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ABSTRACT: The thermo-optic mechanism in thylakoid membranes was earlier identified by measuring the
thermal and light stabilities of pigment arrays with different levels of structural complexity [Cseh, Z., et
al. (2000)Biochemistry 39152506-15257]. (According to the thermo-optic mechanism, fast local thermal
transients, arising from the dissipation of excess, photosynthetically not used, excitation energy, induce
elementary structural changes due to the “built-in” thermal instabilities of the given structural units.) The
same mechanism was found to be responsible for the light-induced trimer-to-monomer transition in LHCII,
the main chlorophylla/b light-harvesting antenna of photosystem Il (PSll) [Garab, G., et al. (2002)
Biochemistry 4115121-15129]. In this paper, differential scanning calorimetry (DSC) and circular
dichroism (CD) spectroscopy on thylakoid membranes of barley and pea are used to correlate the thermo-
optically inducible structural changes with well-discernible calorimetric transitions. The thylakoid
membranes exhibited six major DSC bands, with maxima between about 43 88d B7e heat sorption

curves were analyzed both by mathematical deconvolution of the overall endotherm and by a successive
annealing procedure; these yielded similar thermodynamic parameters, transition temperature and
calorimetric enthalpy. A systematic comparison of the DSC and CD data on samples with different levels
of complexity revealed that the heat-induced disassembly of chirally organized macrodomains contributes
profoundly to the first endothermic event, a weak and broad DSC band between 43 &@dSighilarly

to the main macrodomain-associated CD signals, this low enthalpy band could be diminished by prolonged
photoinhibitory preillumination, the extent of which depended on the temperature of preillumination. By
means of nondenaturing, “green” gel electrophoresis and CD fingerprinting, it is shown that the second
main endotherm, around 6, originates to a large extent from the monomerization of LHCII trimers.
The main DSC band, around 7@, which exhibits the highest enthalpy change, and another band around
75—77 °C relate to the dismantling of LHCIl and other pigmemptrotein complexes, which under
physiologically relevant conditions cannot be induced by light. The currently available data suggest the
following sequence of events of thermo-optically inducible changes: (i) unstacking of membranes, followed
by (ii) lateral disassembly of the chiral macrodomains and (iii) monomerization of LHCII trimers. We
propose that thermo-optical structural reorganizations provide a structural flexibility, which is proportional
to the intensity of the excess excitation, while for their localized nature, the structural stability of the
system can be retained.

The photosynthetic system of higher plants possesses thehylakoid membranes. Vice versa, significant variations in
ability to be regulated by short-term variations in the external the environmental conditions often induce structural changes,
environmental conditions such as temperature and illumina-which in turn affect the photosynthetic functions.

