. This
is followed by reversible charge separation with an intrinsic rate constant of (2.3 ps)−1
and a secondary electron transfer rate of (10 ps) −1.
Combined PSI–LHCI kinetic scheme

We must stress that the model was obtained by fitting spectral changes resolved
along the detection wavelength only. The full 2D DAS spectra unequivocally show
that spectral equilibration on 0.5 ps timescale involves a multitude of exciton states,
therefore the lifetime of antenna–RC equilibration and the SAS of the “RC” cannot be
separated by (one-dimensional) transient absorption. What is clear from the 2DES data
is that direct excitations at 690 nm (not necessarily the RC) are transferred uphill in 0.5
ps. Taking into account all modelling results for isolated core complexes and intact
supercomplexes, we can summarize the kinetics of PSI–LHCI, extending the schematic
model of Croce and van Amerongen [58]. The extended scheme in terms of the “red
RC” model including equilibration with LHCI is depicted in Figure 52.

Figure 52. Energy transfer and charge separation kinetics in PSI–LHCI. A combined scheme from modelling
of fluorescence and 2DES data. The main energy and electron transfer pathways are represented by doubleheaded arrows with indicated effective time constants. RP1 and RP2 represent oxidized states of the RC.
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membranes
4.6.1 Functional domain size in reconstituted LHCII membranes
It has been shown that aggregates of LHCII are energetically well interconnected
and excitations can diffuse at long distances [192,213]. We evaluated the connectivity,
or functional domain size (the average number of sites that excitations can diffuse to
before being deactivated), in LHCII aggregates, in reconstituted lipid membranes, and
native LHCII-enriched membranes. To this end, we measured the effective quenching
rate constants of phenyl-p-benzoquinone as in [192], following the assumption that it
increases with the domain size. Briefly, the Stern–Volmer constant KSV was determined
from the slope of the ratio of average lifetimes in the absence and presence of quencher,
τ0/τ, plotted against the quencher concentration. According to the Stern–Volmer equation, the effective bimolecular quenching rate constant is 𝑘𝑘𝑄𝑄 = 𝐾𝐾𝑆𝑆𝑆𝑆 𝜏𝜏0 .

The effective quenching rate constants for LHCII in different molecular environments are shown in Table 4. The quenching rate constants in aggregates were ~30-fold
higher than in solubilised trimers, as reported previously [192]. For LHCII membranes
reconstituted at lipid:protein ratio of 300 and 100, the relative domain size values were
10 and 27, respectively. Hence, the connectivity was dependent on the lipid:protein
ratio, corroborating the results of Haferkamp et al. [184]. The domain size values found
for thylakoid membranes from lincomycin-treated plants were between 8 and 15 (average 9). Hence, reconstituted LHCII membranes exhibit effective energy transfer between adjacent LHCII trimers comparable to native LHCII-enriched membranes.
Table 4. Average lifetimes and functional domain sizes of LHCII in different molecular environments

τ0
(ns)

KSV

kq

Domain size

(M-1)

(M-1 s-1)

(relative to β-DM)

LHCII/β-DM

3.55

1.35×104

3.5×1012

1

LHCII aggregates

0.20

5.56×105

3.4×1014

98

Reconstituted membranes L:P 100:1

1.06

1.29×105

9.4×1013

27

Reconstituted membranes L:P 300:1

2.05

9.60×10

3.4×10

10

Thylakoid membrane (lincomycintreated)

1.6

4.6×104

4

13

5.1×1013

9

An important factor for the light-harvesting function of reconstituted antenna systems in vitro is the connectivity between antenna units allowing excitation energy to
be delivered to the site of photochemical energy conversion. A characteristic of LHCII
in the lipid membranes that may prove valuable is the long excited-state lifetime combined with large functional domain size. In this respect, the lipid membrane can be
regarded as the most “native” in vitro environment for LHCII.
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4.6.2 Energy transfer between LHCII and PSI in artificial membranes
We investigated the ability of LHCII to transfer absorbed light energy to PSI in
reconstituted membranes. Isolated LHCII and PSI were incorporated into lipid membranes separately or in mixtures of known stoichiometry, to test the effective antenna
size of PSI under controlled conditions at varying known stoichiometries of LHCII:PSI.
The PSI, LHCII and PSI–LHCII membranes were characterized, firstly by quantifying
the pigment stoichiometric ratios — to verify that the reconstituted samples have the
correct composition — and, secondly, by absorption and CD spectroscopy — to verify
that they have the correct structural organization. Finally, we applied steady-state and
TRF spectroscopy to determine the efficiency and dynamics of EET from LHCII to PSI
and the overall quantum yield of PSI photochemistry.
Composition and structural organization of the PSI–LHCII membranes

The pigment composition and size distribution of isolated reconstituted PSI, LHCII
and PSI–LHCII membranes is reported in Table 5. The Chl a/b ratios of isolated PSI–
LHCI and of LHCII were 12.8 and 1.33, respectively — closely matching the ratio found
in the crystal structures (see 1.1.4, 1.1.5). The number of LHCII trimers per PSI in the
reconstituted PSI–LHCII membranes was verified from the measured Chl a/b ratio assuming 42 Chls per LHCII and 156 Chls per PSI–LHCI. The calculated LHCII:PSI stoichiometries were equal to the predetermined ones, within 10% margin.
Table 5. Pigment content and hydrodynamic diameters of PSI, LHCII and PSI–LHCII membranes

Sample type

Chl a/b

PSI

12.8 ± 0.16

-

83

±

14

265

±

65

LHCII

1.33 ± 0.02

-

51

±

5

240

±

32

PSI–LHCII (1:1) *

5.99 ± 0.19

1.0

52

±

8

215

±

23

PSI–LHCII (1:2)

4.09 ± 0.11

2.1

43

±

5

181

±

20

PSI–LHCII (1:3)

3.50 ± 0.03

2.9

41

±

2

237

±

32

167

±

21

Empty liposomes
*

LHCII:PSI

Diameter 1 (nm)

Diameter 2 (nm)

The ratio in parentheses (1:1) refers to the pre-calculated LHCII:PSI molar ratio

