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Chapter 1

Introduction

Chapter 1 is dedicated to do a general overview on the biophysical aspects related to
photosynthesis. In section 1.1, I expose the purpose of this thesis. In section 1.2,
I focus on the photosynthesis process itself. Pigments and photosystems involved in
photosynthesis are explained in sections 1.3 and 1.4, respectively. Photoinhibition and
photoprotection mechanisms are shown in section 1.5 while a description of the protein
involved in a certain photoprotection mechanism is found in section 1.6. Finally, section
1.7 consists in a description of the different spectroscopic techniques we will use in
following chapters.

1.1 Motivation

Two of the most important problems humanity has to face nowadays are the global ener-
getic crisis and climate change. To deal with both issues, the development of green and
sustainable energies that replace the use of fossil fuels sources has increased exponen-
tially since the 70s. More specifically, solar energy importance has grown considerably
due to the fact that it is the most abundant renewable energy source in our planet.

Throughout Earth’s history, a wide range of organisms have been able to transform
solar energy into biomass through photosynthesis, making photosynthesis the main solar
energy conversion process happening on our planet. In fact, photosynthetic organisms
such as plants and algae can constitute an energy source as they can be used for biomass
production or even for biofuel production, in particular bio-diesel, bio-hydrogen and bio-
ethanol. In addition, these organisms are interesting as a source of high value products
such as antioxidants or oil.

Among these organisms, algae show more photosynthetic efficiency than plants, due
to the fact that algae can use their whole surface to collect light as opposed to plants,
in which not all the surface is used for light collection, i.e, the roots. Additionally,
algae have more advantages than plants: (i) they can be fed with industrial fumes and
wastewater, (ii) algae do not compete with crops as they can be grown in sea water and
(iii) their waste after burning can be used for animal feeding, biofuel production via
fermentation or it can be recycled to feed more algae. Also, their oil content (which can
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1.1. Motivation

be used for biofuel production) varies from 30-80%, depending on the strain and growing
conditions.

Despite its theoretical profitability, algae are not very efficient from an industrial
point of view. Theoretical estimations predict a 8–10% of solar-to-biomass conversion
efficiency and a maximum productivity of 77 g biomass m-2 day-1 (or equivalently, 280
ton ha-1 year-1).1 Nevertheless, experiments performed in a laboratory revealed a 3%
of solar-to-biomass conversion efficiency in the best-case scenario2,3 with a maximum
productivity of around 40% of the theoretical value.4–7

The difference between the theoretical and the real efficiency values points out a
problem to exploit algae to their maximum potential. Nowadays, the most efficient way
to cultivate algae consists in using photobioreactors8 although there are some drawbacks
in their use. Some minor problems are based in the algae culture itself, as the nutrient
availability is limited and some algae can produce toxins to avoid cell culture overgrowth.
However, the main problem of photobioreactors is the lower light use efficiency value in
comparison with the theoretical value.

This low light use efficiency can be associated with a combined effect of uneven light
distribution along the photobioreactor and a suboptimal photosynthetic process. In fact,
several authors have proposed models to optimize the light distribution within the pho-
tobioreactors.8–10 Regarding the photosynthetic aspect, thermal dissipation constitutes
the main cause of light absorption inefficiency as it can represent 80% of light losses in
a process called non-photochemical quenching (NPQ).11

The main purpose of this thesis is to study and analyze from a molecular point
of view the NPQ energy dissipation process in green algae C. Reinhardtii to further
use biotechnological tools that allow us to increase its light absorption efficiency. For
this purpose, we will use ultrafast spectroscopy tools such as time-resolved fluorescence
(TRF) and transient absorption (TA).

2



Chapter 1. Introduction

1.2 Photosynthesis

Life on Earth is based on the chemistry of carbon. However, the vast majority of available
carbon is present as an inorganic and oxidized form, being carbon dioxide gas the easiest
reachable source. In nature, carbon is mainly used by living beings as an energy source
or as an organic molecule building material so its reduction and fixation plays a key
aspect in life development. There are some biological mechanisms to do this task but
the most important pathway to achieve CO2 reduction is photosynthesis.

Photosynthesis is a complex process which involve a large number of steps, but
overall, it can be seen as a redox reaction in which CO2 is reduced and a second generic
molecule H2A gets oxidized. The nature of the element A depends on the organism who
performs photosynthesis as this process can be oxygenic or anoxygenic. In the case of
study of this thesis, green algae perform oxygenic photosynthesis, so the overall reaction
can be written as:

6CO2 + 6H2O
light−−−→ C6H12O6 + 6O2 (1.1)

this equation can be split into:

2H2O + light→ 4H+ + 4e- +O2 (1.2)

CO2 + 4H+ + 4e- → CH2O +H2O (1.3)

Equations 1.2 and 1.3 constitute the partial oxidation and reduction reactions, re-
spectively. Nevertheless, free electrons are not normally present in biological systems,
so reactions 1.2 and 1.3 requires the presence of reductive intermediates, which will be
described in the following sections. In any case, this simplified model shows us two
important aspects of photosynthesis: first, it is constituted by one light-dependent ox-
idative phase and another light-independent reductive phase and second, photosynthesis
requires a series of intermediates to occur.

1.2.1 Chloroplasts

In green algae, both phases of photosynthesis take place in a cellular organelle called
chloroplast.12 Chloroplasts have an envelope composed by two lipid bilayers and an inter-
membrane space. The outer membrane is very permeable whereas the inner membrane
is selectively permeable and only let pass certain types of metabolites.

The chloroplast interior consists in an aqueous solution known as stroma which con-
tains enzymes associated to the Calvin cycle, in particular one related to the carbon fix-
ation stage: ribulose-1,5-bisphosphate carboxylase/oxygenase (RuBisCO). Ribosomes,
chloroplast DNA and mRNA are also found inside the chloroplast.13 Within this solu-
tion, there is also a membrane system called thylakoid membrane. Thylakoids are small
vesicles stacked together forming structures called grana which in turn are connected by
another type of thylakoid membrane known as stroma lamellae. Thylakoids play a key
role in photosynthesis because it is here where the light phase of photosynthesis occurs.
In fact, the different proteins that form the photosynthetic apparatus are organized along

3



1.2. Photosynthesis

the thylakoid membrane but unevenly distributed as photosystem I (PSI) is localized
principally in the stroma lamellae and photosystem II (PSII) is placed in the grana. The
enclosed space within a thylakoid is called lumen. A brief scheme of all the parts of the
chloroplast is shown in figure 1.1.

Figure 1.1: Schematic diagram of the chloroplast components. (Image from R. E. Blankenship, 2002)

1.2.2 Light phase

All proteins that participate in the light phase of photosynthesis can be grouped in four
major protein complexes located in the thylakoidal membrane: Photosystem II (PSII),
cytochrome b6f, photosystem I (PSI) and ATP synthase. The main function of these
complexes is to catalyze the light conversion into adenosine triphosphate (ATP) and
nicotinamide adenine dinucleotide phosphate (NADPH). PSI and PSII are the responsi-
ble of the light harvesting while ATP synthase is the responsible to form ATP thanks to
the proton-motive-force (pmf ) generated in the light reactions. Moreover, cytochrome
b6f task is to ensure the electron transfer from PSII to PSI, increasing the pmf in the
process.14 A brief scheme of all the light phase steps can be seen in figure 1.2.

4



Chapter 1. Introduction

Figure 1.2: Schematic diagram of the light phase reactions.

Considering the large difference in the redox potential of the electron donor (molec-
ular oxygen) and the electron acceptor (NADP+) the energy needed to form NAPDH
cannot be reached with the absorption of a single photon in the visible range so two pho-
tons are needed. Photon absorption is an extremely efficient process as quantum yields
for PSI and PSII are ≈1 and 0.85, respectively. Thus, the two photons are absorbed
sequentially by PSII and PSI following the so-called z-scheme.14 Z-scheme diagram is
shown in figure 1.3 with the corresponding redox potentials of each species.15

Figure 1.3: Schematic diagram of the light phase Z-scheme.

5



1.2. Photosynthesis

Photosynthesis starts with the absorption of one photon by a PSII special chlorophyll
pair called P680. The excited P680 undergoes charge splitting and the electron generated
this way is transferred to pheophytin (Pheo), generating a Pheo anion and starting the
electron transfer chain.

The electronic deficiency on P680
+ is corrected by the oxidation of the aminoacid

tyrosine, YZ, which get electrons in turn from the manganese cluster next to it. Finally,
the manganese cluster extracts electrons from the oxidation of the lumenal water in the
oxygen-evolving complex (OEC), generating oxygen and protons in the process.

The Pheo anion then interacts with the quinone pool and, in particular with QA. It
is important to say that QA presence is a fundamental requirement in the success of the
electron transfer chain, as it stabilizes the electron and avoid an useless recombination
backreaction between the Pheo- and the P680

+. Two electrons are then transferred from
QA to the secondary mobile acceptor QB and generates QB

-2 who diffuses into the thy-
lakoid membrane towards the cytochrome complex b6f and starts the so called Q-cycle.16

The reduced plastoquinone QB
-2 get two protons from the chloroplast stroma and then

is oxidized by the cytochrome b6 to form plastoquinol. Cytochrome b6, in turn, is oxi-
dized by the cytochrome f who then transfers its electron to a copper-containing protein,
plastocyanine (PC). Overall, cytochrome complex b6f oxidises two plastoquinols, reduces
one plastoquinone and transports four protons into the thylakoid lumen for every two
electrons captured by PC. The full Q-cycle can be expressed as:

PQH2 + 2Cu+2PC + 2H+
stroma 
 PQ+ 2Cu+PC + 4H+

lumen (1.4)

The protons generated in the lumen during the water splitting and those liberated in
the lumen after the action of the cytochrome complex b6f create a pH gradient across the
membrane and a proton-motive force (pmf) which will be used later for ATP synthesis.

Plastocyanine (PC) then transfers its electrons to PSI reaction center, P700, and
a second photon is absorbed. A second charge separation occurs and the electron is
quickly and sequentially transferred through a series of carriers: a chlorophyll monomer,
A0, phylloquinone, A1, an iron cluster, FX, iron-containing proteins, FA/FB and finally
a molecule of ferredoxin, Fd.17,18 NADPH is thus formed from Fd after the activation
of the ferredoxin-NADP+ reductase (FNR).18

The electrochemical gradient formed during the light phase triggers the ATPase
activation and the ATP formation in the stromal side of the chloroplast. ATPase is a
complex protein system composed by transmembrane (CF0) and stromal parts (CF1)19

acting as a molecular motor. CF0 is composed by three static subunits (I, II and IV)
and a rotary subunit III while CF1 possesses also three static subunits, α, β and δ and
two mobile components, γ and ε.

The pmf drives one proton from the lumen to one subunit III compartment, makes it
rotate and then the proton is released in the stroma. This rotation drags CF1 subunits
γ and ε and provides enough energy to synthesize ATP in CF1 β subunit.20 A brief
diagram of ATPase subunits is shown in figure 1.4.
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Chapter 1. Introduction

Figure 1.4: Schematic diagram of the ATPase complex protein.

In NADPH excess conditions, ATP formation can be done without molecular oxygen
production in PSII through a model called cyclic electron flow.21 In this cycle, elec-
trons are taken from ferredoxin back to cytochrome complex b6f and thus transferred
to plastocyanin and back to P700. The pH gradient formed during cytochrome complex
b6f reactions is used to activate ATPase.

1.2.3 Dark phase

Photosynthesis dark phase happens in the chloroplast stroma and consists in the forma-
tion of complex carbohydrates from CO2 using the NADPH and ATP formed during the
light phase in a series of reactions. These series of reactions are simply known as the
Calvin cycle22 and within it, the role of RuBisCO enzyme is key as it is the responsible
of CO2 fixation to a molecule of Ribulose-bisphospate (RuBP). Overall, Calvin cycle can
be separated in the three stages listed below.

1. CO2 fixation: CO2 interacts with a molecule of RuBP and generates 3-phospho
glyceric acid (3-PGA).

2. PGA reduction: 3-PGA reacts with NADPH and ATP to form glyceraldehyde
3-phosphate (GAP), a precursor of glucose.

3. Regeneration of RuBP: GAP reacts with ATP and regenerates the RuBP used
in the first stage.

7



1.2. Photosynthesis

A brief diagram of the main reactions of the Calvin cycle can be seen in figure 1.5.

Figure 1.5: Calvin cycle main reactions diagram.

Overall, the general equation of the Calvin cycle is:

3CO2 + 3RuBP + 9ATP + 6NADPH → 6GAP + 9ADP + 6NADP+ + 8P i (1.5)

5GAP → 3RuBP (1.6)

Where reaction 1.5 represents CO2 fixation and GAP reduction steps and reaction
1.6 represents RuBP regeneration. The missing GAP from reactions 1.5 and 1.6 is used
in glucose synthesis.

8



Chapter 1. Introduction

1.3 Light harvesting pigments

1.3.1 Chlorophylls

Chlorophyll molecules constitute the main photoreceptors in the vast majority of pho-
tosynthetic organisms23 and they are composed of a porphyrinic ring and a long hydro-
carbonated phytol tail. The porphyrinic ring is coordinated to a central metallic cation
(usually Mg+2) and possesses a fifth hydrocarbonated ring. Also, depending on the
chlorophyll, different functional groups are attached to the porphyrin ring. The phytol
tail has a variable length depending on the type of chlorophyll and helps the chlorophyll
to stay inside the thylakoidal membrane due to its high hydrophobicity. Chlorophyll
structure is shown in figure 1.6.

Figure 1.6: Chlorophyll molecular structure.

Depending on the functional group attached to the porphyrin ring, there are 5 dif-
ferent types of chlorophylls: a, b c1, c2 and d. All these chlorophylls are present in green
algae, but only chlorophylls a and b are found in higher plants. The porphyrin ring
determines the spectroscopic features and the absorption spectrum of the chlorophyll in
the visible, due to its high level of π conjugation along the planar ring. In this sense,
we can consider chlorophyll spectroscopic behaviour similar to the porphyrin ring one.
Porphyrin has a D4h symmetry group and its main absorption corresponds to two π-π*
transitions between the two highest occupied molecular orbitals (HOMO), a1u and a2u

and the two eg lowest unoccupied molecular orbitals (LUMO).24

The two configurations recombine due to its similar energy and the final electronic
states are split into two with 1Eu symmetry. The highest of those states is called the
Soret band (B band) and it is found around 400-500 nm while the lower state is called
the Q band25 and appears between 600 and 700 nm. In turn, and due to the squared
symmetry of the cycle, Q and B bands split into two sub-bands corresponding to x-
polarized and y-polarized transitions, Qx/Qy and Bx/By, respectively.23,25 Porphyrin
molecular orbitals mix and its associated absorption spectrum can be seen in figure 1.7.
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1.3. Light harvesting pigments

Figure 1.7: Porphyrin molecular states mix process (left) and its absorption spectrum(right).

In reality, chlorophylls do not satisfy this theoretical model perfectly due to the fact
that the different functional groups attached to the porphyrin group cause distortions
in the ring group. These distortions create a quasi D4h symmetry with the subsequent
shifts in the absorption spectrum that explain the differences between chlorophylls.

