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ARTICLE INFO ABSTRACT

Light drives photosynthesis. In plants it is absorbed by light-harvesting antenna complexes associated with
Photosystem I (PSI) and photosystem II (PSII). As PSI and PSII work in series, it is important that the excitation
pressure on the two photosystems is balanced. When plants are exposed to illumination that overexcites PSII, a
special pool of the major light-harvesting complex LHCII is phosphorylated and moves from PSII to PSI (state 2).
If instead PSI is over-excited the LHCII complex is dephosphorylated and moves back to PSII (state 1). Recent
findings have suggested that LHCII might also transfer energy to PSI in state 1. In this work we used a combi-
nation of biochemistry and (time-resolved) fluorescence spectroscopy to investigate the PSI antenna size in state
1 and state 2 for Arabidopsis thaliana. Our data shows that 0.7 + 0.1 unphosphorylated LHCII trimers per PSI are
present in the stroma lamellae of state-1 plants. Upon transition to state 2 the antenna size of PSI in the stroma
membrane increases with phosphorylated LHCIIs to a total of 1.2 + 0.1 LHCII trimers per PSI. Both phos-
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phorylated and unphosphorylated LHCII function as highly efficient PSI antenna.

1. Introduction

Light energy absorbed by photosystem I (PSI) and photosystem II
(PSII) drives photosynthesis. Along the linear electron transport chain
the photosystems work in series to extract electrons from water and
reduce NADP* to NADPH [1]. As a consequence light energy can be
used most efficiently when the excitation pressure on the two photo-
systems is balanced. However, the light spectrum can change during the
day: For instance, a plant located under a tree may be directly illumi-
nated in the morning when the sun is close to the horizon, whereas it
only receives canopy shade light at midday. Canopy shade light is en-
riched in far-red light, which drives PSI far stronger than PSII [2]. If PSI
is over-excited the plastoquinone pool gets oxidized; instead the plas-
toquinone pool becomes reduced when PSII is over-excited. State
transitions constitute the process which rebalances the excitation
pressure by redistributing the major light-harvesting complex (LHCII)
between PSI and PSII [3,4]. If the plastoquinone pool is reduced Stn7
kinase gets activated and phosphorylates LHCII [5]. A special pool of
LHCII complexes, called “extra” LHCII [6], is mobile and dissociates
from PSII and associates with PSI upon phosphorylation (state 2). When
the plastoquinone pool is oxidized the Stn7 kinase is deactivated and
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TAP38/PPH1 phosphatase dephosphorylates LHCII, which then moves
back to PSII (state 1) [7,8].

In the past few years it has been shown that the mobile LHCII trimer
is composed of Lhcbl,Lhcb2; subunits, and that phosphorylation of
Lhcb2 is required for its association with PSI [9-11]. Indeed, the re-
cently published crystal structure of the PSI-LHCII supercomplex shows
that the phosphorylated threonine of Lhcb2 strongly interacts with the
Psal. subunit of the PSI core and that the N-terminus of Lhcb2 interacts
with the PsaH, PsaL and PsaO subunits [12]. The involvement of these
subunits is in agreement with the strong reduction of state transitions in
plants deprived of these proteins [13,14].

In state-2 conditions at most ~50% of PSI is found in a digitonin
stable PSI-LHCII supercomplex, where the antenna cross section of PSI
is enlarged by one phosphorylated LHCII (LHCII-P) trimer associated at
the PsaH/L/O side of the PSI core [7,13,15-19]. However, an in-
creasing amount of data shows that additional LHCII trimers can as-
sociate with PSI: 1) In a detergent-free membrane preparation from
spinach multiple LHCII trimers were energetically connected to PSI
[20,21]. 2) Even in the absence of phosphorylation LHCII works as an
antenna of PSI [16,22]. 3) In mutants lacking the Lhca light-harvesting
complexes of PSI the extent of state transitions is reduced, indicating a
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role for these proteins in the association of LHCII [22]. 4) PSI-LHCII,
particles with one LHCII trimer at the PsaH and one LHCII trimer close
to Lhca2 were observed with electron microscopy [23]. 5) An LHCIL
trimer to PSI ratio of ~0.8 was found for stroma membranes isolated
from state-1 plants which are devoid of the digitonin stable PSI-LHCII
supercomplexes [24].