The size distribution of the proteoliposomes was analysed by dynamic light scattering. The mean hydrodynamic diameter for empty liposomes was 167 nm (Table 5),
whereas in proteoliposomes typically about 90% of the mass was found around particle diameters in the range of 40–80 nm and a secondary peak at 180–270 nm. The
smaller diameters probably originate from protein scattering centres, whereas the
greater values represent the total vesicle sizes, which incidentally coincide with typical
diameters observed in freeze-fracture electron microscopy images (Figure 53).
The freeze-fracture images also show the protein distribution on the membrane
surface. The surface of LHCII proteoliposomes appears relatively smooth (Figure 53a)
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and individual complexes cannot be discerned, whereas PSI membranes show sharp
protrusions that easily identify the positions of the PSI complexes (Figure 53b). While
occasional clusters of PSI and PSI-free regions can be observed in the images, typically
the proteins seem to be evenly distributed in the densely packed membranes.
b

a

Figure 53. Representative freeze-fracture electron microscopy images of reconstituted proteoliposomes. a:
with LHCII only; b: PSI–LHCII (2 trimers per PSI). Scale bars — 100 nm.

Absorption and CD spectra

Absorption and CD spectra were recorded for the membranes containing LHCII
and PSI separately and in combination. For quantitative comparison, we subtracted
the PSI absorption spectrum from the spectra of the PSI–LHCII membranes (Figure
54a), weighted by the estimated PSI content. The resulting absorption difference spectra very well matched the spectrum of LHCII-only membranes, not only in shape but
also in amplitude (Figure 54b).
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Figure 54. Absorption spectra of PSI–LHCII membranes. a: absorption spectra of reconstituted PSI-only or
PSI–LHCII membranes (2 trimers per PSI); b: absorption difference spectra PSI–LHCII minus PSI-only membranes compared with the spectra of LHCII-only membranes.

Furthermore, CD spectra were measured to check for possible changes in protein
conformation or exciton interactions within and between complexes in the mixed PSI–
LHCII membranes (Figure 55). The PSI spectra are characterised by strong excitonic
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bands in the Chl a Qy region — at 685 nm and 671 nm — and a positive carotenoid
band at 510 nm [214,215]. The spectra of the mixed membranes could be fully reconstructed by linear combinations of the two individual component spectra PSI and
LHCII, with small (< 10%) residuals at 482 nm and 668 nm, which is a proof that neither
LHCII nor PSI were structurally altered in the mixed reconstituted membrane. The CD
difference spectra PSI–LHCII-minus-PSI matched the LHCII-only CD spectrum, with
no indication of structural changes or aggregation (cf. 4.1.4).
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Figure 55. CD spectra of PSI–LHCII membranes. a: CD spectra of reconstituted PSI-only or PSI–LHCII membranes (2 LHCII trimers per PSI); b: CD difference spectra PSI–LHCII minus PSI-only membranes compared
with the spectra of LHCII-only membranes.

Fluorescence emission and excitation spectra at 77 K

The fluorescence emission spectra of PSI and LHCII at 77 K are readily distinguishable (Figure 56). Because of the high Chl b content in LHCII, its excitation spectrum has
higher amplitude in the 460–490 nm region (Figure 56a). The emission spectrum of PSI
(Figure 56b) has a characteristic intense band at 730 nm [126] because at this temperature (77 K) fluorescence is emitted predominantly from the “red” states. The emission
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Figure 56. Fluorescence spectra at 77 K. a: excitation spectra of the 730 nm emission from PSI- and LHCII-only
membranes; b: emission spectra (436 nm excitation wavelength) of PSI- and LHCII-only membranes.
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from LHCII liposomes peaks at 680 nm; at 730 nm the intensity was 50% compared to
PSI, on an absolute scale.
The emission and excitation spectra of PSI–LHCII membranes are shown in Figure
57. The mixed membranes showed markedly reduced emission at 680 nm, compared
to LHCII-only membranes (Figure 57b). This is a strong evidence that LHCII fluorescence was quenched by EET to PSI. In support of this, the excitation spectra showed
increased contribution of Chl b to the emission at 730 nm (Figure 57a).
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Figure 57. Fluorescence spectra of reconstituted PSI–LHCII membranes at 77 K. a: excitation spectra of PSI–
LHCII membranes (1, 2 and 3 trimers per PSI); b: emission spectra of PSI–LHCII membranes (1, 2 and 3 trimers per PSI).
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Figure 58. Calculated fluorescence spectra of PSI–LHCII mixtures at PSI:LHCII ratios of 1:1, 1:2 and 1:3 (dotted
lines) compared with the measured spectra of PSI–LHCII membranes (solid lines). a: excitation spectra (730
nm detection); b: emission spectra (436 nm excitation).

In the absence of EET from one complex to the other, the spectra of PSI–LHCII
membranes would be equal to the sum of PSI-only and LHCII-only membranes’ fluorescence spectra. To test this hypothesis, we calculated the expected emission and excitation spectra of PSI–LHCII mixtures at the same PSI:LHCII ratios but in the absence
of EET (Figure 58). The experimental spectra are markedly different — showing less
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LHCII emission (at 680 nm) and stronger contribution of Chl b to the excitation of 730
nm fluorescence, compared to the calculated ones.
To further confirm that the fluorescence of LHCII was quenched by interaction
with PSI, we recorded the fluorescence spectra after addition of 0.03% β-DM, which
breaks the membranes apart. The Chl b amplitude of the excitation spectra slightly decreased (Figure 59a) and the intensity at 680 nm in the fluorescence emission spectra
increased six-fold (Figure 59b). In comparison, adding β-DM to LHCII-only membranes led to a two-fold increase in the fluorescence intensity (data not shown). From
the ratio of the emission intensity at 680 nm before and after adding β-DM, we could
estimate that 60–70% of the LHCII excitations are transferred to PSI.
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Figure 59. Fluorescence spectra of PSI–LHCII (1 trimer per PSI) membranes at 77 K before and after solubilisation with 0.03% β-DM. a: excitation spectra (730 nm detection); b: emission spectra (730 nm detection).

