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Chapter 1

Photosynthesis

Across evolution,iting organismshave developed different strategies to cope with
their energy needs, among whids photosynthesis. Photosynthesis the ensemble of
processegproducingchemicalenergyusingsunlight. Different types of photosynthesis exist
in Nature, with the most widespreadbeing i KS & O K-0 2 8 RIK(#),2irNWhich
sunight is harvested bychlorophyls (Chl) and carotenoids (Cars)(and bilins in some
organisms) Oxygenis a by-productof photosynthesisn plants, algae and cyanobactertaut
Is not produce by mostof the prokaryotes which aretherefore called amxygenic bacteria.

Oxygenic photosynthesisonsistsof four successive phaseg) Light harvestingand
excitation energy transfer by the antenna systefn¥y Charge separation in the&eaction
center (photochemistry) (iii) Secondary electron transfersresulting inthe synthesis of
NADPHreductive agentiand ATRenergy) {v) Carbon fixation, for whicitNADPH and\TP
are usedin the CalvilBensoncycleto synthesize stablerganicproductsfrom CQ. The
three first phase are called4¥ight reaction€and the last phasédark reactiorsQ However,
only the first phaseadepends directlyon the light (photon absorption) whereas the others
could beconsideredight-drivenreactions

Light harvestingin oxygenic organismegelies on pigments coordinated to multi-
protein complexes These complexes arembedded in (or associated withhembranes
called thylakoids In photosynthetic eukaryotes thylakoid membranes form the inner
network of anorganellespecializedin photosynthesis calledhe chloroplast Four major
transmembrane proteinare involvedduringthe first three phasesPhotosystemgPS) and
II, cytochrome B and ATP synthasédectrons travel linearly through these complexes
(Figurel), from water, the first electrordonor, to NADP, the final electron acceptor of the
electron transport chain (ETC).

The electron transfefrom water to NADPis not spontaneous as shown by the redox
potential of their related couples (8 ,/614D) = +0.82V >,8 0 HINADPH) =0.32V).
After excitation by sunlight, Chls become highly reductive. In the reaction centers (RCs) of
the PSs,these highly reductive excited Chls can react with nearby oxidative species.
Photochemistry consists in the formation of successive radical pairs by charge separation
(CS). Primary electron transfer steps end with final radical pairs involyiggirPPSland
Psgo in PSII (each named after its absorption wavelen(@thand details for PSI below);06
and Rgo have strong oxidative power and extract electrons from plastocyanine (PC) and
water. These RC Chls, back in their ground states, are then ready for new light excitation.
Secondary chemical reactions inwelthe successive acceptors of the ETC starting from
ferredoxin (Fd) reduction on the donor side of PSI and from plastoquinone (PQ) reduction on
the donor side of PSII (Figure 1). In conclusion, sun light provides the energy necessary to fill
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the free enegy gap between water and NAD&nd to initiate a cascade of spontaneous
oxidoNB RdzOU A2y NBI OlUAr29mSYv$d&dEe OFff SR GKS a¥

NADPT  NADPH

NS ApP+w ATP

PSI-LHCI

2H.,0 o, + 4+t

Figurel: Thylakoidmembrane of higher plants with the four maahotosyntheticmultiprotein complexesthe two
photosystemqPS) and their Lighdarvesting Complexes (LHC)-BS$CI and PSIHCII, the cytochrome b6f (cytb6f)
and the ATP synthasender light, electrons travel linearly from,& to NADPHsolid arrowsyand at the same time
protons translocate from the stroma tthe lumen (long dashed arrow)The proton gradient is used by th&TP
synthasefor the production of ATRGyclic electron transfer (short dashed arrow) only produces ATP which adjusts
the NADPHATP stoichiometry Fd: ferredoxin; FNRferredoxinNADPreductase; PQj§i plastoquinog; PC:
plastocyanin. Picturadapted from (3).

After CS in the R@ high electric field of10’ V.m™ is created across the membrane
(considering a voltagef 100mV across a membrane &0 nm (4)). Due towater oxidation
and the PQcyclg protons(H) accumulate inthe lumen (the inner space of thiaylakoid)
resulting in a proton gradient acrofise membrane.This poton gradient is used by thATP
synthaseto produceATP.

Antenna principle

As just mentioned, the photosyntheti€TCis activatedthanks to the energy
harvested from the sunln principle, he more lightis harvested the moreelectrons are
transported from water to NADPConsideringhat a Chlhas acrosssectionalareaof about
15 A2 andthat the photon flux is 100 pmoles photons/n/s on average the average
probability for a photon tdoe absorbedn this Chl is equivalent to one photon per second.
In the case of a Cimh anRC, this would lead tthe generation ofone electron per second
(considering a quantum yielof 1). Within the PSs, pigments are densely packed around the
RC Chls and can trdes their excitation energyto it. In this way, the RC benefiteom
energyharvestedby the entire network, whichincreas the probability of generaing an
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electronin the RCFor instance155Chis(@andb) YR o p O NRcar&shé fiver a
lutein and four violaxartin moleculeg compose thePSI pigment networkn higher plants
((5), Figure2).
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Figure2: The pigments networkof PSkupercomplexcomposedof Chls(green without the phytol chain for clarily
and Cars (orange) (tramembraneand stromalviews from PDB 4XY)) surround the P700 Chls (gresphere)
The molecular structures and tlabsorption spectraf Chla (B), Chlb (C),i -carotene f) and lutein D) are shown.

