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CHAPTER 1

1.1 General Introduction

Photosynthesis is the conversion of sunlight energy into chemical energy by many living organisms
such as plants, green algae and cyanobacteria [1, 2]. During photosynthesis, carbohydrates (glucose,
fructose, starch...) and oxygen (as a by-product) are synthesized by using carbon dioxide and water
[3]. Carbohydrates and oxygen are very important compounds for aerobic organisms because they are
the main substrates for respiration, which is the energy-producing process for all aerobic living
organisms [4]. At the end of the respiration, carbon dioxide and water are released and together with
respiration, photosynthesis acts as part of a cycle and serves as a vital connection between the energy

from the sun and all living organisms [4].

In plants and green algae, photosynthesis takes place in organelles named chloroplasts. Chloroplasts
are ellipsoidal organelles with a diameter of 5-10 um and thickness of 3-4 um and contain a thylakoid
membrane, which is a matrix of interconnected photosynthetic membranes [5]. Thylakoid membranes
consist of highly organised pigment-protein complexes and electron carriers; Photosystem II (PSII),
Cytochrome b6f (cyfbef), Photosystem I (PSI) and ATP synthase [5], embedded in a lipid bilayer.
Photosynthesis proceeds in two main steps, the light reactions and the dark reactions [1, 6, 7]. The
photosynthesis process starts in the thylakoid membranes with the light reactions, and at the end of the
light reactions ATP, NADPH and oxygen are synthesized [1, 7]. Then the ATP and NADPH are used
in the dark reactions to synthesize carbohydrates, which form one of the most important energy

sources on Earth [6].
1.2 Electron flow in light reactions

During the light reactions, the light absorbed by the photosystems induces electronic excitations,
which lead to charge separation in the reaction centres of PSI and PSII located in the cores of the
photosystems [8-14]. These photosystems are essential for photosynthetic electron transport, which
operates in two different modes, cyclic electron flow and linear electron flow, to provide ATP and

NADPH for the Calvin-Benson cycle in dark reactions (Figure 1). [15, 16].
1.2.1  Linear Electron Flow

The linear electron flow starts with the absorption of light by PSII. Part of the captured light energy by
PSII-LHCII complex is transferred to PSII core — P680 (Primary electron donor absorbing at 680 nm)
and then the P680 is photo-oxidized and donates an electron to the primary electron acceptor of PSII
(pheophytin) [1, 13, 15, 17]. The electrons released from P680 are replenished by electrons which
become available during the process of splitting water into hydrogen ions and oxygen [18]. After
photo-excitation of PSII, electrons are transferred to PSI via a number of electron carriers and
cofactors (plastoquinone, plastoquinol, cyt bsf and plastocyanin) [18]. The electrons are transferred to

cytbef by plastoquinol. Then, the electrons follow two separate paths. A part of electrons goes to
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Figure 1. Schematic model of electron transport chain (dashed arrows) of oxygenic photosynthetic
organism, the upper part represents linear electron transport and the lower part represents cyclic
electron transport, Abbreviations: PSI, Photosystem I; PSII, Photosystem II; PQ, plastoquinone; PC,
plastocyanin; Cyt b, cytochrome b6f complex; ATPase, ATP synthase.

plastocyanin and arrives at PSI-LHCI complex afterwards. The other part of electrons are transferred
to plastoquinone (PQ) pool in stroma side (Q-cycle) and protons are released from stroma to lumen to
create a proton gradient across the thylakoid membrane along with hydrogen ions which are extracted
from water. This proton gradient drives synthesis of ATP via ATP synthase. At the same time, PSI-
LHCI complex absorbs light and transfers it to the PSI core-P700 (Primary electron donor absorbing at
700 nm) [13]. Then, P700 is photo-oxidized and donates an electron to the primary electron acceptor
of PSI[3]. The electrons released from P700 are replenished by the electrons which come from PSII.
The photo-excited electrons are transferred through ferrodoxin via a second electron transport chain
[3]. Finally, NADP" reductase catalyses the electron transfer from ferrodoxin to NADP* and NADPH
is synthesized [3].

1.2.2  Cyclic Electron Flow

Cyclic electron flow takes place around PSI and during the process, electrons from PSI core are

transferred to an electron carrier, ferrodoxin [19]. Then, a second electron carrier, plastoquinone,
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transports electrons to cyt bgf. During the process, energy is provided to create a proton gradient across
the membrane which is used to synthesize ATP [19]. Finally, the electrons transferred to P700 by

plastocyanin and the electron flow is completed [19, 20].
1.3 Photosystems in plants and green algae

As mentioned above, light capture and subsequent charge separation processes occur in photosystems
I and II (PSI and PSII) [13, 14, 21]. In plants and green algae both photosystems consist of a pigment-
protein core complex surrounded by outer light-harvesting complexes (LHCs) [13, 14]. Both
photosystems contain light-harvesting pigments (chlorophylls and carotenoids ) and proteins;
however, the composition and organization of pigments and proteins differ for each photosystem as

well as for each organism [13, 14].

Figure 2 Membrane organization of PSII in Arabidopsis thaliana. The core of PSII consists of
reaction center (D1/D2) together with CP47 and CP43. Minor antenna complexes (CP24, CP26 and
CP29) with the major antenna complexes LHCII (dark green) form peripheral antenna that surrounds
the core. The binding strength of trimeric LHCII at different locations is strong (S) or moderate (M)
PSII structure is based on the study of Caffari et al [22, 23].



General Introduction

1.3.1 PSII-LHCII complex

PSII-LHCII is a large supramolecular pigment-protein complex located in the thylakoid membranes of
plants and green algae. Its reaction center (RC) consists of several subunits carrying the cofactors for
electron transport and forms, together with the proteins CP43 and CP47 a so-called core complex
(Figure 2.) [24, 25]. Besides carotenoids, each PSII core monomer contains 35 chlorophylls a. Core
complexes usually form dimers (C,), which usually bind a variety of nuclear-encoded light-harvesting
proteins (Lhcbs) : These outer Lhcbs consist of various components : The major light-harvesting
complex LHCII (a trimer) harbours 12 carotenoids (Cars) and 42 chlorophylls (Chls), 24 of which are
Chls a and the rest is Chls » [26]. Amongst all, the chl a pigments are largely responsible for
excitation energy transfer (EET) to the PSII RC. The minor monomeric antennae, CP29 and CP26 are
located in close connection to the core, and seem to mediate the binding of an LHCII trimer (strongly
bound), thus forming the basic PSII-LHCII structure C,S, [27]. In C. reinhardtii, it was recently
shown that the PSII-LHCII complex contains three LHCII trimers per monomeric core [28]. In
addition there are usually 3-4 extra LHCII trimers present per monomeric core [29]. Moreover, in
higher plants another monomeric subunit (CP24) binds the PSII core and the amount of LHCII in the
plant membranes is variable and usually ranges from ~2 to ~4 trimers per PSII core, most of which are
functionally connected to PSII, although part is also associated with PSI [30] . Besides light
harvesting, the outer antenna of PSII plays a crucial role in photoprotective and regulatory
mechanisms such as limiting the level of Chl triplet states [31-33], scavenging of reactive oxygen

species [34] and activating non-radiative de-excitation pathways [35].
1.3.2 PSI-LHCI complex

PSI-LHCI is a large pigment-protein complex which is located in thylakoid membranes like PSII-
LHCII [36]. PSI-LHCI is organized differently in plants and green algae [36-39]. The green alga C.
reinhardtii contains monomeric PSI core complexes which consist of two large protein subunits
(PSAa and PSADb) that bind around 100 Chls a and surrounded by 14 protein subunits [40]. PSI core
in plants binds 4 LHCs (Lhcal-4) [36]. However, In C. reinhardtii PSI antenna size differs and there
are 9 Lhca’s per PSI thereby extending its light harvesting capacity [40]. Despite the fact that LHCI
and LHCII show high genetic sequence homology, there is an important difference between them.
LHCI contains low-energy chlorophylls, so called “red chlorophylls” [10, 41-43]. These red
chlorophylls absorbs light above 700 nm and are responsible for uphill energy transfer to P700 in the
PSI reaction center [42-44].
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Figure 3. A simplified cartoon of the
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1.4 State transitions

For optimal linear electron transport from water to NADP" a balance is needed for the amount of light
absorbed by the pigments in the two photosystems. Although both PSI and PSII contain Chls and Cars,
their absorption spectra differ, with PSII being more effective in absorbing blue light and PSI in
absorbing far-red light [46-48]. Because the intensity and spectral composition of light can vary,
organisms need to rapidly adjust the relative absorption cross sections of both PSs. This regulation
occurs via so-called state transitions, and it involves the relocation of Lhcs between PSII and PSI [49].
In higher plants, it is generally accepted that most of the LHCII is bound to PSII in state 1, while in
state 2, which can be induced by overexciting PSII, part of LHCII (around 15%) moves to PSI [49,
50]. However, it should be noted recently that this dogma was disputed by Wientjes et al. who showed
that in most conditions one LHCII trimer is attached to PSI and only under stress conditions it moves
to PSII [30]. State transitions are regulated by the redox state of the PQ pool via the reversible
phosphorylation of LHCII [49, 51-54]. On the other hand, the green alga C. reinhardtii is thought to
exhibit state transitions to a far larger extent than higher plants. The widely accepted view is that
during the transition from state 1 to state 2, 80% of the major antenna complexes dissociates from PSII

and attaches to PSI (Figure 3) [45].

The possible mechanisms for reorganisation of LHCII upon state transitions in Chlamydomonas
reinhardtii have been discussed for several decades [45, 55-66]. For a long time people adhered to the

opinion that upon the transition from state 1 to state 2, 80% of LHCII detaches from PSII and attaches
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completely to PSI in Chlamydomonas reinhardtii [45, 57]. However, our recent work based on in vivo
time-resolved fluorescence kinetics for state-locked cells disputed this view [65]. In our study, it was
concluded that the changes in the PSI structure upon state transitions are minor, whereas LHCII is
most likely partly detaching from PSII and becoming [65] although also those changes are not very
large quenched (will be discussed in detail in Chapter 2). Even more recently, Nagy et al. confirmed
this conclusion [66]. Also, in an early fluorescence kinetics study on the green alga Scenedesmus
obliquus, it was shown that the changes in the PSI structure are minor upon state transitions [67].
Altogether, these studies do not support the view that the detached LHCII completely attaches to PSI
[45] but they support an early view of Allen, who suggested that the detached LHCII goes into a

thermal energy dissipative mode upon state transitions [49].
1.5 Quantum Dots: possible antenna systems for Artificial Photosynthesis

The foreseen “energy crisis” related to complete consumption of fossil-derived fuels on Earth is
getting closer; however, most of our industry and economy still depends on fossil-derived fuels [68-
71]. To overcome the energy problem, alternative energy sources are set to be used, such as nuclear
energy, wind energy, solar energy, etc [71]. Amongst the alternative energy sources, the “clean
energy” sources are of most interest in order to preserve nature and the Earth ecosystem [72].
Photosynthesis is one the cleanest energy sources on Earth and there are series of on-going studies
about understanding and benefiting more from photosynthesis [73, 74]. Moreover, nowadays
“artificial photosynthesis” is becoming a more and more popular research [75-81]. Artificial
photosynthesis is a photocatalytic water splitting process which splits water into hydrogen ions and
oxygen by using sunlight [75-81]. Since the discovery of water splitting using titanium dioxide in the
1970s [82], numerous studies have been performed to develop systems for photocatalysis and artificial
photosynthesis [75-81, 83]. To design a system that performs artificial photosynthesis, it might for
instance be possible to mimick the structural and functional organisation of natural photosynthesis
[75-81]. In natural photosynthesis, chlorophylls and carotenoids are used as light absorbing pigments
[1, 2]. For artificial photosynthesis, chlorophylls and carotenoids are replaced with several different
synthetic materials which can act as light absorbing materials such as ruthenium complexes, rhodium
complexes, iridium complexes, platinum complexes, porphyrin complexes and quantum dots [75-81].
Amongst all others, quantum dots have a great advantage with their ability to collect light over a wide

spectral window and being very efficient in excitation energy transfer [84, 85].

Quantum dots are defined as semiconductor nanocrystals comprised of groups II-VI or III-V

elements, and are described as particles with physical dimensions smaller than the exciton Bohr radius

(Figure 4.)
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Figure 4. Transmission electron microscopy (TEM) image (left) and fluorescence under UV light
(right) of CdSSe quantum dots. The diameter of quantum dot is around 4 nm. The fluorescence of
CdSSe quantum dot changes from violet to green depending on the size of quantum dot [86]

[87-90]. They possess unique photophysical properties such as high quantum yields (varies from 20%
to 90% depending on size and structure), enhanced photostability compared to organic dyes, size and
composition dependent emission and absorption spectra [84-86, 91, 92]. Quantum dots are of interest
because they are used in many different application areas such as solar cells, cancer research, LED
(Light emitting diodes), lasers, artificial photosynthesis [84-86, 91-93]. Recent studies showed that
quantum dots can indeed be a good alternative as a light harvesting molecule in artificial
photosynthesis systems [85, 94, 95]. Moreover, surface properties of quantum dots can be modified
[96] and quantum dots can be attached to complex biological photosynthetic systems, such as reaction

centers, which can allow to tune or enhance light-harvesting properties of natural photosynthesis [85] .
1.6 Experimental Techniques

Chlorophyll fluorescence is often used to investigate the photosynthetic performance in vivo and in
vitro [1, 2, 97], making use of the fact that each complex has its own characteristic emission behaviour
[1, 2, 97]. However, the charge separation in photosystems and the energy transfer between
photosystems occur extremely fast (ranging from picoseconds to nanoseconds) and steady-state
fluorescence techniques are not enough to study energy transfer in photosynthesis. Therefore, to
provide both quantitative and functional information about the fast processes of the photosystems,
time-resolved fluorescence spectroscopy can be used [22, 30, 98-100]. In time-resolved (picosecond)
fluorescence spectroscopy, the fluorescence intensity is recorded as a function of time after excitation

by short laser pulses and energy transfer between chlorophyll molecules can be tracked [1].

In this thesis, fluorescence kinetics of photosystems are detected by time-correlated single-photon

counting (TCSPC) and streak camera. In chapter 2 and chapter 4, TCSPC is used and in chapter 3 and
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5, a streak camera is used to detect the fluorescence kinetics. Both TCSPC and streak camera have
their own advantages. With a streak camera, it is possible to record the temporal evolution of the entire
emission spectrum within a single measurement. In addition, the time resolution of streak camera is
around 2-10 ps[101]. On the other hand, TCSPC can record a fluorescence trace only for a single
wavelength and the instrument response function can be 30 ps at best [102] . However, the sensitivity
of the TCSPC setup is far higher than for the streak camera which allows us to use very low laser
powers to excite the samples [103]. Also, the time window of TCSPC (12 ns) is longer as compared to

that of the streak camera (2 ns) which allows detection of longer lifetimes more accurately.

Also, in chapter 2, fluorescence lifetime imaging microscopy (FLIM) is used to monitor the C.
reinhardtii cells. FLIM is a combination of two techniques; TCSPC and microscopy. In a FLIM
image, each pixel contains two different types of information; a fluorescence decay curve detected
with the use of TCSPC and the fluorescence intensity [104, 105]. FLIM is a powerful technique to

distinguish inhomogeneities of the fluorescence kinetics in a cell or a cell culture [65].
1.7 This Thesis

To optimize their photosynthetic performance most oxygen-evolving organisms are able to shuttle
light-harvesting pigment-protein complexes between photosystems I and II. These photosystems work
in series to transform light energy into chemical energy. It is generally accepted that 80% of the light-
harvesting complexes is participating in the reorganization in the green alga Chlamydomonas
reinhardtii, a model organism for photosynthesis research. However, in this thesis we demonstrate that
such a large remodeling does not occur. Light-harvesting complexes can indeed detach from
photosystem II but only a small fraction subsequently attaches to photosystem I. This phenomenon has
significant implications for our way of thinking about the efficiency of regulation in photosynthesis.
Besides reorganization of light-harvesting complexes between photosystems in Chlamydomonas
reinhardtii, the role of minor harvesting complexes in excitation energy transfer to reaction centers in
photosystem II and multiexciton dynamics of quantum dots, which can be used as replacement of

light-harvesting complexes in artificial photosynthesis systems, are discussed.

In chapter 2, time-resolved fluorescence spectroscopy is applied to study changes in PSI and PSII
antenna size in response to state transitions for wild-type (WT) C. reinhardtii in vivo. The cells were
locked in different states, using the same method as used for previous photoacoustic measurements
[45, 57], and fluorescence decay curves were recorded at room temperature. The results led us to
challenge some of the generally accepted views, especially concerning the structure of the PSI
supercomplex in state 2 and the fate of the detached LHCII. The main changes during state transitions
occur in PSII whereas changes in the PSI supercomplex turn out to be less pronounced. In addition, it
appears that both in state 1 and 2 a pool of LHCII exists that is neither connected to PSI nor to PSII

while its size is larger in state 2.
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In chapter 3, we have performed picosecond fluorescence measurements on state—locked WT
Chlamydomonas reinhardtii cells at 77 K by using a streak-camera setup in order to investigate in
detail the changes in fluorescence kinetics for different states. Our data show that the changes in 77 K
fluorescence upon state transitions are mostly related to the changes in PSII and LHCII fluorescence,
whereas PSI fluorescence hardly changes. These results support on the one hand our recent
conclusion that LHCII detaches from PSII in state 2 conditions but only a fraction attaches to PSI
while the detached antenna becomes quenched [65, 66], and on the other hand reveals the origin of
the characteristic change in the ratio of the fluorescence intensity at 680 nm and 720 nm at 77 K,

thereby resolving the apparent discrepancy between room temperature and 77K results

In chapter 4, thylakoid membranes of 4. thaliana have been studied with time-resolved fluorescence
spectroscopy using different combinations of excitation and detection wavelengths, in order to (partly)
separate PSI and PSII-LHCII contributions. In particular, PSII-LHCII fluorescence decay kinetics
have been measured on thylakoids isolated from wild-type Arabidopsis, from the double knock-out
mutants koCP26/24 and koCP29/24, and from a mutant depleted of all minor antennae (NoM). The
main goal of this study was to investigate how the depletion of specific Lhcs affects the excitation-
and electron-transfer parameters of PSII. In the absence of all minor Lhcs of PSII, the functional
connection between LHCII from the PSII cores appears to be strongly impaired and LHCII is
substantially quenched, which is probably related to the fact that the NoM plants are strongly
hampered in their growth as compared to WT plants. For double knock-out mutants, the outer antenna
is better connected to the PSII core and the corresponding plants also grow significantly better than the

NoM plants.

In chapter 5, we have performed picosecond fluorescence measurements on ZnCdTe ternary quantum
dots at room temperature by using a streak-camera setup in order to investigate in detail the
fluorescence kinetics for ZnCdTe quantum dots with different size and structure by using different
excitation laser intensities. Our data show that the changes in fluorescence kinetics are mostly related
to the changes in structure and excitation laser intensities. In heterogeneous structured ZnCdTe
quantum dots, the fluorescence kinetics become faster. Also, in both homogeneous and heterogeneous
ZnCdTe quantum dots, a new peak is observed in high energy region of emission spectrum when
using high excitation intensities, which shows that the radiative processes that occur from higher

energy states become more favoured as the excitation intensity increases.

10
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2.1 ABSTRACT

Plants and green algae optimize photosynthesis in changing light conditions by balancing the amount
of light absorbed by photosystems I and II. These photosystems work in series to extract electrons
from water and reduce NADP" to NADPH. Light-harvesting complexes (LHCs) are held responsible
for maintaining the balance by moving from one photosystem to the other in a process called state
transitions. In the green alga Chlamydomonas reinhardtii, a photosynthetic model organism, state
transitions are thought to involve 80% of the LHCs. Here we demonstrate with picosecond-
fluorescence spectroscopy on C. reinhardtii cells that although LHCs indeed detach from Photosystem
II in state-2 conditions only a fraction attaches to Photosystem I. The detached antenna complexes
become protected against photodamage via shortening of the excited-state lifetime. It is discussed how
the transition from state 1 to state 2 can protect C. reinhardtii in high-light conditions and how this

differs from the situation in plants.
2.2 INTRODUCTION

Oxygenic photosynthesis is the most important process for fuelling life on earth. Light capture and
subsequent charge separation processes occur in the photosystems I and II (PSI and PSII). In plants
and green algae both PSs consist of a pigment-protein core complex surrounded by outer LHCs.
Electronic excitations induced by the absorption of sunlight lead to charge separation in the reaction
centres (RCs) of PSI and PSII, located in the cores of the PSs. These PSs work in series to extract
electrons from water and reduce NADP" to NADPH. For optimal linear electron transport from water

to NADP" a balance is needed for the amount of light absorbed by the pigments in the two PSs.