Time-resolved fluorescence of reconstituted membranes

To get more insight into the efficiency and dynamics of energy transfer from LHCII
to PSI in the reconstituted PSI–LHCII membranes, we recorded the picosecond
fluorescence decay kinetics at RT. In addition to the reconstituted membranes, we
measured the fluorescence kinetics of isolated LHCII and PSI in detergent micelles as
well as proteoliposomes under the same experimental conditions and used these as
reference for the analysis of the reconstituted mixtures. The measured decays were
analysed by global lifetime analysis and by target analysis (for details see sections
3.3.4). Representative DAES of reconstituted PSI and LHCII membranes are shown in
Figure 60.
The fluorescence kinetics of PSI mmebranes (Figure 60a) were practically identical
to solubilised PSI (cf. 4.5.1, Figure 42) with very similar lifetimes and no noticeable differences in the shape or relative amplitudes of the DAES. The fluorescence decays of
LHCII membranes were dominated by lifetime components in the 1–3 ns range with
nearly identical spectra peaking at 680 nm — according to the lipid:protein ratio, as
described in section 4.3.3.
94

4.6 Excitation energy transfer between complexes in artificial membranes
a

b
19 ps
68 ps
181 ps
3.23 ns

1

0.6

0.8

DAES

DAES

0.8

0.4

403 ps
1.72 ns
2.95 ns

1

0.6
0.4
0.2

0.2

0

0
680

700

720

740

680

Wavelength (nm)

700

720

740

Wavelength (nm)

Figure 60. Decay-associated fluorescence emission spectra of PSI and LHCII reconstituted in membranes. a:
PSI; b: LHCII.

Five lifetime components were necessary to model the fluorescence decays of PSI–
LHCII membranes over 8 ns time range. The lifetimes and relative amplitudes at
680 nm for different PSI–LHCII stoichiometries are summarized in Table 6. Several notable features are recognizable in the DAES (Figure 61). The second-fastest component
(80–87 ps) appears to reflect emission from both LHCI (720 nm) and LHCII (680 nm).
Three longer-lived components are also resolved with spectral shape like LHCII. The
relative amplitude of these components increases with the LHCII:PSI ratio. The main
LHCII-related decay lifetime is 232–262 ps — one order of magnitude faster than in
LHCII-only membranes. This is yet another evidence for EET from LHCII to PSI.
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Figure 61. Decay-associated fluorescence emission spectra of reconstituted PSI–LHCII membranes. a: PSI–
LHCII at stoichiometry ratio 1:2; b: PSI–LHCII at 1:3 ratio.

Also of note is that the fastest PSI-related lifetime increased progressively with the
proportion of added LHCII, up to 30% compared to isolated PSI, while the relative
amplitude of this component diminished (Table 6). A similar relative increase in the
lifetimes was observed by Wientjes et al. [129]
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Table 6. Fluorescence lifetimes and relative amplitudes at 680 nm of reconstituted membranes

LHCII

PSI

PSI:LHCII (1:1)

PSI:LHCII (1:2)

PSI:LHCII (1:3)

τ (ps)

a

τ (ps)

a

τ (ps)

a

τ (ps)

a

τ (ps)

a

-

-

19

62

21

51

24

45

25

39

-

-

68

34

74

34

80

37

87

36

403

7

181

3

214

5

232

7

262

13

1720

41

-

-

1478

3

1155

4

925

7

2950

52

3230

1

3904

8

3625

8

3193

5

Kinetic modelling

For a more detailed understanding of the kinetics of EET between LHCII and PSI,
we modelled the TRF data applying the knowledge previously obtained from modelling the kinetics of the isolated complexes (4.5). The following analysis applies to reconstituted PSI–LHCII membranes at ratio 1:3. The kinetic model for PSI (Figure 43)
was extended with additional compartments representing LHCII (Figure 62). The kinetic scheme is similar to the one applied by Le Quiniou et al. [130,216] to model the
kinetics of PSI–LHCI and PSI–LHCI–LHCII supercomplexes from Chlamydomonas.
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Figure 62. Target analysis of the fluorescence kinetics of PSI–LHCII (1:3) membranes. a: kinetic scheme with
effective EET timescales; b: decay-associated emission spectra; c: normalized species-associated spectra.
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The PSI compartments, “Bulk” and “LHCI”, have very similar SAES as in isolated
PSI (cf. Figure 43). The same SAES was fitted to the strongly and weakly connected
LHCII compartments, “LHCII (S)” and “LHCII (W)”. The last compartment, “LHCII
(F)”, represents unconnected LHCII with minor contribution from free pigments. The
connected LHCII trimers transfer energy to PSI on timescales of < 20 ps and 300 ps,
respectively. The model reproduces the increased PSI decay lifetimes as well as the
characteristic change in the 80 ps DAES compared to isolated PSI — a direct result of
the coupling with LHCII.
From the amplitude of the SAES, we can estimate the absorption cross-section of
each LHCII pool, relative to PSI: 27% (S), 19% (W), and 15% (F). The total estimated
absorption cross-section of all LHCII pools is 61% compared to PSI, equivalent to about
2.4 LHCII trimers. It must be noted that, although the kinetic scheme depicts different
LHCII pools directly coupled to PSI, this is not necessarily the actual case. The exact
topology of the protein network cannot be uncovered by the fluorescence data alone.
From the results in the previous section (4.6.1) we know that LHCII are well interconnected in the reconstituted membranes, therefore we must assume that energy can also
be transferred from LHCII to PSI via multiple hops between LHCII. Therefore, slower
EET components (200–300 ps) should, at least partially, reflect multistep EET routes.
Efficiency of EET and photochemistry

