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Background and aims

In chloroplast thylakoid membranes of plants, absorbed light energy is col-
lected by the light-harvesting antenna complexes and delivered, by way of exci-
tation energy transfer (EET), to the photochemical reaction centres (RCs) in Pho-
tosystem I (PSI) and Photosystem II (PSII). The antenna functions depend largely
on the molecular architecture of the pigment—protein complexes and their organ-
ization in the thylakoid membranes, which is exploited by the photosynthetic
machinery to dynamically tune light harvesting in response to the physiological
and environmental conditions.

Light-harvesting complex II (LHCII) is the main light-harvesting antenna
complex of plants, associated with PSII. It comprises about half of the photosyn-
thetically active chlorophyll (Chl) pigments; it is the most abundant integral
membrane protein in nature. The major LHCII exists as a trimer and binds 8 Chl g,
6 Chl b and 4 xanthophylls as pigment cofactors per monomeric subunit. The pig-
ment molecules are at close distances such that their electronic transitions are
coupled creating delocalized exciton states. The excitonic interactions are the ba-
sis for fast energy transfer between them. In addition to its light-harvesting func-
tion, LHCII plays regulatory roles. Under excess light conditions LHCII 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 rearrange-
ments 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
membrane. 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 trans-
fer within the complex, and between LHCII and other pigment-protein com-
plexes in the membrane.

Integral membrane proteins can be studied in isolated forms solubilized with
detergents or in reconstituted membranes. Although it is assumed that the pro-
tein conformation is generally retained, minute structural perturbations can alter
the pigment—pigment excitonic interactions. Removal of the detergent from a so-
lution of LHCII invariably leads to aggregation of the highly hydrophobic com-
plexes. The visible-region of the CD spectra of LHCII aggregates, which are very
sensitive to the pigment—pigment excitonic interactions, are markedly different
from those of detergent-solubilized LHCII trimers. The origin of the differences
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has not been clarified — whether the native conformation of the protein is per-
turbed by the detergent or by aggregation.

Goal: Identify the origin of the CD spectral changes observed when LHCII is placed in
different molecular environments.

The excitonic CD spectra of antenna complexes are hard to interpret in terms
of specific molecular excitonic states because of the large number of spectrally
overlapping transitions with positive and negative CD signals. The technique of
anisotropic CD (ACD) can, in principle, alleviate this problem by separating the
excitonic transitions based on their orientation with respect to the main axes of
the complexes.

Goal: Determine the orientation dependence of the pigment excitonic transitions of iso-
lated LHCII by recording and comparing isotropic and anisotrorpic CD spectra.

Ultimately, structural changes in the antenna complexes can result in changes
in their light-harvesting functions, altering the dynamics of EET and the excited-
state lifetime, both of which are crucial for maintaining high photosynthetic
quantum efficiency.

Goal: Extract qualitative and quantitative information on the fluorescence quenching in
LHCII in different molecular environments.

EET in LHCII has been studied by different time-resolved spectroscopy tech-
niques and modelled by structure-based quantum computations. However, the
different models still exist that only partially agree on the structural identities of
the excitonic states and the time constants of EET between them.

Goal: 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 photo-
systems 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. Temporary unstacking of the
membranes can increase the contacts between LHCII and PSI.

Goal: Evaluate the capability of LHCII to function as a light-harvesting antenna of PSI.
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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, LHCIs. A
characteristic feature of PSI is that the antenna contains Chls whose transition
energy is lower than that of the RC. These low-energy forms, called “red Chls”,
are present in LHCI and give it a distinct spectral profile. For the absorbed energy
to be utilized by photochemistry it has to be transferred against the energy gra-
dient. Despite that, the photochemical yield of PSI is nearly unity. 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 be-
tween different kinetic models.

Goal: Gain a more detailed understanding of the kinetics of EET and charge separation
in isolated PSI.