tion (1, 2). Most components of the multilevel regulatory  The relative light-harvesting capability of the two photo-
mechanisms are known to involve structural changes in thesystems can be regulated by redox-regulated reversible
: _ phosphorylation of LHCIE during this process, part of
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in photosynthesis, different protective mechanisms are assemblies, LHCII-containing macrodomains and trimeric
induced, which downregulate the energy utilization and thus structures of LHCII, has been identified mainly via CD
prevent the excess excitation energy from causing sustainedspectroscopy and biochemical toolss(20). However, no
damage to the plant. For instance, the short-terf2(inin) calorimetric analysis has been performed, and accordingly,
component of the regulated energy dissipation in the antennathe thermodynamic parameters of the thermo-optically
system, qE, the energy-dependent nonphotochemical quenchinducible changes remain unknown.
ing, which depends o\pH, also involves conformational Earlier calorimetric analyses on thylakoids revealed the
changes that modulate the aggregation state of LH§IlI (  band structure of the thermograms and identified the origin
The nonphotochemical quenching of the excess excitationof several bands with respect to the stroma and granum
energy also depends on the presence of zeaxanthin and thenembranes and their membrane-associated enzymes and
PsbS protein of PSII7 8). complexes?Z1—29). However, they have not been analyzed
There is ample evidence for structural changes inducedwith respect to their sensitivity toward preillumination and
directly by environmental factors. Significant structural other treatments affecting the long-range organization of the
rearrangements, involving the dissociation and movement of complexes. Furthermore, CD spectroscopy, which is a
LHCII, can be induced by the heat treatment of thylakoid particularly sensitive tool for the detection of structural
membranes 9). It has been demonstrated that, upon il- reorganizations both at the macroorganization level and in
lumination with moderate and high light intensities, thylakoid the individual complexes and particle80( 31), can be
membranes undergo reversible structural changes, which, agpplied to establish correlations between the most prominent
revealed by CD spectroscopy, affect the long-range chiral structural changes in the pigment system and some DSC
order of the chromophore&(); prolonged illumination with bands. As summarized in r&0, CD can originate from
intense light generally leads to similar, but irreversible asymmetric architectures of different complexity: (i) the so-
changes11). Although they display some similarities to the called intrinsic CD arises from asymmetry in the electronic
conformational changes accompanying 4B)(these struc-  state of the individual molecules; this is a very weak signal
tural rearrangements are largely independent of the photo-and becomes clearly discernible only after the denaturation
chemical activity of the membranes and of the transmem- of the pigment-protein complexes; (ii) excitonic CD bands,
braneApH. Further, lamellar aggregates of isolated LHCII typically “conservative” ¢)/(—) band pairs, are given rise
have been shown to be capable of undergoing very similar by short-range interactions between chromophores; since the
reversible structural reorganizationg3( 14), and light excitonic CD signal is very sensitive to the distance and
induces a significant degree of monomerization of LHCII mutual orientation of the pigment dipole3l], it can be used
in vivo and in vitro, which is in contrast with the preferen- for fingerprinting of the complexes and testing their intact-
tially trimeric organization of the complexes in the datky; ness; (iii) in chirally organized macroarrays, with sizes
These rearrangements are accompanied by Chl fluorescenceommensurate with the wavelength of the visible light, very
quenching 13, 16). Light-induced reorganizations, probably intense and “anomalously shaped” so-callgetype CD
of a similar nature, have been found to be directly involved, bands are given risep-type bands are exhibited by intact
at the substrate level, in the regulation of the phosphorylation granal thylakoid membranes, in particular by LHCII-contain-
of LHCII in vivo and in vitro (17—19). ing macrodomains, as well as by lamellar aggregates of
Light-induced reorganizations in the isolated light-harvest- LHCII. Hence, the CD in chloroplasts is dominated by the
ing complexes and in the native membrane have beenwy-type bands but also contains the contributions from
observed to be driven by a thermo-optic effect. In other excitonic and intrinsic bands and can be regarded as the
terms, they are ascribed to fast, local thermal transients,superposition of these three types of signals. We shall take
T-jumps, due to the dissipation of the excess excitation advantage of the fact, mainly our earlier observatidris—(
energy in the antenna system, which in turn lead to 15, 20), that the thermal and light sensitivity of these three
elementary structural changes in the vicinity of the dissipating types of CD signal are strikingly different and further analyze
centers {5, 20). This conclusion has been reached mainly CD data on thylakoid membranes exposed to heat and light
from analyses of the thermal and light stabilities of mac- treatments. In the present work, by using DSC and CD
roarrays of different levels of structural complexity in spectroscopy, we have identified the broad but relatively
thylakoid membranes and isolated complexes. The thermo-weak DSC band around £& as being associated with the
optic mechanism depends on the “built-in” thermal instability LHCII-containing chiral macrodomains. The calorimetric
of molecular assemblies, which ensures the susceptibility of data presented are fully consistent with the notion that the
these structures to fast local thermal transients, the magnitudestructural changes in the chiral macrodomains are of thermo-
of which depends on the distance from the dissipating center,optic origin. Among the additional thermal transients, a band
and the thermal transient-fump) can be significantly large  around 6C0°C is found to be involved in the thermo-optically
within abou a 1 nmradius around the dissipation cent2) driven trimer-to-monomer transition of LHCII.
(In the model, where the volume of the dissipation center
was 1 nni volume, the dissipation of a red photon energy MATERIALS AND METHODS
led to aT-jump >65 °C and about a 10C jump in the Isolation of Thylakoid Membranes; Preillumination and
neighboring 1 nrh“cell”.) It is usually assumed, and verified Nondenaturing, “Green” Gel Electrophoresishylakoid
experimentally, that the thermal instability of macroassem- membranes were isolated from 10-day-old barley seedlings
blies does not affect the molecular structure of the constitu- (Hordeumuoulgare L.) or 2-week-old peaRisum satium
ents. Hence, the arrays can undergo thermo-optically drivenL.), grown in the greenhouse, by a slight modification of a
reorganizations without irreversible damage to their con- procedure described earli€3g). No significant difference
stituents. Indeed, the presence of such thermally unstablewas observed between the two plant materials. The mem-
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branes of +2 mg of Chl mL* were suspended in a medium
containing 250 mM sorbitol, 5 mM Mggl and 10 mM
Tricine (pH 7.6) and stored on ice in the dark until use within
4—6 h after the isolation. Aliquots from this stock were
suspended in the same medium or washed twice in Tricine
buffer (10 mM, pH 7.6) in the presence of aM EDTA or

in 10 mM Tricine buffer supplemented with 250 mM
sorbitol.