Besides carotenoids, the PSII core contains 35 chlorophylls a (Chls @) whereas this number is close
to 100 for PSI [1]. The outer LHCs consist of various components: The major light-harvesting
complex LHCII (a trimer) harbours 12 carotenoids (Cars) and 42 chlorophylls (Chls), 24 of which are
Chls a [2], the pigments that are largely responsible for excitation energy transfer (EET) to the PSII
RC. In higher plants there are also three monomeric minor LHCs per core, called CP24, CP26, and
CP29, which show high sequence homology with LHCII (see e.g. [3]). In non-stressed conditions
between 85 and 90% of the excitations in PSII lead to charge separation in the RC [4]. PSI in plants
binds 4 LHCs (Lhcal-4) [5]. The amount of LHCII in the plant membranes is variable and usually
ranges from ~2 to ~4 trimers per PSII core, most of which are functionally connected to PSII, although
part is also associated with PSI [6]. In C. reinhardtii PSI antenna size differs and there are 9 Lhca’s
per PSI [7]. Nine LhcbM genes, plus CP29 and CP26 codify for the antenna complexes of PSII [8] and
it was recently shown that in addition to CP26 and CP29 the PSII supercomplex contains three LHCII
trimers per monomeric core [9]. In addition there are usually 3-4 extra LHCII trimers present per

monomeric core (Drop et al. 2014) (see also below).
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Although both PSI and PSII contain Chls and Cars, their absorption spectra differ, with PSII being
more effective in absorbing blue light and PSI in absorbing far-red light [10-12]. Because intensity and
spectral composition can vary, organisms need to rapidly adjust the relative absorption cross sections
of both PSs. This regulation occurs via so-called state transitions, and it involves the relocation of

Lhcs between PSII and PSI [13].

In higher plants all LHCII is bound to PSII in state 1, while in state 2, which can be induced by
overexciting PSII, part of LHCII (around 15%) moves to PSI [13, 14]. State transitions are regulated
by the redox state of the plastoquinone (PQ) pool via the reversible phosphorylation of LHCII [13, 15-
18]. The green alga C. reinhardtii, that has widely been used as a model system in photosynthesis
research and that might also become important for the production of food and feed ingredients and
future biofuels [19], is thought to exhibit state transitions to a far larger extent than higher plants. The
widely accepted view is that during the transition from state 1 to state 2, 80% of the major antenna
complexes dissociates from PSII and attaches to PSI [20]. This picture is based on results that were
obtained with photoacoustic measurements, which were used to determine the quantum yield of both
PSs in different states. This view has been supported by the finding that the PSII supercomplex is
largely disassembled in state 2 [21]. However, although a PSI-LHCII supercomplex from C.
reinhardtii has been isolated [22], the amount of LHCII associated with it has not been quantified and
it has also not been shown that the additional LHCII is capable of transferring energy to the PSI core.
More recently, it was argued based on biochemical analysis that also CP26 and CP29 are participating

in state transitions in C. reinhardtii [21-24], but again a quantitative analysis is missing,.

Besides biochemical techniques, time-resolved fluorescence spectroscopy can be helpful to study
state transitions and to enlighten the EET processes. The main advantage of this technique is that it can
provide both quantitative and functional information for the different states in vivo [6]. However, the
number of time-resolved fluorescence studies on green algae and especially their state transitions is
limited [25-28]. Wendler and Holzwarth studied state transitions in the green alga Scenedesmus
obliquus using time-resolved fluorescence spectroscopy [26]. They interpreted their data at that time in
terms of reversible migration of LHCs between PSII a- and B-centres during state transitions, whereas
it was concluded that the size of PSI was not measurably changing [26]. Another study was performed
by Iwai et al. [27], who used fluorescence lifetime imaging microscopy (FLIM) to visualize state
transitions in C. reinhardtii. The authors reported the dissociation of LHCII from PSII during the first
part of the transition from state 1 to state 2, but they did not investigate what was happening during the
later phase [27]. Recently, Wientjes et al. [6] performed a study on light acclimation and state
transitions in the plant Arabidopsis thaliana and amongst others it was demonstrated quantitatively
how time-resolved fluorescence properties of thylakoid membranes change when the relative amount

of LHCII attached to PSI and PSII changes [6]: When LHCII attaches to PSI, the amplitude of a
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component with fluorescence lifetime below 100 ps increases significantly whereas the contribution of
the components with lifetimes of several hundreds of ps concomitantly decreases, and the
corresponding lifetimes become shorter [6]. The former component is mainly due to PSI (with or
without LHCII connected) and the latter are due to PSII (with varying amounts of LHCII connected).
It is important to point out that the amplitudes of the decay components are directly proportional to the
number of pigments that correspond to these decay components, [6, 29]. Therefore, if during state
transitions LHCs are moving from PSII to PSI then the amplitude(s) of the PSI decay components will
increase, whereas those of PSII will decrease. In general, such a reorganization will also lead to some
changes in the fluorescence lifetimes. If in addition also quenching processes are introduced, this will

lead to an additional change in the lifetime but not in the amplitude [30]

Here we applied time-resolved fluorescence spectroscopy to study changes in PSI and PSII antenna
size in response to state transitions for wild-type (WT) C. reinhardtii in vivo. The cells were locked in
different states, using the same method as used for previous photoacoustic measurements [20, 31], and
fluorescence decay curves were recorded at room temperature. The results led us to challenge some of
the generally accepted views, especially concerning the structure of the PSI supercomplex in state 2
and the fate of the detached LHCII. The main changes during state transitions occur in PSII whereas
changes in the PSI supercomplex turn out to be less pronounced. In addition, it appears that both in
state 1 and 2 a pool of LHCII exists that is neither connected to PSI nor to PSII while its size is larger

in state 2.
2.3 METHODS

Strains and Growth Conditions. WT C. reinhardtii cells were grown under continuous white light
illumination in TAP (Tris-acetate-phosphate) medium [32]. Cells were shaken in a rotary shaker (100
rpm) at 30°C and illuminated by a white lamp at 10 pmol photons.m”.s™. All cells were grown in 250
ml flasks with a growing volume of 50 ml, and maintained in the logarithmic growth phase. Also a

higher light intensity (100 pmol.photons m®.s™) was used to grow cells and the results are shown in SI.

State Locking. Cells were locked in state 1 or 2 in the following ways commonly used for state
transitions studies on C. reinhardtii [20, 24, 31, 33, 34]: State 1 was obtained by incubating the cells in
the dark while vigorously shaking for 2 hours (to oxidize the PQ pool with oxygen present) and state 2
was obtained by dark incubation in anaerobic conditions achieved by nitrogen bubbling for 25 min. (to
over-reduce the PQ pool in the absence of oxygen) starting from cells in state 1, a method that was
also applied by Delosme et al. [20, 31, 34]. Cells were directly used for time-resolved fluorescence

measurements without further treatment.
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Fluorescence Measurements
1. Steady-state fluorescence.

77K steady-state fluorescence spectra were recorded with a Jobin Yvon Fluorolog FL3 — 22
spectrofluorimeter using liquid nitrogen and corrected for wavelength-dependent detection sensitivity
and fluctuations in lamp output. The A, was 440 nm; a bandwidth of 2 nm was used for excitation

and emission.
2. Time-resolved fluorescence

Time-correlated single photon counting (TCSPC) measurements were performed with a home-built
setup [35]. Samples were excited with 400 nm and 465 nm pulses of 0.2 ps at repetition rate 3.8 MHz.
To avoid closure of RCs and induction of unwanted state transitions the excitation intensity was kept
low (0.5 — 1.5 uW) with a count rate of 3000 photons per second or lower. The size of the excitation
spot was 2 mm. The instrument response function or IRF (40 — 50 ps FWHM) was obtained with
pinacyanol iodide in methanol with 6 ps fluorescence lifetime [36, 37]. Measurements were done for 5
minutes. Fluorescence was detected at 679 nm, 701 nm and 720 nm using interference filters (15 nm
width). Data were collected using a multichannel analyser with a maximum time window of 4096
channels at 5 or 2 ps/channel. One complete experiment consisted of recording data sets of reference
compound, state locked cells and again reference compound, which was repeated at least twice with a

fresh sample for each condition to check reproducibility.

Two-photon excitation (860 nm) FLIM was also performed in vivo; cells were placed on a cover
glass and pressed between microscope and cover glasses. The setup was described previously [36, 38].
Fluorescence of C. reinhardtii was detected via nondescanned single-photon counting detection,
through two bandpass filters of 700 nm (75 nm width). The average lifetimes per pixel were analysed

with the SCP image software. All measurements were done at 22 °C.
3. Data Analysis.

Data obtained with the TCSPC setup were globally analysed using the “TRFA Data Processing
Package” of the Scientific Software Technologies Center (Belarusian State University, Minsk,

Belarus). Fluorescence decay curves were fitted to multi-exponential decay functions
( Z i pie_t/ i) with relative amplitudes (p) and corresponding lifetimes (7) that was convoluted

with the IRF. The quality of a fit was judged from the %* value and by visual inspection of residuals
and autocorrelation thereof. The number of exponentials was 5 in all cases, whereas one of these
components was an artefact with lifetime between 0.1 ps and 1 ps which was mainly used to improve

the fit quality at early times. These artefacts are not further considered. The fit results were interpreted
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in terms of the average fluorescence lifetime (t.,) for 1., 13 and 14 according to Tavg =
4 4 —
i=2 PiT; where X;_1p; =1
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2.4 RESULTS

Low-temperature (LT) steady-state fluorescence. 77K steady-state fluorescence spectra of state-1-
and state-2-locked cells of WT C. reinhardtii were recorded upon 440 nm excitation (Figure 1). The

spectra show the changing ratio of the intensity at 688 nm and 710 nm, which is characteristic

- State 2 Figure 1. 77K fluorescence spectra of state-1-
locked (dash) and state-2-locked (line) C.
reinhardtii cells. The ... was 440 nm. Note that

the concentrations of the cells were identical for

Intensity
N,

S ‘ both states and the same was true for all the
\ settings of the fluorimeter. Therefore, the
AN intensities of the spectra can be directly

/ ~— compared to each other in an absolute sense.

o : : The fluorescence quantum yield of PSI in state 2

t T T
620 640 660 680 700 720 740 760 780
Wavelength (nm)

is only slightly higher than in state 1.

for state transitions. The difference in ratio is
thought to indicate that more LHC’s are associated with PSII (fluorescence around 688 nm) in state 1
than in state 2 when LHCs largely associate with PSI (fluorescence around 710 nm). To study the
underlying processes in more detail, we performed time-resolved fluorescence measurements in vivo at

room temperature.
Room-temperature time-resolved fluorescence

Time-resolved fluorescence measurements of C. reinhardtii cells in state 1 and 2 were performed
with a TCSPC setup. Subpicosecond laser pulses of 400 nm, exciting relatively more Chls a, and
pulses of 465 nm, exciting relatively more Chls b (and thus more antenna complexes) were used [39,
40]. For detection use was made of 679 nm, 701 nm and 720 nm interference band filters. Figure 2

shows that the fluorescence decay kinetics of state-1-locked cells are somewhat slower than those of
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cells in state 2 for every excitation (Ae) and detection wavelength (A4) and the exact difference

depends on the combination of wavelengths.
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Figure 2. Fluorescence decay curves for state-1- (black) and state-2-locked (ved) C. reinhardtii cells

at Age 679, 701 and 720 nm and excited at 465 nm and 400 nm. These data were globally analysed by

TRFA software

To obtain quantitative information from these decay curves, global analysis was performed and for

all excitation and detection wavelengths the curves were fitted with the same lifetimes, at least for a

specific state [6], even though individual lifetimes don’t necessarily correspond one-to-one to specific

physical processes. Global analysis of fluorescence decay curves of state-locked C. reinhardtii cells

requires 5 decay components but the very fast one (~1 ps) has no real physical meaning since it is far

shorter than the IRF and it does not have to be considered further (see Methods). The residual plots for

all different state-locked cells in the SI demonstrate that 5 exponentials are sufficient. Fitting results

are given in Tables 1 and 2.

Table 1. Global analysis results for TCSPC data obtained by excitation at 400 nm at RT for state-

locked C. reinhardtii.

State 1 State 2
Adet (nM) 679 701 720 Adet (nM) 679 701 720
T (ps) p p p T (ps) p p p
67(1)) 0.36 0.55 0.56 66(1)) 0.38 0.54 0.55
266(1,) 0.28 0.23 0.20 216(12) 0.25 0.21 0.20
663(13) 0.33 0.21 0.23 551(t3) 0.29 0.22 0.22
1902(ts) 0.03 0.01 0.01 1285(14) 0.08 0.03 0.03

Confidence intervals of fluorescence lifetimes (1) as calculated by exhaustive search were <5%, lifetimes were calculated from 2—4

repeats, p indicates relative amplitudes
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Table 2. Global analysis results for TCSPC data obtained by excitation at 465 nm at RT for state-
locked C. reinhardtii.

State 1 State 2
Adget (nm) 679 701 720 Adget (nm) 679 701 720
T (ps) p p p T (ps) p p p
68(1/) 0.39 0.54 0.54 74(1)) 0.43 0.58 0.57

254(t,) 0.24 0.20 0.19 259(t,) 0.24 0.20 0.20
837(13) 0.34 0.23 0.24 715(t;) 0.20 0.15 0.14
1909(t4) 0.03 0.03 0.03 1222(t4) 0.13 0.08 0.09

Confidence intervals of fluorescence lifetimes (7) as calculated by exhaustive search were <5%, lifetimes were calculated from 2—4
repeats, p indicates relative amplitudes

The lifetime t; in Tables 1 and 2, which is in the range 65-75 ps, is mainly due to PSI [26, 29].
Because PSI fluorescence is red-shifted as compared to PSII fluorescence, the relative amplitude of
this component increases upon going from A4=679 to 720 nm. Only small changes occur in both the
value of 1| and the corresponding amplitude due to the state change in C. reinhardtii. For Ae=400 nm,
7, is identical for state 1 and 2, and the corresponding amplitude is also the same. For A=465 nm, T,
is 6 ps shorter for state 1 than for state 2, whereas the corresponding amplitude is ~4% higher in state
2. Therefore, although some increase of both amplitude and lifetime of the PSI component can be
observed, this increase is far smaller than one might expect based on literature [20]. The small increase
in lifetime and amplitude lead to a small increase of the amount of PSI steady-state fluorescence,
which becomes more pronounced at 77K and is (largely) responsible for the change in the ratio of

fluorescence at 688 and 720 nm (Figure 1).

The lifetimes 1, and t; in Tables 1 and 2 are mainly due to PSII with the highest amplitude at
Aae=679 nm, as expected for PSII [26], there is also some contribution from disconnected LHCs
(discussed below). Lifetime t, becomes shorter in state 2, 216 ps instead of 266 ps for A.=400 nm but
for Aex =465 nm, T, remains more or less unchanged, 259 ps for state 2 vs. 254 ps for state 1. The
amplitude remains the same for both excitation wavelengths. The shortening of t; upon going to state
2 is more pronounced: for A..=400 nm t; goes down from 663 to 551 ps whereas the amplitude
remains more or less constant, and for A.=465 nm from 837 to 715 ps whereas the amplitude drops
by 12%. In general, the average lifetime for PSII is shorter in state 2 (for both excitation wavelengths),
while the total amplitude remains more or less constant for A.=400 nm. Finally, the small
contribution (at most 3%) of the longest component (t4) in state-1-locked cells is ascribed to some free
chl but mainly to disconnected LHCs (note that the contribution of 14 to the average lifetime was even
smaller when cells were grown in higher light conditions (See SI)). However, it should be noted that
the amplitude of 14 increases for state-2-locked cells (5% at Aexc=400 nm, 10 % at A—=465 nm when

detecting at 679 nm), which may be due to an increase of the amount of disconnected LHCs [25].

24



State transitions in C. reinhardtii - Room Temperature

Comparing different excitation wavelengths

The main purpose of the present study is to understand the functional/organizational differences for
PSI, PSII and dissociated LHCII in state 1 and 2. Whereas PSI has its own characteristic red-shifted
fluorescence, the spectra of PSII and LHCII at room temperature largely overlap. In order to at least
qualitatively distinguish between PSII and LHCII, the fluorescence decay kinetics were measured for
state-1- and state-2-locked cells using different excitation wavelengths: 400 nm (excites relatively
more the PSII core complexes) and 465 nm (excites relatively more the outer antenna complexes) [40].
Comparison of the decay curves for both excitation wavelengths shows that the decay is significantly
slower for A.=465 nm, both in state 1 and 2. Whereas 1, predominantly reflects the PSI decay time 1,
-14 correspond to PSII and LHCII and because it is a priori difficult to discriminate between PSII and
LHCII we start by considering these lifetimes together. For state 1, the amplitude-weighted average
lifetime T,y Of T, -T4 is 547 ps for A=400 nm (relatively more core excitation), whereas it is 660 ps
for Aexc=465 nm (Ag=679 nm in both cases). The substantial difference (113 ps) indicates that either
part of the antenna complexes is very badly connected to PSII core or not connected at all [29]. The
same conclusion can be drawn from the data on state-2-locked cells, where T, is 510 ps for Ae=400
nm, and it is 638 ps for A =465 nm (A4=679 nm in both cases). In conclusion, both for state-1- and
state-2-locked cells we find a substantial fraction of badly connected or even fully detached LHCII. In
order to confirm that this is an intrinsic property of individual cells and it is not due to a fraction of
damaged or dead cells we also performed 2-photon FLIM experiments to monitor the variation
between cells and a typical picture with densely packed cells is given in Figure 3, demonstrating that
the fluorescence lifetime of all cells are very similar (on average around 400 ps, see SI, Figure S4) and
thus that these long lifetime components are indeed an intrinsic property of individual C. reinhardtii
cells. It is worth mentioning that the FLIM lifetimes that were previously determined by Minagawa
and coworkers [27] were far shorter (around 200 ps), possibly because of the high excitation densities
in their 1-photon FLIM experiments which can lead to singlet-singlet annihilation [41]. In contrast, it
is possible with the 2-photon FLIM setup used here to record images with lifetimes that are very
similar to lifetimes that are obtained with “macroscopic” TCSPC and streak-camera picosecond

fluorescence setups [36, 42].
2.5 DISCUSSION

Energy partitioning between PSI and PSII has already been the subject of intense research for many
years [12, 43]. Genetic approaches have led to the discovery of key proteins involved, such as kinases
and phosphatases, regulating the phosphorylation state of LHCII and its relocation between PSII and
PSI [15, 44, 45]. Biochemical and physiological studies have provided information about the

mechanism and importance of state transitions in plants [46, 47] and the green alga C. reinhardtii [21,
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22]. Important differences seem to exist between state transitions in C. reinhardtii and plants, such as
the participation of the monomeric antennae CP26 and CP29 only in C. reinhardtii [21, 22] and the
percentage of LHCII that participates (80% for C. reinhardtii vs. 15% for higher plants) [13, 20].

Figure 3. Two-photon FLIM image of C.
reinhardtii with the average lifetimes per pixel
plotted using a colour scale. The fluorescence
decay in each pixel was analysed by SPC image
software, and the colour scale is between 0-
2000 ps. (The average lifetime distribution is

also given in a histogram in SI, Figure 54).

Recently, long term acclimation and state transitions in A. thaliana were studied in detail, using
amongst others time-resolved fluorescence techniques [6]. It was shown that the amplitude of the
fluorescence lifetime that is due to PSI increases significantly when LHCII becomes attached to it
[20]. It is thus remarkable that in C. reinhardtii only relatively minor differences can be observed
between the PSI fluorescence kinetics for state 1 and 2 whereas the percentage of moving antenna is
thought to be much higher (80 vs. 15%). If indeed 80% of the LHCII would move from PSII to PSI
upon going from state 1 to state 2, this should lead to an increase of the relative amplitude of the PSI
component by almost 40% (see SI) but the observed increase is at most 4% . Even if on average only
one LHCII trimer would move from PSII to PSI this should still already lead to an increase of PSI
amplitude by 6% (see SI). Therefore it should be concluded that the change in the average size of PSI
is clearly smaller than one might have expected. This is further supported by the fact that also the

corresponding lifetime hardly increases (only by 6 ps, at most).

