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ATP

ADP

Car
CP24/26/29/43/47

Cyt bsf
DAS
DCMU
o-DM
B-DM
EET
EM
ERPE
Fd
fwhm
FNR
FLIM
IRF
LHC
LHCI
LHCII
MA
NADP*

NAPH

NPQ

adenosine triphosphate
adenosine diphosphate
carotenoid

chlorophyll protein with moleculaass 24/26/29/43/47
kDa

cytochrome §f

decay associated spectra
3-(3,4-dichloro-phenyl)-1,1-dimethyl-urea
n-dodecyla-D-maltoside
n-dodecylB-D-maltoside

excitation energy transfer

electron microscopy

exciton / radical-pair-equilibrium
ferodoxin

full width at half maximum

ferrodoxin NADP reductase
fluorescence lifetime imaging microscopy
instrument response function
light-harvesting complex

light-harvesting complex |
light-harvesting complex Il

magic angle

nicotinamide adenine dinucleotide phosphate (aridli
form)

nicotinamide adenine dinucleotide phosphatedyced
form)

nonphotochemical quenching



OPE one-photon excitation

Pheo pheophytin

PQ plastoquinon

PQH plastoquinol

PC plastocyanin

PSI photosystem |

PSII photosystem II

Qa plastoquinone A

Qs plastoquinone B

RC reaction center

TPA two-photon absorption
TPE two-photon excitation

TCSPC time-correlated single photon counting
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General Introduction

Introduction

Photosynthesis is the conversion of light energghefsun into chemical energy by
plants, green algae and cyanobacteria and litemadigns ‘synthesis with light'. It's
initial substrates are carbon dioxide and wateg, éhd-products are oxygen and
carbohydrates like sucrose, glucose or starch. Pphisluction of oxygen and
assimilation of carbon dioxide into organic maftetermines the composition of
our atmosphere and provides all life forms witheesigl food and fuel [1].

The importance of photosynthesis was not understodd an English chemist
Joseph Priestley (1733-1824) did a series of etegaperiments. He burned a
candle in a closed vessel of air until the air doob longer support combustion;
then he put a living plant into the container andnfd that, after a few days, the air
in the vessel could again enable a candle to barnafshort time [2]. These
experiments were the first to demonstrate thattplproduce oxygen. Seven years
later the Dutch physician Jan Ingenhousz discovératialso light was a crucial
factor for Priestley’s experiment [3]. In the I&t@00s biologists knew that at least
carbon dioxide and oxygen were involved in phottisgsis, especially because of
work of Lavoisier and Laplace. The work on the sebjof photosynthesis that
started with Priestley is continuing today and wibbably be a subject of research
for many more years, because photosynthesis sasvég vital link between light
energy of the sun and all living creatures [4].

In plants photosynthesis occurs in organelles dailldoroplasts. Chloroplasts have
a diameter of 5-10 um and a dept of 3-4 pum andagord matrix called the
thylakoid membranes that consist of stacks of memds, the so called grana. The
grana are connected by non-stacked membranes caltada lamellae. The fluid
compartment that surrounds the thylakoids is knaarnhe stroma, and the space
inside the thylakoids is the lumen. There are mayilarities between
photosynthetic bacteria and chloroplasts includitige proteins in the
photosynthetic reaction center [5]. Therefore itswsuggested in 1905 that
chloroplasts evolved from cyanobacteria and whakert inside cells as symbionts
[6]. Chloroplasts possess their own DNA separabenfthe nuclear DNA of the
plant host cells. Much of the genetic informatias mowadays been transferred to
the host nuclei, so they are no longer able toh®gire all of their own nucleic
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acids and proteins. Recent discoveries show thiabmly plants use chloroplasts
for energy production, but also animals like sgawered sea slugs [7, 8].

Organization of the Photosynthetic Membrane

There are four large membrane-protein complexeledghotosystem | (PSI),
photosystem 1l (PSIl), Cytochromeg/p and F-ATPsynthase in thylakoid
membranes that drive oxygenic photosynthesis @durl, 9, 10].

A photosystem is a trans-membrane pigment-protepercomplex embedded in
the thylakoid membrane which consists of an inmgefna system with a reaction
center (RC) and the outer-antenna complexes redperier light-harvesting. PSI
and PSII can work in series for the production ighkenergy molecules as ATP
and NADPH (figure 1). The plant uses NADPH and AmRhe Calvin cycle to
produce glucose, sucrose and starch amongst diingist The linear electron flux
(LEF) is coupled with proton release during watedation in PSII. This leads to a
proton gradient across the thylakoid membrane wisalsed by ATPase to make
ATP. The electrons from water are transferred bymber of electron carriers and
cofactors (e.g. @ Qs, PQ, PQH, Cyt by/f and PC) to PSI. In PSI an additional
photon is absorbed to finally produce NADPH viactiens of ferredoxin (Fd)
(upper side of the thylakoid in figure 1).

Cyclic electron flux (CEF) around PSI (lower pafttoe thylakoid in figure 1) can
also result in the release of a proton and contilba the proton gradient. The two
electron transport systems are thought to allow rdgulation of the ATP and
NADPH production to meet changing metabolic demdmisl 3].

All these processes are initialized by the absonptif a photon which results in an
excited state of a pigment molecule. This excitéates migrates towards the
reaction center (RC), where a charge-separatioreated.
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Figure 1 Schematic model of electron (arrows) praton transfer (arrows) with
the four main complexes PSII, PSI, Cytfh ATP synthase and electron carriers
plastoquinone (PQ), plastocyanin (PC) and ferreddkd). The upper part of the
thylakoid membrane illustrates the linear electi@msport and the lower part of
the thylakoid shows the cyclic electron transpbrtl[3].

Pigments and Pigment-Protein Complexes

The most abundant light-harvesting pigment is apbyll (Chl) a. Its structure
(figure 2) consists of a tetrapyrrole ring with agnesium atom in the center and a
long phytol chain attached to the ring. The maisaaption occurs in the Soret
(~350-450 nm) and the @ands (~650-700 nm). The low absorption in the ~450
650 nm gives Chla a green appearance. The second most abundant light
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harvesting pigment is Chil and its structure is almost identical to that bof & but
instead of a methyl group at the star positionufiég2) it has a formyl group. The
absorption is slightly shifted compared to thatGtfl a. The absorption for CH
occurs around ~400-500 nm in the Soret band amahdr625-675 nm in the ,Q
band.

Another important group of photosynthetic pigmestshe one of the carotenoids

(Car). These molecules consist of a polyene chialternating single and double

bonds, with two rings at the end of the moleculgufie 2). They absorb in the

blue-green region with pronounced absorption baretsveen 450 and 550 nm.

Cars fulfill several important functions in photoglyesis, such as light harvesting,
photo-protection by quenching CHa triplet states, protection against singlet
oxygen, dissipation of excess energy as heat anctgtal stabilization [14].

The proteins of the photosystems have specificibindites for the pigments. The
spectral properties of the pigments are influenisgdhe protein environmerin
vivo [15].

\\\\\\\\\

B-carotene

~OH
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lutein
HO
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o zeaxanthin
HO

violaxanthin

*For Chl a this is a methyl group
*For Chl b this is a formyl group

HO

Figure 2 Structure of several photosynthetic pigistechlorophylls (left) and
carotenoids (right).

Recently the plantRisum sativum) structure of the PSI supercomplex was resolved
at 3.4 A resolution [16]. The plant PSI complex sists of a core complex which
contains ~100 Chh and 20B-Cars [17] and an outer antenna complex with four
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light-harvesting complex | (LHCI) proteins namedchli-4. Together they bind
~56 Chls and ~Cars [16, 17]. PSI contains also $0hie that absorb between 700
and 740 nm (i.e. at wavelengths longer than PH0ptimary electron donor) that
decrease the rate of charge separation [18], bytptag an important role in light-
harvesting in shade conditions [19, 20].

PSIl is a unique complex because it can reducerv@t®olecular oxygen, protons
and electrons in the oxygen-evolving complex (OEX1]). In higher plants PSII is
present mainly as a dimeric structure. The coretaios in total 35 Chla
molecules, 2 pheophytirssand 8-11 molecules @Fcarotene [22]. These pigments
are associated to several proteins: (i) D1 and @8ptexes, which coordinate the
RC, the primary electron donor P680, and all cafiecbf the electron transport
chain; (ii) CP47 and CP43 which coordinate @lindp-Car molecules and act as
an inner antenna and (iii) several low moleculaigivesubunits whose role is not
fully understood [23]. The outer antenna systemosiposed of members of the
light-harvesting complex (LHC) multigenic family 4 The major antenna
complex, light-harvesting complex Il (LHCII), comged of the products of the
genes Lhcbl-3, is organized in trimers, and coatés 8 Chla, 6 Chlb and 4
xanthophyll molecules per monomeric subunit [25]réle more complexes, the so-
called minor complexes CP29 (Lhch4), CP26 (Lhcbb)l £P24 (Lhcb6) are
present as monomers in the membrane and they oatediespectively 8, 9 and 10
chlorophyll molecules and 2-3 xanthophyll molecul2§]. All these complexes
are involved in light absorption, transfer of eatitn energy to the reaction center
and regulation of the excitation energy levels [28]. The amount of these
complexes in the membrane is variable and dependkeogrowing conditions of
the plant [29]. The general membrane organizatioRSil is known [10, 30-32]
and is used in this thesis for the course-grainedialing of excitation energy
transfer and charge separation as is illustratdajime 3. In supercomplexes three
different LHCII trimers have been identified andree@mamed S, M and L, referring
to strong, moderate and loose binding [10, 30-32].
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Spectroscopic Techniques

The photosynthetic complexes all have a unique pigrand protein composition.
The pigments are able to absorb light to raiselectren to a singlet excited state
and have multiple mechanisms to loose the excitedgy: through energy transfer
to another pigment, intersystem crossing, intew@version where energy is
converted into heat, charge separation (in the BChy the emission of a
fluorescence or phosphorescence photon (see tl@ngdkbdiagram in figure 4).

Figure 3 Membrane organization of PSII that isdufee course-grained modelling.
Bars represent putative energy transfer links betwehe light-harvesting
complexes. Charge separation occurs in the lighdweeaction centers (D1/D2),
which together with the yellow CP43 and CP47 folra tore complex (C). The
minor antenna complexes in light green are CP2%6C&d CP24. The major
antenna complex LHCII is dark green and forms traniat are strongly (S) or
moderately (M) bound to the supercomplexes. Ndiat the loosely bound L
trimer is thought to be mostly absent [10].
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In this thesis time-resolved fluorescence of Chlaooles is used for studying the
ultrafast kinetics in photosynthesis. It is basedexciting a sample with a very
short laser pulse and detecting fluorescence iityeas a function of time. The
fluorescence kinetics reflects the singlet exciwdte kinetics of the Cha
molecules.

In general, the experimentally determined fluoraseedecay can be described by a
sum of exponential decay functions, convolved witle instrument response
function of the fluorescence setup:

= Ya e

i=12,..

where a reflects the various amplitudes arwl the fluorescence lifetimes.

F 3
1
~N - y
: intermal conversion {1C)
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Figure 4 Jablonski diagram of a pigment molec8igis the ground state,SS
and & are excited states and; Ts the triplet state. The photosynthesis by
photochemical quenching is directly competing ®flborescence.

In this thesis the fluorescence lifetimes are detkdy time-correlated single
photon counting (TCSPC). For bulk fluorescencdiliie experiments in a cuvette
the TCSPC setup is used in chapters 2, 3 and 4rddoence lifetime imaging
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microscopy (FLIM) is used in chapter 5. The podjbio spatially resolve the
fluorescence kinetics with a microscope is paréidyl useful for heterogeneous
leaf samples. Leaf tissue is studied with two-photacitation because it allows
imaging up to ~500 pm depth in living plant tis§88, 34] instead of a depth of
~100 um with one-photon excitation. In the FLIMwgethe beam is focused into a
voxel of 0.5x0.5x2 um and scanned over the saniple.resulting fluorescence is
detected by TCSPC and this results in a fluorescelecay curve in each pixel of
the image. This is demonstrated in figure 5 withimage of a crystal of LHCII
[35]. The image consists of 64 x 64 pixels and fidlse color code shows the
lifetime distribution in the crystal. One tracerftdhe image is plotted, showing a
mono-exponential decay curve with a lifetime of 898 The lifetimes of the
LHCII crystals are much shorter than those of LHi@lkolution (not shown) and
therefore LHCII is in a quenched state.

—— LHCII crystal

log(fluorescence], au

50

0.78 ns 1.08 ns
Time, ns

Figure 5 (left) Fluorescence lifetime image of &mCIl crystal. (right)
Fluorescence decay trace in one pixel (red squnaraage)[35].

Outline

This thesis describes experiments on photosyntketigplexes that cover the first
steps of photosynthesis, from the absorption dit Iy photosynthetic pigments to
a charge separation in the RC.
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In chapter 2, time-resolved fluorescence measuresn@drPSII membranes, the so
called BBY particles [36], are performed in lowHigconditions with open RCs.
The average fluorescence decay time of 150 psngakso into account previous
results obtained for LHCII [37], suggests that &@dn migration from the
antenna complexes contributes significantly todkerall charge separation time,
in disagreement with most previous models. A singgarse-grained method is
proposed, based on the supramolecular organizafid?SIll and LHCII in grana
membranes (C2S2M2) [10]. The simulations reved tiwere is a significant drop
in free energy upon primary charge separation.

In chapter 3, the fluorescence kinetics of BBY iges with open RCs are
compared after preferential excitation of Chland Chlb, which causes a
difference in the initial excited-state populasoof the inner and outer antenna
system. The fluorescence decay is somewhat slop@r preferential excitation of
Chl b. Using the course-grained model it can be concuttat the average
migration time contributes ~25% to the overall frizyg time.

In chapter 4, four different PSIl supercomplex argpions were studied. The main
difference between these supercomplexes conceensizk of the outer antenna.
The average lifetime of the supercomplexes becdorager upon increasing the

antenna size. The results indicate that the ratstaats obtained from the course-
grained method for BBY preparations, which is baged the supercomplex

composition C2S2M2, should be slightly faster (~10%

In chapter 5, the fluorescence kinetics of indialdahloroplasts in leaves with
open and closed RCs are measured. The kinetiogeayesimilar to those obtained
on chloroplastsn vitro and no variations are observed when scanning ghiamut
the leaves. Within individual chloroplasts someiataon is detected for the relative
contributions of PSI and PSII to the fluorescence.

10
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Abstract

We have performed time-resolved fluorescence measemts on photosystem Il
(PSII) containing membranes (BBY particles) frominggh with open reaction
centers. The decay kinetics can be fitted with taan decay components with an
average decay time of 150 ps. Comparison with teldertic exciton annihilation
data on the major light-harvesting complex of P@8IHCII) suggests that
excitation diffusion within the antenna contributsgnificantly to the overall
charge separation time in PSIl, which disagree$ \piteviously proposed trap-
limited models. In order to establish to which etteexcitation diffusion
contributes to the overall charge separation time, propose a simple coarse-
grained method, based on the supramolecular org@mizof PSIl and LHCII in
grana membranes, to model the energy migrationchadye separation processes
in PSII simultaneously in a transparent way. Athsiations have in common that
the charge separation is fast and nearly irreviersdgorresponding to a significant
drop in free energy upon primary charge separatiod, that in PSII membranes
energy migration imposes a larger kinetic barrier the overall process than
primary charge separation.

Based on: Koen Broes&ediminas Trinkunas, Chantal D. van der Weij \dig,
Jan P. Dekker, Arie van Hoek, and Herbert van Amgen. Excitation energy
transfer and charge separation in photosystem Inhionanes revisited, (2006).
Biophysical J. 91: 3776-3786

Introduction

Photosystem Il (PSIl) is a large supramolecular mggt-protein complex

embedded in the thylakoid membranes of green plafgae and cyanobacteria. It
uses sunlight to split water into molecular oxygergtons and electrons. PSll is
conventionally subdivided into 1) a core consistafdight-harvesting complexes

16
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CP43 and CP47 and the reaction center (RC), wharigaon energy is used to
create a charge separation that is stabilized morskary electron transfer
processes, and 2) an outer antenna of chloropi@il) (a/b binding proteins,
containing the majority of the light-harvesting pignts. The latter proteins, of
which the trimeric light-harvesting complex Il (LHICis by far the most abundant,
are not only required for the efficient absorptioh light and the transfer of
excitation energy to the RC under light-limitingnciitions, they also play essential
roles in several regulation mechanisms of the @yotihesis process under light-
saturating conditions, like state transitions and-photochemical quenching (See
e.g. Pascal et al)(1).

