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In this work we have investigated the origin of the multi-exponential fluorescence decay and of the short
excited-state lifetime of Lhca4. Lhca4 is the antenna complex of Photosystem I which accommodates the red-
most chlorophyll forms and it has been proposed that these chlorophylls can play a role in fluorescence
quenching. Here we have compared the fluorescence decay of Lhca4 with that of several Lhca4 mutants that
are affected in their red form content. The results show that neither the multi-exponentiality of the decay
nor the fluorescence quenching is due to the red forms. The data indicate that Lhca4 exists in multiple
conformations. The presence of the red forms, which are very sensitive to changes in the environment,
allows to spectrally resolve the different conformations: a “blue” conformation with a short lifetime and a
“red” one with a long lifetime. This finding strongly supports the idea that the members of the Lhc family are
able to adopt different conformations associated with their light-harvesting and photoprotective roles. The
ratio between the conformations is modified by the substitution of lutein by violaxanthin. Finally, it is
demonstrated that the red forms cannot be present in the quenched conformation.
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mplex of Photosystem I; Lhcb,
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1. Introduction

Photosystems I (PSI) and II (PSII) are multi-protein complexes
located in the thylakoid membranes of higher plants and algae. Their
role is to harvest sunlight energy and to transform it into chemical
energywhich is used for the reduction of CO2 into carbohydrates. Both
Photosystems are composed of a core complex and an outer antenna
system. The core complex contains the reaction centre with the
primary donors P700 in PSI and P680 in PSII, all the electron transport
cofactors and Chls a and β-carotene molecules. The outer antenna is
composed of pigment–protein complexes which harvest light-energy
and transfer the resulting excited-state energy to the reaction centre
where it is used for charge separation. It has been shown that in high-
light conditions, when the harvested energy exceeds the needs of the
chloroplast, the outer antenna complexes are involved in energy
dissipation processes, which protect plants from photodamage [1,2].
These complexes thus have the dual role of harvesting light in low-
light conditions and of dissipating excess absorbed energy in high-
light. All antenna complexes of PSI and PSII are members of the Lhc
(light-harvesting complex) multigenic family [3]. They show high
structural homology [4,5] and coordinate Chls a, Chls b and various
carotenoid molecules [6]. Despite the similarities in structure and
composition, their spectroscopic properties differ substantially, with
all antenna complexes of PSI (Lhca) showing red-shifted fluorescence
as compared to those of PSII (Lhcb). The difference in wavelength can
be as big as 55 nm, with Lhcbs emitting at 680 nm and Lhca4, themost
red-shifted Lhca complex, at 735 nm at 77 K [7]. The presence of Chls
absorbing and emitting at low-energy is typical for PSI complexes [8–
10]. In PSI–LHCI supercomplexes a large part of the excitation energy
arrives at these Chls (called red forms), which are at lower energy
than the primary electron donor. To be used for charge separation the
excitation energy is transferred from the red forms to the primary
donor in a thermally activated process [11]. Considering that the low-
energy Chls represent an energy sink, it was proposed that they might
be active in photoprotection via energy dissipation thus diverting the
excess excitation energy away from the RC [9,12,13].

The red forms of the Lhca complexes originate from the mixing of
the lowest excitonic state of two interacting Chls, 603 and 609 (Fig. 1)
(nomenclature of LHCII from [4]) [14–17], with a charge transfer state
(CT) [18,19]. However, the emission maximum of these forms is
different in the individual Lhca's (690 nm for Lhca1, 701 for Lhca2,
726 for Lhca3 and732 for Lhca4 at 77 K[20,21]), anddepends primarily
on the nature of the ligand of Chl 603: when the ligand is an Asn, as in
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Fig. 1. A molecular model of Lhca4 from the PSI–LHCI structure [5]. The low-energy
Chls, Chl603 and Chl609 are in space-filling style. The position of the carotenoid in the
L2 site (yellow, space filling), which is not resolved in the structure of Lhca4, is taken
from the structure of LHCII [4]. The ligand of Chl 603 (Asn) is in cyan.
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the case of Lhca3 and Lhca4, the observed red shift is larger thanwhen
the ligand is a His, as is the case for Lhca1 and Lhca2 [22].