Chls are substituted porphyrinrs whose nitrogen atomscoordinate a central
magnesium atomThe conjugateddoubled bondsof the porphyrinNA y 3 LdSebtddrds (
delocalization and the absorpticof visiblelight. The varioussubstituentsto the ringchange
its molecule symmetrytuning the absorption propertiesA long phytol chainmakes the
molecule hydrophobicCars ardinear polyene chais potentially terminated byringsat one
or both ends. Xanthophylisontain oxygerin their molecular structurevhile carotenes are
unsaturated hydrocarbonsDepending on thdength of the conjugated systemdifferent
wavelengtls can be absorbed

According to theFranckCondon principle, te most probable transition from the
ground state will occur with the vibrational level of the excitekctronic state whose
wavefunctionoverlaps the most with the one of the ground statm the excited statethe
electrons reorganize which modifies tlemergy landscapeompare tothe ground statelIn
Figure 3 electronic transitions are represented for @hlthe most probable transitionare
(S, w) to (S, W) in the blue region and {Sw) to (S, w) in the red region\ is an arbitrary

)

H
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choice to visualize the principle Thesemost probabletransitions are named the Soret
bandsin the blue and the Q bands in the rdfithere is no overlapf the wavefunctionsthe
transition is not possible (also said ¥ 2 Nb A ARSytiansiton is forbidden for Cars
leading to the absence of red absorption.

A B
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E
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2
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J \ Fluya(
\ d
I"\tj /' S, = Ground state
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Figure3: (A) Absorption dark green and fluorescencebfown) spedra of Chisb (in acetone)schematized byB) a
simplified Jablonski diagranDifferentexcited levels ar@opulated after absorption (solid red or blue arrows) and
depopulated after fluorescence (solid brown arrow) or internal conversion (IC, blue and red dashed éxfosy)
de-excitation pathways are possible but not represented (see rteait).

The absorption intensity is alsdetermined by the polarization properties of the
transition. For the Chls, (first excited state, Sin the Figure3) and Q (second excited
state, not represented in Figui® transitions correspond téransition dipole momentgp of
the molecule that are oriented (more or less) along the twesawnf the porphyrin ring
(Figure2). The transition is enhanced when the electric field is polarized parallel to the
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transition dipole moments. By comparing thasition strength upon different electric field
polarizations, we can estimate the molecule orientation.

The intensity of a transition to one excited state (all vibrational levels together) is
guantified by the oscillator strength.flt can be seen as a proportion of electransthe
moleculeable to oscillate with the frequefieshn 2 F GKS | 04a2NLJiA2y o6 yR
The oscillator strengthf is proportional to the area under the absorptiospectrum,

A= (® A0 R AR sk édinction coefficientin Mt.cm). ® A0 oAt @ NB RSLIS
refractive index(6). The oscillator strength of the Qransition of Chb is 0.7 times the one
of Chla (7). The dipole strengtt  p Ois another quantification of the transition strength

and is related to the extinction coefficient as follalv= 9.186 18 1 &T{"ﬁa (in Debye?,
(6, 8, 9). The dipole strength enabldas obtain the radiative rate % (10). The intrinsic

fluorescence lifetimesre consistent with experimentz E.% A AQjith z; Athe measured
AA &

valuein situand g the fluorescence yield) when considering carefully tiiguence of the
refractive index(8). To summarize, energy levels are populated in dférproportion
depending on the excitation wavelengths, on the selection ruleghef FranckCondon
principle and on the orientation of the transition dipole moments of the molecules with
respect tothe electric field polarization.

After absorption, theexcitation energy decayrapidly by successivéneat dissipation
steps: (i) dissipatiorio the lowest vibrationallevel (S, W) of the excited state; then (ii)
dissipationfrom S, state to one of the vibrational levels df (internal conversion, IC in
Figure3) and finally(iii) dissipationto the lowest vibrational state of ;S Sinceinternal
conversionis very fastrate constant~(200 f§™ (11-13)), very little fluorescence is observed
from S of Carsand §in Chls exhibits nonéluorescence is a radiative process during which
the molecule returns from (Sw) to one of the vibrational levels of the ground state by
emission of a photon (Figure 3rom S, both IC and fluorescence are possible with
predominantIC in Carsréte constant~(10 ps) in Cars(14)against~(50 n§™ in Chls)and
predominantfluorescence in Chlggte constant~(H )3 i Carsand ~(13.3 n9)™ in Chls
(15). Even though S transition is optically forbidden in Cars, this transition can receive
some oscillator strengtifrom the strongly allowd S-S transition after perturbation othe
Car structure, explaining the observdtliorescencefrom § (13, 15) In addition to
fluorescence and IC, excitation energy can ddoay S viainter-system crossinglISC) ICS
consists ina spinflip of S leading tothe formation of atriplet excited stateT; from which
phosphorescence will occuFor a Chlwhen consideringhe IC, fluorescence and I%@te
constant~(8 ng™ for ChlISC(16)) competing pathwaysthe chance to create a Chl triplit
~60% This long livingChl triplet (phosphorescencewith a lifetime of ms (17)), if not

10
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quenched, can react with molecul®; (triplet in its ground state) and form reactive oxygen
species (ROS). Singlet oxygé® andK @8 RNRE&f NI} RAOFfa& | he | NB
leading to dramatic photodamageuch asoxidation of lipids, proteins and nucleic acids
(18). Severalphotoprotective mechanism®xist (19-21) to avoid formation ofROS(Chl
triplet interaction with Cars to form Car triplethich are lower in energy than singlet
oxygen or to quench them(direct scavenging of the ROS l&yas) The generalized
coordinates (or thébond lengthin the case of a diatomic moleculeiffer betweenS and 9
states and theenergy landscapes dhe two states do not overlagFigure 3). During
emission, dferent vibrational leved of the ground state will be populated depending on
their wavefunction overlap with (S, ). The most probabletransition energyis not
expected to bewith (S, W) but rather with higher vibrational levelsof § instead This
will result in the shift of theluorescence maximum toward lower energy as compared
with the absorption maximunmn the Q (Figure2). The difference in energy is called the
reorganization enegy (Figure3d) whichis approximated abalf of the Stokes ShifR2).