Thus far it is not clear to which extent the antenna size of PSI is
enlarged by LHCII under state-1 and state-2 conditions. In this work we
use ultrafast time-resolved fluorescence to investigate how much the
PSI antenna is enlarged by LHCII in intact leaves and isolated stroma
lamellae in state 1 and state 2. The data shows that digitonin-sensitive
LHCII transfers energy to PSI with high efficiency.

2. Materials and methods
2.1. Plant material

Arabidopsis  thaliana (Col) wild type and AStn7 mutant
(SALK_073254) were grown at 80 , 22 °C and 12 h of daylight. Plants of
6 to 8 weeks old were used for the experiments.

2.2. Thylakoid isolation

Plants were illuminated with blue LED light (max. at 467 nm,
FWHM 26 nm) or far-red LED light (max. at 707 nm, FWHM 22 nm) for
45 min to induce state-2 or state-1, respectively. The light intensity was
10 =+ 5umol photons/m?/s. Thylakoid isolation was performed as de-
scribed earlier [25], but with a few modifications in the buffer com-
position. Buffer 1 was composed of 0.4 M sorbitol, 5 mM MgCl,, 20 mM
tricine, 5mM EDTA and 10 mM NaHCOs, buffer 2 of 0.3 M sorbitol,
5mM MgCl,, 20 mM tricine, 2.5mM EDTA and 10 mM NaHCO; and
buffer 3 of 5 mM MgCl,, 2.5 mM EDTA and 20 mM Hepes. To all buffers
10 mM NaF was added to inhibit phosphatase activity.

2.3. Stroma lamellae isolation

Stroma lamellae were isolated according to [26]. In short, freshly
prepared thylakoids were mildly solubilised with digitonin at a final
concentration of 1.0% with a chlorophyll concentration of 0.3 mg/ml.
The grana were pelleted by centrifugation at 40,000g for 30 min, and
the stroma lamellae were separated by centrifugation at 140,000g for
90 min.

2.4. Pigment analysis and PAGE

The absorption spectra of pigments extracted in 80% acetone were
recorded from 350nm to 750 nm and fitted with the spectra of the
individual pigments to obtain the chlorophyll a/b ratio, as described in
[27]. Blue-native PAGE was performed according to [17]. The final
concentration of digitonin was 1% at a chlorophyll concentration of
0.5 mg/ml. Modified Laemmli SDS-PAGE was performed according to
[28]. Phosphorylated proteins were stained with Pro-Q® Diamond
Phosphoprotein Gel Stain (ProQ) and visualised with an Ettan DIGE
imager from GE healthcare after excitation at 540 nm. Subsequently,
the gel was stained with 0.05% Coomassie R in 40% methanol and 10%
acetic acid and imaged with a Universal Hood II from BioRad.

2.5. Stroma lamellae solubilisation and 77 K fluorescence

Stroma membranes at a chlorophyll concentration of 0.25mg/ml
were solubilised with an equal volume of 1% a-dodecylmaltoside (a-
DM) and left for 10 min on ice. To stop the solubilisation 10 parts of
50% glycerol, 5 mM tricine pH 7.8 were added for the 77 K steady-state
fluorescence and 10 parts of buffer 1 for the samples for the streak-
camera measurements. The 77 K fluorescence spectra were recorded on
a Fluorolog 3.22 spectrofluorimeter (HORIBA Jobin Yvon, Longjumeau,
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Fig. 1. Rotating and translating leaf cuvette. For the time-resolved experiments
leaves were placed in a cuvette which rotates and moves sideways as indicated
in the figure. The laser light hits the leave circa 1 cm below the center.

France), after excitation with 470 nm light. The measurements were
performed on samples in a glass Pasteur pipette (path length ~1 mm)
which was placed in a liquid nitrogen containing glass dewar.

