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Overexcitation of the photosynthetic apparatus is potentially dangerous because it can cause oxidative dam-
age. Photoprotection realized via the feedback de-excitation in the pigment–protein light-harvesting com-
plex LHCII, embedded in the chloroplast lipid environment, was studied with use of the steady-state and
time-resolved fluorescence spectroscopy techniques. Illumination of LHCII results in the pronounced singlet
excitation quenching, demonstrated by decreased quantum yield of the chlorophyll a fluorescence and short-
ening of the fluorescence lifetimes. Analysis of the 77 K chlorophyll a fluorescence emission spectra reveals
that the light-driven excitation quenching in LHCII is associated with the intensity increase of the spectral
band in the region of 700 nm, relative to the principal band at 680 nm. The average chlorophyll a fluores-
cence lifetime at 700 nm changes drastically upon temperature decrease: from 1.04 ns at 300 K to 3.63 ns
at 77 K. The results of the experiments lead us to conclude that: (i) the 700 nm band is associated with
the inter-trimer interactions which result in the formation of the chlorophyll low-energy states acting as
energy traps and non-radiative dissipation centers; (ii) the Arrhenius analysis, supported by the results of
the FTIR measurements, suggests that the photo-reaction can be associated with breaking of hydrogen
bonds. Possible involvement of photo-isomerization of neoxanthin, reported previously (Biochim. Biophys.
Acta 1807 (2011) 1237-1243) in generation of the low-energy traps in LHCII is discussed.

© 2012 Elsevier B.V. All rights reserved.
1. Introduction

Live on the Earth is driven by energy of sunlight and photosynthe-
sis is the only mechanism, developed during the evolution, to convert
the energy of light to the forms which can be directly utilized by liv-
ing organisms [1]. In principle, the photosynthetic apparatus works as
a “quantum counter” and its fluent and effective operation depends on
activity of several pigment–protein light-harvesting complexes which
collect light excitations and transfer them towards the photosynthetic
reaction centers. The major light-harvesting pigment–protein com-
plex of plants, LHCII, is the most abundant membrane protein, com-
prising more than half of the chlorophyll pool in the biosphere [2,3].
On the other hand, excitation of the photosynthetic apparatus, over
the level which can be instantly utilized by the photochemical reac-
tions, results in generation of the reactive oxygen species, which is po-
tentially dangerous because it can cause oxidative damage. Quenching
of excessive excitations in the photosynthetic apparatus is therefore a
vital regulatory activity protecting organisms against light-induced
+48 81 537 61 91.
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degradation. Molecular mechanisms of such regulation are not fully
understood and are the subject of very intense study and debate
[4–6]. Isolated LHCII is a suitable model to study overexcitation and
photoprotection at the molecular level since energy transfer out of
the complex, towards the photosynthetic reaction centers, does not
take place and cannot decrease excitation density, therefore the com-
plex can be considered as subjected to overexcitation conditions.
Several molecular mechanisms have been reported to operate in the
antenna complexes to quench excessive excitations. Among those
mechanisms are the formation of chlorophyll-carotenoid [7,8] and
chlorophyll–chlorophyll [9,10] charge transfer states, localized on en-
ergy scale below the Qy level of chlorophyll a, thus enable of quenching
of excessive chlorophyll excitations. Another reported mechanism is
based upon the light-induced twist in the configuration of the LHCII-
bound xanthophyll neoxanthin which induces a change in conforma-
tion of LHCII, which opens a channel for energy dissipation by energy
transfer from chlorophyll a to the low-lying excited state of a carotenoid
identified as one of the two luteins [11].

LHCII is an antenna complex comprising relatively high number of
photosynthetic pigments: 14 chlorophylls and 4 xanthophylls per
monomer [2,3]. The local concentration of chlorophyll in the complex
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is extremely high and corresponds to ca. 0.3 M [12]. Such a high pig-
ment concentration, combined with various orientation of individual
porphyrin rings (and in consequence the dipole transitions), pro-
motes the antenna function. On the other hand, total singlet excitation
quenching due to the, so called, “concentration quenching” can be
expected at such a high chlorophyll concentration [13]. Fortunately
for photosynthesis, the fixed positions of the pigments in the protein
pockets restricts both diffusion-limited quenching processes and the
relatively weak excitonic interactions between the pigments [3].
The last restriction does not lead to the formation of low-energy
states which can potentially act as energy traps via quenching the Qy

antenna-active chlorophyll a state. At the same time, the neighboring
pigments within the LHCII monomer are close enough to be involved
in the Dexter type excitation energy transfer [2,3]. Any disturbance
of such a system, precisely selected during the evolution, results in
the chlorophyll singlet excitation quenching in LHCII, which can be
observed as a decrease in the fluorescence yield of chlorophyll a. A
spectacular chlorophyll a fluorescence quenching in LHCII can be
evoked by increasing a hydrostatic pressure [14] or by inducing aggre-
gation of the monomeric or trimeric complexes [15]. On the other
hand, the fluorescence quenching in LHCII was also observed in the
absence of the complex aggregation [16] and even in a single LHCII
trimer [17], as studied by a singlemolecule fluorescence spectroscopy.
In the case of the aggregation-induced excitation quenching in LHCII,
it is most probable that the intermolecular interactions of peripheral
chlorophylls lead to formation of low-energy levels able to act as ener-
gy traps responsible for thermal dissipation [9,10].