The overall quantum efficiency of the charge sef@maprocess depends on the
relative rate constants of various processes: tijtagion energy transfer (EET)

from chlorophylls in the light-harvesting antenpétltie chlorophylls in the RC that

perform the charge separation (CS), 2) charge atparand charge recombination
in the RC, 3) stabilization of the charge separabig secondary electron transfer,
and 4) trivial relaxation or loss processes ofdkeited state: intersystem crossing,
internal conversion and fluorescence.

It is important to know which of the above-mentidngrocesses determine the
overall rate of charge separation in open, fullpctional PSII (with an RC in
which the secondary electron acceptari®oxidized). This knowledge is needed
for a detailed understanding of the kinetics ofutatjon processes like non-
photochemical quenching. For a long time it hasnb@gsumed by many authors
that the charge-separation process in PSIlI islinaiped, i.e. the excitation energy
diffusion through the antenna to the RC is muchiefathan the overall charge
separation time. Since the eighties the so-calbagitan/radical-pair-equilibrium
(ERPE) model (2,3) has been a popular way to int¢tpme-resolved and steady-
state fluorescence data of PSII containing prejmarat More recently, Klug and
coworkers concluded from the study of a whole ramgePSIl containing
preparations possessing different antenna sizéshthaharge separation is indeed
trap-limited (4). However, from singlet-singlet &mitation studies on LHCII
trimers and aggregates it was concluded that tl#agion diffusion within the
outer antenna is relatively slow (5) and that chaggparation in LHCII-containing
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PSII systems cannot be entirely trap-limited (6Als0 Jennings and coworkers
came to the same conclusion (8).

At the moment a large number of experimental dataviailable on the charge-
separation kinetics of isolated PSIl RC’s and R8hHe complexes (9,10). In PSII
RC and CP47-RC preparations (which contain 6 andnk&ophylls, respectively,
and 2 pheophytins, but do not contain the secondéegtron acceptor £) the
kinetics were strongly multi-exponential. They abube explained by three
reversible radical pair states, of which the fistnearly isoenergetic with the
singlet-excited state of the primary electron do®880%), in combination with the
absence of severe kinetic limitation for the ex®ia energy transfer between
CP47 and the RC (11). PSIlI core complexes (with cBforophylls and 2
pheophytins) do contain Q and in open centers (withaQoxidized) the decay
kinetics are dominated by a major phase in the B@$time range and a minor
phase of about 200 ps (12-14). The energy differdratween the first radical pair
state and P680* is probably much larger than inl FSC and CP47-RC
preparations (14).

It is unknown to which extent these systems giveetics compatible with more

native-like systems like chloroplasts, thylakoid mimanes and PSII membranes
(the so-called BBY preparations). Most studies otire chloroplasts or thylakoid

membranes suggested average values for the trappiegin PSIl in the range

from ~300 to ~500 ps (15-17). However, fast PSbifascence may partly mask
faster PSIl decay processes for these preparatioseover, unconnected light-

harvesting complexes may be present in the stramellae, which can further

complicate the identification of the PSII fluoresce (18).

PSII grana membranes (BBY preparations) do notaiori®RS| or stroma lamellae,
but do contain a much larger antenna than PSII partcles. Due to the presence
of trimeric and monomeric Ché/b containing complexes, these membranes
contain about 150 Chla per PSIl, about 4 times more than isolated PSté co
particles (19). The kinetics in these membrane®wescribed by a single lifetime
of about 210 ps (20) or with a major lifetime of0lgs and a minor lifetime of 330
ps (12). A number of other studies revealed slokiaetics, which can be
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explained by a ‘contamination’ of closed centerstiwQa single or double
reduced).

In this paper we present new time-resolved flueese data on BBY preparations
and propose a coarse-grained model in which prelyiaeported antenna and RC
kinetics can easily be incorporated, allowing a parison with the obtained
fluorescence kinetics of PSIl in grana membranesithis end we make use of
available knowledge about the supramolecular omgdion of PSII (19). The

results reveal a number of essential differenceprimary charge separation in
isolated RC'’s, PSII cores and PSIl membranes, ams$ssthat diffusion of the

excitation energy in the membranes contributesifsigntly to the overall charge

separation kinetics. The presented framework widlilitate new studies that are
directed at the contributions of individual commexto the overall kinetics by
using mutant preparations with altered PSII contfosir organization.

Materials and Methods

Sample Preparation

PSIl membranes (BBY particles) were prepared adegrtb Berthold et al. (21)
from fresh spinach leaves. An analysis by diodeyaassisted gel filtration
chromatography, performed as described previoug§), (showed that the
preparations contained at most 1-2% of PSI.

Time-Correlated Single Photon Counting

Steady-state fluorescence spectra were measuréd awkluorolog-3.22 (SPEX
Industries, USA) at room temperature. Time-coreglasingle photon counting
(TCSPC) measurements were performed at magic gb¢l§°) polarization as
described previously (23). The BBY particles wheileted to an OD of 0.08 per
cm in a buffer of 20 mM Hepes pH 7.5, 15 mM Na@d& mM MgC}. The
repetition rate of excitation pulses was 3.8 MHd #re excitation wavelength was
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430 nm. Pulse energies of sub-pJ were used wittemuration of 0.2 ps and spot
diameter of 1 mm. The samples were placed in an®.5and 10 mm light path
fused silica cuvet and stirred in a temperaturdrotiad (20°C) sample holder. In
combination with the low intensities of excitatithis guaranteed that close to
100% of the reaction centers stayed open (seaedsidts) and significant build-up
of triplet states was avoided. The full-width atflmaximum (fwhm) of the system
response function was 60 ps with a resolution 51 2s per channel. The dynamic
instrumental response function of the setup wasiokd from pinacyanol in
methanol with a lifetime of 10 ps. The followingenference filters were used for
detection: 671, 679, 688, 693, 701, 707, 713, @@ rinm (Balzers, Liechtenstein
model B40). Data analysis was performed using aehbmilt computer program
(24,25). A fast component (~5 ps) was needed int wases to fit the time range
around the rising edge of the excitation pulsethistcomponent is not relevant for
this study and is omitted in the further modelling.

Synchroscan Streak Camera

For the streak-camera measurements the BBY partwdze diluted to an OD of
0.7 per cm in a buffer of 20 mM BisTris pH 6.5 @ndhM MgCh. Ferricyanide (1
mM) was added to keep the reaction centers opeb.n4® excitation pulses of
~100 fs were generated using a Ti:sapphire las€FESSE, Coherent St. Clara,
CA) with a regenerative amplifier (REGA, Cohererithe repetition rate was 150
kHz, and the pulse energy was 1 nJ. The excitditgm was focused with a 15 cm
focal length lens, resulting in a focal diameted60 pum in the sample. To refresh
the sample between the excitation pulses, the sawgs placed into a 2 mm thick
spinning cell of 10 cm diameter, rotating at a spee20 Hz. The fluorescence was
detected in a direction at 90° from the excitatbteam through a detection polarizer
at magic angle, an orange sharp cut-off filter gl@asChromex 2501S spectrograph
and a Hamamatsu C 5680 synchroscan streak camleeastieak images were
recorded with a cooled, Hamamatsu C4880 CCD canéra. FWHM of the
overall time response of the experiment was 5 psb& analysis was applied,
using a model with a number of parallel decayinghpartments, which yields
decay associated spectra (DAS) (26).
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Results and Discussion

Time-Resolved Fluorescence Measurements

In Fig. 1 a typical TCSPC decay curve for PSIlI gramembranes with open RC
and Chla excitation (430 nm) is shown. To obtain a goodtira¥ponential fit, at
least 4 decay times are needed. The contributioa 9 ns component is very
small (less than 0.5%) and is probably due to w@mall amounts of PSII with
closed RC’s, free Chl and/or detached pigment-protemplexes. Most of the
decay can be described by two major componentsaaméhor one: 77 ps (41%),
206 ps (56%) and 540 ps (3%). The excitation intgngas low enough to avoid
excitation annihilation (singlet-singlet or singteplet) or accumulation of closed
RC’s. Increasing the excitation intensity with atta of 10 led to identical decay
kinetics, whereas an increase with a factor of 18@Qo substantially longer decay
times because of the closure of RC’s (data not show

Decay curves were measured at different detectiamelengths and the decay
times were very similar in all cases. The resulagflobal analysis of all decay
curves is given in Fig. 2, showing decay-associgpattra (DAS). At all detection
wavelengths the two longest decay times are nadndgnt. The fitted decay times
are 80 ps and 21 for the two major components. The contributiamf a 633 ps
component is small and the 2.9 ns component hdgyitdg amplitude. The DAS
are dominated by a main fluorescence band pealehgeen 680 and 690 nm and
show small vibronic bands above 700 nm. The avetdgime of 150 ps is
significantly shorter than previously estimated uweal for chloroplasts and
thylakoid membranes (300 to 500 ps), but it is etd® the values obtained for
BBY by Schilstra et al. (20) and Van Mieghem et(&R). To determine whether
processes are present that are faster than thedsokition of the photon counting
setup, the experiments were also performed wittremls-camera with 3 ps time
resolution. The results are shown in Fig. 3. Tha dae rather similar; the decay is
dominated by two components with lifetimes 81 @@%% and 258 ps (40%).
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Figure 1. Room temperature fluorescence decay dumeasured with TCSPC) for
open BBY preparations together with a fit. The skmwpas excited at 430 nm and
fluorescence was detected at 693 nm. The decay tma their relative amplitude
are 77 ps (41%), 206 ps (56%) and 540 ps (3%).0 Aloown are the residuals
(difference between data and fit)

No short-lived component was resolved. Note thatttmes are similar but not
identical to those obtained with the TCSPC measangsn This is mainly due to
some variability in the samples. However, this &ttty is irrelevant for the main
conclusions drawn in this paper and leave some rtaioty in the presented
parameters. Note that the difference in excitati@velength can also cause some
variability but it is less outspoken (work in pregs).
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Figure 2. Decay associated fluorescence spectrasimed with TCSPC) of BBY
preparations at room temperature. The sample watedxat 430 nm.
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Figure 3. Decay associated fluorescence spectrasgmed with streak-camera) of
BBY preparations at room temperature. The sampkeexaited at 400 nm.
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Modelling of the fluorescence kinetics

The overall average charge separation tintan be considered as the sum of two
times, the first passage time or migration titpg, representing the average time
that it takes for an excitation created somewher@Sll to reach the RC (primary
donor), and the trapping ting.p, (7) (27), page 23-27. The trapping time is the
product of the intrinsic charge separation timg (when the excitation is located
on the primary donor) and the probability that #heitation is located on the
primary donor after Boltzmann equilibration of tleecitation over PSIl. In a
system withN isoenergetic pigments this would mean that= N 1,cs. Note that
Tmig Can be split into an equilibration time in theeamta and a transfer-to-the-trap
time (7) (27), page 23-27(7) (27), page 23-27.. thig approach is not needed
here.

First we introduce a simple basic model to desdtieeoverall CS kinetics in PSII
in terms of the CS kinetics in the RC and EET ie #ntenna complexes.
Thereafter, we show how the results are affectedmthe model is extended. In
Fig. 4 we show the dimeric supercomplex of PSII) @&t is used for our coarse-
grained modelling. It is a basic unit that can behfer associated in different ways
to form larger organization patterns (19,29). Besitivo RC’s it contains 2 CP47,
2 CP43, 2 CP24, 2 CP26, 2 CP29 monomers and 4 LHi@lers. We define a
hopping ratek, for transfer between all neighbouring monomerimptexes and/or
subunits that are connected via a bar in Fig 4. Worth mentioning that also EET
between monomeric LHCII subunits in the trimer isdelled in this way. The
reason that we take the same hopping rate in allscés the fact that all outer
antenna complexes are rather homologous and thegyerransfer is largely
determined by the transfer within the complexe® (akso below). The situation
may be different for hopping from CP43 or CP47hHe RC and this case will be
discussed separately. Forward and backward rategeée complexes have been
adjusted by rescaling the single hopping rate soatance with the differences in
the Chla numbers (see Appendix for the details and figufer4he number of Chl
a molecules). The outer antenna complexes all teartbeir excitations to the RC
via CP47 or CP43. Excitations can leave the RCraigdd the antenna.
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Figure 4. Membrane organization of PSIl that isduser our coarse-grained
modelling. Besides two RC’s (D1/D2) (2 Paeand 6 Chla per RC) this dimeric
supercomplex contains 1 CP47 (16 @phl 1 CP43 (13 Chh), 1 CP24 ( 5 Chha
and 5 Chb), 1 CP26 (6 Chh and 3 Chb), 1 CP29 (6 Ch& and 2 Chb) monomer
and 2 LHCII ( 8 Chla and 6 Chbb per LHCII) trimers per RC. LHCII trimers are
represented by 4-5-6, 7-8-9, 16-17-18, 19-20-2%o0Anhdicated are added putative
energy transfer links (short thick bars) betweea fight-harvesting pigment-
protein complexes.

It should be noted that we also examined the efféééhcreasing the number of
(connected) supercomplexes, based on the variowdelmdor megacomplexes
(dimeric supercomplexes) that have been detected thr (19). However, no
essential differences were observed. Therefoie sufficient to consider the basic
unit with only two RC’s. All complexes are takenkte isoenergetic (30).

At first we assume that irreversible charge separatkes place in the RC, which
in our definition consists of the 6 central chlarim the RC, with a ratk.s. Note

that this is different from the intrinsic CS rd¢es. The 2 peripheral Chis in the RC
are assumed to be part of the antenna system andfdhem is assigned to CP47
and the other to CP43. This is justified becausedistance of these peripheral
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chlorophylls to the nearest chlorophylls in CP47G#R43 is shorter than to the
nearest central chlorin in the RC (31). In the d&wp(but non-realistic) case of 6
isoenergetic central chlorins in the RC with prigna€S occurring from one
pigment,kcs would be equal to Bes.

Fig. 4 shows 2 LHCII trimers per RC but it is knowrat on average 4 LHCII
trimers are present per RC (7). The other two trimean be in a different
membrane layer organized in such a way that thaystl transfer the excitation
energy to the RC’s (29), but they can also be &xtatlose to a PSII-LHCII
supercomplex in the same layer, in particular imfnenes without ordered arrays
of PSII. Because it is unknown how the extra 2 LFHCare connected to the RC it
is only possible to guess their contribution to twserall trapping time. We
consider two extreme cases. If these four LHCihénis per PSII would be in the
same membrane layer as the RC, the ovegglwould become close to 160 ps, as
was concluded from singlet-singlet annihilation. (bhe only assumption in that
case is that the connectivity between the additibgiat-harvesting complexes and
the others is the same as between the ones thatalveady present. The important
point is that the migration time increases. Theugabf 160 ps is approximately
equal to the observed average lifetime for BBY arafions, which would imply
that the charge separation is nearly diffusiontkochi Although we cannot rule out
this possibility, it seems highly unlikely. We wikkturn to this point later.

As another extreme case we assume that a reguinéhsional lattice with 100
sites (the approximate number of @hper RC in the supercomplex shown in Fig.
4) is extended to a regular 3-dimensional lattigeh 48 sites (2 extra trimers)
with the same hopping rates. This redugggwith approximately 10% (Ref. (27),
page 406). The same hopping rates may not be trealsit energy transfer
between membranes in a grana stack will very likelgur within the excited state
lifetime (32,33). On the other hangl, increases with 48% because the equilibrium
distribution of excited states is shifted furthewards the antenna. For the purpose
of this paper it is not necessary to discuss eiiyli@all the different possible
organizations. They will be discussed implicitly bgonsidering different
combinations of the hopping rates and charge-sgpanates.
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The overall fluorescence decay (reflecting decagxdafited-state population) can
now be calculated for the model system in Fig. 4 &oy initial excitation
distribution (see Appendix). It can be comparethtfluorescence kinetics of PSl|
membranes with open centers (Figs. 1-3). In otherdss we reconstruct the
experimental decay by including only the dominatommponents and the minor
component of 633 ps (Fig. 2). We assume an indiatribution between the
various complexes which is proportional to the nemiif Chlsa per complex. Fig.

5 shows the reconstructed decay and the best fiteohbove model over the time
range 0-700 ps for the TCSPC data. This simple hudeides a good description
of the kinetics. The fitted hopping rate is (17 pahd the charge separation rate is
(1.2 ps)". It should be noted that the experimentally obseémon-exponentiality in
this case is not modelled because it is expli@dgumed that charge separation is
irreversible. We will show the effect of includimdparge recombination below. In
this way non-exponentiality is introduced. Howevers also possible that the non-
exponentiality is due to some structural heteroggrand in this case one might
expect to obtain a distribution of trapping timedatme fitted value should be
considered to be an average trapping time.