2.6. Streak-camera measurements

Time-resolved fluorescence measurements were performed with a
streak-camera system as described previously [29]. Intact A. thaliana
leaves were placed in a circular cuvette that simultaneously rotates and
moves sideways as shown in Fig. 1 and explained in [30,31]. To excite
the leaves pulsed laser light with a repetition rate of 3.8 MHz, a wa-
velength of 400 nm or 483 nm and an intensity of 30 uW, was focussed
on the leaves in a spot with a diameter of ~100 um. A power study
showed that this laser intensity in combination with a rotation speed of
1 rpm and a sideways movement of 2 rpm was high enough to close the
PSII reaction centers and low enough to avoid singlet-singlet annihi-
lation. Prior to the measurements leaves where illuminated for at least
15 min with 15 pmol photons/m?/s of far-red 707 nm LED light to in-
duce state-1, or with 10 pmol photons/m?/s of blue 467 nm LED light to
induce state-2. The LED light remained on during the measurements of
~6 min. Stroma lamellae were measured in a 1 cm X 1 cm cuvette at a
chlorophyll concentration of 20 pg/ml. The sample was continuously
stirred during the measurement. The time-window for all measure-
ments was 2ns.

2.7. Data analysis time-resolved fluorescence

The collected streak images were corrected for background signal
and for spatial variation of detection sensitivity. The corrected datasets
were globally analysed using Glotaran and described with decay-asso-
ciated spectra [32,33]. The spectra measured on leaves were corrected
for reabsorption of the fluorescence by dividing the signal by the
transmission spectra of isolated thylakoids measured with an in-
tegrating sphere. The transmission was normalized such that the
emission of the PSII spectrum at its maximum at ~680 nm was 5 times
as strong compared to the vibrational tail at 720nm [34,35]. The
transmission ranged between 0.7 and 1.0 for all measurements. All
decay associated spectra were normalized to have the same area under
the sum of the spectra. In the leaves two nanosecond lifetimes of 1 ns
and 3 ns were resolved, associated with the same spectral shape of PSII,
e.g. [34]. The sum of both spectra is shown in Fig. 2 together with the
average lifetime calculated as: < t > = TA;*1;, with A, the relative area
under the spectrum i and t; the corresponding lifetime.
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Fig. 2. Fluorescence decay of A. thaliana leaves. Decay-associated spectra of wild-type and AStn7 leaves after 400 nm and 483 nm excitation. The leaves were
illuminated with far-red light (state-1) or blue light (state-2) before and during the measurement.

2.8. Calculation of the change in PSI antenna size upon state transitions

The decay-associated spectra of intact leaves show that upon
400 nm excitation the change in PSI antenna size qTps;, defined as (Fpsy.
state-2 — Fpsr.state-1) / Fpsr.state-2, 1S 0.11 + 0.01 (based on 2 independent
biological replicates). The change in fluorescence of PSI is directly re-
lated to the change in the absorption cross section of PSI If the ab-
sorption of PSI in state 1 at 400 nm is known, then the absorption can
be calculated for state-2. According to the analysis of the stroma
membranes the PSI antenna size is enlarged by 0.7 LHCII trimers in
state 1. The absorption spectra normalized to the number of chlor-
ophylls (Fig. 6) show that at 400 nm the absorption of PSI is Abspg;
400nm = 1.664 (arbitrary units) and that of LHCII is Absiycy
400nm = 0.417 a.u.. As such the PSI absorption is
1.664 + 0.7%0.417 = 1.955 a.u. in state-1. The difference in absorption
between state 2 and state 1 is given by the number of LHCII trimers (1)
that associate with PSI upon transition to state-2 and the LHCII ab-
sorption at 400nm (Absiucr 400nm)- Hence, qTps; = n*0.417 /
(1.955 + n*0.417) = 0.11 + 0.01. It follows that n = 0.58 * 0.06. The
calculations are the same for 483nm excitation, with Abspg
483nm = 0.931 and Abs;rcir 483 nm = 0.572.

