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Garab1,*
1Institute of Plant Biology, Biological Research Center, Hungarian Academy of Sciences, P.O. Box 521,
6701 Szeged, Hungary; 2IMFUFA (Department of Mathematics and Physics), Roskilde University,
P.O. Box 260, 4000 Roskilde, Denmark; *Author for correspondence (e-mail: gyozo@brc.hu; fax: +36-62-
433434)

Received 1 February 2005; accepted in revised form 11 April 2005

Key words: chloroplast thylakoid membranes, circular dichroism, LHCII, light adaptation, photoprotec-
tion, structural changes, thermo-optic effect

Abstract

We have investigated the circular dichroism spectral transients associated with the light-induced reversible
reorganizations in chirally organized macrodomains of pea thylakoid membranes and loosely stacked
lamellar aggregates of the main chlorophyll a/b light harvesting complexes (LHCII) isolated from the same
membranes. These reorganizations have earlier been assigned to originate from a thermo-optic effect.
According to the thermo-optic mechanism, fast local thermal transients due to dissipation of the excess
excitation energy induce elementary structural changes in the close vicinity of the dissipation [Cseh et al.
(2000) Biochemistry 39: 15250–15257]. Here we show that despite the markedly different CD spectra in the
dark, the transient (light-minus-dark) CD spectra associated with the structural changes induced by high
light in thylakoids and LHCII are virtually indistinguishable. This, together with other close similarities
between the two systems, strongly suggests that the gross short-term, thermo-optically induced structural
reorganizations in the membranes occur mainly, albeit probably not exclusively, in the LHCII-only
domains [Boekema et al. (2000) J Mol Biol 301: 1123–1133]. Hence, LHCII-only domains might play an
important role in light adaptation and photoprotection of plants.

Abbreviations: CD – circular dichroism; LHC II – light-harvesting chlorophyll a/b pigment-protein
complex; psi – polymer- and salt-induced

Introduction

Flexibility of photosynthetic membranes is essen-
tial for their ability to adjust their functions upon
short- and long-term variations in external envi-
ronmental conditions, such as temperature and
illumination. In higher plants, a significant part of
the multilevel regulatory mechanisms involves

structural changes in the light harvesting system,
and in LHCII, the main chlorophyll a/b complex
of Photosystem II, in particular (Anderson and
Andersson 1988). LHCII has been shown to
exhibit a remarkable structural flexibility. It has
been well established that structural changes
involving LHCII and affecting photosynthetic
functions can be driven by feedback mechanisms,
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which are governed ultimately by the operation of
the photosynthetic electron and proton transport
system. These include reorganizations following
the reversible phosphorylation of the polypeptides
(Allen and Forsberg 2001), changes induced
directly by lowering the lumenal pH (Horton et al.
1996), and flexibility changes associated with the
conversion of violaxanthin to zeaxanthin (Ruban
et al. 2000; Havaux et al. 2004). There are, how-
ever, reorganizations in LHCII that are largely or
entirely indendent of the activity of the photo-
chemical apparatus, and these cannot originate
from photosynthetic feed back mechanisms. These
structural changes include heat-induced changes in
the oligomerization state of the complexes
(Takeuchi and Thornber 1994; Cseh et al. 2000),
heat-induced alterations in the surface electric
properties (Dobrikova et al. 2002), reversible
changes associated with the quenching of the flu-
orescence of isolated LHCII (Barzda et al. 1999;
Grudzinski et al. 2002), light-induced reversible
and irreversible changes in the macrodomain and
trimeric organization of the complexes (Barzda
et al. 1996; Garab et al. 2002; Dobrikova et al.
2003), light-induced alterations regulating the
phosphorylation of LHCII at the substrate level
(Zer et al. 1999, 2003), and reorganizations con-
nected with the light-induced isomerization of
violaxanthin (Grudzinski et al. 2001). These reor-
ganizations appear to originate from the thermal
instability of the (macro)assemblies of LHCII and,
as concerns the light-induced reorganizations,
from a novel, biological thermo-optic effect.
According to the thermo-optic mechanism, fast,
local thermal transients due to dissipation of the
excess excitation energy induce elementary struc-
tural changes in the close vicinity of the site of
internal conversion (Cseh et al. 2000; Garab et al.
2002).

The light-induced reversible and irreversible
structural changes in the chiral macrodomains
exhibit an approximately linear dependence on the
intensity of the unused excitation energy, and thus
represent a unique and potentially important reg-
ulatory mechanism in the adaptation and protec-
tion of plants against excess light (Cseh et al.
2005). The main features of these structural
changes in lamellar aggregates of isolated LHCII
and granal thylakoid membranes, including their
temperature and light-intensity dependencies,
show remarkable similarities. It thus appears that

this particular structural flexibility of the thylakoid
membranes, i.e. which manifests itself in light-
induced reorganizations affecting the long-range
chiral order of the chromophores, is closely mim-
icked by loosely stacked lamellar aggregates of
isolated LHCII, and might be ‘borrowed’ from the
main light harvesting complexes.