Chlorophylls ground state, like the rest of the described excited states are singlet,
making triplet state population by direct pumping forbidden by selection rules. Never-
theless, those states can be reached via excited singlet states intersystem crossing (ISC).
In fact, excited triplet state formation in algae chlorophylls is a critical step in their
survival, as 3Chl* can lead to the formation of singlet oxygen via spin exchange (SE).26

Singlet oxygen is part of a group called reactive oxygen species (ROS) and it can severely
damage algal cellular structure27 according to the reaction:

3Chl* + 3O2 → 1Chl + 1O*
2 (1.7)

Chlorophylls are principally found in the thylakoidal membrane attached to differ-
ent proteins and pigments forming the photosystems. The main agent that anchor
chlorophylls inside photosystems is, indeed, the Mg+2 cation present in the center of
the porphyrin ring because it easily interacts with other aminoacids such as histidine
(His).28,29
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1.3.2 Carotenoids

Carotenoid molecules play several roles in photosynthesis ranging from protein stabili-
sation inside the thylakoid membrane30,31 to light harvesting32,33 and, specially, photo-
protection.34 They are composed of a long isoprenoid chain with two hydrocarbonated
rings in both extremes and depending on the degree of hydrogenation, chain length or
the presence of oxygenated functional groups, we can classify more than 1100 different
types of them.35 A carotenoid, β-carotene, structure is shown in figure 1.8:

Figure 1.8: β-carotene molecular structure.

Depending on the absence or presence of oxygen in their structures, carotenoids
can be classified in carotenes (those without oxygen) and xantophylls (with oxygenic
functional groups). In photosynthetic organisms, the most important carotenoids are
β-carotene (β-Car), lutein (Lut), violaxanthin (Vio), zeaxanthin (Zea) and neoxanthin
(Neo) and all of them are found inside PSI and PSII.36–38 In particular, carotenes are
found in the photosystems core while the xantophylls are present in the antenna com-
plexes.

Carotenoid spectroscopic features are determined mainly by the π conjugation along
the carbon double bonds chain. As we did before, we can consider carotenoids spectro-
scopic behaviour relatable to a similar molecule family, the polyenes. Polyenes have a
C2h symmetry group and, as only π orbitals are relevant in the electronic structure, their
excited molecular orbitals have au and bg symmetry, being the bg molecular orbital the
first excited state and two energetically au molecular orbitals the second and the third
excited states. Similarly to chlorophylls, energetically close au molecular orbitals can
interact with each other and split into two electronic states with Ag symmetry, being
the lowest one the S1 state. On the other hand, bg states does not interact with close
molecular orbitals and constitute the S2 state with a Bu symmetry. According to the
free-electron model, the ground state has an Ag symmetry making S0→ S2 the only tran-
sition permitted by selection rules and observable between 400 and 500 nm. Polyenes
molecular orbitals mix and electronic state distribution alongside with its associated
absorption spectrum can be seen in figure 1.9.
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Figure 1.9: Polyene molecular states mix process (left) and its absorption spectrum (right).

Carotenoids participate in some photoprotection mechanisms which quench the ex-
cess of chlorophyll excitation. One of them is called the xantophyll cycle and involves
the participation of violaxanthin, zeaxanthin and an intermediate between the two, an-
theraxanthin.39,40 In high light conditions, violaxanthin de-epoxidises and form zeax-
anthin, a light absorbing competitor to chlorophylls. This reaction is catalyzed by a
pH-dependent lumenal enzyme, violaxanthin de-epoxidase (VDE). When light stress is
not so high, zeaxanthin epoxidase (ZE) activates and converts zeaxanthin back into
violaxanthin. A brief diagram of xantophyll cycle can be seen in figure 1.10

Figure 1.10: Xantophyll cycle diagram.

However, in green algae this mechanism is a secondary route, as carotenoid can
undergo a spin exchange process to eliminate the presence of 3Chl* or even quench the
singlet oxygen itself26 following the reactions:

3Chl* + 1Car → 1Chl + 3Car* (1.8)

1O*
2 + 1Car → 3O2 + 3Car* (1.9)
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Where reactions 1.8 and 1.9 show the quenching of excited triplet chlorophyll and
the direct quenching of singlet oxygen by carotenoids, respectively. In general, the most
common carotenoid triplet state formation occurs through the chlorophyll triplet spin
exchange (equation 1.8) after an excited chlorophyll intersystem crossing following the
scheme 1Chl* → 3Chl* → 3Car*.

1.4 Photosystems

Photosystems I and II are protein complexes whose main role is to absorb light and
generate the charge separation that starts the electron transport chain. Photosystems
are located in the thylakoid membrane with PSI being ubicated in the stroma lamellae
and PSII in the grana.

Despite the fact that both PSI and PSII are functionally different, they show two
clearly distinctive parts: a core in which the electron transport takes place and an an-
tenna system in charge of light absorption and energy transfer to the core. Chlorophylls
and carotenoids are also present in these moieties. In particular, Chl a and carotenes
are found in the core complexes and Chl a, Chl b and xantophylls are present in the
antennas complexes.

A photosystem core is composed by a special pair of Chl a that forms the reaction
center of the photosystem and a series of polypeptides named Psa and Psb referring
to PSI and PSII, respectively. Moreover, antennas are formed by multiple polypeptides
called light harvesting complexes (lhc), and equivalently to PS cores, they are referred
as lhca and lhcb for PSI and PSII, respectively. For these reason, cores are usally
named PSI/PSII and antennas are referred as LHCI/LHCII, being the whole photosys-
tem named PSI-LHCI/PSII-LHCII supercomplexes, respectively.

1.4.1 Photosystem I

PSI-LHCI supercomplex main role is acting as a light-dependent plastocyanin-ferredoxin
oxidoreductase. In green algae, its overall stucture resembles a fan with a core composed
of fifteen Psa subunits and an antenna made by 10 lhca subunits distributed in two
semi rings shape.41,42 Also, PSI core contains the electron acceptors A0 (Chl a), A1

(phylloquinone), FX (a Fe4–S4 cluster) and the pair of special chloropylls (PA and PB)
that form the so called P700 reaction center.

The PSI fifteen subunits are named PsaA-O and while twelve of them are trans-
membrane (PsaA, PsaB, PsaF, PsaG, PsaH, PsaI, PsaJ, PsaK, PsaL, PsaM, PsaN,
PsaO), the other three are extrinsic and face the stromal side of the thylakoid mem-
brane (PsaC, PsaD, PsaE). LHCI semi rings are concentric and face the PsaG-PsaF-
PsaJ-PsaK side. Each semiring is made of four lhca subunits with lhca-a, lhca-b, lhca-c
and lhca-d placed in the inner ring and lhca-e, lhca-f, lhca-g and lhca-h forming the
outer ring. The remaining lhca subunits, lhca-i and lhca-j, are found as a dimer facing
the PsaB–PsaH–PsaI–PsaM core side. An overall diagram of PSI-LHCI supercomplex
can be seen in figure 1.11.
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Figure 1.11: Supramolecular organization of PSI-LHCI supercomplex.(Left) Top view (excluding PsaC, PsaD and
PsaE). (Right) Diagram model.

All these subunits contain chlorophylls and carotenoids. In total, 244 chlorophylls
are found in PSI-LHCI supercomplex, 145 of which placed in the antenna and the re-
maining 99 standing in the core. On the other hand, we can find 54 carotenoids in the
supercomplex, 22 inside the PSI core and the rest of them within the lhca antennas.

However, the question about how the energy collected by the antenna complex is sent
to the reaction center in green algae still remains. In the first place, a deep funnel model
was proposed, in which electronic energy transfer (EET) is performed sequentially from
high-energy to low-energy pigments until the primary donor is reached.43 Nevertheless,
this model does not explain very well why almost all PSI core complexes have chlorophylls
that absorb at higher wavelengths than the primary donor, the so-called chlorophyll red
forms. In this sense, a roller coaster-like model was proposed, in which the energy gap
between the red chlorophylls and the primary donor, P700, was filled by the thermal
energy of the physiological medium.44,45 Recently, X. Qin et al. performed single-
particle cryo-electron microscopy experiments in green algae LHCI41 and proposed a
energy transfer model between LHCI and PSI core in which the energy collected by the
outer semi ring was transferred to the inner semi ring and thus transferred to the PSI
core in most of the cases. Nonetheless, the mechanisms of EET between lhcas within
each semi ring (if any) are still unknown. This model also proposed a direct EET from
the lhca-i/lhca-j dimer to the PSI core and an additional EET between each monomer.
A picture of the LHCI-PSI energy transfer model can be seen in figure 1.12
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Figure 1.12: LHCI-PSI energy transfer model.

1.4.2 Photosystem II

PSII-LHCII supercomplex main function is acting as a light dependent water plasto-
quinone oxidoreductase. In green algae, its structure consists in a PSII core and two an-
tenna layers composed of major trimeric LHCII proteins46 and minor monomeric LHCII
proteins (CP26 and CP29).47 PSII core is formed by a polypeptide dimeric complex
that contains eighteen intrinsic subunits (PsbA, PsbB, PsbC, PsbD, PsbE, PsbF, PsbH,
PsbI, PsbJ, PsbK, PsbL, PsbM, PsbR, PsbTc, PsbW, PsbX, PsbZ and Psb30) and three
extrinsic subunits (PsbP, PsbQ and PsbO).48 Subunits PsbA and PsbD form the reac-
tion centre proteins D1 and D2, respectively. On the other hand, PsbB and PsbC form
the inner antennas CP47 and CP43, respectively.49 The core also contains the reaction
center P700, pheophytin and the quinone pool (QA/QB). Alongside with subunits D1
and D2, cytochrome b-559 stabilizes the polypeptide dimer complex and, under it, the
oxygen evolving complex (OEC) can be found. OEC is made of tyrosine (YZ), a man-
ganese cluster and three extrinsic subunits previously mentioned to provoke the water
splitting.

In C. Reinhardtii, the major trimeric LHCII antenna is composed by four types of
LHCII apoproteins which are involved in photoprotection mechanisms: type I (LhcbM3,
LhcbM4, LhcbM6, LhcbM8 and LhcbM9), type II (LhcbM5), type III (LhcbM2 and
LhcbM7) and type IV (LhcbM1).50–55 In addition, depending on the strength of the
interaction core-LHCII, the LHCII antenna trimers can be classified as S-LHCII, M-
LHCII or L-LHCII (S, M and L stands for strongly, moderately or loosely association).
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The three types of major LHCII and the minor antennas form the two layers in
which the LHCII antenna complex is divided. The inner antenna layer is made of S-type
LHCII and the minor antennas CP26 and CP29 and constitutes the C2S2 supercomplex.
The outer layer is composed by M and L-type LHCII antennas and binds the C2S2

supercomplex creating a larger structure known as the C2S2M2L2 supercomplex.56 An
overall diagram of PSII-LHCII supercomplex can be seen in figure 1.13.

Figure 1.13: Supramolecular organization of PSII-LHCII supercomplex.(Left) Top view (excluding PsaP, PsaQ
and PsaO). (Right) Diagram model

As reported in Drop et al.,57 each LHCII apoprotein binds fourteen chlorophylls and
four carotenoids. Considering this, we can estimate a total of 602 chlorophylls and 172
carotenoids within the C2S2M2L2 supercomplex with 294 Chls and 84 Cars binding the
PSII core and 308 Chls and 88 Cars binding the LHCII antenna.

Recently, Sheng, X. et al. perfomed single-particle cryo-electron microscopy experi-
ments to determine the structure of the C2S2M2L2 supercomplex and the energy trans-
fer pathways between the LHCII antenna complex and the PSII core.48 They propose
a downhill model in which the peripheral LHCII antennas transfer the energy to the
PSII RC through the minor antennas CP29, CP43 and CP47. On the other hand, the
energy collected by CP26 is directly transferred to CP43. A diagram with the different
excitation pathways can be seen in figure 1.14
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Figure 1.14: LHCII-PSI energy transfer model.

1.5 Photoinhibition and photoprotection

Light is a vital element for photosynthetic organisms survival. However, an excess of
it can be harmful as many reactive intermediates generated in the process can damage
the thylakoid membrane and the whole photosynthetic apparatus. This photodamage
process is often referred as photoinhibition, since the light used for generating these non-
desired intermediates cannot be used for the photosynthesis itself and therefore, reduces
photosynthesis efficiency.58–60

As we saw in section 1.2, photosynthesis starts with the absorption of a photon by
the LHCs of PSII which results in the excitation of a chlorophyll molecule to a singlet
excited state (1Chl*). At this point, the excited singlet chlorophyll can follow several
pathways back to the ground state: (a) it can fluoresce, (b) it can be de-excited by
thermal processes, (c) it can transfer its energy to the PSII reaction center and start the
electron transfer chain and (d) it can generate an excited chlorophyll triplet state. An
overall scheme of all these processes is shown in figure 1.15.
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Figure 1.15: Excited singlet chlorophyll relaxation pathways. (a) fluorescence, (b) thermal de-excitation, (c)
photosynthetic reactions, (d) chlorophyll triplet formation.

Among these options, the most efficient one is the starting of the electron transfer
chain and the least efficient the 1Chl* fluorescence with a quantum yield of ≈0.6-3 %.61

Chlorophyll triplet formation is not an efficient process as it shows a quantum yield of
4%; however, this value can increase up to 25% under high amounts of light.62 If the
amount of light is too high, the excited singlet chlorophylls accumulate and thus, they
can convert into excited triplet chlorophylls (3Chl*) via intersystem crossing. Excited
triplet chlorophylls are highly reactive species that are not intrinsically dangerous, but
they can interact with the triplet oxygen formed during the water splitting and generate
singlet oxygen via spin exchange (see formula 1.7) which can oxidize proteins, pigments63

or thylakoid membrane lipids64 causing even cell death in an extreme case.
In general, differences in the luminous flux received by algae are due to environmental

reasons which act at timescales ranging from months (seasons change) to hours (day-
night cycle) or even minutes (unequally distribution of algae in a colony, bad weather
conditions). In order to deal with this uneven light distribution and to avoid photoinhi-
bition, algae have developed the so called photoprotection mechanisms.

Photoprotection mechanisms can be classified into two groups depending on their
timescale and nature, having short-term and long-term photoprotection mechanisms.
The biological difference between them is that in the short-term mechanisms, energy
excess is released as heat with no protein synthesis involved in the process while in the
long-term mechanisms, more proteins involved in the photosynthetic apparatus must be
synthesized to deal with the new requirements of the photosynthesis reactions.
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1.5.1 Short-term photoprotection mechanisms

Non-photochemical quenching (NPQ) is a group of complex mechanisms by which the
photodamage is controlled by decreasing the efficiency of the light harvesting capabilities
of the photosynthetic apparatus. Its activation depends on the intrathylakoidal pH
gradient generated during the electron transport chain and it is described by the following
formula:

NPQ(t) =
(Fm(t)− F ′m(t))

F ′m(t)
(1.10)

Where Fm is the maximum fluorescence measured in dark conditions and Fm’ repre-
sents the maximum fluorescence at different times during illumination. NPQ has three
components which are defined by their respective lifetimes after excitation:

1. qE: it is the fastest component and consists in the thermal dissipation within
LHCII after lumen acidification.65

2. qT: it is based in changes in the antenna sizes of LHCII and LHCI due to phos-
phorylation or antenna subunits migration. This term is also referred as state
transitions.66

3. qI: it is the slowest NPQ component and consists in a reversible photoinhibitory
quenching, i.e, damage to PSII reactions centers.58

It is important to mention that the physical mechanisms underlying NPQ are con-
served in all photosynthetic organisms but the organisms capacity to develop NPQ can
vary a lot among them. In fact, we can see differences in NPQ capacity among the same
species as well. For example, in the case of C. Reinhardtii, environmental conditions
can drastically vary its NPQ capacity from ≈0 to ≈2.67 A more detailed analysis of the
components of NPQ is shown below:

• qE As previously established, qE consists in the thermal dissipation of excess en-
ergy from LHCII after lumen acidification. This process is highly efficient (around 80%
of the excess energy is released as heat68) and it is related to the xanthophyll cycle we
saw in subsection 1.3.2. (see figure 1.10).

