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Identification of a mechanism of photoprotective
energy dissipation in higher plants

Alexander V. Ruban'*, Rudi Berera®*, Cristian llioaia>*, Ivo H. M. van Stokkum?, John T. M. Kennis?,
Andrew A. Pascal’, Herbert van Amerongen®, Bruno Robert?, Peter Horton* & Rienk van Grondelle”

Under conditions of excess sunlight the efficient light-harvesting
antenna’ found in the chloroplast membranes of plants is rapidly
and reversibly switched into a photoprotected quenched state in
which potentially harmful absorbed energy is dissipated as heat™”,
a process measured as the non-photochemical quenching of
chlorophyll fluorescence or qE. Although the biological signifi-
cance of qE is established*, the molecular mechanisms involved
are not’”’. LHCII, the main light-harvesting complex, has an
inbuilt capability to undergo transformation into a dissipative
state by conformational change'® and it was suggested that this
provides a molecular basis for gE, but it is not known if such
events occur in vivo or how energy is dissipated in this state.
The transition into the dissipative state is associated with a twist
in the configuration of the LHCII-bound carotenoid neoxanthin,
identified using resonance Raman spectroscopy''. Applying this
technique to study isolated chloroplasts and whole leaves, we
show here that the same change in neoxanthin configuration
occurs in vivo, to an extent consistent with the magnitude of
energy dissipation. Femtosecond transient absorption spectro-
scopy'?, performed on purified LHCII in the dissipative state,
shows that energy is transferred from chlorophyll a to a low-lying
carotenoid excited state, identified as one of the two luteins
(lutein 1) in LHCII. Hence, it is experimentally demonstrated
that a change in conformation of LHCII occurs in vivo, which
opens a channel for energy dissipation by transfer to a bound
carotenoid. We suggest that this is the principal mechanism of
photoprotection.

The twisted configuration of neoxanthin in quenched LHCII crys-
tals and aggregates is detected by the appearance of a band at
953 cm ™' in the v, region of the Raman spectrum'’. Because almost
all of the neoxanthin found in thylakoid membranes is bound to
LHCII (ref. 13), this information can be used to probe the con-
figuration of neoxanthin in isolated chloroplasts and whole leaves,
and hence determine the presence of the quenched conformation of
LHCIL In vivo, Raman signals arise from all the carotenoids in the
thylakoid membrane, but because only neoxanthin is in a 9-cis con-
formation it exhibits fingerprint Raman bands', which allow its
contribution to be measured; this was 50-65% of the 953 cm ! signal
(Supplementary Information).

Resonance Raman spectra were obtained of isolated Arabidopsis
chloroplasts taken directly from the light (+qE) and 5min after
transfer to darkness (—qE), which resulted in collapse of the ApH
and consequent relaxation of qE (Fig. 1a). The Raman spectra in the
v, region show two main bands at around 953 cm ™' and 964 cm ™.
On gE induction, there is an enhancement of the 953 cm™ " band

relative to the 964 cm ™' band by 5-7%, similar to the change pre-
viously observed on an increase in quenching in isolated LHCII
(ref. 10). After normalization at 1,003 cm ! (the v, region of the
spectrum), the neoxanthin-specific spectra associated with quench-
ing were calculated (Fig. 1b): the qE-associated spectrum shows three
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Figure 1| Quenching-related changes in the neoxanthin region of the
resonance Raman spectrum of isolated LHCII, chloroplasts and leaves.