In order to confirm in an independent way the fact that the amount of LHCII moving to PSI is
substantially lower than what is generally believed, we also recorded 77K fluorescence excitation
spectra in state 1 and 2, while monitoring the fluorescence of PSI at 712 nm and of PSII/LHCII at 680
nm (see SI, Figure S2). When comparing the excitation spectra of PSI and PSII it is clear that the
spectral contributions around 475 and 650 nm are much smaller for PSI. These contributions are

arising from Chl b and thus from the connected LHCs. Upon going from state 1 to state 2, there is a
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minor increase of this contribution for PSI (in particular around 650 nm) whereas a small decrease can
be observed for PSII (especially around 475 nm). So the LT fluorescence excitation spectra confirm
the fact that little LHC is moving to PSI. A similar conclusion can be drawn from the 77K emission

spectra recorded for different excitation wavelengths (see SI, Figure S3).

Although the changes in amplitude and lifetime of PSI are relatively minor, there is on the other
hand a significant decrease of the average lifetime (not amplitude) of the slower decay components
which are usually thought to originate from PSII. Our data imply that there must be a substantial
change in PSII organization in agreement with earlier biochemical data [21]. The decrease of the
average “PSII” lifetime can in principle be explained by a mechanism that is partly similar to the one
that was recently proposed by Minagawa and coworkers [27]. According to this mechanism, a
dynamic equilibrium exists between LHCII associated to PSII, LHCII associated to PSI, and LHCII
dissociated from both PS’s, being self-aggregated in a separate LHCII pool, where the fluorescence
(excited state) of LHCII is quenched. In state 1 the majority of LHCII is bound to PSII whereas for
state 2 the equilibrium shifts direction LHCII bound to PSI via aggregated LHCII. Our data do not
confirm the association of a large amount of LHCII to PSI (at most a small fraction of LHCII becomes
associated to PSI), but the fact that the “PSII lifetimes” become faster in state 2 while the total
amplitude remains similar, can be explained by the detachment of LHCII from PSII while at the same
time LHCII becomes quenched, otherwise one would expect the appearance of long-lived fluorescence
component of around 4 ns [37]. A simple explanation for such quenching can indeed be aggregation of
LHCII: Compared to monomeric and trimeric LHCII, aggregated LHCII is heavily quenched and the
corresponding lifetimes can even be as short as 30 ps although a typical average lifetime is several
hundreds of ps [37]. For a complete understanding of the phenomenon of state transitions it is
important to sort out whether LHCII really dissociates and aggregates upon going from state 1 to state

2 and in order to do so we compared the kinetics for excitation at different wavelengths.

In a previous picosecond fluorescence study on thylakoid membranes from A. thaliana, van Oort et
al. used two excitation wavelengths in order to maximally vary the relative number of excitations in
the core and outer antenna of PSII [29]. The main purpose of that work was to determine the migration
time of excitations to the RCs and to separate the PSI and PSII fluorescence kinetics from each other.
It was however also found that in a CP24-less mutant, part of the outer antenna is detached from the
PSII core, leading to a substantial increase of the fluorescence lifetime when relatively more outer
antenna is excited. At the same time it could be concluded that this detached antenna was quenched
because the fraction of pigments with a long fluorescence lifetime (several ns) was very small. Also in
the present study a substantial difference in the average lifetime is observed for the two excitation
wavelengths: It becomes much longer when relatively more outer antenna is excited at 465 nm as

opposed to 400 nm. This means that a pool of LHCII is rather badly connected to the PSII cores
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(leading to long migration times and thus long fluorescence lifetimes) or even completely
disconnected, which from a functional point of view is nearly the same. Concurrently, this badly
connected pool of LHCII is substantially quenched, considering the relatively short excited-state
lifetimes. Remarkably, a large difference in excited-state lifetime for the two excitation wavelengths is
observed both for state 1 and 2, meaning that in both states part of the antenna is disconnected from
PSII. The existence of a pool of uncoupled LHCII in C. reinhardtii has been discussed in many studies
on state transitions [27, 48]. With the use of time-resolved fluorescence, we have now demonstrated

that such an LHCII pool indeed exists, regardless of the state of the cell.

It is important to mention that the results obtained in the present study in fact agree with an early
proposal by Allen who, measuring cells of another green alga named S. obliguus, at that time claimed
that during state transitions dissociated LHCII does not attach to PSI but instead is thermally
deactivated, which means nothing else than that the fluorescence is quenched [49]. Our results can also
explain why Minagawa et al. could follow the detachment of LHCII from PSII with the use of FLIM
but did not report on what was happening after the detachment [27]. Although it was reported in
several studies that at least CP26, CP29, and LhcbMS5 attach to PSI in state 2 [21-23, 48], our current
data demonstrate that this can only be true for a relatively small fraction. As was stated above, even if
only one LHCII trimer would move from PSII to PSI this would already lead to an increase of PSI
amplitude by 6%, which is more than is experimentally observed. Therefore, it should be concluded
that for the state-1 to state-2 transition on average less than one 1 LHCII trimer is moving from PSII to
PSI. In fact, we have to conclude from our data that even if LHCII detaches from PSII, only a fraction
attaches to PSI and in fact most of the detached antenna complexes aggregate, leading to a shortening
of the excited-state lifetime. This shortening ensures that there is no increase in photodamage of the
antenna complexes upon detachment which would otherwise occur if quenching would be absent [50].
The fact that only a small amount of antenna attaches to PSI in state 2 also explains why the amount of
fluorescence of PSI at 77K hardly increases (Figure 1). In contrast, the PSII (and LHC) fluorescence

drops substantially, in line with the observed decrease of the average lifetime at room temperature.

State transitions: Chlamydomonas reinhardtii vs. Arabidopsis thaliana

Despite the fact that state transitions are present in plants and green algae, clear differences can be
observed between this process in the model organisms 4. thaliana and C. reinhardtii. In the plant A.
thaliana the amount of LHCII involved in the process is relatively small (around 10-15% of the
population) and this mobile pool is part of the LHCII population that transfers energy relatively slowly
to the PSII core in state 1 [6] but once it is attached to PSI (state 2) the transfer is extremely fast and
efficient [6]. The amount of LHCII that dissociates from PSII is identical to the amount that re-
associates with PSI and serves to maintain a balance between PSI and PSII excitation. In the case of C.

reinhardtii we demonstrate here that state transitions seem to reduce the antenna size of PSII, while
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the effect on PSI is rather small, less than one LHCII trimer attaches per PSI complex on average. It
has recently been demonstrated that in case of A.thaliana, the association of LHCII to PSI plays an
important role in long term acclimation to different intensities of growth light because the antenna size
of both PSI and PSII can be modulated simply by the change in the amount of LHCII (Lhcbl and
Lhcb2) which in most conditions serve as antenna for both PSs [6]. On the other hand, recent data on
C. reinhardtii have underlined the important role of state transitions as a short term response
mechanism to increase photoprotection [S1]. This different role of state transitions in algae and plants
seems to be related to the different mechanisms of non-photochemical quenching (NPQ) in the two
organisms. Whereas A. thaliana can switch on its photoprotective mechanism of NPQ within seconds
in dangerous high-light conditions, due to the presence of the so-called PsbS protein in the membranes
[52], this is not the case for C. reinhardtii, where the protein that is required for NPQ is expressed with
a delay of several hours when the alga is put in high-light conditions [53]. In this time period
photoprotection is assured by state transitions [51]. Within this context it makes sense that state
transitions in C. reinhardii are mainly affecting the antenna size of PSII, which indeed needs to be
immediately reduced in high-light conditions to avoid photodamage. A concomitant increase of the
antenna size of PSI is not necessary, and it would even be detrimental creating PSI damage [54]. In
this respect there is again a resemblance with 4. thaliana where high-light stress is one of the very few
conditions in which LHCII does not attach to PSI [6]. Very interestingly, it has been found for A.
thaliana that in high light, as part of the NPQ mechanism, PsbS induces the detachment of a
significant fraction of the outer antenna from PSII, which gets concomitantly quenched [55]. This is
very much reminiscent to what is now observed for C. reinhardtii during the process that has always

been denoted as state transitions.

In conclusion, in contrast to what is generally believed, not 80% of the LHCII is moving from PSII
to PSI upon the transition from state 1 to state 2 but only a small fraction (in the order of 10%). The
rest of LHCII that detaches from PSII becomes quenched and this detachment seems to play an
important role in NPQ that protects PSII against dangerous over-excitation in high-light conditions,

similar to what is happening in plants when PsbS is activated in high light.
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Supplementary Information:
LHCII:PSI:PSII stoichiometry in the membranes of Chlamydomonas reinhardtii

It has been proposed that in C. reinhardtii 80% of the LHCII population moves from PSII to PSI
during the transition from state 1 to state 2. However, to fully understand the extent of the transition it

is important to know the number of LHCII complexes present in the membranes.

We have measured the PSI:PSII ratio (in terms of reaction centers) with a Joliot-type
spectrophotometer (Bio-Logic SAS JTS-10) using the carotenoid electrochromic shift as reported
previously(1-4). The data indicate that in our cells the PSI/PSII ratio is 0.93, in agreement with

previous reports indicating that in most conditions this value for C. reinhardtii is close to 1 (3, 5).

The Chl a/b ratio of the cells was 2.25, also in agreement with previous data (5). The pigment
composition of the complexes was analyzed by fitting the spectrum of the 80% acetone extracted
pigments with the spectra of the individual pigments in acetone and by HPLC, as described previously
(6). Some of us have recently shown that the PSI-LHCI complex of C. reinhardtii is composed of a
core complex together with 9 Lhca’s, binding in total around 240 Chls, of which 196 are Chls a and 44
are Chls b (7).

The PSII core contains 35 Chls a, whereas one LHCII trimer binds 42 Chls (24 Chls a and 18 Chls b)
(8). For CP29 we use the stoichiometry obtained from the crystal structure (9) (meaning 9 Chls a and
4 Chls b) and for CP26 we use the same stoichiometry as for monomeric LHCII (8 Chls a and 6 Chls
b). We assume that CP29 and CP26 are present in a 1:1 stoichiometry with the PSII core like in plants,
meaning that PSII core + CP29 + CP26 together bind 53 Chls a and 8 Chls b

Using these data we can calculate the relative number x of LHCII trimers according to the equation:
2.25+0.05 = ((0.93+0.10) * 196 + 52 + 24 x)/((0.93+0.10) *44 +10 + 18x)

leading to 7.5+1.0 LHCII (estimated uncertainty at most 1 LHCII) per PSII RC in the membranes of
C. reinhardtii. Thus, if in state 1 all LHCII trimers (for instance 7) are associated with PSII, then there
are 250 Chls a and 155 Chls b per PSII RC.

If, as suggested, 80% of the outer antenna moves to PSI in state 2, 2/3 of the Chls a of PSII would
disappear, leading to a large decrease of the PSII amplitude and a concomitant increase of the PSI
amplitude. Using the numbers above, this would mean that in state 1 45% of the Chls a would be
attached to PSI and in state 2 this percentage would be 83%, an increase of 38%. However, as shown
in the main text, the experimentally observed percentage is at most 4%. Even if we assume that one

out of seven LHCII trimers would move from PSII to PSI, the ratio of the number of Chls a in PSI and
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PSII would change from 196 and 226 to 220 and 202, respectively. This would correspond to an

increase of the PSI amplitude of around 6%, more than is experimentally observed.

Global Analysis for C. reinhardtii cells grown in “normal” light conditions

C. reinhardtii cells were grown under continuous white light illumination in TAP medium(10). Cells

were shaken in a rotary shaker (100 rpm) at 30°C and illuminated by a white lamp at normal light

intensity (100 pmol.photons m’.s™). All cells were grown in 250 ml flasks with a growing volume of

50 ml, and they were maintained in the logarithmic growth phase. The global analysis results are

shown in table S1.

Table S1. Global analysis results for TCSPC data obtained upon excitation at 400 nm at RT for
state-locked C. reinhardtii grown in normal light conditions.

State 1 State 2
condition : Normal Light condition : Normal Light
Detection | 680 nm | 707 nm | Detection | 680 nm | 707 nm
T (ps) p p T (ps) p p
73 0.48 0.64 61 0.44 0.54
258 0.19 0.21 173 0.26 0.26
612 0.33 0.15 520 0.28 0.18
1553 0.004 0.004 1066 0.02 0.02
T avg 289.1 ps | 198.0 ps T avg 234.5ps | 191.4 ps

Confidence intervals of fluorescence lifetimes (t) as calculated by exhaustive search were <5%, lifetimes were calculated with 2—4

repeats, p represents relative amplitudes. The fit results were interpreted in terms of the overall average fluorescence lifetime (t ) for v, ©,

4

Tavg = § PiTi

4
pi

73 and t4 according to = where =1

=1

Residuals for analysis performed in Tables 1 and 2

3.9

Residuals

Low Low Wow how bow how bow how how bow how wow

Time (ns)

Figure S1.Weighted residual plots of fluorescence decay
curves in Figure 2. The residuals show that 5 decay

components are sufficient for a successful fit.
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77 K Steady State Excitation Spectra for state-1-locked and state-2-locked cells

For steady-state fluorescence excitation spectra a Jobin Yvon Fluorolog FL3A22 spectrofluorimeter
was used. The fluorescence excitation spectra were recorded at 77 K, with excitation and emission
bandwidths of 2 nm and 1 nm, respectively. The emission was collected at 680 and 712 nm. An
integration time of 0.4 s was used. Each spectrum was measured 6 times in a run and then averaged.
The state-1 and state-2 spectrum for PSI, detected at 712 nm, are very similar and only show a small
difference around 650 nm, indicating a small increase of excitation energy transfer from LHCII to PSI
(see Fig. S2). Also the state-1 and state-2 spectrum for detection at 680 nm (PSII and detached
LHCII), are very similar and only show a small difference around 475 nm, indicating a small decrease

of excitation energy transfer from LHCII to PSI.

——state2at 712 nm
——state 1at 712 nm
—— state 2 at 680 nm
—— state 1 at 680 nm

Normalized Intensity

T T I T I T I T I T I 1
500 550 600 650 700

Wavelength (nm)

T T
400 450

Figure S2. Excitation spectra of state-1-locked and state-2-locked C. reinhardtii cells. The spectra are

recorded at 77K at 2 different emission wavelengths (680 nm and 712 nm).

In Fig. S3 the 77K emission spectra are shown for state 1 and state 2 after excitation at 440 nm

(absorption peak of Chl @) and 475 nm (Chl b). For state 1 the relative height of the PSI peak around
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710 nm is somewhat lower for 475 nm excitation than for 440 nm excitation. This indicates that the

amount of Chl » which is present in the outer antenna complexes is somewhat lower for PSI than for

PSII. Upon going to state 2 the spectra are completely different with a substantial relative increase of

the PSI peak for both excitation wavelengths. Nevertheless, the PSI peak is still somewhat (although

less) smaller for 475 nm excitation and also these results do not indicate massive movement of outer

antenna complexes from PSII to PSIL.
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Figure S3. Emission spectra of state-1-locked and state-2-locked C. reinhardtii cells. The spectra are

recorded at 77K for 2 different excitation wavelengths (440 nm and 475 nm).
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3.1 ABSTRACT:

In response to changes in the reduction state of the plastoquinone pool in its thylakoid membrane, the
green alga Chlamydomonas reinhardtti is performing state transitions: Remodelling of its thylakoid
membrane leads to a redistribution of excitations over photosystems I and II (PSI and PSII). The
signature of these transitions is formed by marked changes in the 77K fluorescence spectrum. These
changes are generally thought to reflect a redistribution of light-harvesting complexes (LHCs) over
PSII (680) and PSI (720). Here we studied the picosecond fluorescence properties of Chlamydomonas
reinhardtti over a broad range of wavelengths. It is observed that upon going from state 1 (relatively
high 680nm/720nm fluorescence ratio) to state 2 (low ratio), a large part of the fluorescence of
LHC/PSII becomes substantially quenched, probably because of LHC detachment from PSII, whereas
the fluorescence of PSI hardly changes. These results are in agreement with our recent proposal that
the amount of LHC moving from PSII to PSI upon going from state 1 to state 2 is very limited (Unlu
et al. Proceedings of the National Academy of Sciences of the United States of America (2014). 111
(9):3460-3465).

3.2 INTRODUCTION

In oxygen-evolving photosynthetic organisms light energy is captured by photosystem I (PSI) and
photosystem II (PSII). PSI and PSII both contain a pigment-protein core complex surrounded by outer
light-harvesting complexes (LHCs). Light absorption by the LHCs induces electronic excitations,
which lead to charge separation in the reaction centres (RCs) of PSI and PSII located in the cores of
the photosystems. [1-7]. These photosystems are essential for photosynthetic electron transport, which
operates in two different modes, cyclic electron flow and linear electron flow, providing ATP and
NADPH for the Benson-Calvin cycle. [8, 9]. To ensure optimal efficiency in the electron transport
chain, the distribution of absorbed light energy over both photosystems needs to be balanced, and if
one of the photosystems is over-excited due to short-term environmental changes (like changes in
spectral composition of light), the balance of absorbed light between both photosystems is regulated
via the so-called state transitions and it involves the reorganization of LHCs between PSII and PSI

[10-14].

The possible mechanisms for reorganisation of outer LHCs of PSII (LHCII) upon state transitions in
Chlamydomonas reinhardtii have been discussed for several decades [11-13, 15-24]. For a long time
people adhered to the opinion that upon the transition from state 1 to state 2, 80% of LHCII detaches
from PSII and attaches completely to PSI in Chlamydomonas reinhardtii [12, 16]. Recently, this was
disputed by us based on in vivo time-resolved fluorescence kinetics for state-locked cells [23]. In this
study, it was observed that the amplitudes of PSII-LHCII and PSI fluorescence kinetics change only

slightly upon state transitions [23]. These observations were important, because slightly earlier

Wientjes et al. had shown that even small changes in the structure of the photosystems due to
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migration of LHCII lead to significant changes in the amplitudes of the fluorescence kinetics of both
photosystems in plants [14]. Moreover, it was observed that the PSII-LHCII fluorescence kinetics
becomes faster whereas the PSI lifetimes hardly changed [14, 25]. Therefore, it was concluded that
the changes in the PSI structure upon state transitions are minor, whereas LHCII is most likely partly
detaching from PSII and becoming quenched [23] although also those changes are not very large.
Even more recently, Nagy et al. confirmed this conclusion [24]. Also, in an early fluorescence kinetics
study on the green alga Scenedesmus obliquus, it was shown that the changes in the PSI structure are
minor upon state transitions [26]. Altogether, these studies do not support the view that the detached
LHCII completely attaches to PSI [12] but they support an early view of Allen, who suggested that

the detached LHCII goes into a thermal energy dissipative mode upon state transitions [27].

Chlorophyll fluorescence is often used to investigate the photosynthetic performance in vivo or in
vitro [28-30], making use of the fact that it has its own characteristic emission behaviour [28-30]. At
room temperature, the fluorescence emission of PSI around 720 nm is rather weak, but at cryogenic
temperatures, the PSI fluorescence becomes far stronger and is easily discernible from the
fluorescence of PSII, also because the fluorescence bands become sharper [31, 32]. Low-temperature
emission spectra of photosynthetic organisms in different states are traditionally used to demonstrate
the occurrence of state transitions [10, 11, 13]. In photosynthetic organisms, the occurrence of a state 1
to state 2 transition corresponds to a characteristic decrease of the ratio of the fluorescence intensity
at 680 nm (PSII-LHCII emission peak) and 720 nm (PSI emission peak) at 77 K [10, 11, 13]. It has
been thought that the detachment of LHCII from PSII upon going to state 2 decreases the number of
excitations arriving at PSII, whereas the attachment of LHCII to PSI increases the number of
excitations in PSI [13], thereby explaining the change in ratio. As was mentioned above, we recently
concluded that changes in amplitudes and lifetimes of PSII-LHCII and PSI fluorescence kinetics are
small upon state transitions [23], meaning that also the ratio in fluorescence of PSI and PSII does not
change a lot, at least at room temperature. This seems to be in conflict with the low-temperature
steady-state emission results, where the PSII/PSI emission ratio changes substantially upon state
transitions. Therefore, we have performed picosecond fluorescence measurements on state—locked WT
Chlamydomonas reinhardtii cells at 77 K by using a streak-camera setup in order to investigate in
detail the changes in fluorescence kinetics for different states. Our data show that the changes in 77 K
fluorescence upon state transitions are mostly related to the changes in PSII and LHCII fluorescence,
whereas PSI fluorescence hardly changes. These results support on the one hand our recent
conclusion that LHCII detaches from PSII in state 2 conditions but only a fraction attaches to PSI
while the detached antenna becomes quenched [23, 24], and on the other hand reveals the origin of
the characteristic change in the ratio of the fluorescence intensity at 680 nm and 720 nm at 77 K,

thereby resolving the apparent discrepancy between room temperature and 77K results.
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3.3 MATERIALS AND METHODS:

Strain and Growth Conditions. Wild-type (WT) (Strain 137c) and the STT7 kinase mutant
Chlamydomonas reinhardtii cells were grown under continuous white light illumination in TAP
medium [33-35] like before [23]. Cells were shaken in a rotary shaker (100 rpm) at 30°C and
illuminated by a white lamp at low light intensity (10 pmol photons.m™.s™). All cells were grown in
250 ml flasks with a growing volume of 50 ml, and were maintained in the logarithmic growth phase.