It is also noteworthy that the organization of
chromphores in chiral macrodomains in thylakoid
membranes depends largely on LHCII (Garab
et al. 1991). Loosely or tightly stacked lamellar
aggregates of isolated light harvesting complexes
also contain macrodomains with similar long-
range chiral order as the native membranes
(Faludi-Dániel and Mustárdy 1983; Garab et al.
1988a). This is evidently determined by the high
self-aggregation capability of LHCII, which thus
readily assemble into highly ordered macroarrays
both in vitro and in vivo. They give rise to psi-type
CD (Garab 1996), and to intense circularly
polarized luminescence emission (Gussakovsky
et al. 2000). These macroassemblies resemble each
other also with regard to their anisotropic molec-
ular architecture and electric and magnetic
parameters (Garab 1987). The self-aggregation of
LHCII in the lamellae plays an important role in
the ‘sorting’ of complexes, and thus in the lateraral
heterogeneity of the thylakoid membranes (Garab
and Mustárdy 1999); these complexes also play a
key role in the stacking of membranes (Arntzen
1978; Barber 1982). Hence, stacking and macro-
organization of LHCII play important roles in the
self-assembly and stabilization of the granal
ultrastructure. At the same time, as concluded
from an analysis of electron micrographs of freeze-
fractured chloroplasts, LHCII trimers and lipids
contribute significantly to randomizing the supra-
molecular arrangement of the LHCII–PS II
supercomplexes (Kirchhoff et al. 2004). (For the
role of lipids, see also (Simidjiev et al. 1998).

With regard to the origin of these close simi-
larities in the ‘static and dynamic’ features of
loosely stacked lamellar aggregates of LHCII and
granal thylakoid membranes, recent models of the
organization of LHCII and LHCII–PS II particles
in granal thylakoids are of special interest (Boek-
ema et al. 2000; Ford et al. 2002; Dekker and
Boekema 2005). These models, derived from
electron microscopy analysis, depict the granum
thylakoid membranes to contain two large
domains, which are adjacent to each other: an
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extended area containing ordered arrays of
LHCII–PS II supercomplexes, which however
contain substoichiometric amounts of LHCII, and
an LHCII-only macrodomain, which contains, also
in highly ordered arrays, the ‘missing’ light har-
vesting complexes. The role of these LHCII-only
domains is yet unknown, but can be hypothesized
that they play a significant role in the regulation of
the light energy utilization. The composition and
structure of these macrodomains are expected to be
more readily adjustible than those of the super-
complexes. In other terms, it can be assumed that
the LHCII-only macrodomains are structurally
more flexible than the LHCII-PSII supercomplexes
and their domains. Our data, obtained from CD
spectroscopy, are in line with this hypothesis.
Although isolated thylakoid membranes and
lamellar aggregates of LHCII exhibit markedly
different CD spectra in the dark, the transient
spectra belonging to the structural changes induced
by high light are virtually indistinguishable. These
strongly suggest that the gross short-term, thermo-
optically induced structural reorganizations in the
membranes occur mainly, albeit probably not
exclusively, in the LHCII-only domains. These
macrodomains thus appear to play an important
role in light adaptation and photoprotection of
plants.

Materials and methods

Plant material

Thylakoid membranes were isolated as previously
described (Barzda et al. 1996) from dark adapted
2-week-old pea leaves grown in the greenhouse,
and were suspended, stored and measured in a
medium containing 20 mM Tricine (pH 7.5),
400 mM sorbitol, 5 mM MgCl2 and 5 mM KCl.
Type II, loosely stacked lamellar aggregates of
LHCII, which retain substantial amounts of lipids
and are capable of undergoing light-induced
reversible structural changes, were prepared from
pea as described earlier (Simidjiev et al. 1997).

Circular dichroism spectroscopy

CD spectra were recorded in a Jobin-Yvon CD6
dichrograph, which was equipped with a side
illumination attachment (Barzda et al. 1996). The

chlorophyll concentration was adjusted to approx.
10 lg/ml with thylakoid membranes and 20 lg/ml
with LHCII. The optical pathlength of the cuvette
was 1 cm. All measurements were done at room
temperature. The same illumination and measur-
ing protocol was used for thylakoid membranes
and LHCII: (i) prior to the measurement, the
sample was incubated for 5 min in the sample
compartment of the dichrograph with the 400 nm
measuring beam on; (ii) a CD spectrum was
recorded, referred to as the dark spectrum; (iii) the
sample was illuminated in the sample compart-
ment via fiber optics for 5 min with heat-filtered
white light of approx. 1500 lmol m)2 s)1; (iv)
immediately after the illumination a CD spectrum
was measured (light spectrum); (v) the re-dark
spectrum was recorded after 15 min incubation in
the dark. One scan, between 400 and 720 nm, was
performed in less than 2 min. Light-minus-dark
spectra represent average spectra from three con-
secutive dark–light cycles. CD is plotted in
absorbance units. The reversible and irreversible
components were calculated by averaging the dif-
ference spectra between the dark spectra and the
preceding light spectra, and between consecutive
dark spectra, respectively.

