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ABSTRACT: In this paper, we show that stacked lamellar aggregates of the purified chloraghiht-
harvesting antenna complexes (LHCII) and granal thylakoid membranes are capable of undergoing light-
induced reversible changes in the chiral macroorganization of the chromophores as well as in the
photophysical pathways. In granal thylakoids, the light-induced reversible structural changes, detected
by circular dichroism (CD) measurements, are accompanied by 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 nonsaturating 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, the light-induced reversible changes of the main, nonexcitonic CD bands
are also accompanied by reversible changes in the fluorescence yield. In small aggregates and trimers,
no light-inducedACD occurs, and the fluorescence changes are largely irreversible. It is proposed that
the structural changes are induced by thermal effects due to the excess light energy absorbed by the
pigments. Our data strongly suggest 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.

In photosynthesis, the structure of the antenna and theSome authors have suggested the involvement of the reaction
reaction centers appears to be optimized for an operationcenter (Weis & Berry, 1987), whereas others proposed that
with a high quantum efficiency. On the other hand, it has the regulation takes place in the antenna via the xanthophyll
been well established that plants are capable of regulatingcycle (Gilmore & Yamamoto, 1991) or through changes in
the dissipation of the excess light energy absorbed by the macroaggregation of the chloropheib light-harvesting

photosystem Il (PSIhand protect themselves against damage complex of PSII (LHCII) (Horton et al., 1991, 1994).

by excess radiation [for a review, see Horton et al. (1994)].
Regulation of energy utilization and dissipation in PSIl N chloroplasts, the chlorophyll (Chl) molecules are bound

has been studied mainly by Chl fluorescence induction [© different pigmentprotein complexes, in which the
kinetic measurements, which revealed several forms of distances between the pigment molecules and their mutual

nonphotochemical quenching mechanisms. When eXposeoorientation are well-defined (Breton & Vermeglio, 1982).
to excess light, energy-dependent quenching (qE) which is The antenna and reaction center complexes are clustered into

associated with high transmembratpH (Briantais et al.,  Particle-aggregates of 1580 A in diameter. For PSlII,
1979) has been shown to play a protective role againstthese probably contain a single reaction center surrounded
photoinhibitory damages. by a variable quantity of LHCIIs (Staehelin, 1976). PSlII

The fact that energy dissipation is not arrested upon the units have been shown to be interconnected by energy
interruption of the illumination with excess light and the high transfer interactions (Joliot et al., 1973; Lavergne & Trissl,
guantum efficiency is restored only gradually indicates that 1995).

intense light induces slowly reversible structural changes By means of CD spectroscopic techniques, it has been

which alter the photophysical and/or photochemical reaction shown that in granal thylakoid membranes PSII particles are

pathways. The nature of these reversible changes and the : Ny
underlying physical mechanism(s) have not been clarified. assembled into psi-type macroaggregates, densely packed

chirally organized macroarrays with an estimated diameter
T This work was supported by grants from the Hungarian Research of 200-400 nm (Garab et al., .:!'988(:; FI.nZI et al". 1989;

Fund (OTKA T019226 and T017827). Barzda et al., 1994_), the stability and size gf which are
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1 Abbreviations: Chl, chlorophyll; CD, circular dichroisCD, & Garab, 1995) (psi, polymer or salt-induced). Purified
light-induced reversible changes in circular dichroism; LHCII, chlo- | Hc|l also readily forms lamellar aggregates tbrandt,
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system II; psi, polymer or salt-induced; qE, energy-dependent non- 1994) which exhibit psi-type CD features (Barzda et al.,
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By measuring light-induced CD changesCD) in thy-
lakoid membranes, earlier we have shown that the chiral
macroorganization of particles in the membranes can undergo
reversible rearrangements, which are sensitive to nigericin
and NH,CI but largely insensitive to gramicidin (Garab et
al.,, 1988b). However, the mechanism of these structural
changes and their significance in the regulation of the
photophysical pathways have not been investigated.