3. Results
3.1. Quantifying state transitions with time-resolved fluorescence

The conventional method to measure state transitions is pulse am-
plitude modulated (PAM) fluorescence. With this method the relative
antenna size of PSII is estimated from the fluorescence level during a
saturating light pulse which closes the PSII reaction centers. The
fluorescence quantum yield of PSI is low [21,36-40] and virtually in-
dependent of the open/closed state of the reaction center [41]. As such,
the contribution of this photosystem to the total fluorescence is small
and usually neglected. Another way to quantify state transitions is time-
resolved fluorescence with a streak camera. The advantages of this
method are that both temporal and spectral information is acquired and
that changes in the antenna size can be quantified for both

photosystems.

Wild-type and AStn7 A. thaliana leaves, which lack the LHCII kinase,
were placed in a rotating and translating circular cuvette (see Materials
and Methods for details). The movement of the cuvette in combination
with the intensity of the laser light was chosen such that the PSII re-
action centers were closed by the laser light. In this condition the
fluorescence of PSII decays on the ns timescale, while the fluorescence
of PSI decays in < 100 ps. Leaves were illuminated with 15 pmol pho-
tons/m?/s far-red light to induce state 1 or with 10 umol photons/m?/s
blue light to induce state 2. Two laser excitation wavelengths were
used, 400 nm and 483 nm. At 483 nm LHCII, which is rich in chlor-
ophyll b, is preferentially excited, while 400 nm is rather unselective for
either PSI, PSII or LHCII. The wavelength-dependent fluorescence decay
was described by decay associated spectra (Fig. 2). After 400 nm ex-
citation the shortest lifetime of ~10 ps is associated with a spectrum
with a positive maximum around 680nm and a negative maximum
around 730 nm. This reflects transfer of excitation energy from chlor-
ophylls emitting at 680 nm to red-shifted chlorophylls emitting around
720 nm, typical for PSI [42]. The second spectrum is associated with a
lifetime of 80-90 ps and shows a maximum around 720 nm, which re-
flects excitation-energy trapping by PSI [21,36-40]. The last spectrum
has an average lifetime of 1.4 ns and represents the fluorescence decay
of PSII with closed reaction centers [30,34]. In wild-type leaves the
antenna size of PSII decreases in state-2, as compared to state-1, while
the opposite change occurs in PSI. The level of state transition can be
quantified based on the fluorescence drop of PSII, called qT [43]. The
total PSII emission is given by the area under the PSII spectrum, thus
qTpsi = (Fpsistate-1 — Fpsiistate-2) / Fpsirstate-1- And in analogy we can
also quantify the relative change in antenna size of PSI, qTps; = (Fpsy.
state-2 — Fpst.state-1) / Fpsestate-2. After 400nm excitation qTpg is
0.11 = 0.01 and qTpgy is 0.12 = 0.01. The qTpsy value is in good
agreement with the results based on PAM measurements (see e.g.
[6,22]). Furthermore, a similar change in the antenna size of PSI and
PSII during state transitions is in agreement with a relative antenna size
ratio of PSI vs PSII of ~1 [34,44]. For AStn7 leaves, the qT parameters
after 400 nm and 483 nm excitation were both close to zero (<0.01) as
anticipated in absence of the LHCII kinase [5]. The stronger excitation
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of LHCII at 483 nm is expected to result in larger changes of the PSI and
PSII antenna absorption upon state transitions. This is indeed observed
for wild-type leaves (Fig. 2C). The qT value for PSII is 0.14 = 0.01 and
qTpgr is even 0.19 *+ 0.01. The 80-90 ps state-2 spectrum of PSI shows
the strongest increase at 680 nm relative to state-1, which can be as-
cribed to the emission of LHCII which has its fluorescence maximum at
this wavelength [21,45].