The chlorophyll concentration was determined spectro-
photometrically 83).

Preillumination of the thylakoid membranes (in 10 mM
Tricine, pH 7.6, 250 mM sorbitol), on ice or thermostated
at 25°C, was performed with heat-filtered white light (30
or 60 min, 160Q«E m2s1) at 2 mg of Chl mL%, in a thin
layer, for DSC measurements and at@pof Chl mL™, in
a cell of 1 cm path length, for CD.

Dobrikova et al.

N

N
T

3

C *, mcal deg' mg" Chl

o

N
o

60 80

Temperature, °C

Ficure 1: DSC thermogram of isolated thylakoid membranes (after
baseline correction) suspended, at a concentration of 2 mg of Chl
mL~%, in a reaction medium containing 10 mM Tricine (pH 7.6)

Nondenaturing, green ge] e|ectrophoresis on heat_treatecﬁnd 250 mM sorbitol and mathematical deconvolution of the DSC

and preilluminated thylakoid membranes (suspended in 10
mM Tricine buffer, pH 7.6, also containing %M EDTA)
was performed as in ré&¥ The bands associated with LHCII
were excised for CD spectroscopy.

DSC MeasurementsCalorimetric measurements were
performed with a DASM4 (Biopribor, Pushchino, Russia)
high-sensitivity scanning microcalorimet&4j. Runs were

routinely made in the temperature range between 20 and 100

°C at a heating rate of 1C min™*. A second heating of the
sample in the calorimetric cell, immediately after cooling to
20 °C following the first run, checked the reversibility of
the thermally induced transitions. The transition temperature
(Tm) was defined as the temperature at the maximum of the
excess heat capacity curve. The calorimetric enthalby.{)

of the transition was determined as the area under the excess

heat capacity curve.

CD Measurements and Temperature Dependdbbawas
measured between 400 and 800 nm in a Jobin-Yvon CD6
dichrograph equipped with a side-illumination attachment

curve by Gaussian fitting. The scanning rate wa&€Imin—1. The
endothermic transitions are denoted asFAfollowing ref21. C®

= excess heat capacity.
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Ficure 2: DSC profile of barley thylakoid membranes, from the
same batch and under the same experimental conditions as in Figure

and a thermostatable sample holder. The Chl content of thel, and dissection of the heat capacity curve by successive annealing

samples was adjusted to 2 mL™%, the optical path length
of the cell was 1 cm, and the distance of the sample from
the photomultiplier was 5 cm. The spectra were recorded in
0.5 nm steps with an integration time of 0.2 s and a band-
pass of 2 nm.

The temperature dependence of the CD spectra of EDTA-

washed thylakoid membranes was measured either in the

thermostated sample holder afee5 min incubation at the
given temperature or at room temperature following the heat
treatment of the sample in a block-heater unit. In the range
of interest, between 40 and 8C, only minor differences
were observed between the two types of treatments.

Each experiment was repeated on at least three indepen

dent batches, with identical tendencies and similar results.
However, the thermal and light stabilities of the preparations
from different batches of thylakoids differed somewhat from

each other. In the paper, typical thermograms and CD spectr
and temperature- and light-induced changes are presente

RESULTS AND DISCUSSION

Mathematical Decowolution and Experimental Dissection
of Thylakoid Endotherm&igure 1 presents the DSC profile
of barley thylakoids, measured in medium of low ionic
strength. The thermogram is characterized by six main

procedures. Profiles of the difference curves of the successive
annealings (&= b,b—c,c—d,d— e, e—f, and f — g) are
obtained by subtracting each scan from the previous Gpfé.=
excess heat capacity.

endothermic transitions, centered at 43, 62, 69.6, 76.5, 80,
and 87 °C, denoted as bands A, B, C, D, E, and F,
respectively 21). The overall endotherm was deconvoluted
mathematically, using theoretical Gaussian fitting (Figure 1).
With this, band B was split into bands B1 and B2, with peak
positions at 59 and 61.8C, respectively. This was not
analyzed further in this work. Also, in our deconvolution,
the sharp and relatively weak band Al, which has been
shown to be associated with the oxygen-evolving complex
(22—24), remained unresolved in the broad and rather
asymmetric and weak band A.