In this work, by studyingACD and Chl fluorescence
induction kinetics, we show that thylakoid membranes and
surprisingly also lamellar aggregates of purified LHCII are 400 500 600 700 800
capable of undergoing light-induced reversible structural
changes, which bring about alterations in the photophysical
pathways and thus are likely to be involved in the regulation 5.5 —
of the energy dissipative pathways in the antenna.
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EXPERIMENTAL PROCEDURES 5.0

Pea chloroplasts and thylakoid membranes were isolated
as described earlier (Garab et al.,, 1988a). LHCII was
isolated from 2-week-old pea leaves according to the method
of Krupa et al. (1987) with minor modifications. The
solubilization step with Triton X-100 was critical in obtaining
LHCII macroaggregates exhibitin§CD: it was performed
with different detergent concentrations between 0.6 and 0.8%
(viv). The Chla/b ratio varied between 1.0 and 1.15. In
these preparations, SB®AGE revealed the presence of the
25 and 27 kDa apoproteins. Minor complexes were present
at very low concentrations and could only be detected by
silver staining. As judged from Western blots for the D1
protein, the samples contained no contamination from PSI|
reaction centers.

CD spectra were recorded in a Jobin Yvon CD6
dichrograph; the Chl concentration was adjusted tq:d0
mL with thylakoid membranes and to 2@/mL with LHCII.

The dichrograph was equipped with a side-illumination
attachment; the photomultiplier was protected with crossing
filters (Corning 2-64 and 4-96) against stray light from the
beam of a 650 W tungsten lamp, which also passed through Time, min

a heat filter of 10 cm water (Garab et al., 1988b). Beforeé rgre1: CD spectra (), light-induced changes in the CD at 510
the measurements, the samples were kept in the dark for 2Gm (B), and Chl fluorescence induction curves (C) in pea thylakoid
min. ACD in different spectral regions occurred with membranes suspended in 30 mM tricine (pH 7.8) (curve 1) and in

essentially the same kinetics and were sensitive to inhibitorsthe same buffer supplemented with 330 mM sorbitol and 5 mM
to the same extent (Garab et al., 1988b). MgCl, (curve 2). The same batches of membranes were used in

. panels A through C. Black and white horizontal bars in panels B
Absorbance changes of neutral red (24) for determin- and C indicate dark and light (500 W#periods, respectively. In
ing the transmembranApH (Junge et al., 1979) were order to measure the recovery of the fluorescence yield, in panel

measured at 553 nm in a Shimadzu UV 3000 spectro- C. the dark period was interrupted by short-¢Ls) flashes of the
photometer equipped with a side-illumination attachment. actinic light, but otherwise the protocol was the same as in panel
Fluorescence induction kinetic measurements were performed

in a Walz PAM 103 Chl-fluorometer. The Chl concentration PSII particles (Garab et al., 1988a; Barzda et al., 1994). In

was 5ug/mL. Chl content was determined as described by contrast, in low-salt, hypotonic medium, the psi-type CD

Arnon (1949). bands are absent, and the remaining bands can be attributed
RESULTS AND DISCUSSION tloggi()citonic interactions inside the particles (Garab et al.,
Light-Induced Reorganizations and Energy Dissipationin  Figure 1B shows that thylakoid membranes containing the
Thylakoid MembranesAs shown in Figure 1A, in isotonic  chiral macrodomains exhib&CD (curve 2) similar to those
buffer supplemented with cations the CD spectra of pea reported earlier for spinach thylakoids (Garab et al., 1988b).
thylakoid membranes, similarly to barley and spinach thy- In contrast, the membranes suspended in hypotonic, low-
lakoids (Garab et al., 1988a, 1991), exhibit characteristic salt medium display n&dCD (curve 1).
bands with psi-type features: intense, anomalously shaped Fluorescence measurements also revealed significant dif-
bands accompanied with long tails outside the absorbanceferences between the two samples (Figure 1C). With
bands (Keller & Bustamante, 1986). This type of CD signal macrodomains presemtCD was accompanied with signifi-
has been shown to originate from chiral macrodomains of cant changes in the fluorescence yield, which were gradually

Circular dichroism, AAx10
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Ficure 2: Light-induced absorbance changes of neutral red at 553 (H,O—ferricyanide) (open circles) and the initial rate of the light

nm (upper curve) and light-induced changes in the CD at 510 nm induced changes of CD at 510 nm (full circles) on the intensity of