Interestingly, Jennings et al. reported light-induced and dark-
reversible singlet excitation quenching in isolated LHCII, which may
act as a negative feedback de-excitation mechanism [18]. This mecha-
nism was studied extensively in the past [19–22]. In the present work
we make an attempt to identify the energy state associated with the
dissipative quenching.

2. Materials and methods

2.1. Materials

LHCII was isolated from fresh spinach leaves according to Krupa et
al. [23]. The complex's integrity and purity were confirmed by means
of electrophoresis, HPLC, and mass spectrometry as described previ-
ously [24]. The protein was suspended in the Tricine buffer (20 mM,
pH 7.6, containing 10 mM KCl). All the chemicals used in the prepara-
tion of buffer solution were purchased from Sigma Chem. Co. (USA).
Monogalactosyldiacylglycerol (MGDG) and Digalactosyldiacylglycerol
(DGDG) used for sample preparationwere purchased from Lipid Prod-
ucts Company (UK). Water used for experiments was ultrapure grade
(specific resistivity 18.2 MΩcm), purified with a Milli-Q system from
Millipore (France). All other chemicals (analytical grade)were obtained
from standard vendors.

2.2. Sample preparation

Our experience shows that the lipid environment is crucial for the
system plasticity manifested by formation of supramolecular struc-
tures of LHCII, in agreement to the original reports by Simidjiev et
al. [25,26]. According to this, LHCII samples were prepared as lamellar
fragments of lipid membranes (see Fig. S1 of the Supplementary
data). Samples containing LHCII embedded into the chloroplast lipid
environment were prepared according to the following protocol.
The glass test tubes containing a lipid film (MGDG and DGDG in
molar ratio 2:1) deposited via evaporation under a stream of gaseous
nitrogen, from the stock solution in chloroform, were incubated for
30 min under reduced pressure (less than 10−5 bar) in order to re-
move the remaining solvent. Purified LHCII suspended in the buffer
containing 0.1 % n-dodecyl-β-D-maltoside (DM) was transferred to
glass test tubes containing deposited lipid film and sonicated for
30 min with ultrasonic bath. The molar ratio of lipids:LHCII was as
200:1. The detergent was removed from the suspension by incuba-
tion with Biobeads adsorbent (Bio-Rad Laboratories, USA) at 4 °C for
12 hours. The LHCII-containing lipid membranes were separated
from the detergent-free suspension by centrifugation (10 min at
11,200 ×g, 5 °C). The pellet was collected and resuspended in the
buffer to reach the absorbance level 0.1 in the red band absorption
maximum. To prevent photo-oxidation of LHCII-bound pigments,
the samples were deoxygenated by bubbling with a gaseous argon
for 10 min, directly before the experiments. The applied procedure
yields formation of lamellar membrane fragments, although forma-
tion of a certain fraction of large liposomes may not be excluded. A
transmission microscope image of the structures formed typically
during the preparation is presented in Fig. S1.

2.3. Partial extraction of neoxanthin from LHCII

Samples containing LHCII with reduced neoxanthin concentra-
tion, embedded in the chloroplast lipid environment, were prepared
according to the general procedure described above with slight
modification. Before removing of the detergent the samples were
supplemented with pentane (2:1, v/v; the molar fraction of pentane:
LHCII monomer was as 6×105:1) and vigorously vortexed for
30 min. The pentane fraction appeared as a supernatant and was re-
moved from the suspension after centrifugation (8 min at 11,200 ×g,
5 °C). Chromatographic analysis has proven partial and selective ex-
traction of neoxanthin, without affecting fractions of the other group
of pigments in LHCII. Approximately 10% neoxanthin was removed
from the protein in course of the extraction procedure applied. A
fraction of removed neoxanthin can be higher by increasing of a con-
centration of pentane but we have noticed additionally a certain ex-
traction of violaxanthin and chlorophylls under such conditions.

High performance liquid chromatography (HPLC) analyses were
carried out on a C-18 coated, phase-reserved column from Hichrom
Ltd. (length 250 mm, internal diameter 4.6 mm) with the following
solvent system: acetonitrile/methanol/water (72:8:3, v/v), used as a
mobile phase. The HPLC elution rate was 0.8 ml/min. A diode-array
Hewlett-Packard spectrophotometer, model HP 8453, was used as a
detector, to record absorption spectra between 200 and 800 nm, in
10 s intervals.

2.4. Spectroscopic measurements

Light-driven fluorescence quenching kinetics were recorded with
Cary Eclipse fluorescence spectrophotometer (Varian Inc., Australia)
with modulated light excitation at 635 nm (0.18 μmol photons
m−2 s−1, excitation and emission slits set to band-widths of 20 nm
and 5 nm, respectively). During measurements the samples were
continuously stirred with a magnetic stirrer and the temperature
was controlled by a thermostat. Light-driven chlorophyll a fluores-
cence quenching in LHCII-containing samples was induced by illu-
mination with continuous light coming from a halogen illuminator
combined with the band-pass interference filter (centered at 450 nm,
bandwidth 80 nm, Melles Griot, USA, light intensity 500 μmol photons
m−2 s−1). The fluorescence emission induced by illumination with
continuous light was not detected by the spectrofluorometer (which
detects selectively only a fluorescence signal characterized by themod-
ulation frequency identical with the probing excitation light beam). The
low temperature (77 K) fluorescence emission spectra were recorded
with the system as already described previously [27]. Fluorescence
emission analyses in a wide range of temperatures (80 K–310 K) with
excitation at 642 nm were done using FluoTime 300 spectrometer
(PicoQuant, Germany) with an Optistat DN2 Cryostat (Oxford Instru-
ments, UK). The samples to be measured in a frozen state were diluted
in buffer-glycerol (1:2, v:v).