It was shown that the excited-state lifetime of Lhca complexes is
shorter than that of Lhcbs and that the fluorescence decay of Lhca is
multiphasic [23–27], which is puzzling because for an equilibrated
system only one decay lifetime is expected. A strong correlation was
observed between the excited-state lifetime of the complexes and the
presence of the red emission forms, e.g. the complexes with the red-
most shifted emission showed the shortest lifetime [26]. The CT state
might in principle be responsible for the lower fluorescence yield of
the Lhca complexes as compared to Lhcb. Recently, it was also
suggested that a CT state is involved in the quenching of Lhcb
complexes [28] and several experiments show an enhancement of the
red absorption of LHCII in its quenching state [29,30] as compared to
its light-harvesting state.

In this work we have investigated the origin of the fast
fluorescence decay of Lhca4 and of its multi-exponential character
with particular attention for the role of the red forms. To this aim we
have compared Lhca4-WT with mutants affected in the low-energy
forms [16]. This analysis leads to the conclusion that neither the
multi-exponential decay nor the short excited-state lifetime of Lhca4
is due to the presence of the red forms. The complex appears to adopt
different conformations which are associated with different degrees
of quenching.

2. Material and methods

2.1. Mutagenesis and reconstitution of recombinant Lhca4 complexes

Amodified pET-28a (+) vector containing the sequence coding for
the mature protein of Arabidopsis Lhca4 has been mutated by site-
directed mutagenesis as follows: in Lhca4-N47L, Chl603-binding
residue (N47) has been substituted by a L, which is a non-binding
residue with similar steric hindrance, whereas in Lhca4-N47H, the
same residue has been changed to a H (as in [22]), which is a Chl-
binding residue. WT and mutant apoproteins were overexpressed in
Rosetta2(DH3) strain of E. coli and purified as inclusion bodies.
Reconstitution and purification of pigment–protein complexes were
performed as described in [31] using a mix of purified pigments with
Chl a/b ratio of 2.9 and Chl/Car ratio of 2.7; in the case of the WT and
Chl-binding mutants a total carotenoid extract from spinach thyla-
koids was used, only lutein was used in the case of Lhca4-Lut. The
purification of the refolded complex from the unfolded protein and
the excess of pigments was performed in three steps: (1) sucrose
gradient ultracentrifugation, which also allowed to check the
monomeric state of the complex; (2) anionic-exchange chromatog-
raphy, and (3) a second sucrose gradient. In the case of the Chl-
binding mutants a faster procedure consisting of His-tag Nickel
affinity chromatography followed by a sucrose gradient has been
applied.

2.2. Absorption and steady state fluorescence

77 K absorption spectra were recorded using a Cary4000 (Varian
Inc.) spectrophotometer at a Chl concentration of about 6 µg/ml in
10 mM HEPES pH 7.6, 0.5 M sucrose, 0.03–0.06% β-DDM and 70% v/v
glycerol. Fluorescence emission spectra were measured at 283K and
77 K using a Fluorolog (Jobin Yvon) spectrofluorimeter and corrected
for the instrument response. Samples were diluted to a Chl
concentration of 0.3 µg/ml in 10 mM HEPES pH 7.6, 0.02% β-DM
(70% v/v glycerol at 77 K). Bandwidths were 5 nm (10 nm at 77 K) in
excitation and 2.5 nm in emission.

2.3. Pigment analysis

The pigment complement of the complexeswas analysed by fitting
the acetone extract spectrum with the spectra of the individual
pigments [32] and by HPLC analysis [33]. The Chl a/b ratio of Lhca4-
WT is 1.88 and the Chl/Car ratio is 4.8. Normalization of the pigment
content to 10 Chls [22] indicates that it binds 1.6 molecules of lutein
and 0.4 of violaxanthin. Lhca4-Lut shows a Chl a/b ratio of 2.46 and a
Chl/Car ratio of 4.6, thus binding 2.1 molecules of lutein per 10 Chls.
Lhca4-N47H and Lhca4-N47L have respectively a Chl a/b ratio of 1.82
and 2.56 and a Chl/Car ratio of 4.7 and 4.9. The former binds on
average 1.6 molecules of lutein and 0.5 of violaxanthin per 10 Chls,
whereas the latter binds 1.2 molecules of lutein and 0.2 of
violaxanthin per 7 Chls (to be considered as the maximum number
of Chls, see [16]). Data are expressed as average of at least 3
repetitions, maximum standard deviation is 0.1.