(lower curve) in thylakoid membranes at three different intensities the exciting light in thylakoid membranes. (In this experim&y&D

of the exciting light. The light and dark cycles are indicated by was measured in the presence of 1 mM ferricyanide.)

white and black bars, respectively. (The samples were changed after

each illumination period, and the curves were “glued” together in f,orescence guenching comparedipH was observed for

the computer.) :
gE [see, e.g., Johnson et al. (1994)]. In unreported experi-

. . . ments, we observed that, although nigericin inhibite@D
albeit not fully restored during the dark interval. These data for the first few excitations (Garab et al., 1988b), upon

are consistent with a gradual generation of quenching centers .. . : .
by excess radiation [see, e.g., Horton et al. (1994)]. In cop.tmued light/dark cycles the membranes_ regained their
contrast, in samples Whiéh diéblayed neither. psi-type CD ability to undergo struptural qhanges even In the presence
’ . . of 5 uM nigericin, albeit with diminished amplitude. Thus,
bands noACD, the reversible fluorescence transients were : .
absent (curves 1). This cannot be explained by differencesApH cannot b_e held_ dlreptly respor_15|ble for the structural
in the photochemical activity, which was essentially identical g&aqgﬁgé ;nmlj'ntiew;:]r;ti;?'srafgn&lgg nih(\:l;/gazzovvx\/li t:]hz:;;he
in the two samples (data not shown). Thus, it appears that. P

both the light-induced reversible structural changes and the'ncrease of the light Intensity also in the range witqrH is
X . : : . ~already saturated (Figure 2).
associated alterations in the photophysical pathways require™ _. h the initial rate of the linear electron
the presence of chiral macrodomains. Figure 3 shows the initial ate of the finear electro
, . transport and that cACD as a function of the exciting light

Earlier we have shown thaACD originates from an  inensity. The measurements were performed in the presence
overall structural rearrangement rather than from changes ferricyanide, on the same thylakoid membranes, under
affecting a specific set of transition dipole_s (Garab et al., the same experimental conditions. (The use of the same
1988b). The observation that #CD occurs in the absence  yranaration is important as both the rate and the amplitude
of psi-type bands lends support to this conclusion. Thus, it o+ Acp vary broadly from batch to batch.) It can be seen
appears that short-range, excitonic interactions inside PSlli\ot 4t intensities where the electron transport is nearly
particles cannot be held responsible for the structural saturated, around 100 W#MCD can be hardly detected.
rearrangements in the macroaggregates. On the other hand, at higher light intensities, the initial rate

According to the theory of psi-type aggregates, CD carries of ACD rose approximately linearly with the increase of the
information on the handedness, size, and macrohelicalintensity of the exciting light. ACD could not be saturated
parameters of the macroaggregates (Keller & Bustamante,in the range studied.
1986; Kim et al., 1986). The overall decrease in the CD |t s to be noted that the operation of E is also observed
amplitudes [Figure 1B; see also Garab et al. (1988b)] would at high light intensities, and in fact this protective mechanism
be consistent with a disintegration of the macrodomains into js thought to be activated in excess light [cf. Walters and
smaller units, or with a diminishment of the Iong-range chiral Horton (1991)], i.e., when the absorbed energy can no more
order in the macroaggregate (Kim et al., 1986; Barzda et pe utilized for photochemistry. Investigations are underway
al., 1994). However, itis equally possible that light induces to clarify the exact correlation betweeACD and the
changes in the macrohelical parameters. Such changes camechanisms of fluorescence quenching.
be envisioned, e.g., via proximity changes between adjacent [ight-Induced Reersible Changes in LHCIl Macro-
lamellae. Previous thin section electron microscopic data aggregates.Figure 4A shows thaACD occurs not only in
showed shrinking and swelling of granum membranes in the thy|akoids but surprising|y also in macroaggregates of
light and dark, respectively (Murakami & Packer, 1970). The purified LHCII. Ultrastructural investigations revealed that
preliminary observation that divalent cations play an im- in all cases wherACD was observed, the complexes were
portant role inACD supports the hypothesis thatCD found to form stacked lamellae [data not shown; see
reflects changes in the proximity of the stacked membranesmcDonnel and Staehelin (1980); Klbrandt (1994)]. Con-
(Istokovics and Garab, in preparation). The observed slow yersely, ACD could easily be eliminated by disintegrating
relaxation of ACD is in reasonable accordance with such a the macroaggregates into smaller partides of4P00 nm
mechanism. in diameter. [The state of aggregation of the sample was