Fig. 1. Time courses of intensity of chlorophyll a fluorescence in LHCII embedded to
lipid phase, excited with modulated light at 635 nm (0.18 μmol photons m−2 s−1)
and detected at 680 nm. Fluorescence quenching was induced by continuous actinic
light 450 nm (500 μmol photons m−2 s−1). Fluorescence dependencies were recorded
at different temperatures, indicated. The fluorescence intensities were normalized at
time zero.

Table 1
Fluorescence lifetime analysis of LHCII incorporated into lipid membranes, dark
adapted (dark) and illuminated with actinic blue light (450 nm, 500 μmol photons
m−2 s−1) for 5 min (light).

Excitation
wavelength
[nm]

Emission
wavelength
[nm]

Average fluorescence lifetime bτ> a [ns]

Temperature [K]

300 77

Dark Light Dark Light

680 1.01 (0.02) 0.83 (0.02) 1.61 (0.06) 1.12 (0.04)
470 700 1.04 (0.02) 0.94 (0.01) 3.63 (0.05) 3.70 (0.06)

740 1.07 (0.03) 1.01 (0.03) 1.56 (0.03) 1.46 (0.05)
680 1.21 (0.04) 1.09 (0.01) 1.57 (0.06) 1.34 (0.05)

642 700 1.19 (0.04) 1.10 (0.02) 4.10 (0.06) 3.95 (0.05)
740 1.26 (0.03) 1.14 (0.02) 1.94 (0.06) 1.83 (0.05)

a Amplitude weighted average fluorescence lifetime calculated according to formula:
bτ>=Σαiτi with the errors of evaluation (in parenthesis). Typically, the fluorescence
decay kinetics at 300 K were fitted with three components characterized by the follow-
ing lifetimes: τ1=3.09 ns, τ2=1.14 ns and τ3=0.41 ns, corresponding to trimeric
LHCII and complexes organized into supramolecular structures [15,34]. Average fluo-
rescence lifetimes are reported with the accuracy to the last significant digit. The life-
times presented in the table were determined in the experiments carried out with the
samples coming from one preparation. The initial (Dark) fluorescence lifetimes vary
within the range of 20%, expressing different organization of LHCII in the samples com-
ing from the different preparations, but the illumination and transfer to 77 K has the
same effect in all the sample series examined, in terms of a change in lifetimes and
amplitudes.
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Fluorescencedecays (lifetime spectra)were recordedwith FluoTime
300 spectrometer (PicoQuant, Germany). Excitationwas at 470 nmand
642 nmwith 20 MHz frequency of pulses from solid state laser respec-
tively LDH-P-C-470 and LDH-P-635, with pulse width 70 ps and detec-
tion performed with micro-channel plate and time-correlated single
photon counting system PicoHarp 300. Time-decay analyses were
performed with FluoFit Pro v 4.5.3.0 (PicoQuant, Germany). Fluores-
cence intensity decays were analyzed by reconvolution with the in-
strument response function and analyzed as a sum of experimental
terms.

Infrared absorption spectra were recorded at 77 K with the Fourier-
transform infrared (FTIR) spectrometer, model Vector 33 from Bruker
(Germany). Before measurements (40 min) and during all measure-
ments the instrument was purged with dry argon. The attenuated
total reflection (ATR) configuration was used with a 10-reflections
ZnSe crystal (45° cut). Typically, 10 interferogramswere collected, aver-
aged and Fourier transformed [28]. Absorption spectra in the region be-
tween 4000 and 600 cm−1, at a resolution of one data point every
4 cm−1, were obtained using a clean crystal as the background. ATR
crystals were cleaned with organic solvents.

Spectral analyses were performed with application of the Grams/
AI software from ThermoGalactic (USA). All kind of spectroscopic
measurements have been repeated at least five times and the effects
presented were found to be highly reproducible.

2.5. Molecular modeling

Interaction of LHCII trimers was analyzed and visualized with
VMD software support (http://www.ks.uiuc.edu/Research/vmd/) [29].
VMD has been developed, with NIH support, by the Theoretical and
Computational Biophysics group at the Beckman Institute, University
of Illinois at Urbana-Champaign. LHCII coordinates were downloaded
from the PDB database (PDB ID: 1RWT).

3. Results

3.1. Light-induced chlorophyll a fluorescence quenching in LHCII

Fig. 1 presents the time-dependencies of light-driven chlorophyll a
fluorescence quenching induced by illumination with bright light. The
light-driven fluorescence quenching in LHCII was slowly reversible
and the fluorescence intensity reached ca. 30% of the initial level
after the 20-min period of dark incubation following switching off
of the illumination (not shown). Very similar reversibility of light-
driven fluorescence quenching in LHCII has been reported by Barzda
et al. [19]. Light-driven chlorophyll fluorescence quenching in LHCII
was reversible by ca. 70% after the 60-min dark incubation, as reported
originally by Jennings et al. [18] and in our previous reports [20,22,30].
Essential decrease in the average chlorophyll a fluorescence lifetimes,
recorded after the exposure of the LHCII samples to strong light,
has been observed (see Table 1). This effect indicates for the light-
induced formation of excitation quenching centers. Chlorophyll a fluo-
rescence emission spectra, recorded from the samples subjected to
light-induced excitation quenching, were taken before and after the
experiments, at room temperature and after decreasing temperature
of the samples to 77 K.