Before we discuss more realistic models and theuemiess of the fit, it is
worthwhile to look at the consequences of thesesrathe hopping rate (17 pss
rather slow and corresponds to a value.gf of 130 ps (see Appendix for method
of calculation). The charge-separation Haeof (1.2 ps) is the effective rate for
the whole RC, i.e. the central 6 chlorins. If prism&S occurs from one specific
Chl, thenkics = (1.2 ps) / 6 = (0.2 ps} in the case of isoenergetic pigments. This
would mean that., = Tics X N = 0.2 ps x 100 = 20 ps if an organization as o Fi
4 is considered, OTy, = 0.2 ps x 150 = 30 ps if the Chl content in PSII
membranes is considered. Clearly, in this case aberall trapping time is
dominated by the migration time. The streak-candata were modelled in the
same way and led g, = (17.5 ps} andkcs = (0.4 ps). The observed differences
in the fluorescence lifetime can easily be expldity some variability in the
preparations. At this point it is not useful todiss the differences in fitting results
because the fitting outcome is not unique (seewelo
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Figure 5. Reconstructed BBY fluorescence decaysjdating the three main decay
components (80, 212 and 639 ps) and the bestifig)(lassuming irreversible

charge separation (see text) over the time rang@00ps. The fitted hopping rate is
(17 ps)* and the charge separation rate is (1.2.ps)

The given rates do not uniquely describe the dathimthe context of the above
model. In Fig. 6 we show different combinations l@fand kcs that lead to a
reasonable description of the TCSPC data. Thetsesudre obtained as follows:
We chose a particular value for(= k,') and looked for the best fit afs (= kes?).
Varying for instancery, from 10 to 20 ps leads to fits for which the qyais rather
similar (see Fig. 6)/mig varies from 77 to 150 ps whereas the charge sgpara
time varies from 4.3 to 0 ps. A slower migratiomw&rds the RC requires a faster
charge separation in order to obtain the same ewpetally observed decay rates.
It is clear that different combinations of hoppiagd charge separation times can
explain the observed kinetics. Given the approx@amwature of the modelling, no
strong conclusions can be drawn from the differsrioetween the simulated and
the experimental curves.
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Figure 6. Different combinations (circles) &f and kcs that lead to the best
description of the BBY decay kinetics, assuminguarsible charge separation (see
text). The numbers were obtained as follows: Wesehm particular value far, (=
kh'l) and looked for the best fit ats (= kcs'l). Indicated are also the difference
between the model and the experimental BBY curvénele as sum of least
squares of the deviates (diamonds). The squaresatedthe fraction of the
trapping time that is due to migration at a patticwalue for the hopping time.
The arrows indicate which vertical axis correspotedshich curve.

Modulating Excitation Energy Transfer from CP47 or CP43 to the RC

In the above model we assumed that CP47 can traesérgy to two different
RC’s (see Fig. 4). It is not entirely clear fronethrystal structure whether this
really is the case. Therefore, we also considdreccase that CP47 can transfer to
only one RC. Then a hopping time of 15.2 ps is iokth for the best fit and a
charge separation time of 0.23 ps. Because therdeas routes for reaching the
RC, one needs to speed up the transfer and chapgeation process in order to
arrive at a good fit. The migration time is 147 ps, the contribution from the

29



EET and CSin PSl|

migration time remains dominant. This illustratbe fact that the outer antenna
determines to a large extent the total migratiometi However, in this case the
charge separation becomes unrealistically fastrattte following we consider the

situation that CP47 is connected to two RC’s.

Although it has been argued that energy transtenf€CP47 or CP43 to the RC is
relatively slow (7,34), we also consider a rathdraame case in which this transfer
time is 3 times shorter than the general hoppimg tiThis would be in agreement
with measurements on RC and CP47-RC preparatiohghwndicated that the
energy transfer between CP47 and RC is not ratiédgn(11) and that the
connecting chlorophylls of CP47 and CP43 are oghym@iented for fast energy
transfer (35). The best fit now requires a valugnaéf 24.8 ps andg is 100 ps,
meaning that the migration time is still dominant.

Reversible Charge Separation

Above we made the assumption that the charge deparsiirreversible. Although

it leads to a satisfactory description of the dategntrasts with the general opinion
that substantial charge recombination occurs. Toerewe extended our model by
including recombination and a second charge-segdustaite. It is not required for
the fitting to specify the nature of such a secondrge-separated state but it might
for instance be the reducedy @ combination with the oxidized primary donor.
The electron back-transfer ratgd) to the primary donor is related to the intrinsic
charge-separation rate from this primary donortkim detailed balanced relation
kocs / kics = €%®®T where 4G is the drop in free energy upon primary charge
separationk is the Boltzmann constant afids the absolute temperature. The rate
and time constant of secondary charge separatien catled kgp and 7wp,
respectively. The data can now be fitted in différevays, depending on the
starting values of the different fitting parametdra/o fits are shown in Fig. 7. The
dashed line corresponds to a slow hopping timep&)7 In this case the times for
primary and secondary charge separation are 12428 ps, respectively amtfz

= 2380 cni. The solid line is a fit with an extremely fastpping time (1.3 ps).
The times for primary and secondary charge separadre 6.6 and 168 ps,
respectively andAG = 890 cni. The crucial point is that although the rates of
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hopping and secondary charge separation cannoeparately estimated from
these fits, fast primary charge separation in comatimn with a large drop in free
energy is needed to describe the data.

fluorescene, rel. u.

0 100 200 300 400 500 600 700
decay time, ps

Figure 7. The BBY kinetics (dots) are fitted wittversible charge separation into a
primary charge separated state and subsequenrgrsile charge separation into a
secondary charge separated state. The solid linditswith a slow hopping time
(17 ps). In this case the times for primary andsdary charge separation are 1.24
and 13.3 ps, respectively amis = 2380 cnil. The dashed line is a fit with an
extremely fast hopping time (1.3 ps). The timesdmary and secondary charge
separation are now 6.6 and 168 ps, respectivelyl@vd 890 cni'.

Comparison with charge separation in isolated reaadn centres and core
complexes

We make a comparison with models for charge sdpartiat have been presented
in literature based on measurements on isolatedtRSland core complexes. We
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inspect what happens to the calculated trappingtikin for BBY particles when
charge separation in the PSIl RC is described dougrto these models. We
restrict ourselves to the most recent ones thabeadirectly incorporated into the
above framework.

Model 1 8A Model 2 8B

kg™ 7 ps; AG 0’ kg1 :2 ps; AG O cm!

MNon-fluorescent state

Mon-fluorescent state

Model 3 ac Model 4 8D

= ko™ 083 ps; 4G 91 cm!
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Figure 8. Models for charge separation in the R&ltaken from literature. These
models are based on measurements on isolated R $83a model 1 (11) and Fig.
8b model 2 (43) and on measurements on PSII cbigs8c model 3 (13) and Fig.
8d model 4 (39).

The model of (open) PSII core complexes from Vassit al. (13) is given in Fig.

8 (model 3). It is characterized by many fast etecttransfer steps, the first one
being the intrinsic charge separation rate frompitesumed lowest exciton state of
the “special pair” or two accessory chlorophyllfisTmodel is incorporated in our
initial description above, i.e. instead of a urédtional charge separation step in
the RC withtes = 1.2 ps we use the charge separation schemeRign8c. The

first step in the latter scheme is slowed down gcor of 6/4 because CS can

32



Chapter 2

take place from 4 out of 6 chlorophylls. The reswte given in Fig. 9b (thick,
solid line). The hopping time is taken to be 17ips,the time that we found in the
best fit of the first model. The simulated kinetst®ow a slightly faster initial decay
and a larger contribution from a slow decay componghen compared to the
experimentally observed decay for BBY preparatidfis. inspected how we could
bring the model into accordance with the BBY dayakieeping everything the
same except the first rate of charge separatiorttendorresponding change in free
energy. It was possible to obtain a very goodriit(shown) by changing.s from
0.15 ps into 0.75 ps andG from -464 crt into -826 crit respectively, with a
hopping time of 17 ps. The charge separation isesiodown in order to match the
initial part of the decay curve and the drop irefemergy is increasing, making the
charge separation less reversible, leading to smabntributions from slow
components. It is exactly this lack of slow compuria the BBY data that requires
a large drop in free energy upon fast charge separalhe presence of two
additional trimers per RC will shift the equilibriufurther towards the excited
states, leading to even more fluorescence at laimges in the modelled curve, i.e.
to a greater discrepancy.

Alternatively, we tried to fit their PSIl core mdde the BBY data by optimizing
the hopping rate. The result can also be seengindbi (thick, dashed line) and the
fitted hopping time in this case is 13.4 ps. Thedibetter than in the first case
above, but the decay remains too fast at earlystiamel the contribution of the slow
component is too large. So independent of the ldetéithe model, the large drop
in free energy upon initial charge separation appeabe essential to describe the
BBY data. It is unclear whether the core preparstiacontain a fraction of
complexes in which the lifetimes are too long, drether the drop in free energy in
(cyanobacterial) core particles is indeed less quaoed than in BBY patrticles.
The latter possibility could arise from a differdigation of the pheophytin that
serves as electron acceptor. The residue thatvislvied in a H-bond with
pheophytin is a GIn in cyanobacteria and a Gluighér plant PSII, which can give
rise to a shift of the redox potential of the phegm by about 30 meV (36-38). It
should be noted that the presence of two additibirakrs per RC will shift the
equilibrium further towards the excited statesdirg to even more fluorescence at
longer times in the modelled curve, i.e. to a grediscrepancy.
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Figure 9a. Solid circles represent reconstructgubrmental fluorescence kinetics
(TCSPC) of BBY (see text for details). Solid andhied line represent simulated
decay curves, using the 2 RC models of figuresr@a&b. Electron transfer to the
quinone is implemented by assuming irreversiblasier from RP2 with a rate
constant of (200 p8) The thick lines (1) refer to model 8a, the thimes (2) to
model 8b. For the solid lines a hopping time ofp¥7s taken and an infinitely fast
hopping time for the dashed ones.

Figure 9b. Solid circles represent reconstructgueamental fluorescence kinetics
(TCSPC) of BBY (see text for details). Solid andlued line represent simulated
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decay curves, using the 2 core models of figuresn8ic8d. The thick lines (3) refer
to model 8c, the thin ones (4) to model 8d. Fordbi@l lines a hopping time of 17
ps is taken. For the dashed lines a hopping tini83af ps is taken for case 3 (thick
dashed) and 0 ps for case 4 (thin dashed).

Very recently, new data on isolated cores wereindthand a different model was
proposed by Miloslavina et al.(39). The model assumltrafast energy transfer
from CP47 and CP43 to the RC, and the authors udadhat the kinetics are trap-
limited in these complexes and that charge separatan be described by a
scheme that includes reversible charge separatisaveral radical pair states (Fig.
8d). When we incorporate this scheme for chargears¢éipn into our model
(hopping time 17 ps) the resulting kinetics are ttay slow (Fig. 9b, thin, solid
line). Even when we assume the excitation enemgyster throughout the antenna
to be infinitely fast, the resulting kinetics ardl 200 slow (Fig. 9b, thin, dashed
line). To improve the fit, like before, a largerogrin free energy is needed (648
cm® instead of 294 cif) and the charge separation time should decreases?
instead of 5.9 ps. It should be noted that the reehef Miloslavina et al.(39) does
not include the fitting of a 111 ps component (atage 10%) that was observed in
their experiments. Incorporating this componenttlie model would further
increase the discrepancy.

Other models have been proposed that were bastt eneasurements on isolated
PSIl RC complexes. Two recent ones are represantédgs. 8a and 8b. They
cannot directly be compared directly to the BBYutessbecause the isolated RC’s
do not contain the electron acceptotr. @herefore, we tested the hypothesis that
the initial charge separation kinetics/energeticsolated RC’s are the same as in
the open BBY’s. We used the models as presenté&ad iand 8b up to state RP2,
whereas electron transfer tq @as modelled by an irreversible decay of state RP2
with rate constant (200 pS)With a hopping time of 17 ps the modelled kinetic
are far too slow for both models (Fig. 9a, soliael). Even when the hopping is
assumed to be infinitely fast, the simulated kireetare still much slower. Again,
the agreement between the BBY data and the RC noadebnly be improved by
using a fast charge separation in combination &itlarge drop in free energy.
However, a fast charge separation and a large drojpee energy are not in
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agreement with the measured fluorescence kinetisolated PSIl RC complexes.
Note that the inclusion of back transfer of an &t from the Q would only
increase the discrepancy.

One might compare the RC in isolated PSIlI RC’shuiitt Q) with closed RC's in
Qa-containing PSII preparations. It was already obsgimany years ago (40) that
closed RC's show considerably slower fluoresceniceetics than open RC's,
which could be modelled by a 6-fold slower ratestant for charge separation and
a 400 crit higher energy of the primary radical pair (3). Eewing down of the
primary charge separation reaction was explainedl®gtrostatic repulsion due to
the negative charge om(but other authors suggested that the charge dma® a
minor effect on the energy level of the primaryicad pair (4,14). The relative
importance of electrostatic repulsion for slowingwth charge separation was
demonstrated by Van Mieghem et al. (12), who foarambnsiderable difference in
charge separation kinetics between centers witljlysiand doubly reduced Qin
PSII membranes (where the fluorescence kineticsirstiedrated emission yield in
centers with doubly reduced.@vas just in between those with oxidized and singly
reduced Q) but not in PSII core particles. In conclusiorg fRC in isolated PSII
RC’s has indeed a closer resemblance to closed RC®s-containing PSII
complexes, already at the level of primary chaegagation, despite the absence of
a reduced @

Contribution of the Migration Time to the Overall T rapping Time

It was recently suggested that the overall chaemamtion process cannot be
entirely trap-limited in grana membranes (41). Fremglet-singlet annihilation

studies (5) on LHCII trimers and aggregates it ve@parent that the spatial
equilibration time per trimer is several tens of fAsssalue of 48 ps was determined
for trimers whereas this number was approximat&yp8 per trimer in lamellar

LHCII aggregates. It was argued (6) that the latitele might be faster because
excitations have the tendency to be located atotliside of the trimer, thereby
facilitating energy transfer and thus annihilationaggregates. The fact that the
annihilation in trimers is slower than in aggregatelicates that it is not limited by
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hopping between different complexes but by rel&ivdow transfer within the
complexes, in agreement with pump-probe and phetdro- data (6,42).

Therefore, the contribution of the time of trangfeior between LHCII trimers to

the overall migration is approximately equal to tmember of trimers per RC

multiplied by the equilibration time per trimer,gwded that they are in “intimate
contact” within one plane. The supercomplex in Higcontains 2 LHCII trimers

per RC which contribute each ~32 ps to thg (5). Moreover, CP24, CP26, and
CP29 each show high homology to an LHCII monomed together they add

another ~32 ps. For CP47 and CP43 these numbetssarevell known, but they

are probably faster. The overall migration time lgdahhus be around 100 ps, which
constitutes a large fraction of the overall tragpiime. This number would even be
larger when the 2 “missing trimers” are locatedhi@a same plane, but if they would
be in a different layer this value might be slighimaller (see above). In the
simulations that we showed above it was found #hladbpping time of 17 ps leads
to a total migration time of 130 ps. To arrive amgration time of 100 ps, the
hopping time has to be decreased proportionadly,fiom 17 ps to (100/130)x 17
ps = 13 ps. At the moment it is uncertain to whdeet the excitation migration

times determined for isolated LHCII trimers and &lar aggregates are directly
applicable to the BBY preparations. The organizatid the complexes will have

some influence, although it was argued above thgtation is to a large extent
determined by migration within the individual corapés. Also the details of the
annihilation process from which the migration timesre determined have some
influence. This issue will be addressed in a fusitely.

Of course, the proposed modelling procedure for B8#pproximate. However, it
provides an easy way to incorporate existing kndgdeand models for individual
complexes and despite remaining uncertainties esonstrated that valuable
conclusions can be drawn about both the excitaitergy transfer and the charge
separation. The exact contribution of excitatioffudion (migration time) to the
overall charge separation remains somewhat unoneméiich results in uncertainty
in Tcs. However, the relation and consequences are tasmspand can easily be
extracted. It is also clear that charge separasibould be rather fast and is
accompanied with a large drop in free energy. Thistrasts with existing models
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for primary charge separation in isolated PSIl R@ithout quinone and in PSII
RC’s with quinone as present in core preparations.

