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1 Photosynthesis

Assimilation of CO2 in the form of an organic compound, with solar radiation as energy 

source, occurred on Earth some 3.5 billion years ago [1–3], first as an anoxygenic process 

and later its oxygenic version began, most probably in cyanobacteria [4]. The term 

“photosynthesis” was first proposed by Charles Barnes in 1893 to depict a process of 

“synthesis of complex carbon compounds out of carbonic acid, in the presence of chlorophyll, 
under the action of light” [5,6]. This definition stemmed from earlier observations described 

by several scientists: Jan Ingenhousz found that this process requires light, while Jean 

Senebier identified CO2 and Nicolas de Saussure water as the substrates. On the product 

side, besides the increased biomass of a plant, molecular oxygen was identified by Joseph 

Priestley. In the 1930s research by Cornelis van Niel led to the crucial discovery that 

photosynthesis is a reduction-oxidation (redox) process [7]. Robin Hill designed experiments 

which confirmed that these phenomena are separable [8]. As a result, the following basic 

equations for the overall chemistry of photosynthesis were established:

2H2A → 2A + 4e- + 4H+

CO2 + 4e- + 4H+ → (CH2O) + H2O

Where A is for example S or O.

Around the time of the work by van Niel and Hill, Robert Emerson and William Arnold started 

studying photosynthesis by means of short light flashes. With this approach they identified 

that photosynthesis involved a rapid light-dependent and temperature-independent stage as 

well as a slower light-independent and temperature-dependent stage. Another remarkable 

finding of Emerson and Arnold was that during photosynthesis one O2 molecule is evolved 

per ≈ 2500 chlorophyll molecules [9], as opposed to the earlier view that each chlorophyll 

molecule gives rise to production of one oxygen molecule. This observation was possibly 

the first experimental proof of existence of antenna complexes in the photosynthetic 

apparatus. Consequently, it led to a concept of a photosynthetic unit (PSU) in which Hans 

Gaffron and Kurt Wohl made distinction between chlorophylls which transfer excitation 

energy and a ‘photoenzyme’ [10]. The existence of the latter was later proven by Louis 

Duysens [11] and named reaction centre. With his discoveries in late 1950s, Emerson 

showed moreover that chlorophylls absorbing the far-red part of spectrum alone are not 

as efficient in driving photosynthesis as the ones absorbing at shorter wavelengths (the 

so-called red drop effect) [12], however if the red and the far-red light were combined, the 

resulting yield of photosynthesis was higher than simple summation of the yields obtained 

with independent red and far-red illumination (the so-called Emerson enhancement effect) 

[13]. These results indicated the existence of two photosystems working in series and each 

having a chlorophyll bed with different spectral properties. Experimental evidence for this 

interpretation of Emerson’s results came primarily through work of Bessel Kok and George 
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Hoch, Louis Duysens and co-workers [14] and Horst Witt and co-workers [15]. In 1960 

Robin Hill and Fay Bendall published a paper in which they proposed for the first time a 

serial work of two different photosystems and presented the major transitions therein on 

an energy diagram, the so-called Z-scheme [16]. Production of ATP during photosynthesis 

was discovered by Daniel Arnon and co-workers in 1954 [17], while the chemi-osmotic 

hypothesis explaining the mechanism was developed by Peter Mitchel [18], who received for 

his work a Nobel prize. Another Nobel prize awardee working on photosynthesis around that 

time was Melvin Calvin who, together with Andrew Benson and James Bassham, provided 

detailed description of the enzymatic path of CO2 assimilation [19,20], named thereafter 

Calvin-Benson–Bassham cycle.

The above mentioned and many more outstanding studies resulted in the following general 

picture of the process of photosynthesis: upon absorption of light by chlorophyll or other 

photosynthetic pigments residing (mainly) in antenna complexes, the excitation energy is 

transferred towards a special pair of chlorophylls. This resonance transfer is exclusively 

a physical process (section 5.1). Thanks to a specific arrangement of the special pair and 

other cofactors comprising the reaction centre the excitation energy is used for charge 

separation. This path is thus far similar in photosystem I (PSI) and in photosystem II (PSII). 