2.4. Time-resolved fluorescence

Time correlated single photon counting (TCSPC) was performed
with a home-built setup, as described previously [34]. The samples
were diluted in 10 mMHepes pH 7.6, 0.03%β-DM to anODof 0.1 cm−1

at 475 nm, stirred in a 3.5 ml cuvette with a path length of 1 cm, and
kept at 283 K. The excitation was at 475 nm with a repetition rate of
3.8 MHz. Pulse energies of sub-pJ were used with pulse duration of
0.2 ps and a spot diameter of ∼1 mm. The instrument response
function (∼60 ps FWHM) was obtained with pinacyanol iodide in
methanol, with 6 ps fluorescence lifetime [35]. Fluorescence was
collected at 90° through a long-pass (530 nm) and interference filters
with FWHMof 10–15 nmand transmissionmaxima as indicated in the
decay-associated spectra (DAS) (Schott, Mainz, Germany or Balzer B-
40, Rolyn Optics, Covina, CA, USA). Individual photons were detected
at magic angle polarisation by a microchannel plate photomultiplier,
and arrival times were stored in 4096 channels of a multichannel
analyzer, the channel spacing was 5 ps, resulting in a 20 ns time-



Fig. 3. Decay associated spectra of Lhca4-WT. The measurements were performed at
283K and the sample excited at 475 nm. The spectra were obtained by global analysis of
the kinetic traces (lifetimes are in ns).
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window. Excitation intensity was reduced to obtain count-rates of
30 000 s−1, and care was taken to minimize data distortion [36].

The data was globally analysed using home-built software [37].
The fit quality was evaluated from the χ2, and from plots of the
weighted residuals and the autocorrelation thereof. The steady state
fluorescence emission spectra were used to calculate the DAS.

3. Results

Fluorescence emission spectra of Lhca4-WT were measured at
283K upon excitation at 440 nm, 475 nm and 500 nm (Fig. 2A), which
leads to increased excitation of Chls a, Chls b and carotenoids,
respectively [38]. The difference between the spectra upon excitation
at 440 nm and 500 nm is identical to the spectrum of “free” Chl a
measured in the same solution (Fig. 2B), thus indicating the presence
of a small amount of unconnected Chl a in the preparation. On the
other hand, the difference between the spectra upon excitation at
475 nm and 500 nm is identical to the spectrum of “free” Chl b (data
not shown). The areas of the “free” Chl a and Chl b correspond
respectively to 4% and 1.5% of the total emission. Considering that the
average lifetime in solution is 6 ns for Chl a and 3.6 ns for Chl b, while
that of Lhca4 is 2 ns (see below), the presence of “free” Chls is
estimated to be around 2%. The fact that the emission difference
spectra appear to be entirely due to “free” Chls, also demonstrates that
the shape of the emission spectrum of intact Lhca4 is independent of
excitation wavelength.