The proteic environmentinfluences the electron distribution and thereforghe
energy levelof the pigments The influence of the environment on a single pigmsnt
described by the dbmogeneous and inhomogeneous broadersing the absorption (or
fluorescence) bandFigure 4) One pigmentin a specific protein bindingsite will
experience €ven slight) conformational changeof the protein. The (S, WO T 0,{\)
transition (also called the zesphonon line) can take as manyvalues as protein
conformations whose distributiom determines the inhomogeneous broadeningThe
iInhomogeneous broadeninig well described by a gaussian distributi@3) whosefull
width at half maximun{FWHM mnom IS representedin Figured.

11
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Homogeneous broadening
(temperature dependent)

Inhomogeneous
broadening
(conformation
dependent)

Figure 4: Scheme representing contribution of the homogeneous and inhomogeneous broadenings in the
absorptionor fluorescencespectia of a Chl in a proteienvironment As an liustration in PSI (PDB 4X{9), Chl
al301 (nomenclaturg24)) bound toPsaHby a water moleculgexperiences two conformations (either blue or
orange) of the proteinWith the decrease in temperature, the phonons of the protein are vanishing (from full color
to dimmed color).

The homogeneous broadenirgprrespond to the broadening of the zerphonon
line by the phonon sideving. Phonons are low-frequency vibrations of the proteiifthe
bath) that can couple with the electronic transitioithe difference in energy between the
zerophonon line and the phono sidewing maximum corresponds to the reorganization
energy which equals the product &, the strength of the electrephonon coupling (or
Huangw K& a Tl OG2NDLX YR A GKS YSIy PRERIH)WEYy O
total broadening of the electronic transition is characterizgda FWHMng: whose square
g2 equalsinom b ke

We can consider now the absorption of a protein that binds more than one pigment.
Each of them wilhave different maximumcorresponding todifferent binding sits in the
protein. Nevertheless, each absorbing form wilave a contributionwhich can be
decomposed in homogeneous and inhomogeneous broader@agepresented in FiguisA
for two different Chlsa. Summing all the absorbing forfsontributions will result in the
pigmentprotein complex absorptiospectrum(black in Figur&B).

12
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Figure5: (A) Absorptionspectra of two different Chla decomposed in homogeneous (pink) and inhomogeneous

(black) broadenings. (B) Absorptispectrumof a pigmentprotein complex(black)containingseveralChls a (dark

cyan)and Chlsb (dark orange).
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PSs: Core &hcs. Differences between organisms

The harvesting capacitiedf the PS are achieved thanks to a very large number of
pigments, either Chls or Cars, bound to different subunits of the B&sn though different,
the subunits ofPSI and PSdintenna systmscan be grouped in twonoieties the core(or
inner) and the peripheral (or outentennae The coreantennaonly bindsChlsa while the
peripheralantennacan bindother types of Chlslike Chlsaandbin plantsandalgae.
Well conserved coreomplexes

In cyanobacteria, PSIl core is made of 20 subunits binding 35adhlg R M m
carotenes(26) and PSI core is made of 12 subunits binding 98 &Hlisy R -earpteries
(24). The core of both PSs in eukaryotic organisimsalmost identical to that of
cyanobacteria(27). In particular in higher plants (5, 28, 29) 12 subunits of theé?Sicore
(PsaAL) have been resolved among which 10 are homologous to cyatesizd PS(24, 30)
PsaG, PsaH, PsaN and PsaOanedubunits unique t&SI core ofigher plants(31, 32)but
the two latter have not been resolved in the crystal structures y#t. higher plantsPsaG
interacts with PsaB and the peripheral antenr{a, 29) Thiscontributes to stabilize the
whole supercomplexvhichwasstill observed in tke absence of PsaG but to a sraakxtent
(383, 34) PsaH is locateth higher plants where monomers interact in cyanobacteR&I
trimer (28, 30)and is important for the overaltability of higher plant PSI(5, 29, 35)
Furthermore,PsaH was observed to interact during state transition Whicbs(36, 37) PsaO
was alsoreported to play a role during state transition in binding Lh¢B8). (Lhcbs and
state transition are described in the following®o crystal structure is available ftine PSI
of the green algathlamydomonaseinhardtii. However, lecause of the well conserved core
subunits compared witltyanobacteriaand higher plan{39), we expectthe samestructural

13
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featuresfor PSI core of. reinhardtii.The pigments composition is also very similar between
cyanobacterial P@Iind eukaryotic PSI corés, 24, 29)
Peripheral antennacomplexes