The efficiencies of excitation energy trapping from each LHCII pool (number of
photons trapped by PSI charge separation over the number of photons absorbed by
LHCII) were estimated by solving the kinetic model with initial excitation on each
LHCII compartment separately. The overall efficiency of energy transfer from all
LHCII pools combined to PSI was 72%. Hence, the addition of LHCII increased the
effective absorption cross-section of PSI by 47%. The size of the strongly coupled
LHCII (S) pool was 27% relative to PSI, i.e. equivalent to one LHCII trimer. Interestingly, the estimated timescale and efficiency of transfer (96%) are about the same as in
PSI–LHCII supercomplexes isolated by Wientjes et al. [129]. Hence, this pool could
represent LHCII trimers forming similar PSI–LHCII supercomplexes in the artificial
membrane.
How does the increased antenna size affect the quantum yield of photochemistry
in PSI? The average fluorescence lifetime and hence the photochemical yield of PSII
were shown to depend on the antenna size [217,218], whereas in PSI–LHCII supercomplexes the yield was almost the same as in PSI [126]. Le Quiniou et al. [130] reported
the excitation dynamics in a large PSI–LHCI–LHCII supercomplex isolated from PSIIdeficient Chlamydomonas mutant under state 2 conditions and containing nine LHCI
and seven LHCII monomeric subunits. The authors determined that LHCII was energetically coupled to the PSI core with energy equilibration occurring on a time scale of
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~60 ps (i.e. intermediate between the fast and slow time scales reported here). The average lifetime of the supercomplexes was ~70 ps, translating to a remarkable 96% quantum efficiency of trapping — only marginally lower in comparison to PSI–LHCI.
The overall photochemical quantum yield 𝜑𝜑 can be estimated from the average
fluorescence lifetime 𝜏𝜏 by the formula 𝜑𝜑 = 1 − 𝜏𝜏/𝜏𝜏0 , where 𝜏𝜏0 is the excited-state lifetime without RC, which is about 2 ns. The calculated average fluorescence lifetimes of
PSI and PSI–LHCII membranes, measured at 688 nm, and the calculated quantum
yields of PSI photochemistry are shown in Table 7. The average fluorescence lifetime
of isolated PSI was 44 ps, hence the calculated yield is 0.98. In the presence of LHCII,
the overall quantum yield of charge separation decreased to 0.87–0.89, i.e. by only
about 10% even as the total Chl content was increased by 70%. The photochemical
yield calculated for PSI–LHCII membranes (1:3) is 0.87.
Table 7. Average lifetimes and photochemical quantum efficiencies of PSI–LHCII membranes*

Type

‹τ›, ps*

Φp

PSI

44

0.98

PSI:LHCII (1:1)

267

0.87

PSI:LHCII (1:2)

269

0.87

PSI:LHCII (1:3)

222

0.89

* ‹τ› — average lifetime at 688 nm; Φp — quantum yield of photochemistry: Φp = (1 — ‹τ›) / 2000.

Thus, we show that the absorption cross-section of PSI can be substantially increased by the addition of LHCII in reconstituted membranes and that, owing to the
rapid EET, this occurs with a marginal loss in the overall photochemical quantum efficiency. The energetic coupling of LHCII to PSI and consequently the trapping efficiency of the artificial membranes seems lower compared to the recent reports on
isolated PSI–LHCII supercomplexes [126,129-131]. In our case, the numbers represent
the bulk membrane system, which is evidently highly heterogeneous (cf. 4.1.5). It
would be interesting to test whether and what type of supercomplexes are formed in
the reconstituted membranes by using the Ficoll density gradient purification.
In conclusion, our results bring further support to other recent studies suggesting
that LHCII can be a very efficient antenna for PSI even in the absence of phosphorylation [18,129], given the opportunity that the two interact in the membrane. We demonstrated that in artificial membranes containing up to three LHCII trimers per PSI, 70%
of the photons absorbed by LHCII were effectively transferred to PSI on timescales
from less than 10 ps to hundreds of ps. It can be indeed expected then that in the grana
margins and in unstacked thylakoid membranes PSII and PSI would share a common
pool of LHCII antenna and only the steric exclusion of PSI from the appressed granal
regions prevents “spillover”.
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5 CONCLUSIONS
The following list summarizes the main novel scientific results of this thesis work:
1.

Structural changes induced in LHCII by changing its molecular surroundings — protein–protein, detergent–protein or lipid–protein were identified
by their specific CD signatures.

2.

3.

4.

5.

6.