To trigger qE, it is mandatory to have an element that can sense variations in the
luminal pH and amplify the quenching. In plants, pH detection is performed by PsbS
while quenching amplification is done by lhcb.36 On the other hand, in C. Reinhardtii,
both functions are performed by an specific protein within a stress-related LHC subgroup
called LHCSR (light harvesting complex stress-related).69 Morphology and function of
the lhcsr family members will be discussed in the following section.
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• qT States transitions consist in the migration of LHC antenna subunits between
PSI and PSII, reducing or increasing their relative antenna sizes in the process. Photo-
systems I and II possess different absorption features and while both photosystems have
an absorption band in the visible red region, PSI shows a broad absorption band in the
far-red region which is missing in PSII.

In natural conditions, light availability fluctuates over time,66 so photosynthetic or-
ganisms are constantly redistributing the antenna sizes of their photosystems to optimize
the efficiency of the electron flow. According to this antenna redistribution, we can iden-
tify state 1, in which PSII activity is more prominent than PSI, and state 2, in which
PSI activity gains more importance than PSII.

Differences between both states are also observable looking at their emission spectra.
In state 1, the intensity of the far-red signal is lower than the intensity from the red part
while in state 2, the situation is the opposite. For these reasons, state 2 shows higher
levels of NPQ compared to state 1.

• qI this NPQ term is usually vaguely defined and refers to all NPQ processes hap-
pening in a longer time scale than the transthylakoid pH gradient.70 Due to this fact, qI
comprises all phenomena related to the photodamaging of PSII. The role of the ∆pH or
the presence of zeaxanthin is still under debate and for that reason, some authors pro-
posed splitting the term ”qI” into ”sustained, pH-dependent NPQ”71–73 and ”sustained,
pH-independent NPQ”.73

1.5.2 Long-term photoprotection mechanisms

Long-term photoprotection mechanism are triggered when photosynthetic organisms are
exposed to a high light stress conditions for a long time (hours, days). In general, these
mechanisms involve morphological and structural changes such as chloroplast movement
or the reduction of photosystems antenna sizes through the no expression of proteins.
Other mechanisms would involve the accumulation of antioxidant species such as α-
tocopherol or carotenoids.
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1.6 Light harvesting complex stress related proteins

In the previous section, we mentioned that qE triggering in green algae C. Reinhardtii
was due to the activation of one protein from the light harvesting stress-related (lhcsr)
family. This group is composed of two proteins, LHCSR1 and LHCSR3, encoded by
three genes (lhcsr1 for LHCSR1 and lhcsr3.1 and lhcsr3.2 for LHCSR3).

LHCSR1 and LHCSR3 structure are practically identical as they are composed of
three transmembrane α-helices with short helices facing the lumenal part. The trans-
membrane helices also bind pigments (chlorophylls and carotenoids) with a variable
ratio depending on the protein whereas the short helices bind acid groups (aspartic and
glutamic).28,74,75 An overall structure for the LHCSR proteins is shown in figure 1.16.

Figure 1.16: Common structure of a LHCSR protein family member.

In C. Reinhardtii qE activation, LHCSR3 plays a major role while LHCSR1 is rel-
egated to a secondary position. LHCSR3 importance was demonstrated by Peers et al.
by comparing NPQ induction of a C. Reinhardtii wild type algae with a mutant (npq4)
lacking LHCSR3 protein.69 Under high light conditions, the authors observed NPQ in-
duction both in the wild type and in the npq4 mutant but the NPQ value (as defined in
equation 1.10) was lower in the case of the npq4 mutant.

LHCSR3 also plays a role as a pH sensor through the acid residues of its C termi-
nus.76,77 Ballottari et al. and Liguori et al. studied the pH sensing capacity of LHCSR3
by confronting a strain of a wild-type C. Reinhardtii against a mutant in which the acid
residues were suppressed. Acid residues suppression was achieved either by the removal
of all acid sites76 or by the substitution of the acid groups for pH-insensitive groups.77

In both works, the authors studied the 1Chl* decay at 680 nm using TRF in wild-type
C. Reinhardtii and the mutant at acid pH (pH=5) and neutral pH (pH=7.5). In both
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cases, they found that no NPQ induction was seen in the mutant at low pH as opposed
to the wild type protein and thus they concluded that the acid groups in the C-terminus
were key for pH sensing.

Tokutsu and Minagawa studied where LHCSR3 protein is found within the thylakoid
membrane.78 To do so, the authors compared the isolated PSII-LHCII supercomplex
from wild type C. Reinhardtii with the npq4 mutant under two light intensities (high
and low) . They observed that LHCSR3 was only found in the wild type PSII-LHCII su-
percomplex under high light conditions whereas LHCSR3 was not found in the wild type
under low light conditions neither in the npq4 mutant in any light intensity condition.
Thus, they studied the fluorescence of the wild type PSII-LHCII-LHCSR3 supercomplex
under two pH conditions (acid, pH = 5.5 and neutral pH = 7.5) and found that the su-
percomplex showed a high fluorescence at acid pH whereas low fluorescence was observed
at neutral pH. Therefore, the authors proposed a three steps model for qE quenching
induction: (I) expression of Lhcsr3 gene under high light conditions, (II) binding of
LHCSR3 to the PSII-LHCII supercomplex and (III) conformational change of LHCSR3
after lumen acidification.

1.7 Time-resolved spectroscopic techniques

Spectroscopy can be defined as the study of the light-matter interactions. These inter-
actions were described by Einstein79 and they can be classified in (a) absorption, (b)
spontaneous emission and (c) stimulated emission. A brief scheme of all these interac-
tions is shown in figure 1.17.

Figure 1.17: Fundamental light-matter interactions with their associated Einstein coefficient: absorption (B2
1),

stimulated emission (B1
2) and spontaneous emission (A1

2).

There is a group of spectroscopic techniques known as time-resolved spectroscopies
which are useful due to the fact that the measured quantity can be associated with the
states population of a photoactive species. Therefore, we can register non-equilibrium
population dynamics. For the purpose of this thesis, we will focus on time-resolved
fluorescence (TRF) and transient absorption (TA).
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1.7.1 Time-resolved fluorescence

A time-resolved fluorescence measurement consists in recording the spontaneous emis-
sion of a certain fluorophore excited via light absorption. Fluorescent light usually falls
into the Visible-NIR spectral regions so it can be spectrally resolved very easily using a
grating. The measured quantity of a TRF measurement is usually the fluorescence emis-
sion depending on wavelength and time after excitation. A typical spectrally resolved
measurement map can be seen in figure 1.18.

Spontaneous emission is a genuine stochastic process and while the single photon
emission process itself happens in an ultrashort timescale (sub-fs), the fluorophore ex-
cited state lives much longer than that (from fs to µs). The individual fluorophores
remain in the excited state for a certain amount of time and go back to the ground
state at a random time after excitation, creating a well defined temporal probability
distribution.

Also, spontaneous emission was described theoretically by Einstein in 1917 using
the so-called A and B coefficients79 (see figure 1.17). If we consider the simplest case
for spontaneous emission, i.e. an ideal excited fluorophore in a two levels system, the
probability of de-excitation (dW ) within a defined time interval (dt) is described by the
A1

2 coefficient following the formula:

dW = A1
2dt (1.11)

If we now consider an excited state population n, the temporal probability of the
photon emission is defined by:

dW =

n∑
i=1

A1
2dt = A1

2ndt (1.12)

De-excitation naturally implies excited state depopulation and thus we can define
the probability of de-excitation by dW=-dn. Therefore, we can rewrite equation 1.12 as:

dn = −A1
2ndt (1.13)

If we reorder and solve the differential equation 1.13, we obtain:

n(t) = n(0)e−A
1
2t (1.14)

We can thus correlate the excited state population with the fluorescence intensity
through the formula:

I(t) = I0e
− t
τ (1.15)

Where I0 and τ are the fluorescence at time zero and the decay time of the fluo-
rophore, respectively.
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Figure 1.18: Time-resolved fluorescence map of an in vitro LHCSR3 protein showing: (Upper panel) Spectrum
integrated between 350-500 ps after excitation and (Side panel) kinetics integrated between 680-690 nm.
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Time-resolved fluorescence measurements are usually performed using a light pulse
as the excitation and an appropriate detection system. In consequence, the measured
temporal profile will always be a convolution between the instrumental response func-
tion (IRF) of the system and the kinetics of the fluorophore to be measured. For this
reason and to minimize the use of deconvolution, ultrashort pulses are desirable in this
technique.

There are multiple detection systems for TRF but they are classified in two types:
electronic and optical. Optical detection is based in the interaction between the emitted
light and a second light beam before detection whereas the electronic detection consists
simply in the recording of the emitted light by electronic devices. Another difference
between these types consists in the limitation of their temporal resolution. Hence, the
temporal resolution of the electronic detection systems is limited by the frequency band-
width of its electronic compounds and usually achieve temporal resolutions of ≈100 ps.
On the other hand, optical detection systems are only limited by the temporal width of
the light pulse used for excitation and therefore we can achieve temporal resolutions of
<100 fs in the best case scenario.

Electronic detection

Fast photo-diode and oscilloscope The fluorescent light arrives to a fast photo-
diode and generates a current that is registered as a function of time using an oscillo-
scope.80 The best resolution provided by these systems is ≈1 ns.

Time-correlated single photon counting (TCSPC) In this case, we need to work
in a single-photon statistic regime. To reach that regime, the emitted light is attenu-
ated to get single-photon statistics and then selectively amplified with a photomultiplier
tube. An external detector (usually a fast photo-diode) is used to register the temporal
difference between the arrival of the excitation pulse and the detection of the fluores-
cent photon. By registering multiple single photons, an histogram is built showing the
kinetics of the fluorophore.81,82 The best resolution provided by these systems is ≈100
ps.

Streak camera The fluorescent light is converted into photoelectrons in a photo-
cathode placed within a vacuum tube. The electrons cross the vacuum tube and are
deflected by a pair of time-dependent sweeping electrodes placed perpendicularly to the
electron trajectory. The deflected electrons then hit a phospor screen and are reconverted
into light which is recorded in a CCD camera.83,84 The best resolution provided by these
systems is ≈1 ps.
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Optical detection

Upconversion In this case, the pump beam is split into two by a beam splitter gen-
erating the excitation and the gate beams. The excitation beam is used to excite the
sample and generate the fluorescent light. The emitted light is then overlapped tempo-
rally and spatially with the gate beam inside a nonlinear medium generating a signal
whose frequency equals the sum of the fluorescent and gate beams. Finally, the signal is
spectrally selected and detected, obtaining a fluorescence measurement in the temporal
width of the gate.85

In our case, we will use a streak camera detection method for all TRF measurements
with the setup present in Center for Nano Science and Technology (CNST) in Milano.
Streak camera principle and a full description of the TRF setup is explained in chapter
2 of this thesis.

1.7.2 Transient absorption

A transient absorption measurement consists in recording the stimulated emission of a
certain sample excited after light absorption. Stimulated emission detection requires
inevitably the presence of two light beams on the sample: the first beam promotes
the sample to an excited state and the second one is used to cause the stimulated
emission from the excited sample. These beams are usually known as pump and probe,
respectively and therefore, it is very common to name these techniques as pump-probe
techniques. The wavelengths of pump and probe beams vary from sample to sample.
The pump wavelength is usually chosen to match the ground state main absorption band
while the probe wavelength is usually selected to monitor the transitions of interest.

Due to the fact that a probe beam is needed for detection, all TA measurements
will have a certain background. To subtract the effect of the probe on the background,
differential measurements are performed. Therefore, the measured quantity will be the
change in the probe signal with and without the presence of the pump beam. Geomet-
rically speaking, the simplest way to measure changes in the probe beam consists in a
transmission configuration.

To better explain the pump-probe signals, we will consider a three levels model
containing the fundamental ground state and the first and second excited states. If
the pump pulse is resonant with the |0〉 → |1〉 transition, the sample reaches the first
excited state. From this state, two stimulated transitions are allowed: returning back to
the ground state via stimulated emission (SE) or absorbing the probe photon and reach
the second excited state in a process called photoinduced absorption (PA). A scheme of
this model is shown in figure 1.19.
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Figure 1.19: Pump-probe signals scheme at different probe arrival times. Photobleaching (PB), stimulated emis-
sion (SE) and photoinduced absorption (PA) signals are shown.

We can set differential changes in probe transmission with and without the pump
as the magnitude to monitor (∆T = Tpump on-Tpump off). Once the pump excites the
sample, less sample remain in the ground state so Tpump on>Tpump off and ∆T photo-
bleaching signal becomes positive. Once the fluorophore reaches an excited state after
pump excitation, if the probe beam has the proper wavelength we can see stimulated
emission (SE). Stimulated emission causes that more photons arrive to the detector,
therefore Tpump on>Tpump off and ∆T stimulated emission signal becomes positive.

Let’s now consider |1〉 → |2〉 transition and a probe photon with the proper wave-
length to cause that transition. If a probe photon arrives before the pump, it will not
be absorbed and thus, it will reach the detector. On the other hand, the probe photon
can be absorbed after pump excitation in a photoinduced absorption (PA) process. In
summary, in PA Tpump on<Tpump off so the overall ∆T signal remains negative.

In a more proper way, we can define transient absorption as the temporally resolved
differential absorption signals previously mentioned. For this reason, a typical TA map
measurement shows the intensity of the differential absorption signal as a function of
time and wavelength. An example of a TA measurement map is shown in figure 1.20.