State Locking.

Cells were locked in state 1 or 2 in the following ways, commonly used for state transitions studies
on C. reinhardtii [12, 15-17, 19]: State 1 was obtained by incubating the cells in the dark while
vigorously shaking for 2 hours (to oxidize the plastoquinone pool with the oxygen present) and state 2
was obtained by dark incubation in anaerobic conditions achieved by nitrogen bubbling for 25 min (to
over-reduce the plastoquinone pool in the absence of oxygen) starting from cells in state 1, a method
that was also applied by Delosme et al. [12, 16, 17]. Cells were directly used for time-resolved
fluorescence measurements at 77K without further treatment.

Fluorescence Measurements

Streak Camera at 77K

Time-resolved fluorescence spectra at 77K were recorded with a picosecond streak-camera system
combined with a grating (50 grooves/mm, blaze wavelength 600 nm) with the central wavelength set
at 700 nm, having a spectral width of 260 nm (for details see [36-38]). Excitation light was vertically
polarized, the spot size diameter was typically ~100 um, and the laser repetition rate was 250 kHz.
The detection polarizer was set at magic-angle orientation. The excitation wavelength was 400 nm and
the laser power was adjusted to 50 = 5 4W. The sample was put in liquid nitrogen. Images with a 2-ns
time window were obtained for all samples. A high signal-to-noise ratio was achieved by averaging
100 single images, each obtained after analogue integration of 10 exposures of 1.112 s. Images were
corrected for background and photocathode shading. The instrument response function (IRF) was
described with a Gaussian of ~11 ps fwhm. Extreme care was taken during measurements (see SI)

Data Analysis.

Data obtained with the streak-camera setup were globally analyzed with Glotaran, the graphical user
interface of the R package TIMP (for details, see [39-41]). The method of global analysis is e.g.
described by van Stokkum et al. [42]. With global analysis, the data were fitted to a sum of
exponential decay curves convolved with an IRF and the amplitudes of each decay component as a
function of wavelength are called “decay-associated spectra” (DAS).

3.4 RESULTS:

To determine the difference in fluorescence kinetics of state-1 and state-2-locked samples at 77 K,
time-resolved fluorescence of samples in liquid nitrogen was measured with a picosecond streak-

camera system, using 400-nm excitation. Figures la and 1b represent the streak-camera images for
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state-1- and state-2- locked cells, respectively. The time-integrated fluorescence spectra, which are

obtained by summing up the fluorescence spectra at all time points of the streak images, differs

substantially for state 1 and state 2 (Figure 2): In particular, the ratio of the fluorescence intensity at

680 nm and 720 nm, i.e. F680/F720, changes to a large extent. The occurrence of this change is the

accepted way to demonstrate that cells are in
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Figure 1. Streak-camera images of state-1- and state-2-locked Chlamydomonas reinhardtii cells.

The images were recorded at 77K with excitation wavelength 400 nm. The time scale is 2 ns. The cells

from the same batch was used for recording streak images after state transitions (from state 1 to state

2) without any further modification. In these images, the fluorescence intensity (with the color code) is

represented as a function of time (vertical axis) and wavelength (horizontal axis).
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Figure 2. Integrated fluorescence
spectra of state-1- (black) and state-
2-locked  (red)  Chlamydomonas
reinhardtii cells. The spectra were
recorded at 77K with excitation
wavelength 400 nm. The same cell
sample is used for recording
fluorescence spectra after state
transitions (from state 1 to state 2)

without any further modification.

different states [12, 13, 20-23, 27, 43-45]. The PSII peak around 695 nm is less emphasized in the

present study as compared to our previous study [23], which is largely due to the fact that the spectral

bandwidth of our streak camera set up is wider (6 nm) than the one of the steady-state fluorescence
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spectrophotometer used in our previous study (2 nm). Global analysis of the fluorescence data
required 5 lifetimes (Figure 3). The black DAS corresponds to the fastest lifetime of 7 ps for both
state-1- and state-2-locked cells. This value is not extremely accurate because the fwhm of the IRF is
around 11 ps. Although both DAS display a positive/negative signature, characteristic for excitation
energy transfer (EET), their shapes are different (Figure 4a). Also for the next component (red DAS,
45 ps) the spectra differ for both states although, probably somewhat fortuitously, the lifetimes are

0.6- State 1 —7ps 06- State 2 i—? ps
—A45 ps |—45 ps

0.4 —190ps 04 |—165 ps
—T14 ps —B27 ps

0.2 B6ns | 0.2+ !.._._5”5

0.0

Normalized Intensity (a.u.)
Normalized Intensity (a.u.)

-0.2 -0.2
-0.41 -0.4
0.6 -0.6
660 680 700 720 740 760 780 660 680 700 720 740 760 780
Wavelength (nm) Wavelength (nm)

Figure 3. The decay associated spectra (DAS) for state-1- and state-2-locked cells. The lifetimes are
indicated in the figure. For a detailed explanation of the normalization procedure, see results.
again the same. Both spectra display a positive/negative signature (Figure 3). But unlike the black
DAS, these DAS show more contribution in the positive zone (between 675 — 705 nm) for both states.
The negative part of the red DAS covers the interval 705 — 730 nm (Figure 4b). The blue DAS
corresponds to a 190 ps lifetime for state-1-locked cells with positive peaks at 683 nm and 708 nm
(Figure 3). The peak at 683 nm is almost twice as high as the one at 708 nm (Figure 4¢). For state-2-
locked cells the blue DAS corresponds to a 165 ps lifetime, also with 2 positive peaks at 683 nm and
708 nm, but the ratio between the peaks at 682 and 705 nm is considerably lower than for state 1
(Figure 4c). The cyan DAS for state-1-locked cells corresponds to a 714 ps lifetime with 2 positive
peaks around 685 nm and 715 nm, whereas the contribution of the 715 nm peak is slightly higher
(Figure 3, Figure 4d). The cyan DAS for state-2-locked cells corresponds to a 627 ps lifetime with 2
positive peaks around 685 nm and 715 nm. In this case, the peak at 715 nm is the dominant one
(Figure 3, Figure 4d). The green DAS with very long lifetime (-6 ns) has very low amplitude (around
1%) for both states. It should be noted that this long lifetime is rather inaccurate, and should mainly be
ascribed to red chlorophylls in PSI (Figure 3). It is important to note that the spectra in figures 3 and 4
were normalized in such a way that the fluorescence spectra immediately upon excitation (i.e. at time
zero, t=0) are the same for state 1 and state 2. This is a necessary requirement because the pigment
composition should be identical for both states. The spectrum at t=0 is obtained in a straightforward
way by summing all the DAS obtained for a particular measurement. The shape of the t=0 spectrum

indeed appears to be (nearly) identical for state 1 and 2 and normalization of the DAS is then
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straightforward: If the t=0 spectrum for state 1 is higher by a factor x than the t=0 spectrum for state
2, then all the DAS for state 2 are multiplied by this factor x in order to obtain the proper
normalization. The only way in which the spectra at t=0 might differ for state 1 and state 2 would be
the presence of one or more ultrafast processes that would be too fast to capture when applying the
fitting procedure and that would differ for state 1 and 2. However, the fact that both spectra at t=0

have very similar shapes shows that this is not the case (see supplementary information, figure S1).
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Figure 4. Comparison of the DAS for each component for cells in different states. For a detailed

explanation of the normalization procedure, see results.
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In figure 5 the subtraction of each state 2 DAS from the corresponding state 1 DAS is shown after
normalization, in order to visualize the differences in fluorescence kinetics for both states. The
subtraction in case of the fastest component (7 ps) gives a negative peak at 678 nm without any
positive contribution. The difference spectrum for the 45 ps component displays a negative peak
around 685 nm. Apparently, for state-2-locked cells there is a large contribution of rapidly
disappearing excitations, with fluorescence spectra peaking at 678 (for the 7 ps component) and 685
nm (for the 45 ps component), which do not show a concomitant fluorescence rise at other
wavelengths, demonstrating that these excitations are quenched either chemically or non-
photochemically. For the blue (3™) and cyan (4™) DAS, the situation is completely different than for
the fastest components. The subtraction of the blue DAS of state-2-locked cells from the blue DAS of
state-1-locked cells displays a single peak around 683 nm. The subtraction of the cyan DAS of state-2-
locked cells from the cyan DAS of state-1-locked cells displays a dominant peak at 685 nm with a
broad and less pronounced contribution between 710 nm and 760 nm. These differences in blue and
cyan DAS are apparently due to substantial changes in the PSII-LHCII fluorescence region during
state transitions and the same is true for the differences in the corresponding lifetimes. In conclusion,
the most pronounced differences between state 1 and state 2 can be observed in the PSII-LHCII

region, whereas the fluorescence in the PSI region (around 720 nm) is rather similar for both states.

3.5 DISCUSSION

Recently, the change in fluorescence kinetics for state-1- and state-2-locked C. reinhardtii cells at
room temperature was studied in detail with the use of the time-correlated single-photon counting
technique [23]. It was shown that the fluorescence amplitude and lifetime of PSI do not show major
changes upon state transitions, whereas the lifetimes in the PSII region become somewhat faster in
state-2-locked cells [23]. This is important because in a different study on A. thaliana, it had been
demonstrated that the amplitude of the fluorescence component that is due to PSI increases
significantly when LHCII becomes attached to it [14]. It was thus remarkable that in C. reinhardtii
only relatively minor differences could be observed between the PSI fluorescence kinetics for state 1
and 2 whereas the percentage of moving antenna had been concluded to be much higher in earlier
studies [12, 16].

In the present study, the fluorescence kinetics of state-locked cells were investigated at 77K with a
picosecond streak-camera setup. In the streak-camera image and the time-integrated fluorescence
spectra, it is observed that the fluorescence intensity around 680 nm (PSII-LHCII fluorescence region)
decreases in state-2-locked cells. On the other hand, the fluorescence intensity around 720 nm (PSI
region) remains rather similar. Although the integrated fluorescence spectra show that there are
significant differences between the cells locked in both states, they do not provide information on
excitation energy transfer (EET) processes and time-resolved data are required for further insight. In

order to understand the changes in fluorescence kinetics in more detail, global analysis was performed
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of the streak-camera data. It reveals substantial differences in the DAS of the two fastest components
for both states whereas the corresponding lifetimes are the same. In state-1-locked cells, EET is
observed from pigments emitting at 670 nm (positive feature) to pigments emitting at 680 nm
(negative feature) with a time constant of 7 ps. In state-2-locked cells, the emission at 670 nm
disappears with a similar time constant but no EET to 680 nm pigments can be observed (no negative
peak at 680 nm). Either the 670 nm pigments are directly quenched or the excitations are still
transferred with a similar time constant but are immediately quenched after transfer. In either case a
significant fraction of the excitations originating from 670 nm pigments are lost and less excitation
energy remains in PSII. These excitations also do not arrive in PSI, since there is no significant change
in the PSI fluorescence region in any DAS for state 1 and state 2.

The fact that less energy transfer to 680 nm pigments (PSII-LHCII fluorescence region) takes place
in state 2 is also reflected in the blue DAS. The blue DAS (165/190 ps) show 2 major positive peaks at
683 nm and 708 nm, which are due to PSII-LHCII and PSI, respectively. The intensity of the peak at
683 nm has dropped by 35 % for state 2 whereas the peak at 708 nm is the same. This is possibly due
to the detachment of LHCII from PSII in state 2 [23, 24], while it is accompanied by instantaneous
quenching. Such detached LHCII should be highly quenched, otherwise a long-lived fluorescence
component (around 4 ns) should be observed. The quenching originates most likely from aggregation
since aggregated LHCII is known to be heavily quenched as compared to monomeric and trimeric
LHCII [46]. Moreover, such detachment of LHCII from PSII also causes a decrease in size of the
PSII-LHCII complex with a concomitant decrease in lifetime of the blue DAS in state-2-locked cells,
as is indeed observed.

Differences are also observed between the second (red) DAS for state 1 and 2, although the lifetimes
are the same, i.e. 45 ps. In state-2-locked cells, less excitations are transferred from 680 nm to 690 nm
pigments. As a result, the cyan DAS (627/714 ps), which has 2 major positive peaks at 685 nm and
715 nm, which are due to PSII-LHCII and PSI, respectively, shows a drastic decrease at 685 nm for
state-2-locked cells. It should be mentioned that in the cyan DAS, the peak at 715 nm also becomes
somewhat smaller in state 2 but this change is minor when compared to the one at 685 nm. The
decrease of EET from 680 nm to 690 nm pigments can also be explained by the detachment of LHCII
from PSII in state 2, like was argued for the changes in the black and blue DAS. Also, the detachment
of LHCII from PSII, which is accompanied by very fast LHCII quenching, causes a decrease in size of
the PSII-LHCII complex and concomitantly a decrease in the lifetime of the cyan DAS for state-2-
locked cells.

Not only the long lifetimes, corresponding to the blue and cyan DAS, become shorter for state 2, also
the DAS of each lifetime differs in structure for different states because of changes in the EET
process. However, the changes in the DAS mostly occur in the PSII-LHCII fluorescence region
whereas the change in the PSI fluorescence region is minor. In order to check to which extent the

changes in the fluorescence kinetics were cause by the state transitions, the same procedures to induce
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state 1 and state 2 were applied to STT7 kinase mutant cells. This mutant is unable to perform state
transitions [34, 35]. The fluorescence kinetics for these cells were also studied at 77 K, for conditions
that induce state 1 and state 2 in WT cells (See supplementary information, Figure S2 and Figure S3).
However, the fluorescence kinetics for STT7 cells are very similar for both conditions and the
pronounced changes, which are observed for WT cells are absent (see supplementary information,
Figure S2 and Figure S3). This convincingly demonstrates that indeed the changes in fluorescence
kinetics for different states as observed for wild-type cells originate from state transitions. In
conclusion, our current 77K data perfectly fit with the recent models by Unlu et al. and Nagy et al.,
which propose that LHCII indeed detaches from PSII like proposed before but the majority does not
attach to PSI. Moreover, the detached LHCII becomes heavily quenched, probably after aggregating.
This is in contrast to what was generally believed before, namely that the changes in the 77 K steady-
state emission spectra of C. reinhardtii occur largely due to dissociation of LHCII from PSII and

attachment to PSI.
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Supplementary Information

1) Comparison of spectra at t=0 obtained from different state-locked WT cells

Fluorescence at t=0 — State 1

1.0 State 2

Normalized Intensity

0.0 T I I
640 660 680 700 720 740 760 780 800

Wavelength (nm)

Figure S1. Comparison of estimated spectra at t=0 obtained from state-1-locked and state-2-locked
cells. For explanation see main text (results).

2) Comparison of state transitions in WT and STT7 kinase mutant

In order to confirm that the observed differences observed for cells with either an oxidized (state 1) or
an overreduced plastoquinone pool (state 2) are indeed due to state transitions we repeated the
measurement under identical conditions with STT7 mutant cells, which are lacking the kinase that is
responsible for the phosphorylation required for state transitions. The results could only be fitted in a
meaningful way using 4 decay components, in contrast to the results obtained for WT cells which
required 5 components. In order to allow a direct comparison between mutant and WT cells, we also
fitted the time-resolved fluorescence data on WT cells with 4 decay components and the results are
shown in Figure S2.
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Figure S2. The decay associated spectra (DAS) for state-1- and state-2-locked cells using 4
exponentials for the fitting. The lifetimes are indicated in the figure. All spectra are normalized and
for a detailed explanation of the normalization process, we refer to the Results section in the main
text.

As before one can observe clear differences for all DAS in state 1 and state 2 and in particular the 3™
(blue) DAS shows that the long-lived PSII contribution (around 685 nm) has largely decreased
whereas the PSI contribution around 710 nm hardly has changed.
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Figure S3. The decay associated spectra (DAS) for “state-1- and state-2-locked” STT7 mutant cells
with 4 exponentials. The lifetimes are indicated in the figure. All spectra are normalized and for a
detailed explanation of the normalization process we refer to the Results section in the main text.

In sharp contrast to what is observed for the WT cells, the STT7 cells show hardly any differences
for the conditions that are responsible for state 1 and 2 in WT cells. Both the lifetimes and the shapes
of the different components are very similar, although not entirely identical. However, all the major
changes that are discussed for the WT cells are missing for these mutant cells.
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3) Precautions during Streak camera measurements at 77 K

All streak measurements in this study were performed with extreme care; the most important
precautions are listed below.

- The same culture was used for streak camera measurements after and before state transitions.

- Pasteur pipettes were kept in 77 K before they were used for experiments.

- Pipettes were cleansed by ethanol before their use in streak camera measurements to get rid of
humidity.

- Always clear samples, which mean samples without any ice formation in the solution, were used
for streak measurements.
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4.1 ABSTRACT

Minor light-harvesting complexes (Lhcs) CP24, CP26 and CP29 occupy a position in photosystem II
(PSII) of plants between the major light-harvesting complexes LHCII and the PSII core subunits. Lack
of minor Lhcs in vivo causes impairment of PSII organization, and negatively affects electron transport
rates and photoprotection capacity. Here we used picosecond-fluorescence spectroscopy to study
excitation-energy transfer (EET) in thylakoids membranes isolated from A. thaliana wild-type plants
and knockout lines depleted of either two (koCP26/24 and koCP29/24) or all minor Lhes (NoM). In
the absence of all minor Lhcs, the functional connection of LHCII to the PSII cores appears to be
seriously impaired whereas the “disconnected” LHCII is substantially quenched. For both double
knock-out mutants, excitation trapping in PSII is faster than in NoM thylakoids but slower than in WT
thylakoids. In NoM thylakoids, the loss of all minor Lhcs is accompanied by an over-accumulation of
LHCII, suggesting a compensating response to the reduced trapping efficiency in limiting light, which
leads to a photosynthetic phenotype resembling that of low-light-acclimated plants. Finally,
fluorescence kinetics and biochemical results show that the missing minor complexes are not replaced
by other Lhcs, implying that they are unique among the antenna subunits and crucial for the

functioning and macro-organization of PSII.
4.2 INTRODUCTION

Oxygenic photosynthesis is performed in the chloroplast by a series of reactions which transform
sunlight energy into chemical energy [1]. Absorption of light, excitation energy transfer (EET) and
electron transfer are the primary events of the photosynthetic light phase and take place in
Photosystems (PS) I and II [2-10]. PSII is a large supramolecular pigment-protein complex located in
the thylakoid membranes of plants, algae and cyanobacteria. Its reaction center (RC) consists of
several subunits carrying the cofactors for electron transport and forms, together with the proteins
CP43 and CP47 a so-called core complex [11, 12]. Core complexes form dimers (C,), which bind a
system of nuclear-encoded light-harvesting proteins (Lhcbs): CP29 and CP26 are monomeric antennae
located in close connection to the core, and seem to mediate the binding of an LHCII trimer (the major
antenna complex of PSII) called LHCII-S (strongly bound), thus forming the basic PSII supercomplex
structure C,S, [13]. Moreover, in higher plants another monomeric subunit (CP24) and one more
trimeric LHCII (LHCII-M, ‘moderately’ bound) bind the PSII core to extend the light-harvesting
capacity of the supercomplex (called C,S,M,). Besides light harvesting, the outer antenna of PSII
plays a crucial role in photoprotective and regulatory mechanisms such as limiting the level of Chl
triplet states [14-16], scavenging of reactive oxygen species [17] and activating non-radiative de-

excitation pathways [18].

Excitations are used to induce primary charge separation (CS) within the RC, after which electrons are

transferred in succession to the acceptors Qa and Qg, while the oxidizing equivalents in the Mn cluster
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are used to catalyze water splitting [1]. The quantum efficiency of CS depends on the rate constants of
different molecular events, namely 1) EET from outer antenna to RC; 2) CS and charge
recombination; 3) secondary electron transfer to Qa, and 4) relaxation processes, such as intersystem

crossing, internal conversion and fluorescence emission [19].

Among the antenna complexes of PSII, monomeric Lhes CP24, CP26 and CP29 are of particular
interest, because the location of these complexes in between LHCII and the RC makes them crucial for
facilitating EET from LHCII, forming the major part of the antenna system, to the core subunits,
although it seems that also direct EET from LHCII-S to the core is possible [20, 21]. Indeed, depletion
of specific monomeric Lhcs in vivo was shown to impair the organization of photosynthetic complexes
within grana partitions, and to negatively affect electron transport rates and photoprotection capacity
[22]. Evidence that these gene products have been conserved over at least 350 million years of
evolution [23] strongly indicates that each complex has a specific role in the PSII function over the

highly variable conditions of the natural environment.