Methods

e Sample preparation
o Isolation of LHCII
o Isolation of PSI and LHCI
o Preparation of liposomes

e Biochemical analysis

Lipid:protein estimation

Pigment composition
Freeze-fracture electron microscopy
Dynamic light scattering
Absorption and CD spectroscopy
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Linear dichroism and ACD spectroscopy

e Spectroscopic analysis of energy transfer
o Steady-state and time-resolved fluorescence spectroscopy
o Two-dimensional electronic spectroscopy



Results

Variations in the excitonic interactions in LHCII detected by circular
dichroism

Extraction of LHCII from the native membrane leads to significant changes in
the CD spectrum that could reflect e.g. detergent-protein interactions in deter-
gent micelles or protein—protein interactions upon aggregation. To separate these
effects, we systematically analysed the differences in the CD spectra of LHCII
upon changing the molecular environment: from detergent micelles to aqueous
buffer (promoting aggregation), gel (preventing aggregation), reconstituted lipid
bilayers, and crystals. We identified spectral changes specific to protein-protein
interactions, at (—)437 nm and (+)484 nm, and changes specific to the interaction
with the detergent n-dodecyl-p-D-maltoside (3-DM), at (-)494 nm. The latter was
attributed to a conformational change of the LHCII-bound carotenoid neoxan-
thin, based on comparison with neoxanthin-deficient plant thylakoid mem-
branes. The neoxanthin-specific band was not pronounced when LHCII was sol-
ubilized with the ot isomer of DM but was present when LHCII was reconstituted
in lipid membranes, indicating that the conformation of neoxanthin is sensitive
to the molecular environment. Based on these results we concluded that the in-
teractions of LHCII with the surrounding membrane or solvent alter the molecu-
lar and exciton structure of the complex.

Anisotropic circular dichroism of LHCII

We recorded ACD spectra of macroscopically-aligned LHCII with light direc-
tions parallel and perpendicular to the membrane plane. In line with theoretical
considerations, the ACD spectra of oriented LHCII in face-aligned orientation ex-
hibited only some of the bands present in the CD spectra of randomly oriented
(isotropic) solution and the amplitudes of these bands were strongly amplified.
For example, in LHCII membranes the CD bands at (+)445 nm and (+)483 nm
were enhanced in the face-aligned ACD and were thus assigned to excitonic tran-
sitions oriented in the membrane plane. Conversely, the bands at (-)437 and
(—)473 nm were absent from the face-aligned ACD and were assigned to excitonic
transitions with polarization preferentially perpendicular to the membrane
plane. Thus, ACD spectra provide direct structural constraints on the interpreta-
tion and assignment of the CD bands and, respectively, CD spectral changes.



Modulation of the fluorescence lifetime by the molecular environment

Intermolecular interactions have a profound effect on the excited-state life-
time of LHCII switching from light-harvesting to energy-dissipating mode. Con-
firming previous studies by other groups, our results showed that the lifetime of
excited Chls in LHCII strongly depends on the environment (from 4 ns in deter-
gent micelles to 2 ns in native membranes and 0.2 ns in aggregates) and that ex-
citation quenching in LHCII aggregates is activated by the aqueous environment
rather than protein—protein interactions. In the absence of detergent both in pol-
ymer gel or aggregates, the fluorescence was strongly quenched. From the fact
that quenching could be induced without aggregation and, conversely, the ag-
gregation CD signature could be observed without significant quenching (in
LHCII-enriched native membranes), it was concluded that the Chl-carotenoid ex-
citonic interactions responsible for the CD changes upon aggregation are not in-
volved in the mechanism of quenching.

We employed a novel protocol for preparing reconstituted LHCII membranes
with defined lipid:protein ratios. The fluorescence decays were markedly mul-
tiexponential, indicating structural and functional heterogeneity in the mem-
branes. Evidently, protein—protein and lipid—protein interaction forces estab-
lished an equilibrium of multiple structural states/phases of greatly different,
structural properties, such as membrane diameters, protein densities, etc. The av-
erage fluorescence lifetimes of LHCII profoundly changed depending on the li-
pid:protein ratio — as the protein density in the membranes increased, fluores-
cence quenching was triggered. Concomitantly, we observed far-red fluorescence
emission characteristic for quenched artificial aggregates, but without aggrega-
tion-specific CD signature, reaffirming the conclusion that the underlying Chl-
carotenoid states are not associated with the quenching.