Time-resolved fluorescence of Lhca4-WT was measured at room
temperature (RT) with a TCSPC setup. The sample was excited at
475 nm, to minimize the effect of the disconnected Chls, and the
fluorescence was detected in the 670–770 nm range. The fluorescence
decay curves were globally fitted with four exponential components
with lifetimes of 0.33 ns, 1.4 ns, 2.6 ns and 4.5 ns (Fig. 3). No
Fig. 2. Fluorescence emission spectra of Lhca4-WT at 283K. (A) Emission spectra upon
excitation at 440 nm (black), 475 nm (red) and 500 nm (green). (B) Difference emission
spectra, ex 440-ex 500 nm (red), and emission spectra of free Chls in the same buffer
(black). The spectra are normalized to the maximum.
significant improvement of the fit quality was achieved by including
an additional lifetime component, but fitting with 3 components led
to a fit quality that was clearly less good. All components show
positive amplitudes in the whole spectral region, indicating that they
are associated with pure decay processes. The excitation energy
transfer processes occur in less than 5 ps in Lhca4 [39] and are not
resolved in our measurements. The four decay-associated spectra
(DAS) differ: the 0.33 ns component peaks at 685 nm and shows little
contribution above 700 nm (it is called “blue” component in the
following), while the 2.6 ns component has a maximum at 720 nm
and little amplitude below 700 nm (“red” component) (Fig. 3). The
1.4 ns and the 4.5 ns components show both “blue” and “red”
contributions. Comparison of the spectra suggests that “free” Chl a
contributes for 8% to the 4.5 ns spectrum. These results confirm the
multi-exponential character of the decay of Lhca4 [26]. The data are
also presented as time-resolved emission spectra (TRES), which show
that the fluorescence of Lhca4-WT evolves in time toward the red
(Fig. 4A), in agreement with previous results. This was attributed to a
slow equilibration between the bulk Chls and the red forms [40] (but
see below). However, the data also clearly show (Fig. 4B) that a strong
reduction of the fluorescence intensity occurs in the first hundreds ps,
thus indicating the presence of at least one fast decay channel.

Previous analyses of Lhca complexes showed multi-exponential
decay curves and it has been suggested that the multi-exponentiality
is due to variation in the pigment composition and the red-pigment
content of the complexes [26]. It was also proposed that interactions
between red forms and carotenoids may play a primary role in
shortening the fluorescence lifetimes of Lhca complexes as compared
to those of Lhcbs [26].

To test these hypotheses a mutant of Lhca4, Lhca4-N47H, which
does not contain the red-most form, while maintaining the same
pigment composition as theWT [22], was analysed. In this mutant the
natural ligand of Chl 603 (Fig. 1), an Asn, was mutated into a His. The
absorption and fluorescence spectra at 77 K of the mutant are
presented in Fig. 5 where they are compared with those of the WT.
The Lhca4-N47H mutant loses the lowest energy absorption form at
705 nm and its emission is shifted from 735 nm in the WT to 700 nm
(Fig. 5B), due to a decrease in excitonic interaction between Chls 603
and 609 [22]. If the short lifetime of Lhca4-WT is related to the
presence of the low-energy Chls, the lifetime of the mutant should be
longer. Moreover, if the multi-exponentiality of the decay is mainly
reflecting the slow equilibration between red forms and bulk, it
should not be present in the mutant. The fluorescence decay of the
mutant was measured in the same conditions as the WT. As for the
WT, four components were needed for the best fitting of the decay of
Lhca4-N47H (Fig. 6A). The lifetimes of the components (Table 1) are



Fig. 4. Time-resolved emission spectra (TRES) of Lhca4-WT. (A) TRES spectra at
different times, normalized at 690 nm. (B) The same spectra as in A but not normalized. Fig. 6. Decay associated spectra of Lhca4-N47H (A) and Lhca4-N47L (B). The

measurements were performed at 283K and the samples excited at 475 nm. The
spectra were obtained by global analysis of the kinetic traces (lifetimes are in ns).
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slightly shorter (10%) as compared to those of Lhca4-WT, but their
relative amplitudes are conserved. Due to the absence of the red-most
form all components have similar spectra. The average lifetime of the
mutant is 1.84 ns vs. 1.96 ns of the WT. The data clearly show that
neither the multi-exponentiality of the decay nor the short average
lifetime of Lhca4 changes in the absence of the red-most form,
indicating that the latter does not play a role in these processes.
However, the fluorescence properties of Lhca4-N47H are very similar
Fig. 5. Absorption (A) and fluorescence emission (B) spectra at 77 K upon excitation at 500 nm
absorption spectra are normalized to the Chls, and the fluorescence spectra to the maximu
to those of Lhca2 (fluorescence max at 700 nm at 77 K). It was shown
that the low-energy emission of Lhca2 originates from the same two
Chls that in Lhca4 are responsible for the 735 nm emission and
probably also involve a CT state [15]. Moreover, it was shown that
Lhca2 is quenched as compared to LHCII [26]. Therefore, the
possibility exists that in Lhca4-N47H a CT state is still present and it
can act as a quencher.
of Lhca4-WT (black/solid), Lhca4-N47H (red/dash) and Lhca4-N47L (green/dot). The
m.