3.2. Digitonin sensitive LHCII is present in stroma lamellae of state-1 and
state-2 plants

The thylakoid membranes of plants illuminated with far-red or blue
light were isolated. The membranes were digitonin solubilised and run
on a blue-native PAGE gel (Fig. 3A). After far-red light treatment the
PSI-LHCII complex was nearly undetectable, while it was present after
blue light treatment, showing that state 1 and state 2 were successfully
induced. Next, the stroma lamellae from state-1 and state-2 thylakoids
were isolated [46]. The protein composition was analysed by SDS-PAGE
followed by Coomassie staining, while Pro-Q diamond stain was used to
analyse the degree of protein phosphorylation. The gel shows that
LHCII is present in the stroma of state-1 plants (Fig. 3B). This LHCII is
virtually unphosphorylated, in agreement with the absence of PSI-
LHCII supercomplexes (Fig. 3A). Unphosphorylated LHCII is also found
in the stroma lamellae of the AStn7 mutant, which lacks the LHCII ki-
nase. LHCII gets phosphorylated upon transition to state 2 and the in-
tensity of the LHCII Coomassie band increases with respect to the PSI
Lhca antennas. The chlorophyll a/b ratio of 4.5 of the state-2 mem-
branes is lower than that of the state-1 (chlorophyll a/b is 5.6) and
AStn7 (chlorophyll a/b is 5.8) membranes, in agreement with a higher
LHCII to PSI ratio and the association of LHCII with PSI (Fig. 3). There
are also some PSII core proteins present in the stroma lamellae samples,
which is expected because the stroma lamellae is the site where PSII
core repair and assembly takes place [47]. Based on the protein com-
position it is not clear if the LHCII present in state-1 membranes
functions as antenna of PSI and/or PSIIL.

3.3. LHCII transfers energy to PSI in state-1 and state-2 stroma lamellae

Low-temperature (77 K) fluorescence was used to investigate if
LHCII in the stroma lamellae transfers energy to PSI and/or to PSIL. The
samples were measured before and after solubilisation with a-dodecyl
maltoside (a-DM). Upon excitation of the intact membranes with
470 nm light the main fluorescence emission band has its maximum
around 735 nm (Fig. 4). This is the emission maximum of PSI at 77 K
and thus indicates that LHCII transfers excitation energy to PSI [15,21].
The small peak at 680-690 nm arises from LHCII and PSII complexes,
which do not transfer energy to PSI. Upon solubilisation with a-DM
LHCII disconnects from PSI and now shows fluorescence with a

phosphorylated, while phosphorylated LHCII (P-LHCII) is
found in state-2 membranes. The chlorophyll a/b ratio is
based on 2 measurements, the standard deviation was < 0.03
for all samples.

maximum at 680 nm [15]. The level of LHCII fluorescence relative to
PSI is very similar for AStn7 and wild-type state-1 stroma lamellae,
while it is about 1.7 times higher for state-2 membranes, as such con-
firming that more LHCII is present in state-2 membranes than in state-1
membranes.

3.4. Efficient energy transfer from LHCII to PSI in state-1 and state-2
stroma lamellae

Time-resolved fluorescence streak-camera measurements were used
to investigate the energy transfer between LHCII and PSI in the stroma
membranes. The fluorescence decay was measured after excitation with
400 nm light. The data is described by three decay-associated spectra as
presented in Fig. 5. For the intact membranes (0% a-DM) the spectrum
associated with a lifetime of 16-20 ps shows a typical excitation-energy
transfer spectrum, with positive and negative amplitudes, and can be
ascribed to energy transfer between the bulk chlorophylls of PSI and
LHCIIL, and the red-shifted chlorophylls of PSI. The spectrum with a
lifetime of 83-96ps and a maximum at ~720nm arises from the
trapping of excitation energy by PSI. The 3rd spectrum, with a lifetime
of 0.38-0.48ns has PSII character and can be ascribed to a small
amount of PSII complexes present in the stroma lamellae. Upon solu-
bilisation with 0.5% a-DM the amplitude of the PSI trapping spectrum
drops, indicating that the PSI antenna size decreases when LHCII dis-
sociates. A new spectrum with a lifetime of ~3.7 ns and a maximum at
680 nm appears. This spectrum can be ascribed to LHCII in a-DM mi-
celles, which indeed decays with this lifetime [48,49]. The 0.38-0.48 ns
lifetime observed in the membranes is no longer resolved. The lifetime
of these PSII complexes probably increased upon solubilisation and as
such cannot be separated from the ~3.7 ns component. The shortest
lifetime, which was ascribed to energy transfer in the intact mem-
branes, now shows a mixture of excitation-energy trapping by PSI and
energy transfer within PSI.