CS in the reaction centers of PSI and PSII occurs within tens to hundreds of picoseconds (ps) after
light absorption. A great challenge in studying EET and charge separation in thylakoid membranes is
to disentangle the kinetics related to both photosystems. Broess et al. [24] and Caffari et al. [20]
recently provided a more detailed picture of EET in PSII membranes and supercomplexes of plants
while van Oort et al.[25] investigated EET in entire thylakoids of WT and mutant Arabidopsis with the
use of ps-fluorescence spectroscopy, using different combinations of excitation/detection wavelengths,
in order to distinguish PSI and PSII kinetics. The exciton/radical-pair-equilibrium (ERPE) model has
often been used to describe the kinetics of EET in PSII preparations with open RCs, i.e. with the
electron acceptor Q, fully oxidized [26, 27]. This model assumes that EET to the RC is too fast to
contribute substantially to the charge separation time [26]. To provide a more accurate description for
grana-enriched membranes, the ERPE model was extended after analyzing ps-fluorescence
measurements using different excitation wavelengths and applying a coarse-grained model to
determine the excitation migration time to the RC [24]. Comparison of the fluorescence kinetics
obtained for 412 nm (more excitations in the core) and 484 nm excitation (more excitations in the
outer antenna), led to the conclusion that the average migration time of an excitation toward the RC
contributes 20-25% to the average trapping time in PSII membranes and around 50% in full thylakoid
membranes [25, 28, 29] and the overall migration time to the RC is around 150 ps in WT thylakoids,
four times longer than for grana-enriched membranes [24] which is likely due to additional antenna
complexes that are less well connected to the PSII RC [21, 25, 28-30] and that are lost during
preparation of grana membranes [21]. Recently, also models were presented that assume excitation

trapping the time of which is entirely dominated by migration of excitations to the RC [31, 32].

Recent studies on EET dynamics focused on the behavior of specific pigment-protein complexes that

constitute either PSI or PSII [33-35]. Reverse genetic approaches in model organisms such as
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Arabidopsis thaliana allowed to isolate knock-out lines devoid of specific components of PSII [36, 37]
and have been instrumental in order to dissect the function of each subunit in vivo. Hopefully,
applying time-resolved spectroscopy on thylakoid membranes of different composition can provide

new knowledge on the primary events of the light phase at the molecular level.

In this work, thylakoid membranes of A. thaliana have been studied with time-resolved fluorescence
spectroscopy using different combinations of excitation and detection wavelengths, in order to (partly)
separate PSI and PSII/LHCII contributions. In particular, PSII/LHCII fluorescence decay kinetics have
been measured on thylakoids isolated from wild-type Arabidopsis, from the double knock-out mutants
koCP26/24 and koCP29/24, and from a mutant depleted of all minor antennae (NoM). The main goal
of this study was to investigate how the depletion of specific Lhes affects the excitation- and electron-
transfer parameters of PSII. In the absence of all minor Lhcs of PSII, the functional connection
between LHCII from the PSII cores appears to be strongly impaired and LHCII is substantially
quenched which is probably related to the fact that the NoM plants are strongly hampered in their
growth as compared to WT plants. For double knock-out mutants, the outer antenna is better
connected to the PSII core and the corresponding plants also grow significantly better than the NoM
plants.

4.3 MATERIALS AND METHODS:
Plant material and growth conditions

WT plants of Arabidopsis thaliana ecotype Col-0 and mutants koLhcb4.1, koLhcb4.2, koLhcb5 and
koLhcb6 were obtained as previously described [36, 37]. Multiple mutants koLhcb5 koLhcb6
(koCP26/24), koLhcb4.1 koLhcb4.2 (koCP29/24) and koLhcb4.1 koLhcb4.2 koLhcb5 (NoM) were
isolated by crossing single mutant plants and by selecting the progeny through immunoblotting, using
antibodies specific for the different Lhcb subunits. Double mutant koLhcb4.1 koLhcb4.2 is devoid of
both CP29 and CP24 minor antennae, since accumulation of CP24 is hampered when CP29 is missing,
as previously reported[36]. Seedlings were grown for 5 weeks at 100 pmol photons m™s™, 23°C, 70%
humidity, and 8 h of daylight.

Membrane isolation

Dark-adapted leaves were rapidly homogenized using mortar and pestle, and stacked thylakoids were
isolated as previously described [38], with the following modifications aimed at preserving thylakoids
functionality: protease inhibitors (2 mM g-aminocaproic acid, 2 mM benzamidine-hydrochloride, 0.5
mM PMSF) were added to the buffers; maximum 1 g of leaves was grinded in 100 ml of GB;
thylakoids were resuspended in B4 buffer (0.4 M sorbitol, 15 mM NaCl, 10 mM KCI, 5 mM MgCl,,
15 mM Hepes pH 7.8) before being frozen in liquid nitrogen
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Pigment analysis

Pigments were extracted from leaf discs with 85% acetone buffered with Na,COs, then separated and

quantified by HPLC [39].
In vivo fluorescence measurements

PSII maximal photochemical efficiency was measured through Chl fluorescence on dark-adapted
leaves at room temperature with a PAM 101 fluorimeter (Walz, Germany); saturating light pulses
(4500 pmol photons m™s™, 0.6 s) were supplied by a KL1500 halogen lamp (Schott, UK) (for results,

please see supplementary information).
Gel electrophoresis and immunoblotting

SDS-PAGE analysis was performed with the Tris-Tricine buffer system [40], with the addition of 7M
urea to the running gel when needed to separate Lhcb4 isoforms [36]. For fractionation of pigment-
protein complexes, membranes corresponding to 500 ug of Chls were washed with 5 mM EDTA and
then solubilized in 1 ml of 0.7% a-DM, 10 mM HEPES, pH 7.8. Solubilized samples were then
fractionated by ultracentrifugation in a 0.1-1 M sucrose gradient containing 0.06% o-DM, 10 mM
HEPES, pH 7.8 (22 h at 280,000 g, 4 °C). Non-denaturing Deriphat-PAGE was performed following
the method developed in [41] with the modification described in [42]. The thylakoids concentrated at 1
mg/ml chlorophylls were solubilised with a final concentration of 1% o/p-DM, whereas 25 pg of Chls
was loaded in each lane. Bands corresponding to trimeric LHCII and monomeric PSII core were
excised from the gel, and purified complexes were then eluted by grinding gel slices in a buffer
containing 10 mM Hepes pH 7.5, 0.05% o- DM. LHCII/PSII core ratios were quantified by loading
thylakoids (15 pg of Chls), PSII core (0.25-0.5-0.75-1.0 pg of Chls) and trimeric LHCII (1.0-2.0-3.0-
4.0 pug of Chls) in the same slab gels. After staining with coomassie blue, the signal amplitude of
LHCII and CP43/CP47 bands were quantified (n=4) by GelPro 3.2 software (Bio-Rad, USA). By
using the pigment composition of the individual subunits [12, 43] and the OD of each protein band,
the number of LHCII trimers per monomeric PSII core was calculated. For immunotitration, thylakoid
samples corresponding to 0.1, 0.25, 0.5, and 1 pg of chlorophyll were loaded for each sample and
electroblotted on nitrocellulose membranes; proteins were detected with alkaline phosphatase-
conjugated antibody, according to Towbin et al. [44], and signal amplitude was quantified by
densitometric analysis (n = 4). In order to avoid any deviation between different immunoblots,

samples were compared only when loaded in the same slab gel.
Photosystems activity measured with artificial donors and acceptors

These measurements were performed as previously described [38]. PSI electron transport from the
artificial donor (TMPDH,, N,N,N,N-tetramethyl-p-phenylene-diamine, reduced form) to NADP" was

measured at 22°C on functional thylakoids in the dual-wavelength spectrophotometer Unicam AA
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(Thermo Scientific, USA), while PSII electron transport to DMBQ (dimethyl-benzoquinone) was
measured following the O, evolution in a Clark-type oxygen electrode system (DW2/2, Hansatech
Instruments, UK) both under red light illumination (200 pmol photons m? s”, A>600 nm).
Concentrations used were as follows: 0.1 sorbitol, 5 mM MgCl,, 10 mM NaCl, 20 mM KCI, 10 mM
Hepes pH 7.8, 0.5 mM NADP", 10 uM ferredoxin, either 300 mM DMBQ or 250 mM TMPDH, and
thylakoids to a final Chl concentration of 10 pg/ml. When TMPDH, was used, the reaction mixture
contained 5 mM ascorbic acid, and after 1.5 min of illumination 1 kM DCMU was added, followed by

the artificial donor.
Time-resolved fluorescence

Time-correlated single photon counting (TCSPC) measurements were performed with a home-built
setup [45, 46]. In brief, samples were kept at room temperature (RT, 22°C) in a flow cuvette coupled
to a sample reservoir. The samples were flown from reservoir to cuvette with a speed of 2.5 ml/s and
the optical path length of the cuvette was 3 mm. The samples were excited with 412 nm and 484 nm
pulses of 0.2 ps duration at a repetition rate of 3.8 MHz. In order to avoid the closure of reaction
centers the excitation intensity was kept low (0.5 — 1.5 uW), which resulted in a count rate of 30000
photons per second or lower (See Supplementary Information for details, Figure S1) The diameter of
the excitation spot was 2 mm. The instrument response function or IRF (70 — 80 ps FWHM) was
obtained with pinacyanol iodide in methanol with a 6 ps fluorescence lifetime [47, 48]. Measurements
were done by collecting photons for 5 minutes. Fluorescence was detected at 679 nm, 701 nm and 720
nm using interference filters (15 nm width). The data were collected using a multichannel analyser
with a maximum time window of 4096 channels typically at 5 or 2 ps/channel. One complete
experiment for a fluorescence decay measurement consisted of the recording of data sets of the
reference compound, isolated thylakoid and again the reference compound, which was done at least

three times in this order with a fresh sample for each condition, in order to check the reproducibility.
Data analysis.

Data obtained with the TCSPC setup were globally analysed using the “TRFA Data Processing
Package” of the Scientific Software Technologies Center (Belarusian State University, Minsk,
Belarus). Fluorescence decay curves were fitted to a sum of exponentials that was convoluted with the
IRF. The quality of a fit was judged from the % value and by visual inspection of the residuals and the
autocorrelation thereof. The number of exponentials was 5 in all cases, whereas one of these
components was an artefact with a very fast lifetime (between 0.1 ps and 1 ps), which was mainly used
to improve the fitting quality at early times. These artefacts are not further considered or discussed

below.
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4.4 RESULTS:

In order to isolate knock-out (KO) lines of Arabidopsis thaliana lacking two or three minor antennae,
kolhcb4.1, kolhcb4.2, kolheb5 and kolhcb6 homozygous KO lines were identified in seed pools
obtained from NASC by immunoblot analysis using specific antibodies raised against CP29, CP26 and
CP24 antenna proteins, as previously described [36, 37]. KO double mutants kolhcb5 kolhcb6 retain
Lhcb4 (CP29) as the only minor antenna [37], while deletion of both CP29 isoforms in the kolhcb4.1
kolhcb4.2 double mutant results in a plant retaining CP26 as the only minor antenna, since
accumulation of CP24 is hampered in this genotype [36]. Triple mutant kolhcb4.1 kolhcb4.2 kolhcb5
is lacking all minor antennae: indeed, deletion of both lhcb4.1 and lheb4.2 yielded a plant devoid of
CP29, and lack of CP29 hampered CP24 stability and accumulation [37]; thus the triple KO only
retains subunits of the major antenna complex LHCIIL In the following, we will refer to these
genotypes as koCP26/24 (kolhcb5 kolheb6), koCP29/24 (kolhcb4.1 kolhcb4.2) and NoM (kolhcb4.1
kolhcb4.2 kolhcb5). When grown in control conditions (100 pmol photons m™ s, 23°C, 8/16 h
day/night) for 4 weeks, koCP26/24 and koCP29/24 plants did not show significant reduction in growth
with respect to the WT plants, while NoM plants were much smaller than WT plants (Figure 1A).
Thylakoid membranes were isolated from WT and mutant plants, and the lack of the corresponding
gene product was confirmed by SDS-PAGE (Figure 1B) and western blotting (see Supplementary
Information, Figure S2). The pigment content of mutant thylakoids showed a significant decrease in
the Chl a/Chl b ratio with respect to the membranes from WT (reflecting a relative increase of the
amount of outer antenna complexes): double mutants koCP26/24 and koCP29/24 showed a ratio of
2.61 and 2.64 respectively, vs. 2.75 for WT thylakoids. The lowest ratio (2.35) was observed for NoM
(Table 1). In order to detect possible alterations in the relative amount of protein components of the
photosynthetic apparatus upon removal of minor antennae, we determined the stoichiometry of the
main subunits of both Photosystems by immunoblotting titration, using antibodies specific for the
subunits CP47 (PsbB, inner antenna of PSII core complex), PsaA (main subunit of PSI core complex)

and LHCII (the major outer antenna of PSII). The PSI/PSII (PsaA/CP47) ratio was essentially the

Table 1. Chlorophyll composition and LHCII content determined on thylakoids from wild-type and KO

mutants.
WT 2.75+£0.05 42+0.3
NoM 2.35+0.04 6.1+0.3
KoCP29/24  2.64+0.03 48+0.3
KoCP26/24  2.61£0.02 5.1+0.3
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Figure 1. Characterization of the KO mutants. (4) Phenotype of wild-type and mutant plants grown
in control conditions (100 umol photons m™ s, 23°C, 8/16 h day/night) for 4 weeks . (B) SDS/PAGE
analysis of wild-type and mutants thylakoid proteins. Selected apoprotein bands are marked. Fifteen
micrograms of Chls were loaded in each lane. (C) Immunotitration of thylakoid proteins. Data of
LHCII and PsaA subunits were normalized to the PSII core amount, CP47 content, and normalized to

the corresponding WT content.
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same in WT, koCP26/24 and NoM membranes, while a slight increase in CP47 relative content was
detected for koCP29/24 as compared to WT. The LHCII/PSII ratio increased with the removing of
monomeric antennae: both koCP26/24 and koCP29/24 had a significantly higher amount of LHCII
with respect to WT, while the LHCII content was even higher in NoM (Figure 1C). The stoichiometric
ratio of trimeric LHCII and monomeric PSII core complex was determined by quantifying the
coomassie staining of the corresponding bands on an SDS/PAGE, by integrating the optical density of

each band (see supplementary information, Figure S3, see Methods for details). Results confirmed a
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far higher LHCII content in NoM (6.1 trimeric LHCII per monomeric PSII) with respect to the WT
(4.2 trimers), while koCP29/24 and koCP26/24 showed an intermediate content (respectively, 4.8 and

5.1 trimers per monomeric PSII) (Table 1).

To analyze the organization of pigment-protein complexes, thylakoid membranes isolated from WT
and KO mutants were solubilized with 0.7% dodecyl-a-D-maltoside (a-DM), then Chl-binding
proteins were fractionated by sucrose gradient ultracentrifugation. The fractionation patterns are
shown in Figure 2. Six major green bands were obtained for the wild type: the PSI-LHCI complex was
found as a major band in the lower part of the gradient, corresponding to a complex more stable than
PSII that does not dissociate into smaller complexes upon mild solubilization of thylakoids; the PSII-
LHCII components are visible as multiple green bands, namely PSII core complex, CP29-CP24-
LHCII-M antenna supercomplex, trimeric LHCII and monomeric Lhcb; a large band with apparent
molecular mass higher than PSI-LHCI, which contained undissociated PSII supercomplexes of
different LHCII composition, was detected in the lower part of the gradient. The major difference

detected in KO mutants with respect to the wild type was the lack of the antenna supercomplex CP29-

Figure 3. Time-resolved fluorescence

—WT
—— koCP29/24 decays of thylakoid membranes from

——koCP26/24
NoM WT, KoCP29/24, KoCP26/24 and NoM

strains. The excitation wavelength is
0.14 . .
] 412 nm and the detection wavelength is

680 nm.

0.014
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1E-3+
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Table 2. Fitted lifetimes (and amplitudes in brackets) for thylakoids at room temperature with

excitation wavelength 412 nm and detection wavelength 680 nm.

WT koCP2624  koCP29CP24 NoM
T 52ps(25%)  64ps(23%) 66 ps(21%) 59 ps (30%)
13 166 ps (32%) 273 ps (23%) 278 ps (23%) 294 ps (20%)

T3 409 ps (42%) 912 ps (53%) 732 ps (52%) 1.001 ns (48%)
T4 5.6 ns (1%) 2.8 ns (1%) 2.1 ns (4%) 2.9 ns (2%)

Confidence intervals of fluorescence lifetimes (7) as calculated by exhaustive search were <5%, lifetimes were calculated
from 2—6 repeats.
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CP24-LHCII. Moreover, PSII supercomplexes were differentially represented in these genotypes: faint
bands of PSII supercomplexes were still detectable in the lower part of the gradient in both koCP29/24
and koCP26/24, although their amounts were strongly reduced as compared to WT, while NoM

thylakoids were completely devoid of PSII supercomplexes.

To test the photosynthetic activity of both photosystems in our thylakoid preparations, artificial
electron donors and acceptors were used. The rate of linear electron transport (ET) from H,O to
DMBQ, which accepts electrons at the Qg site, was measured polarographically as the rate of O,
evolution, while the ET capacity of PSI was measured spectrophotometrically as the rate of NADP"
reduction, upon addition of the plastocyanin electron donor TMPDH, (see Methods for details).
Results reported in Table S1 show that all photosystems retained their ET capacity, which clearly
indicates that all the preparations are active and can efficiently drive photosynthesis. However, a
reduction in O, evolution and NADPH accumulation on a Chl basis was observed in the membranes of
NoM mutants (respectively, -30% and -20% as compared with the WT); this result might be ascribed
to a lower PSII efficiency due to the presence of badly connected LHCII in the NoM mutant as
compared to WT.

Fluorescence decay curves were measured with the TCSPC setup stacked thylakoids from Arabidopsis
thaliana. This approach aimed to be close to the native situation and was preferred above measuring
on grana-enriched membranes (BBYs), which are known to constitute a heterogeneous system and to
retain a far lower amount of trimeric LHCII than the number generally reported to be bound per RC in
thylakoid preparations. Either 412-nm laser pulses, exciting relatively more PSII core complexes, or
484 nm laser pulses, exciting relatively more outer antenna complexes, were used. For detection 679
nm-, 701 nm- and 720 nm-interference band filters were used. By combining the results for different
excitation and detection wavelengths it is in principle possible to differentiate between PSI and PSII

kinetics and to estimate the average migration time of excitations to the PSII reaction centers [25].

The fluorescence decay curves of thylakoid preparations from WT, NoM, koCP29/24 and koCP26/24
mutants were strikingly different from each other (Figure 3). The decay of WT thylakoids was the
fastest followed by those of koCP29/24, koCP26/24 and NoM, in that order. To get more quantitative
information from the decay curves, they were fitted to a sum of exponential decay functions. The
fitting results are given in Table 2 (more detailed results are given in Supplementary Information, see

Table S2, Table S3, Table S4 and Table S5).

The lifetime t;, which is in the range of 50 ps — 70 ps, is largely due to PSI, although also PSII does
contribute to some extent [25, 28, 49]. Because PSI fluorescence is red-shifted as compared to PSII
fluorescence, the relative amplitude of this component increases upon going from detection
wavelength 679 to 720 nm. The value of 1, and the corresponding amplitude only differ to a limited

extent for the different thylakoid preparations. WT Arabidopsis shows the shortest value for 7, with 52
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ps, whereas the 1| value for the NoM mutant is only 7 ps slower (59 ps). The t; value is somewhat
slower for koCP26/24 and koCP29/24 with 64 ps and 66 ps, respectively. The relative amplitude of 1,
ranges from 21 to 30 % for the different thylakoid preparations (for Ae=412 nm, A4=679 nm; more
detailed results are given in Supplementary Information, see Table S2, Table S3, Table S4 and Table
S5).

The lifetimes 1, and 73 in Table 2 are mainly due to PSII-LHCII (and possibly some detached antenna
with the highest amplitude at Aq4—=679 nm, as expected for PSII — LHCII [25]. WT thylakoids show
the lowest values for both 1, (166 ps) and t; (409 ps). These lifetimes become considerably longer for
the mutants. The 1, values for the various mutants are very similar to each other, ranging from 273 ps
to 294 ps. On the other hand, the difference in t; for the mutants is significantly more pronounced. t;
is 732 ps for the koCP29/24 mutant, whereas it is 905 ps for koCP26/24 and 1.00 ns for NoM. In
comparison to WT, the amplitude for t; becomes rather high in all mutants whereas the amplitudes for
T, decrease substantially. Finally, the slowest component (t4) can be ascribed to free chlorophyll
and/or disconnected light-harvesting complexes with very low amplitudes and possibly some closed
RCs although this is rather unlikely with the current excitation conditions (total amplitude is at most
4%) [25]. It should be noted that the amplitude for 14 is lower than 1% for WT thylakoids (detailed
results are given in Supplementary Information, see Table S2, Table S3, Table S4 and Table S5).