3.2. Light-induced changes in the fluorescence emission spectra of
chlorophyll a in LHCII, recorded at 77 K

Fig. 2 presents the comparison of the 77 K fluorescence emission
spectra of chlorophyll a in LHCII, dark adapted and illuminated during
the recording of the light-driven fluorescence quenching (as presented
in Fig. 1). As can be seen, the process of light-induced fluorescence
quenching in LHCII is associated with increase in intensity of the
long-wavelength emission components, in particular the band in the
spectral region close to 700 nm, relative to the principal band at
680 nm (see also Fig. S2 and Fig. S3 of the supplementary data). The
680 nm band is attributed to the fluorescence emission from the Qy en-
ergy level of molecules of chlorophyll a bound to LHCII. The emission
bands in the region of 700 nmrepresent the low-energy states, presum-
ably of either chlorophyll a or chlorophyll b, which can accept excitation
energy from all other LHCII-bound pigments with their lowest excited
singlet energy levels located higher on energy scale. This band is charac-
teristic of supramolecular structures of LHCII and therefore such a result
can be interpreted in terms of light-induced reorganization of LHCII in

http://www.ks.uiuc.edu/Research/vmd/


Fig. 2. The low temperature (77 K) chlorophyll a fluorescence emission spectra
recorded from LHCII embedded in the lipid environment: solid black line — dark
adapted and dashed blue line — illuminated (before the transfer to 77 K and the mea-
surement) at room temperature for 5 min with blue light (450 nm, 500 μmol photons
m−2 s−1). The spectra were normalized at the maximum. Inset shows the relationship
between the extent of fluorescence quenching (ΔF, calculated on the basis of the time
dependencies as presented in Fig. 1) after different time periods (between 20 s and
5 min) versus the final ratio of fluorescence intensities at the maxima in the region
of 700 nm and 680 nm (I700/I680). Experimental points represent arithmetic mean
from 3 independent experiments (preparations)±S.D.
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the lipid environment, which results in higher aggregation level of the
trimeric complex.
3.3. Chlorophyll a fluorescence lifetime analysis in LHCII

To test further photophysical properties of the low-energy
emission bands fluorescence was subjected to the kinetic analysis
(Table 1, see also Fig. S4 of the supplementary data). The fluorescence
decay kinetics recorded show that LHCII embedded to a lipid phase,
according to the procedure applied, appears in a partially aggregated
form, as can be concluded on the basis of the shortened fluorescence
lifetimes [15]. Such a molecular organization of the samples corre-
sponds to the exceptionally high molecular crowding reported to
appear in the thylakoid membranes of plants [31]. Moreover, it has
been reported that the CD spectra of aggregated LHCII closely resem-
ble those of thylakoid membranes, in contrast to the isolated com-
plexes in the trimeric form [32]. Interestingly, the measurements
taken at 77 K reveal that the emission at 700 nm is characterized by
exceptionally long lifetimes, which contrasts with the other emission
bands both at shorter and longer wavelengths: ~3 ns versus 1 ns. This
is a clear indication that illumination of LHCII results in appearance
of the long-wavelength spectral forms which are long-living and
not subjected to excitation quenching. On the contrary, those energy
levels can act as energy acceptors from the other states. The results of
the experiments show clearly that either aggregation or illumination
of LHCII, or both factors, lead to formation of the excitation quenching
centers, associated with the emission bands centered in the region
of 700 nm. On the other hand, it seems interesting why the long-
wavelength emission bands which appear after illumination of LHCII
are particularly visible in the fluorescence spectra recorded at low
temperatures. To understand more deeply this problem we analyzed
temperature dependencies of fluorescence spectra of chlorophyll a in
LHCII.
3.4. Temperature dependencies of fluorescence spectra of chlorophyll a
in LHCII

According to the general theory of photoluminescence [33] its
integrated intensity I(T) depends on temperature according to the
following equation:

I Tð Þ ¼ Io
1þ κ exp −Ea=RTð Þ ð1Þ

where R is an universal gas constant, Io represents intensity at 0 K
(for practical reasons often taken at any lowest recorded temperature,
e.g. at 80 K, I80), κ stands for the process rate parameter and Ea is
an activation energy. Fig. 3 presents the analysis of temperature-
dependencies of fluorescence emission of chlorophyll a in LHCII,
in terms of Eq. (1) (the fluorescence emission spectra recorded at dif-
ferent temperatures are presented in Fig. S5). Owing to the fact that
the fluorescence emission spectral components centered at 680 nm
and at 700 nm may represent independent emitters the analysis
presented in Fig. 3 has been performed for both the spectral forms sep-
arately, for the samples dark adapted and illuminated. As can be seen,
the experiment cannot be described in a satisfactory manner by a
single-linear dependency. The clear change of a slope of the linear de-
pendencies, which appears in the region of 210 K, can be interpreted
in terms of a structural transformation in the LHCII sample. Another
observation is that the activation energies determined based on the
fluorescence emission components at 680 nm are, in general, higher
than those determined based on the fluorescence emission compo-
nents at 700 nm. Additional observation is that the structural transi-
tion at 210 K is not as sharply pronounced in the illuminated sample
as compared to the dark control.