The excitonic CD bands were separated based on the polarization direction
of the respective transition dipole moments by recording the ACD spectra of
macroscopically oriented LHCII membranes.
Due to self-segregation, LHCII formed protein-dense domains in reconstituted membranes wherein fluorescence quenching occurred with a mechanism similar to NPQ in vivo.
Simultaneously observing uphill and downhill energy transfer pathways,
2DES revealed the dynamics of exciton equilibration in the Chl a domain in
LHCII, which was found to occur with characteristic times up to 5 ps at physiological temperature.
The dynamics of EET in plant PSI–LHCI and isolated PSI core complexes
were observed for the first time by 2DES. A refined kinetic model was proposed, according to which primary charge separation in the PSI RC occurs
after full equilibration of the excitations in core antenna, with an effective
time constant of 3–4 ps.
In artificial reconstituted membranes, LHCII acts as efficient antenna of PSI
increasing its functional antenna size by up to 50% with a minor loss of photochemical efficiency.
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SUMMARY
Virtually all life on Earth is sustained by solar energy converted into chemical form
in the process of photosynthesis. Photon energy absorbed by pigment molecules in the
light-harvesting antenna creates electronic excitations that initiate electron-transport
reactions in the photochemical reaction centres (RC) — of Photosystem I (PSI) and
Photosystem II (PSII) in oxygenic photosynthetic organisms. The overall efficiency of
energy conversion depends on the excitation energy transfer (EET) from the antenna
pigments to the RC. In turn, EET is governed by the molecular architecture of the pigment–protein complexes and their organization in the thylakoid membranes; this is
exploited by the photosynthetic machinery to dynamically tune the light harvesting
process in response to the physiological conditions.
Light-harvesting complex II (LHCII) is the main light-harvesting antenna complex
of plants, associated with PSII. It comprises about half of the photosynthetically active
chlorophyll (Chl) pigments and is the most abundant integral membrane protein in
nature. The protein maintains fixed distances and orientations between the Chls, such
that their electronic transitions are coupled creating delocalized exciton states. The excitonic interactions are the basis for fast EET. In addition to its light-harvesting function, LHCII plays regulatory roles. Under excess light conditions, it can switch from
its light-harvesting function to energy-dissipating function, which is termed non-photochemical quenching (NPQ). Activation of NPQ is triggered by acidification of the
thylakoid lumen, and is associated with structural rearrangements of the thylakoid
membrane and conformational changes in LHCII.
The functions of LHCII are based on and controlled by the innate structural flexibility of the complex and its intermolecular interactions in the thylakoid membranes.
The general aim of this thesis work is to clarify the changes in the molecular and
excitonic structure of LHCII that are incurred by interactions with its environment,
and how these changes affect the excitation energy transfer within the complex, and
between LHCII and other pigment–protein complexes in the membrane.
One way to study isolated intrinsic membrane proteins is to extract them by using
detergents that replace the native hydrophobic environment. Detergent-solubilisation
of LHCII brings about circular dichroism (CD) changes in the visible region, indicating
possible structural changes. We aimed to identify the origin of the CD spectral
changes observed when LHCII is placed in different molecular environments, and
to determine the correlations between these CD changes and underlying excitonic interactions.
A complete calculation of the electronic structure of LHCII from first quantum
principles is not available. It is difficult to assign molecular entities in LHCII to spectral
features, e.g. bands in the CD spectrum. In principle, anisotropic CD (ACD) of macro-
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scopically oriented molecules can alleviate this problem by separating excitonic transitions based on the orientation of the respective dipole moments. Therefore, we aimed
to determine the orientation dependence of the pigment excitonic transitions of isolated LHCII by recording and comparing isotropic and anisotropic CD spectra.
The excited-state lifetime of Chls in LHCII is also sensitive to the molecular environment — for example detergent removal promotes excitation quenching, and
quenched LHCII aggregates have been used as a model of NPQ in vivo. However, it
has been argued that quenching in artificial aggregates could be a result of unspecific
interactions between the complexes that do not occur in the native membrane. Our aim
was to extract qualitative and quantitative information on the fluorescence quenching in LHCII in different molecular environments.
Despite the wealth of literature data, there seems to be no complete consensus on
the dynamics and pathways of EET in LHCII, particularly in the manifold of Chl a
exciton states. This uncertainty partly stems from the large spectral overlap between
Chl a states. Excitation energy equilibration lasts only a few hundred femtoseconds;
however, several studies have reported components of up to tens of picoseconds. Employing the presently most informative spectroscopic method to study EET — twodimensional electronic spectroscopy (2DES) — we can determine the kinetics of EET
between different Chls in LHCII, and test how it is affected by the molecular environment.
One role of LHCII is balancing the excitation energy between the two photosystems by the process of state transitions, which shuttles mobile LHCIIs between PSII
and PSI. There is substantial recent evidence that LHCII and PSI can interact in the
non-appressed thylakoid membrane regions (stromal thylakoids and grana margins)
even if state transitions are not activated. The interactions of LHCII and PSI, and the
energetic exchange between them were studied in reconstituted membranes to evaluate the capability of LHCII to function as a light-harvesting antenna of PSI.
In PSI most of the Chls are located in the core antenna, which is fused with the RC.
Plant PSI additionally binds four peripheral antenna subunits — light harvesting complex I (LHCI). A characteristic feature of PSI is that the antenna contains Chls with
transition energies lower than that of the RC. For the absorbed energy to be utilized by
photochemistry it has to be transferred against the energy gradient. Despite that, the
photochemical yield of PSI is nearly unity. The complexity of the PSI antenna, and the