Table 1

Sample Chl a/
b

τava

(ns)
τ1(ns)/A1
(%)

τ2/A2 τ3/A3 τ4/A4

Lhca4-WT 1.88±
0.03

1.96 0.331/14.8 1.408/34.2 2.558/
44.4

4.498/6.6

L h c a 4 -
N47H

1.82±
0.02

1.83 0.298/18.6 1.217/27.2 2.333/
45.6

4.47/8.6

Lhca4-N47L 2.56±
0.01

2.37 0.423/19.8 1.989/52.0 – 4.431/28.0

Lhca4-Lut 2.46±
0.01

1.41 0.322/29.9 1.294/43.3 2.6/24.6 4.896/2.3

a The average lifetime τav is calculated according to ΣAnτn where A is the relative
area of the DAS and τ is the lifetime.

Fig. 8. Decay associated spectra of Lhca4-Lut. The measurements were performed at
283K and the sample excited at 475 nm. The spectra were obtained by global analysis of
the kinetic traces (lifetimes are in ns).
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To investigate this possibility, a mutant lacking Chl 603 [16] was
measured. In this complex the natural ligand for Chl 603 has been
substituted with a Leu, a residue that cannot coordinate Chls and as a
result the mutant (Lhca4-N47L) is lacking Chl 603 and shows a
fluorescence maximum at 690 nm (Fig. 4). The fluorescence decay of
this mutant can be satisfactorily described with three components,
leading to an average lifetime of 2.37 ns (Fig. 6B). A sub-nanosecond
decay component is still present in this mutant and it has similar
amplitude as for the WT. The data thus clearly indicate that Chl 603 is
not at the origin of the multiphasic decay and that it is not “the”
quenching site in Lhca4, although the increase of lifetime suggests
that it can be “a” quenching site.

It has been proposed that the lower fluorescence yield observed
for Chls bound to proteins as compared to Chl in solution is due to Chl/
carotenoid interactions [41,42] and it was also recently proposed that
these interactions lie at the basis of the process of non-photochemical
quenching which protects plants from high-light damage, via fast
dissipation of excess energy [30,43].
Fig. 7. Absorption (A) and fluorescence emission (B) spectra at 77 K upon excitation at
500 nm of Lhca4-Lut (black/solid) and Lhca4-WT (red/dash). The spectra are
normalized to the maxima.
In Lhca4-WT site L2 is occupied by lutein or violaxanthin [16,44].
The mixed occupancy of site L2 can thus contribute to the multi-
exponentiality of the decay of Lhca4, with violaxanthin and lutein
interacting differently with the neighbouring Chls thus leading to
different degrees of quenching as recently observed for CP24 [31]. To
test this possibility, a complex reconstituted in the absence of
violaxanthin and thus containing only lutein, (Lhca4-Lut) was
analysed. The Chl/car ratio is identical to that of the WT indicating
that lutein has fully substituted violaxanthin in this complex. Lhca4-
Lut shows two peculiar features: its Chl a/b ratio is higher (Table 1)
than that of the WT and the absorption above 700 nm is lower
(Fig. 7A). The difference absorption spectrum WT-Lut shows two
positive contributions in the Qy region at 707 and 644 nm, which
represent respectively the absorption of the red forms and that of Chl
(s) b affected by the presence of lutein/absence of violaxanthin. The
fluorescence emission at 77 K (Fig. 7B) has a maximum at 732 nm vs.
735 nm of Lhca4-WT, also indicating a change in the red forms.

The fluorescence decay of Lhca4-Lut is best described as a sum of
four decay components (Fig. 8), the lifetimes being very similar to
those of the WT, indicating that the multi-exponential fluorescence
decay of the complex is not due to heterogeneity in the carotenoid
binding. However, the amplitude of the fast-blue component has
increased for the mutant as compared to the WT, leading to a
shortening of the average lifetime from 1.96 ns to 1.4 ns.