As a time-resolved technique, transient absorption allows to measure the differential
absorption of the fluorophore as a matter of state population transitions. Assuming
that the temporal overlap between pump and probe pulses is negligible, we can study
differential absorption as the absorption defined by the Lambert-Beer law. In this sense,
state transitions are described by the product of σ (λ), the cross section for the transition
and the concentrations of the fluorophore, n(t), as state populations. Additionally, L
and A represent the thickness and the absorbance of the sample, respectively.
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1.7. Time-resolved spectroscopic techniques

Figure 1.20: Transient absorption map of an in vitro LHCSR3 protein showing: (Upper panel) Spectrum integrated
between 1 and 2 ps after excitation and (Side panel) kinetics integrated between 675 and 685 nm.
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Lambert-Beer law is finally represented by the following expression:

∆A = σ(λ)n(t)L (1.16)

Pump excitation causes changes in the absorbance of the sample, so we can con-
sider ∆A=Apump on-Apump off. As this absorbance variation implies changes in individual
states population, we can express ∆n as ∆n=npump on-npump off and therefore equation
1.16 is rewritten as:

∆A =
∑
i

σi(λ)∆ni(t)L (1.17)

Absorbance can be expressed as a function of the probe transmission by the formula
A=-ln(T ) so that the differential absorbance results:

∆A = −ln(Tpump on) + ln(Tpump off ) (1.18)

∆A = −ln
(
Tpump on

Tpump off

)
(1.19)

∆A ≈ −
(
Tpump on

Tpump off
− 1

)
(1.20)

∆A ≈ −
(

∆T

Tpump off

)
(1.21)

with approximation ln(x) ≈ x - 1 being used in equation 1.20. Defining Tpump off as
simply T and combining equations 1.17 and 1.21, we finally obtain:

∆T

T
= −

∑
i

σi(λ)∆ni(t)L (1.22)

Transient absorption measurements are usually performed with ultrashort pump
pulses to increase the temporal resolution of the measurement itself. Secondarily, it
is important to notice the detected probe intensity (regardless the detection system) will
always be a convolution between the temporal profile of the pump pulse and the sample
response, needing deconvolution to recover the true signal from the sample. Thus, the
ultrashort pump pulses are also used to minimize the use of deconvolution. There are
multiple detection systems for TA and, similarly to TRF detection, they can be classified
into electronic and optical detection.
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1.7. Time-resolved spectroscopic techniques

Electronic detection

Flash-photolysis In this case, a pulsed and tunable ps/ns laser is used as pump,
while a continuous wave light source is used as the probe beam. In the most simplest
scheme, the probe light is detected at a certain time (before or after excitation) by a
fast photo-diode coupled to a oscilloscope. The signal intensity is then calculated as the
difference of intensity of the probe pulse before and after the sample excitation.86,87 In
these setups, the temporal resolution is determined by the instrumental response func-
tion of the detector and they usually reach values of ≈10 ps.

Optical detection

fs pump-probe Here, the output of a fs laser is sent to a beam splitter to create both
pump and probe beams. Different non-linear optic elements can be used to tune the
wavelength of pump and probe to our requirements. Indeed, it is very common to use a
single wavelength as a pump and a super continuum generated white light as a probe.
The advantage of using such a probe lies in the fact that a broadband probe can be
used to monitor several transitions at the same time. Pump and probe need to be tem-
porally and spatially overlapped in the sample and while spatial overlap is achieved by
simple alignment, the temporal overlap is reached thanks to an optical delay line. The
transmitted probe intensity is finally registered thanks to a slow detector. The sample
dynamics are built up by scanning several positions on the delay line.88,89 The temporal
resolution of this setups is usually ≈100 fs.

For the purposes of this thesis, we will use a fs pump-probe detection system for all
TA measurements with the setup present in the physics department of Politecnico di
Milano. The full description of the setup will be shown in chapter 2.
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Chapter 2

Materials and Methods

In this chapter, we will focus on the experimental aspects of the performed measure-
ments. A detailed description of the key elements and a general overview of the time
resolved fluorescence and transient absorption setups is shown in sections 2.1 and 2.2,
respectively. Section 2.3 is focused on data treatment, especially in a description of the
global analysis fitting method.

2.1 Broadband TRF setup description

The time-resolved fluorescence setup present at the Center for Nano Science and Tech-
nology (CNST) is configured to deal with several different experimental conditions. In
particular, it covers broadband excitation and detection ranges from the MUV to the
visible and NIR (260-1400 nm) with a spectral resolution of few nm. Also, we can change
the configuration to detect very fast processes in the ps-ns scale or slower processes up
to µs and even ms. In addition, spatial resolution down to the µm can be reached by
the use of a confocal microscope. The ability of using a wide broadband excitation
wavelengths and its detection at different spectral and temporal ranges, alongside with
a precise spatial resolution is what gives this setup a strong versatility and a huge range
of measuring conditions.

In the following sections, we will see a setup overview, focusing on the elements that
provide pump wavelength selectivity and high temporal, spectral and spatial resolution.
An overall scheme of the optical layout is shown in figure 2.1
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2.1. Broadband TRF setup description

Figure 2.1: Time-resolved fluorescence setup overview. Abbreviated terms: beam splitter (BS), variable neutral
density filter (VND), half-wave plate (HWP), steering mirror (M), flip mirror (FM), alignment iris (I), optical
lens (L), absorbance filter (F), dichroic mirror (DM).
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2.1.1 Wavelength selection

A commercial Ti:Al2O3 oscillator (Coherent Chameleon Ultra II) was used as the fun-
damental excitation source due to its tunablity in a wide range of wavelengths in the
visible and NIR (680-1080 nm). Its output provides sech2 pulses with a full width half
maximum (FWHM) of ≈140 fs and a 80 MHz repetition rate.

A high power attenuator is placed right after the oscillator to control its power.
Attenuator is composed of a broadband half-wave plate and an air-gap Glan-Taylor
prism, which only let horizontally polarized light pass.

To increase the excitation range, a set of nonlinear optics based sub-systems were
developed. The most entirety of the visible region was obtained via second harmonic
generation (SHG) of the Ti:Al2O3 oscillator output. In order to obtain it, the beam is
focused into a type-I alpha barium borate crystal (α-BBO) cut at 29.3o. An α-BBO
is a birefringent material with a high χ(2) nonlinear coefficient which allows high-order
nonlinear effects. Rotation of the crystal axis with respect to the incident beam allowed
us to achieve a broadband phase matching and a new spectral range of excitation from
340 to 540 nm. As SHG is not a fully efficient process (in this case, the maximum
efficiency is around 10%), an absorbing filter must be placed afterwards to remove the
residual pump.

To cover the NIR and the visible part of the spectrum that cannot be reached with
the Ti:Al2O3 oscillator, we use a resonant NIR optical parametric oscillator (OPO). The
OPO is pumped by the oscillator and generates pulses in the 1000-1400 nm region.

The OPO output can then be sent to a BBO crystal cut at 21.4o to fill the visible
range gap left by the Ti:Al2O3 oscillator and its doubled-frequency spectra. As before,
phase matching is achieved by rotating the crystal axis with respect to the incident
beam. The final wavelength range obtained this way ranges from 500 to 700 nm.

Finally, the MUV range was achieved thanks to a third harmonic generation (THG)
system optimized to work between 800 and 900 nm. The interaction between the oscil-
lator fundamental and its doubled-frequency pulses generates a broadband spectra from
266 and 300 nm. The whole excitation spectrum of the setup is resumed in figure 2.2.
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Figure 2.2: Full excitation spectra of TRF setup.

2.1.2 Excitation repetition rate selection

Ti:Al2O3 oscillator operates at 80 MHz, which means that pulse-to-pulse time is 12.5
ns. For long lived samples, this time can be too short and the second pulse can re-excite
the system when it has not fully relaxed.

To avoid this, the repetition rate of the train pulse can be regulated by an acusto-
optic modulator (AOM). In an AOM, light crosses a SiO2 crystal and gets modulated
when a radio-frequency transducer applies pressure on the crystal and diffracts the beam
at specific times. An electronic control is then used to divide the train pulse in an integer
multiples of 12.5 ns.

2.1.3 Spatial resolution

Spatial resolution was determined by the construction of a confocal microscope. The
spot size was controlled by a telescope and the expanded beam was sent to a dichroic
long pass filter as seen in figure 2.1. The reflected beam was then coupled to an objective
and focused into a sample.

The emitted light, alongside with the excitation pump, travels the excitation path
backwards until the dichroic filter, where the pump is reflected once more and the fluo-
rescent light goes through the filter. As the absorbance below the operational wavelength
is not exactly 100%, an additional long-pass filter can be placed after the dichroic filter
to remove even more possible residual pump.

To determine the microscope field of view (FOV), a flip mirror was placed in the
emission path after the dichroic mirror to send the emmited light to a CCD camera.
Positioning and focusing on the sample can be achieved manually by moving the XYZ
stage under the sample holder. A LED light over the objective is used to work on
brightfield conditions.

Once the focusing position on the sample is reached, the flip mirror is removed to
send the fluorescent light to a telescope, which collimates the beam. After that, a second
flip mirror sends the light to the detection system.
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2.1.4 Detection system

Depending on the range of wavelengths of the emitted light, the detection system will
vary. For signals in the visible and MUV, a commercial streak camera system is used
while for signals in the NIR range, a time correlated single photon counting (TCSPC)
is chosen.

Excitation, excluding microscope measurements, was performed by focusing the
pump beam to get a ≈100 µm spot diameter into the sample. The collection was then
done at 90◦ respect to the excitation beam in order to avoid pump detection as much as
possible. To suppress even more pump detection, carefully chosen long pass filters were
placed just before the detection system.

Emitted light was then sent through a lens-based telescope with a collection solid
angle of 0.14π sr to a commercial spectrograph which has two visible and one NIR
diffraction gratings with different blazes (1501 mm−1, blaze 300 nm; 1501 mm−1, blaze
1200 nm; 501 mm−1, blaze 600 nm) to provide broadband spectral resolution. A piezo-
driven flip mirror can be used to select the detection system (streak camera or TCSPC).

Streak camera A streak camera is a device used to detect ultrafast light phenomena
providing a time vs wavelength vs intensity image. Its operating principle is resumed in
figure 2.3. The input light consists in a package of photons with different wavelengths
(separated by the spectrograph seen in the previous section) which arrives at different
times after excitation.

Figure 2.3: Streak camera operating principle. Image extracted from Hamamatsu operator manual.

Light crosses a slit and then, a pair of lenses focuses it into a photocathode, which will
convert the incident photons into electrons almost instantaneously and proportionally
to the intensity of the light. Electrons generated this way are then accelerated by a pair
of electrodes and cross the streak tube.

In the middle of the tube, a time-dependent sweep voltage is applied between two
electrodes and causes the deflection of the electrons generated in the photocathode. This
sweeping temporal dependence allows to resolve the fluorescence light temporally as the
electron deflection angle and path depends on the arrival time of the photons to the
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2.2. Transient absorption setup description

sweep electrodes.

After the sweep, the electrons arrive at a micro-channel plate (MCP) in which they
are multiplied several thousand times and sent to a phosphor screen to reconvert them
into light. On the phosphor screen, pulses are sequentially ordered from top to bottom
according to their arrival time. Those which arrived first will be placed on the top part
and those which arrived later on the bottom. Finally, light is collected and the signal is
digitalized thanks to a high-resolution CCD camera.

The timing of sweeping voltage is a crucial aspect to control as the sweep voltage
is applied when the fluorescent light arrives to the streak camera. To synchronize both
phenomena, the splitted beam right before the laser attenuator (see figure 2.1) is sent to
a PIN photodiode and used as a streak camera trigger. Additionally, the delay between
trigger and fluorescent light can be precisely tuned thanks to a delay generator unit
coupled to a computer.

Streak camera includes both a synchroscan and slow sweeping units. The main
difference between them is the nature of the time-varying voltage. Synchroscan unit
performs a sinusoidal sweep and is used for measuring samples within a 2 ns time range
with a 20 ps temporal resolution. On the other hand, the sweeping voltage in the slow
sweep unit is mainly linear and is used for measuring samples with a temporal window
greater than 2 ns, reason by which it is used in conjunction with the AOM.

TCSPC TCSPC detection was achieved using a NIR fast PMT coupled to a TCSPC
card with a instrumental response function (IRF) of ≈1 ns. In order to correctly operate
with the device, liquid nitrogen must be used to cool down the fast PMT. Triggering of
the TCSPC signal was performed using the fundamental pump beam in the same way
we saw before for the streak camera.

2.2 Transient absorption setup description

The transient absorption setup at the physics department of Politecnico di Milano was
designed to work in a non-degenerate configuration. The main advantage of this type of
configuration is that both pump and probe can be tuned in a wide range of wavelengths.

A commercial Ti:Al2O3 oscillator (Coherent Libra) operating at 800 nm was used
as the fundamental light source. The output beam is composed of sech2 pulses with
a FWHM of ≈100 fs and 1 kHz repetition rate. Right afterwards, the beam size is
regulated by a telescope and sent to a beam splitter to generate both pump and probe
beams.

In this specific case, pump pulse is the output of a nonlinear optical parametric
amplifier (NOPA) calibrated to work optimally in the visible and the probe pulse is a
broadband generated via white light supercontinuum (WLC) generation in the visible or
NIR, depending on the crystal used in this process. Probe detection is performed thanks
to an optical multichannel analyzer (OMA) which works in both wavelength ranges. In
the following sections, we will see a setup overview, focusing on the pump and probe
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generation and the detection of the probe pulses. An overall scheme can be seen in figure
2.4.

Figure 2.4: Transient absorption setup overview. Abbreviated terms: beam splitter (BS) optical lens (L), align-
ment iris (I), steering mirror (M),variable neutral density filter (VND), white light generation crystal (WLC),
absorbance filter (F).

2.2.1 Pump pulse generation

The generation of the pump pulse is achieved thanks to a non-linear three wave mixing
effect called optical parametric amplification (OPA). In OPA, a low frequency signal
pulse, ωs, is amplified by interacting with a strong second pump pulse, ωp, with a
frequency ωp>ωs. That interaction causes the amplification of the signal photon and
generates a third photon called idler whose frequency will be determined by ωp-ωs. Also,
this process only occurs if the momentum conservation (phase matching) is fulfilled (i.e.,
kp=ks+ki). A scheme of the phenomenon is seen in figure 2.5

Pump generation was performed thanks to a custom-built NOPA whose overall de-
scription can be seen in figure 2.6. In this setup, the 800 nm beam from the oscillator
is sent to a beam splitter, in which 10% is transmitted to generate the signal pulse and
the remaining 90% is reflected and used to generate the pump pulse.
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Figure 2.5: Optical parametric amplification process scheme.

The transmitted 800 nm is then attenuated and used to create the white light super-
continuum seed. After that, the seed is collimated by a spherical mirror and the signal
wavelength is tuned at 630 nm using a proper bandpass filter.

On the other hand, the reflected 800 nm is sent to a type I α-BBO crystal cut at
29.2o to generate the pump pulse at 400 nm. Once the pump is created, it is filtered to
remove the residual 800 nm.

To generate the 630 nm amplification in the second type I α-BBO, pump and signal
photons must overlap both spatially and temporally. Spatial overlap is achieved by
simple alignment, while temporal requires the use of a translation stage for fine tuning
in the pump pathway.

Figure 2.6: NOPA overview. Abbreviated terms: beam splitter (BS), steering mirror (M), optical lens (L), variable
neutral density filter (VND), white light generation crystal (WLC), absorbance filter (F).
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The amplified 630 nm beam is then enlarged with a telescope which doubles the spot
diameter up to ≈400 µm and sent to the delay stage. After that, the beam is modulated
mechanically with a chopper working at 500 Hz, its polarization is changed to a magic
angle configuration (54.7o) and finally, it is focused into the sample.

2.2.2 Broadband probe pulse generation

Similarly to what we saw in the signal pulse generation of the NOPA, the generation
of the broadband probe pulse is done exploiting the WLC generation effect. To achieve
that, the transmitted part of the Ti:Al2O3 oscillator after the first beam splitter (see
figure 2.4) is attenuated with a variable neutral density filter (VND) and focused with
a proper lens into the thin WLC crystal. The white light generated this way is then
collimated by a spherical mirror and crosses one or more bandpass filters in order to
remove possible fundamental residuals and then focused into the sample.