a, The v, region of the resonance Raman spectra of wild-type chloroplasts
after illumination (blue) and following a 5-min relaxation in the dark (red).
b, Quenched —unquenched difference Raman spectra for qE (green) and for
LHCII (black). For gE, the spectra were as in a. For LHCII unquenched and
quenched, the K4 were 0 and 9, respectively (Supplementary Information).
¢, The extent of E compared to the change in Raman intensity at 953 cm ™!
for leaves and chloroplasts (chl.) from wild-type (WT), L17 and npq4 plants.
The data are means of n replicates = s.e.m. n =17 (WT chl.), 8 (L17 chl.),
3 (npq4leaf), 4 (WT leaf) and 3 (L17 leaf). Twenty-five spectra were recorded
for each sample. The line shown is the best fit (95% confidence by t-test).
d, Change in the relative Raman intensity at 953 cm ™' for LHCII with
different extents of fluorescence quenching, K. For details, see text. Error
bars are the calculated amplitudes of noise on the spectra.
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characteristic bands, which were also found in the quenched spec-
trum for LHCIL. We then obtained further Raman spectra for both
leaves and chloroplasts, not only from wild-type Arabidopsis, but also
from the npq4-1 mutant', which shows much-reduced gE, and from
the PsbS-overexpressing L17 line, which shows increased qE'. In all
cases, the extent of the enhancement of the 953 cm ™' band was cor-
related with the magnitude of qE (Fig. 1¢), the maximum change
being approximately 8%. The experimental design ensured that the
changes in the Raman spectra were associated with qE, and did not
arise from an alteration in the level of zeaxanthin: first, no epoxida-
tion of zeaxanthin occurred during the 5-min dark relaxation
period; and second, the npg4-1 mutant showed the same level of
violaxanthin de-epoxidation as the wild type and L17 mutant (data
not shown). It is concluded that the formation of qE is associated
with a change in configuration of neoxanthin, the same as found in
quenched LHCIL.

To estimate how much of a change in LHCII-bound neoxanthin
would be predicted for a given change in qE, isolated LHCII was
obtained in a range of oligomerization states, which cover a tenfold
difference in fluorescence yield. There was a progressive increase of
the intensity of the 953cm™' band on LHCII oligomerization
(Supplementary Information), which correlated with the extent of
fluorescence quenching (Ky) for each LHCII sample (Fig. 1d). A
comparison of the in vivo spectrum in the unquenched state with
the in vitro data indicate that LHCII is in a partially quenched state,
corresponding to a K4 of 1.5-2.0 (blue dotted line in Fig. 1d). Hence,
the change in Ky arising from qE starts from a Ky of 1.5-2.0 and
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reaches a maximum of 4.0—4.5 (red dotted line). Thus, we predict a
maximum increase in intensity of the 953 cm ™' neoxanthin band of
about 0.12 (approximately 20%) for an increase in Ky of 2.0 (A,
between the two horizontal dotted lines). Taking into account the
contributions of other xanthophylls (see above), the maximum pre-
dicted qE-related change in the intensity of the 953 cm ™' band in vivo
would be around 10-13%—of the same order as the 8% change
observed. It is concluded that under conditions of qE, a conforma-
tional change in LHCII occurs that gives rise to a significant amount
of non-photochemical quenching.

We used femtosecond transient absorption spectroscopy com-
bined with spectrally dispersed detection and global analysis' to
determine the mechanism of quenching in isolated LHCII (and
therefore in qE), specifically testing proposals that the excited chloro-
phyll states decay via the population of a carotenoid excited and/or
charge transfer state'’~'*. Transient absorption data following a 100 fs
laser pulse were obtained for the unquenched and quenched samples
of LHCII, which have an approximate Ky of 0 and 9, respectively. The
time traces were very different for the two samples (compare Fig. 2a
and b). The spectral data at 677 nm show the initial bleaching of the
chlorophyll ground state absorption, which relaxes as the excited
state decays to the ground state (top). The traces describe a multi-
exponential process consisting of three phases: a ~1 ps component
that results from excitation equilibration; a ~20ps component
assigned to singlet—singlet annihilation of chlorophyll excited states;
and a slower component of ~1ns (unquenched) and ~130ps
(quenched), which corresponds to their different chlorophyll
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Figure 2 | Femtosecond spectroscopy of LHCII in the unquenched and
quenched states. a, b, Transient absorption traces for unquenched (a) and
quenched (b) LHCII at 677, 489 and 537 nm. y axis, absorption change,
AA X 10 %; x axis, linear from —10 to 10 ps and logarithmic thereafter. The
curves (black) were fitted using the target analysis model (c, and
Supplementary Information). Green, 1 ps phase due to chlorophyll excited-
state relaxation; red, chlorophyll excited-state decay; blue, absorption
changes due to the quencher Q; cyan, build-up of the triplet state. ¢, The
model used to fit the data for quenched LHCII, with 5 compartments: at time
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zero the excitation resides in the first compartment (Chl 1), which relaxes on
a ps timescale to Chl 2 and Chl 3. Chls 2 and 3 are introduced to account for
the fraction of aggregates in which excitations are quenched by
singlet—singlet annihilation (on a timescale of several tens or hundreds of
ps). Both Chl 2 and Chl 3 are quenched via the quenching state Q with a rate
constant kg, and populate the triplet species Car T, with a rate constant kr.
d, Species-associated difference spectra (SADS). Green, the initial excited
state (Chl 1); red, Chl 2 and 3; dark blue, the quenching state Q; cyan, Car T.