To estimate the PSII — LHCII kinetics, PSI and PSII kinetics were separated from each other using the
method recently presented by van Oort et al [25]. In brief, the PSII — LHCII contribution to the sub-
100 ps component was determined by using different excitation and detection wavelengths [25] and
together with the long lifetimes 1, and 13, which are solely attributed to PSII — LHCII, the kinetics of
PSII-LHCII, with possibly some free LHCII, can be calculated [25]. The obtained PSII-LHCII
kinetics differ considerably for WT and mutant thylakoids. For excitation at 412 nm, the WT

Table 3. PSII — LHCII (with possible free LHCII) kinetics for thylakoid membranes

Tavg (PS)
Excitation 412 nm 484 nm Difference (ps)
WT 259 285 26
KoCP29/24 523 565 42
KoCP26/24 617 687 70
NoM 601 778 178

The PSII — LHCII (with possible free LHCII) kinetics were derived from the kinetics of thylakoid membranes by removing the
PSI contribution, as explained in van Oort et al [23]before.
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preparation shows the fastest PSII-LHCII kinetics with an average lifetime of 259 ps, whereas the
mutants are significantly slower; 523 for koCP29/24, 617 ps for koCP26/24, and 601 ps for NoM. For
excitation at 484 nm, the PSII-LHCII kinetics of all mutant and WT preparations become slower. The
PSII-LHCII average lifetime for WT cells is then 285 ps. For the mutant preparations, the average
lifetimes are 565 ps, 687 ps and 771 ps for koCP29/24, koCP26/24 and NoM, respectively (Table 3).

The difference in PSII-LHCII average lifetime for different excitation wavelengths is approximately
proportional to the average migration time of excitons needed to reach the RC for the first time, but
also the presence of detached antennae affects this difference. The difference is 26 ps for WT
thylakoids, whereas it becomes larger for the mutants: 41 ps and 70 ps for koCP29/24 and koCP26/24,
respectively, whereas it is even 170 ps for NoM mutants. It should be noted that detached or loosely
bound antennae cause a significant increase of the difference between PSII-LHCII kinetics for
different excitation wavelengths (Table 3). In addition, it should be mentioned that the difference
between overall average lifetimes (i.e. without correction for PSI) with different excitation
wavelengths for WT and mutant strains has the same trend as the difference in PSII-LHCII average
lifetime for different excitation wavelengths (See Supplementary Information Table S2, Table S3,
Table S4 and Table S5 ), which shows that the differences between corrected lifetimes upon different
excitation wavelengths are not artificially created or exaggerated because of corrections and

calculations. The calculated PSII-LHCII average lifetime values will be discussed hereafter.
4.5 DISCUSSION

The monomeric antennae CP24, CP26, and CP29 are three of the six light-harvesting subunits that
compose the PSII peripheral antenna system of higher plants. They are the only Lhc subunits that can
occupy the position between the inner antennae CP43/CP47 and the outer LHCII trimers within the
PSII supercomplex [50] (Figure 4). Although these pigment-protein complexes are homologous and
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Figure 4. Membrane organization of PSII in Arabidopsis Thaliana. The core of PSII consists of
reaction center (D1/D2) together with CP47 and CP43. Minor antenna complexes (CP24, CP26 and
CP29) with the major antenna complexes LHCII (dark green) form peripheral antenna that surrounds
the core. The binding strength of trimeric LHCII at different locations is strong (S) or moderate (M)
PSII structure is based on the study of Caffari et al. [21]

are expected to share a common three-dimensional organization on the basis of the structural data

available [43, 51], they cannot be exchanged between each other in the supercomplexes [50].

Earlier work [52] has characterized Arabidopsis plants devoid of LHCII, and proposed a high degree
of redundancy among Lhcb subunits; indeed, the PSII supercomplex organization was maintained in
the absence of LHCII by over-accumulating Lheb5. Instead, the knock-out of monomeric antennae
leads to destabilization of PSII-Lhcb supercomplexes, meaning that the minor antennae are essential
for PSII organization. This conclusion is supported by the fact that removal of two or more different
monomeric Lhcb’s increases the trapping time of excitons in the RCs substantially as compared to WT
thylakoids, meaning that the absence of minor antenna complexes leads to badly connected or

disconnected LHCII as will be discussed further below.
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Recently, time-resolved fluorescence kinetic studies were performed on different knockout mutants of
A. thaliana. 1t was shown that, in the absence of specific minor antenna complexes in most cases the
overall average lifetimes become longer as compared to those of WT cells [25, 30] and in particular
the migration time of excitations to the RCs increases [25, 30]. These results confirm that there are
disruptions of the PSII-LHCII complex organization in the absence of minor antenna complexes
resulting in the formation of badly connected or disconnected LHCII [25, 30]. Amongst the mutants
studied here, the most explicit slowdown of the fluorescence kinetics is observed for the NoM mutant
as might have been expected since all minor antenna complexes are missing. For koCP26/24 the
slowdown of the fluorescence kinetics is more pronounced than for koCP29/24. This observation is in
good agreement with previous work in [30], which indicates that both double mutants have
disconnected LHCII, but the koCP26/24 mutant has more, although the mutant that was lacking CP26
showed faster fluorescence kinetics than mutants lacking either CP24 or CP29 or both [25].

The most significant increase concerns the lifetimes of decay components 2 and 3 for all mutants, and
this must originate from a reorganization or “disassembly” of PSII-LHCII, in agreement with earlier
studies [25, 30]. The increase in the lifetime of the PSII-LHCII components can be explained by the
existence of badly connected or disconnected LHCII due to the absence of several minor antenna
complexes. In the presence of disconnected LHCII, long-lived fluorescence components (around 4 ns)
are expected, unless the LHCII complexes aggregate [48] which leads to a shortening of the
fluorescence lifetime [48]. In a previous picosecond fluorescence study on thylakoid membranes from
A. thaliana, it was shown that not only lifetime components 2 and 3 are responsible for the PSII-
LHCII kinetics, but component 1 is also partly due to PSII-LHCII [25]. In that study, van Oort et al.
used two excitation wavelengths in order to vary the relative amount of excitations in the core and
outer antenna of PSII [25]. Applying this method, we find that the average lifetime of PSII-LHCII for
the NoM mutant is 2.3 times longer than the average lifetime of PSII-LHCII for WT. This huge
difference is attributed to the disruption of PSII supercomplexes and the presence of detached LHCII.
Furthermore, from the biochemical analysis it is concluded that the LHCII/PSII ratio is increased by
50% in the NoM mutant as compared to WT cells, which means that the number of PSII pigments per
RC in the NoM mutant is about 20% higher than in WT, since monomeric antennae are lacking. This
should lead to an increase of the average lifetime of approximately 20% if all LHCII would be
connected equally well to the PSII RC as in WT thylakoids [25]. To figure out the reason behind the
increase of the average lifetime, the migration time for the WT and NoM mutant are calculated by the
method van Oort et al. [25]. According to this method, the difference At in the average lifetime of PSII
for the two excitation wavelengths is approximately proportional to the migration time[25]. For WT
cells we find At = 26 ps, whereas for the NoM mutant the value of At is far larger, i.e. 170 ps. This
dramatic increase cannot be explained by an increase of the migration time because of badly connected

LHCII only but there should also be a significant fraction of disconnected LHCII (see also Van Oort et
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al. 2010). The (partial) detachment of LHCII is confirmed by the absence in NoM mutants of PSII
supercomplexes containing LHCII-S, as shown upon mild solubilization of thylakoids and
fractionation of pigment-protein complexes by ultracentrifugation (Figure 2). Therefore, CP29 and
CP26 play a crucial role in mediating the association of trimeric LHCII with the PSII complex.
Moreover, the loss of all monomeric Lhcbs was accompanied by an over-accumulation of LHCII
(+45% as compared to WT), suggesting compensation within the group of Lhcb proteins as a general
regulatory mechanism for PSII antenna size. The phenotype of NoM is consistent with a recent study
of Arabidopsis thaliana acclimation to low- vs. high-light [53], which showed that LHCII is among

the Lhcb’s the major one responsible for the regulation of the PSII antenna size during acclimation.

The efficiency of light harvesting, directly related to the plastoquinone redox state, might play a role in
antenna-size regulation. Indeed, the redox state is an indicator of the overall efficiency of
photosynthetic electron transport, and it was suggested to play a key role in the modulation of antenna
size through regulation of the Lhc genes expression [54]. More recent results [55] showed than upon
long-term acclimation, despite a lack of Lhcb transcriptional regulation, the level of LHCII is tuned to
environmental conditions, thus suggesting that the steady-state level of LHCII depends on post-
transcriptional, rather than on transcriptional regulation, as assessed by the finding of a strong
differential translational control on individual Lhcb mRNAs [56]. Thus, overaccumulation of LHCII in
NoM would represent an adaptation response: depletion of minor antennae leads to reduced trapping
efficiency in limiting light, and would trigger a compensative response leading to a photosynthetic

phenotype with high LHCII/PSII ratio, namely resembling that of low light-acclimated leaves.

Accumulation of a large amount of disconnected antenna proteins in the NoM thylakoids suggests that
LHCII is independently folded into membranes, irrespective from its assembly with the PSII core
complex later on [57]. Therefore, even when the assembly is prevented, LHCII is stable in the
membrane and does not undergo proteolytic degradation. This evidence is consistent with the
phenotype of PSII mutants such as viridis-zd” of barley [58] and of lincomycin-treated plants [59],
which revealed the stability of free LHCII in the thylakoids.

Isolation of the C,S, supercomplex from koCP29/24 thylakoid membranes [36] has shown that
LHCII-S can be associated with the core complex when CP26 is the only monomeric subunit present.
This evidence is consistent with the isolation of a stable monomeric core with CP26 and the LHCII-S
trimer[20]. In the absence of both CP29 and CP24, some C,S,M, complexes can assemble in grana
membranes, but they are less stable and the molecular interactions are rather weak [36]. Moreover,
koCP29/24 plants shows a 15% increase in LHCII content with respect to the wild-type level (similar
to the 20% for the koCP26/24 mutant). Thus, it is likely that a large part of the outer antenna is not
directly bound to the PSII supercomplexes; rather, other trimers are interspersed among the C,S,
particles. This is confirmed by the time-resolved fluorescence data. The PSII-LHCII kinetics slows

down significantly (average lifetime is almost doubled as compared to WT) while the value of At is 42
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ps as compared to 26 ps for WT. In a previous study, a CP29 antisense line was studied with the same
method that we used here and the results are slightly different [25]. In that case At was 30 ps instead
of 42 ps [25]. However, it should be mentioned that in the CP29as mutant CP29 expression was only
partially blocked [60] as shown by detection of CP24 unlike the present mutant [36]. For koCP29/24 a
large fraction of uncoupled LHCII is observed, giving rise to a long lifetime of 732 ps (see 3 in table 2
and table S3). In addition, after correcting for the PSI contribution and the 2 ns component the
corresponding amplitude is around 65%, depending somewhat on excitation wavelength. For
koCP26/24 the fitted lifetime is 912 ps with a similar amplitude around 64 % after correcting for the
PSI contribution. These amplitudes might correspond to the percentage of badly connected Chls a and
since there are 5 LHCII trimers per PSII core in each mutant, this implies that at most one LHCII
trimer plus one minor antenna, either CP29 or CP26 depending on the type of mutant, would be
closely associated with the PSII core. This is in excellent agreement with earlier work in which it was
shown that LHCII-S can be associated with the core complex when CP26 is the only monomeric
subunit present [36]. Such an interpretation of the lifetime data would be in agreement with electron-
microscopy observations, which show a high number of LHCII complexes interposed between rows of
connected PSII cores in grana membranes [37]. These results would also be consistent with recent
biochemical characterization of PSII supercomplexes in Arabidopsis [20], which indicate that LHCII-
S binding is far less stable in a mutant devoid of CP26. The absence of a PSII supercomplex binding
LHCII-M indicates that CP26 and CP24 have an important function in mediating the association of

C,S,M,; complex.

A key consideration for the efficiency of primary productivity in plants and algae is the size of the
light-harvesting system. Ort et al. have proposed antenna size reduction as a valuable strategy for the
optimisation of the light reactions: theoretical simulation of net CO, uptake suggested that a smaller
antenna size would significantly improve photosynthetic efficiency on crop canopies [61]. Even
biomass yield of microalgal cultures at industrial scale is currently limited by several biological
constraints, including the uneven light distribution into photobioreactors [62]; therefore, the successful
implementation of biofuel production facilities requires domestication strategies, such as decreasing
the absorption cross section to enhance light penetration and increase the size of metabolic sinks per

chlorophyll [63, 64].

However, strategies to improve light penetration must ensure that truncated antenna mutants are not
photosynthetically impaired in ways other than reduced LHC content: indeed in higher plants, an
extreme reduction in LHC complement lead to a lower photochemical yield and increases

photoinhibition [65].

The present results show that depletion of even a sub-group of LHCs strongly affects the PSII light-
harvesting efficiency and thus the photoautotrophic growth. To ensure that truncated-antenna strains

will operate with improved light use efficiency, biotechnological approaches aimed at reducing
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antenna cross-section must focus on trimeric LHCII, rather than monomeric Lhcb content: the latter
leads to a strong impairment of PSII light-use efficiency, thus cancelling out benefits of optical density
reduction, although only for the NoM mutant this leads to strongly reduced growth under continuous-

light conditions.

In summary, we have found in this study that in the absence of all minor antenna complexes of PSII,
the functional connection of LHCII to the PSII cores is strongly diminished. A large part of this LHCII
has a long excited-state lifetime although far shorter than the 4 ns of isolated LHCII trimers. Most
likely, the detached LHCII is aggregated which leads to a shortening of the excited-state lifetime. In
koCP26/24 and koCP29/24 mutants, it seems likely that only one LHCII trimer is directly
(specifically) connected to the PSII core (or two LHCII trimers per PSII core dimer) whereas all other
trimers are interspersed between the supercomplexes and still lead to relatively good EET, not

hampering plant growth during continuous growth light conditions.
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Supplementary Information

Table S1. Photosynthetic capacity of PSII and PSI supercomplexes measured in vitro on
thylakoids from WT and KO mutants. Effect of electron donors and acceptors on the
electron transport rate of the supercomplex were assessed as described in “Material and
Methods”. Concentration used were: 250 uM DMBQ, PSII artificial electron acceptors; 250
uM TMPDH,, PSI artificial electron donors. When TMPDH, was used, the reaction mixture
contained 5 mM ascorbic acid, and after 1.5 min of illumination I uM DCMU was added,
followed by the artificial donor. Data are expressed as mean £ SD (n = 3). Values marked
with the same letters within the same column are not significantly different from each other

(Student’s t test, P < 0.05).

pmol O, mg Chl ' h™' pmol NADPH mg Chl ' h''
(H,0 — DMBQ, PSII) (TMPDH, — NADP', PSI)
WT 53.2+3.7° 156.9+6.5"°
NoM 37.0+2.7° 1283+7.3°"
koCP29/24 48.0+1.7° 141.6+11.7*°
koCP26/24 47.8+28"° 1499+ 78"

76



EET in A.thaliana Mutants

Table S2. Fluorescence kinetics of PSII in thylakoids of WT A. thaliana

Excitation
412 nm 484 nm
Detection 680 nm 700 nm 720 nm 680 nm 700 nm 720 nm
7 (ps) % % % % % %
52 24.8 43.7 51.8 13.6 29.5 42.3
166 32.2 25.1 26.6 35.5 31.9 28.0
409 42.1 30.6 21.1 49.9 37.9 29.3
5602 0.9 0.6 0.4 1.0 0.6 0.5
7 avg(PS) 287 221 181 324 257 214
PSIl amplitudes from 166 ps DAS PSIl amplitudes from 409 ps DAS
Wavelengths used for PSI removal 700/680 nm 720/680 nm 700/680 nm 720/680 nm
Excitation 412 nm 484 nm 412 nm 484 nm 412 nm 484 nm 412 nm 484 nm
7 (ps) % % % % % % % %
52 17 9 19 9 17 9 18 9
166 36 38 35 38 36 38 35 38
409 47 53 46 53 47 53 46 53
7 avg (PS) 261 284 255 284 262 285 258 285
T avg fOr PSII
Excitation 412 nm 484 nm Difference
WT 259 ps 285 ps 26 ps

The kinetics were derived from the kinetics of thylakoid membranes by removing the PSI contribution, as explained in van QOort et al [23] before. Confidence intervals of
Sfluorescence lifetimes (v ) were <5% (calculated by exhaustive search), standard errors of amplitudes were generally <5% (calculated from 2—6 repeats).
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Table S3. Fluorescence kinetics of PSII in thylakoids of KoCP29/24 mutant of A. thaliana

Excitation
412 nm 484 nm
Detection 680 nm 700 nm 720 nm 680 nm 700 nm 720 nm
7 (ps) % % % % % %
66 21.0 39.7 54.9 13.3 26.8 42.2
278 22.5 20.2 18.4 20.8 22.7 21.2
732 52.5 37.8 25.2 62.0 48.0 34.7
2099 4.0 2.3 1.6 4.0 2.5 1.9
7 avg (PS) 544 408 305 604 485 381

PSIl amplitudes from 278 ps DAS

PSIl amplitudes from 732 ps DAS

Wavelengths used for PSI removal 700/680 nm 720/680 nm 700/680 nm 720/680 nm
Excitation 412 nm 484 nm 412 nm 484 nm | 412nm 484 nm 412 nm 484 nm
7 (ps) % % % % % % % %
66 14 10 14 9 13 10 13 9
278 26 23 26 23 26 23 26 23
732 60 67 60 68 61 68 61 68
7 avg (PS) 521 561 520 566 525 565 525 569
T avg fOr PSII
Excitation 412nm 484 nm | Difference
KoCP29/24 523 ps 565 ps 42 ps

The kinetics were derived from the kinetics of thylakoid membranes by removing the PSI contribution, as explained in van QOort et al [23] before. Confidence intervals of

Sfluorescence lifetimes (v ) were <5% (calculated by exhaustive search), standard errors of amplitudes were generally <5% (calculated from 2—6 repeats).
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Table S4. Fluorescence kinetics of PSII in thylakoids of KoCP26/24 mutant of A. thaliana

Excitation
412 nm 484 nm
Detection 680 nm 700 nm 720 nm 680 nm 700 nm 720 nm

7 (ps) % % % % % %
64 22.9 43.4 46.1 13.4 24.7 34.4
273 22.6 18.6 204 204 18.1 16.6
912 53.5 36.2 31.2 64.1 52.3 44.8
2800 0.9 1.8 2.3 2.1 4.9 4.2
7 avg (PS) 591 460 433 707 680 593

PSIl amplitudes from 273 ps DAS

PSIl amplitudes from 912 ps DAS

Wavelengths used for PSI removal 700/680 nm 720/680 nm 700/680 nm 720/680 nm
Excitation 412 nm 484 nm 412 nm 484 nm 412 nm 484 nm 412 nm 484 nm
7 (ps) % % % % % % % %
64 15 10 18 10 14 10 17 10
273 25 22 24 22 26 22 25 22
912 60 68 57 68 61 68 58 68
T avg (PS) 626 686 602 686 631 687 609 687
T avg fOr PSII
Excitation 412 nm 484 nm Difference
KoCP26/24 617 ps 687 ps 70 ps

The kinetics were derived from the kinetics of thylakoid membranes by removing the PSI contribution, as explained in van QOort et al [23] before. Confidence intervals of
Sfluorescence lifetimes (v ) were <5% (calculated by exhaustive search), standard errors of amplitudes were generally <5% (calculated from 2—6 repeats).
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Table S5. Fluorescence kinetics of PSII in thylakoids of NoM mutant of A. thaliana

Excitation
412 nm 484 nm
Detection 680 nm 700 nm 720 nm 680 nm 700 nm 720 nm
7 (ps) % % % % % %
59 30.0 43.4 53.8 17.2 29.1 40.1
294 19.9 21.3 21.1 12.0 13.8 15.0
1001 47.8 33.7 23.7 69.6 55.8 44.1
2862 2.2 1.5 1.3 13 1.3 0.8
7 avg (PS) 619 470 369 778 654 532

PSIl amplitudes from 294 ps DAS

PSIl amplitudes from 1001 ps DAS

Wavelengths used for PSI removal 700/680 nm 720/680 nm 700/680 nm 720/680 nm
Excitation 412 nm 484 nm 412 nm 484 nm 412 nm 484 nm 412 nm 484 nm
7 (ps) % % % % % % % %
59 28 15 27 15 25 14 25 13
294 21 12 21 13 22 13 22 13
1001 51 73 51 73 53 74 53 74
7 avg (PS) 590 771 594 775 608 782 610 786
T avg fOr PSII
Excitation 412 nm 484 nm Difference
NoM 601 ps 778 ps 178 ps

The kinetics were derived from the kinetics of thylakoid membranes by removing the PSI contribution, as explained in van QOort et al [23] before. Confidence intervals of
Sfluorescence lifetimes (v ) were <5% (calculated by exhaustive search), standard errors of amplitudes were generally <5% (calculated from 2—6 repeats).
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Table S6. Maximum quantum efficiency of PSII photochemistry determined on dark-
adapted leaves of Arabidopsis WT and KO mutants. Data are expressed as mean = SD (n =
6). Values marked with the same letters are not significantly different from each other
(Student’s t test, P < 0.05).