On the contrary, the peripherantennaeof eukaryotic PSvary a lot, not only as
compared withcyanobacteriabut also between different eukaryotic organisnié0). In
cyanobacteria, ie soluble proteinswhich arecalled phycobilisoms, serve as peripheral
antenna of both PSsvhereas,n plants and green algae, tiperipheral antenna is made of
transmembrane proteins called Light Harvesting Complexes (Le#@Ger LHCIs (or Lhcas)
for PSI or LHCIIs (or Lhcbs) for .R&dhcerning PRIHClof eukaryotic organismdarge
differences have been observed: PSI outer antenfC. reinhardtiis more than twice larger
than in higher plarg (Figure6). More precisely, mong the six Lhca geneseported in
Arabidopsis thaliang41), Lhca14 encode for PSperipheral antenng28, 42, 43)while the
Lhca5 and Lhcgtroteinsare presentin substoichiometricamountwith the PSicore (44). In
C reinhardtii nine genes were related to PSI outer anterfda, 46)with all of them being
expressed The products of all the genessembled irthe PSI supercomplefd7, 48)in the
form of two concentric half rings on one side of the cof48}, Figure6). The pigments
number of the PSdore is increasgby 58% with the presence of LHCIs in higher plants and
by 128% in C. reinhardtii (Table 1) if we consider that each LHCI bsd4.25 Chls (on
average) andhree Carg(5).

Figure6: EM picture of PSLHCI irC. reinhardti{48) supaimposed with the crystal structure of PISHCI in higher

plants (49), PDB 2WSGtromal viewy with the core antenna (green) and the peripheral antenna (brown). The core
subunits PsaH and Psal are represented in yellow and pink respectively. The asterisks locate the additional LHCIs
present inC.reinhardtii Blue and yellow arrows correspond tither Lhca2 or Lhca®f interest in the followings).

Scalebar 10 nm Figure modified frong48).

Concerning PSII peripheral antenmaany Lhcb genegproduce six proteins imA.
thaliana(41)and11in C. reinhardti(50, 51) LHCII trimers, the majoHQIs, areconstituted
by three Lhcb proteinsn A. thaliana(Lhcb13) and bynine inC. reinhardti{LhcbMZ19). Two
trimers per monomeric PSIlI core were foundAinthalianaPSIl supercomple®2-55) versus
three in C. reinhardtii(56, 57) Monomericantenna in PSH.HCIIwhich also called minor

14
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antennee, are located between theore and the trimers. Three per monomeric PSIl core
were found inA. thalianaPSII supercomplex, namely CP24 (LhcB6&26 (Lhchznd CP29
(Lhcb4) wie only two are present irC. reinhardtii CP24 is missinigp C. reinhardtiiPSH
LHCII supercompleand itsposition is occupied by one LHCII trimer inst€an). Considering
the number of Chls and Cars in eat¢hC(14 Chls andour Carsper monomer in the LHCII
trimer (58), 10 Chls antivo Cars estimated in CPZ89, 60) 14 Chls andour Cars in CP26
that we assumeto havethe same pigment composition amonomer of the LHCiimer,

13 Chls andhree Cars in CP2%61)), the pigments number of the PSIlI core antenna is
increased by 333% with the presence of Lhicbkigher plants and by 424% @& reinhardtii
(Tablel).

Core Peripheral Total for eachtype of Total ofChls+Carsafd increase
antenna | antenna pigments(and increase of of core antenn&%)
core antenngb)

At & At | Cur. At C.r. At C.r.

C.r.
PSILHCI Chls | 98 57 | 127 155 (58%) | 225 (130%) 189 (58%) 273(128%)

Cars | 22 13 | 27 35 (59%) 49 (123%)

PSHLHCII Chls | 35 121 | 153 156 (346%) | 188 (437%) 398(333%) 482 (424%)
(monomeric) | Cars| 11 32 |42 43 (290%) 53 (382%) (dimeric) (dimeric)

Tablel: Estimation of theChls and Cars number 81 and PSII 6freinhardtii (C.r) andA. thaliana(A.t.).

Not only the PS peripheral antennsize differs between organisms but alstheir
affinity for Chlb: the Chla/b ratio of LHC# C. reinhardtiis lower than in higher plantdut
in both organisms, theChls ab ratio of Lhcbs is lower than in LhcéSs, 58, 6264).
Futhermore, C. reinhardtii has a particular Car compositiorwith the presence of
loroxanthin (48, 65) in addition toi -carotene lutein, violaxanthinand neoxanthirpresent
in higher plants.

Light harvesting capacitiegersusPS efficiency?

Thequestionis whetherETC and PS performances alwiagsea® with the increase
of the light harvesting capacitieghis thesisfocuses on light harvesting, excitation energy
transfer EEThand trapping capacitiesf PSwhich determinethe overalltrapping efficiency
of this photosystem

The trapping efficiency csis the quantum yield of CS anchn be measured by
comparing the excitation lifetimén the two following cases: when the excitation energy
promotesCSor not. When CS is possible, this channel compefsiently with ISCso that

15
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the possibility to form triplets is strongly reduced(see above). Aside CS an8C
fluorescenceis another pathvay for the energy to decayAs it can be masued,

fluorescencegivesindirectly access to CS yield all the other decayates areunchanged
U cscanthen be written asu c£1¢_cd _nocs(15)8 K S N the fluorescene lifetime (called
average decay time, in the followiggvhenthe ROs able of CS Y R, csthe onewhen CS
does not occur.