©2007 Nature Publishing Group



NATURE|Vol 450|22 November 2007

excited-state lifetimes. The traces at 489 nm (middle) and 537 nm
(bottom)—wavelengths that are in the regions of carotenoid
ground-state bleach and excited-state absorption, respectively—are
only slightly different for the unquenched sample. However, for the
quenched sample these traces differ markedly: the 489 nm trace
shows decay on the 10-20 ps timescale that is absent in the 537 nm
trace. In contrast, the decay at 537 nm is slower on the 10-20 ps
timescale when compared to the chlorophyll decay at 677 nm.
These differences suggest that in the quenched sample, concomitant
with the decay of the chlorophyll excited states, another species is
transiently populated, which we will identify as a carotenoid S,
state—a low-lying optically forbidden excited state. In samples with
a Ky of approximately 2, the same carotenoid feature was observed,
but to a lesser extent (Supplementary Information). Extensive
probing of the 900-1,000 nm region in the same time window
did not reveal any absorption changes that could be ascribed to a
carotenoid radical (Supplementary Information).

To identify the spectrum of the quenching state, a target analysis
was applied to the time-resolved data'? (Fig. 2c, d). The results from
the target analysis demonstrate the essential role of the carotenoid S,
state in the quenching process. The chlorophyll spectrum shows the
bleach of the chlorophyll Q, state in the 675 nm region, a dip around
615 nm, corresponding to the bleach of the chlorophyll Q state, and
a region of almost flat excited-state absorption. The cyan spectrum
corresponds to the long-lived carotenoid triplet state. The spectrum
of the quencher (blue line) reveals the following features: excited state
absorption between 505 and 600 nm, corresponding to the carot-
enoid S;—§,, transition; and ground-state bleach below 505 nm, cor-
responding to the bleach of the carotenoid Sp—S, transition. With
the same model applied to the unquenched sample the quenching
state remained almost unpopulated. The target analysis yielded an
excellent fit to the transient absorption traces (Fig. 2a, b). Most
importantly, in quenched LHCII, there is a significant deviation
between the chlorophyll excited-state decay kinetics and the traces
measured at 489 and 537 nm, owing to population of the carotenoid
S; state (blue lines); however, in the unquenched sample, these kin-
etics are the same.

The spectral evolution in the carotenoid absorption region is
strongly reminiscent of that observed in artificial carotenoid—
phthalocyanine dyads, in which it was demonstrated that quenching