large number of pigments and spectral overlap makes it difficult to unambiguously
interpret the spectroscopy data and distinguish between different kinetic models. We
aimed to gain a more detailed understanding of the kinetics of EET and charge separation of isolated PSI. To this end, we employed time-resolved fluorescence (TRF)
spectroscopy and 2DES.
We examined CD spectral changes of LHCII in different molecular environments:
native thylakoid membranes, thylakoid membranes enriched in LHCII, isolated LHCII
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in different detergents, in aqueous buffer, trapped in polymer gel with/without detergent, or in reconstituted membranes. Systematically analysing the differences in the
CD spectra of LHCII in different in vitro conditions, we identified spectral changes
specific to protein–protein interactions and to the interactions with detergents and lipids. Embedding the complex in dodecyl-β-D-maltoside micelles was found to alter
the excitonic interaction of neoxanthin and Chl b, presumably because of a conformational change; whereas different excitonic bands, including coupling between Chl a,
were affected in aggregated LHCII.
ACD spectra of macroscopically-aligned reconstituted LHCII membranes were
recorded in the UV to near-IR region with light direction parallel or perpendicular to
the membrane. In line with theoretical considerations, the ACD spectra of oriented
LHCII exhibited only some of the bands present in the CD spectra of randomly oriented (isotropic) solution, and the amplitudes of these bands were strongly amplified.
On this basis, selected CD bands could be unambiguously assigned to optical transitions in the membrane plane or primarily perpendicular to it. Thus, ACD spectra provide direct structural constraints on the interpretation and assignment of the CD
bands, and respectively CD spectral changes.
The effect of the environment on the functionality of the complex — the excitedstate lifetime and EET dynamics — was tested using TRF and 2DES. Confirming previous studies, our results showed that the lifetime of excited Chls in LHCII strongly
depends on the environment (from 4 ns in detergent micelles to 2 ns in native membranes and 0.2 ns in aggregates). Excitation quenching in LHCII aggregates was found
to be activated by the aqueous detergent-free environment rather than aggregation itself. Neither the aggregation specific CD bands, nor the surfactant-specific bands were
positively associated with the onset of fluorescence quenching, which could be triggered without invoking such spectral changes. In reconstituted LHCII membranes we
found that the fluorescence lifetime was highly heterogeneous — indicating heterogeneity in the structure of the complexes. Moreover, the average lifetimes varied with
the lipid:protein ratio, showing that LHCII has the innate capability to trigger quenching by self-segregation in the membrane.
We studied the EET pathways and dynamics in LHCII in different environments
by using 2DES. To study EET from Chl b to Chl a, 2D spectra were recorded with the
pump pulses covering only the Chl b absorption band. The results were generally in
line with earlier studies, showing fast EET from strongly coupled Chl b to Chl a occurring on timescales of several hundred femtoseconds, followed by exciton equilibration
in the Chl a domain in several picoseconds. Separate pathways of Chl b – Chl a transfer
occurring on different timescales were resolved.
Energy equilibration in the Chl a exciton manifold of LHCII was followed by 2DES
upon direct excitation of Chl a. Because the energy differences between Chl states in
this region are comparable with the thermal energy, excitations can be transferred also
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uphill, i.e. from lower-energy to higher-energy exciton levels. The results demonstrated that 2DES can resolve simultaneously downhill and uphill energy transfer,
which produce symmetric cross-peaks in the 2D spectrum. This ability was exploited
to resolve EET pairs despite the high spectral congestion in the complex. The data
showed conclusively that the slowest EET in the Chl a domain occurs on a timescale
of about 5 ps reaching complete spectral equilibration in the complex. This EET step
takes place from Chls absorbing near 670 nm, presumably on the lumenal side of the
complex, to the lowest-energy Chls on the stromal side.
By comparing the 2DES results obtained from solubilized and aggregated LHCII
we found that aggregation alters the dynamics of EET, accelerating the transfer between certain Chls — further emphasizing the role of the molecular environment in
regulating the structure and function of LHCII.
2DES was employed to probe the kinetics of EET and charge separation of plant
PSI. Owing to the very low excitation energies used, we were able to record the excitedstate dynamics without distortions from singlet–singlet annihilation. We have revealed, for the first time, the two-dimensional spectral evolution of PSI in the time
range from 100 fs to 1 ns. Consequently, fitting the TRF and 2DES transients resulted
in similar kinetic parameters, demonstrating that 2DES can be used to extract reliable
kinetic information even from very complex systems, such as PSI. From a combined
analysis of TRF and 2DES data, we proposed a kinetic model of PSI that includes equilibration between the peripheral and core antenna, and multistep reversible charge
separation. According to this model, primary charge separation in the PSI RC occurs
after full equilibration of the excitations in the core antenna with an effective time constant of 3–4 ps.
In contrast to LHCII aggregates, in reconstituted LHCII membranes excitations live
long enough (up to 2 ns, depending on the lipid:protein ratio) to enable efficient lightharvesting function. Moreover, excitation energy could migrate over several LHCII
complexes in the membranes, providing a degree of energetic connectivity similar to
native thylakoid membranes. We took advantage of the reconstituted membrane
model system to investigate the capability of LHCII to donate excitations to PSI. Reconstituted membranes containing both LHCII and PSI at various stoichiometries
showed that LHCII fluorescence was quenched by PSI, indicating energetic coupling.
Employing kinetic modelling to fit the TRF data, we estimated the rate constants and
the efficiency of EET. The analysis revealed different pools of LHCII transferring energy to PSI on timescales from less than 20 ps to hundreds of ps. Due to the fast charge
separation in PSI, the overall photochemical quantum yield remained very high,
demonstrating the potential capability to increase the functional antenna size of PSI