Possible future experiments include preferentiaitakon of different pigments to
study the effect on the overall kinetics. Mutants available that are lacking
specific pigment-protein complexes and the kinet@an be measured and
modelled. Moreover, the effect on the fluorescerkaeetics by introducing
quenchers in different positions can be predicted tested in case of the
occurrence of nonphotochemical quenching. As silniehproposed method offers a
way to study PSIl performance as a whole in a tkeavay, which hopefully
contributes to a gradual improvement of the knogdedbout PSII functioning.
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Appendix

In this appendix it is demonstrated how the exeftide population is calculated as
a function of the time after excitation. This pagidn kinetics is compared to the
fluorescence kinetics in the text. A so-called seagrained model is used in
which energy transfer between individual pigmentarn antenna or RC complex is
not considered but only an effective hopping ragtwleen different pigment-
protein complexes. Such a hopping rate thus reptedmth energy transfer within
and between complexes. The complexes form a sufjierlaof “supersites”
(individual complexes) as represented in figur@dwhich we consider a random
walk of excitations.

The time course of the excitation population fokothie Pauli master equation:

P(t) =TP(t) |
(A1)

where the P(t) stands for the vector of supersite occupanciegvet tt The
dot above it represents the time derivative. Tiaasfer matrix T =T, is
related to the adjacency matrix via= —T,:lA . The nonzero elements of the
matrix A conform to the energy transfer steps depicteddry m figure 4 and
are defined as follows:

-1 n 2 n,
n . .
__', ni <n.' | # J
Ay = N l ’
A2 T T . .
( ) ZAki+_h(5i,o+5i12)+_ha =
k(#i) Cs diss

where n; is the number of chlorophydl molecules in complekand 7, is the
time of excited-state decay in a complex in thesabs of intercomplex energy
transfer. This time is typically a few ns (44) aitdis neglected in the
simulations because it is much longer than theréiscence decay time under
consideration. Differences in numbers of molecydes complex introduce a
retardation effect for the energy transfer stepnftbe larger (1;) complex to
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40

the smaller onerg ). It can be simply assimilated into the activatterm by a
change in entropy

AS; =-kgIn(n; /n;) ,
(A3)

for the presumably isoenergetic complexes (8) tegulin rescaling of the
hopping rate as given in eqn (A2). The solutioneguation (Al) can be
presented in the following matrix form:

P(t) =Ce*C'P(0)
(Ad)

A

where C is a matrix of eigenvectors,;\ is a diagonal matrix
{e”"t,e"lt,...,e””t} of eigenvalues of the transfer matril and vector
P(0) stands for the initial population of the supersifEse mean lifetime of
the excited systers 7 > can then be expressed as

<1 >=-CA'C'P(0)
(AS)

where A™ :{/151,/11_1,...,/15} is a diagonal matrix with the inverse
eigenvalues on the diagonal.

This model contains just two free parameters todbgermined:7, -
hopping time (we assume that all the intercompterdfer rates are similar)
and 7. - charge separation time in the reaction centiées(st0 and #12 in
Figure 4). The intrinsic charge separation timg from a single Chl molecule
is N times shorter (if the pigments are isoenecyetivhere N is number of
chromophores in the RC. From the hopping time care calculate the first
passage time or migration timg,to the RC by assuming an infinitesimal
charge separation time:
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Trig =< 7(tes =0) >.

(A6)
This provides the splitting of the mean lifetiméoitthe migration and trapping

components via

<T>= Z-m'g + z-trap
(A7)
and it is useful in estimating the dominant prodedbe trapping process.

To simulate the reversible charge separation irRiis the transfer matriX
in the Pauli equation (Al) is augmented as follows

-i— -i-o -i-12

T-|T° R° 0
(A8) -Iﬁ.lz 6 élz

Symmetric matriceR®and R*? describe the reversible radical pair relaxation
in the RCs (labeled with 0 and 12) correspondintipéokinetic RC models
presented in Figure ®. stands for matrices with zero elements. The
dimensions of these matrices are determined byuheber of the radical pair
states taken into account. Rectangular matrik®&s T2, T'°and

T'*? containing just one nonzero matrix element per imatiuple the excited
primary electron donor to the first radical paPR

T g =750, ,0

p.0~q,RP1°
lep,q = Té]ééplqu,Rpllz
0 - AG
T 0Dl

o AG
T 12p’q = TCJé exp(_k_.l_)Jp,Odcl’H::]}2

Here AG stands for the drop in free energy upon primary@haeparation.
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Deter mination of the Excitation
Migration Timein Photosystem I1.
Consequences for the Membrane
Organization and Charge Separ ation

Parameters.



PSII excited at 420 and 483 nm

Abstract

The fluorescence decay kinetics of PhotosysterR3II) membranes from spinach
with open reaction centers (RCs), were comparett aftciting at 420 and 484 nm.
These wavelengths lead to preferential excitatiochtorophyll (Chl)a and Chib,
respectively, which causes different initial exdigate populations in the inner
and outer antenna system. The non-exponentialdhoence decay appears to be
4.3 + 1.8 ps slower upon 484 nm excitation for pragions that contain on average
2.45 LHCII (light-harvesting complex II) trimers peeaction center. Using a
recently introduced coarse-grained model it cancbecluded that the average
migration time of an electronic excitation towatle RC contributes ~23% to the
overall average trapping time. The migration tirpeears to be approximately two
times faster than expected based on previous adfrafansient absorption and
fluorescence measurements. It is concluded thatagion energy transfer in PSII
follows specific energy transfer pathways that rexjan optimized organization of
the antenna complexes with respect to each othigninthe context of the coarse-
grained model it can be calculated that the rafgrioiary charge separation of the
RC is (5.5 + 0.4 p3) the rate of secondary charge separation is (13p<)* and
the drop in free energy upon primary charge sejparas (826+30) cril. These
parameters are in rather good agreement with rggemblished results on isolated
core complexes [Miloslavina et al, Biochemistry(2606) 2436-2442].

Based on; Koen Broes&ediminas TrinkundsArie van Hoek, Roberta Croce, and
Herbert van Amerongen. Determination of the exicitaimigration time in
photosystem Il. Consequences for the membrane iaajaom and charge
separation parameters, (20@dchimica et Biophysica Acta — Bioenergetics
1777: 404-409.

Introduction

Photosystem Il (PSIl) is a large supramolecular mggt-protein complex
embedded in the thylakoid membranes of green plafgae, and cyanobacteria. It
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uses sunlight to split water into molecular oxygergtons, and electrons. PSII in
higher plants can be subdivided into 1) a coresisting of the reaction center
(RC) and the light-harvesting complexes CP43 and7C&hd 2) the outer antenna
complexes CP24, CP26, CP29 and light-harvestingptexm| (LHCII) (figure 1)
[1]. In the RC the excitations are used to creatharge separation (CS), and to
transport the electron to quinone Axj@nd then further along the electron transfer
pathway. The outer antennae are not only impof@nharvesting light, but also
play essential roles in several regulation mechagitike state transition and
nonphotochemical quenching [2-4].

The quantum efficiency of the CS process dependb®nate- or time constants of
various processes: 1) excitation energy transfejErom the antenna to the RC,
2) CS and charge recombination, 3) stabilizatiotnhef CS by secondary electron
transfer and 4) relaxation or loss processes of ekated state: intersystem
crossing, internal conversion, and fluorescence.

In a previous article [5] we provided a coarseqggdi method to correlate these
processes to the fluorescence kinetics of PSIl mands with open RC'’s, i.e. with
the secondary electron acceptor eing oxidized. The dimeric supercomplex of
PSII (figure 1) forms the basic unit for this caagained model. A hopping rate
Knhop Was defined for excitation energy transfer betwaeighboring monomeric
(sub)units, indicated by the bars in the same éigliorward and backward rates
were adjusted by rescaling the single hopping ratesccordance with the
differences in the number of Clal molecules per monomeric unit. The outer
antenna complexes all transfer their excitationgh® RC via CP47 or CP43.
Excitations can leave the RC again into the antefliearge separation in the
reaction center is represented either by one irséivle charge separation step with
rate ks or by reversible charge transfer to the primacgeator followed by
irreversible charge transfer to the secondary d@ocep
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Figure 1 Membrane organization of PS Il that is used forabarse-grained
modelling. Bars represent putative energy trarlsfks between the light-
harvesting complexes. Transfer from one complekéoother along a bar occurs
with hopping rate jk, Charge separation occurs in the reaction ce(PErkD?2)
with rate ks

It was concluded that the excitation diffusionite RC contributes significantly to
the overall charge separation time and that thegehaeparation is fast and
corresponds to a significant drop in free energgruprimary charge separation.
However, the data provided a large distributionfit$ of similar quality and

therefore the outcome was not unique. In the pteserk we provide a refinement
of the previous method by measuring and modeliegdifference in fluorescence
kinetics after preferential excitation of Caland Chlb in PSIl membranes (so-
called BBY preparations) [6]. Because there is hbICin the core, the difference
in the fluorescence lifetimes is a measure for rthigration timetyg, which is

defined as the average time for an excitation aehiehe RC for the first time (also
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called first passage time). Determination of tharation time is important
because it also allows determination of the rate{®lectron transfer and the drop
in free energy upon charge separation in the memebsgistem. This allows direct
comparison with values obtained for isolated RCd aares, for which it was
proposed that the drop in free energy upon chaggaration occurs on a slower
time scale than for more intact systems [5, 7, R8cently, the coarse-grained
model [5] was used to determine the characterisfitbe charge separation of PSII
at different locations in the thylakoid membranép The migration time was not
known at that time and a hopping time of 17 ps teken, reflecting excitation
energy transfer from one pigment-protein complexhi® other. It was concluded
that the charge separation characteristics arag@iralependent on the location in
the membrane. An accurate determination of the atigr time will allow a
refined determination of these characteristics,abse it scales linearly with the
hopping time. Finally, the relative contributiontbie migration time to the overall
trapping time is relevant for the mechanism of nwipchemical quenching
(NPQ), which protects plants from dangerous extiges conditions [5]. In the
case of very fast excitation migration [9, 10] aneencher per RC may be enough
to explain the quenching kinetics, whereas a higlobenber might be needed in the
case of slow migration.

Materials and M ethods

Sample preparation

PSIl membranes (BBY particles) were prepared adegrtb Berthold et al. [6]
from fresh spinach leaves. The amount of PSI (@hhkbasis) was undetectably
low and at most 2%. Absorption spectra were medswih a Cary 5E
spectrophotometer (Varian, Palo Alto, CA). From #iesorption spectrum of the
acetonic extract the Chl/ Chlb ratio was determined (See Appendix) to be 2.11 +
0.01 and 2.04 £ 0.01 for the preparations with fdstest and slowest average
fluorescence decay time. This corresponds to 252355 trimers per reaction
center, respectively (see Appendix). The averagievdor the six different
preparations was 2.45.
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Steady-state fluorescence spectra were measurdd avEluorolog-3.22 (Jobin
Yvon-Spex, Edison, NJ) at room temperature. Timeetated single photon
counting (TCSPC) measurements were performed aticmaggle (54.9)
polarization as described previously [11]. The BBarticles were diluted to an
optical density of 0.08 per cm at 420 nm in a buée20 mM Hepes pH 7.5, 15
mM NaCl, 5 mM MgC}, 0.0003%[3-DM and 0.3 mM ferricyanide [12]. The
repetition rate of the excitation pulses was 3.82vidd the excitation wavelength
was either 420 nm or 484 nm. Sub-pJ pulse enewges used with pulse duration
of 0.2 ps and spot diameter of 1 mm. The samples wiaced in a 3.5 mL and 10
mm light path fused silica cuvette and stirred itemperature controlled (I’E)
sample holder. In combination with the low inteiesitof excitation and the use of
ferricyanide this guaranteed that close to 100%hefreaction centers stayed open
whereas significant build-up of triplet states waasided [5]. The full-width at half
maximum (fwhm) of the system response function @@gs and the kinetics were
recorded with a resolution of 1 and 2 ps per chiatotl 4096 channels). The
dynamic instrumental response function of the setap obtained from pinacyanol
(Exciton, inc., Dayton, Ohio) in methanol with detime of 10 ps. A 688 nm
interference filter (Balzers, Liechtenstein moddOBwas used for detection. Data
analysis was performed using a home-built computegram [13, 14].

Results

We have measured the fluorescence decay kinetie&sStfmembranes with open
RC’s upon excitation at 420 nm and 484 nm. At 480the absorption is mainly
due to Chla and carotenoid molecules whereas excitation at M@4leads to
excitation of predominantly Chb (only present in the outer antenna) and
carotenoids (see Appendix for further quantificaiorhe probability to excite the
outer antenna complexes is calculated to be appaigly 0.74 upon 420 nm
excitation and 0.89 upon 484 nm excitation (see efylx). Excitation energy
transfer from carotenoids and Chiso Chisa in LHCII (the dominant complex of
the outer antenna) has been studied extensivéeheipast [15-24] and occurs with
an average rate that is substantially faster thps'1Therefore, energy transfer to
the Chla molecules within LHCII does hardly contribute teetoverall migration
time. The identified pigment binding sites in thénar complexes are the same as
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in LHCII and their steady-state spectroscopic proge point to a similar structural
organization [25-29] so that also for these comgdes similar fast transfer rate
should occur. This has indeed been confirmed ex@stally for CP29 [30-34].
Figure 2 shows both (420 and 484 nm excitatiorgréscence decay curves of one
of the preparations. Excitation at 420 nm leada ®dightly faster decay, which is
hard to see by eye because of the relatively biostilument response function
(IRF). Quantifying the difference between the tweray curves requires accurate
fitting. For a good fit four decay times are needea@ll cases. After excitation at
420 nm the decay is dominated by three compon@éates (41.7 %), 175 ps (51.0
%) and 377 ps (7.1%) for the decay presented urdi@. The contribution of a
slow component of 2.2 ns is very small (0.1%) anis iprobably due to a small
amount of PSII with closed RCs, free Chl or detdcpgment-protein complexes
and will not be used for the modelling. The exattinfy values are not directly
interpreted but are used to reconstruct the flusmese decay curves, thereby
eliminating the contribution of the IRF. This restmicted decay is then used for
further modelling Yide infrg). The decay can also be fitted with slightly diéfiet
values but this leads to very similar modellingutes and the deviation is
insignificant for any of the conclusions drawn. THiest three components
correspond to a weighted average decay time of01d3.which is similar to our
previous results [5].

Also upon excitation at 484 nm the decay is doneidaby the fastest three
components: 81.3 ps (41.4%), 179 (51.9%), 380 @46 Again, there is a minor
contribution from a slow component (1.8 ns, 0.1%icl will be ignored below.
The weighted average of the first three decay tind$1.5 ps.

Repetition of the experiments on this preparatioonsestently showed a
difference in the average decay timas,(y), i.e. preferential excitation of the outer
antenna leads to slightly slower overall trapping.
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Figure 2, Fluorescence decay curves of PSIl menaisranth 2.35 LHCII trimers

per RC, measured at 8. The black trace (Clal ) corresponds to excitation at
420 nm and the fitted decay times and relative @ogs are 74 ps (41.7 %), 175 ps
(51 %), 377 ps (7.1%) and 2.2 ns (0.1%). The rackt{Chlb ) corresponds to
excitation at 484 nm detection and the fitted dd@ags and relative amplitude
are: 81.3 ps (41.4%), 179 (51.9%), 380 ps (6.6%)1a8 ns (0.1%). Fluorescence
is detected with a 688 nm band-pass filter. Thetifsccuses on the first part of the
decay and the fluorescence is represented onschig.

The experiments were performed for six differenépgared BBY samples. The
average decay time of all samples was 154.5 ps 4g6nnm excitation and on
average the decay was 4.3ps slower upon 484 nntageni The standard
deviation of the determined lifetimes (0.3 ps) atednined by repeating the
measurement on individual samples is small. Uponpawison of the six different
samples the standard deviation of the mean is &.8§tgble 1). Therefore, the
former standard deviation of 0.3 ps can safelydigeacted.

54



Chapter 3

Table 1, Results of simultaneous fitting of thearestructed 420 nm and 484 nm
decay curves with the coarse-grained model (figyis].

BBY Average sem*
Trimer{RC 245 0.10

Chl a'b 208 0.0
-"-"'_1\'; (ps) 43 18

™ (ps) 35 09

iy pe) 5.5 o
AGiem ™) 826 30

Tap PS) 137 5

Tmig (5] 34.5/38.8 13.8/15.5
Taus [pS) 154.5/158.8 37151

Six different preparations were measured and aadlymlependently. The average
obtained values are presented together with timelatd error of the mean. All
parameters are defined in the taxiy and 1.4 Show the separately times for the
420 and 484 nm excitation.

& Standard error of the mean.