Figure 3 | Model illustrating the molecular mechanism of qE. Structural
model of an LHCII monomer?' showing the key pigments involved in the
establishment of qE. Lutein 1 (red) is closely associated with chlorin rings of
chlorophylla 610, 611 and 612 (blue, small black arrows). Curved broad
yellow arrow, the configurational twist of the neoxanthin (Neo) molecule
(pink); white broad arrow, the putative movement of lutein 1 towards the
chlorophyll cluster (broad yellow arrows).
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occurred via the population of the carotenoid S, state'. Thus, in
the same way, our data provide unequivocal evidence for the popu-
lation of a carotenoid excited state that is concomitant with the
quenching of chlorophyll excited states in aggregates of LHCII,
strongly pointing to chlorophyll a—carotenoid energy transfer as
the quenching mechanism. The samples used here contain only trace
levels of violaxanthin (and no zeaxanthin), so lutein or neoxanthin
must be responsible for the absorption changes associated with
quenching. A comparison of the bleach of the quenching state with
the bleach of the carotenoid triplet state shows that their corres-
ponding negative-peak positions coincide. The maximum bleach in
the carotenoid triplet spectrum corresponds to lutein1 (ref. 20).
Consequently, lutein 1 is also likely to be the quencher. Lutein 1 is
found in an LHCII domain containing chlorophyll 4610, chloro-
phylla611 and chlorophyll 2612 (ref. 21), where the excitation has
the highest possibility to be localized, and therefore it is the obvious
site for quenching®.

Studies using isolated LHCII and related antenna complexes have
provided important insights into the mechanism of qgE>*>**. Most
importantly, it was shown that crystallized LHCII is in a quenched
state'’, demonstrating that energy dissipation was an intrinsic feature
of each LHCII molecule that is brought about by specific configura-
tions of the chlorophylls and xanthophylls bound to the complex,
and proving that LHCII can exist in different conformational states
that have differing capacities for energy dissipation. However, there
was no direct proof that the proposed conformational changes occur
in vivo; such proof has now been provided from Raman spectroscopy
of chloroplasts and leaves in different qE states. The same twisted
configuration in neoxanthin was found in both quenched LHCII
in vitro and in thylakoid membranes in vivo under conditions in
which the rapidly reversible, ApH-dependent (qE) form of non-
photochemical quenching is present. We conclude that quenching
occurs under these conditions by the same process as in vitro.
Therefore we re-affirm a model in which qE is initiated by a confor-
mational change in LHCII, which is induced by the light-dependent
ApH (ref. 2). We propose that this change in conformation gives rise
to an increase in the rate of energy transfer to lutein 1 and, conse-
quently, to energy dissipation (Fig. 3). LHCII aggregation has pre-
viously been associated with a conformational change in the lutein 1
domain®. Moreover, from a comparison of lutein 1 and lutein 2 in
the crystal structure, it has been speculated how a change in the
configuration of lutein 1 would bring it closer to chlorophyll a612
(ref. 26), providing the key step in the switching on of quenching.
This idea provides an explanation of the link between the observed
changes in protein conformation and fluorescence quenching.

Although this model can fully account for qE both qualitatively
and quantitatively, gE may be a heterogeneous process of which
quenching by lutein 1 in LHCII is only a part. The formation of a
radical state of zeaxanthin has been correlated with qE in vivo, sug-
gesting that it is either the quencher itself or its formation is closely
associated with the quenching process’. Although we did not detect
the presence of a charge-separated state involving a carotenoid rad-
ical in quenched LHCII aggregates, the LHCII samples used here do
not contain any zeaxanthin. Similarly, our data do not exclude the
possibility that quenching also occurs in the minor antenna com-
plexes, CP24, CP26 and CP29, which have been reported to bind
zeaxanthin at sites occupied by lutein in the major LHCII (ref. 24).
Further work is needed to establish the relationship between different
xanthophyll excited states and radical states in vivo, and the contri-
butions they make not only to qE but to other more sustained energy
dissipation states that can arise under certain extreme conditions of
plant stress®” and that seem to involve formation of LHCII aggregates
similar to those used here*®. Clearly, however, both the conformation
of antenna complexes and the specific xanthophylls they bind play
vital parts in tuning the function of the light-harvesting antenna to
physiological need.
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METHODS SUMMARY

LHCII trimers were prepared from spinach photosystem-II-enriched particles by
isoelectric focusing, followed by sucrose gradient centrifugation®. Oligomeric
LHCII was obtained by incubation with SM-2 Absorbent (Bio-Rad).
Chloroplasts from Arabidopsis thaliana were isolated and assayed as described
previously™. Room temperature fluorescence data (qE, Ky) are presented in the
form F(unquenched) —F(quenched)/F(quenched). Raman measurements were
obtained at 77 K using 488 nm excitation'”", and the presented spectra normal-
ized to 964cm™" unless stated otherwise. Transient absorption spectroscopy
used 675nm 100fs laser pulses, with a repetition rate of 40kHz and energy
per pulse of about 10 nJ. The data were subjected to global and target analysis'*.