without a significant loss in quantum efficiency.
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A földi életet alapvetően a fotoszintézis folyamatában kémiai formává alakított
napenergia tartja fenn. A fénybegyűjtő antennák pigmentmolekulái által elnyelt fényenergia gerjesztett elektronállapotokat okoz, amelyek elektrontranszport-reakciókat
idéznek elő a fotokémiai reakcióközpontokban (ang. „reaction centre”, RC) – oxigéntermelő fotoszintetizáló szervezetek esetében ezek az I. fotokémiai rendszer (PSI) és II.
fotokémiai rendszer (PSII) részei. Az energiaátalakítás hatékonysága függ a gerjesztésienergia-transzfer (ang. „excitation energy transfer”, EET) hatékonyságától az antennapigmentektől a RC-kig. Másrészt, az EET a pigment–fehérje komplexek molekuláris
felépítése és a tilakoidmembránok szerveződése által irányított; ezek révén képes a
fotoszintetikus apparátus dinamikusan hangolni a fénybegyűjtést a fiziológiai körülmények változásaira válaszolva.
A PSII-hez kapcsolódó II. fénybegyűjtő komplex (ang. „light-harvesting complex II”,
LHCII) a növények fő fénybegyűjtő antennakomplexe. Ez a komplex a természetben
előforduló klorofill (Chl) molekulák nagyjából felét köti meg, ugyanakkor a bioszféra
leggyakoribb integráns membránfehérje komplexe. A fehérje szerkezete fix távolságokat és orientációkat szab meg a pigmentmolekulák között, így elektronátmeneteik csatolódnak, melynek során delokalizált excitonállapotok jönnek létre. Az exciton
kölcsönhatások képezik a gyors EET alapját. Fénybegyűjtő funkcióján túl, az LHCII
fontos szabályozó mechanizmusokban is szerepet vállal. Túl magas fényintenzitás esetében, az LHCII képes fénybegyűjtő funkciójáról energiadisszipáló funkcióra váltani,
mely mechanizmust nem-fotokémiai kioltásnak (ang. „non-photochemical quenching”,
NPQ) neveznek. Az NPQ aktiválódását a tilakoid lumen savasodása váltja ki, amely
együtt jár a tilakoidmembrán szerkezeti újrarendeződésével és az LHCII konformációs
változásaival.
Az LHCII funkciói a komplex természetes szerkezeti flexibilitásán és a tilakoidmembránban lezajló intermolekuláris kölcsönhatásain alapszanak, és ezek is szabályozzák. A dolgozat általános célja tisztázni az LHCII molekuláris- és excitonszerkezetének változásait, amelyek a környezetével való kölcsönhatások során lépnek fel,
és hogy hogyan befolyásolják ezen változások a gerjesztésienergia-átadást a komplexen belül, valamint az LHCII és más membránban levő pigment–fehérje komplexek között.
Az izolált integráns membránfehérjék tanulmányozásának egyik módja az, hogy a
natív hidrofób környezetet helyettesítő detergensek segítségével kivonjuk őket. Az
LHCII detergenssel való szolubilizálása CD változásokat idéz elő a látható tartományban, lehetséges szerkezeti változásokat jelezve. Célunk az LHCII különböző molekuláris környezetekbe helyezésekor megfigyelt CD spektrális változások eredetének
azonosítása volt, és hogy megállapítsuk ezen CD-változások és a mögöttük levő exciton kölcsönhatások közötti összefüggéseket.
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Az LHCII elektronszerkezetének az elsődleges kvantumelveken alapuló teljes számítása nem áll rendelkezésünkre. Az LHCII komplexitása miatt, a molekuláris entitásoknak a spektrális jellemzőkkel – pl. a CD spektrum sávjaival – való megfeleltetése
nehéz feladat. A makroszkóposan orientált molekulák ACD-je elvileg enyhítheti ezt a
problémát, az exciton átmeneteknek a megfelelő átmeneti dipólusmomentumok orientációja szerinti különválasztásával. Ezért célul tűztük ki, hogy az izotróp és anizotróp CD spektrumok rögzítésével és összehasonlításával meghatározzuk az izolált
LHCII-pigmentek exciton átmeneteinek orientációfüggését.
Az LHCII Chl-ok gerjesztett állapotának élettartama szintén érzékeny a molekuláris környezetre – például a detergens eltávolítása elősegíti a gerjesztések kioltását, és
a kioltott LHCII aggregátumokat az NPQ in vivo modelljeként alkalmazzák. Azonban
vitatott, hogy mesterséges aggregátumokokban a kioltás olyan komplexek közötti
nemspecifikus kölcsönhatások eredménye lehet, amelyek nem fordulnak elő a natív
membránban. Célunk a különböző molekuláris környezetekben található LHCII
fluoreszcenciakioltására vonatkozó kvalitatív és kvantitatív információk kinyerése
volt.
Az irodalmi adatok gazdagsága ellenére, nincs teljes egyetértés az LHCII-ben lejátszódó EET dinamikájáról és útvonalairól, különösen a Chl a exciton-sokaságban. Ez
a bizonytalanság részben a Chl a állapotok nagy spektrális átfedéséből ered. A gerjesztési energia ekvilibrálódása csak néhány száz femtoszekundumig tart; azonban számos tanulmányban pár tíz pikoszekundumos komponensekről számoltak be. A
jelenleg EET tanulmányozásra alkalmazható leginformatívabb spektroszkópiai módszer – a kétdimenziós elektronspektroszkópia (2DES) – alkalmazásával meghatározhatjuk az EET kinetikáját az LHCII különböző Chl-jai között, és megvizsgálhatjuk,
hogyan befolyásolja ezt a molekuláris környezet.
Az LHCII egyik funkciója a gerjesztési energia vándorlásának szabályozása a két
fotokémiai rendszer között az állapotátmenetek (ang. „state transitions”) révén, amely
a mobilis LHCII-k ingázását eredményezi a PSII és PSI között. Jelentős nemrégiben
szerzett bizonyítékok szerint az LHCII és PSI még a „state transitions” aktivációja nélkül is kölcsönhathatnak a nem-rétegződött tilakoidmembrán-régiókban (sztrómatilakoidok és gránumhatárok). Az LHCII és a PSI közötti kölcsönhatásokat és
energiacserét rekonstituált membránokban tanulmányoztuk, annak érdekében, hogy
felmérjük képes-e az LHCII a PSI fénybegyűjtő antennájaként működni.
A PSI-ben a legtöbb Chl a belső (ang. „core”) antennában található, amely a RC-hoz
kapcsolódik. A növényi PSI ezen kívül még négy periférikus antennaalegységet is köt
– az I. fénybegyűjtő komplexeket (ang. „light-harvesting complex I”, LHCI). A PSI egy
fontos jellemzője, hogy az antenna olyan Chl-okat tartalmaz, amelyek gerjesztett állapotának energianívója alacsonyabb, mint a RC-é. Ahhoz, hogy az abszorbeált energia
a fotokémiai folyamatok során hasznosulni tudjon, az energiagrádienssel szemben kell
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átadódjon. Ennek ellenére, a PSI fotokémiai kvantumhatásfoka közel 100%. A PSI antennájának komplexitása, illetve a pigmentek és a spektrális átlapolások nagy száma
megnehezíti a spektroszkópiai adatok értelmezését, és a különböző kinetikai modellek
megkülönböztetését. Célunk az izolált PSI-ben történő EET kinetikájának és a töltésszétválasztás részletesebb megértése. Ebből a célból időfelbontásos fluoreszcencia(ang. „time-resolved fluorescence”, TRF) és kétdimenziós elektronspektroszkópiát
(2DES) alkalmaztunk.
Megvizsgáltuk az LHCII CD-spektrális változásait különböző molekuláris környezetekben: natív tilakoidmembránok, LHCII-ben dúsított tilakoidmembránok, izolált