4. Discussion

4.1. Multi-exponential decay

All fluorescence decay measurements on Lhca complexes show
multi-exponential behaviour [23,25,26,45–47], which is puzzling
because the excitation energy transfer between the pigments in
Lhca4 occurs very rapidly, in less than 5 ps [39] and in an equilibrated
system only one decay component is expected. For different systems it
has been proposed that the multi-exponentiality is due to protein
relaxation and the red shift of the emission spectra in timewas used as
an argument to support this hypothesis [48]. A red shift of the
emission in time is also observed for Lhca4, but it is not anymore
present in the mutants lacking the red forms, although their decay is
still multi-exponential with very similar lifetimes. This indicates that
protein relaxation is not responsible for the observed multi-
exponential decay of Lhca4.

The presence of a multi-exponential decay for LHCI preparations
has been attributed to heterogeneity of the sample (for preparations
containing several different Lhca complexes—[25,46]), to the presence
of aggregation [23] or to the presence of complexes having different
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pigment compositions or having different conformations [26].
Moreover, it was expected that this phenomenon was coupled to
differences in pigment–pigment interactions, and that the red forms
play a primary role [26].

In the present study we have analysed the product of a single Lhca
gene, Lhca4, in its monomeric state, in the total absence of aggregates.
Still, four lifetimes are necessary to describe the fluorescence decay.
Moreover, it is found that even in mutants lacking the red forms the
decay remains multi-exponential. These data suggest that the
different components are associated to pigment–protein complexes
having different pigment compositions or being present in different
conformations, as was previously proposed for Lhcbs [49]. The
peculiarity of Lhca4-WT is that the different lifetime components
also correspond to different spectra, thus indicating that the
complexes differ in their red form content. One of the possible
explanations is that site 609 coordinates both Chl a and Chl b, while
site 603 only coordinates Chl a as has been proposed previously [16].
The presence of Chl a in the 609 site would lead to large excitonic
splitting between the absorption bands of the 603–609 dimer,
accounting for the 720 nm emission and the slow decay. The
occupancy of the 603 site by a Chl b would instead lead to a smaller
apparent excitonic splitting, whereas the chemical difference be-
tween Chl a and Chl b might lead to an increased CT character, with
the CT state acting as a quencher, thus explaining the short lifetime of
the “blue” conformation. However, this would also imply a difference
in the Chl a/b ratio for the two populations and thus selective
excitation in the Chl a or Chl b bands would produce different
emission spectra. This is not the case, as the emission spectra are
independent of excitation wavelength, apart from some contribution
from free Chls (Fig. 2). It should be concluded that the difference in
red forms in the individual decay components is not due to a different
occupancy of site 609 by Chl a or Chl b.

The data also indicate that the presence of a multi-exponential
decay is not due to variation in the carotenoid occupancy, because the
same decay components are observed both in the presence of lutein
and violaxanthin and in the presence of only lutein. In the complex
containing only lutein the quenched component has higher ampli-
tude, indicating that the carotenoid identity can influence the relative
occurrence of different conformations.

It can thus be concluded that the multi-exponentiality of the
fluorescence decay does not depend on heterogeneity in the pigment
binding of the complexes. Apparently, the pigment–protein complex
can exist in different conformations, in which the relative organiza-
tion of the pigments can differ. In addition, the protein environment
controls the interaction strength within the excitonic dimer respon-
sible for the red forms, thus associating a “blue” or a “red” spectrum to
the different conformations. The “red forms” can thus be seen as a
very sensitive tool to detect conformation changes. Indeed, themixing
of the lowest state of the Chl–Chl dimer with a CT state makes the red
forms energetically very flexible, and small changes in orientation and
distance of the interacting Chls, would have a strong effect on the
spectra.

We have to underline that the multi-exponential decay is a typical
property of Lhca complexes per se, which is not related to the
reconstitution procedure: also the dimers purified from plants exhibit
a similar behaviour although in the native complexes the spectrum is
dominated by the long decay (Wientjes, in preparation). This
difference might be due to the higher structural flexibility of
monomers in comparison to dimers. This is supported by the fact
that the unfolding temperature of monomeric Lhca complexes is 12 °C
below that of dimers [44]. A similar effect can also be observed for
monomeric and trimeric LHCII, with the monomers showing a larger
contribution of a 200 ps decay component [50].