Full Methods and any associated references are available in the online version of
the paper at www.nature.com/nature.
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METHODS

LHCII preparation and analysis. LHCII trimers prepared from spinach
photosystem I particles were incubated at a chlorophyll concentration of
1mgml™ " in a2ml volume in a 1cm X 1cm cuvette in the presence of 0.01%
n-dodecyl B-p-maltoside. Biobeads (300 mg; SM-2 Absorbent) were added.
Chlorophyll fluorescence was monitored with a Walz MiniPam fluorimeter.
The decline in fluorescence started after approximately 10 min and quenching
reached a Ky of around 8-10 after 40 min. For Raman experiments, samples were
taken at appropriate K4 values and immediately frozen in liquid nitrogen in the
Raman sample holders. For transient absorption experiments the concentration
of LHCII was adjusted to give Ag7onm 0.3-0.5 at the chlorophyll Qy maximum.
Chloroplasts and leaves. Chloroplasts were prepared from dark-adapted
Arabidopsis plants. Chloroplasts were ruptured by brief osmotic shock in
5mM MgCl, and measured in a reaction medium containing 0.33 M sorbitol,
20 mM HEPES, pH 7.8, 5 mM MgCl, and 0.1 mM methyl viologen. The chloro-
phyll concentration was 20 uM. Chlorophyll fluorescence analysis was carried
out using a Walz PAM101 fluorimeter. A light saturation pulse was given at the
ends of the light and dark periods to give the Fm’ and Fm levels respectively. qE
was calculated as Fm—Fm’/Fm’. Chloroplasts were measured in a 1 cm X 1cm
cuvette. Samples taken after 5 min illumination (1,500 umolm ™~ ? s~ light) and
following 5 min dark relaxation were transferred to the Raman sample holder
and immediately frozen with liquid nitrogen. Detached, dark-adapted
Arabidopsis leaves were placed in the Raman sample holder and chlorophyll
fluorescence analysis was carried out using the same protocol as for chloroplasts,
and similarly frozen, immediately after the light or dark treatment.

Pigment analysis. Pigment compositions of LHCII and chloroplasts were
determined by HPLC using a reverse phase C18 column (Merck LiChrospher
100 RP-18) and Dionex chromatography system. The solvent system was
(solvent A, 87% acetonitrile, 10% methanol, 3% 0.1 M TRIS, pH 8; solvent B,
80% methanol, 20% hexane). The gradient from solvent A to solvent B was run
from 9 to 12.5 min at a flow rate of 1 mlmin~'. Each peak was integrated at its
optimum absorbance and analysed using Dionex Chromeleon software. The
analysis showed that the LHCII samples contained only trace amounts of violax-
anthin (0.3 = 0.2% of the total carotenoid) and no detectable antheraxanthin or
zeaxanthin.

Transient absorption spectroscopy. Transient absorption spectroscopy used
femtosecond pulses obtained from a titanium:sapphire oscillator-regenerative
amplifier (coherent MIRA seed and RegA). The repetition rate was 40 kHz and
the initial pulse ~60 fs at 800 nm. The beam was split into two, one of which (the
probe beam) was focused on a CaF, plate to generate a white-light continuum.
The other beam was used to pump an optical parametric amplifier to obtain the
pump beam at 675nm (~100fs). The energy per pulse was about 10 nJ. The
polarization between the pump and probe beams was set at the magic angle. High
repetition rate, single-shot multi-channel detection and rejection of outliers
improved the signal-to-noise ratio by about a factor of ten (compared to a
standard pump-probe experiment).
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