Figure 2 shows thakpH builds up and decays much faster tested by negative staining electron microscopy and fluo-
thanACD. Thus, we confirm our earlier conclusion (Garab rescence spectroscopy (Barzda et al., 1994).] The fact that
et al., 1988b) that\CD, although sensitive to nigericin, is in small aggregates light induces A@CD suggests that the
not directly correlated witlApH. A similar lag phase of = changes in the chiral macroorganization in the large ag-
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— A & Bustamante, 1986). Comparative studies with nonlinear
spectroscopic methods revealed significant differences in the
energy migration patterns between small and large aggregates
of LHCIl (Lokstein et al., 1995; Barzda et al., 1996).
However, these differences in the excitation energy of
migration are highly unlikely to be responsible for the light-
induced reversible changes in the macrostructure of LHCII
macroaggregates and granal thylakoid membranes. The
lifetime of the excited state is too short, the intensity of the
actinic light is too weak, and the decay of changes is far too
0 1 2 3 4 slow to explain the observed changes in terms of the
Time, min electronic excited state of the molecules. Thus it seems more
plausible that theACD stems from thermally-induced
B structural changes.
200 W/m? As CD is sensitive to the orientation of the particles
1o W (Charney, 1979; Garab et al., 19884§;D could arise from
z a reorientation of the lamellae, e.g., via convection currents
10k ] in the cell. This mechanism, however, can be ruled out.
200 ~ aqar Thylakoid membranes show stroAgD both in the absence
08t 400 ot and in the presence of external magnetic field of 1 T, which
is sufficient to “firmly” align the membranes (Garab et al.,
0.6 - ——— 1988b). FurthermoreACD can be inhibited by various
agents, such as ionophores (Garab et al., 1988b) and quinone
antagonists (Istokovics et al., 1992). (These latter agents,
Time, min as will be shown elsewhere, also inhiiCD of LHCII.)
FIGURE 4: Light-induced Changes in the CD at 495 nm (A) and in Excess ||ght may induce Changes in the V|C|n|ty of the

the fluorescence vyield (B) of purified LHCIl preparations in : : g
macroaggregated and small aggregate forms at two different light excited molecule, e.g., via local heat produced via internal

intensities. The light and dark cycles are indicated as white and Conversion. This can change the mobility of charged groups,
black bars, respectively. which in turn perturbs the ion distributions around the
particles. In lamellar macroaggregates, it is reasonable to
gregates do not stem from structural rearrangements in theassume that long-range order brings about an efficient heat-
trimers. These observations resemble those in thylakoid conductance inside the lamellae. Heat-conductance is ex-
membranes (see above). pected to “smear” the heat over large domains, which may
In analogy with thylakoid membranes, we put forward the bring about changes in the electrostatic stacking of the
hypothesis thaACD originates from changes in the proxim- lamellae. This proposed mechanism is reminiscent to the
ity between the stacked lamellae of LHCII. This hypothesis thermo-optic effects in certain liquid crystals in which texture
can be substantiated or falsified by X-ray and/or neutron changes can be induced at relatively low light intensities
scattering experiments, which are in preparation. (Janossy, 1991). However, elucidation of the physical
Light-induced reversible changes in the fluorescence yield mechanism(s) underlying light-induced structural changes in
of LHCII were described by Jennings et al. (1991), who lamellar aggregates of LHCII and granal thylakoid mem-
suggested that such changes may be involved in the regulabranes requires further studies.
tion of the dissipation of excess excitation energy in thylakoid  Based on the present data, we conclude that LHCII-
membranes. In agreement with these authors, we found thatontaining lamellar aggregates possess the ability to undergo
the extent of fluorescence quenching depended on thelight-induced reversible structural rearrangements which
intensity of the actinic light. We found, however, that influence the photophysical pathways in the antenna system.
whereas in small aggregates the changes in the fluorescence
yield are large and essentially irreversible, large aggregatesACKNOWLEDGMENT
exhibit smaller but almost fully reversible changes (Figure
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