Interestingly, a very distinctive discrepancy from the linear rela-
tionship, anticipated by the theory, can be noticed in the temperature
region between 110 and 80 K, despite the fact that fluorescence in-
tensity at each temperature has been corrected by the fluorescence
emission intensity of the external standard in the same cryoprotec-
tive medium. This discrepancy can be also interpreted in terms of a
structural transformation of the sample, which takes place in this par-
ticular temperature region and consumes selective excitation energy.
This process results in the locally decreased fluorescence quantum
yield and is manifested by positive deviation from the linear relation-
ship in Fig. 3. The comparative FTIR analysis of LHCII at room temper-
ature conditions and at 77 K revealed that the transition from higher
to lower temperatures is associated with uncoupling of the vibrations
assigned to the conjugated C_C bonds of the LHCII-bound pigments
from the collective vibration modes of the protein [34]. It can be
postulated that the same uncoupling is responsible for relatively
high fluorescence quantum yield of chlorophyll forms emitting at
700 nm. It means that at physiological conditions the singlet excita-
tion energy of this state is very efficiently quenched via inelastic ab-
sorption giving rise to protein collective vibrations. The temperature
dependence of the relative intensity of the 700 nm band is presented
in Fig. 4. On the other hand, relative increase in the fluorescence inten-
sity at longerwavelengths (including at 700 nm) upon decrease in tem-
perature, can be also interpreted in terms of the, so-called, Boltzmann
population factors. Such an interpretation holds true assuming that
the short-wavelength and the long-wavelength fluorescence emitters
in LHCII samples are energetically coupled. This implies at least partial
excitation quenching by the low-energy spectral forms.

3.5. Activation energy of the light-induced chlorophyll a fluorescence
quenching in LHCII

The basic open question, regarding the mechanism of the
light-driven excitation quenching in LHCII, which still requires to be
addressed, relates to the molecular mechanism responsible for the

image of Fig.�2


Fig. 3. Temperature dependencies of integrated intensities (I) of the Gaussian components at 680 nm and 700 nm, of fluorescence emission of chlorophyll a in LHCII samples ex-
cited at 642 nm. The solid black lines were fitted to the data points in the temperature range 290–200 K and 160–120 K. Before calculation of the logarithm each intensity was
corrected (divided) by the integrated fluorescence intensity of Rhodamine 700 in the glycerol: water medium (2:1, v:v) recorded at the same temperature. Panels A and C represent
measurements of the dark adapted samples while panels B and D represents the sample subjected before measurements to 5 min illumination (as in the case of the experiment
presented in Fig. 1). Values of the activation energies (Ea) calculated on the basis of formula 1 and each of the linear fits are also presented.
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formation of the 700 nm energy state. Fig. 5 presents the Arrhenius
analysis of the second order rate constant of this process, fitted to
the initial phase of a fluorescence decrease (assuming that the revers-
ibility is negligible at the initial stage of quenching, owing to the rel-
atively low concentration of quenching centers). Interestingly, the
second order reaction approximation leads to the activation energies
at a level characteristic of hydrogen bonds (−14.0±3.7 kJ mol−1).
Moreover the activation energy has been determined negative in
this temperature range, which means that the reaction is at least a
two-step process with relatively high activation energy of the first
step of reversibility. The exact energy barrier for the observed light-
induced excitation quenching may be even higher due to the fact
that the process observed is a result of a photo-reaction and the ener-
gy of low excited states can contribute to drive the reaction. The acti-
vation energy of the first order reaction, which was used to analyze
the initial, fast component of the light-driven fluorescence quenching,
has been determined by Barzda et al. to be 11.3±0.9 kJ mol−1 [19].
The free energy difference at room temperature, of the chlorophyll a
fluorescence quenching in LHCII, evoked by the protein aggregation
induced by dissolving trimeric protein in a buffer containing the de-
tergent in a concentration lower than the critical micellar concentra-
tion, has been determined by Santabarbara et al. as 7.0 kJ mol−1 [35]
and is relatively close to the energies determined in the case of light-
driven processes. This observation suggests similar origin of those
two phenomena, induced by illumination and protein aggregation.

FTIR analysis shows that illumination of LHCII, resulting in the ex-
citation quenching, is associatedwith the spectral shift towards higher
frequencies, of the band representing the C―OH stretching vibrations
(Fig. 6). Such a shift can be interpreted as resulting from light-induced
processes of breaking hydrogen bonds in which the C―OH groups are
involved, e.g. with involvement of the LHCII bound xanthophylls. At
the same time, no major spectral shifts have been observed in the
principal IR absorption band corresponding to the protein vibrations
(see Fig. S6): the amide I band (between 1600 and 1700 cm−1). On
the other hand, the analysis of the amide I band shows that illumina-
tion of LHCII sample results in change in the molecular organization
status of the protein: increase in the spectral components which can
be attributed to protein aggregation [34].

image of Fig.�3


Fig. 4. Temperature dependency of the fluorescence intensity ratio of a spectral band at
700 nm to a band at 680 nm in the chlorophyll a emission spectrum in LHCII (dark
adapted). The excitation was set at 642 nm. The ratio was calculated on the basis of in-
tegrated Gaussian components centered in the region of 700 and 680 nm. The Gaussian
components of deconvolution of the emission spectra were as the ones presented in
Fig. S2. The solid black line was fitted to the 31 data points in the temperature range
150–310 K (R2=0.92).