Discussion

In (Broess et al.[5]) it was found that the ovetadipping time of excitations in
PSII BBY’s can already be described rather welhwvéitvery simple course-grained
model, describing excitation energy transfer andrgh separation in PSII
supercomplexes with 2 parameters: one hoppingfoatexcitation transfer from

one complex to the other and one effective chamgamstion rate, when an
excitation is located anywhere in the reaction eefgee fig. 1). The description
with this simple model was optimal for a hoppingeraf (17 ps} and a charge
separation rate of (1.2 ps)Below the terms hopping tintg and charge separation
time 1¢s are used, being the reciprocal of the correspandites. The migration
time tg is linearly proportional to the hopping time [Fhe overall trapping time
T (fluorescence lifetime in this case) is the suntgf andTty,p in this simplified

approach. Heretyy, is the charge separation time when the excitaii®n

spatially/thermodynamically equilibrated over P$tbre + outer antenna). As
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mentioned above different combinations ©of and tcs lead to comparable
description of the data, with a nearly linear rielaship between the optimal values
for 1, and 1cs [5]: larger values for the hopping time requiresraaller charge
separation time in order to describe the data. Siat that time no direct
experimental results were available that could jpi®@¢he best combination of,p
andtcs, estimates were made in an indirect way makingofigarlier results from
singlet-singlet annihilation experiments on isaateHCII trimers and LHCII
aggregates [35]. This led to a hopping time of $3apd a corresponding charge
separation time of 4.1 ps. It should be noted th& model is oversimplified
because reversible charge recombination is nohtade account.

In the present study the fluorescence kinetics®Y Barticles were compared after
excitation at 420 and 484 nm. The difference inrage lifetime scales linearly
with the migration (and thus the hopping) time dhd proportionality constant
depends on the relative probabilities of excitirige tvarious complexes. By
determining the relative protein composition of tBBY preparations, these
probabilities can be estimated rather accuratelyguthe absorption spectra of the
individual complexes (see Appendix) and the exmk&iaetics can be calculated
within the context of the coarse-grained model.tHis way 1, and 1cs can be
determined. For instancét., is expected to be 0 ps in case of infinitely fast
excitation migrationt, = 0 ps) like in the exciton radical-pair equilion (ERPE)
model [36, 37], thereby also fiximgs. However, finite values okt,,y imply that
the hopping time is non-zero and consequetglydecreases. Once the excitation
reaches the RC it can move into the antenna agdiead to a charge separation
but the subsequent kinetic behaviour is independetite excitation wavelength
l.e. Tyap IS independent of excitation wavelength (for aereiew of the modelling
principles see e.qg. [38]).

Reversible Charge Separation

In general, the overall charge separation progesisei RC of PSIl is considered to
be partially reversible [10, 39-42]. Also in ourepeding study on BBY particles
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[5] it was shown that the fitting of the data imped when reversible charge
separation was included in the modelling. Whathis effect of reversible charge
separation on the observed kinetics? The valug,pfs determined by the hopping
time and the initial probability distribution of €tations over the membrane and in
any model its fitted value will be fixed by the ualofAt,,q Upon raising the rate
of charge recombination within the model, the olldiaorescence lifetime will
increase when keeping the hopping time and chagparation time identical. In
order to keep the modelled average lifetime in edaoce with the experimentally
determined one, an increased rate of back transfeds to be compensated by an
increased rate of charge separation. The ratilvedet two rates is determined by
the drop in free energy upon charge separatiotheiaetailed-balance relation.

Here we modelled further electron transfer to thmone Q with one irreversible
electron transfer rate. Note that in general, atitimhal reversible electron transfer
step is supposed to take place before irreversiblesfer to Q occurs. This is
often taken into account for the modelling of cleasgparation in PSII cores and
RC’s [10, 39-41]. However, the BBY particles are targe to allow such detailed
modelling and therefore the multi-step reversiblecon transfer has to be
replaced by one effective electron-transfer pracess

It is now possible to fit the 420 and 484 nm resslmultaneously with a two-step
electron transfer model and 4 parameters: The hgppime 1, and charge
separation timecs, the drop in free energyG upon primary charge separation and
the secondary charge separation tige The results are given in Table 1 (average
of the results for six different BBY preparatios)d are summarized by the values
Th = 3.5+£0.9pstcs=5.5+0.4 psAG = 826 + 30 cm andtrp = 137 £ 5 ps,
where the errors indicate the standard error ofntlean (see also Figure 3). The
fitting results are not shown but they are virtyaihdistinguishable from the
reconstructed decay curves. Whereas in our prevatudy there was a large
uncertainty in these values, the simultaneous aisabf the 420 and 484 nm data
provide relatively accurate values for all parametieecause the value afty
essentially fixes the value af,y and thus oft,. As was mentioned above, the
hopping time scales linearly with the migrationeim,y and it is found to be 35 ps
upon 420 nm excitation and 39 ps upon 484 nm diaitai.e. around 22-24% of
the average overall trapping time of 154.5 or 15&&note that botl,i; and Ty,

57



PSII excited at 420 and 483 nm

are expected to increase upon increasing the nuafl@tenna complexes, but not
the values forcs, AG, andtgp). Jennings et al [8] found a percentage of 30%dbas
on steady-state fluorescence quenching measurelmattsinetic modelling but in
that case the results might be influenced by tlesemwce of some Chl that is not
connected to the RC. It should be noted that theiméed number of LHCII trimers
per RC is higher than the number of 2 used forriwelelling (figure 1). This
obtained number may even be higher because of smmertainty in the actual
number of pigments in the minor complexes. Thectféd the number of LHCII
trimers per RC will be investigated in a futuredstun which the antenna size will
be changed in a systematic way. Here we note lilegbteparation with the highest
LHCII content showed a somewhat larger overall gnag time. However, the
fitting results did not change to a large extenewlkither a number of 2.35 or 2.55
trimers per RC was assumed for a particular ddta se

The values fortcs, Trp and AG obtained here for PSII preparations with outer
antenna are similar to the most recent results irdda with time-resolved
fluorescence by Holzwarth and coworkers [10] forecpreparations without outer
antenna. Their value of 863 ©nj10] (drop in free energy before irreversible
electron transfer to the jQoccurs) is nearly identical to the value foundthe
present studyAG = 826+ 30 cm’. The charge separation time of 5.5 + 0.4 ps in
our case is somewhat slower than the effective tind.5 ps given in [43]. It
should be kept in mind that the cores used by Hatitwand coworkers [10, 22]
were prepared fronThermosynechococcus elongaiubereas our samples were
from spinach. Two different values for the secogdenarge separation time for
core preparations (313 ps [10] and 175 ps [43])eweported by Holzwarth and
coworkers. The origin of this difference is uncleBine latter value is closest to the
one of 137 = 5 ps found in the present study.
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Figure 3, Summary of the obtained results obtaore®SIl membrane preparations
(BBY’s). Excitation of light-harvesting complex semhere in PSII (upper figure)
is followed by excitation energy transfer throughdhe membrane (the grey
shading in the left figure schematically represetite excitation probability
distribution over the different complexes) and &éverage time needed to reach the
RC for the first time {uig) is 35 ps after 420 nm excitation and 39 ps af8&+ nm
excitation. Energy migration is followed by primariiarge separation. The rate of
reversible primary charge separation from the excRC is (5.5 ps) and it is
accompanied by a drop in free energy of 826" cBubsequent electron transfer to
Qa occurs with a rate constant of (137 hs)
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As was mentioned above, a valuetf, = 17 ps was used in [7] to draw the
conclusion that the PSII charge-separation kinesicguibstantially different in the

various parts of the thylakoid membrane. In lighthee much faster hopping time

(3.5 ps) obtained in the present study, these osrmris should be reconsidered.

Here a migration time of 35 or 39 ps is obtainedrupxcitation at 420 and 484
nm, respectively. It is interesting to compare ¢éhealues to the value that can be
estimated from a singlet-singlet annihilation stadyL HCII [35]. It was concluded
in that study that the average migration time il R®uld be close tdN x ~32 ps,
N being the number of LHCII trimers per reaction teerand ~32 ps being the
approximate spatial equilibration time of an exoita over an LHCII trimer in a
random aggregate of trimers. For a preparation With 2.45 we might therefore
expect a contribution of 78 ps, two times larganthihe 35-39 ps found in the
present study. In a recent study it was demonstréttat upon applying high
hydrostatic pressure to LHCII trimers, the fluomsee of a large fraction of the
trimers is quenched with a time constant of 25wdsch reflects the time it takes
for an excitation to reach a quencher within thadr that is being created upon
applying high pressure [44]. This value is only sevhat faster than the 32 ps
mentioned above, not enough to explain the abovdiored difference of a factor
of two. The most obvious explanation for the rerahii fast migration time in
PSIl is the presence of specific transfer pathwais. excitations in LHCII trimers
tend to be localized on the outside of these olgem[19, 45]. Therefore,
excitation energy transfer within the trimer, whehe low-energy states of the
constituting monomers are relatively far apart, mige significantly slower than
energy transfer from one trimer to the other, oratdifferent light-harvesting
complex, when the low-energy pigments of the d#f¢ércomplexes come closer
together. Future determination of high-resolutidacon-microscopy maps of
PSIl will be invaluable to determine the relativdeatation of the complexes
allowing for more detailed calculations.
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Appendix

The Chla/bratio of the samples was determined by fittingdabsorption spectrum
of the acetone extract with the spectra of indigidaigments in acetone [26] (three
repetitions). The Ché/b ratio was used to estimate the number of LHCII éfisn
present in the preparation, while all the other plaxes were considered to be
present in a 1:1 ratio with respect to the reactienter, according to literature [4,
46]. As an example we report the calculation far gample with a Ch&/Chl b
ratio of 2.11 = 0.01 below. To estimate the numiiecomplexes the pigment to
protein stoichiometry of the individual complexeaswsed [47, 48] and they are
reported in Table 2a.

LHCII trimer 24 Chl a 18 Chl b
CP24 5 Chl a 5Chl b
CP26 6 Chl a 3Chl b
P29 6 Chl a 2Chl b
CP47 16 Chl a

CP43 13 Chl a

RC 6 Chl a 2 Pheo a
Care 35Chl a 2 Pheo a

Table 2a, The number of pigments per pigment-pnatemplex that was used for
the calculations (see Appendix).

Per RC there is one core complex (containing 1 CR47P43 and 1 RC), 1 CP24,
1 CP26 and 1 CP29, and an unknown numbar bHCII trimers, which can be
determined in the following way. The number # ofl @and Chlb molecules per
RC depends on the number of trimergccording to:

#Chla =53 + 24 and #Chb = 10 + 18&. For the subsequent calculations the two
Pheoa molecules were replaced by 1 Chl which has a similar amount of
absorption. The measured GHChl b ratio of 2.11 should then be equal to (53 +
24n)/(10 + 1&). This leads to a number of 2.35 trimers per RC.

To determine the percentage of initial excitatidrite individual complexes, the
PSII spectrum was reconstructed using the spetiralividual complexes in their

62



Chapter 3

native state, normalised to the Chl content, andtipied by the number of each
complex in the membrane as obtained from the pigraealysis (i.e. the spectrum
of the LHCII trimer was multiplied by 2.35, whildl ather spectra were multiplied
by 1). Note that the reconstructed spectrum cabeotirectly compared to the
measured BBY spectrum because of sieving effedgdXhe normalized spectra
the percentage of excitation at 420 and 484 nm essisnated for all complexes,
looking at their relative contribution at the exatibn wavelengths (Table 2b). The
probability to excite the outer antenna complexes ¥ound to be 0.74 upon 420
nm excitation and 0.91 upon 484 nm excitation.irigttthe (distorted) BBY
spectrum with spectra of Chls and carotenoids atepm [49] and using the known
pigment and protein stoichiometries, led to the esanumbers showing the
robustness of the method. The main reason is thiaa @1d Chlb hardly absorb at
484 and 420 nm, respectively.

420 nm 484 nm
LHCI 2.35 trimers 586 738
CP29 49 44
CP26 5.7 5.3
CP24 5 5.4
CP47 10.8 45
CP43 85 3.4
RC 6.5 32

Table 2b, Percentage of direct excitation of thdividual complexes upon
excitation at 420 and 484 nm (see Appendix).
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Abstract

Picosecond fluorescence measurements were perforaredfour different
Photosystem II (PSIl) supercomplexes with opewctiea centers. The complexes
were taken from a sucrose gradient where they wergent in sharp bands, named
B8, B9, B10 and B11. Their structural organizatisas resolved with the use of
single particle electron-microscopy analysis arairthiochemical composition was
determined. The main difference between these sap®iexes concerns the size
of the outer light-harvesting antenna, which insesaupon going from B8 to B11.
The smallest complex (present in B8) contains aeditncore of PSIl with one
trimer of the major light-harvesting complex LHGI§sociated, together with the
minor light-harvesting complexes CP26 and CP29. [Bhgest complex contains
four LHCII trimers and two copies of CP24, CP26 &R9 per dimeric core. The
average lifetime corresponding to the major parttlod fluorescence decay
increases upon increasing the antenna size fronp428r B8 to 155 ps for B11 in
the presence of 0.01%DM. In the presence of 0.00186DM these lifetimes
become somewhat faster and range from 104 ps t@4d.4Bhe results indicate that
the rate constants for energy transfer and chagaration as obtained in chapter 3
for BBY preparations should be slightly faster (99%

Based on: Stefano Caffarri, Koen Broe&ediminas Trinkunas, Roberta Croce,
Herbert van Amerongen. Excitation energy transfer Photosystem Il
supercomplexes of higher plants with increasingama size. In preparation.

Introduction

Photosystem |l (PSII) is a water-plastoquinone axyeductase embedded in the
thylakoid membrane of plants, algae and cyanobacter higher plants PSII is

present mainly as a dimeric structure, each monaroesisting of at least 27-28
subunits most of which coordinate chlorophylls €hnd carotenoids [1]. It can
be divided into two moieties: the core complex #ralouter antenna system.
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The core contains in total 35 Chimolecules, 2 pheophytirssand 8-11 molecules
of B-carotene [2]. These pigments are associated &raleproteins: (i) D1 and D2
complexes, which coordinate the reaction centre ptiimary electron donor P680,
and all cofactors of the electron transport chdir); CP47 and CP43 which
coordinate Chla and 3-carotene molecules and act as an inner antenngiignd
several low molecular subunits whose role has eentfully understood [3]. The
peripheral antenna system is composed of membehe dight-harvesting complex
(LHC) multigenic family [4]. The major antenna coleyp, LHCII, composed of the
products of the genes Lhcb1-3, is organized indrgnpand it coordinates 8 Chl6
Chl b and 4 xanthophyll molecules per monomeric sub{fjt Three more
complexes, the so-called minor complexes CP29 (&habP26 (Lhch5) and CP24
(Lhcb6) are present as monomers in the membrane thag coordinate
respectively 8, 9 and 10 chlorophyll molecules argl xanthophyll molecules [6].
All these complexes are involved in light absomptitransfer of excitation energy
to the reaction center and regulation of the ekoitaenergy levels [1, 7]. The
amount of these complexes in the membrane is variabd depends on the
growing conditions of the plant [8].

Although PSII represents the most important parthef thylakoid membranes,
information about its structure and function intieg plants is lagging behind due
to the impossibility to purify these complexes tmrtogeneity. Information about
the supramolecular organization of the complex hasn obtained by electron
microscopy and single particle image averaging yaigl on heterogeneous
preparations obtained from mildly solubilized meares integrated with
biochemical data [9, 10]. It has been shown that Hrgest supercomplex of
Arabidopsis thaliana is composed of a dimeric core (C2), 2 trimeric UKC
(trimer S, where S means strongly bound) in contattt CP43, CP26 and CP29
and 2 more trimers, (trimer M, moderately boundgamtact with CP29 and CP24.
This complex is generally known as the C2S2M2 stgraplex [11]. Complexes
with smaller antenna size have also been described.

The impossibility to purify PSIlI supercomplexes homogeneity not only has
limited the amount of structural information buthids also prevented functional
and spectroscopic studies. The available data eright-harvesting processes in
PSIlI have been obtained for grana membrane prémasaivhich are enriched in
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PSII-LHCIlI (BBY preparations), but which constitute very complex and
inhomogeneous system.

Most picosecond studies on entire chloroplasthigiakoid membranes suggested
average values for the trapping time in PSII inrdmgge from ~300 to ~500 ps [12-
14]. For the interpretation of the kinetics, thecieon/radical-pair-equilibrium
(ERPE) model was often used. In this model it isuased that the excitation
energy transfer through the antenna to the reactoer (RC) is extremely fast
and hardly contributes to the overall charge sdjgaratime [15-17]. This
assumption was criticized in later studies [1, P8-ZRecent studies on BBY
preparations showed average lifetimes in the cofl@50 ps [21, 22]. The validity
of the ERPE model was recently studied making dsgicmsecond fluorescence
measurements after excitation at different wavelengnd applying a coarse-
grained model [22]. It was concluded that excitamergy transfer is slower than
is assumed in the ERPE model but its contributiothé overall excitation energy
trapping time is not a major one (~23%). In therseagrained model it is assumed
that the organization of PSII in the BBY particissthe same as that of PSIl in
supercomplexes [21]. However, it was indicatedhat tstudy that the modelling
can only be approximately correct because the geenaumber of LHCII
complexes in the BBY particles is higher than thmthe supercomplexes, the
composition and structure of which was used ferrttodelling.