As shown in Figure 2, the heat sorption curves can be
dissected into their constitutive bands by applying a succes-

ive annealing procedur8%, 36). This experimental dis-
Section procedure can be applied because the successive
endothermic events are largely irreversible under our ex-
perimental conditions. This was confirmed by recording the
second scans in barley and pea thylakoids (data not shown).
Similarly to the endotherm, annealing yielded six DSC
transitions. On the same thylakoid preparation, the peak
positions were found at 43, 60, 69.2, 77.6, 81.5, and 85.3
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Table 1: Thermodynamic Parameters of the Heat Sorption Curves of Barley Thylakoid Membranes in the Absence (Control) and Presence of 5
mM MgCl, and after 5 min Preincubation of the Sample at’@8 Followed by DSC Measurements between 20 and°T30

peak
A Bl B2 C D E F

control Tm 43 59 61.8 69.8 76.6 80.4 86.6

deconvoluted AHe 2+04 3.56+0.26 2.75£0.68 18.9+0.5 1.85+0.16 3+0.54 4.95+ 0.67
control m 43 60 69.2 77.6 81.5 85.3

annealing AHcy  4.56+0.43 6.81+0.62 14.8-0.68 147+0.12 0.76+:0.04 2.74+-0.21
+Mg?* T 46.6 62 69 76.3 80.5 85.3

deconvoluted AHc  3.66+ 0.53 25+ 0.42 9.2+ 0.89 2.25+0.44 147029 2.3+0.55
+Mg?* m 48 61 66.9 74.7 80.4 84.4

annealing AHca  3.984+0.32 17.7+0.1 13.2+0.38 4.32-0.46 1.33+0.33 0.37+0.03
preincubated at 48C Tm 57 62.2 69 76 81 86

(+Mg?") deconvoluted AHcy 45 104 6.2 4.6 0.4 31

aThe parameters were derived from the band parameters obtained either from mathematical deconvolution of the endotherm or from the
experimentally dissected curves (using successive annealing). Thylakoid membranes were suspended, at a Chl concentration&fi d@ mL
mM Tricine and 250 mM sorbitol (pH 7.6); the scanning rate wCImin % T, (°C) is the temperature at maximum heat capacity, Ahidy
[mcal (mg of Chly!] is the calorimetric enthalpy of the transitions. Mean values and standard errors were obtained from three to five independent
experiments, except in the last row, where two essentially identical DSC curves were recorded. The standardigriotess than 0.53C in all
cases.

°C (Table 1), in good agreement with the fitted data. It is to 3
be noted, however, that whereas the peak positions and
bandwidths did not depend noticeably on the heating
protocol, the amplitudes were somewhat sensitive to it. In
particular, the amplitudes of the main bands, B and C,
decreased upon application of the annealing procedure. It
was also observed that the amplitudes of these bands were
reduced when the thylakoids were preincubated for several
minutes between 40 and 4&. This effect was largely
independent of the peak position of band A, which could be
shifted by varying the composition of the suspending
medium, as shown in Table 1. This suggests that slower o}
structural changes induced by heat or other processes, e.g.,
lipid peroxidation, phase transitions in the membrane,
activation of proteases, are involv_ed in the_ destabilization FicURe 3: Effects of ionic strength and osmolarity on the
of the struc_ture(_s_) a_ssouated with the hlgh'te_mperatu_recalorimetric transitions of barley thylakoid membranes at a
bandS The |dent|f|cat|0n Of these pI’OCGSSGS, Wh|Ch mOdIfy concentration of 2 mg of Chl le, Suspended in 10 mM Tricine
the relative intensities only slightly, is beyond the scope of (pH 7.6) and supplemented with 250 mM sorbitol (as in Figure 1,
the present work. However, comparison of these two 28'idlvllirllz%)irf&g:t“é'dsl?rzg;to_lrﬁggci rr]fm Mr%%‘?vfghg?n |iirf]li),fgpd
pro'tocl:ols I‘Q.’ Important ”?a'”'y becausle.thls permits .US to apply oth%r conditions, see Materials and Mgthoﬁge.X — excess heat
variations in the experimental conditions. In particular, the capacity.