Fig. 6. The 77 K infrared absorption spectra of LHCII samples in the spectral region cor-
responding to the C-OH stretching vibrations: dark adapted (solid black line, DARK)
and illuminated before the measurement for 10 minutes with blue light (450 nm,
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3.6. Low-temperature fluorescence emission spectra of LHCII with
reduced neoxanthin content

Light-induced fluorescence quenching in LHCII has been shown
recently to be accompanied by photo-isomerization of neoxanthin
in the complex [36]. It was postulated that such an isomerization
can lead to formation of supramolecular structures of LHCII out of
Fig. 5. Arrhenius analysis of the chlorophyll a fluorescence intensity decrease induced
by actinic blue light (450 nm, as presented in Fig. 1), measured at the range of temper-
atures: 278–303 K. Activation energy for a quenching was calculated according to the
equation: ln k=ln A−Ea/RT. Reaction rate constants (k) were determined as a slope
of the linear function fitted to the experimental points corresponding to the initial
phase of fluorescence decrease (time between 2.1 min and 2.4 min) of each decay
converted to the function 1/I−1=kt which represents the initial phase of the second
order reaction, assuming negligibly low reversibility due to the low concentration of
the quenched form (see the insert for the method of calculation).

500 μmol photons m−2 s−1; dashed blue line, LIGHT). Spectra were normalized to
get the same integrated area beneath each spectrum. Lower panel presents the differ-
ence spectrum showing the effect of the illumination.
trimers [36]. In order to study possible relationship between the
appearance of the long-wavelength emission bands and neoxanthin
content we have elaborated the procedure which yields partial and
selective extraction of neoxanthin from the complex. Fig. 7 presents
the 77 K fluorescence emission spectrum of the LHCII sample with
reduced neoxanthin content. The samples were excited at 470 nm,
in the spectral region corresponding to the light absorption by the
LHCII-bound xanthophylls and chlorophyll b. The appearance of a rel-
atively weak emission band at 654 nm, attributed to the fluorescence
emission from chlorophyll b, indicates that the excitation energy
transfer to chlorophyll a, in the system studied, is not 100% efficient.
Interestingly, selective extraction of neoxanthin results in a decrease
of the intensity of this particular emission band and concomitant
appearance of the long-wavelength emission bands which can be at-
tributed to spectral forms of aggregated LHCII. The spectral effects ac-
companying partial extraction of neoxanthin are also associated with
a slight decrease of the amplitude weighted average fluorescence life-
times (296 K, excitation at 470 nm, observation at 700 nm): from
1.28±0.01 ns to 1.08±0.01 ns.

4. Discussion

In this work we show that illumination of LHCII, embedded in the
chloroplast lipid environment, results in increase of intensity of the
fluorescence emission band in the region of 700 nm, relative to the
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Fig. 7. 77 K chlorophyll fluorescence emission spectra recorded from LHCII embedded
in the lipid environment: solid red line — sample with reduced neoxanthin content
(0.88 neoxanthin per 2 lutein) and the control sample: dashed blue line (1.01 neoxanthin
per 2 lutein). The spectra were normalized with respect to the surface area beneath each
spectrum. The lower panel shows the difference spectrum. The maximum of the differ-
ence spectrum appears at 690 nm.
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principal band at 680 nm (in the spectra recorded at 77 K). The fact
that appearance of this particular state is correlated with the initial
phase of excitation quenching in LHCII makes questions regarding its
nature not only interesting but also important. The illumination of
LHCII and appearance of the 700 nm band in the low-temperature
fluorescence emission spectra of chlorophyll a in LHCII (detected at
680 nm) is also associated with a certain shortening of the average
fluorescence lifetime. As can be seen from Table 1, illumination for
5 min. of the LHCII sample at room temperature results in a decrease
of the average fluorescence lifetime parameter (excited at 470 nm
and monitored at 680 nm) from 1.01 to 0.83 ns (by ca. 18 %). On the
other hand, the same illumination results in a decrease of the fluores-
cence signal by ca. 20 %. In our opinion the correspondence is fairly
good and the slightly lower quenching effect, as pronounced by
the average fluorescence lifetime decrease, indicates that we are not
dealing with the dynamic excitation quenching (as for example due
to collisions with O2) but rather with a mixture of the static effect
(association of the quencher with the fluorophore in the ground
state) and excitation energy transfer to a quencher. Owing to the
fact that quenched excitations do not give rise to fluorescence signal
and therefore they are not detected by the time-correlated single pho-
ton counting instrumentation, apparent fluorescence lifetime can be
less affected, despite efficient operation of excitation quenching. For
example, similar effect was observed in the FLIM (Fluorescence Life-
time Imaging Microscopy) analysis of the LHCII samples in which the
chlorophyll fluorescence was quenched by incorporation of the exog-
enous xanthophylls which affected molecular organization of the pro-
tein [37]. Imaging of the heterogeneous samples enabled detection of
the areas characterized by the efficient fluorescence quenching and si-
multaneously characterized by very low number of emitted quanta,
with very low contribution to overall fluorescence lifetime analysis.

