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1. Introduction

Spectroscopy is a powerful non-destructive tool which is frequently applied to
investigate biological objects. However, investigations on highly organized biological samples
are met with a number of difficulties due to complex inhomogeneous structures which very
often appear when the size of the molecular assemblies becomes commensurate with the
wavelength of measuring light (Tinoco et al. 1987). The decrease in the absorbance named
as flattening and increase in scattering of the incident light appear in the absorption spectra
(Duysens, 1956; Bustamante & Maestre, 1988). Large, "anomalous" so called polymerization
and salt induced (psi) type circular dichroism (CD) signals are given rise (Lerman, 1973).
Psi-type CD signals were observed in viruses, DNA-polylysine complexes, DNA-aggregates,
chromatin, nucleohistones, sperm heads, erythrocytes, aggregates of pigment protein
complexes and chloroplasts (Tinoco & Williams, 1984; Bustamante et al. 1991; Maestre et
al. 1982; Finzi et al. 1989). The theory for psi-type CD was developed by Keller &
Bustamante (1986a,b). Theory shows that in large densely packed aggregates, which posses
global chirality, long-range coupling between chromophores can become significant and the
macroaggregate can act as a coupled entity which is capable to differentiate between the left
and right circularly polarized light. Up to now psi-type theory is considered to offer the most
comprehensive explanation for the giant, "anomalous" CD signals of macroaggregates (Tinoco
et al. 1987).

The most remarkable prediction of the psi-type CD theory is the delocalization of the
excitation energy over large distances or over the entire macroaggregate due to long-range
coupling between chromophores (Keller & Bustamante, 1986b). This mechanism differs very
significantly from those in smaller aggregates in which, depending on the distance, orientation
and coupling strength of chromophores, the excitation energy migration has been described
to occure via: exchange mechanism involving electron exchange between donor and acceptor
molecules, coherent (exciton) processes or "hopping" type of non-radiative energy transfer
mechanisms (Dexter, 1953; Davidov, 1971; Forster, 1949). Usually, excitation energy
migration for long distances in the macroaggregates is considered to occur via multistep
hopping mechanism (Forster, 1949). According to the theory for psi-type aggregates (Keller
& Bustamante, 1986b) all elements of the interaction tensor between chromophores must be
taken into account, i.e. in addition to the short range interaction, intermediate and radiative
coupling terms can play a role. This can result in an instantaneous delocalization of the
excitation energy over a large domain or the entire aggregate. The aggregate can act as a
single entity via series of collective modes of excitation.

Theoretical models for simplified systems have been elaborated to qualitativelly
explain psi-type CD features in chirally organized macroaggregates. However, many
assumptions and predictions of the theory remain to be tested experimentally. Spectroscopic
characterization of psi-type aggregates is far from being complete and relatively little is
known about the dependence of the spectroscopic features on the macrostructural parameters
of large molecular assemblies. Systematic investigations on the structural and functional
parameters are scarce, partly because of the lack of a suitable model system in which both
energy migration mechanisms and spectroscopic features can be studied as a function of size
of aggregates and of other macroorganizational parameters.

Photosynthetic membranes and aggregates of pigment-protein complexes can readily
be used to investigate psi-type CD features. In chlorophyll-containing systems the structural
parameters can be varied in a broad interval, between the monomeric solution of chlorophylis
(Chls) and large arrays of the pigment dipoles in macroaggregates of pigment-protein
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complexes (Garab, 1996). The measurements can be performed in the visible range and not
only in UV as for most psi-type aggregates. The Chl a/b light harvesting complex of
photosystem II, LHCII has been shown to exhibit macroaggregation induced anomalous CD
features (Gregory et al. 1980; Garab et al. 1988a), and the 3-dimensional structure of this
complex is known at nearly atomic resolution (Kihlbrandt et al. 1994). This opens a
possibility to interpret spectroscopic data in relation to exact structural parameters. This
prompted us to conduct systematic studies on LHCII in different aggregation states and
macroaggregates with different ultrastructure. It is considered an equally important task to
understand spectroscopy and functional role of large chirally organized macroaggregates in
granal thylakoid membranes.