fact that continuous heating, annealing, and preincubation

at a given temperature followed by resumed heating yielded A) is very sensitive to the presence of millimolar concentra-
very similar endotherms, and hence similar thermodynamic tions of MgCh, which shift the peak position to higher
parameters (Table 1), is important when the experimental temperatures (Figure 3, Table 1). This observation is in good
protocol of DSC, i.e., continuous, slow heating, is difficult agreement with the notion that the first DSC band involves

N
T

C *, mcal deg” mg" Chl
T

P

20 40 60 80 100
Temperature, °C

to apply, e.g., in CD measurements. a significant contribution from the heat-induced disassembly
Thermal and Light Instability of LHCII-Containing Chiral  of the chiral macrodomains. Table 1 further reveals that the
Macrodomains: First Endothermicident (Band A)Mainly enthalpy changes associated with this disassembly are

through the use of circular dichroism spectroscopy, we have considerably smaller than those associated with the higher
earlier shown that the thylakoid membranes of higher plant temperature bands. These latter bands evidently involve
chloroplasts exhibit thermal instability, which originates from thermal transitions associated with further disassembly of
the disassembly of chirally organized LHCII-containing the particles and the unfolding and denaturation of the main
macrodomains20). The fact that this transition occurs at pigment-protein complexes (see also below).

relatively low temperatures (below 5%C) suggests the While DSC and CD data demonstrate that the correlation
involvement of macrodomains in the first DSC band. It has between band A and the disassembly of the macrodomains
also been demonstrated that the transition temperaturejs satisfactory (and further support is given below), it must
determined from the temperature dependence of the mainbe noted that the two measurements are unlikely to yield
y-type CD bands, depends on the suspending medium: theexactly the same transition temperatures, even if the two
removal of sorbitol or M§" (i.e., decreasing the osmolarity measurements could be run under identical conditions.
or the ionic strength, respectively) has been found to Analysis of the thermal instability of the maimtype bands
destabilize the macrodomaing0Q( 32). It is therefore of in intact thylakoids revealed two components: the diminish-
interest that the position of the first endothermic event (band ment of the ) 676 nmy-type band, associated with the
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Table 2: Thermodynamic Parameters of the Heat Sorption Curves of Barley Thylakoid Membranes: Transition Temp&ratamnes (
Calorimetric EnthalpiesAHca)?

peak

A B1 B2 C D E F

control T 43.0 59.0 61.8 69.8 76.6 80.4 86.6
AHcal 2.0+04 3.56+ 0.26 2.75+ 0.68 18.9+ 0.5 1.85+ 0.16 3.0+ 0.54 4.95+ 0.67

EDTA-washed Tn 58.8 61.3 69 73.2 76.8 85.5
AHca 6.12+ 0.46 5.32+ 0.86 10+ 0.88 4.62+0.38 5.5+ 0.51 7.35+0.34

PI 30 min T 35.0 59.0 61.0 70.9 76.7 81.4 87.4
at0°C AHcal 3.15+ 0.5 4.47+0.64 2.09+ 0.24 22+ 0.64 1.8+0.48 2.7+ 0.5 3.96+ 0.44

Pl 60 min m 26.0 58.8 61.3 70.9 76.4 80.4 86.8
at0°C AHca 415+ 0.51 4.34+ 0.36 1.98+ 0.08 22.0+0.23 1.08+£ 0.4 1.53+0.17 5.67+0.18

P1 30 min T 57.9 60.9 69.8 76.8 81.5 87

at 25°C AHca 6.0+ 0.6 1.67+0.13 14.2+ 0.2 2.53+0.13 3.47+0.23 3.59+ 0.38

aMean values and standard errors calculated using the band parameters from mathematical deconvolution (from three to five independent
experiments). The standard error fi is less than 0.8C in all cases. The membranes, at 2 mg of Chifwere suspended in 10 mM Tricine
(pH 7.6) and 250 mM sorbitol (control) or washed with EDTA-containing media (see Materials and Methods). The control thylakoid samples were
preilluminated (PI) with white light of 160Q@E m2 s~ at 0°C for 30 or 60 min and at 25C for 30 min, as indicated. The scanning rate was 1
°C min L.

stacking, preceded that of the-\ 689 nm band Z0). As : : . . .