Depending on the spectral range in which we want to generate the white light,
different materials will be used as WLC crystals: a Ti:Sapphire plate provides us a visible
broadband between 450 and 750 nm while a YAG does it in the 800-1150 nm region.
Figure 2.7 shows the broadband probe generation achieved with the two different plates.

Figure 2.7: Spectra of probe pulses in the visible (left) and NIR (right) ranges given by WLC generation in
Ti:Sapphire and YAG plates, respectively.

2.2.3 Detection system

Due to the fact that the probe pulse is broadband, its detection is carried out by a
OMA optimized to work in the visible and the NIR. To perform this task, the OMA
contains two controllable gratings with different blazes that disperse light on a linear
CCD camera. OMA resolution is determined by the number of pixels on the CCD camera
and the grating in use and usually this values is less than 1 nm. A brief scheme of an
OMA can be seen in figure 2.8.
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Figure 2.8: OMA overview. Abbreviated terms: optical lens (L), steering mirror (M)

2.3 Data processing

The main objective of time resolved spectroscopy is to measure the relative populations
of the different states that conform the system under study to elucidate its dynamics.
Normally, the system is complex and little information is known beforehand, which
makes the analysis and results interpretation difficult. To solve this problem, we can use
a powerful tool called global analysis.90,91

Global analysis is a fitting tool which uses least squares fitting with variable projec-
tion methods to recreate experimental data. Also, it requires a certain modelling and
some reasonable initial assumptions based on the physics of our system. We will see
the mathematics underlying this process and a description of its main features in the
following sections.

2.3.1 Mathematical basis

Before establishing a model to describe the data, we have to make two assumptions that
will simplify the analysis: we will consider the system homogeneous and separable.

Homogeneity It implies that we can consider a discrete set of parameters to describe
the system instead of using distributed parameters, as it would happen in an heteroge-
neous system.

Separability It determines that the spectroscopic properties of a mix of components
are the sum of its individual components spectroscopic properties weighted by their
concentration.
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In this sense, if a system is composed by a certain number of elements ncomp, we can
consider its time-resolved measured map ψ as:

ψ(t, λ) =

ncomp∑
l=1

cl(t)εl(λ) (2.1)

Where cl(t) and εl(λ) represent the concentration and the spectrum of the component
l, respectively.

In general, electronic transitions are described by first-order kinetics which means
that populations follow first-order differential equations. Solution of a first-order dif-
ferential equations system is a sum of exponential decaying functions, so in our case,
equation 2.1 can be rewritten as:

ψ(t, λ) =

ncomp∑
l=1

(exp(−klt)~ i(t))εl(λ) (2.2)

In which cl(t) is the result of the convolution between the exponential function con-
taining kl, the rate of the exponential decay of component l, and i(t), the instrument
response function (IRF) of the detector. The final goal is, then, to obtain the value of
these parameters from the experimental data.

2.3.2 Global analysis

Once we have a time-resolved experimental dataset which is homogeneous and separable,
we can start a global analysis. First of all, we need to reasonable estimate the number of
components ncomp we will consider in our analysis. It is recommended to have previous
knowledge of the system to determine ncomp but in the case we are not sure about the
nature of the system, we can apply the Singular Value Decomposition (SVD) theorem
to get this information.

SVD theorem is based in the fact that we can determine that any m × n matrix has
a singular value decomposition represented by the formula:

Ψm×n = Um×mSm×nW
T
n×n (2.3)

Where U and W are orthogonal matrices containing the left and right singular vectors
and S is a diagonal matrix which contains the singular values or eigenvalues.

These eigenvalues give us a very good estimation of the number of components of our
system, as their values are always non-zero. In this sense, considering again our system
with ncomp components, the magnitude of the eigenvalues will be: s1 > s2 > ... > sncomp

>0, with next term being sncomp+1= 0.

Unavoidably, due to experimental conditions, it is not so easy to determine the exact
point in which the magnitude of the eigenvalue is different from the noise, so in that
case, we have to look at the left singular values and determine if it can contain relevant
data or it is just regular noise.
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With the number of components already set, we have to establish a model which
will describe our data. In our case we will consider an unidirectional kinetic model
in which the components decay sequentially and populate the following state one after
the other with increasing lifetimes until the last one, which decays back to the ground
state (1→2→...→ncomp). Additionally, we have to consider some features to do a proper
analysis. In particular, we have to correct the parabolic frequency chirp induced by
white light generation, the instrumental response function and some coherent artifacts
generated right after time zero.

Once all the parameters we need to recreate our data are set, we will start our global
analysis with a series of initial values for all the variables and fit our data using an
iterating least squares fitting algorithm. If the analysis is successful, we will obtain
the time constant (kl) and the spectrum (εl) for each l component. The collection of
all εl spectra is called Decay Associated Spectrum (DAS) and graphically show us the
evolution of the system. Overall, we can resume a global analysis in the steps resumed
in figure 2.9

Figure 2.9: Global analysis diagram. (a): Dataset selection, (b): Number of components selection after singular
values decomposition, (c): Modelling, (d): Fitting.

To illustrate this process, let’s consider a practical case. The dataset we will use
corresponds to a transient absorption measurement in the visible of a LHCSR3 sample
after selective chlorophyll excitation at 630 nm. Its 2D map is shown in figure 2.10.
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Figure 2.10: Visible LHCSR3 dataset (480-575 nm) obtained after excitation at 630 nm.

This map is characterized by a negative ∆A signal appearing at short times and a
positive increasing signal appearing at longer times. At this point, we could argue that
our system can be described by two components but, to be more precise, we will have
a look at the eigenvalues of each component after singular value decomposition (SVD)
and its respective left and right singular vectors. This process is shown in figure 2.11.

Figure 2.11: Selection of the number of components. (Left): Left singular vectors, (Center): Eigenvalues after
SVD, (Right): Right singular vectors.

The scree plot (a line plot of the eigenvalues, figure 2.11, center) shows a strong
contribution of the first eigenvalue and a minor contribution of the second, third and
possibly fourth eigenvalues. To finally set the number of components our global analysis
will have, we observe the left singular vectors (figure 2.11, left). Here, we see clear
dynamics for the first three eigenvalues as opposed to the fourth one, which seems to be
just noise. Therefore, our model will consider three time constants.

To complete our modelling, we have to correct the WLG-induced frequency chirp
using a quadratic polynomial function centered in a specific wavelength and set values
to correct the distortions at early times produced by the IRF and coherent artifacts.
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We then run our analysis and after several iterations, we fitted our dataset with three
time constants and obtained its decay-associated spectra (DAS). Results are shown in
figure 2.12.

Figure 2.12: LHCSR3 DAS in the visible (480-575 nm) obtained after excitation at 630 nm.

The DAS (figure 2.12) shows what we expected from the TA map (figure 2.10): we
are working with a short ∆A component and a second one that arises at longer times.
Due to the huge similarities between the first and the second DAS, we could argue
that the first process is biexponential (including k1 and k2) while the second one is a
monoexponential (k3).

Finally, we can estimate how good our global fitting is by comparing the fitted results
with the original experimental data. A spectral and kinetic comparison of our fitting
and the experimental data at 200 ps and ≈505 nm can be seen in figure 2.13.

Figure 2.13: Experimental-fitted data comparison. (Left): Kinetics at ≈505 nm, (Right): Spectra at 200 ps after
excitation.
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From figure 2.13, we can see that our analysis fits the spectra and the kinetics
accurately, so we can conclude that our global analysis was successful.

There are multiple software to perform global analysis but in this case, we used a
Java-based software package created by professor Ivo H. M. van Stokkum in VU Uni-
versity Amsterdam called Glotaran. More detailed information about this program and
how to use it can be seen in their work.92
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Chapter 3

Non-photochemical quenching on
wild type Chlamydomonas
Reindhartii

In this chapter, we will focus on the spectroscopic features of in vitro LHCSR3 protein
of wild type algae Chlamydomonas Reindhartii. Section 3.1 will show the state of the
art of the studies on LHCSR3 from different algae. Section 3.2 will be focused on
the experimental results obtained using time-resolved fluorescence (TRF) and transient
absorption (TA) techniques on samples under different experimental conditions. Finally,
section 3.3 is dedicated to the discussion of the results.

3.1 Background

As previously said in chapter 1, LHCSR3 constitutes a key element in C. Reinhardtii
photoprotection as it is used as a pH sensor and as a NPQ trigger. Its NPQ triggering
properties are due to interactions between the different pigments bound to it, mainly
chlorophylls and carotenoids. However, despite knowing that its bounding molecules play
a key role in photoprotection, there is not a full consensus about the exact molecular
mechanisms underlying this process.

Throughout the years, several non-exclusive mechanisms have been proposed, all of
them starting with a fast quenching of 1Chl*, but while some of them consider an intense
Chl-Chl coupling leading to charge transfer states as the main quenching reason,93,94

the vast majority support the idea of a Chl-Car interaction.

Chl-Car interaction is explained through three mechanisms. The first one is based
on energy transfers from excited 1Chl* state to carotenoid short-lived dark states. In
particular, several studies detected a 1Chl* → Car S1 state energy transfer95–99 and,
more recently, a 1Chl*→ Car Sq state100 was observed. The second Chl-Car mechanism
would involve an electron transfer between the Car and the photoexcited Chl, resulting
in the formation of a Car radical cation and a Chl radical anion.101,102 Finally, the third
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mechanism consists in a Car-Chl excitonic coupling in which the coupled state acts as a
quencher.103

Nevertheless, the main topic of debate is the nature of these carotenoids and which
role the xanthophyll cycle plays in photoprotection. In this sense, a study carried out in
vitro in Physcomitrella Patens104 revealed the existence of both a zeaxhantin-dependent
and a zeaxhantin-independent quenching mechanisms happening at the same time in
LHCSR1. This work concluded that, when zeaxanthin was involved as a quencher, the
main energy dissipation mechanism was a 1Chl* → Car S1 energy transfer while when
zeaxanthin was absent, the formation of a Car radical cation was favored. Same results
were observed more recently in vivo in the microalgae Nannochloropsis oceanica105 in
presence of a LHCSR-like protein, LHCX1.

In the case of in vitro LHCSR3 in C.Reinhardtii, the presence of zeaxanthin was
proven to be unnecessary for NPQ induction106 as the most probable quenching mech-
anism is the formation of a Car radical cation, triggered especially at low pH. Results
of this study agree with previous studies in the same molecule104 but also bring the
question about what the quenching mechanism of LHCSR3 in vivo is.

Experiments performed on LHCSR3 in vivo105,107 and on the supercomplex PSII-
LHCII-LHCSR3 in vitro108 showed a fast quenching in the ten to hundred of ps timescale,
in contrast with the ns fluorescence decay that was seen in isolated in vitro LHCSR3
before.104,106 These results suggest that the protein environment around LHCSR3 is
another quenching factor to take into account.

A more complete analysis on C. Reinhardtii LHCSR3 was performed by Ballottari
et al. as they studied the behavior of a LHCSR3 variant in vivo and in vitro under
different protein aggregation conditions.76 They observed the fast quenching on the
in vivo sample and, interestingly also on in vitro samples, but only in strong protein
aggregation conditions. In summary, all the experiments performed so far in LHCSR3
in vitro demonstrate that the two main quenching factors in this protein are pH and
protein aggregation.

3.2 Experimental results

3.2.1 Sample preparation and characterization

LHCSR3 coding sequence (CDS) was amplified using high light adapted C. Reindhardtii
complementary DNA (cDNA) and then cloned into a petMHis expression vector. Com-
petents BL21 Escherichia coli cells were used to overexpress LHCSR3 which was later
purified as inclusion body. Finally, it was refolded in vitro with pigment addition to get
the final LHCSR3 holoprotein as previously reported.109 Pigment composition of the
refolded protein can be seen in table 3.1.
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Pigment Chls Chl a Chl b Cars Vio Lut

Amount 8.00 6.98 1.02 2.44 1.60 0.84
σ 0.03 0.00 0.14 0.08

Table 3.1: Refolded LHCSR3 pigment analysis

pH was controlled using 20 mM solutions of commercial pH 7.5 or pH 5 HEPES
buffers to get the final pH. Aggregation was controlled by the selective addition of
a 0.03% n-dodecyl-αD-maltoside (α-DM) detergent solution so that two aggregation
states were simulated: one with less aggregation in which the amount of detergent is
high (0.03%) and another with more aggregation in which the detergent quantity is lower
(0.003%). For simplicity, these two aggregation states will be referred in the future as
HD (High Detergent) and LD (Low Detergent). LHCSR3 was then characterized by
steady-state absorption spectroscopy. Results of this analysis are shown in figure 3.1.

Figure 3.1: Steady-state absorption spectrum of LHCSR3 at room temperature.

We observed two distinctive Chl a absorption bands: The Soret band, peaking at
≈430 nm and the Qy band peaking at ≈680 nm. It is also remarkable the appearance
of a higher vibrational band of the Qy state at 630 nm and a signal at ≈490 nm due to
carotenoid contribution.
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LHCSR3 was further characterized using steady-state fluorescence spectroscopy. Fig-
ure 3.2 shows the results on all four samples at different excitation wavelengths.

Figure 3.2: Steady-state emission spectra for all samples at different excitation wavelengths (440, 475 and 500
nm).

For all samples, we observe the typical Chl a fluorescence emission range between
650 and 800 nm, with a peak at 685 nm and a shoulder around 725 nm, regardless the
excitation wavelength. In theory, changes in the pH of the medium can induce protein
aggregation so we performed steady-state fluorescence spectroscopy at 77 K. Spectra for
all samples are shown in figure 3.3.
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Figure 3.3: Steady-state emission spectra for all samples at 77 K.

A rising in the far-red part of the spectrum is observable only in LD conditions and
matches with the formation of oligomers. As expected, detergent concentration is the
main actor in aggregation induction and the effect of pH is relegated to a second place,
only seeing a noticeable difference in high quenching conditions (LD). In addition, this
non-pH dependency in HD conditions can be exploited for controlling the effect of pH
alone.

3.2.2 Time resolved fluorescence measurements

Time-resolved fluorescence (TRF) analysis were carried out in the setup described in
chapter 2. We chose 430 nm as the excitation wavelength to match the Soret band
absorption. As this wavelength is obtained after SHG of a 860 nm fundamental excitation
source, we need to remove the residual pump light by placing a longpass filter with a
cutoff at 700 nm (BG40). After the sample, we placed a longpass filter with a cut off at
495 nm (LP495) to remove the residual 430 nm excitation light. Temperature was set
at ≈12◦C to avoid thermal protein denaturalization. Experimental TRF maps for all
samples can be seen in figure 3.4.
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Figure 3.4: TRF maps of LHCSR3 in different quenching conditions after excitation at 430 nm.

We integrated experimental data over the full temporal window to get spectra for
all samples whereas we integrated the data between 650 and 760 nm to obtain their
kinetics. Results can be seen in figure 3.5

Figure 3.5: Time-resolved spectra (left) and kinetics (right) of all LHCSR3 samples at ≈12◦C. Fitted traces
shown as dashed gray lines.
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From figure 3.5, aggregation is the main factor that affects lifetime quenching as LD
samples show a faster decay than HD ones. pH also has a role in overall quenching, being
faster those samples with a lower pH. The fact that pH-induced quenching is stronger in
LD samples than HD suggests that pH has a secondary role in quenching as previously
reported.74 Results of biexponential kinetic fitting curves and the calculus of the average
decay time (τavg=ΣAlτ l) are shown in table 3.2.