By using CD technique it has been shown that PSII particles in granal thylakoid
membranes are assembled into chirally organized macrodomains (Garab et al. 1988a; Garab
et al. 1988c). This type of macroorganization of particles has been shown to be sensitive to
different physico-chemical factors and the composition of the membranes (Garab et al. 1991).
The chirally organized macrodomains have been suggested to play a structural role: they are
proposed to be involved in the spacial separation of the photosystems in thylakoid membranes
(Garab et al. 1988a). It has also been suggested that chiral macrodomains constitute the
structural basis for the excitation energy migration over large distances in the antenna system
(Garab et al. 1991). However, direct experimental evidence for the migration (or
delocalization) of the excitation energy over large distances had not been presented and no
comparative studies had been conducted on the mechanism of energy migration in aggregates
of different sizes.

In chloroplasts under 'normal conditions’, the antenna system minimizes quantum
losses and supplies the excitation energy to the reaction centers. On the other hand, it has
been demonstrated that under high light intensities, when excess energy is absorbed,
controlled energy dissipation can occur in the antenna (for review see Horton et al. (1994)).
This plays a protective role against photoinhibitory damages of the photosynthetic machinery.
Various adaptational mechanisms are likely to be involved in the regulation of the
photophysical pathways. Factors affecting the structure of antenna are very likely to be
involved in these processes. The mechanism of non-photochemical quenching of Chl
fluorescence, which indicates the transient operation of dissipative pathways in the antenna,
has been proposed to originate from changes in the state of aggregation of the antenna
complexes (Horton et al. 1991). Indeed, aggregation induces quenching of Chl fluorescence
in purified LHCII (Ruban & Horton, 1992). Light-induced changes in the chiral
macroorganization of the chromophores in thylakoid membranes have also been observed by
Garab et al. (1988b). However, the physical mechanism of the aggregation-dependent
fluorescence quenching in LHCII and the light-induced structural changes in chiraly organized
macrodomains had not been clarified.

In this work we report the results of systematic studies by steady state and time
resolved spectroscopic investigations in thylakoid membranes and LHCII of different
aggregational states. The aim of this work was to contribute to the understanding of the
spectroscopy and function of psi-type aggregates and their role in the chloroplast thylakoid
membranes. Our investigations were focused on the following questions: (i) the anomalous
psi-type CD features of the macroaggregates, (ii) excitation energy migration in LHCII of
different aggregational state, (iii) fluorescence quenching mechanisms induced by aggregation
in LHCII, (iv) physical origin of light-induced structural changes in thylakoid membranes and
LHCIL.



2, Materials and Methods

Thylakoid membranes were isolated according to Garab et al. (1988a). LHCII was
isolated according to Krupa et al. (1987) with minor modifications. Three dimensional
microcrystalline, stacked lamellar and unstructured aggregates of LHCII were obtained.
Structure of the samples was investigated by negative staining and thin section electron
microscopy.

Absorption, and CD and LD was measured in a Shimadzu UV3000 spectrophotometer
and a Jobin Yvon CD6 dichrograph, respectively. For the measurements of light-induced
changes, the set-ups were equipped with side illumination attachments. Fluorescence spectra
were measured in a home built fluorimeter described by Garab et al. (1980). Absorbance
transients under singlet-singlet annihilation conditions were measured in a set-up described
by Andriunas et al. (1985).

3. Results
3.1.  Spectroscopic properties and macroorganization of chromophores

By means of systematic comparative study of the absorbance and CD of thylakoid
membranes and LHCII-preparations we have provided direct experimental evidence on the
dependency of the magnitude of psi-type CD bands on the size of macroaggregates. Size-
dependency of psi-type CD bands had been predicted in a theoretical model (Keller &
Bustamante, 1986a,b), but to our knowledge had not been verified experimentally.

By investigating LHCII macroaggregates with different ultrastructure we have also
shown that the intensity of the psi-type CD bands depends not only on the size but also on
the long-range order in the aggregates: psi-type CD is absent in macroaggregates with
undefined structure. Furthermore, the intensity and shape of the excitonic CD bands have
been shown to be largely invariant on the size and ultrastructure of macroaggregates. As
shown by the effects of different treatments (polyacrylamide gel, photoinhibitory light) on the
intensity of psi-type CD bands, the chiral macroorganization of chromophores was found to
be significantly more vulnerable than the structure of the constituent particles, the excitonic
CD bands of which were invariant to the treatments.