The area under the decay-associated spectra directly relates to the
relative absorption cross section at the excitation wavelength of 400 nm
(Table 1). If the 16-20 ps DAS is conservative, i.e. the positive part is
equal to the negative part, this means that there is only excitation-en-
ergy transfer between the bulk chlorophylls a emitting around 680 nm
and the red-shifted chlorophylls emitting around 720 nm. If the positive
part is larger than the negative part, it may be that excitation-energy is
also trapped by PSI. The net area of the 16-20 ps DAS was added to the
83-96 ps DAS to get the total PSI absorption cross section. The change
in PSI antenna size upon disconnection of LHCII is smallest for the
AStn7 and wild type state-1 stroma lamellae and largest for the wild-
type state-2 membranes. The number of LHCII trimers transferring
energy to PSI in the membrane can be calculated based on the relative
absorption of LHCII and PSI and the change in PSI antenna size. Fig. 6
shows the absorption spectra of PSI and LHCII normalized to the
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number of chlorophylls they coordinate, e.g. 156 for PSI and 42 for
LHCIL The absorption of PSI at 400 nm is four times larger than that of
an LHCII trimer. The relative antenna size of PSI with LHCII attached in
the stroma membranes versus PSI in solution (Table 1) can now be used
to calculate how many LHCII trimers transfer energy to PSI in the
stroma membranes. For instance, the 1.14 + 0.04 times larger PSI an-
tenna size in AStn7 stroma membranes compared to that of PSI in so-
lution indicates that 0.14*4 = 0.5 + 0.1 LHCII trimers are present per
PSI in this sample. In state-1 membranes the calculation shows that
0.7 = 0.1 LHCII trimers are present per PSI and in state-2 membranes
1.2 + 0.1 LHCII trimer per PSI (Table 1).

Table 1
Number of LHCII trimers associated with PSI in stroma lamellae. The areas
under the decay-associated spectra from Fig. 5 with lifetimes of ~20 ps and

~90 ps are related to the PSI-LHCII antenna size in intact membranes (0% a-

DM) and to the PSI antenna size when LHCII is detached by membrane solu-
bilisation (0.5% a-DM). The relative change in the PSI antenna size is used to
calculate the number of LHCII trimers associated per PSI in the membrane. The
average PSI-LHCII and PSI lifetimes < t > are given. The average lifetimes are
used to calculate the efficiency of energy trapping by PSI after excitation with

400 nm light (@ps; 400nm)- The standard deviation (SD) values are based on two
biological replicates.

ip s Sample Antenna size: LHCII trimers <1 > PSI- @pst 400nm
The avere}ge PSI .ﬂuorescence lifetimes .wer.e used to calculate the PSLLHCI/ PSI  per PSI +SD  LHCI and PSI  SD
energy trapping efficiency of PSI (¢ps;) considering a loss rate of 0.4 /ns +SD
[49]. The trapping efficiency is close to unity for all samples, including
the state-2 membranes where the PSI antenna size is enlarged by 1.2 Stn7 0% 114 £ 0.04 0501 84+1ps  96.6=0.1%
: : : Stn7 0.5% 68 £0.3ps 97.3 = 0.01%
LHCII trimers. This shows that LHCII is a v PSI antenna.
CII trimers s shows that LHCII is a very good PSI antenna St1 0% 1.16 + 0.03 0.7 £0.1 88+4ps  96.5% 0.1%
Stl 0.5% 72 *+ 5ps 97.1 = 0.2%
St2 0% 1.31 = 0.04 1.2+0.1 102 = 7 ps 95.9 £ 0.3
4. Discussion St2 0.5% 76 + 1ps 97.0 + 0.03