LHCII különböző detergensekben, vizes pufferben, polimer gélben detergenssel / anélkül, vagy rekonstituált membránokban. Az LHCII különböző in vitro körülmények között mért CD-spektrumának összehasonlító elemzése által, fehérje–fehérje
kölcsönhatásokra (aggregátumokban) és a detergensekkel és lipidekkel való kölcsönhatásokra jellemző spektrális jeleket határoztunk meg. A komplexnek a dodecil-β-Dmaltozid micellákba való beépítése úgy tűnt, hogy megváltoztatja a neoxantin és a Chl
b közötti exciton kölcsönhatást, feltételezhetően konformációváltozás miatt, miközben
LHCII aggregációja különböző exciton-sávokra, beleértve a Chl a-k közötti csatolódásra, volt hatással.
Megmértük a makroszkóposan orientált, rekonstituált LHCII membránok ACDspektrumát a távoli UV-tól a közeli IR-ig terjedő tartományban, a membránnal párhuzamos és merőleges beesésű mérőfénnyel. Az elméleti megfontolásokkal összhangban,
a véletlenszerűen orientált (izotróp) oldat CD spektrumában jelenlévő sávok közül
csak néhány jelent meg az orientált LHCII ACD spektrumában, és ezeknek a sávoknak
az intenzitása erősen megnövekedett. Ezen megfigyelésekre alapozva, egyes CDsávok egyértelműen megfeleltethetők a membrán síkjában vagy erre merőleges irányban történő optikai átmeneteknek. Ezáltal, az ACD spektrumok közvetlen strukturális
korlátokat biztosítanak a CD-sávok illetve CD spektrális változások értelmezéséhez és
megfeleltetéséhez.
A környezet hatását a komplexek funkcionalitására – a gerjesztett állapot élettartamára és az EET dinamikájára – ultragyors időfelbontásos spektroszkópiai módszerek (TRF és 2DES) segítségével vizsgáltuk. Megerősítve korábbi vizsgálatokat,
eredményeink azt mutatták, hogy LHCII-ben a gerjesztett Chl-ok élettartama erősen
függ a környezettől (4 ns detergens micellákban, 2 ns natív membránokban és 0,2 ns
aggregátumokban). Megállapítottuk, hogy LHCII aggregátumokban a gerjesztés kioltását inkább a vizes, detergensmentes környezet aktiválta, nem pedig az aggregáció.
Sem az aggregációra, sem a detergensre jellemző CD-sávok nem voltak összefüggésben a fluoreszcencia-kioltás megjelenésével, amely ezen spektrális változások nélkül
is kiváltható volt. Rekonstituált LHCII-membránok esetében a fluoreszcencia-élettar-
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tam rendkívül heterogén volt, ami a komplexek szerkezeti heterogenitására utal. Ráadásul az átlagos élettartamok a lipid:fehérje aránnyal változtak, utalva arra, hogy az
LHCII képes arra, hogy membránon belüli ön-szegregációjával kiváltsa a kioltódását.
Az EET útvonalait és dinamikáját különböző környezetben levő LHCII-ben 2DESval követtük. A Chl b-ről a Chl a-ra történő EET tanulmányozásához, a 2D spektrumokat a Chl b abszorpciós sávját lefedő pumpaimpulzusokkal mértük meg. Az eredmények általában összhangban voltak a korábbi tanulmányokkal, amelyek azt mutatták,
hogy az erősen csatolt Chl b-ről a Chl a-ra pár száz fs időtartamú gyors energiaátadást
néhány ps-os exciton-ekvilibráció követ a Chl a doménben. Különböző időskálákon
lejátszódó energiatranszferek, különböző Chl b – Chl a útvonalait figyeltük meg.
Az energia ekvilibrációját az LHCII Chl a exciton-sokaságában 2DES-val vizsgáltuk, a Chl a közvetlen gerjesztésével. Mivel ebben a régióban a Chl állapotok közötti
energiakülönbségek összehasonlíthatók a hőenergiával, a gerjesztések felfelé (ang.
„uphill”) is átadódhatnak, azaz az alacsonyabb energiájú excitonokról a magasabb
energiájúak felé. Az eredmények kimutatták, hogy a 2DES egyidejűleg képes feloldani
a lefelé és felfelé irányuló energiatranszfert, amelyek szimmetrikus keresztcsúcsokat
hoznak létre a 2D spektrumban. Ezt a képességet kihasználva meghatározhatók az
EET-párok, annak ellenére, hogy a komplexben nagy spektrális átfedések vannak. Az
adatok kimutatták, hogy a leglassabb EET a Chl a doménban 5 ps-on belül megy végbe,
a komplex teljes spektrális kiegyensúlyozásával. Ez az EET lépés feltételezhetően a lumen oldalon elhelyezkedő, 670 nm körül abszorbeáló Chl-okról a sztróma oldalán
fekvő legalacsonyabb energiájú Chl-ok irányába történik.
A szolubilizált és aggregált LHCII-re kapott 2DES eredmények összehasonlításával azt tapasztaltuk, hogy az aggregáció megváltoztatja az EET dinamikáját, felgyorsítva az egyes Chl-ok közötti energiaátadást – még inkább kihangsúlyozva a
molekuláris környezetnek az LHCII szerkezetére és működésére gyakorolt hatását.
A 2DES módszerét alkalmaztuk a növényi PSI-ben lejátszódó EET és töltésszétválasztás vizsgálatára is. A nagyon alacsony gerjesztési intenzitásnak köszönhetően rögzíteni tudtuk a gerjesztett állapot dinamikáját a szingulett−szingulett annihiláció
torzításai nélkül. Elsőként tártuk fel a PSI kétdimenziós spektrális evolúcióját a 100 fs
– 1 ns közötti időtartományban. Következésképpen, a TRF és a 2DES tranziensek illesztése hasonló kinetikai paramétereket eredményezett, bizonyítva, hogy a 2DES
használható megbízható kinetikai információk kinyerésére, akár olyan nagyon összetett rendszerek esetére is, mint a PSI. A TRF és a 2DES adatok együttes elemzéséből
javasoltunk egy olyan kinetikai modellt a PSI-re, amely tartalmazza a periférikus és a
belső (ang. „core”) antenna közötti ekvilibrációt, valamint egy többlépéses reverzibilis
töltésszétválasztást. E modell szerint, az elsődleges töltésszétválasztás a PSI RC-ban
3−4 ps-os effektív időállandóval, a belső antennában levő gerjesztések teljes ekvilibrálódása után történik.
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Az LHCII aggregátumokkal ellentétben, a rekonstituált LHCII membránokban a
gerjesztések elég hosszú ideig élnek (akár 2 ns, a lipid:fehérje aránytól függően) ahhoz,
hogy lehetővé váljon a hatékony fénybegyűjtés. Ezen túlmenően, a gerjesztési energia
több LHCII komplexen keresztül vándorolhatott a membránokban, biztosítva a natív
tilakoidmembránokhoz hasonló mértékű energetikai csatolódást. A rekonstituált
membránmodell-rendszer előnyeit kihasználva megvizsgáltuk, hogy az LHCII képese energiát átadni a PSI-nek. Olyan rekonstituált membránokban, amelyek mindkét
komplexet tartalmazták különféle sztöchiometriai arányokban, a PSI kioltotta az
LHCII fluoreszcenciáját, energetikai csatolódásra utalva. A TRF mérések kinetikai modellel való illesztésével megbecsültük az EET sebességállandóit és hatékonyságát. Az
analízis kimutatta, hogy az LHCII-nek különböző „tartályai” különböző időskálákon
adnak át energiát a PSI számára, kevesebb mint 20 ps-tól több száz ps-ig. A PSI rendkívül hatékony töltésszétválasztása miatt a teljes fotokémiai kvantumhatásfok nagyon
magas maradt, ami azt bizonyítja, hogy létrehozhatók kívánt funkcionális antennamérettel rendelkező mesterséges rendszerek, a kvantumhatékonyság jelentős csökkenése
nélkül is.
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