Recently, we were able to isolate homogeneous fepkrcomplexes with different
antenna size and the exact composition and stalctorganization of the
complexes could be determined. This offers theipii$g to study and model the
fluorescence kinetics of PSII preparations inclgdine outer antenna in far more
detail. In the present work these preparations Hmen studied with the use of
picosecond fluorescence spectroscopy. The resulimined for different
supercomplexes are compared to each other and fmréiious results obtained for
BBY preparations.
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Materialsand M ethods

PSl1 supercomplexes preparation. PSII enriched membranes (BBY) were prepared
according to (Berthold et al. 1981[23]) and storatl -80°C. For PSII
supercomplexes preparation, the membranes weréedasnce with 5 mM
EDTA, 10 mM Hepes pH 7.5, then with 10 mM Hepes P and finally
solubilized with 0.3 %n-dodecyl-a, D-maltoside ¢-DM) in 10 mM Hepes 7.5.
The solubilized samples were centrifuged at 1200fdorg1l0 min to eliminate
unsolubilized material and then fractionated byagkentrifugation on a sucrose
gradient in a SWA41 rotor, for 14-16 hr at 4 °C amakimum speed. The gradient
was formed directly in the tube by freezing at @@hd thawing at 4°C a 0.65 M
sucrose solution containing 0.00884DM and 10 mM Hepes pH 7.5. Twelve
bands were separated in the gradient and were dtadvavith a syringe. All the
measurements were performed on freshly preparegleses.

SDS-PAGE. 1D electrophoresis was performed using the Trisiie system [24]
at 14.5% acrylamide concentration.

Absorption spectroscopy. Absorption spectra were recorded using a Cary4000
(Varian Inc.). When dilution was necessary, the sawiution was used as for the
gradient.

TCSPC

Time-correlated single photon counting (TCSPC) mesaments were performed at
magic angle (547 polarization as described previously [25]. Theetiion rate of
the excitation pulses was 3.8 MHz and the exciatvavelength was 420 nm. Sub-
pJ pulse energies were used with pulse duratioh2fps and spot diameter of 1
mm. The samples were placed in a 3.5 mL and 10 mght path fused silica
cuvette and stirred in a temperature-controlled C3 sample holder. In
combination with the low excitation intensities atite use of ferricyanide this
guaranteed that close to 100% of the reaction cerdéayed open whereas
significant build-up of triplet states was avoidgll]. The full-width at half
maximum (fwhm) of the system response function @@gs and the kinetics were
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recorded with a resolution of 2 ps per channeh(t4096 channels). The dynamic
instrumental response function of the setup wasaiobt from pinacyanol
(Exciton, INC. Dayton, Ohio) in methanol with aelifme of 6 ps [26]. A 688 nm
interference filter and a 645 LP filter (Balzerset¢htenstein model B40) was used
for detection. Data analysis was performed usitgpme-built computer program
[27, 28].

Results and Discussion

Photosystem 1l supercomplexes with different ardesize were purified from
grana membranes upon mild detergent solubilizéttiowed by sucrose gradient
ultracentrifugation. Twelve different fractions weobtained and their protein
composition determined by SDS page (not shown,gDaft al. in preparation).

The data show that fractions 8 to 11 contain Plystesn Il supercomplexes with
increased antenna size. This result was confirnyetthdo analysis of the absorption
spectra of the individual bands at RT (figure l)ickhshowed an increase in the
absorption of Chb going from band 8 to band 11, indicating an insecaf the
amount of LHC complexes in the different fractiombe absorption spectra of the
supercomplexes could be fitted with the spectra.l@Cll trimer, PSIlI dimeric
core, LHCII-CP29-CP24 complex and a sucrose gradiention containing Lhc
monomeric antenna enriched in CP26 (figure 1). &mplecular organization of
the complexes was determined by biochemical anxtrele microscopy and single
particle average analysis. The results of thestysemare presented in figure 2 as
cartoons. Band 8 contains mainly C2S supercompl@@@%) and a small fraction
of C2M complexes (10%). Band 9 is a mixture (50:602S2 and C2SM. Band
10 contains C2S2M and band 11 C2S2M2, the largestrsomplex observed in
Arabidopsis thaliana. Note that the structure of this supercomplex usexd before
for modeling the fluorescence kinetics of BBY pads [11]. The data are
summarized in table 1 where also the minor anteonglex composition is given.
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Figure 1, Absorption spectra (in black) of the eli#int supercomplex fractions are
shown together with the fitted spectra (in redhgsas a basis set the absorption of
different components of PSII: LHCII trimers (greeRBlII core (dark blue), a small
supercomplex containing LHCII M trimer/CP29/CP2igtit blue) and a gradient
fraction enriched in CP26 (violet). The Lhc/PSII mooneric core ratio and the
Chlsa/b ratio found by biochemical analyses and fittingtteé absorption spectra
are indicated.

Table 1, Protein composition and supramolecular ammation of the
supercomplexes of the sucrose gradient bands. Nurobelight-harvesting
complexes is given per RC.

LHCII
composition LHCII S M CP29CP26CP24
B8 90% C2S + 10% C2M| 0.45 0.05| 0.5 0.45 0,05
B9 50% C2S2 + 50% C2SM75 0.25 |0.79 0.7 0.25
B10 100% C2S2M 1 0.5 1 1 0.5
B11 100% C2S2M2 1 1 1 1 1
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Figure 2, Membrane organization of PSII supercomesan the isolated fractions
B8, B9, B10 and B11. Bars represent putative engér@ysfer links between the
light-harvesting complexes. Charge separation sctuthe light yellow reaction

centers (D1/D2), and together with the yellow CRR48 CP47 they form the core
complex (C). The minor antenna complexes in liglgeg are CP29, CP26 and

78



Chapter 4

CP24. The major antenna complex LHCII are darkmyia®d form trimers that are
strongly (S) or moderately (M) bound to the superplexes. B8 consist for 90%
out of C2S supercomplexes and 10% C2M, B9 is a®G0i&ribution of C2S2 and
C2SM, B10 and B11 are pure C2S2M and C2S2M2 supwgriaxes respectively.

Time-resolved fluorescence (TCSPC) measurements penformed on fractions
B8, B9, B10 and B11 in a solution containing 0.0&9®M, and the results are
given in figure 3.

—C2s
——C2S2/C2sM
c252m

— C2S2M2

log(fluorescence), au

0.1
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time, ns

Figure 3, Fluorescence decay curves of supercomplapon 420 nm excitation
measured at 1% in the presence of 0.@2DM.

With the increase of the size of the supercompletkes fluorescence decay
becomes progressively slower. The kinetics can bellescribed as a sum of four
exponential decays in all cases and the fittingltesire given in table 2. It should
be noted that these fits are not unique and thé&itdil components do not

necessarily correspond to specific physical praeefal]. In all cases a component
of around ~3 ns is observed and its amplitude asae somewhat (from 5 to 8%)
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upon increasing the size of the supercomplex. imcyie, this component can be
due to either some badly connected LHCs, complededgonnected LHCs, free

Chl or closed RCs. Whatever the exact origin is tomponent can be discarded
below. The average fluorescence lifetimes thatadse presented in table 2, are
calculated without including the contribution o&tB ns component.

Table 2, Fluorescence decay fitting results for 4200 excitation of samples
containing 0.01%a-DM (decay curves in figure 2). Average lifetimese a
calculated from the first three lifetimes, accogito

Tae = Zri Lar, /Zai

i=1-3

B8 420 nm B9 420nm  B10 420 nm  B11 420 nm
25ps  32.7% 29ps  30.4% 30ps  27.0% 31ps  27.1%

112ps  48.8% | 127ps  486% | 128ps  502% | 137ps  48.7%
393ps  13.8% | 421ps  149% | 421ps  157% | 439ps  16.2%
2989 ps 4.6% | 3201 ps 6.1% | 3256 ps 7.0% | 3215ps 8.0%

T 123 ps T 142 ps T 149 ps T 159 ps

avg avg awy avg

Table 2b, Fluorescence decay fitting results fo® 42n excitation of samples
containing 0.001%-DM

B8 420 nm B9 420nm B10 420nm Bl1 420 nm

24 ps 39.3% | 25ps 36.3% | 25ps 36.5% | 27 ps 27.6%
108 ps 48.4% | 114ps  49.0% | 120ps  48.3% | 120 ps 53.0%
382 ps 10.4% | 377 ps 12.5% | 379 ps 12.9% | 377 ps 15.9%
2223 ps 1.9% | 2262 ps 2.2% | 2335ps 2.3% | 2348 ps 3.5%

T 103 ps

avg

115ps | 1,4 119ps | T, 136 ps

Tavg
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Figure 4, Fluorescence decay curves of supercomplapon 420 nm excitation
measured at 1% in the presence of 0.0@2DM.

The measurements were repeated in the presenc80if%9a-DM because in the
case of BBY preparations, detergent is only usedthe isolation of the BBY
particles but it is absent in the final preparagitimat are studied with time-resolved
fluorescence [21, 22]. The decay curves in thegmes of 0.001%-DM are given

in figure 4 and the fitting results are presentethble 2. Again, increasing the size
of the complexes leads to slowing down of the #soence kinetics, and the decay
curves can be satisfactorily fitted with the suntaXxponential decays in all cases.
For all preparations (B8-11) the presence of 0.0Qt%M leads to somewhat
faster kinetics than in the presence of 0.Gi#%M and this is illustrated for a few
cases in figure 5.

The amplitude of the slowest component has deadesisbstantially, now being
only ~2%. The average values of the three fadfetinhes are given in table 2.
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Figure 5, Fluorescence decay curves of supercomplapon 420 nm excitation
measured at 1%C. Black and light grey traces correspond to C2%stomplexes
with 0.01 and 0.00-DM concentration, respectively. Dark blue and tigptue
correspond to C2S2M2 supercomplexes with 0.01 a@d1®-DM concentration,
respectively.

The average lifetime for all preparations both 8106 a-DM and 0.001%wu-DM

are plotted vs. the number of Chimolecules in figure 6. In the same figure the
average lifetime obtained for BBY particles aftgcieation at 420 nm is indicated,
taking 2.45 LHCII trimers per reaction center [2R§. 111 Chisa per RC. The
figure shows that the results on BBY complexesnapee or less in line with those
on the supercomplexes in 0.00L9DM. The observed difference between the two
detergent concentrations and the fact that theintitss of the supercomplexes
measured in low detergent are more similar to ¢tfidhe BBY membranes can be
due to the influence of the overall packing on #iricture of the individual
supercomplexes. Indeed in the BBY membranes theivithchl PSII
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supercomplexes are packed together and they fowrosarystalline arrays [11].
Moreover, the ratio proteins/lipids in these memlesais extremely high. In the
presence of DM above the critical micelle concamra(CMC), PSII is present as
isolated complexes, surrounded by detergent [2%wdring the amount of
detergent leads to a packing of several compleggstiier, a condition that is
similar to the one occurring in the membrane. liikely that the packing has an
effect on the overall organization of the systersuhing in a better connection
between the individual subunits in the supercompled thus in a faster migration
of the excitation energy. Note that the observddcefis not due to aggregation
because no new lifetimes are created in these thomsli but only a slight decrease
of all lifetimes is observed.
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Figure 6 The average lifetimes for all preparatiaith 420 nm excitation vs. the
number of Chla molecules. Black squares correspond to the avdifagjenes of
B8, B9, B10 and B11l in the presence of 0.0&%M. Round open circles
correspond to the average lifetimes of B8, B90 Bhd B11 in the presence of
0.001%a-DM. Dashed lines are linear fits through the 0.04861 0.001%w-DM
points. The open triangle is the average lifetilfhdBBYs obtained with 420 nm
excitation [22].

In [21] the fluorescence kinetics of BBY preparasowere fitted with a coarse-
grained model, yielding an average excitation enengpping rate between
individual light-harvesting complexes, a rate canstthat reflects primary charge
separation, a secondary charge separation rateg dnap in free energgG upon
charge separation. However, it was assumed thatrtfamization is the same as the
one that was now found to be associated with sopgstex B11l. The linear
relation between the number of Chls and the averfgarescence lifetime
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presented in figure 6 implies that the BBY fluomsce decay kinetics should be
scaled down a bit (shifting along the 0.004%M line in figure 6). This leads to
minor adjustments of the decay kinetics and thsis af the obtained rate constants
in [22]. They all become ~9% faster. Note tli& remains the same, since it only
depends on fluorescence amplitudes and not oneffgence lifetimes. It should be
noted that the straight lines in figure 6 do nosgthrough the point (0, 0). This
observation will require further analysis in théufee.
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Chapter 5

Applying Two-Photon Excitation
Fluorescence L ifetime Imaging
Microscopy to Study Photosynthesisin

Plant L eaves



FLIM in Plant Leaves

Abstract

In this study it is investigated to which extentotphoton excitation (TPE)
fluorescence lifetime imaging microscopy (FLIM) cdre applied to study
picosecond chlorophyll (Chl) fluorescence kinetafsindividual chloroplasts in
leaves. With the use of femtosecond TPE at 860 tnappears to be possible to
measure fluorescence lifetimes throughout the ent#aves of Arabidopsis
thaliana and Alocasia wentii. It turns out that the excitation intensity cankegpt
sufficiently low to avoid artifacts due to singktiglet and singlet-triplet
annihilation, while the reaction centers can bet lkefgthe open state (the so-called
Fo state) during the measurements. Thestate, corresponding to a state in which
all reaction centers are closed, is induced by wacinfiltration of the leaves with
a buffer containing 3-(3,4-dichloro-phenyl)-1,1-dithyl-urea (DCMU). The
average fluorescence lifetimes obtained for indigidchloroplasts oArabidopsis
thaliana andAlocasia wentii in the open and closed state, are approximatehp ~2
ps and 1.5 ns, respectively. These results ardasitoiin vitro results reported in
literature and to results of isolated chloroplesidained with the current FLIM
setup. The average fluorescence lifetimes appedretthe same for individual
chloroplasts in the top, middle and bottom layertié leaves. It was also
investigated to which extent it is possible to &gt resolve the grana stacks,
containing mainly photosystem 1l (PSIl), and theosta lamellae, containing
mainly photosystem | (PSI), making use of the thett the average fluorescence
lifetime of PSI is below 100 ps, while that of ‘skd’ PSII is in the nanosecond
range. With the resolution of ~500 nm in the fopal) plane and 2 pm in the z
direction it appeared to be impossible to fullyolge grana stacks or stroma
lamellae, but variations in the relative contribus of PSI and PSII fluorescence
on a pixel-to-pixel base could be observed. Thesenke results open up the
possibility to use fluorescence lifetime imagingcroscopy (FLIM) for then vivo
study of the primary processes of photosynthesibeatevel of single chloroplasts
under all kinds of (stress) conditions.

Based on: Koen Broes3an Willem Borst, Herbert van Amerongen. Applying-
photon excitation fluorescence lifetime imaging mgcopy to study
photosynthesis in plant leaves. Submitted.
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Introduction

All photosynthetic organisms contain thylakoid meam®gs to convert solar energy
into high-energy molecules like ATP and NADPH whate used to fix carbon in
energy-rich molecules that are used for reprodoctiopowth and maintenance. The
thylakoids contain the membrane-protein complecaked photosystem | (PSI),
photosystem Il (PSIl), cytochrome/p and F-ATPase, which are the major players
in oxygenic photosynthesis [1-3]. PSI and PSII botimtain a reaction center
which is surrounded by a large “antenna”, which sists of light-harvesting
pigment-protein complexes. The chlorophylls (Ctds)dd other pigments in the
antenna harvest light and funnel a large part efdbrresponding energy to the
reaction center in which charge separation takaseplln most plants and some
green algae the thylakoid membrane is differerdiatéo grana stacks and stroma
lamellae (figure 1) [3-5]. Other classes of photakgtic organisms have their own
unigue membrane stacking which is considerablyedkffit from that of higher
plants [6]. The dominant antenna species of PSiigher plants is light-harvesting
complex Il (LHCII) which is not only important fdharvesting light’, but it also
plays a role in nonphotochemical quenching [7, 84 & is essential for grana
stacking [9]. PSI contains a large part that stmktsof the membrane and does not
fit into the inner stacks of the grana. This ledadsa separation of the two
photosystems (figure 1) [3]. This separation isutfia to allow the regulation of
ATP production, by balancing the linear and cyeliectron transport [10, 11] and
to avoid ‘spill-over’.