4.1. LHCII is an efficient antenna of PSI under state-1 conditions

LHCII has classically been considered as an antenna of PSII which
moves to PSI under special light conditions which over-excite PSII. We
have already shown in the past that a considerable fraction of PSI is
found in digitonin stable PSI-LHCII supercomplexes under normal grow
light conditions [19]. In these complexes LHCII is phosphorylated and
associates with PSI at the PsaH/L/O side [12,15,18]. However, recent
reports have indicated that LHCII also transfers energy to PSI in state-1,
e.g. when PSI is over-excited and LHCII is not phosphorylated
[16,22,24]. Using time-resolved fluorescence measurements we have

now determined that 0.5-0.7 = 0.1 LHCII trimers are present per PSI
in wild-type state-1 and Stn7 stroma membranes, in good agreement
with the value of 0.8 reported by Bressan et al. for state-1 stroma
membranes based on biochemical quantification [24] and with the
presence of LHCII in state-1 stroma membranes [54]. Our data shows
that this digitonin sensitive unphosphorylated LHCII transfers its energy
to PSI with high efficiency.

Fig. 5. Fluorescence decay of stroma la-

A Stn7 B WT st1 c WT st2 mellae. Decay-associated spectra of AStn7
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Fig. 6. Absorption of PSI and LHCII normalized to 156 [50,51] and 42 [52]
chlorophylls, respectively, considering a chlorophyll a/b ratio of 8.5 for PSI and
1.3 for LHCII as in [2] and a 0.7 times weaker oscillator strength of chlorophyll
b in the Qy region from 630 to 750 nm [53]. The absorption at 400 nm is in-
dicated with an arrow.

4.2. How much does the PSI antenna size change during state transitions?

Time-resolved fluorescence on leaves does not only show the change
in antenna size of PSII upon state transitions, but also that of PSI. The
change in PSI antenna size or qTpg; can be used to calculate how much
LHCII moves from PSII in state-1 to PSI in state-2 in intact leaves. The
amount of PSI fluorescence is directly related to its antenna size. In
state-1 the antenna size of PSI in the stroma membranes is enlarged by
0.7 = 0.1 LHCII trimers (see Results Section 3.4). The absorption of
PSI + 0.7 LHCII at 400 nm can be calculated based on the normalized
absorption spectra of PSI and LHCII in Fig. 6. From the qTps; value of
0.11 +£ 0.01 it follows that the PSI antenna is increased with
0.58 + 0.06 LHCII trimers in state-2 as compared to state-1 (see
Materials and Methods for details). At 483 nm excitation qTps; was
0.19 + 0.01, and based on the absorption cross sections of PSI and
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LHCII at this wavelength the enlargement of PSI in state-2 is
0.55 = 0.04 LHCII trimers. Thus the two results based on excitation at
400 nm and 483 nm are consistent. The total number of LHCII trimers
per PSI in state-2 is ~1.3 according to these calculations, close to the
measured value of 1.2 + 0.1 LHCII trimers found in the stroma mem-
branes. These calculations are based on the PSI antenna size in stroma
lamellae in state-1, but what if the average number of LHCII trimers is
different in the entire thylakoids? In the extreme case that there would
be no LHCII associated with PSI in state-1, the calculations indicate that
0.49 + 0.05 (400 nm excitation) or 0.38 + 0.03 (483 nm excitation)
LHCII trimers associate with PSI upon state-1 to state-2 transition. If
instead already 1 LHCII trimer would be present per PSI in state-1, then
the increase would be 0.62 = 0.05 LHCII (based on both excitation
wavelengths) upon transition to state-2. It is as such safe to assume that
the PSI antenna size increases by 0.5 + 0.1 LHCII trimers upon transi-
tion to state-2. Indeed, this is close to the fraction of digitonin stable
PSI-LHCII supercomplexes observed in state-2 membranes [17,19,22].
It can thus be suggested that the enlargement of the PSI antenna size in
state-2 is largely caused by the association of LHCII-P at the PsaH/L/O
side of PSI, although a fraction of LHCII-P might associate with PSI at
other positions. Association of LHCII at other positions, such as the Lhca
antennae [22,23], could explain why APsaH/L mutant plants still show
20-30% state transitions as compared to the wild-type level [13,22].