Differences in the emission spectrum of Lhca4-WT were previ-
ously reported upon non-selective (400–690 nm) and selective
excitation of the red forms (>700 nm), with the latter spectrum
showing enhanced red emission [40]. This difference was ascribed to
slow-energy transfer from the red to the bulk Chls. However, this
interpretation is based on the assumption that the sample is
homogeneous and that it can reach an almost equilibrated state. It
is demonstrated here that this is not the case, and that the complex
exists in different conformations characterised by different amounts
of red emission. The data of Jennings et al. [40] can thus be interpreted
considering that excitation above 700 nm is selective for the “red
conformation”, which explains the fact that the spectrum is more red
than the spectrum obtained upon non-selective excitation when
indeed the excitation is distributed over all conformations.

4.2. Are the red forms a quencher?

Previous data showed a strong correlation between the presence
of red forms in the various Lhca complexes and the shortening of the
lifetime, thereby suggesting a quenching effect by a red CT state [26].
However, the analysis of Lhca4 mutants depleted in red forms
demonstrates that the red forms are not acting as a quencher in Lhca4
in solution: the lifetimes of themutants are very similar to those of the
WT.

The results also show that the red forms, although not influencing
the lifetime of the complex, can only be accommodated in the “slow”

conformation. This means that the geometry that allows for a strong
603/609 interaction is incompatiblewith the “quenched” conformation.
Considering that Chl 603 is very close to the xanthophyll in the L2 site
(Fig. 1), as shown by triplet-minus–singlet experiments [51], it is likely
that a change in theoccupationof L2 sitehas aneffect on thegeometryof
Chl 603 and 609, thus changing their absorption properties. This is
exactlywhat is observedwhen theoccupancyof the site is changed from
violaxanthin to lutein. Indeed, Lhca4-Lut shows a difference in the
relative amplitudes of the blue-fast and red-slow components, which is
inverted as compared to the WT. Moreover, Lhca4-Lut also shows less
red absorption and less red-shifted fluorescence in comparison to the
WT. These results strengthen the idea that the different DAS
components originate from different conformations, suggesting that
the presence of lutein disfavours the red conformation, shifting the
equilibrium toward the blue conformation.

It is interesting to observe that the Chl a/b ratio of Lhca4-Lut is
higher than that of the WT, indicating that the presence of lutein is
influencing the binding of a Chl b, or the occupancy of a mixed binding
site. Taking into account previous results which showed that Chl b is
involved [52] or is important for the stability of the red-emitting
forms [21], it can be suggested that a Chl b is needed to stabilize the
conformation which leads to the red forms and that its binding is
destabilized by the presence of lutein/absence of violaxanthin in the
L2 site. This Chl could be Chl 606 and/or 607 (Fig. 1), which is located
close to site L2, making plausible that a different occupancy of the L2
site has an effect on their binding selectivity.

5. Conclusions

In summary:

(1) Lhca4 exists in multiple conformations that are characterised
by different fluorescence lifetimes and spectra.

(2) The “blue conformation” has a short lifetime, while the long
lifetime is associated with the “red conformation”.

(3) The red-emitting forms can only be present in the “slow
conformation” but the “slow conformation” does not depend
on the red forms as it is also present in their absence. (Mutants
Lhca4-N47H and Lhca4-N47L).

(4) The quencher in the “fast-blue conformation” is also indepen-
dent of the red forms, because it is still present in their absence.
In general, the quenched conformation and the red forms are
mutually exclusive.
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(5) The substitution of violaxanthin with lutein changes the
equilibrium between the conformations, favouring the
quenched one. The decrease of red forms in the presence of
lutein is due to a change in the equilibrium between the
conformations.

Based on our results we can thus exclude that the short lifetime of
Lhca4 is related to the presence of red forms. Thus another pigment or
pool of pigments is responsible for the quenching. Interestingly, a
200–300 ps component was observed also in LHCII [50,53] and in the
minor antenna complex CP24 [31]. Considering the high homology of
the spectroscopic properties of most of the pigments in Lhca and Lhcb
complexes, it thus seems plausible that the quenching might have the
same origin in all members of the family.
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