A1 (%) τ1 (ps) A2 (%) τ2 (ps) τavg (ps)

pH 7.5 HD 48 593 52 8132 4506
pH 5 HD 51 521 49 7574 3962

pH 7.5 LD 58 184 42 2655 1222
pH 5 LD 59 119 41 330 206

Table 3.2: LHCSR3 biexponential fitting results for all samples.

These measurements point out a clear aggregation and pH dependence in LHCSR3
lifetime and establish a well defined pattern: the lower the pH and detergent concentra-
tion, the more quenched the sample is. However, all these features does not provide any
insights of the molecular mechanisms that explain this process so further measurements
are required.

3.2.3 Transient absorption measurements

Transient absorption measurements were carried out with the setup described in chapter
2. The pump wavelength was set at 630 nm to selectively excite chlorophyll a, as this
wavelength matches the higher vibrational band of the Qy state and carotenoids does
not absorb at this wavelength. The probe beam consisted in a broadband white light
between 450 and 750 nm. Pump beam was mechanically modulated by a chopper and
its polarization was set at 54.7o. Sample temperature was set at ≈12 oC to avoid protein
degradation. TA maps and spectra at 100 ps after excitation for all samples are shown
in figure 3.6 and 3.7, respectively.
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Figure 3.6: Visible TA maps of LHCSR3 in different quenching conditions after excitation at 630 nm.

Figure 3.7: TA spectra of LHCSR3 at 100 ps after excitation at 630 nm for all samples. (Left) Whole spectral
range. (Right) Closeup to the 475-600 nm region.

At early times, we see a series of signals in all samples: a negative signal at ≈680 nm
corresponding to the Chl a ground state bleaching (GSB) and its stimulated emission
(SE), a broad positive signal from 470 to 600 nm due to 1Chl* photoinduced absorption
(PA) and a residual part of the scattered pump at 630 nm. However, it is important to
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notice that these signals kinetics can be distorted if we work in high fluence conditions
due to a nonlinear effect called singlet-singlet (S-S) annihilation.110

As LHCSR3 protein has multiple pigments connected, high fluence light can cause
the excitation of many chlorophyll a molecules. If two of these excited chlorophylls
interact, one chlorophyll can transfer its energy to the second one and promote it to a
higher excited state that rapidly decays to original excited state, annihilating one exciton
in the process. A brief scheme of this process can be seen in figure 3.8.

Figure 3.8: Singlet-Singlet annihilation process: (a) excitation, (b) energy transfer, (c) electronic states transitions,
(d) relaxation.

Considering this, we did fluence dependence measurements to further work on S-S
annihilation-free conditions. Figure 3.9 shows the kinetics of chlorophyll a GSB at 680
nm of pH 5 LD sample at different fluence values.

Figure 3.9: Fluence dependence of Chl a GSB dynamics at 680 nm for the pH 5 LD sample.
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We see the kinetics-distorting effect of S-S annihilation at fluences higher than 20
µJ/cm2, so we set a value of 6 µJ/cm2 in all of our measurements. With a safe fluence
value set, we studied the Chl a GSB dynamics. Figure 3.10 left shows the spectra of
all samples at 100 ps after excitation while figure 3.10 right indicates the kinetics of
chlorophyll a GSB at ≈680 nm for all samples.

Figure 3.10: (Left) LHCSR3 TA spectra of Chl a GSB of all samples, (Right) LHCSR3 TA kinetics of Chl a GSB
of all samples.

We observe similar results as those from TRF: aggregation constitutes the main
quenching factor in Chl a GSB as LD samples present a shorter lifetime than HD ones.
On the other hand, pH plays a secondary but significant role in the overall Chl a lifetime,
showing a shorter lifetime for the samples at pH 5 as opposed to those at pH 7.5.
Nevertheless, TA data shows a fast component in the pH 5 HD and LD samples which
is not resolved in TRF due to its lower temporal resolution (20 ps in TRF against 100
fs in TA).

As Chl-Car interaction constitutes the basis of most of qE mechanisms, we focused
on the 470-575 nm region. TA maps for all samples in this region are shown in figure
3.11.

55



3.2. Experimental results

Figure 3.11: Visible TA maps of LHCSR3 in the carotenoid region (470-575 nm) in different quenching conditions
after excitation at 630 nm.

In figure 3.11, we can see two main spectral features that are common for all samples:
a ∆A minimum at around 500 nm at early times which is more evident at pH 5 LD (as
it has a strong ∆A negative value) and a maximum placed at 510 nm at longer times,
specially noticeable at pH 7.5 HD conditions. These two signals cannot be due to the
mentioned broad PA of 1Chl* exclusively, as PA alone does not explain why we find a
negative signal at early times and also why the positive signal at 510 nm increases with
time.

The fact that 500 nm matches the 0-0 peak of the Car S0 → S2 transition al-
lows us to assign this signal to a Car GSB. Likewise, the signal at 510 nm can be
attributed to the absorption of the carotenoid excited triplet state, 3Car*, as previously
observed.95,104,111 Chlorophylls and carotenoids coupling is produced immediately af-
ter Chl a excitation and can be explained as an ultrafast electrochromic shift of the
carotenoid S2 state.103,104,112,113 This effect resembles a time-resolved Stark effect in
which the local electric field changes produced by the excited chlorophylls is sensed by
the carotenoids and induces a blue shift on the carotenoid S2 state. Focusing on the Car
GSB, figure 3.12 shows the transient absorption spectra of pH 5 LD sample at different
times alongside the kinetics at 500 nm for all samples.
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Figure 3.12: TA data of LHCSR3 after excitation at 630 nm. (Left) spectra of pH 5 HD at different times, (Right)
normalized kinetics at 500 nm, showing the Car GSB. All kinetics were normalized at ≈500 fs after excitation.

In all samples (see figure 3.12 right) we see a buildup of the Car GSB in the first
hundreds of picoseconds which is more evident in the pH 5 samples as the TA signal
turns positive. At pH 5, the Car GSB signal is strong enough to prevail over the Chl a
PA and provokes the change of sign as opposed to pH 7.5 conditions. Overall, we see a
marked pattern in carotenoid GSB as more carotenoids bleach the lower the pH and the
higher the aggregation are. Remarkably, at late times we see a rising of the ∆A signal
due to the overlap of Car GSB signal with the Car triplet formation. Figure 3.13 shows
the transient absorption spectra of pH 7.5 HD sample at different times and the kinetics
at 510 nm for all samples.

Figure 3.13: TA data of LHCSR3 after excitation at 630 nm.(Left) Spectra of pH 7.5 HD at different times.
(Right) Normalized kinetics at 510 nm, showing the Car triplet formation. All kinetics were normalized at ≈500
fs after excitation.
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For all samples, we observe the formation of a PA signal at ≈510 nm on the long
timescale (see figure 3.13 right), corresponding to the absorption of 3Car*. As we saw
in chapter 1, carotenoid triplet state is populated via 3Chl*-3Car* energy transfer after
chlorophyll intersystem crossing (ISC) according to the scheme 1Chl*→ 3Chl*→ 3Car*.
Hence, the longer the population remains in the 1Chl* state, the more efficient the ISC
will be and subsequently the more 3Car* will be formed. This is exactly what we see
in our experimental data as the pH 7.5 HD sample (which was the one with the longer
Chl decay lifetime, figures 3.5 and 3.11) forms more carotenoid triplet than the pH 5 LD
sample (the most quenched one, figures 3.5 and 3.9).

One possible quenching mechanism of the chlorophyll excited state consists in an
energy transfer from the 1Chl* to the Car S1 state. S1 is a dark state, which implies
that we cannot see directly its PA from the Car ground state. However, we can detect S1

population indirectly as the S1 → Sn transition of the carotenoids falls into the 530-580
nm, depending on the carotenoid we are considering.104

The ultrashort lifetime of S1 state and the fact that S1 → Sn transition occurs in few
ps makes difficult the observation of S1, being visible only when it is highly populated. To
unveil the contribution of Car S1 in the overall 1Chl* quenching, we performed double
difference spectra by subtracting the spectrum at 500 fs from the spectrum at 5 ps.
Results of this operation are shown in figure 3.14 alongside with the kinetics at 570 nm.

Figure 3.14: (Left) Normalized TA double difference spectra obtained by substraction of the spectra at 500 fs from
the one at 5 ps following 630 nm excitation. Normalization done at the Chl a GSB peak. (Right) Normalized
kinetics at 570 nm in the first 10 ps, showing Car S1 → Sn transition. Normalization done at ≈300 fs after
excitation.

After spectra subtraction (figure 3.14 left), we see a positive signal from 550 to 590
nm for all samples which is more evident in pH 5 samples. pH 5 HD is the sample in
which this feature is more pronounced, observing a peak at ≈570 nm. Therefore, we
focused on the kinetics at this wavelength (figure 3.13 right) and we see a slight but clear
rising at early times in pH 5 samples as opposed to pH 7.5 ones. Thus we can say that
this weak dissipation channel is pH-dependent as it is only active at low pH conditions.
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TA data in the carotenoid region (480-570 nm) was properly fitted with three time
constants using a global analysis routine with Glotaran software.92 As described in chap-
ter 2, we assumed an unidirectional model in which each component decay sequentially
following the scheme 1→ 2→ 3... Fit results alongside its fitting errors are summarized
in table 3.3 while decay-associated spectra (DAS) of all samples are shown in figure 3.15.

τ1 (ps) τ2 (ps) τ3 (ps)

pH 7.5 HD 13.3± 0.1 105± 1 1547± 13
pH 5 HD 10.1± 0.1 80± 1 713± 6

pH 7.5 LD 11.1± 0.2 100± 1 678± 7
pH 5 LD 9.0± 0.1 69± 1 475± 2

Table 3.3: LHCSR3 global analysis fitting results for all samples in the 480-570 nm range.

Figure 3.15: DAS of the time constants found after global analysis in the visible for all samples.

We assign the calculated time constant as follows: a fast multiexponential buildup of
the carotenoid GSB in the first tens of picoseconds (τ1: ≈10 ps, τ2: 70-100 ps) and the
rise of the Car triplet state in the hundreds of ps (τ3: 500-1500 ps). It is important to
notice that the component associated with the carotenoid triplet state arise (τ3) becomes
faster the more quenched the sample is due to the shorter lifetime of 1Chl* state.
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All this data confirms the influence of carotenoids in the overall qE process as we
can correlate the lifetime shortening of 1Chl* (figures 3.5 right and 3.9 right) with the
buildup of the carotenoid GSB. Nevertheless, we can not provide conclusive evidence
about the quenching mechanism, as we are not able to distinguish if the Car GSB is
related to energy or charge transfer from chlorophylls to carotenoids.

As carotenoid radical cations absorb in the NIR region,104,106 we extended our ex-
periments to the 850-1050 nm spectral range to determine whether an electron transfer
to the photoexcited Chls is the reason for Car GSB or not. Figure 3.16 shows the TA
maps in the NIR range.

Figure 3.16: NIR TA maps of LHCSR3 in different quenching conditions after excitation at 630 nm.

We observe a positive band all over the spectral range with a maximum between 850
and 900 nm which becomes stronger at low pH conditions. This signal was previously
assigned to a 1Chl* PA101 process in which carotenoid radical cation formation is also
involved. Carotenoid radical cation formation is an ultrafast process that happens in
few ps,114 so we focused on the signal at early times. Figure 3.17 shows spectra of the
sample with the strongest Car GSB signal, pH 5 LD, at different times after excitation
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(see figure 3.12 right).
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Figure 3.17: NIR TA spectra of pH 5 LD sample at different times after excitation at 630 nm

At 20 ps after excitation, we see a clear buildup which is more evident at ≈880 nm
with respect to 1050 nm. As chlorophyll population decays within this time scale, this
signal must be related to the formation of the radical cation previously mentioned.

Even so, this information is not enough to determine which carotenoid is involved in
the process. To figure this out, we performed double difference spectra by subtracting
the 500 fs spectrum from another at 20 ps, when the radical cation is already formed.
This operation, alongside with TA kinetics at 870 nm for all samples are represented in
figure 3.18.

Figure 3.18: (Left) Double difference spectrum obtained by subtraction of the spectra at 500 fs from the one at
20 ps. Smoothed line in red (Right) Normalized TA kinetics at 870 nm for all samples. Normalization done at
870 nm for the spectrum and at ≈800 fs after excitation for the kinetics

Figure 3.18 left shows the resulting spectrum after the double difference operation
peaking at 870 nm, which is in very good agreement with the PA spectrum of a lutein
radical cation previously observed.115 Nevertheless, our limited spectral coverage does
not allow us to unequivocally determine if lutein is the only carotenoid involved as the
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radical cation of the other carotenoid present in LHCSR3, violaxanthin, peaks at 830
nm.115 TA kinetics at 870 nm (figure 3.18 right) shows that the radical cation is formed
in all cases but enhanced at pH 5 conditions, specially at LD concentration. On the
other hand, the radical cation is formed in the same amounts at pH 7.5 regardless of the
amount of detergent we use. Therefore, these results point out a clear pH dependence
in the radical cation formation.

TA data in the NIR region (880-1050 nm) was properly fitted with three time con-
stants following the same global analysis routine we used with the visible data. Fitting
results are shown in table 3.4 and decay-associated spectra (DAS) of all samples are
visible in figure 3.19.

τ1 (ps) τ2 (ps) τ3 (ps)

pH 7.5 HD 9.7± 0.2 71.4± 3.1 894.2± 12.5
pH 5 HD 10.0± 0.1 55.9± 0.5 770± 2.9

pH 7.5 LD 19.4± 0.5 86.7± 4.4 550.4± 8.7
pH 5 LD 10.1± 0.1 54.1± 1 408.5± 1.1

Table 3.4: LHCSR3 global analysis fitting results for all samples in the 880-1050 nm range

Figure 3.19: Decay-associated spectra of the time constants found after global analysis in all samples in the
880-1050 nm region
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Global analysis fitting was performed using three time constants for all samples.
These constants were assigned to a fast multiexponential buildup of the carotenoid rad-
ical cation in the first tens of picoseconds (τ1: ≈10 ps, τ2: 50-90 ps) and a longer decay
in the hundreds of ps timescale (τ3: 400-900 ps) associated to both carotenoid radical
cation and chlorophyll excited state decays. The fastest components, τ1 and τ2, match
very well with those found in the global analysis performed in the visible and related to
the buildup of the Car GSB signal at 500 nm (see figure 3.11 and table 3.3). We can thus
conclude that the buildup of the PA signal in the NIR and the Car GSB in the visible
are proof of the radical cation formation and define electron transfer from carotenoids
to chlorophyll as a significant quenching mechanism which is enhanced at low pH and
high protein aggregation conditions.

3.3 Discussion

According to the signals discussed in the previous section, we can propose a model which
explains 1Chl* de-excitation. The model is shown in the Jablonski diagram in figure 3.20.

Figure 3.20: 1Chl* de-excitation pathways after selective excitation at 630 nm.