The 700 nm band is exclusively observed at low temperatures in
samples composed of aggregated LHCII [38]. The analysis of the emis-
sion band at 700 nm has been widely applied to monitor molecular or-
ganization of LHCII and formation of oligomeric structures [9,38–40].
This bandhas been also considered as an artifact coming fromdistortion
of the chlorophyll a emission spectra due to fluorescence reabsorption
in bulk LHCII aggregates [6]. On the other hand, the presence of this
band in the emission spectra recorded from single LHCII monolayers
[34] supports the interpretation according to which this is a real emis-
sion band representing the individual energy state. The intensity of
this particular band increases in course of illumination of LHCII, not
only relatively to the fluorescence emission band at 680 nm but also
on the absolute scale. This can be seen, for example, in Fig. S7 of the
supplementary data. This means that illumination of LHCII results in
appearance of the new spectral form which gives rise to fluorescence
emission in the region of 700 nm at 77 K. Interestingly, as can be seen
from the fluorescence emission spectra (e.g. Fig. 2, Fig. S2, Fig. S3), the
appearance of the 700 nm band is associated with the chlorophyll
fluorescence quenching in the spectral regions both corresponding to
higher energies but also those which appear at longer wavelengths.
This is demonstrated by an overlap of the normalized emission spectra
in the region of the band at 680 nm and above 725 nm. This effect is an
indication that the relatively broad emission band at 700 nm represents
the state able to quench efficiently singlet excitations also from the
pigment molecules with singlet excited states located on energy scale
slightly below. The relatively high width of the emission band centered
in the region of 700 nm(FWHHhigher than 20 nm, see Fig. S2)with re-
spect to the band centered in the region of 680 nm (FWHH 10 nm)
seems to be in agreement with the interpretation that this band con-
tains significant contribution from charge transfer state. The distinctive
signature of this state is also a much longer fluorescence lifetime deter-
mined at 77 K (bτ>=3.7 ns at 700 nm) as compared to the emission
at 680 nm (bτ>=1.12 ns) and emission at 740 nm (bτ>=1.46 ns,
see Table 1 and Fig. S4).

Recently, we reported the light-induced isomerization of the
xanthophyll neoxanthin, both in solution and bound to LHCII [36].
The photo-isomerization of neoxanthin has been concluded to be a
reaction which can be mediated by the excited triplet state of the ca-
rotenoid [36] and therefore can be photo-sensitized by chlorophylls.
Photo-isomerization of neoxanthin has been shown to result in trans-
formation of the 9′-cis molecular configuration to the di-cis forms
(9′,13′ and 9′13), which are not able to form inter-trimer links
via the hydrogen bonds between the hydroxyl groups located in the
positions C3 and C5 (see Fig. 8). Neoxanthin molecular configuration
9′-cis has lower energy than the di-cis forms therefore the process is
spontaneously reversible [36]. Neoxanthin is the only xanthophyll
molecule protruding outside the LHCII structure, on the one hand,
and possessing relatively high molecular motion freedom, represent-
ed by the crystallographic temperature factors [41] on the other
hand. It seems therefore very likely that under physiological condi-
tions, hydrogen bridges between the neoxanthin ends sticking out of
the neighboring LHCII complexes (trimers), stabilize the supramolec-
ular structure. In principle, hydrogen bonds between the hydroxyl
groups of neoxanthin can stabilize two, essentially different struc-
tures, presented in Fig. 8. Very important feature of such a structure,
in terms of excitation quenching in LHCII, is that formation of hydro-
gen bond bridges between the neoxanthin molecules either prevents
or promotes a very close contact between chlorophylls located at the
periphery of neighboring complexes, such as chlorophyll b located
directly below neoxanthin (Chl 14 in the terminology of Standfuss
et al. [6] or 605 in the terminology of Liu et al. [3]). Two states of the
supramolecular organization of the complex are shown: the energy
conserving and the energy dissipative states. The states are charac-
terized by a different strength of the hydrogen bonds between the
hydroxyl groups of the neoxanthin molecules anchored in the neigh-
boring LHCII trimers: the relatively strong hydrogen bond between
the hydroxyl groups at the C3 positions (the distance between the
oxygen atoms lower than 0.25 nm, referred to as the antenna active
state) and the relatively weak hydrogen bond between the hydroxyl
groups at the C5 positions (the distance between the oxygen atoms
longer than 0.30 nm, referred to as the energy dissipative state). The
transition between the states requires breaking of the hydrogen
bonds, which can be realized via the neoxanthin photo-isomerization
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Fig. 8. The model of the light-controlled molecular mechanism which regulates excitation level in the photosynthetic complex LHCII. Presented are the top views of the contact
regions between the neighboring LHCII complexes with indicated hydrogen bonds which can be potentially formed between the hydroxyl groups of the neoxanthin molecules an-
chored in the complexes forming a supramolecular structure. See the text for more explanation. Interaction of LHCII trimers was analyzed and visualized with VMD software sup-
port (http://www.ks.uiuc.edu/Research/vmd/). LHCII coordinates were downloaded from the PDB database (PDB ID: 1RWT).
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pathway: 9′-cis→9′,13-di-cis→9′-cis [36]. Due to the higher activation
energy, the transition to the dissipative state requires higher energy
as compared to the reversibility to the physiological, light harvesting
state. The concept on light-induced breaking of the hydrogen bonds
between neoxanthin molecules and its relationship with excitation
quenching has strong support from the activation energy and FTIR anal-
yses presented in this work.