In higher plants about ~85% of PSII is locatedhe grana and about ~15% is
present in the stroma lamellae (figure 1). On thileeiohand, it was reported that
PSl is located for about ~36% in the grana end mands and about ~64% in the
stroma lamellae [12]. These percentages are ned fout can differ between plant
species and they depend on growth conditions. Hewelre relative proportion of
stroma lamellae and grana is rather constant [IB¢ opposite is true for the
number of layers in a single granum. Plants Bkecasia that are grown in low-
light intensities can have more than 50 layersne granum, which can extend
across the whole chloroplast [13], whereas mostrgbhants have only ~10 till 20
layers. However, the diameter of the disc layghengrana is more or less constant
among plant species (300-600 nm) [3, 5]. Plantp kke ratio of grana and stroma
lamellae constant by fusing membranes [12]. Wi diecrease of light intensity
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the amount of LHCII per PSII increases, wheread”tBd/ PSI ratio decreases. The
PSII/PSI reaction centers (RCs) ratio flocasia in low-light conditions of 10
pumol photons M st is 1.43 [14]. In the present study the same low-light
growing conditions are used (see Materials and btith TheAlocasia plant was
used in many chloroplast visualization studies bseaof its giant grana stacks [4,
13, 14].

Grana
Margins
l Stroma lamellae
>
)

)

End membrane

Figure 1, Schematic model of the thylakoid membraflee margins are the
strongly curved membranes, the end membranes eatebb at the bottom and the
top of the grana stack and the stroma lamellaeisi\tin-stacked region.

The best noninvasive optical imaging technique ffoeasuring photosynthetic
systems in leaves is multiphoton fluorescence mwpy, because it allows
imaging up to a depth of 500 um in living plantstis [15, 16]. The leaves of
Arabidopsis thaliana and Alocasia wentii are 200 pm and 300 pm thick
respectively, and suitable for complete scanning FiyM with two-photon

excitation (TPE) at 860 nm. In contrast, one-phatanitation (OPE) microscopy
only allows imaging up to a depth of ~100 um [13]. Two-photon (nonlinear)
microscopy depends on the simultaneous (within™21€) interaction of two

photons with a molecule, resulting in a quadragipehdence of light absorption on
light intensity as opposed to the linear dependeavfcene-photon fluorescence
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microscopy. For pigment molecules like chlorophyihl) and carotenoids (Car)
the two-photon absorption spectra are significadifferent from their one-photon
counterparts, but the emission spectra are in geigntical [18]. For Chls and
Cars the TPE spectra are only partially known. [Ha€Cll the TPE spectrum was
measured in the region from 1000 to 1600 nm, ‘cpoading’ to one-photon
wavelengths of 500-800 nm [19].

This work combines microscopy with fluorescencestiihe measurements to
investigate to which extent it is possible to stuthye primary steps in
photosynthesis in living tissue and to determinevhich spatial time resolution
this is possible. This should be considered asinégrmediate step towards
studying these primary events in vivo under a ¥grié (stress) conditions.

In the present study the two-photon absorption 60 &m light is used for
excitation. The instrument response function (IBFRhe FLIM setup is 25 ps [20].
Because carotenoids and @hiransfer most of their excitation energy to @hh
less than one ps [21-28]only fluorescence fromalklobserved [29].

In this study we focus on detecting the fluoreseelifetimes of Chl in PSI and
PSIl in intact leaves, both in low-light conditioasd in conditions in which the
PSII reaction centers are closed by DCMU. The sipdalet Alocasia wentii is used
to make it easier to try to spatially resolve tliffedent photosystems, because it is
known to form giant grana stacks [12, 13]. Moreowvarabidopsis thaliana is
studied because it is widely used as one of theelhmmganisms in plant sciences.

Materialsand M ethods
Fluorescence Lifetime Imaging Microscopy

Multiphoton imaging was performed on a multiphottedicated Biorad Radiance
2100 MP system, coupled to a Nikon TE300 invertécroscope [30]. A tunable
Ti-Sapphire laser (Coherent Mira) was used as anmtaddon source which was
pumped with a 5 Watt (Coherent) Verdi laser, résglin excitation pulses of ~
200 fs at a repetition rate of 76 MHz. In the beamnditioning unit (BCU) the
excitation power was tuned by a pockell cell. Tagel beam was collimated in the
scanhead and focused by a Nikon 60x water immewspmthromat objective lens
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(NA 1.2) into the sample. The fluorescence wasdaeteby non-descanned direct
detectors (NDD), which were coupled to the sidepbthe microscope. Using this
type of detection the loss of fluorescence lighswaduced and 3-5 times more
signal was obtained compared to internal detecithe. emission light was split
into two channels using a dichroic mirror filter @. FLIM measurements were
performed by directing the fluorescence via a sdaon dichroic (770DCXR,
Chroma Technology Corp.) into a Hamamatsu R3809tgrhultiplier, operated
at 3.1 kV. Fluorescence was selected using a dicliffd- 495 — DiQ, Semrock)
and 2x a bandpass filter (HQ700 / 75, Chroma TelagyoCorp). In the excitation
branch a longpass filter (RG 780 3mm, Schott) wssdufor reduction of the
excitation light.

The multichannel-plate photomultiplier allows siagbhoton detection at high
time-resolution, with an IRF of 25 ps (van Oortgress [20]). The output of the
detector was coupled to a Becker & Hickl single tphocounting module (SPC
830) [31]. The signal from the Hamamatsu triggeess$TART of the time ramping
for the time correlated single photon counting (PC$. The pulses from the Ti-
Sapphire laser serve as the SYNC signal in ordestdp the time ramping and
allowing the timing of the arrival of the fluorestephotons. The time window
(ADC) was set to 1024 channels and typically flsoece was recorded for 2
minutes at a photon count rate of approximatelki2@. The signal from the PMT
is combined with the pixel clock and line predividggnals from the Biorad
scanhead to create 2D lifetime images.

Growth Condition and Sample Preparation

Arabidopsis was grown in growth chambers of 23 with 16 hours of light at a
light intensity of 60-100 pHE ts’. Alocasia was grown at room temperature with
16 hours of low light intensities of 10-15 pE’m. For closing reaction centers of
PSIl in leaves a vacuum infiltration was perfornweith 0.1 mM DCMU 20 mM
Hepes, 5 mM NaCl and 5 mM Mg&Qbuffer with pH 7.5.

Isolation of chloroplastsAlocasia wentii leaves were ground in semi-frozen buffer
1 (0.45 M sorbitol, 20 mM Tricine, 10 mM EDTA, 18M NaHCGQ and 0.1%
BSA, pH 8.4) using a blender for five seconds dahffiltrated through 8 layers of
cheesecloth and centrifuged at 3000 g for 20 s°&t Supernatant was discarded
and pellet washed with buffer 2 ( 0.3 M Sorbitdn#M Tricine, 5 mM MgCJ and
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2.1 mM EDTA, pH 7.4). The collected resuspendeardplasts were put on 50%
Percoll / 50% buffer 3 ( 0.6 M Sorbitol, 20 mM Tirie and 5 mM MgGl pH 7.6)
and centrifuged at 3500 g for 10 minutes &4The supernatant was disposed and
the pellet was diluted in buffer 2 before measuring

Results and discussion

It has been demonstrated that FLIM can be a nosimeatool [32, 33] for
measuring Ché fluorescence lifetimes in plants and algae andetating them to
the response of the photosynthetic apparatus toirstance the effect of
dehydration. However, measurements have only bediormed under high-light
conditions at maximum fluorescence level,\fand average lifetimes were found
to be 1.7 ns £ 0.2 ns [32] and 611 ps [33], cowading to lifetimes of PSII with
(partially) closed reaction centers.

With the FLIM setup used in the present study jiassible to measure under low-
light conditions. In figure 2 two images with 10@kels are presented #focasia
wentii chloroplasts. The presented fluorescence imagem@nsity-based, but also
the fluorescence kinetics is obtained for each Ipared were analyzed with a
combination of SPCimage2.3 software (Becker & Hiekid home-built software
using a exponential decay model [34-36]. The fitiddoroplast fluorescence
lifetimes and amplitudes averaged over all pixél§gure 2b are as followst; =
59.5 ps (44.1%)1, = 205 ps (35.3%) and; = 588 ps (20.6%). Scanning at
different depths in the leaf did not result in di#nt average lifetimes or different
amplitudes. Figures 2 a and b are intensity-based)és with a linear grey scale.
Pixels with zero fluorescence counts are dark afixklp with maximum
fluorescence are white. The chloroplasts in figlibeappear to be heterogeneous
and small white dots can be observed within therdplast. Similar heterogeneity
was observed earlier in microscope measurement7[438], and it is likely that
the white spots correspond to the grana stacks.Chtieoncentration is higher in
the grana and moreover, they contain mainly PSlhiciv leads to more
fluorescence than PSI because of the longer flaere® lifetimes.

It is known from TPE FLIM measurements on LHCII eggates [39] that pulse
repetition rates of more than 1 MHz can lead to ghertening of fluorescence
lifetimes of photosynthetic systems because oftakon quenching by Car and
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Figure 2, Room temperature fluorescence intensigetl image (1024 pixels) with
a linear grey scale as measured with FLIM. The roplasts inAlacosia wentii
leaves are excited with TPE at 860 nm and detestidbda bandpass filter centered
at 700 nm and with a bandwidth of 75 nm. For epizkel a fluorescence decay
trace is measured. The average lifetimes and amdphtin the 1024 pixels in this
image aret; 59.5 ps (44.1%);, 205 ps (35.3%) ant; 588 ps (20.6%).

Chl triplets (singlet-triplet annihilation). Moreeg,; singlet-singlet annihilation can
occur, also leading to a shortening of the lifetj#@]. Since the number of triplets
formed is expected to increase upon increasingntimaber of excitations, the
fluorescence lifetimes were measured as a funatfdaser intensity. In figure 3,
three decay traces are presented that were obtairiexd, 330 and 1600 pW (laser
power measured directly at the sample holder ofst#tap). The 150 and 330 pW
decay traces are identical after normalizatiomattdp, whereas the 1600 uW trace
is substantially faster. It should be noted that ithitial number of excitations for
TPE scales quadratically with the light intensibddhus the number of excitations
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increases by a factor of 4.8 when going from 15830 uW. Therefore, the results
clearly demonstrate the absence of singlet-tri@dat singlet-singlet) annihilation
at relatively low intensities. By using extremeligltm powers of 1600 uW the RCs
are closed, but the kinetics is faster, which xibed to a combination of singlet-
singlet and singlet-triplet annihilation.
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Figure 3, Room temperature fluorescence decaydr@oeasured with FLIM) of
chloroplasts imrabidopsis thaliana leaves. The chloroplasts are excited with TPE
at 860 nm and detected with a bandpass filter cemigt 700 nm with a bandwidth
of 75 nm. Identical traces are observed for clgtasts with laser powers of 150
MW (black squares) and 330 pW (red open circled) amrespond to PSII with
open reaction centers. The green open triangleggept a decay trace obtained
with a laser power of 1600 uW which is faster thiaa black and red decay traces
due to annihilation processes.
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The fluorescence decay traces of isolated chlostplevere also measured with
FLIM and compared to those of leaf tissue (figuje Phein vivo fluorescence
kinetics of chloroplasts are similar to those @ tbolated chloroplasts for the first
170 ps part of the trace. There is a small diserep@ the middle part of the trace,
but overall the traces are nearly identical. Théoroplasts were isolated with
percoll and are smaller in size (not shown) thandloroplasts in leaves.
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Figure 4 Room temperature fluorescence decay tf@eeasured with FLIM). The
chloroplasts imlocasia wentii are excited with TPE at 860 nm and detected with a
bandpass filter centered at 700 nm with a bandwifit@5 nm. Round open circles
are isolated chloroplastdn(vitro) with an average lifetime of 180 ps. Black

squares correspond to chloroplasts in lealesifo) with an average lifetime of
212 ps.
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Normal
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log(fluorescence), au
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Figure 5. Room temperature fluorescence decaydrgweasured with FLIM). The
chloroplasts irArabidopsis thaliana leaves are excited with TPE at 860 nm and are
detected with a bandpass filter of centered ati@0wvith a bandwidth of 75 nm.
Black squares represent a ‘normal’ fluorescencaylé@ce of chloroplasts in an
Arabidopsis leaf with an average lifetime of 290 ps. Roundropiecles represent a
fluorescence decay trace of a vacuum infiltrated Veth a 0.1 mM DCMU buffer
with an average lifetime of 1.3 ns.

In order to try to distinguish between PSI and R$ltihe microscopic images, the
difference in fluorescence lifetimes between the photosystems was increased
by closing the reaction centers of PSIl by vacuunfiltiation of Arabidopsis
thaliana with 0.1 mM DCMU in 20 mM Hepes, 5 mM NaCl and MnMgCl,
buffer with pH 7.5. The average lifetime for thafiénfiltrated with DCMU is 1.3
ns (figure 5) whereas for ‘normal’ leaves the agerdifetime is 290 ps. Both
photosystems are separated in space and have rdidistadifferent lifetimes in
the presence of DCMU [33, 41, 42], because theameetifetime of PSI with
antenna complexes is reported to be ~60 ps [20ad@]that of closed PSIl is ~1.5
ns [41]. This is visible in the traces and imagéshe chloroplasts oflocasia
wentii in figure 6. The expectation is that pixels witlomn® grana stacks have a
higher intensity compared to pixels with relativehpre stroma lamellae [37]. In
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figure 6b the fluorescence kinetics of 10 highisigy pixels (white) are compared
with those of 10 low-intensity pixels (grey). Th@ kigh- and low-intensity pixels
have 623 (266342) and 541(195833) counts in th& gaad total number of
fluorescence counts), respectively. The globahfittresults with linked lifetimes
and independent amplitudes afe= 116 ps (53.3%, 59.6%); = 1027 ps (35.1%,
29.5%) andtz = 3957 ps (11.6%, 10.9%). The first amplitude éaich lifetime
refers to the high-intensity pixels and the secantplitude to the low-intensity
pixels. The first lifetime of 116 ps probably refle a mixture of PSI and open PSII
reaction centers[29, 44], becadecasia grown under low-light conditions have a
PSII / PSI RCs ratio of 1.43 [14]. This correspotal$9% Chl of PSIl and 41%
Chl of PSI. If all PSIl is closed, on might expé&&@% Chl contribution of slow
lifetimes and 41% of fast lifetime. The amplitudddhe lifetime of 116 ps for both
groups of pixels is more than 41%, so the conctusioould be that not all PSII
reaction centers are closed by the DCMU. The twav difetimes of ~1 ns and ~4
ns must correspond to closed PSII reaction cenbEsause these lifetimes are
absent for open RCs. The 6.3% difference in thelitude of the slow lifetimes for
the high- and low-intensity pixels is probably cadidy the fact that the high-
intensity pixels comprise more PSII than PSI. Tikiexpected because the grana,
where PSII is concentrated, have a higher chlorbgloyncentration per pixel than
the stroma lamellae. There are two explanationghferifetime differences in the
pixel groups: (i) The DCMU buffer is not penetratedenly in every part of the
chloroplasts which results in different lifetimasdantensities for each pixel; (ii) In
one pixel group there are more grana than in theragixel group which will also
result in different lifetimes and intensities fach pixel. In figure 6b the intensity
of the different pixels seem to have a random ithistion in the chloroplast, which
is not expected as a result of varying penetratbrthe DCMU buffer. The
differences in lifetimes for the two pixel groupancthus best be explained by
pixels with more or less grana, but a DCMU pengnagffect cannot be ruled out
completely. Whatever the real reason may be, ieappto be very difficult to
distinguish between regions with more or less grana

For Arabidopsis thaliana leaves it appeared not to be possible at all solve
variations in lifetimes between pixels, which iolpably due to the fact that for
Arabidopsis thaliana the grana stacks are smaller than thogd afasia wentii.
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Figure 6a Room temperature fluorescence decaystrgmeasured with FLIM) of
chloroplasts imAlocasia wentii leaves excited with TPE at 860 nm detected with a
bandpass filter centered at 700 nm with a bandwidth75 nm. The leaves are
vacuum infiltrated with a 0.1 mM DCMU buffer forading the PSII reaction
centers. The black (1) trace with its fit corresp®rio the summed fluorescence
decay of 10 white (high) pixels from the chloroplesthe intensity-based image in
figure 6b. The blue (2) trace with its fit corregps to the summed fluorescence
decay of 10 grey (low) pixels from the chloroplasthe intensity-based image in
figure 6b.
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1 2
T 116 ps 53.3% 59.6%
T, 1027 ps 35.1% 29.5%
L 3957 ps 11.6% 10.9%

Figure 6b (right) Room temperature fluorescencerisity-based image (measured
with FLIM). The chloroplast irAlacosia wentii leaves are excited with TPE at 860
nm and detected with a bandpass filter center@@@nm with a bandwidth of 75

nm. The pixel size is 0.26 um. Fluorescence in qaigbl is detected in 4096

channels with a time resolution of 3 ps per chaniheft) Global fitting with linked
lifetimes (1, T, andts) and independent amplitudes for the black trageitl blue
trace (2) shown in figure 6a.
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Conclusions

- In vivo measurements on chloroplast are possible undeligbtvconditions with
TPE FLIM and the obtained fluorescence kinetics aeey similar to those
observed inn vitro measurements on isolated chloroplasts.