pointed out earlier, the disassembly of macrodomains begins 25

with the unstacking of membranes and then proceeds with a

lateral disorganization of the chiral macrodomairdy)( 20

These two steps are not resolved in band A. Furtiheype

CD is lost below a certain size of the domain, when the 15

diameter falls below one-fourth of the wavelength of the _

corresponding ban@g). On the other hand, the heat sorption S 10

can continue as long as the disassembly proceeds; albeit its 7o

magnitude may depend on the actual size of the domain. E os5p

Additionally, DSC may contain other transitions, such as 2 '

from the oxygen-evolving complexX?, 24), which in part % :

may be related to the macroorganization of LH@9,39); g 25f

further independent or partly independent transitions may 5 -_

also be present, e.g., rearrangements in the lipid bilager ( O 20}

43). Nonetheless, the thermodynamic parameters associated

with the macrodomain organization of the complexes set the 15|

upper limits of the corresponding values and serve for

comparison with other, more intense DSC transitions. 10 |
To support the above notion concerning the origin of band

A and to reduce the contributions from independent factors, 05

we performed experiments in the absence of chiral macro-
domains. In hypotonic low-salt media in the presence of
EDTA, thylakoid membranes do not contain sizable mac- S )

Ficure 4: Effect of preillumination on the DSC profiles of barley

rOdor.n.ams 1:!" 32). As can bFT' S.ee“ in Figure 3 and Table 2, thylakoid membranes suspended in 10 mM Tricine (pH 7.6) and

tranS|t|0r1 A !s.suppre'ssed in ion-depleted th){lakmds SUS- 250 mM sorbitol at a concentration of 2 mg of Chl miL The

pended in Tricine. Cations also affected transitions D and E thylakoids were illuminated at 8C (A) and 25°C (B) for 30 min

and changed the relative intensities of the DSC peaks. Thiswith white light of 1600uE m~2 s~! (dashed lines) or incubated in

is in agreement with earlier dat&7) and is not analyzed the dark (continuous linesf,* = excess heat capacity.

further in the present work. As expected, destabilization of the macrodomains by
It is known that the chiral macrodomains can be disas- preillumination led to a shift in CD similar to that seen in

sembled by preilluminating the thylakoid membranes with DSC (Figure 5). In the dark, as indicated by the mairtype

intense, photoinhibitory lightl(l). In accordance with the  CD bands, the macrodomains were quite stable up t&40

thermo-optic mechanism, this depends on the temperatureand even at 50C the signal was strong. In contrast, upon

of preillumination 0). In good agreement with expectations, preillumination at 0 and 25C, these bands were significantly

band A could be eliminated by preillumination at 26 reduced and almost fully eliminated, respectively (Figure 5).

(Figure 4B), whereas the same light treatment &C0Oed As shown in Figure 6, in the dark, the transition temperature

only to a shift toward lower temperatures (Figure 4A, Table (the temperature at which the intensity of thpetype CD

2). It is interesting to observe in the DSC curves that, fully bands decreases to 50% of the original value) was to be found

consistent with the thermo-optic mechanism, preillumination around 45°C. After a 30 min preillumination at €C (Figure

at 25°C exerted an effect very similar to that of preincubation 6), the residuaky-type bands shifted their transition from

of the sample at 48C; it also diminished the amplitudes of 47 to 39°C, whereas longer preilluminations 60 min) at

bands B and C (data not shown) without affecting the peak the same temperature (not shown) or the same preillumina-

positions. tion at 25°C led to essentially complete loss of thetype

20 40 60 80 100
Temperature, °C
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Temperature, °C

CD, A x 10°

FIGURE 6: Temperature dependence of the intensity of theg85

nmy-type CD band, with reference to 730 nm, in barley thylakoids
] 1 in the dark @) and preilluminated with white light of 1600E

-2 - . : L . L m~2s~1for 30 min at 0°C (M) and 25°C (@). Other conditions as

T T T T T in Figure 5.

This explains why the thermal energy available locally and
transiently from the dissipation of the unused excitation
energy of the absorbed photons does not lead to the
destruction of the complexes, at least under physiologically
relevant conditions.

Trimer-to-Monomer Transition in LHCII: Second Endot-
hermic Bent (Band B).As pointed out above, besides
causing the loss of the chiral macrodomains, the preillumi-
2o w0 eo T 7m0 nation of the thylakoids with strong light resulted in
weakening of the excitonic couplet centered around 476 nm.