3.2. Excitation energy migration in LHCII aggregates of different sizes

We investigated the picosecond transient absorbance kinetics under singlet-singlet
annihilation conditions in large, 3-dimensional, stacked lamellar aggregates of the purified
LHCII and its form of small aggregates. Our data strongly suggest that the
macroorganizational parameters significantly influence the energy migration pathways in the
aggregates. In small aggregates (d = 100-200 nm) of trimers the excitation energy migration
can be characterized by a percolation type of excitation migration in a small cluster of
chromophores. In the macroaggregates (d =2-4 um) the annihilation kinetics were consistent
with a model predicted for (infinetly) large three dimensional aggregates. Although from these
investigations we did not get an answer on the question whether or not instantenous
delocalization of the excitation energy occurs in psi-type aggregates, our data provided
experimental evidence that LHCII macroaggregates can constitute a structural basis for a
long-range migration of the excitation energy.



3.3. Fluorescence quenching in LHCII macroaggregates

Based on our studies of the variations of the fluorescence yield as a function of the
size of LHCII aggregates we proposed that two quenching mechanisms must be considered:

1. The dramatic (5-10 times) increase in the fluorescence yield of non-aggregated
LHCII (trimers and monomers) is explained by the gradual degradation of the excitonic
interactions as judged from CD and absorption spectra. An excitonic band can serve as a
quencher if the optically allowed state of the excitonic band is situated not on the lowest
energy level of the band. Conversely, upon disrupting the excitonic interactions in the
complexes the quenching ceases and the fluorescence yield increases.

2. If the size of aggregates remains in the range between about 5 pm and 100 nm,
decrease (~50%) in the fluorescence yield upon macroaggregation can be explained with a
model involving 'impurity’ like quenching centers. In small aggregates these centers are
disconnected from the bulk pigments, whereas in macroaggregates, because of the long-range
migration of the excitation energy, they can quench the fluorescence. Minor components, e.g.
the 29 kDa pigment-protein complex (cf. (Bassi et al. 1990)) or complexes with high
xanthophyll content (Gilmore et al. 1995), can act as *impurities’. We propose that this latter
mechanism plays a role in quenching the excess excitation energy in the antenna of
photosystem II in granal thylakoid membranes.

3.4. Light-induced changes in thylakoid membranes and LHCII

By means of CD, LD and fluorescence investigations, we have shown that stacked
lamellar aggregates of LHCII and granal thylakoid membranes are capable of undergoing
light-induced reversible structural changes which are associated with charactersitic light-
induced reversible changes in the photophysical pathways.

In granal thylakoids, the light-induced reversible structural changes, detected as ACD,
bring about reversible changes in the fluorescence yield that indicate an increased dissipation
of the excitation energy. These changes become gradually more significant in excess light
compared to non-saturating light intensities, and can be eliminated by suspending the
membranes in hypotonic, low-salt medium in which the chiral macroaggregates are absent.

In lamellar aggregates of LHCII, light-induced reversible ACD and ALD are also
accompanied by reversible changes in the fluorescence yield. In small aggregates and trimers
no light-induced ACD occurs and the fluorescence changes are irreversible.

It is proposed that the structural changes are induced by thermal effects due to the
excess light energy absorbed by the pigments, a mechanism similar to that in liquid crystals
(Janossy, 1991).

The presently available data suggest that the structural flexibility of macroaggregated
LHCII, i.e. the capability of aggregates to undergo light-induced reversible structural changes
is lended by their macroorganization state into lamellar aggregates also enriched in lipids. Our
data also show that the structure and function of the antenna system of chloroplasts can be
regulated by the absorption of excess light energy with a mechanism independent of the
operation of the photochemical apparatus. The exact nature of the structural changes and the
underlying physical mechanisms are not known, and thus remain the subject of further
investigations.
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