The average decay timgscan be interpreted indrms of migration and trapping
times suchas _cs= _mig + _ap (15, 66, 67) The migration tine _mig is the time requiredto
reachthermal equilibrum and isthe time for the excitation to arrive at the RC for the first
time. If this component dominates, the procesgliffusiontlimited. The migration time can
contain a term representing the timef the last energy transfer stego the RC Chls
therefore calleddelivery time _ge. If this term daeninates, the diffusion process talled
transferto-the-trap limited (68). The trapping time_y4 is the ratio betweenthe intrinsic
time ofthe CS cs andthe probability that the excitation is located on the RC after thermal
equilibium. This probability decreases with the increasing numbkepigments, i.e. the
antenna size. la simple situationof the antennacomposed of only isoenergetpigments
the trapping timewould be _yap = N* icswith N the number of isoenergetic pigments in the
antenna system._q,, does not depend on the initial excitation locati If this term
dominates,the process israp-limited. If the antenna system isiodelled as an ensemble of
very well coupled (infinitely fast migration timéoenergetic pigments cs= _vap = N*.ics
The reality isnore complex andhe three contributiors (diffusion, transfeto-the-trap and
trap) in _csof PSILHCI ar@einder debate(69).

Excitation energy transfer

The migrationof the excitation energy in the antenna systems depeod the types
of interaction between pigments.When boundto proteins, pigments are oriented and
separated in apecificway that will influence their interactio(B, 15) To picture interaction
of several pigmentsigoenergetiaf S levels have the same emgy G), we usually represent
them by superimposingheir energy diagram (Figure7A). We can also thinkf them asan
ensemble by describing the state spagagure7B): the ground state of the ensemble is
when all the pigments are in their ground stqtg>), n states correspond to the first exciton
states when one of them is in §(|e>), n*(n-1)/2 states correspond to the second exciton
stateswhen two of themareinXSGiO0Od LT GKS AYUSNI Oldlaeyy 2F S
bath (independent bathfor each pigment) dominates above the interaction between
pigments, the first exciton stagewill all have the same energ@® (degenerated energy

16
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levels) and the EET will be descdtwe the frame of theForstertheory (ed arrows in Figure
7B).

Energy
3

le;>|e,>|es> n*(n-1)*(n-2)/3
3¢, 1 states

le>ley>lgy>  le>lgy>les> lg>le>les>  n*(n-1)/2

26T states

. s, lepleles  leleles 821215 1 ares f $c
e
0 So lgy>18,> 185> 1 state
n pigments Forster theory Redfield theory
A B c

Figure 7 Excitation energy transf@rocesses

If the interaction between pigments is larger than the one with the baths, the first
exciton states will have energy arour@ within an energy bandn@). In this case,
interaction between pigmentsan be describé in the frame of the Redfield theory (red
arrow in Figure7C) and the excitation delocalized over the ensemble. Since the exciton
statesof the first bandare not eigestatesof the individualpigments the excitation of the
individual pigmentswill oscilate (Figure7Q. The population of each state will also depend
on the orientation of the transition dipolenoments of the related pigments as well as on
their spatial arrangemen(l5). Energy exchangeith the bath, even though weak, trigger
transitionto other energystatesand finally result in a spatial migration dfe excitation.A
lot of debate exists in the scientific community whether differemciton stateslead to
coherent oscillations. Whether this excitonic coherence exists long enough to be of
relevancy for biological processeshisyond thisthesisscopebut a review is available in
(70).

To come back tahe Forster theory, the interaction energy V between weakly
coupled pigments D and A can be approximaig@ dipoledipole interaction

% tmlwtff“ L8P \vheret gt pare the transition dipole momestof D and A
$!

respectively(in Debye) Q pis the normalized vector between the centers of D andiséant
of 24 ,, and Cis the permittivity of the mediumThe relative orientation of the transition
dipole moments as welbs their arrangement in the pair, together with the distance
between the two pigments will influence the strength of the interactiofhe EETs
described between a donor (D) th#&ransfersits energy to an acceptor (A) with a rate
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.. ¢
described by theForsterequation (71-73). Eg | £ Zn WherezféS is the intrinsic radiative

z5 259

lifetime of the donor D an@ the Forsterradiussuch as2,® %l{@%* # where c is
the speed of light in vacuum, N th&vogadronumber, n the refractive index of the
surrounding { the dimensionless orientation factor ({ #8p-0 { #&p { p& p which

uses the normalized transition dipole momentp, t p of D and AespectivelyandA4 the

OR H &

T Agwith R & the molar extinction coefficient of

spectral overlap integrél &

the acceptor and&g ¢ the fluorescence emission of the donor (normalized to 1 on the
frequency scal@). If the spectral overlap integrdla increases, the rate of energy transfer
from D to A increasedVhen pignents are isoenergetidhey have similar absorption and
emission spectra (represented Figure8 with the Stkes shift) which overlap over some
frequency (case 1)or non isoenergetic pigments, energy transfer to a pigment lower in
energy will be faster (larger integral in case 2 than in caséijure 3 while the transfer
from this pigmentower in energywill be slower (case 3).

Case 1 Case 2 Case 3
1a=2, _1D=2D 19 2, i 1, 2p

-
e
-

L

Frequency v

(s)
Figure8: Overlap integralgreen hatch)etween the fluorescence emissiqdash)of a donor D) and themolar
extinction coefficient(solid) of an acceptor &). Thetwo pigmentsl and 2are either isoenergetic(Case 1) or no
isoenergetic with the more energetic pigmertt (black) being the donor (Case 2) or the acceptor (Case 3) of energy
to (or from, respectivelya less energetic pigment (red)

Vo *

Frequency v (s%) Frequency v (s?)