Excitation energy transfer in LHCII

We studied the EET pathways and dynamics in LHCII in different environ-
ments by using two-dimensional electronic spectroscopy (2DES) — an advanced
spectroscopic technique that allows us to resolve and correlate the absorption fre-
quencies of coupled donor and acceptor molecules. 2DES revealed the kinetics of
EET between different Chl pools in LHCII at physiological temperature. EET in
isolated LHCII complexes is a multi-phasic process with kinetics that range from
hundreds of femtoseconds to several picoseconds. To study EET from Chl b to
Chl g, 2D spectra were recorded with the pump pulses covering only the Chl b



absorption band. The time dependence of the 2D spectra was described with four
exponential components. The 2D decay-associated spectra (DAS) revealed that
the first two components (0.27 and 2.7 ps) were dominated by EET from strongly
coupled Chl b to Chl a excitonic states, and slower energy transfer pathways be-
tween Chls, mediated by intermediate energy states, respectively. Decay cross-
peaks in the 2D spectra showed the existence of two EET bottlenecks — interme-
diate states weakly coupled with the surrounding Chls.

The kinetics of exciton equilibration within the Chl 2 domain (intraband re-
laxation) was followed with excitation pulses covering the Chl a absorption band.
We found two dominant EET timescales — 0.5 and 5 ps — reflecting strongly and
weakly-coupled Chl 4, respectively. From the position of diagonal and cross-
peaks on the 2D DAS (Figure 1) we identified the corresponding Chl states. More-
over, we demonstrated that forward and reverse EET pathways can be resolved
and quantified by the appearance of symmetric cross-peaks on the 2D DAS. From
the dependence of the 2D spectra on excitation wavelength, we could unambig-
uously determine that all exciton states were thermally equilibrated in less than
10 ps.

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 on the structure and function of LHCIIL
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Figure 1. 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.
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Energy transfer and charge separation in PSI

We studied the kinetics of plant PSI-LHCI supercomplexes compared with
isolated PSI core complexes by time-resolved fluorescence spectroscopy and
2DES. We have revealed, for the first time, the two-dimensional spectral evolu-
tion of PSI in the time range from 100 fs to 1 ns. Global analysis of the 2DES data
have shown that the dominant timescale of exciton equilibration in the PSI core
antenna is about 0.5 ps. We observed the appearance of a bleaching signal at
around 700 nm on a timescale of 3 ps, and assigned it to the formation of the
oxidized RC Chl P700*. The main photochemical trapping time in the core com-
plex was about 20 ps, by which time the core antenna excitations were fully equil-
ibrated. In the PSI-LHCI supercomplex trapping was slowed down by excitation
equilibration with LHCI, which was observed by the population of red Chls de-
caying with an effective lifetime of 50-70 ps. These data show that trapping in the
RC and equilibration with the peripheral antenna occur on similar timescales of
about 20-30 ps. The kinetics of EET and charge separation in PSI determined by
2DES showed excellent agreement with TRF, while providing a wealth of com-
plementary information.

Excitation energy transfer between complexes in artificial membranes

In contrast to LHCII aggregates, reconstituted LHCII:lipid membranes
showed that excitations lived long enough (2 ns) to enable efficient light harvest-
ing function. Moreover, excitation energy could migrate over several LHCII com-
plexes in the membranes, providing degree of energetic connectivity similar to
native thylakoid membranes. We took advantage of this characteristics to test an-
other known function of thylakoid membranes, namely the ability of LHCII to
donate excitations to PSI. To this end, we reconstituted membranes with LHCII
and PSI at different stoichiometric ratios and monitored energy transfer between
them by steady-state and time-resolved fluorescence spectroscopy. Employing
kinetic modelling to fit the time-resolved data, we were able to estimate the rate
constants and the efficiency of EET from LHCII to PSI. Different pools of LHCII
were found to transfer energy to PSI on time scales from less than 10 ps to hun-
dreds of ps, contributing significantly to the effective antenna size of PSI. The
overall efficiency of transferring excitations from LHCII was up to 70%. Moreo-
ver, due to the remarkably efficient charge separation in PSI, the overall photo-
chemical quantum yield remained very high, demonstrating the feasibility to
construct artificial systems with desired functional antenna sizes without a sig-
nificant loss in quantum efficiency.



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.

Excitonic CD bands were separated based on the polarization direction of the
respective transition dipole moments by recording the ACD spectra of mac-
roscopically oriented LHCII membranes.

Due to self-segregation, LHCII formed protein-dense domains in reconsti-
tuted membranes wherein fluorescence quenching occurred with a mecha-
nism similar to NPQ in vivo.

Simultaneously observing uphill and downhill energy transfer pathways,
2DES revealed the dynamics of exciton equilibration in the Chl 2 domain in
LHCII, which was found to occur with characteristic times up to 5 ps at phys-
iological 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 the core antenna, with an effective time con-
stant 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 pho-
tochemical efficiency.
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