Results and discussion

Figure 1 shows typical CD spectra of isolated
granal thylakoid membranes exposed to light–
dark cycles of a preillumination with intense
light. These data are in reasonably good agree-
ment with earlier results. The spectrum of the
thylakoid membranes following a dark-adapta-
tion is similar to those measured under similar
conditions (Barzda et al. 1994; Istokovics et al.
1997). It has been shown earlier that intact thy-
lakoid membranes are capable of undergoing
light-induced reversible structural changes that
affect the long-range chiral organization of the
chromophores. The previously applied preillumi-
nations, however, were somewhat shorter and the
light intensities were usually lower than here. The
conditions for these experiments were chosen to
result in somewhat longer-lasting effects, which
thus can yet be picked up following the preillu-
mination, while mild enough to ensure a signifi-
cant degree of reversibility in the dark (see also
Materials and methods). Hence, under these
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conditions, in contrast to previous reports for
faster and fully reversible (Garab et al. 1988b)
and largely irreversible changes (Gussakovsky
et al. 1997), we selectively detect the slowly
reversible components of the reorganizations.

It can be seen that, as expected, preillumination
affected the main, psi-type CD bands and the long
tails associated with differential scattering of left
and right circularly polarized light (Figure 2a).
These signals originate from LHCII-containing
chiral macrodomains (Garab 1996). The strongest
variation could be seen at around 675 nm. The
diminishment of this negative psi-type band also
affected the positive amplitudes, in accordance
with the previously established composite charac-
ter of the CD signal of thylakoid membranes
(Finzi et al. 1989). Although upon the repetition of
the light treatment the CD changes were not
entirely reversible, the basic character of each light
treatment remained essentially the same, as also
verified by the invariance of the basic features of
the transient spectra on the number of cycles. It
also appeared that the first dark state differed most
from all other consecutive dark states; this might
be accountable for a residual delta pH and trans-
membrane electric field following the illumina-
tions, and the absence of this component after long
dark adaptation in the stock suspension (data not
shown). Although the changes are largely inde-
pendent of the photochemical activity of the

membranes the effect of DpH has been shown to
modulate the reversible DCD (Istokovics et al.
1997).

The transient spectra (Figure 2b) exhibited
maxima at around 675 and 495 nm for the aver-
aged light minus dark difference spectrum (full
line), and at 685 and 495 nm for the reversible
component (dashed curve). This latter was extrac-
ted by using the difference spectra between the dark
spectrum and the preceding light spectrum. These
transients differ somewhat from those recorded
earlier. The light-minus dark spectra obtained with
‘light’ spectra recorded during the illumination
periods contained more evenly all CD bands
associated with the chiral macrodomains, i.e. also
involved the main, (+) 690 nm psi-type band

Figure 1. Typical CD spectra of dark-adapted (lower pair of
curves) and preilluminated (upper pair of curves) thylakoid
membranes from two consecutive 15 min dark–5 min light
cycles. The preillumination was performed in the sample holder
of the dichrograph with heat-filtered white light of approx.
1500 lmol m)2 s)1. For clarity, the spectra of preilluminated
thylakoids are shifted up by 2 · 10–4 units. Continouos and
dashed lines represent spectra from the second and third cycle,
respectively.

Figure 2. CD spectra (a) associated with the dark (continuous
line) and preilluminated states (dashed line) of isolated thyla-
koid membranes, and light-minus-dark difference spectra
obtained from the corresponding averaged light and dark
spectra (continuous line) as well as its reversible component
using the dark spectra and the preceding light spectra (b). The
spectra in (a) were obtained from averaging three spectra of
dark-adapted and preilluminated thylakoid membranes from a
series as in Figure 1.
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(Garab et al. 1988b). In contrast, under the pres-
ently used experimental conditions, which favor
the detection of slowly reversible changes, the
transients were dominated by the ()) 675 nm band.
Although the amplitude changes of the ()) 675 nm
band were not fully reversible, each consecutive
light minus dark difference spectra were dominated
by this band. Also, it was observed that the
decrease of the ()) 675 nm band was accompanied
with an apparent increase in the (+) 690 nm band.
The CD spectrum in the red has earlier been shown
to originate from two largely independent psi-type
bands of opposite sign (Finzi et al. 1989). The
reversible component of the transients peaking at
685 nm (Figure 2b, dashed line) appears to origi-
nate mainly from the variation of the broad nega-
tive psi-type band. The irreversible component,
obtained from difference spectra of consecutive
dark spectra also contained somewhat larger con-
tribution from the ()) 675 nm band but it could be
characterized as an overall decrease of the psi-type
bands (data not shown). This is in agreement with
data reported earlier for prolonged preillumination
periods (Cseh et al. 2000).