N
N
N

The forward and backward rateonstants raticdbetween pigment 1 and pigmentig
expressed at equilibriunusing the (Gibbs) free energylifferencen D T dzy OtheA 2 y 2 1
equilibrium constank: n =GLG,I" beT.IN(Ky ) With K, rgrking/Kong, where ky mis the rate
constant of EET from pigment 1 to pigment(@d reverse for k) ks the Boltzmann
constantand T the absolute temperaturdUnder constant pressure and temperature, a
negative free energylifference corresponslto a spontaneous proces3he free energy
difference is defined ap BRI nibb¢ ni{with Hthe enthalpyand Sthe entropy. Whenwe
consider only two pigmenisthe entropy difference iszero and the rate constants are
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directly relatedto the energylevek of the pigments(when S energylevelsare taken to
representthe enthalpy) A transfer from high energy pigment to low energy pigment will be
tspontaneou$ (Kymyrl, dowrthill) while the reversetransfer not (K, 1, up-hill). The
population ofthe highest levebccursthanks to thermal disorderThe populations of the

two levels are related by the Boltzmann distributj(%h A Qigé'—:/ﬂ with E the $energy
o ]

levels.When the temperature decreaset)e pigment with the lowestS will be populated
the most. It follows thatthe 77K fluorescence is dominated by thedé forms emission.
When thee is more than one pigment of each typgbée pool size of pigments 1 {Nand

pigments 2 (i) will lead to an entropy differenge {JI' bsIn(2). The entropydifferencewill
S

possiblycontribute to thefree energydifference so that the latter become negative and the
transfer spontaneous even though 4yl at firstt The detailed balance

ch%; —; A @ D(é—i"— characterizes eqlibrium between pools of pigments.
To summarize, the type of interactions will define the EET between pigments

described either in the frame of Redfield theoryFirstertheory. Both type of interaction

take place in the antenna systemd€elForstertheory applies for transfer timeabovel ps

The transfer between two isoenergetic Chdstakes ~1.3 ps on average when they are

distant by 1.5 nm and randomly orientéd5). We will use the~6rstertheory to study the

EETbetween weakly coupledon isoenergetic Chla in the antenna systems in PISHCIIn

particular, wewill focus our interest on special Chls which absorb at lower energy than the

RC ormore generally, thanthe bulk CrilE G KS a2 Ol 63, 3K) aNBR T2 NXa
This thesis aims at characterizing the EET and trapping kingtRSILHCIin order to

determine PSI efficienaglative to thesizeand spectral properties of the antenn&Ve will

thusfocus ondescribingPSILHCIn the followings

PSILHCI enriched ined forms

¢ KS G&NBR ekcdiivadiyécoupledIblsa (43, 7881) whose lowest exciton
state mix with a charge transfer (CT) sté8@, 8285). Since the red formxxited state has a
CT characterits electron distributionwill be very different from the ground statkading to
significantlydifferent dipole momens between ground and excitestates.This explains the
large Stokes shift anthe large homogeneousroadeningobserved for thered forms(63,
76, 80, 82, 86)Furthermore from the CT character, thdipole moment of thered form
excited statewill easily fel polar changes in the proteic environment cause by (even small)
conformational changes of the protein. Both bmogeneous and inhomogeneous
broadeningsof red-form containingantennaerange betweerl 70-360 cm*, eachdepending
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on species(23, 80, 82, 87and arelarger than broadenings reportefdr red-forms devoid
antennae like LHCI(88, 89)

The red forms cabe located in both core and/or peripheradntennae(Figure 9). Ithe core
antenna, candidates were proposdoased on potentially strong excitonic interactios
calculatedfrom the crystal structuref cyanobacterial P§[24), purple in Figuré®).

7z
o

R Lars £2

oo om R

lumen B33 B3 p31

Figure9: Stromaland transmembraneviews of PSILHCI of higer plants (PDB 4XK8)) showingthe red forms
candidatesin the core antenna (purplePDB 1JB@Gnd the red formscharacterized irthe LHCI®f higher plants
(red, PDB 4XK8

Despite very similar PSlcore subunia Qtructure and pigment organizatiofsee

above) the red forms composition varies tremendously between organig¢rits 90, 91)
possibility becauséhe CT character gives to the réokms the capacity to senseven small
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conformational changes of the proteiGaussian deconvolutions of 6K absorption spectra
permitted to identify several pools of red forms in cyanobacteria absorbing at 708, 719 or
740 nm(75, 90) One additional pool absbmg at 714 nm was identified by habirning
studies (85, 9294). Trimeric PSlis enriched in red forms compared to the monomeric PSI
(75) with the red-most forms foundat 740 nm in Arthrospira platesis PSI trimerq90, 95

97). Only one pool at 705 m was reportedin higher plant PSI coré&’6). Timeresolved
measurements do not confirm the presence of this pool in the core of higher p{@8}s
Similarly inC. reinhardtiiidentification ofred formsin the core is still dbated (87, 99105).

At 77K, PELHCI ofC. reinhardtiemits at 712717 nm(48, 106then at higher energyhan A.
thalianaPSILHCI (maximum at 735 nif,07).