This model starts with a Chl a GSB at 680 nm and a concomitant Car GSB with
a maximum around 500 nm. From this point, 1Chl* population can follow several
pathways. In a short timescale, we can observe an energy transfer from the 1Chl* to Car
S1 states in the visible range and an electron transfer from carotenoids to chlorophylls
happening in the NIR. In a longer timescale, however, 1Chl* can undergo intersystem
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crossing and generate 3Chl*. Thus, we observe a carotenoid triplet formation through
a 3Chl* → 3Car* energy transfer. In this model, the main quenching mechanisms in
LHCSR3 are the electron transfer from carotenoids to chlorophylls and a weak energy
transfer from 1Chl* to Car S1 state. These mechanisms work simultaneously and are
observed in all pH and detergent conditions, implying that these pathways are always
active but enhanced by low pH and low detergent concentrations. Figure 3.21 shows a
brief scheme of the quenching mechanisms happening in LHCSR3 after Chl a excitation
at 630 nm.

Figure 3.21: 1Chl* quenching mechanisms in LHCSR3 after selective excitation at 630 nm.

These two mechanisms were recently observed in vivo for LHCX1 in Nannochloropsis
oceanica105 while only 1Chl* to Car energy transfer was reported in vitro for LHCSR1
from Physcomitrella patens.104 Nevertheless, in both proteins the presence of zeaxanthin
was key in the activation of these mechanisms. Energy transfer was also reported in
trimeric LHCII but only in aggregation conditions.97

Here, we presented the case of in vitro LHCSR3 from Chlamydomonas Reinhardtii,
in which both carotenoid radical cation and energy transfer to the carotenoid S1 state
are observed at low pH conditions and regardless the presence of zeaxanthin or protein
aggregation. However, these quenching mechanisms are not enough to entirely explain
LHCSR3 quenching activity, since we see that the pH 7.5 LD sample is more quenched
than pH 5 HD one as opposed as we could expect considering that both processes happen
predominantly at low pH.

Therefore, protein-protein interaction must constitute an additional quenching mech-
anism which is stronger at low detergent conditions, where LHCSR3 simulates its in
vivo activity.76 Several works have reported aggregation-dependent quenching mech-
anisms93,97,116,117 under in vivo and in vitro conditions for different LHC complexes
in higher plants. These mechanisms are characterized by the appearance of a far-red
fluorescence in leaves.118 In quenched cells of C. Reinhardtii, however, this far-red fluo-
rescence was not observed.119

In our case, both TRF and TA data reveal the presence of the aggregation-related
quenching mechanism as we see 1Chl* decay components in the first hundred of picosec-
onds timescale in LD conditions which become more important at pH 5 (Figures 3.5
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and 3.9). These results agree with those found on in vitro LHCSR1 from Physcomitrella
Patens in LD conditions,104 as they associated a sub 100 ps decay component to the
formation of aggregates due to its red-shifted spectrum. Furthermore, a previous work
on LHCII in vitro showed that, apart form the 1Chl* → Car S1 energy transfer path-
way, the principal quenching mechanism related to aggregation was the formation of a
Chl-Chl transfer state,93 which could explain the strong quenching we are observing in
the LD samples.

With all the reasons exposed before, we can propose a quenching model for LHCSR3
in which lumen acidification triggers qE in the protein, switching it to a highly quenched
state where protein-protein interactions and charge transfers from carotenoids to chloro-
phylls are the main quenching mechanisms.

66



Chapter 4

Non-photochemical quenching on
Chlamydomonas Reindhartii
mutant

In previous chapters, we pointed out the importance of LHCSR3 protein in NPQ induc-
tion as it serves both as a pH sensor and as a quencher. Briefly, we studied the quencher
aspect of the protein and proposed a model in which the main quenching mechanisms on
wild type C. Reinhardtii were a charge transfer from carotenoids to chlorophylls and a
non-radiative protein-protein interaction. Charge transfer mechanism was observed as a
carotenoid radical cation and a chlorophyll radical anion formation. Protein-protein in-
teraction (referred as protein aggregation) was observed as a strong detergent-dependent
quenching in the1Chl* de-excitation both in TRF and TA (see figures 3.5 (right) and
3.10 (right)). Nevertheless, we did not deepen into the pH sensing ability of LHCSR3.

Liguori et al. and Ballottari et al. showed in their respective works76,77 that pH
sensing is performed in LHCSR3 thanks to the presence of eight carboxylic acid groups
facing the lumenal part of the thylakoids (four glutamic acid and four aspartic acid
residues) in the C-terminus part of the proteins. In both works, the authors also study
how pH sensing suppression affects the photophysics of LHCSR3 in C. Reindhartii. To
do so, they compared the dynamics of the fluorescence decay at 680 nm between a wild
type strain of LHCSR3 and a mutant with no pH sensing functions at two pH values:
acid and neutral. pH sensing suppression was achieved either by the removal of all
acid groups76 or by the exchange of those groups for new ones which are insensitive to
pH changes (glutamine and asparagine).77 In both cases, the fluorescence kinetics of
the mutant strain did not show any remarkable differences at the two pH conditions as
opposed to the wild type strain, pointing out the sensitivity of the C-terminus group as
a pH sensor and its qE induction capabilities.

In this chapter, we compare the spectroscopic properties in acid (pH=5) and neutral
pH (pH=7.5) between wild type C. Reindhartii LHCSR3 protein and a mutant in which
all acid groups are replaced by a non pH sensitive residue, bm6. For simplicity, we
will refer at these two proteins as WT (wild type) and bm6 (mutant bm6). Section 4.1
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is focused on the experimental results obtained using TRF and TA techniques on the
wild-type and the bm6 mutant while section 4.2 is dedicated to the discussion of the
results.

4.1 Experimental results

4.1.1 Sample preparation and characterization

The amplification of LHCSR3 coding sequence was done using the same protocol ex-
plained in chapter 3. Very briefly, LHCSR3 coding sequence was amplified using high
light adapted C. Reindhardtii complementary DNA, cloned into an expression vector
and then LHCSR3 cells were overexpressed using E. coli cells. Finally, LHCSR3 was
purified as an inclusion body and refolded in vitro with pigment addition to get the final
LHCSR3 holoprotein as previously reported.109 Pigment composition and structure of
the refolded protein can be seen in table 4.1 and figure 4.1.

As we saw in the previous chapter, aggregation plays a significant role in LHCSR3
dynamics. We used a solution of 0.03% n-dodecyl-αD-maltoside (α-DM) as a detergent
for two reasons: (i) to recreate the high detergent conditions we used in the previous
chapter and (ii) to be able to do a relative comparison between the results obtained in
this work and the results obtained in the previous chapter. pH was set using 20 mM
solutions of pH 7.5 or pH 5 comercial buffer (HEPES). bm6 mutants were created from
the wild type following the protocol described in previous works.77

Pigment Chls Chl a Chl b Cars Vio Lut

WT 7.00 6.85 0.15 7.00 4.14 2.86
bm6 7.00 5.87 1.13 6.81 4.39 2.42

Table 4.1: Refolded LHCSR3 pigment analysis.

Figure 4.1: LHCSR3 bm6 mutant structure. bm6 group represented as yellow circles.
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LHCSR3 WT and the bm6 mutant were then characterized by steady-state absorp-
tion spectroscopy. Absorption spectra normalized at the chlorophyll absorption peak in
the Qy band is shown in figure 4.2.

Figure 4.2: Steady-state absorption spectrum of LHCSR3 at room temperature. Normalization done at the peak
of the Qy absorption band (≈680 nm).

From figure 4.2, we observe the two typical Chl a absorption bands: one from 350 to
500 nm with a peak around 430 nm corresponding to the Soret band and the Qy band
peaking around 680 nm and a higher vibrational band at ≈630 nm.

Both LHCSR3 WT and bm6 were further characterized using steady-state fluores-
cence spectroscopy. Figure 4.3 shows the results of both proteins at different excitation
wavelengths.
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4.1. Experimental results

Figure 4.3: Steady-state emission spectra of LHCSR3 WT and bm6 mutant with excitation at 440 (left) and 475
nm (right), respectively.

For all samples, we observe the typical Chl a fluorescence emission range between
650 and 800 nm, with a peak at ≈685 nm and a shoulder around 725 nm, regardless the
excitation wavelength.

4.1.2 Time resolved fluorescence

TRF measurements were performed with the setup described in chapter 2 with the same
technical features we selected in chapter 3. Briefly, we chose 430 nm as the excitation
wavelength to match the Soret band absorption. This wavelength is obtained after SHG
of a 860 nm fundamental excitation source so we removed the residual pump light by
placing a longpass filter with a cutoff at 700 nm (BG40). In order to remove the residual
430 nm excitation light after the sample, we placed a longpass filter with a cutoff at
495 nm (LP495). Also, temperature was set at 12◦C to guarantee protein structural
stability. Experimental maps of LHCSR3 WT and bm6 can be seen in figure 4.4.
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Figure 4.4: TRF maps of LHCSR3 WT and bm6 mutant in different quenching conditions after excitation at 430
nm.

In figure 4.5, we can see the spectra and kinetics of all samples after integrating all
over the temporal window and between 650 and 760 nm, respectively.

Figure 4.5: Time-resolved fluorescence spectra (left) and kinetics (right) of LHCSR3 WT and bm6 mutant samples
at ≈12◦C (pH 5 samples shown in red; pH 7.5 samples shown in black). Fittings of the experimental kinetics are
also shown in the right panel as dashed gray lines.
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From figure 4.5 (right), we can observe that pH variation affects considerably the
overall LHCSR3 lifetime, being the lifetime shorter the lower the pH is, either for the
wild type and for the bm6. Also, for both pH conditions we see that the bm6 mutant
shows a longer lifetime than the wild type. Results of biexponential kinetic fitting are
shown in table 4.2 alongside with the average lifetime (τavg=ΣAiτ i) obtained for all
samples.

A1 (%) τ1 (ps) A2 (%) τ2 (ps) τavg (ps)

pH 7.5 WT 37 498 63 9762 6437
pH 5 WT 49 386 51 3297 1871

pH 7.5 bm6 37 582 63 9996 6513
pH 5 bm6 44 478 56 6197 3681

Table 4.2: LHCSR3 WT/bm6 mutant biexponential fitting results for all samples

It is noticeable that our fitted τavg for the wild type here differs from the results of the
high detergent wild type samples obtained in the previous chapter. As we saw, samples
dynamics are very sensitive to environmental changes so it is reasonable to think that
sample treatment can induce some changes in their dynamics. In this sense, we decided
to remeasure the wild type strain from which the bm6 mutant was obtained to do a
consistent comparison between the wild type and the bm6 mutant. In any case, in a
qualitative aspect, we see the same results we observed in chapter 3.

4.1.3 Transient absorption measurements

Transient absorption measurements were performed in the setup described in chapter 2
with the settings described in chapter 3. Briefly, the pump wavelength was set at 630 nm
to selectively excite the higher vibrational band of the Qy state of chlorophyll a and the
probe consisted in a broadband white light between 450 and 750 nm. Pump beam was
further modulated by a chopper and its polarization was selected to match the magic
angle condition with respect to the probe beam. Finally, samples temperature was set at
≈12 oC to avoid protein degradation. In the previous chapter, we saw that chlorophyll
singlet-singlet annihilation can cause distortions in the kinetics of our samples.110 In
order to do a correct analysis of the LHCSR3 kinetics, we first did fluence dependence
measurements on our samples to choose a safe value for each one. Figure 4.6 shows the
kinetics measured at the chlorophyll a GSB peak at ≈680 nm.
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Figure 4.6: Fluence dependence of LHCSR3 WT and bm6 mutant. Normalized kinetics at the Chl a GSB peak
(≈680 nm) after excitation at 630 nm for all samples.

Singlet-singlet annihilation kinetics-distorting effects are noticeable at values above
15 µJ/cm2, so we selected 7 µJ/cm2 as a safe fluence value for WT pH 7.5 and ≈2
µJ/cm2 for all the other samples (the specific fluences used in each measurement are
shown in bold in the legend of their respective graph in figure 4.6). As a remark, fluence
dependence measurements have shorter acquisition times than the final measurements,
therefore the fluence dynamics at 680 nm show a worse signal to noise ratio than the
final measurements. Once we set the correct fluence values for all samples, we performed
TA measurements in the visible (450-750 nm). TA maps for all samples are shown in
figure 4.7.
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Figure 4.7: TA maps of LHCSR3 WT and bm6 mutant in different quenching conditions after excitation at 630
nm

Similarly to what we saw in the previous chapter, TA maps show two characteristic
features: a strong negative peak around 680 nm and a broad positive band from 450
to 600 nm. The 680 nm signal comes from the chlorophyll a ground state bleaching
(GSB) and its stimulated emission (SE) while the signal between 450 and 600 nm can be
attributed to 1Chl* photoinduced absorption (PA). In addition, some pump scattering
can be observed at 630 nm.

We then looked at the LHCSR3 carotenoid activity region (450-600 nm). Spectra of
all samples at different time delays can be seen in figure 4.8.
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Figure 4.8: TA spectra of LHCSR3 WT and bm6 mutant between 450 and 600 nm. Spectra were obtained at
different times after excitation at 630 nm for all samples. Inset: TA spectra for all samples in the 450-750 nm
range at the different times after excitation, showing the Chl a GSB peak at ≈680 nm. All spectra are normalized
to their respective Chl a GSB peak at 500 fs.

Spectra at early times in this region are characterized by two minima at ≈470 and
≈500 nm, being the 470 nm peak only visible at pH 5 conditions. The energy difference
between these two peaks is ≈1360 cm-1, which agrees with the energy gap between 0-
0 and 0-1 vibrational bands of the carotenoid absorption spectra111 and therefore, we
can assign this wide band to a carotenoid bleaching. From figure 4.8, we can see that
carotenoid GSB signal at 500 nm is more intense at pH 5 than at pH 7.5 for both the
WT and the bm6 mutant. Nevertheless, the most evident spectral difference between
pH 5 and pH 7.5 samples is the formation of a carotenoid triplet at ≈510 nm120 at longer
times. We see the signal at both pH conditions, however its intensity is stronger at pH
7.5 than at pH 5.

Focusing in the kinetics of our samples, we start with the Chl a GSB peaking around
680 nm. Kinetcs of this signal alongside with a detailed spectral analysis are shown in
figure 4.9.
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Figure 4.9: LHCSR3 WT/bm6 mutant Chl a GSB features: spectra (left) and kinetics (right) of all samples at
≈12◦C (pH 5 samples shown in red; pH 7.5 samples shown in black).

Transient absorption kinetics at the Chl a peak (figure 4.9 right) show similar results
than those obtained from TRF: pH constitutes the main quenching factor in chlorophyll
GSB as we observe a faster decay at low pH and also mutant bm6 exhibits a longer
lifetime than the wild type regardless the pH conditions. Regarding TA spectra (figure
4.9 left), at low pH, the mutant shows a red shift in its maximum and peaks at 684 nm
as opposed to the 677 nm maximum found in the other samples. Also, the WT pH 5
sample shows a broader spectrum that is not seen in the other samples.

Peaks broadening and red shifting effects at low pH can be explained considering
that low pH conditions induce protein aggregation.121 To estimate samples’ level of
aggregation, we observed the intensity of the scattered light at the pump wavelength
(630 nm) at 200 ps after excitation. Results are shown in figure 4.10:

Figure 4.10: LHCSR3 TA normalized spectra at 200 ps showing the pump scattering at 630 nm (pH 5 samples
shown in red; pH 7.5 samples shown in black). All spectra were normalized at its respective chlorophyll emission
maximum.
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From figure 4.10, we can see that the pump scattering is more relevant at pH 5 as
opposed to pH 7.5 for the WT and especially for the bm6 mutant. Chlorophyll GSB
peak broadening/shifting are thus produced by pH-induced protein aggregation.