. . The same band pair;H) 483 nm, ) 470 nm, dominated
Ficure 5: Thermal stability of barley thylakoid membranes . . .
suspended in 10 mM Tricine (pH 7.6) and 250 mM sorbitol at a the trimer-minus-monomer difference spectra, after both

concentration of 2@ig of Chl mLL in the dark (A) and following ~ Phospholipase A and light treatment). Further, mono-

Wavelength, nm

a preillumination (30 min, white light of 1600E m™2s™*) at 0°C merization of LHCII has also been ascribed to a thermo-
(B) and 25°C (C). Spectra were recorded at 26 (continuous  optic effect. The ¢) 483 nm, () 470 nm excitonic bands
line), 40 °C (dashed line), and 50C (dotted line). The light ost likely originate from Chb and/or neoxanthin molecules

treatment and the CD measurements were carried out as describe

in Materials and Methods. 44). The disruption of interactions between pigments on

different monomeric subunits upon monomerization might
bands (Figures 5C and 6). This finding is fully consistent be responsible for such an effect although the structural
with the thermo-optic origin of these changes. Moreover, it model of LHCII provides no likely candidates for such a
can be seen that, as observed earlier, photoinhibitory preil-change in interaction. Alternatively, monomerization might
lumination diminished mainly the array of complexes, i.e., lead to a (small) structural change of monomeric subunits
the main,y-type bands (cf. Figure 5), without eliminating that causes a change in pigmepigment interactions.
the excitonic band structure. In other terms, the preillumi- Nevertheless, this band pair can be used as a fingerprint of
nation did not destroy the structure of the individual the trimer-to-monomer transitiod%). Hence, it is of interest
complexes, as can be seen from the main excitonic bandsto investigate whether the same “spectral transition” can be
e.g., around 440 and 650 nm. It must be noted, however,induced by heat in thylakoid membranes in the dark.
that some of the excitonic bands also exhibited a heat Complementary data, relating to the heat-induced conversion
sensitivity, as evident from a closer inspection of the CD of trimers into monomers in isolated LHCII around 35
spectra. For instance, the excitonic band centered around 47§15) and the onset of monomerization, following heat
nm displayed high susceptibility to heating (Figure 5). This treatment (4547 and 60°C, 1 h) of leaves were published
will be further analyzed in the following section. At this point earlier @). Here, we inspected the thermal stability of the
we conclude that the currently available DSC data and CD (+) 483 nm, ) 470 nm excitonic CD band pair in the
data indicate that the first DSC band includes a significant thylakoid membranes. In all samples, we found a clear
contribution from the disassembly of the chiral macro- indication of a thermal transition between 55 and “€5
domains. These data are consistent with the earlier conclusiorHowever, in intact membranes the large CD variations
that these macrodomains can be disassembled thermoassociated with the gradual loss of the macrodomains
optically. Further, we demonstrate that this disassembly hindered the resolution of this band pair (data not shown;
consumes relatively low thermal energies as compared withsee Figure 5A). This could be achieved more readily in
the main endothermic events in the thylakoid membranes. samples that contained no macrodomains.
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Ficure 7: CD spectra of EDTA-washed barley thylakoid mem-
branes incubated for 5 min at £& (solid line), 53°C (dashed
line), and 62°C (dotted line). Inset: Thermal stability of the-)
483 nm/E) 470 nm CD band pair, indicated by arrows. (For other
conditions, see Materials and Methods.)

The spectra in Figure 7 clearly show that the intensity of
this band pair,€) 483 nm, () 470 nm, at 62C is largely
diminished as compared with the control (at45 and the  Fgeure 8: LHCII-containing bands from nondenaturing green gel
heat-treated sample (incubated for 5 min at°&3. At 45 electrophoresis (A) on EDTA-washed barley thylakoid membranes
°C, the residual macrodomain signals are eliminated in mostand CD spectra of excised bands (B). Thylakoid membranes were
samples, but minor contributions are often found, e.g., at Ncubated for 5 min at 45, 55, and 6%, as indicated, or

. . preillumanted at 25C for 1 h with white light of 160QuE m~2
680 and 503 nm, even in EDTA-washed membranes (Figures-1 The cD spectra, measured on the excised bands, were