The ()) 675 nm CD band has been shown
to exhibit a dependency on the concentration of
Mg-ions, and thus it has been proposed to be
associated with the stacking of membranes (Garab
et al. 1991). We have earlier shown that upon
preillumination granal thylakoid membranes the
structural reorganizations begin with unstacking,
and are followed by lateral desorganizations of the
macrodomains and monomerization of LHCII
trimers (Dobrikova et al. 2003). (This lattest
component, i.e. the monomerization of LHCII
trimers, has been shown to occur upon prolonged
illumination with high light, and thus probably
does not occur in sizeable quantities under the
presently used experimental conditions.)
Hence, these data suggest that re-stacking and/or
the re-binding of Mg-ions and the consecutive
restoration of the chiral macrostructure occur
relatively more slowly and somewhat less revers-
ibly than the lateral desorganization of the macr-
odomains.

In the Soret region, the transients exhibited a
broad CD band and some well discernible minor
bands. The meanings of the variations in the minor
bands remain to be determined but probably
reflect changes in the organization and excitonic
interactions of carotenoids in the antenna.

Figure 3 shows that, similar to thylakoids,
loosely stacked lamellar aggregates of LHCII are
also capable of undergoing light-induced reversible
reorganizations. The dark and light (preillumi-
nated) states can readily be discriminated in these
LHCII macroassemblies, too. Also, in contrast to
thylakoids, the changes were almost fully revers-
ible, and the irreversible component contained no
easily discernible bands. Hence, the averaging of
the spectra and calculation of the difference spec-
trum were straight forward (Figure 4). Again, as it
will be reported elsewhere, the transient spectra
recorded with light spectra during the illumination
period, or under different illumination conditions
differ somewhat from those shown in Figure 4.
Nonetheless, as it is clear from a comparison of
Figures 2b and 4b, thylakoids and lamellar
aggregates of isolated LHCII under comparable
experimental conditions exhibit very similar tran-
sient spectra both in the red and in the Soret
region. This is somewhat surprising because the
steady state spectra (i.e. the spectra in the dark or
in the light) differ markedly from each other for
thylakoids and LHCII (cf. Figures 2a and 4a).

This close similarity in the transients of the two
systems, together with other similarities, most
notably the existence of chiral macrodomains and
their thermo-optically inducible reorganizations,
are remarkable. Although thermo-optically
induced reorganizations have also been observed
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Figure 3. Typical CD spectra of dark-adapted (thick lines)
and preilluminated (thin lines) loosely stacked lamellar
aggregates of isolated LHCII from two consecutive 15 min
dark–5 min light cycles. The preillumination was performed
in the sample holder of the dichrograph with heat-filtered
white light of approx. 1500 lmol m)2 s)1. Continuous and
dashed lines represent spectra from the second and third
cycle, respectively.

279



in the absence of chiral macrodomains (Dobrikova
et al. 2003) the above data strongly suggest a
specific role of LHCII-only domains in thylakoids.
The simplest explanation for all these data is if we
assume that the changes in thylakoids originate
from LHCII-only macrodomains, rather than
from the regions of PSII supercomplexes.

The hypothesis concerning the role of LHCII-
only domains in the structural flexibility of mem-
branes is plausible because LHCII trimers are
probably attached to the PSII core more firmly
than to each other, and thus PSII particles are
likely to be more rigid than the LHCII-only
domains. In general, it is tempting to speculate
that LHCII-only domains play important regula-
tory roles: (i) in mature membranes, the incorpo-
ration of the newly synthesized LHCII trimers
might be easier into the LHCII-only macrodo-

mains than into the PSII supercomplexes; LHCII
accumulates readily e.g. in low light (Larsson et al.
1987) or diurnally (Busheva et al. 1991); (ii) vice
versa, the proteolytic removal of LHCII might also
be easier from these domains than from the
supercomplexes; in addition, this latter also
requires the monomerization of the complexes
(Yang et al. 2000), which seems more difficult to
satisfy for the case of PSII supercomplexes; (iii) it
seems plausible that the reorganizations upon
short-term variations in the environmental condi-
tions are confined to LHCII-only macrodomains,
and probably do not involve the supercomplexes.
It is also to be noted that this proposal is perfectly
in line with earlier data showing that there is a
fraction of LHCII, the peripheral antenna com-
plexes, that exhibit a relatively high mobility in the
membrane (Anderson and Andersson 1988).
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