Very recently, it was shown that formation of the photoprotective
state in plants requires a structural reorganization of the photosynthetic
membrane involving aggregation of LHCII [42]. Such a mechanism
agrees with the concept according to which aggregated structures of
LHCII play important physiological role both, in physiological and light
stress conditions [43,44]. On the other hand, the model studies have
shown that aggregation of light-harvesting complex II leads to forma-
tion of efficient excitation energy traps inmonomeric and trimeric com-
plexes [15]. Aggregation of LHCII creates natural conditions of a close
contact of chlorophyll molecules located at the periphery of individual
complexes both in the monomeric and trimeric forms. The formation
of the charge transfer complexes by two peripherally locatedmolecules
Chl 14 has been postulated to create the energy trap responsible for ex-
citation quenching in LHCII [36]. Activity of charge transfer complexes
as energy dissipation centers in LHCII has been originally postulated
by Miloslavina et al. [9]. Very recently, it was shown, that the charge
transfer complexes give rise to intensity of the fluorescence emission
band in the region of 700 nm [10], which provides a strong support to
the interpretation presented in this paper. Analysis of the supramolecu-
lar structure presented in Fig. 8, referred to as the energy dissipative
state, shows that themolecules Chl 14 remain in the van derWaals con-
tact and can be involved in formation of a charge transfer complex.
Neoxanthin is a unique pigment in the sense that it is bound to the
protein and at the same time it is present in the lipid phase of the thy-
lakoid membrane. Owing to such a localization the pigment is able to
neutralize reactive oxygen species much more efficiently than other
xanthophylls, such as lutein, incorporated more deeply into the pro-
tein [45]. Such a localization of neoxanthin has also the consequences
in the supramolecular organization of LHCII. According to our under-
standing xanthophyll molecule in the N1 binding site is not necessary
to develop aggregation of LHCII and excitation quenching but, on the
contrary, it hinders close contact of the protein subunits in the place
of binding of the peripheral chlorophyll b referred to as Chl 14.
According to this, we expect even higher aggregation level of LHCII
under the absence of xanthophyll in the neoxanthin-binding pocket.
Fig. 7 presents the spectroscopic evidence that partial removal of
neoxanthin from the LHCII preparation results in higher aggregation
level of the protein, as demonstrated by the intensity of the long-
wavelength spectral bands, in particularly in the region of 700 nm.
Interestingly, the intensity of this low-energy band is apparently in-
versely proportional to the intensity of the emission band at 654 nm,
attributed to chlorophyll b. Such a correlation corroborates the inter-
pretation according to which the low-energy band originates from
aggregation of chlorophyll b molecules. The extraction procedure ap-
plied removes approximately 10% of neoxanthin from LHCII. We
have also tested extraction with higher concentration of pentane
and we have found that such a procedure resulted in extraction of
higher fractions of neoxanthin. On the other hand, in such cases we
also detected partial extraction of violaxanthin and chlorophylls.
Therefore we decided to analyze exclusively the data obtained with
the preparation with selectively extracted neoxanthin. In such a case
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the effect on the fluorescence emission spectra is not very strong but
the direction of changes observed remains in perfect agreement with
themodel discussed. According to thismodel, neoxanthin remains an-
chored in its N1 binding site, under the physiological conditions, but
light-driven isomerization of this pigment can control formation of
LHCII aggregated structures in which peripheral molecules of chloro-
phyll b (Chl 14) are close enough to give rise to an excitonic pair or a
charge transfer complex.

5. Conclusions

Here, we report that light-driven singlet excitation quenching in
LHCII, manifested by decrease in the chlorophyll a fluorescence inten-
sity and by shortening of the fluorescence lifetimes, is associated with
appearance of the new, low-energy state corresponding to emission
in the region of 700 nm. Fluorescence emission from this particular
state is particularly observed at low temperatures (77 K) and the
energy of this state is effectively dissipated via the phonon transfer
to the apoprotein environment and assimilated via collective protein
motion at physiological temperatures. This channel of energy dissipa-
tion is, to a large extent, uncoupled at 77 K, following the structural
transformations of the protein observed at low temperatures. The en-
ergy state associated with excitation quenching presents individual
decay kinetics characterized by essentially longer lifetimes, at 77 K.
Light-induced excitation quenching in LHCII has an activation energy
at the level corresponding to energy of hydrogen bonds. The activa-
tion of the transitions between the antenna active and the energy
dissipative states has been interpreted in terms of breaking of the hy-
drogen bonds between the hydroxyl groups of neoxanthin molecules
anchored in the neighboring complexes, as based on the FTIR analysis
and literature data regarding the photo-isomerization of neoxanthin.
The energy dissipative state has been interpreted as originating from
a supramolecular structure of LHCII which enables closer contact of
individual trimers and formation of low-energy charge transfer com-
plexes by peripheral chlorophyll molecules (presumably chlorophyll
b: Chl 14). This hypothetical molecular mechanism is one of several
which can potentially act to regulate down the excitation density in
the photosynthetic antenna LHCII in the photosynthetic apparatus
subjected to light stress.
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