7). normalized for their ) 650 nm band intensities, GB_sasnm T
To further substantiate the findings that elevated temper- and M, respectively, denote bands containing predominantly trimeric

atures and light can induce monomerization of the trimeric @d monomeric forms of LHCII.
LHCII in thylakoid membranes, we analyzed the oligomer- addressed in the following section.) These data reveal that,
ization state of LHCII in the membrane by using a combina- as expected for the trimer-to-monomer transition, the changes
tion of green gel electrophoresis and CD spectroscopy. Asaround 60°C do not lead to the disorganization of the main
shown in Figure 8, short (5 min) treatment of isolated pigment-protein complex constituents of the membranes.
thylakoid membranes at 638C leads to a substantial Hence, it can be concluded that, as far as the main pigment
monomerization of LHCII; these data are in good agreement protein complexes are concerned, the second main endot-
with those obtained after prolonged (1 h) heat stress at 45hermic event, band B, involves the monomerization of LHCII
and 60 °C on barley leaves9j. However, under our trimers but not the denaturation of the main complexes. These
experimental conditions, i.e., following a much shorter (5 data are consistent with the assignment of this transition as
min) incubation on isolated thylakoids, no noticeable change of thermo-optic nature.
occurred in the oligomerization (trimer/monomer) state of  Disassembly of LHCII: the Main DSC Band (Band C).
the complexes at 45 and 5&. This was also testified by  As revealed by the loss of its characteristic CD fingerprint
CD spectroscopy, which revealed no substantial variation at 625-650 nm, the disorganization of LHCII occurs in a
between the 48C (Figure 8B) and the 55C trimeric bands narrow temperature range, between 65 and®CQFigure
of the green gel, compared to the control also excised from 9). This is in reasonable agreement with earlier published
the green gel, and only minor alterations at°€(data not data, though these are at variance with each other as concerns
shown). On the other hand, the bands produced by heatthe denaturation temperature (around 66 an8 deported
treatment or preilluminations with strong light exhibited in refs 24 and 27, respectively). This variation in the
virtually identical CD spectra which were essentially also transition temperature is probably due to inherent thermal
identical with those obtained in isolated trimeric LHCIl upon stability differences between different LHCII preparations
monomerization by phospholipase treatment or by preillu- (15, 45). Variations are somewhat smaller in the thylakoid
mination (L5). Further, similarly to our earlier report on membranes, where the transition temperature was always
isolated LHCII (5), the difference spectra between the found between 68 and 7ZC (Figure 9, inset). Similarly,
trimeric and monomeric spectra in Figure 8B were also the variations in the position of band C in different samples
dominated by the CD band pait-f 483 nm, ) 470 nm were confined to a relatively narrow range, between 67 and
(data not shown). 71 °C. Hence, these data indicate that band C contains a
It can be seen in both Figures 7 and 8B that the bandscontribution from the disassembly of the LHCII complexes,
around ) 650 nm and ) 446 nm, which originate from  which can be inferred to lead to unfolding and denaturation
excitonic interactions involving Chb (of LHCII) and Chl of the polypeptide 46—48). Although contributions from
a, respectively 82), retain their intensities even at 62Z. other complexes cannot be ruled out, it seems very likely
(Their thermal destabilization between 65 and®@0will be that LHCII furnishes the main contribution to band C: LHCII

Wavelength, nm
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is the most abundant protein complex in the thylakoid
membranes. Interestingly, however, even atC&ome CD
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pointed out above, this begins with the unstacking of the
membranes20, 37). This event is followed closely by a
lateral disassembly of the macroarray; evidently, disassembly
cannot occur without at least a partial unstacking. Following
these steps, which might be essential in ensuring the mobility
of certain protein complexes, including LHCIB5), the
trimers of LHCII are transformed into monomedsy. This
lends further structural flexibility to the membrane, which
might be needed for different enzymatic activitids,(50).

It is important to emphasize that when these changes are
driven thermo-optically, i.e., the alterations are confined in
space and time to the dissipation of the unused excitation
energy, structural flexibility can be ensured, locally and
temporarily, without attacking the overall organization of the
membrane. In other terms, the main significance of the
thermo-optical structural reorganizations might be that they
ensure the dual requirement of structural stability, required
to preserve the integrity of the membranes and the entire
organelle, and flexibility to ensure the adaptability of the
system, and evidently required in various steps of the
multilevel regulatory system.

bands are retained, albeit with reduced amplitudes, some ofACKNOWLEDGMENT

which, e.g., at 680 nm, are also present in LHCII. This
suggests that the disassembly of LHCII is a multistep event,

as revealed by recent light-sensitivity data suggesting the

existence of internal pigment clusters in LHCA8(49) and/

We are indebted to Prof. H. van Amerongen for advice
concerning the origin of theH) 483 nm, ) 470 nm
excitonic CD bands and for critically reading the manuscript.
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