Fy/Fn

WT 0.81 +0.01*°
NoM 0.56 +0.02 °
koCP29/24 0.75+ 0.02 ¢
koCP26/24 0.74 +0.02 ¢
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Figure S1. Fluorescence kinetics of thylakoid membranes of WT Arabidopsis Thaliana
excited at 412 nm and detected at 680 nm at different excitation powers. The resulting decay
curves were indistinguishable for excitation powers 0.5 uW and 1.5 uW, which are used for

the experiments.

WT NoM koCP29/24 koCP26/24

o—CP29

o—CP26

o—Lhcb1/2

o—Lhcb3

o—CP24

Figure S2. Polypeptide composition of thylakoids from WT and KO mutants. Immunoblot
analysis was carried out with antibodies against Lhch subunits. Thylakoids corresponding to
1 ug of Chls were loaded for each sample.
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thylakoids thylakoids thylakoids thylakoids
WT NoM MW WT koCP26/24

thylakmds thylakoids PSII core complex (pg) LHCII (p.g)
koCP29/24 025 05 075 1.0 20 30

Figure S3. SDS-PAGE analysis of trimeric LHCII:monomeric PSII core stoichiometry in
thylakoids from wild-type and KO mutants. Absolute contents of LHCII and PSII core were
quantified by loading thylakoids (15 ug of Chls/lane), PSII core (0.25-0.5-0.75-1.0 ug of
Chls) and trimeric LHCII (1.0-2.0-3.0-4.0 ug of Chls) in the same slab gels. After staining
with coomassie blue, the signal amplitude of LHCII and CP43/CP47 bands were quantified
by densitometric analysis (n=4). By using the pigment composition of the individual subunits
and the OD of each protein band, the number of LHCII trimers per monomeric PSII core was
calculated. MW, pre-stained molecular weight marker.
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5.1 ABSTRACT:

Quantum dots are semiconductor nanocrystals comprised of groups II-VI or III-V elements with
unique photophysical properties. These semiconductor nanocrystals are of interest because they are
used in many different application areas such as solar cells, cancer research, LEDs, lasers, artificial
photosynthesis. Here, we have performed picosecond fluorescence measurements on ZnCdTe ternary
quantum dots at room temperature by using a streak-camera setup in order to investigate in detail the
fluorescence kinetics for ZnCdTe quantum dots with different size and structure at different excitation
laser intensities. The fluorescence kinetics of ZnCdTe ternary quantum dots changes with the changes
in structure and size. In heterogeneously structured ZnCdTe quantum dots, the fluorescence kinetics
become faster as compared to homogeneously structured ZnCdTe quantum dots. Also, in both
homogeneous and heterogeneous ZnCdTe quantum dots, a new peak is observed in the high-energy
region of the emission spectrum when using high excitation intensities, which shows that the radiative
processes that occur from higher energy states become more favoured as the excitation intensity

increases.
5.2 INTRODUCTION:

Quantum dots are defined as semiconductor nanocrystals comprised of groups II-VI or -V
elements, and are described as particles with physical dimensions smaller than the exciton Bohr radius
[1-4]. These semiconductor nanocrystals, possessing high fluorescence quantum efficiency, narrow
spectral emission and easy color tenability, promise great potential as light-emitting nanomaterials for
the next generation optoelectronic and biomedical applications [5-9]. The unique optical properties of
the quantum dots are significantly challenging for the next generation displays, white-light
illuminators, solar cells, photodetectors, image sensors, biosensors and drug delivery systems [5-9]. In
addition, recent studies showed that quantum dots can serve as a good alternative for chlorophylls and
carotenoids, (light-harvesting molecules in photosynthetic organisms) in artificial photosynthesis
systems [9-11]. Moreover, surface properties of quantum dots can be modified [12] and quantum dots
can be attached to complex biological photosynthetic systems, such as reaction centers, which can

allow to tune or enhance light-harvesting properties of natural photosynthesis [9] .

Research efforts have mainly focused on the development of binary semiconductor colloidal
nanocrystals such as CdS, CdTe, CdSe, etc...[13, 14]. The optical properties of the quantum dots can
be tuned by adjusting the size of quantum dot. However, the size of quantum dot may lead to problems
in some applications, especially in life sciences [6]. Therefore, producing the ternary quantum dots,
such as CdSSe, CdHgTe, ZnCdTe..., become an alternative way to tailor the optical properties of
quantum dots [6, 15, 16] . The optical behavior of the ternary quantum dots can be controlled by

adjusting the size, composition and structure, and it is possible to produce ternary quantum dots that
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have different optical properties with same size and same ingredients, but different composition and

structure [6, 15-17].

Linear and nonlinear optical behavior of excitons in nanometer scale systems can be studied by time-
resolved fluorescence techniques; with time-resolved fluorescence spectroscopyi, it is possible to study
electronic energies, the spectral distribution of photoexcited carriers (excitons), exciton-exciton
interaction, carrier energy-relaxation and recombination dynamics [18-23]. The possible electron
transitions in quantum dots can be defined by 6 basic processes [24]. Those are; 1) excitation from
ground state to excited state 2) electronic relaxation within the conduction band,3) bandedge electron-
hole recombination 4) exciton-exciton annihilation 5) trapping into trap states and 6) trapped electron-
hole recombination. The trapped carriers can further recombine radiatively or nonradiatively with
lifetimes from a few tens of picoseconds to nanoseconds or longer[24]. The exciton dynamics in
quantum dots is related with scattering from phonons, impurities, defects, interfaces and surfaces,

exciton-exciton scattering and also free excitons present in the crystal[24].

Unlike bulk semiconductor materials, multi-excitons can be generated in quantum dots [25-28]. The
number of excitons formed in quantum dots is determined by the number of photons that is absorbed
by the quantum dots[25-28] . Analysis of fluorescence dynamics of multi-excitons has shown that
there is an increase in the weight of a fast component with a lifetime of a few picoseconds due to the
formation of more than one exciton, which indicates that the relaxation rate of multi-exciton states can
be extremely fast [26-28] . The relaxation of electrons in multi-exciton states can progress via several
different paths such as relaxations from a biexciton state, triexciton state or upper energy level state
like 1 P [26-28]. Each process corresponds to a different zone of the emission spectrum and the

properties of these processes depend on the size and structure of the quantum dot[26-28] .

In this work, we have performed picosecond fluorescence measurements on ZnCdTe ternary quantum
dots at room temperature by using a streak-camera setup in order to investigate in detail the
fluorescence kinetics of ZnCdTe quantum dots with different size and structure by using different
excitation laser intensities. Our data show that the changes in fluorescence kinetics are mostly related
to the changes in structure and size.. In heterogeneous structured ZnCdTe quantum dots, the
fluorescence kinetics become faster as compared to homogeneous structured ZnCdTe quantum dots.
Also, in both homogeneous and heterogeneous ZnCdTe quantum dots, a new peak is observed in the
high-energy region of the emission spectrum when using high excitation intensities, which shows that
the radiative processes that occur from the higher energy states become more favoured when the

excitation intensity increases.
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5.3 MATERIALS & METHODS
ZnCdTe Quantum Dots

The ZnCdTe quantum dots were synthesized in aqueous medium by the one-pot synthesis method as
described in [29]. The ZnCdTe quantum dots were classified into two groups (homogeneous and
heterogeneous) according to their structural properties, and for both groups quantum dots were
synthesized with two different sizes (4.5 nm and 9.5 nm in diameter) [29]. The ZnCdTe quantum dots
with a homogeneous structure do not show a concentration gradient of any of the elements Zn, Cd and
Te throughout the structure. The ZnCdTe quantum dots with heterogeneous structure possess a
gradient crystal structure with Zn being more concentrated at the inner side and Cd more at the outer
side. The structural composition, emission maxima, absorption maxima and quantum yields of the
ZnCdTe quantum dots that are studied in this chapter are provided in Table 1. Their steady-state
fluorescence spectra are given in the supplementary information (See Supporting information. Figure

S1).
Time-resolved Fluorescence Measurements
Streak Camera

Time-resolved fluorescence spectra were recorded at room temperature with a picosecond streak-
camera system combined with a grating (50 grooves/mm, blaze wavelength 600 nm) with central
wavelength 600 nm and spectral width of 260 nm (for details see [30-32]). Excitation light was
vertically polarized, the spot size diameter was typically ~100 um, and the laser repetition rate was
250 kHz. The detection polarizer was set at magic-angle orientation. The excitation wavelength was
400 nm and the laser power was adjusted between 1 and 100 mW. The sample was put in a static
cuvette and stirred during the measurements. Images with a 2-ns time window were obtained for all
samples. A relatively high signal/noise ratio was achieved by averaging 100 single images, each
obtained after analogue integration of 10 exposures of 1.112 s. Images were corrected for background

and photocathode shading.
Data Analysis.

Data obtained with the streak-camera setup were globally analyzed with Glotaran, the graphical user
interface of the R package TIMP (for details see [33-35]). The methods of global analysis are
described by van Stokkum et al. [36]. With global analysis, the data were fitted to a sum of
exponential decay curves convoluted with an IRF, which is described with a Gaussian of ~10 ps
fwhm, and the amplitudes of each decay component as a function of wavelength are called “decay-

associated spectra” (DAS).

88



Multi-exciton dynamics of ZnCdTe Quantum dots

Table. 1. Structural and photophysical parameters of analyzed Zn,Cd,..Te quantum dots

Aabs Aems Diameter |QY¥*
Nanoalloys Type of Structure
(nm) (nm) (nm) (%)
Zny-CdyoTe 560 580 4.50 45 homogeneous
Zny35CdoesTe 540 590 4.50 20 heterogeneous
Zngy,13Cdo s Te 570 590 9.50 41 homogeneous
Zng46CdossTe 565 600 9.50 27 heterogeneous

*QY= quantum yield, A.,,s = Absorption peak, A.,s = Emission peak

5.4 RESULTS & DISCUSSION:

Figure 1 shows the streak-camera images at

10 mW excitation power for Zng, CdozoTe

(homogeneous, diameter: 4.5 nm), Zng3Cdgs,Te (homogeneous, diameter: 9.5 nm), Zng3sCdgssTe

(heterogeneous, diameter: 4.5 nm) and Zng 4Cdgs4sTe (heterogeneous, diameter: 9.5 nm) quantum dots.

The ZnCdTe quantum dots were excited with very high laser powers, ranging from 1 mW to 100 mW,
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Figure 1. Streak-camera images of ZnCdTe quantum dots with excitation wavelength 400 nm and

excitation power 10 mW (up-left: Zng,,CdyroTe, up-right: Zng1sCdys:Te, down-left: Znys;5CdyssTe

down-right: Zng 4sCdys4Te). The time scale is 2 ns. In these images, the fluorescence intensity (with the

color code) is represented as a _function of time (vertical axis) and wavelength (horizontal axis).
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Figure 3. DAS with corresponding lifetimes for Zny 15Cdys:Te at different excitation powers

90



Multi-exciton dynamics of ZnCdTe Quantum dots

which leads to photon densities varying between 10" to 10'” photons/cm’” per second, to induce multi-
exciton dynamics. The photon density should be higher than 10" photon/cm® per laser pulse to create
multiple excitons per quantum dot [25]. All samples show strong ZnCdTe alloy emission at their
fluorescence emission maximum, which varies between 560 nm — 620 nm depending on size and
structure of the quantum dot, but a new emission band appears at shorter wavelengths (around 520

nm) for excitation powers above 1 mW for each type of ZnCdTe, independent of its size and structure.

To identify the multi-exciton dynamics of the homogeneous quantum dots, global analysis was
performed on the recorded data at different excitation intensities. For ease of comparison, the
fluorescence kinetics of ZnCdTe quantum dots are described with 2 lifetimes in all cases. However, it
should be noted that for a good fit of the fluorescence data at least 3 lifetimes were required. On the
other hand, when 3 (or more) lifetimes are used for fitting, the resulting DAS with fast lifetimes
(shorter than 1 ns) are very noisy and they are anticorrelated (See Supporting Information, Figure S2).
Therefore, two lifetimes are used to describe all fluorescence processes; one slow component for the
single exciton emission lifetime and one fast component for all the annihilation processes with one

effective average annihilation time and one average spectrum .

The DAS of the fast component for Zng,;Cdg7Te (0.31 ns lifetime, black spectrum) displays a
broad spectrum ranging from 500 nm to 650 nm at the lowest excitation power (1 mW) (Figure 2). For
Zng15Cdg g, Te, the short lifetime is 0.30 ns. The DAS of the shortest component (the black DAS)
shows a peak around 578 nm at 1 mW (Figure 3). In both Zng,Cdy79Te and Zng 15Cdys,Te quantum
dots, a new peak around 520 nm appears above 10 mW which becomes more intense as the excitation
intensity increases (Figures 2&3). For ZngsCdos;Te the contribution of the shortest lifetime
component to the overall kinetics is relatively higher than for Zng,,Cdy79Te (Figure 2&3).

The possible contribution of different non-radiative recombination processes to the short lifetimes
makes the interpretation of these lifetimes complicated. In principle, the increase in size results in a
decrease of the surface to volume ratio and therefore the number of possible defect states, which can
act as recombination centers for excited electrons [37-39], should decrease as well [8]. As the number
of defect states decreases, also a concomitant decrease of the extent of non-radiative decay is expected,
and the fluorescence quantum yield should increase [37, 38, 40]. However, it is interesting that the
short lifetime of the homogeneous quantum dots is even slightly shorter and contributes more to the
overall kinetics for the largest quantum dots (at 1 mW). Also, the fluorescence quantum yield is
smaller for the largest quantum dot (Table 1). It should be noted that the fastest decay rate is due to a
combination of several ultrafast processes, one of which is singlet-singlet annihilation and the
quantum yields of the quantum dots are calculated by steady-state spectroscopy, which means that
they are not affected by annihilation. The most likely scenario for the drop in quantum yield is an
increase of the number of defect states. Another possible scenario is the possibility of appearance of

more excitations per quantum dot when the size increases, which leads to more and faster annihilation
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processes. However, our current data are limited and these scenarios should be checked with further

experiments and analysis.

The global analysis was also performed for streak camera images of heterogeneous quantum dots. The
short component for Zng;sCdys¢Te corresponds to a 0.27 ns lifetime (Figure 4). The DAS of this
component (black DAS ) displays a single positive peak around 605 nm at 1 mW. For Zng4Cdos4Te,
the shortest component corresponds to a 0.20 ns lifetime (Figure 5). The DAS of the short component
(the black DAS) appears as a positive single peak around 610 nm at 1 mW excitation power. Another
peak around 520 nm starts to develop and becomes more intense for both types of quantum dots as the
excitation power increases (Figures 4&5). It should be noted that the relative contribution of the
shortest lifetime component to the overall kinetics is higher for heterogeneous ZnCdTe quantum dots

than for homogeneous ZnCdTe quantum dots (Figures 4&5).

For heterogeneous ZnCdTe quantum dots, the shortest component is even more pronounced and faster
than for homogeneous ZnCdTe quantum dots, most probably because of a higher concentration of
defect states in the crystal structure. Indeed, also the quantum yields of heterogeneous ZnCdTe
quantum dots (around 20%) are significantly lower than those of homogeneous ZnCdTe quantum dots
(around 40%) which implies that the number of defect states indeed becomes higher in heterogeneous
ZnCdTe quantum dots. It should be noted that also the short lifetimes become slightly shorter as the
size increases for heterogeneous ZnCdTe quantum dots, which shows that, like for homogeneous

ZnCdTe quantum dots, the number of defect states increases with increasing size.

In both homogeneous and heterogencous ZnCdTe quantum dots, the appearance of a new peak when
using high excitation intensities shows that the fast radiative processes that occur from higher energy
states become more favoured as the excitation intensity increases. Also recent studies demonstrated
that for quantum dots a new peak appears in the higher-energy region of the emission spectrum when
high pump intensities are being used [37, 38, 40, 41]. The origin of this peak has been attributed to
several processes such as 1P — 1S relaxation and relaxation from trap states [37, 38, 40, 41]. When the
quantum dots are over-excited with high excitation powers, the electrons are excited to a higher energy
state, called the 1P state. The relaxation of the electrons from the 1P state to the 1S state proceeds
with very fast kinetics (varies from hundreds of femtoseconds to tens of picoseconds) and is observed
in the higher energy region of the emission spectrum [37, 38, 40, 41]. In our study, both for
homogeneous and heterogeneous ZnCdTe quantum dots, we consider 1P — 1S relaxation to be one of
the processes responsible for the new peak around 520 nm observed in the shortest-lifetime component
for pump intensities above 1 mW. Observation of 1P — 1S relaxation indicates that the electrons move
to the 1P energy state above 1 mW, and 1P population becomes more pronounced leading to more 1P-

1S relaxation when the pump intensity becomes higher.
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It should be noted that trap states, which occur due to defects inside the quantum dot or on its surface,
can also induce very fast relaxation processes that correspond to the higher-energy region of the
emission spectrum [38, 40]. In addition, the surface capping agent used in the synthesis of the
quantum dots, thioglycolic acid, might serve as a sulphur precursor [37] leading to sulphur gradient
regions in the quantum dots, which can also contribute to the kinetics that appears in the higher-energy

region of the emission spectrum [40].

There are several different fast recombination processes such as electron recombination from doubly
excited states or trap states, which correspond to a slightly higher energy than the peak of the single
exciton emission (red DAS). [37, 38, 40-44]. In our study, for each quantum dot the peak position of
the fast component was shifted to slightly higher energies as compared to that of the peak of the single
exciton emission, which shows that electron recombination from doubly excited states or trap states
can also be a factor that contributes to the fast lifetimes. Moreover, the contribution of the fast
component to the overall kinetics increases with increasing pump intensity in both homogeneous and
heterogeneous quantum dots, which shows that non-linear optical processes also take place with high

pump intensities [18-23].

The red DAS corresponds to a very long lifetime of tens of nanoseconds, which has a positive single
peak for each type of quantum dot (Figures 2,3,4&5). The lifetime values should be considered as
highly inaccurate due to the relatively short measuring time window of 2 ns. In addition, a small
shoulder, peaking around 520 nm becomes more intense upon increasing the excitation power (Figures
2,3,4&5). The long lifetime for ZnCdTe quantum dots is attributed to radiative single exciton
dynamics. The radiative single exciton dynamics in quantum dots is characterized by very long
lifetimes (in the range of tens of nanoseconds to hundreds of a nanosecond) and this lifetime changes
with the size and structure of the quantum dot[45]. It should be noted that, the shoulder around 520 nm
shows that there must be different radiative processes other than single exciton emission that occur
with long lifetimes in case of high pump intensities. One of the possibilities might be relaxation of
electrons from the 1P state to the 1S state. If the 1S state is fully occupied by electrons, then as long as
electrons in 1S did not relax to the ground state, also electrons in 1P cannot relax to 1S. Only when
electrons in 1S relax (tens of ns) then also electrons in 1P can relax and the decay component should
have a similar lifetime as the 1S excited state, which would only be observed at high pump intensities.
Another possibility is the contribution of the sulphur-gradient part to the kinetics. As mentioned
before, thioglycolic acid can act as a sulphur precursor and can cause formation of sulphur gradient
parts [37]. The sulphur-gradient part can contribute to the overall dynamics at high laser powers[40].
As the emission of CdS appears around 520 nm [40], then one might expect to observe a shoulder

around this wavelength in the emission spectrum.
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6.1 Introduction

Photosynthesis is the conversion of sunlight energy into chemical energy by many living organisms
such as plants, green algae and cyanobacteria [1, 2]. In oxygenic photosynthesis, carbohydrates
(glucose, fructose, starch...) and oxygen (as a by-product) are synthesized by using carbon dioxide
and water [3]. Photosynthesis proceeds in two main steps, the light reactions and the dark reactions [1,
4, 5]. The process starts in the thylakoid membranes with the light reactions, and as a net result of the
light reactions ATP, NADPH and oxygen are synthesized [1, 5]. ATP and NADPH are then used in
the dark reactions to synthesize carbohydrates, which form one of the most important energy sources

on Earth [4].