Even though well conserved between species, a noticeable differenite PSI core
structure is the size of the PsaB loop on the luminal side, whose extension was proposed to
stabilize a Chl trimer B3B32B33possiblythe mostred forms inSynechococcusongatus
(24). ThisPsaB extension is missing in other cyanobacteria and eukarywetesh could
destabilize theChltrimer stacking and explain the differencesthe energy level®of the red
forms between these specie€0, 49) A Chl bound to PsaG and Lhcal has lreeently
found in higher plantg5, 29)and results in the formation of another stacked Chl trimer at
the same place as iB. elongatus even in the absence of the extended PsaB loop. This
luminal trimer was therefore suggested to be responsifie the reddest forms also in
higher plant PSI corgvhich somehow are not as low in energy aSirelongatus

More is known abouthe red forms associated witlthe peripheralantennae Lhca3
and Lhca4 in higher plants have red forms that absorb atrifi4nd 708 nm respectively
(80, 108) Lhca2, Lhcad and Lhca9 @ reinhadtii present characteristic features of red
forms containing antennabut gven that thar red absoption spectraat 77K do not show
obvious structuresthe lowest energy stateould be determine onlyor Lhca9and Lhca2 for
which a ontribution in the second derivative is detected &2 nm and693697 nm
respectively(63). The 77K emissiorspectrumreveals that red forms i€ reinhardtii Lhcas
are higher in energy thaA. thaliana Lhcas: the red emissionith a maximumat 717 nm
was observedor Lhca2 inC reinhardtii(63), while Lhca3 and Lhcasf higher plantsemit at
725 nm and 733 nm respectivel{80). The less redhifted 77K emission peak correlate
linearly with a decrease of Stokes shifQrreinhardti(63).

Different roles were attributed to the red forms (i) theyincrease the absorption
cross section of PEHCI in the red/fared region (109) and (ii) in a context of non-
equilibrium, they could help in concentratig excitation close to the R(02, 110) Because
of a CT character, the red forms were proposed to act as quen¢B2rsl11)although no

21



Chapter 1

correlaion betweenthe presence of the red formand thelifetime of the complexesvas
observed(62, 112, 113)

Last but not least, the red forrtmfluence on the EET and trapping kineti€¢$Shas
beenobservedin different organismsThe average decay time +22 ps for the PSI core of
higher plants(114) and ranges from~20 ps to 40 ps in different cyanobacteria species
dependingon the red form content(90) the more redforms, the slower the trapping
kinetics of the PSI cor€yanobacterialPSI devoid of retbrms has a lifetime of ~14¢415)
The red forms present in theepipheral antenna of eukaryotic organisms wexgo shown
to significantlyslowdown the EET and trapping kinetics of-BSC(76, 114, 116, 117)n A.
thalianax G KS &of dz§¢ | yi Sy ylof réi2fotmd BhEad &nd dficeey 02
transfer excitation energytd KS O2NB F2dzNJ GAYS FILAGSN) GKIFy
of red forms, Lhca3 and Lhcé&#)4) The overall lifetime of P&HCIis ~50 ps in higher
plants(114)

Trapping on the RC of PSI

The cofactors of th&TOf PSI form two symmetrical branches (one branch bound to
PsaA and the otlreone to PsaB) arranged in three pairs of GhB700, A, § and one pair
of phylloquinone (A (Figure 10)Both branches transfer electrons to the suHuon clusters
(Fx, R, F) on the stromal sideln C. reinhardtii the PSI RC was reported to absorb at ~697
nm (100, 103, 118, 119)SinceC. reinhardtiiPSI core partick have very little absorption
above 700 nm(100, 101) electron transfer steps of the RC could be well characterized in
this alga: the accessory Chl A was revealed to be the primary electron donor, whereas P700
Is oxidized in a second electron transfer s{@p103, 105, 12Qfigure 10.
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Figure10: The cofactors of the P®8lectron transport chairare in the middle of the PSI Chktwork from PDB
4XK8) view fromthe stromal sidgspheres)r from two transmembranesides (as indicatedYhe radical pairs are
defined as proposed ifL05)and (120)

The first radical pa A’Ay was shown to form after ~6 p¥Vithin ~2 ps, the antenna
excitedstate equilibrium seemto be completed and the red emission observed in PSI core
was attributed to repopulation of the exciton state of the six RC Chls after recombination of
the first radical pair(98, 104) In this model which isOl f f SR GKS & OKI NHS
Y 2 R SHSEislescribed as a shallow trafmiting the decay kinetics of the supercomplex.
Nevertheless, cyanobacterial PSI devoid of red forms has its fluorescence quantum yield
drastically decreased at 7{K15)suggestinghat the RC Chlare very good quenchersAs
shown in higher plant§121) we havealsoobsened that P700and P700 in C. reinhardtii
have similarquenching efficiencydata not shown. Other works proposed to model PSI
kinetics diferently: the first radical pair was only foed after ~20 psbecause of a limiting
migration time (76, 122) or becaise of a shallovirap not able to recombine (100, 118,

123) Be@usePSlkinetics can be magled in multiple waysconclusionson purely trap
limited or purely diffusiodimited kineticsare not possibleg(124)

Acclimation

As mentionedabove the quantum yield of the PSs dependn the absorption
spectra of the PSs, tlhreantenna size, the loss of excitation in tltennaebefore CS
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(excitation energy transfer efficiency and photoprotecti@mnd the trapping These factors
are adjustedto enablethe highest performances of theTE and the least photodamage
(125)by remodelingthe photosynthetic membraneither on a short time scalafter sudden
change of lightintensity/quality (short term acclimation) oon along time scale when
change of light is maintained (long term acclimation). Both $ypeacclimation carlead
LHCIlito be part of PSI peripheral antennBifferent PSI core subunits were reported to
interact with Lhcbs (see above).