- When scanning through the leavesitwcasia wentii andArabidopsis thaliana no
differences are observed in the fluorescence kiseindicating no variation in the
chloroplast composition/organization as a functddepth.

The spatial resolution of the FLIM measurementssdoet allow to observe
individual grana stacks iArabidopsis thaliana chloroplasts,but for chloroplasts of
Alocasia wentii variations in the lifetimes are observed that rbayascribed to
variations in the grana density.

In the future the TPE fluorescence lifetime imagmgroscope can be used to
study individual chloroplasts in leaves under d#fg stress conditions.
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Introduction

This thesis describes fluorescence spectroscopgriexgnts on photosynthetic
complexes that cover the primary photosynthetic@sses, from the absorption of
light by photosynthetic pigments to a charge sdaardCS) in the reaction center
(RC). Fluorescence spectroscopy is a useful toobliotosynthetic particles,
because the latter are densely packed with fluerescpigments like chlorophylls
(Chl). The fluorescence of each pigment is affetteds environment and provide
information about structure and dynamics of thetpsynthetic complexes. In this
thesis time-resolved fluorescence of Chl molecuksused for studying the
ultrafast kinetics in membrane particles of phosbegn Il (PSIl) (chapter 2, 3 and
4). In chapter 5 fluorescence lifetime imaging rogopy (FLIM) of is applied to
study entire chloroplasts, either in the leaf oridolated chloroplast form. The
advantage of FLIM is that the interactions of theofescence pigments in both
photosystems can be spatially resolved up to dut®o of 0.5 x 0.5 x 2 um to

indentify and quantify photosynthetic processethéir natural environment.

Excitation energy transfer and charge separation in PSI1 membranes (chapter
2,3 and 4)

In this thesis time-resolved fluorescence measunggnef PSIlI containing
membranes, the so called BBY particles, are peddrim low-light conditions
with open reaction centers. The BBY particles dogmntain photosystem | (PSI)
or stroma lamellae, but do support electron traresfiel carry out oxygen evolution
with high activity and are comparable with the gran vivo. The fluorescence
decay kinetics of the BBY particles are faster tbheerved in previous studies and
also faster than observed for PSII in chloroplastd thylakoid preparations. The

average lifetime is 150 ps, which, together witbvimus annihilation experiments
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on light-harvesting complex Il (LHCII) suggests tlexcitation migration from the
antenna complexes contributes significantly to dkierall charge separation time.
This is in disagreement with the commonly appliectiten / radical-pair-
equilibrium (ERPE) model that assumes that exoitagnergy diffusion through
the antenna to the RC is much faster than the bwolarge-separation time.

A simple coarse-grained method is proposed, basedthe supramolecular
organization of PSIl and LHCII in grana membran€2%2M2). The proposed
modelling procedure for BBY particles is only apxroate and many different
combinations of excitation migration time and theamge separation time can
explain the observed fluorescence kinetics. Howéwsrclear that charge transfer
should be rather fast and is accompanied withgeldrop in free energy.

In chapter 3, the fluorescence kinetics of BBY iges with open RCs are
compared after preferential excitation at 420 ar@# 4m, which causes a
difference in the initial excited-state populationfisthe inner and outer antenna
system. The fluorescence decay is somewhat slopar preferential excitation of
chlorophyll (Chl)b, which is exclusively present in the outer antervsing the
coarse-grained model it was possible to fit the 48t 484 nm results
simultaneously with a two-step electron transfedeicand four parameters: the
hopping rate between the protein-pigment complettesCS rate, the drop in free
energy upon primary charge separation and a segpnbarge separation rate. The
conclusion is that the average migration time dbates ~25% to the overall
trapping time. The hopping time obtained in cha@és significantly faster than
might be expected based on studies on trimeric aggtegated LHCII and it is
concluded that excitation energy transfer in P8llofvs specific pathways that
require an optimized organization of the antennapexes with respect to each
other. Analysis of the composition of the BBY pelds indicates that the size of
the light-harvesting system in PSIl is smaller tltemmmonly found for PSII in

chloroplasts and explains why the fluorescencéiifes are smaller for the BBY'’s.
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In chapter 4, four different PSIl supercomplex argpions were studied. The main
difference between these supercomplexes conceensizk of the outer antenna.
The average lifetime of the supercomplexes becdorager upon increasing the
antenna size. The results indicate that the ratstaats obtained from the coarse-
grained method for BBY preparations, which is based the supercomplex
composition C2S52M2, should be slightly faster (~)G#% predicted in chapter 3.
The observation that the average lifetime of theestomplexes is relatively slow
compared to what one might expect based on theurerasnts on BBY particles,

and this will require further future studies.

Photosynthesisin plant leaves (Chapter 5)

With the use of femtosecond two-photon excitati&tiETat 860 nm it appears to be
possible to measure fluorescence lifetimes throughthe entire leaves of
Arabidopsis thaliana and Alocasia wentii. It turns out that the excitation intensity
can be kept sufficiently low to avoid artifacts dieesinglet-singlet and singlet-
triplet annihilation, while the reaction centersdze kept in the open state during
the measurements. The average fluorescence lifetiolained for individual
chloroplasts ofArabidopsis thaliana and Alocasia wentii in the open and closed
state, are approximately ~250 ps and ~1.5 ns, cd@sply. The maximum
fluorescence state correspond to a state in whiichaction centers are closed. The
kinetics are very similar to those obtained forochplastsin vitro with the FLIM
setup and toin vivo results reported in literature. No variations lesw
chloroplasts are observed when scanning througtimitieaves ofArabidopsis
thaliana and Alocasia wentii. Within individual chloroplasts some variation is
detected for the relative contributions of PSI &l to the fluorescence. The

results open up the possibility to use FLIM for thevivo study of the primary
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processes of photosynthesis at the level of singleroplasts under all kinds of

(stress) conditions.

General conclusions

This thesis gives new insight of the kinetic pra@essin PSII membranes. With the
use of a coarse-grained method that provides anwag to incorporate existing
knowledge and models for individual complexes, abhla conclusions can be
drawn about the excitation energy transfer andd8ewhich hopefully contributes
to an improvement of the knowledge about PSII fiomitg. In general it was
shown that a large drop in free energy is needed St membranes for all
simulations with the coarse-grained method.

The presented results on the kinetics of chlordglabtainedn vitro andin vitro
are very similar and verify that conclusions drafnom isolated chloroplasts can

be extrapolated to photosynthetic processes in tiagiural environment.
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Nederlandse samenvatting

Zonlicht is de belangrijkste energiebron voor lesteh op aarde. Via fotosynthese
zetten planten en sommige micro-organismen diticlotjlwater en koolstofdioxide
om in chemische energie in de vorm van suikers. Bgroduct is zuurstof
waardoor de atmosfeer ongeveer 20% zuurstof bevhbgere organisme zoals de
mens dit kunnen gebruiken voor hun energiehuistmguddit maakt fotosynthese
één van de belangrijkste processen op aarde. Henibeicht in de fotosynthese
kan ons helpen met het verhogen van gewasopbrengstehet maken van
biobrandstof. Hoewel er al meer dan honderd jaateroek naar fotosynthese
wordt gedaan, is op moleculaire schaal nog niesdlekend. Daarom houden er
tot op de dag van vandaag nog veel wetenschapjprdezig met fotosynthese
onderzoek.

In dit proefschrift worden fluorescentie spectrgisohe experimenten aan
fotosynthetische complexen beschreven vanaf dergiiswan licht tot en met de
ladingscheiding in het reactiecentrum. Fluoreseespectroscopie is een goede
techniek om metingen aan fotosynthetische complégetioen. Deze complexen
hebben van nature al fluorescentie pigmenten, waarfluorescente labels niet
nodig zijn. De fluorescentie van elk pigment wobéinvioed door zijn omgeving
en kan informatie geven over de structuur en hdtagevan de fotosynthetische
complexen. In hoofdstuk 2, 3 en 4 worden tijdsopgie experimenten aan
bladgroen pigmenten beschreven voor het bestudemensnelle processen in
fotosysteem 1l (PSIl) deelties. In hoofdstuk 5 gebruikt gemaakt van
“fluorescence lifetime imaging microscopy” (FLIM)rogeisoleerde chloroplasten
of chloroplasten in blad te bestuderen. Het vodrdae FLIM metingen is dat je
met een ruimtelijke resolutie tot 0.5 x 0.5 x 2 paar fotosynthetische processen
kan kijken.

Geéxciteerde energie overdracht en lading scheidingn PSIl membranen
(hoofdstuk 2, 3 en 4)

In deze hoofdstukken zijn tijdsopgeloste fluoreseemetingen onder lage licht

intensiteit gedaan aan BBY deeltjes ( PSIl membranget open reactiecentra. De
BBY deelties bevatten geen fotosysteem | (PSI) afmdllen, maar ze
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transporterenwel elektronen en hebben een verhatgkzuurstofproductie als de
granain vivo. De kinetiek van het fluorescentie verval van d&YBdeeltjes is
sneller dan waargenomen in eerdere studies. Dedgeifde levensduur is 150 ps
wat, samen met eerdere annihilatie experimenteriliggut-harvesting complex II”
(LHCII), suggereert dat de migratietid van de amecomplexen naar het
reactiecentrum een significante bijdrage levert adn totale tijd van de
ladingscheiding. Dit is in tegenstelling met hefjeahene gebruikte “exciton /
radical-pair-equilibrium” (ERPE) model dat er vanuaat dat diffusie van
geéxciteerde energie door de antenna veel snalemihoofdstuk wordt een
vereenvoudigde “coarse-grained” methode voorgdstelbasis van de organisatie
van PSIl en LHCIl in grana membranen (C2S2M2). Deorgestelde
modelleerprocedure voor BBY deeltjes is globaaleMere combinaties van de
migratietijd en de ladingscheidingstijd kunnen deolgserveerde fluorescentie
kinetica verklaren. Het is echter duidelijk dataite gevallen de ladingoverdracht
relatief snel is en gepaard gaat met een substamteval in vrije energie.

In hoofdstuk 3 worden fluorescentie kinetieken VBY deelties met open
reactiecentra na excitatie bij 420 en 484 nm veigzi. Dit veroorzaakt in het
begin een verschil in de populaties van excitatigs(n je ook zeggen een verschil
in excitatiepopulaties of populatie-excitaties) et binnenste en buitenste
antennasysteem. Het fluorescentie verval is igtgetr als chlorofylb (484 nm
excitatie) wordt geéxciteerd. Dit komt omdat chfgtob alleen in de buitenste
antenna aanwezig is. Met behulp van de “coarsevgddi methode wordt de
gezamenlijke fit van 420 en 483 nm excitatie gerledsd in een twee stappen-
elektron-model met vier parameters: de “hoppingf tussen eiwitcomplexen, de
ladingscheidingstijd, de val in vrije energie vaer primaire ladingscheiding en de
snelheid van de secundaire ladingscheiding. Delgsiecis dat de gemiddelde
migratietijd ongeveer 25% bijdraagt aan de totabgpping time”. De in hoofdstuk
3 verkregen “hopping” tijd is significant snelldan wat men kan verwachen op
basis van studies met “trimeric’en geaggregeerd ILHGeconcludeerd kan
worden dat de geéxciteerde energiemigratie in Bi&itifieke paden volgt die een
optimale organisatie van de antenna complexen vArgilyse van de compositie
van de BBY deeltjes wijst op een kleiner aantaéant complexen van het “light-
harvesting” systeem in PSII dan gebruikelijk vd®®ll in chloroplasten. Dit
verklaart dat de fluorescentie levensduren sneijevoor de BBY deeltjes.
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In hoofdstuk 4 zijn vier verschillende PSIlI supengexen bestudeerd. Het
belangrijkste verschil tussen deze supercomplexeeirefv het aantal

eiwitcomplexen in de buitenste antenna. De resntalaten zien dat de
snhelheidsconstante, verkregen via het modelleren de BBY deeltjes (gebaseerd
op de supercomplex structuur C2S2M2), ongeveer $@&tler moeten zijn als

voorspeld in hoofdstuk 3. Waarom de gemiddelde risglgur van de

supercomplexen relatief langzamer zijn dan wat mag verwachten op basis van
de metingen aan de BBY deeltjes vereist vervolgouik in de toekomst.

Fotosynthese in bladeren van plantefHoofdstuk 5)

Met behulp van twee fotonen excitatie bij 860 nrhés mogelijk om fluorescentie
levensduur metingen uit te voeren door het gehielé sanArabidopsis thaliana
en Alocasia wentii. De excitatie-intensiteit is laag genoeg om adiefia door
“singlet-singlet” en “singlet-triplet” annihilatiete voorkomen, terwijl de
reactiecentra in een open staat bleven gedurendaetiagen. Voor individuele
chloroplasten vairabidopsis thaliana en Alocasia wentii in de open en gesloten
staat is een gemiddelde levensduur van ongeveep2®h 1.5 ns respectievelijk
verkregen. De maximale fluorescentie correspondeet een staat waarin alle
reactiecentra zijn gesloten. De fluorecentie keletn, gemeten met behulp van de
FLIM opstelling van chloroplasteim vitro enin vivo, zijn ongeveer hetzelfde en
vergelijkbaar met literatuurwaarden. Er zijn geeariaties gemeten tussen
verschillende chloroplasten tijdens het maken van dwarsdoorsnede van de
bladeren varArabidopsis thaliana en Alocasia wentii met de FLIM opstelling. In
individuele chloroplasten is wel variatie gemetavowrelatieve contributies van
PSI en PSII fluorescentie. De resultaten laten degrhet mogelijk is om de FLIM
opstelling te gebruiken in studies naar de priméatesynthetische processen op
individuele chloroplasin vivo onder verschillende stress condities.

Algemene conclusie
Dit proefschrift heeft nieuwe inzichten opgeleverd de kinetieken in PSII
membranen. Met behulp van de “coarse-grained” nugttkan bestaande kennis en

modellen van individuele complexen worden ingepasgarbij belangrijke
conclusies kunnen worden getrokken over de vegilaatvan de excitatie-energie

120



Chapter 7

en de ladingscheiding wat hopelijk leidt tot eembetering van kennis over de
werking van PSII. Over het algemeen is geblekeredatn substantieel verval van
vrije energie nodig is voor PSIl membranen in deuaties met de “coarse-
grained” methode.

De gepresenteerde resultaten van de kinitiekenindimiduele chloroplasten kan

worden geéxtrapoleerd tot fotosynthetische processbun natuurlijke omgeving.
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waarvan het resultaat dit proefschrift is. Bij h@bmotieonderzoek zijn velen
mensen betrokken die allemaal met hun specifiekaikeen vaardigheden hebben
bijgedragen waardoor er soms verrassende resufiatemden werden.

Ten eerste wil ik Herbert bedanken als inspirerandator. Zijn enthousiasme en
kennis over de fotosynthese zal nog hopelijk velemende studenten en
promovendi inspireren om onderzoek te gaan doele ifotosynthese. Maar ook je
kritische houding en discussies hebben zeker biggeoh aan het
promotieonderzoek. Je open houding en dat ik altgtkom was om de resultaten
van experimenten te bespreken ondanks je overagenda heb ik altijd zeer
gewaardeerd.

Natuurlijk zijn er veel mensen betrokken geweeghbt onderzoek en opleiding.
Ik wil graag een aantal mensen specifiek bedankewektl hebben betekend voor
het promotieonderzoek. Zo wil ik Sasha bedankemupin te wijden in alle NPQ
gerelateerde materie met zijn cursus. Jan voorlrijp met het eerste artikel en
natuurlijk al de onvergetelijke Intro 2 cursussercengressen die ik mocht volgen,
ondanks dat ik officieel geen lid was van IntroGediminas voor de prettige
samenwerking en specifiek al het modelleer werk gediruikt is voor de eerste
drie artikelen. Roberta voor de goede discussiesl@®én over het onderzoek in
het algemeen en specifiek voor het biochemisch wisl&tuurlijk wil ik ook
Stefano bedanken voor dit laatste en zijn tomekrzergie om steeds maar met
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