Is the change in PSI antenna size consistent with that of PSII? In this
study we did not measure the PSII antenna size. However, we have
shown previously that PSII of A. thaliana plants grown under moderate
light conditions is mainly composed of a dimeric core, 2 S-trimers and 2
M-trimers, called C,S,M, [6,55,56]. Also it was shown that the mobile
LHCII trimers involved in state transitions are not part of the C,S,M,
supercomplex [6,15]. Assuming that the PSI/PSII core ratio is close to
unity [44], this means that the PSII antenna size should be enlarged by
at least 0.5 + 0.1 “extra” LHCII trimers in State-1. Based on the qTpgy
values (0.12 at 400 nm and 0.14 at 483 nm) and on the absorption
spectra of LHCII (Fig. 4) and of C5SsM, [25] (coordinating 157 chlor-
ophylls per monomer [57]) it follows that the PSII antenna size de-
creases with 0.48-0.56 LHCII trimers per PSII core upon state-1 to state-
2 transition. This value is consistent with the calculated increase of the
PSI antenna size of 0.5 = 0.1 LHCII trimers per PSI.

Fig. 7. Model of state transitions in A. thaliana plants. CoS>Mo
Grana Stroma lamellae PSII complexes (dark green) are located in the grana mem-
branes and PSI complexes (light green) in the stroma lamellae.
9, * gt In state-1 conditions unphosphorylated “extra” LHCII trimers
(red) enlarge the antenna cross section of both PSI and PSII.
@ X e Upon over-excitation of PSII the “extra” LHCII trimers in the
rana become phosphorylated (P) by Stn7 and move to the
8 y y
=) * * stroma membrane to associate with PSI at the PsaH/L/O side
State 1 . : :
@ Q@ » * (black star). Some P-LHCII might also associate with PSI at
@ another position. (For interpretation of the references to
o (&) colour in this figure legend, the reader is referred to the web
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4.3. Updated model for state transitions

Fig. 7 summarises our present view of state transitions in A. thaliana
plants grown under normal light conditions. In state-1 C,S,M, PSII
supercomplexes are located in the grana membranes [55,58]. The ab-
sorption cross section is enlarged by “extra” LHCII trimers of which the
position with respect to the PSII supercomplex is unclear [6,15]. In the
stroma membranes about 0.6-0.7 unphosphorylated LHCII trimers per
PSI enlarge the antenna cross section of PSI. The location of these
LHClIIs is not known, although it has been suggested that they interact
with the Lhca antennae [22,23]. On the other hand Bressan et al. found
multiple LHCII trimers per PSI in stroma membranes from ALhca mu-
tant plants, which suggests that LHCII can also interact with the PSI
core [24]. The interaction between LHCII and PSI might also be un-
specific, as LHCII complexes seem to cluster whenever they are in a
membrane [59]. Upon the transition to state-2 conditions the “extra”
LHCII trimers composed of Lhcb1,Lhcb2; isoforms get phosphorylated
at Lhcb2 [9,10] and associate with PSI at the PsaH/L/O side [12,15,18].
Some LHCII-P might also associate with PSI at other positions, which
could explain the residual state transitions in APsaH/L plants [13]. In
total an average of 1.2-1.3 LHCII trimers transfer energy to PSI in state-
2. About one out of three LHCII trimers from the C,S,M, super-
complexes also gets phosphorylated [9]. The phosphorylation level of
LHCII is lower in the grana core compared to the periphery of the grana
[9]. Phosphorylation of the S- and M-trimers might facilitate the dis-
sociation of the “extra” LHCII trimers from the PSII supercomplex
[55,60].

4.4. Open questions

The observation that unphosphorylated LHCII is present in state-1
stroma membranes opens up new questions. Do these LHCII trimers
have specific post-translational modifications directing them to the
stroma lamellae? At which side do they associate with PSI? How does
this LHCII affect the wavelength dependence of the excitation balance
between PSI and PSII [2]? If plants grow under low light the LHCII
content increases, and it has been assumed that this LHCII enlarges the
antenna cross section of PSII and only that of PSI by the association of
LHCII-P in state-2 conditions [19]. However, in light of the data pre-
sented here it can be hypothesized that the PSI antenna size is already
larger in low light grown plants by elevated LHCII levels in the stroma
membranes. Further research is required to answer these questions.
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