During the light reactions, the light absorbed by the photosystems induces electronic excitations,
which lead to charge separation in the reaction centres of PSI and PSII located in the cores of the
photosystems [6-12]. These photosystems are essential for photosynthetic electron transport, which
operates in two different modes, cyclic electron flow and linear electron flow, to provide ATP and

NADPH for the Calvin-Benson cycle in dark reactions. [13, 14].

For optimal linear electron transport from water to NADP" a balance is needed for the amount of light
absorbed by the pigments in the two photosystems. Although both PSI and PSII contain chlorophylls
(chls) and carotenoids (cars), their absorption spectra differ, with PSII being more effective in
absorbing blue light and PSI in absorbing far-red light [15-17]. Because the intensity and spectral
composition of light can vary, organisms need to rapidly adjust the relative absorption cross sections
of both PSs. This regulation occurs via so-called state transitions, and it involves the relocation of

Lhcs between PSII and PSI [18].

The foreseen “energy crisis” related to complete consumption of fossil-derived fuels on Earth is
getting closer and to overcome the energy problem, alternative energy sources are set to be used, such
as nuclear energy, wind energy, solar energy, etc... Nowadays “artificial photosynthesis”, which is a
photocatalytic water splitting process which splits water into hydrogen ions and oxygen by using
sunlight [19-25], is becoming a more and more popular field of research. [19-26]. To design a system
that performs artificial photosynthesis, it might for instance be possible to mimick the structural and
functional organisation of natural photosynthesis [19-25]. In natural photosynthesis, chls and cars are
used as light absorbing pigments [1, 2]. For artificial photosynthesis, chls and cars can be replaced
with quantum dots, semiconductor nanocrystals comprised of groups II-VI or III-V elements, and
recent studies showed that quantum dots can be a good alternative as a light harvesting molecules in

artificial photosynthesis systems [27-29].

This thesis focuses on structural changes in photosynthetic systems upon state transitions in

Chlamydomonas reinhardtii. Also, the role of minor harvesting complexes in excitation energy
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transfer to reaction centers in photosystem II and multiexciton dynamics of the alloyed ZnCdTe

quantum dots are studied in details.
6.2 State transitions in Chlamydomonas reinhardtii

Energy partitioning between PSI and PSII has already been the subject of intense research for many
years [17, 30]. Genetic approaches have led to the discovery of key proteins involved, such as kinases
and phosphatases, regulating the phosphorylation state of LHCII and its relocation between PSII and
PSI [31-33]. Biochemical and physiological studies have provided information about the mechanism
and importance of state transitions in plants [34, 35] and the green alga C. reinhardtii [36, 37].
Important differences seem to exist between state transitions in C. reinhardtii and plants, such as the
participation of the monomeric antennae CP26 and CP29 only in C. reinhardtii [36, 37] and the
percentage of LHCII that participates (80% for C. reinhardtii vs. 15% for higher plants) [18, 38].

In this thesis, we demonstrate with picosecond-fluorescence spectroscopy on C. reinhardtii cells that,
although LHCs indeed detach from photosystem II in state 2 conditions, only a fraction attaches to
photosystem 1. The detached antenna complexes become protected against photodamage via
shortening of the excited-state lifetime (Chapter 2 & Chapter 3). The main purpose of this study was
to understand the functional/organizational differences for PSI, PSII, and dissociated LHCII in state 1
and 2. In chapter 2, to at least qualitatively distinguish between PSII and LHCII, the fluorescence
decay kinetics was measured for state 1- and state 2-locked cells using different excitation
wavelengths: 400 nm (excites relatively more the PSII core complexes) and 465 nm (excites relatively
more the outer antenna complexes) at room temperature. In a previous study, it was shown that the
amplitude of the fluorescence lifetime that is due to PSI increases significantly when LHCII becomes
attached to it; even if on average only one LHCII trimer would move from PSII to PSI this should
already lead to an increase of PSI amplitude by 6% [38]. However, we observed only relatively minor
differences between the amplitude of the fluorescence lifetime of PSI for states 1 and 2, as well as
between the lifetimes. Therefore, it should be concluded that the change in the average size of PSI is
clearly smaller than one might have expected, based on the study of Delosme et al. [38]. On the other
hand, there is a significant decrease of the average lifetime (not amplitude) of the slower decay
components, which are usually thought to originate from PSII. The decrease of the average “PSII”
lifetime is explained by a mechanism which suggests that a dynamic equilibrium exists between
LHCII associated to PSII, LHCII associated to PSI, and LHCII dissociated from both PSs, being self-
aggregated in a separate LHCII pool, where the fluorescence (excited state) of LHCII is quenched.
Also, a substantial difference in the average lifetime is observed for the two excitation wavelengths in
both states 1 and 2: It is much longer when relatively more outer antenna is excited at 465 nm as
opposed to 400 nm. This means that a pool of LHCII is rather badly connected to the PSII cores

(leading to long migration times and thus long fluorescence lifetimes) or even completely

101



CHAPTER 6

disconnected. Concurrently, this badly connected pool of LHCII is substantially quenched, considering
the relatively short excited-state lifetimes. Remarkably, a large difference in excited-state lifetime for
the two excitation wavelengths is observed both for states 1 and 2, meaning that in both states part of
the antenna is disconnected from PSII. In chapter 3, we have performed picosecond fluorescence
measurements on state—locked WT Chlamydomonas reinhardtii cells at 77 K by using a streak-camera
setup in order to investigate in detail the changes in fluorescence kinetics for different states which
was necessary to resolve an apparent discrepancy between our room temperature time-resolved data
and earlier 77K steady-state results. In chapter 3, it is observed that the fluorescence intensity around
680 nm (PSII-LHCII fluorescence region) decreases in state-2-locked cells. On the other hand, the
fluorescence intensity around 720 nm (PSI region) remains rather similar. In order to understand the
changes in fluorescence kinetics in more detail, global analysis has been performed of the streak-
camera data and the analysis requires 5 lifetimes. The long lifetimes become shorter for state 2
whereas the short lifetimes are the same. Moreover, the DAS of each lifetime differs in structure for
different states because of changes in the excitation energy transfer process. However, the changes in
the DAS mostly occur in the PSII-LHCII fluorescence region whereas the change in the PSI
fluorescence region is minor. Finally, it is concluded that a large part of the fluorescence of LHC/PSII
becomes substantially quenched, probably because of LHC detachment from PSII, whereas the

fluorescence of PSI hardly changes.

LHCII State 1

LHCI

PSII LHCII
Pool PSI
PSII

LHCII

LHCII

State 2 Lrct

PSII
Pool
PSII

LHCIT

Figure 1. A simplified cartoon of the model for state transitions in C. reinhardtii as proposed in this

thesis
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6.3 The role of minor light-harvesting complexes in excitation energy transfer to reaction centers

in PSII

Minor light-harvesting complexes (Lhcs) CP24, CP26 and CP29 occupy a position in photosystem II
(PSII) of plants between the major light-harvesting complexes LHCII and the PSII core subunits. Lack
of minor Lhcs in vivo causes impairment of PSII organization, and negatively affects electron transport
rates and photoprotection capacity. In chapter 4, we used picosecond-fluorescence spectroscopy to
study excitation-energy transfer (EET) in thylakoid membranes isolated from Arabidopsis thaliana
wild-type plants and knockout lines depleted of either two (koCP26/24 and koCP29/24) or all minor
Lhcs (NoM). The fluorescence decay curves of thylakoid preparations from WT, NoM, koCP29/24
and koCP26/24 mutants were strikingly different from each other. The decay of WT thylakoids was
the fastest followed by those of koCP29/24, koCP26/24 and NoM, in that order. Amongst the mutants
studied here, the most explicit slowdown of the fluorescence kinetics is observed for the NoM mutant
as might have been expected since all minor antenna complexes are missing. For koCP26/24 the
slowdown of the fluorescence kinetics is more pronounced than for koCP29/24. This observation is in
good agreement with previous work [39], which indicates that both double mutants have disconnected
LHCII, but the koCP26/24 mutant has more, although the mutant that was lacking CP26 showed faster
fluorescence kinetics than the mutants lacking either CP24 or CP29 or both [40]. To get more
quantitative information from the decay curves, they are fitted to a sum of exponential decay
functions. The most significant changes concern the lifetimes of the PSII-LHCII components for all
mutants, and this must originate from a reorganization or “disassembly” of PSII-LHCII. The increase
in the lifetime of the PSII-LHCII components can be explained by the existence of badly connected or
disconnected LHCII due to the absence of several minor antenna complexes. Also, we find that the
average lifetime of PSII-LHCII for the NoM mutant is 2.3 times longer than the average lifetime of
PSII-LHCII for WT. This huge difference is attributed to the disruption of PSII supercomplexes and
the presence of detached LHCII. In conclusion, our results show that the missing minor complexes are
not replaced by other Lhcs, implying that they are unique among the antenna subunits and crucial for
the functioning and macro-organization of PSIL. It has been suggested before that antenna size
reduction is a valuable strategy for the optimisation of the light reactions: theoretical simulation of net
CO, uptake suggested that a smaller antenna size would significantly improve photosynthetic
efficiency on crop canopies[41]. However, strategies to improve light penetration must ensure that
truncated antenna mutants are not photosynthetically impaired in ways other than reduced LHC
content: indeed in higher plants, an extreme reduction in LHC complement lead to a lower
photochemical yield and increases photoinhibition [42]. The present results in chapter 4 show that
depletion of even a sub-group of LHCs strongly affects the PSII light-harvesting efficiency and thus
the photoautotrophic growth. To ensure that truncated-antenna strains will operate with improved light

use efficiency, biotechnological approaches aimed at reducing antenna cross-section must focus on
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trimeric LHCII, rather than monomeric Lhcb content: the latter leads to a strong impairment of PSII
light-use efficiency, thus cancelling out benefits of optical density reduction, although only for the

NoM mutant this leads to strongly reduced growth under continuous-light conditions.
6.4 The multi-exciton dynamics of the alloyed ZnCdTe quantum dots

In chapter 5, we have performed picosecond fluorescence measurements on ZnCdTe ternary quantum
dots at room temperature by using a streak-camera setup in order to investigate in detail the
fluorescence kinetics for ZnCdTe quantum dots with different size and structure by using different
excitation laser intensities. The ZnCdTe quantum dots are classified into two groups (homogeneous
and heterogeneous) according to their structural properties, and for both groups quantum dots have
been synthesized with two different sizes (4.5 nm and 9.5 nm in diameter). To identify the multi-
exciton dynamics of the homogeneous quantum dots, global analysis was performed on the recorded
data at different excitation intensities. The fluorescence kinetics of ZnCdTe quantum dots are
described with 2 lifetimes; one slow component for the normal lifetime and one fast component for all
the annihilation processes with one effective average annihilation time and one average spectrum. The
short lifetime of the homogeneous quantum dots becomes slightly shorter and contributes more to the
overall kinetics for the largest quantum dots (at 1 mW) which shows that the number of defect states is
the largest in the largest quantum dot. For heterogeneous ZnCdTe quantum dots, the shortest
component is even more pronounced and faster than in homogeneous ZnCdTe quantum dots, most
probably because of a higher concentration of defect states in the crystal structure. Also the short
lifetimes become slightly shorter as the size increases for heterogeneous ZnCdTe quantum dots, which
shows that the number of defect states increases with increasing size. In both homogeneous and
heterogeneous ZnCdTe quantum dots, the appearance of a new peak when using high excitation
intensities shows that the fast radiative processes that occur from higher energy states become more
favoured as the excitation intensity increases. The long lifetime for ZnCdTe quantum dots is attributed
to radiative single exciton dynamics. In addition, a small shoulder, peaking around 520 nm becomes
more intense upon increasing the excitation power. In conclusion, in heterogeneous structured ZnCdTe
quantum dots, the fluorescence kinetics becomes faster as compared to homogeneous structured
ZnCdTe quantum dots. Also, in both homogeneous and heterogeneous ZnCdTe quantum dots, a new
peak is observed in the high-energy region of the emission spectrum when using high excitation
intensities, which shows that the radiative processes that occur from higher energy states become more

favoured as the excitation intensity increases.
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Chapter 7

The possible mechanisms for reorganisation of outer LHCs of PSII (LHCII) upon state transitions in
Chlamydomonas reinhardtii have been discussed for several decades [38, 43-54]. For a long time
people adhered to the opinion that upon the transition from state 1 to state 2, 80% of LHCII detaches
from PSII and attaches completely to PSI in Chlamydomonas reinhardtii [38, 45]. This thesis provides
new insights for the mechanism of state transitions in Chlamydomonas reinhardtii. In the remainder of
this thesis, the role of minor light-harvesting complexes in excitation energy transfer to reaction
centers of photosystem II are discussed as well as multiexciton dynamics of the alloyed ZnCdTe

quantum dots are studied in detail.

In chapter 2, we demonstrate with picosecond-fluorescence spectroscopy on C. reinhardtii cells that
although LHCs indeed detach from Photosystem II in state-2 conditions only a fraction attaches to
Photosystem I. The detached antenna complexes become protected against photodamage via
shortening of the excited-state lifetime. It is discussed how the transition from state 1 to state 2 can

protect C. reinhardtii in high-light conditions and how this differs from the situation in plants.

In chapter 3, we study the picosecond fluorescence properties of Chlamydomonas reinhardtti over a
broad range of wavelengths at 77K. It is observed that upon going from state 1 (relatively high
680nm/720nm fluorescence ratio) to state 2 (low ratio), a large part of the fluorescence of LHC/PSII
becomes substantially quenched, probably because of LHC detachment from PSII, whereas the
fluorescence of PSI hardly changes. These results are in agreement with the proposal in chapter 2 that

the amount of LHC moving from PSII to PSI upon going from state 1 to state 2 is very limited.

In chapter 4, we used picosecond-fluorescence spectroscopy to study excitation-energy transfer (EET)
in thylakoids membranes isolated from A. thaliana wild-type plants and knockout lines depleted of
either two (koCP26/24 and koCP29/24) or all minor Lhcs (NoM). In the absence of all minor Lhcs,
the functional connection of LHCII to the PSII cores appears to be seriously impaired whereas the
“disconnected” LHCII is substantially quenched. For both double knock-out mutants, excitation
trapping in PSII is faster than in NoM thylakoids but slower than in WT thylakoids. In NoM
thylakoids, the loss of all minor Lhes is accompanied by an over-accumulation of LHCII, suggesting a
compensating response to the reduced trapping efficiency in limiting light, which leads to a
photosynthetic phenotype resembling that of low-light-acclimated plants. Finally, fluorescence
kinetics and biochemical results show that the missing minor complexes are not replaced by other
Lhes, implying that they are unique among the antenna subunits and crucial for the functioning and

macro-organization of PSII.

In chapter 5, we have performed picosecond fluorescence measurements on ZnCdTe ternary quantum
dots at room temperature by using a streak-camera setup in order to investigate in detail the
fluorescence kinetics for ZnCdTe quantum dots with different size and structure by using different

excitation laser intensities. Our data show that the changes in fluorescence kinetics are mostly related
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to the changes in structure and size. In heterogeneous structured ZnCdTe quantum dots, the
fluorescence kinetics become faster as compared to homogeneous structured ZnCdTe quantum dots.
Also, in both homogeneous and heterogeneous ZnCdTe quantum dots, a new peak is observed in the
high-energy region of the emission spectrum when using high excitation intensities, which shows that
the radiative processes that occur from higher energy states become more favoured as the excitation

intensity increases.
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CHAPTER 8

De mogelijke mechanismen voor de reorganisatiec van de buitenste lichtopvangende complexen
(LHCs) van fotosysteem II (PSII), LHCII, gedurende overgangen tussen verschillende toestanden
(‘state transitions’) in Chlamydomonas reinhardtii zijn al enkele decennia lang onderwerp van
discussie [38, 43-54]. Voor lange tijd hield men vast aan de mening dat in C. reinhardtii gedurende de
overgang van ‘state 1’ naar ‘state 2°, 80% van LHCII loskomt van PSII en volledig bindt aan PSI [38,
45]. Dit proefschrift verschaft nieuwe inzichten omtrent het mechanisme van ‘state transitions’ in C.
reinhardtii. In het overige deel van dit proefschrift wordt de rol besproken van de kleinere
lichtopvangende complexen (Lhcs) in de overdracht van excitatie-energie naar reactiecentra van PSII,

en wordt tevens multi-exciton dynamica van gemengde ZnCdTe kwantumdots in detail bestudeerd.

In hoofdstuk 2 demonstreren we aan de hand van picoseconde-fluorescentiespectroscopie aan cellen
van C. reinhardtii dat alhoewel LHCs inderdaad loskomen van PSII onder ‘state 2’-condities, slechts
een fractie bindt aan PSI. De ontkoppelde LHCs worden beschermd tegen fotoschade middels
verkorting van de levensduur van de aangeslagen toestand. Besproken wordt hoe de overgang van
‘state 1’ naar ‘state 2’ C. reinhardtii kan beschermen onder hoge lichtcondities en hoe dit verschilt van

de situatie in planten.

In hoofdstuk 3 staan de picoseconde-fluorescentie-eigenschappen beschreven van C. reinhardtti over
een breed golflengtegebied bij 77K. Het is waargenomen dat gaande van ‘state 1’ (relatief hoge
680nm/720nm fluorescentie-ratio) naar ‘state 2’ (lage ratio), een groot deel van de fluorescentie van
LHC/PSII substantieel gedoofd wordt, waarschijnlijk ten gevolge van ontkoppeling van LHCII van
PSII, terwijl de fluorescentie van PSI nauwelijks verandert. Deze resultaten zijn in overeenstemming
met de bewering in hoofdstuk 2 dat de hoeveelheid LHC dat tijdens de overgang van ‘state 1’ naar

‘state 2’ van PSII naar PSI gaat, zeer beperkt is.

In hoofdstuk 4 staat beschreven hoe picoseconde-fluorescentiespectroscopie is gebruikt om de
overdracht van excitatie-energie (EET) te bestuderen in thylakoidmembranen geisoleerd uit wild-type
(WT) Arabidopsis thaliana planten en ‘knock-out’ lijnen waarin twee (koCP26/24 en koCP29/24) of
alle kleinere Lhcs (NoM) uitgeschakeld zijn. In afwezigheid van alle kleinere Lhcs blijkt de
functionele koppeling tussen LHCII en het ‘core complex’ van PSII ernstig afgezwakt te zijn, terwijl
de fluorescentic van het ‘ontkoppelde’ LHCII substanticel gedoofd is. In beide dubbele ‘knock-
out’mutanten gaat het wegvangen van excitatie (‘trapping’) in PSII sneller dan in NoM-thylakoiden,
maar langzamer dan in WT-thylakoiden. In NoM-thylakoiden gaat het ontbreken van alle kleinere
Lhcs samen met een over-accumulatie van LHCII. Dit suggereert een compenserende respons op de
gereduceerde efficiéntie van de ‘trapping’ onder limiterende lichtomstandigheden, wat leidt tot een
fotosynthetisch fenotype dat lijkt op laag licht-geacclimatiseerde planten. Tot slot laten

fluorescentiekinetick en biochemische resultaten zien dat de ontbrekende kleinere complexen niet
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vervangen worden door andere Lhcs, hetgeen impliceert dat deze uniek zijn onder de antenne-

subeenheden en cruciaal voor het functioneren en de macro-organisatie van PSIL.

In hoofdstuk 5 staan picoseconde-fluorescentiemetingen beschreven aan ZnCdTe ternaire
kwantumdots bij kamertemperatuur met een streak-camera opstelling waarmee ten einde in detail de
fluorescentiekinetiek te onderzoeken van ZnCdTe kwantumdots van verschillende grootte en structuur,
gebruik makend van verschillende intensiteiten van de excitatie-laser. Onze data laat zien dat de
veranderingen in fluorescentiekinetick vooral gerelateerd zijn aan veranderingen in structuur en
grootte. In ZnCdTe kwantumdots met heterogene structuur is de fluorescentie-kinetiek sneller dan in
ZnCdTe kwantumdots met homogene structuur. Daarnaast is bij gebruik van hoge excitatie-
intensiteiten in zowel homogene als heterogene ZnCdTe kwantumdots een nieuwe piek waargenomen
in het hoog-energetische deel van het emissiespectrum, hetgeen aantoont dat stralende processen

vanuit toestanden met hoge energie meer plaatsvinden naarmate de excitatie-intensiteit toeneemt.
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