Long termacclimation In higher plants, in addition téhe adjustment of theRC
stoichiometry (126-:128), the long term acclimationinvolves regulation of Lhcbgenes
expression129, 130) Indeed, Lhcbs were shown tionction asantenna forboth PSsunder
continuous growing light, 40% to 65% of the PSI contains Lhcbs in its peripheral antenna
(131) Less is known i@. reinhardtii

Short termacclimation After sudden change of liglntensity/quality, the excitation
energy is redistributed between PSs via migration of Lhcbs from one PS to another. This
process is known as state transitiofi82-134) State loccurs whenall Lhcbs transfer their
excitation energy to PS#nd State 2 wha part of the Lhcbs transfer their energy to PSI
(135, 136) After low light growing conditionsye can calculate an equivalent ol & S E (i NI ¢
LHCII trimers per monomeric PSII in higher plébh&))and 34 in C. reinhardtii(65) when
consideringthe Chlsa/b ratio in the cells (2.7n A. thaliana(137)and 23 in C.reinhardtii
(65) respectively), the PSI/PSII ratio (0.71 after growth under 20 G&nin A. thaliana
(130)and 0.97 inC. reinhardtiin 20 uE.rif.s*(65) and the total number of Chisstimated
in each PSgTable 1) Thepool size of thedS E (i NI én the mémibrane can vary with the
light intensity(130, 137)¢ KS& S & SE i NI £ nt§ He daokred in StatdStransifich &
in higher plans (138, 139) InC. reinhardt. K2 ¢ ( K S | thirfeEs (atdin¢olved In/ L
state transitionsis under debate Several recent studies report very few Lhcbs migrating to
PSI under State 2 1@. reinhardtii(140, 141)instead of 80% of the Lhcbs reported before
(142) Unlu et al. (141)found thatthe absorption cross section of ASCI irC. reinhardtii
cellsincreases by less than one LHCII tritnestate 2

PSILHCGILHCII The size of isolated RBHCGILHCII depends on the protocol of
purification, which if too strong can dissociate posgileakly connected Lhcbs. AHA
LHCIl from plants has been purified with only one LHCII trighd8, 143) In partially
solubilized membranes (usimgfyrenemaleic acidcopolymers),supercomplex with three
trimers could be obtainedn higher plantg144) InC. reinhardtii PSLLHCGILHCII wassolated
with different antenna siz€65, 145147) The largest PRIHCILHCII isolated so faf5(),
Figure 1) containssevenLhcbs two LHCII trimers and one monomer located on the PsaH/L
side of the core), in addition to thaine Lhcas locatedmmthe other side of the coré8).
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Figure 11 EM picture of PSIHCILHCII irC. reinhardtii(57) overimposed with the crystal structure of PISHCI in
higher plants (@9), stromal view) extended by five Lhcas in a second outer ring (light brown) and severohhchs
the other side (green and yellow$cale bar 10 nm. Figure modified fr¢®T).

The PSLHCILHCII supercomplex &f. reinhardtiPSI binds 322 Chls and 76 Cars (see
Slof Chapter3 for detailson this estimation) and thus45%more pigmentsthan PSILHCI
resulting ina significant increase of light harvesting capacities.

Time resolved fluorescence with th&treak camera

To study the EET and trapping kinetics of PSI compéexasfunctiorof the antenna
compositon sizeand organizationwe usedtime-resolved fluorescence measuremerasa
picosecond timescale Because of the pigment compositiohthe coreantenna(with Chla
only) is different from the peripheral antenna (Chh and b), it was possible to excite
differently the two pars of the supercomplex by setting excitation wavelengths
corresponding to preferential absorption of one pigment or anot(lk7)

In this thesispicosecondime-resolved fluorescence measurementere performed
mainlywith a streak cameraetup described previousin (90, 148)with some adaptations
as in Figurd 2.
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Figurel2: Streakcameraset-up of the LaserLab in 201See main text for explanatisn

A Coherent Vitesse Duo contains an integrated 10W Verdi CW laser (output
wavelength 532 nm) that seeds the Vitesse setate ultrafast Ti:S oscillator (output
gl St SYy3aaGK ynnyYZ @SN 3IAS LIRGSN Fmann Y23 Lz
and pumps the regenerative amplifier Coherent RegA 9000 (output wavelength 800 nm,

I SNI 3S LJ2 ¢ SN F m200 fs, tddzblé fpetitibri rRteél betwaey 10 kHz and
300 kHz).

The output of the RegA feeds the optical parametric amplifier Coherent OPA 9400
(output wavelength from 470 nm to 770 nm, average power up to a few mW). The
frequencydoubled light (40Gm) in the OPA could ald® used as an output. The repetition
rate was set to 250 kHz and the OPA wastsegenerate either the 400 nm or the 475 nm
excitation wavelengttin all experiments reported in this thesis

The light intensity was modulated and residual 800 nm light\wahde light from the
OPA was removed. The excitation polarization was set vertical with a Berek polarization
compensator (New Focus, model 5540). The light was focused in the sample with a 15 cm
F20FLf fSy3dkK fSya NBa&dz G kgahpld Fluodescendsgd2miissiBi | Y S i
was collected at right angle by two identical achromatic lenses (B. Halkcbidmat =100
YYo (2 O2ftAYFGS GKS fA3IKG FYyR GKSy F20dza 7
(Chromex 2501S, 50 grooves/mm ruling, blazavelength 600 nm, spectral resolution of
2nm). Scattered excitation light was removed with an optical dpags filter. A polarizing
filter (Spindler & Hoyer, Type 10K) was placed in between the two achromatic lenses to

26






































































































































































































































































































































































