In the previous chapter, we saw carotenoid bleaching and triplet formation between
480 and 575 nm so we focused on that specific spectral region. TA maps for all samples
can be seen in figure 4.11.

Figure 4.11: TA maps of LHCSR3 WT and bm6 mutant in the carotenoid activity region (480-575 nm) at different
quenching conditions after excitation at 630 nm.

Figure 4.11 shows an overall positive ∆A signal all over the 480-575 nm range with
a maximum at longer times around 510 nm for all samples. This signal (which is more
prominent at pH 7.5) cannot come exclusively from the broad PA of 1Chl* and therefore
it is attributed to the absorption of the carotenoid excited triplet state.95,104,111 It is
also important to consider that the previously observed signal at 500 nm at early times
and assigned to carotenoid GSB here is not so strong but it is still visible. Similarly
to what we saw in the previous chapter, the fact that the chlorophylls and carotenoids
couple immediately after excitation is a sign of an ultrafast electrochromic shift of the
carotenoid S2 state is happening.103,104,112,113 Regarding carotenoid GSB, figure 4.12
shows the dynamics of all samples at 500 nm in the first 250 ps:

77



4.1. Experimental results

Figure 4.12: TA data of LHCSR3 after excitation at 630 nm. Normalized kinetics at 500 nm, showing the Car
GSB (pH 5 samples shown in red; pH 7.5 samples shown in black). All kinetics were normalized at ≈500 fs after
excitation.

In figure 4.12 we see the carotenoid GSB pH dependence: both the WT and the bm6
mutant have a stronger relative increase of carotenoid GSB at pH 5 respect to pH 7.5.
Also, bm6 mutant and WT present nearly identical kinetics in this timescale. Another
aspect to point out in this data is the fact that here we do not observe a change of sign
in the overall ∆A signal in the first hundreds of ps, implying that now the Car GSB
signal is not strong enough to overcome the Chl a PA and therefore, the signal at 500
nm remains positive. Figure 4.13 shows the kinetics at 510 nm (wavelength which is
representative of carotenoid triplet formation) for all samples:

Figure 4.13: TA data of LHCSR3 after excitation at 630 nm. Normalized kinetics at 510 nm, showing the
carotenoid triplet formation (pH 5 samples shown in red; pH 7.5 samples shown in black). All kinetics were
normalized at ≈500 fs after excitation.

The broad 1Chl* PA signal in the 450-600 nm region provokes that the signal at
510 is a mix between the Car GSB and the Car triplet formation. For that reason, at
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early times we see the carotenoid bleaching signal following the same pH dependence we
observed in figure 4.12: carotenoids bleach more at pH 5 than at pH 7.5. On the other
hand, kinetics at longer times show that more carotenoid triplet is generated at pH 7.5
than at pH 5 conditions. Carotenoid triplet state is populated via 3Chl*-3Car* energy
transfer after a chlorophyll intersystem crossing (ISC) from its excited singlet state so,
the longer the chlorophyll remains in the singlet state, the more efficient the intersystem
crossing will be. According to TRF and TA measurements, the lifetime of both WT and
mutant bm6 is longer at pH 7.5 than at pH 5 (see figures 4.5 right and 4.9 right) and
subsequently, more carotenoid triplet is formed at low pH.

Chlorophyll excited state quenching can also be explained considering an energy
transfer from the 1Chl* to the carotenoid S1 state. As we saw in the previous chapter,
this dissipation channel is not so prominent as it is usually weak and hard to detect.
To monitor the carotenoid S1 state population, we have to look at the Car S1→ Sn

transition appearing between the 530 and 580 nm.104 As S1→ Sn transition is very
difficult to detect using pump-probe techniques (it is only visible when the S1 state
is highly populated104), we performed a double difference spectra by subtracting the
spectrum at 500 fs from the spectrum at 5 ps to search for the signal. Results for all
samples are shown in figure 4.14 together with their kinetics at 570 nm in the first 10
ps, when the ultrafast S1→ Sn transition happened.

Figure 4.14: TA data of LHCSR3 after excitation at 630 nm. Normalized kinetics at 570 nm, where S1→ Sn

transition occurs (pH 5 samples shown in red; pH 7.5 samples shown in black). All kinetics were normalized at
≈500 fs after excitation.

After double spectra subtraction (figure 4.14 left), we see an overall negative weak
signal, which is typical for a decaying signal. The negative signal seems to have a
minimum at ≈570 nm so we studied the kinetics at that specific wavelength (figure 4.14
right). Here we do not see any significant PA at early times, so we do not have enough
spectroscopic evidence to support the idea of a 1Chl*→ Car S1 transition as a valuable
candidate for 1Chl* de-excitation. At the same time, it is possible that this transition is
indeed occurring but we are not seeing it because its signal is lower that our technique
sensitivity, so we cannot completely exclude the possibility of 1Chl*→ Car S1 happening
in our samples.
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Transient absorption data in the visible (450-600 nm) was fitted with three time
constants using a global analysis with Glotaran software92 following the same protocol we
presented in chapter 3. Very briefly, we chose an unidirectional and sequentially decaying
model in which energy is transferred from one species to the following one according to
the model 1 → 2 → 3. Time constants obtained after global fitting alongside with their
fitting errors are shown in table 4.3. Additionally, the decay-associated spectra for all
samples are shown in figure 4.15.

τ1 (ps) τ2 (ps) τ3 (ps)

pH 7.5 WT 9.4± 0.3 128± 2 2325± 89
pH 5 WT 7.3± 0.5 45± 2 891± 16

pH 7.5 bm6 21.9± 0.5 172± 5 4515± 207
pH 5 bm6 12.9± 0.4 69± 2 1251± 32

Table 4.3: LHCSR3 WT/mutant bm6 global analysis fitting results for all samples in the 450-600 nm range.

Figure 4.15: Decay-associated spectra in the visible of the time constants found after global analysis.
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These results match very well with those obtained for the LHCSR3 wild type at
high detergent conditions (see chapter 3, table 3.3 and figure 3.19). Similarly to what
we saw in the previous chapter, we can assign the calculated time constants to a fast
biexponential buildup of the carotenoid GSB happening in the first hundreds of ps (τ1=
10-20 ps, τ2= 50-170 ps) and the rise of the carotenoid triplet state occurring in a longer
timescale (τ3=900-4500 ps). Also, these results allow us to correlate the 1Chl* lifetime
shortening we saw both in TRF and TA (figures 4.7 (right) and 4.9 (right)) with the
buildup of the Car GSB.

In chapter 3, we observed a carotenoid-chlorophyll charge transfer happening in the
NIR region as the main 1Chl* quenching mechanism so we performed measurements in
the 850-1050 nm region, where carotenoid radical cations absorb.104,106 Also, as radical
cation formation happens in few ps, we limited our experimental time window to 200
ps. TA maps of all samples are shown in figure 4.16.

Figure 4.16: TA maps of LHCSR3 WT and bm6 mutant in the NIR region at different quenching conditions after
excitation at 630 nm.

We see a positive broadband that extends all over our experimental window with
a maximum between 850 and 900 nm that can be linked to a radical cation formation
in all cases. Figure 4.17 shows the NIR spectra of each sample at different times after
excitation.
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Figure 4.17: TA spectra of LHCSR3 WT and bm6 mutant at different times after excitation at 630 nm. (Top
left): pH 7.5 WT, (Top right): pH 5 WT, (Bottom left): pH 7.5 bm6, (Bottom right): pH 5 bm6.

In all cases, we see an increase of the positive signal by comparing the spectra at
20 ps and 500 fs, which becomes more important at pH 5. Chlorophyll decays within
this timescale, so we can correlate this signal with a 1Chl* photoinduced absorption101

and more specifically, with the formation of a carotenoid radical cation. Supporting this
point, we have the particular case of WT pH 5 (figure 4.17 top right), in which we can
see that the intensity of the signal decreases abruptly after 200 ps. This faster decay
matches with the faster dynamics previously observed both in TRF and TA. In order
to conclude which one is the carotenoid involved in the process, we performed a double
difference spectrum. This operation is represented in figure 4.18:
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Figure 4.18: (Left) Normalized NIR double difference spectrum obtained by substraction of spectra at 500 fs from
the spectrum at 20 ps in pH 5 samples. (Right) Carotenoid radical cation formation kinetics obtained at 880 nm
(pH 5 samples shown in red; pH 7.5 samples shown in black). Normalization done at ≈500 fs after excitation.

After double difference subtraction (figure 4.18 left), we see a well defined peak
appearing around 880 nm for both the wild type and the mutant bm6 samples. This
result matches with the PA spectrum of lutein previously found in chapter 3, so we can
assign the signal in the NIR to the formation of a lutein radical cation.115 The formation
of this radical cation is indeed pH dependent as we see the carotenoid radical cation
formation in more extension at pH 5 as opposed to pH 7.5 (see figure 4.18 right). Also,
it is important to notice that both wild type and bm6 show similar kinetics regardless
the pH we consider.

Transient absorption data in the NIR (850-1050 nm) were fitted with two time con-
stants using the same global analysis routine we used in the analysis of the visible TA
data. Results are summarized in table 4.4 and the decay-associated spectra are shown
in figure 4.19

τ1 (ps) τ2 (ps)

pH 7.5 WT — 248± 9
pH 5 WT 22.5± 0.7 140± 10

pH 7.5 bm6 7.0± 0.3 —
pH 5 bm6 20.5± 0.2 469± 72

Table 4.4: LHCSR3 WT/mutant bm6 global analysis fitting results for all samples in the 850-1050 nm range
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Figure 4.19: NIR Decay-associated spectra of the time constants found after global analysis.

We thus assign these time constants to a biexponential buildup of the carotenoid
radical cation happening in the first hundreds of picoseconds (τ1≈10-30 ps, τ2≈100-500
ps). These results match reasonably well with the first two time constants found during
the visible global analysis and assigned to a Car GSB signal (see table 4.3). Therefore,
we can conclude that lutein plays a key role in 1Chl* de-excitation. A pH-dependent
charge transfer from the lutein to the excited chlorophyll constitutes the main quenching
mechanism in both the LHCSR3 wild type and the bm6 mutant.
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4.2 Discussion

In the previous chapter, we conclude that the main quenching mechanisms in the LHCSR3
protein of wild type C. Reinhardtii were the Car-Chl charge transfer, a non radiative
protein-protein interaction and to a lesser extent, a 1Chl*→Car S1 energy transfer.

Here we report the case of a LHCSR3 mutant in which all the acid groups present
in the C-terminus are substituted by bm6, a pH insensitive group. Previous works also
explored the possibility of a pH insensitive LHCSR3 mutant either by subtraction117 or
substitution77 of the C-terminus acid groups. After time-resolved fluorescence measure-
ments, the authors did not see any significant differences between the overall lifetimes
of the mutants at different pH. In our case, however, we observe an effect of the pH
in the overall lifetime of both LHCSR3 WT and its bm6 mutant (figures 4.12 and 4.18
(right), respectively) as we see a clear quenching of the protein kinetics the lower the
pH is. Also, we observed that the bm6 mutant showed a longer lifetime than the WT,
regardless the pH value considered.

Regarding the quenching mechanisms of 1Chl*, we saw huge similarities in the Chl-
Car interactions between the WT and the bm6 mutant as we see similar spectra (figures
4.8 and 4.18) and kinetics (figures 4.13, 4.14 and 4.15 (right) and 4.19 (right)) both in
the visible and the NIR. Furthermore, we did not observe the 1Chl*→ Car S1 transition
as no Car S1→ Sn is observed in the 530-580 nm region. Due to carotenoid S1 state short
lived nature, it is not easy to identify if the carotenoid S1 → Sn transition is happening
or not, so we cannot exclude 1Chl* → Car S1 energy transfer as a possible quenching
mechanism.

Finally, NIR TA studies revealed the formation of a lutein radical cation in all cases
(with a predominant formation at low pH) that agrees with previous works performed on
a similar protein, LHCSR1.74 No kinetic differences are appreciated between the mutant
and the wild type.

pH itself can cause aggregation121 and thus it could explain the observed quenching.
In fact, we saw in figure 4.10 that there is a strong pump scattering at pH 5 for both WT
and mutant bm6. Even so, protein aggregation cannot explain why at pH 7.5, where the
pump scattering is similar for both samples, bm6 lifetime is longer than the WT one.
Therefore, there must be a carotenoid-free pathway that explains this lifetime difference.

A longer chlorophyll lifetime can be explained considering a non-aggregation related
Chl-Chl interaction which is present both in the wild type and the bm6 mutant proteins.
In this sense, we can hypothesize that this Chl-Chl interaction is stronger in the wild
type than in the bm6 mutant and thus, the lifetime of the bm6 mutant is longer than
the lifetime of the wild type.

To sum up, in this work we have studied the effects of C-terminal acid group sup-
pression on C. Reinhardtii LHCSR3 at different pH values. In all cases, we found the
formation of a lutein radical cation via Car-Chl charge transfer as the main quenching
mechanism. However, mutant protein bm6 seems to manifest a Chl-Chl interaction that
we cannot detect with the shown techniques and provokes an increment of the Chl bm6
mutant lifetime.
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Structure at 2.8 â resolution of f1-atpase from bovine heart mitochondria. Nature,
370(6491):621–628, 1994.

[20] R. E. McCarty, Y. Evron, and E. A. Johnson. The chloroplast atp synthase: A
rotary enzyme? Annual Review of Plant Physiology and Plant Molecular Biology,
51(1):83–109, Jun 2000.

[21] Daniel I. Arnon. Ferredoxin and photosynthesis. Science, 149(3691):1460–1470,
1965.

[22] James A. Bassham, Andrew A. Benson, and Melvin Calvin. The path of carbon
in photosynthesis: Viii. the rôle of malic acid. Journal of Biological Chemistry,
185(2):781–787, Aug 1950.
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[95] Tomás Poĺıvka and Harry A. Frank. Molecular factors controlling photosynthetic
light harvesting by carotenoids. Accounts of Chemical Research, 43(8):1125–1134,
Aug 2010.

[96] Harry A. Frank, Agnes Cua, Veeradej Chynwat, Andrew Young, David Gosztola,
and Michael R. Wasielewski. Photophysics of the carotenoids associated with
the xanthophyll cycle in photosynthesis. Photosynthesis Research, 41(3):389–395,
1994.

[97] A.V. Ruban, R. Berera, C. Ilioaia, I.H.M. van Stokkum, J.T.M. Kennis, A.A.
Pascal, H. van Amerongen, B. Robert, P. Horton, and R. van Grondelle. Iden-
tification of a mechanism of photoprotective energy dissipation in higher plants.
Nature, 450(7169):575–578, 2007.

[98] H. Staleva and M. et al. Komenda, J.and Shukla. Mechanism of photoprotection in
the cyanobacterial ancestor of plant antenna proteins. Nat Chem Biol, 11:287–291,
2015.

[99] Tomasz Niedzwiedzki, Dariusz M.and Tronina, Haijun Liu, Hristina Staleva,
Josef Komenda, Roman Sobotka, Robert E. Blankenship, and Tomás Poĺıvka.
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