In PSII the electron resulting from the photochemical event is further transported in a 

series of reduction-oxidation processes towards PSI. The intermittent hosts of the electron 

include mobile plastoquinones (reduced to plastoquinoles), followed by cytochrome b6f 
and subsequently another mobile electron carrier – plastocyanin. The electron created by 

charge separation in the PSI reaction centre is on the other hand transported via ferredoxin 

and then ferredoxin-NADP reductase to finally reduce the NADP+ to NADPH. The oxidized 

reaction centre of PSI (P700+) is re-reduced by an electron transported from PSII. The 

positive charge left behind in the PSII reaction centre is replenished by electrons coming 

from water molecules that split in the oxygen-evolving complex of PSII. As a result of the 

latter process molecular oxygen and protons are released into the lumen. According to the 

chemi-osmotic theory, the electron transport from PSII to PSI brings about the transport of 

protons across the photosynthetic membrane into the stroma and the developed potential 

is further utilized to drive production of ATP by ATP-synthase. Finally, NADPH and ATP, two 

products of the light-dependent phase of photosynthesis, are used in CO2 assimilation in 

the Calvin-Benson-Bassham cycle.

As described above, the heterogeneity of the photosynthetic apparatus was indicated already 

since 1930s through experiments combining light with manometry. Premises occurred for 

the presence of light-harvesting components, separate units performing photochemistry 

[9,10] and two different photosystems working in series [12,13]. A natural next step was thus 
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an attempt to biochemically isolate and characterize the subunits composing photosynthetic 

apparatus. First successful biochemical separations of PSI- from PSII-related complexes 

were achieved in 1960s by J.S.C. Wessels [21], Keith Boardman and Jan Anderson [22], Teruo 

Ogawa and co-workers [23] and Phil Thornber and co-workers [24]. Within the following few 

years the polypeptide components of PSI and PSII were catalogued (e.g. [25,26]). Along with 

the biochemical characterization, structural aspects of photosynthetic membranes as well as 

the arrangement of pigment-protein complexes therein have been studied since early 1960s, 

mainly by means of electron microscopy [27–30]. Advancement in protein crystallization and 

especially establishing methods to crystalize membrane proteins made it possible to resolve 

structures of the major membrane-embedded components of photosynthetic apparatus: 

photosystem I [31–34], photosystem II [35], light-harvesting complex II (LHCII) [36,37], 

cytochrome b6f [38] and ATP-synthase [39], with resolution ranging from about 2.5 to 4.2 

Å. Biochemical and structural characterization of these complexes provided information 

about their constituent subunits.

The photosystem I core complex of plants forms a monomeric unit which consists of 

15-17 subunits [34,40]. These polypeptides host about 100 chlorophylls and more than 20 

b-carotene molecules [34,41]. The major part of the core is composed of subunits denoted 

as PsaA and PsaB (Figure 1). Together with PsaC, they bind cofactors involved in electron 

transfer chain, including the special pair P700. The remaining subunits fulfil other functions, 

e.g. anchoring LHCII (section 3.2).

Figure 1.1 Structure of photosystem I complex. (A) Structural model from Pivum sativum at a 
resolution of 2.8 Å [42], (B) A model from Chlamydomonas reinhardtii, where photosystem I 

complex contains more light harvesting antenna than photosystem I of plants [43].

The absorption cross-section of PSI is increased in higher plants and green algae by 

the peripheral antenna of PSI, light-harvesting complexes I (LHCI), resulting in PSI-LHCI 
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complexes. While in plants four different LHCI polypeptides of the Lhc super-gene family 

are bound to PSI, in Chlamydomonas reinhardtii higher numbers were reported, ranging 

from 6 to 14 various peptides [44–48]. Interestingly, despite this substantial increase in 

absorption cross-section of PSI, the quantum efficiency of excitation energy trapping on 

this photosystem is maintained in the green alga and equals around 97% [49,50].

The basic unit of photosystem II in plants, algae and cyanobacteria is a dimer [51–53]. This 

complex contains more than 25 distinct subunits [54].

Figure 1.2 Structure of photosystem II complex. (A) Structural model of photosystem II complex 
with attached trimeric light-harvesting antenna, proposed for Chlamydomonas reinhardtii [55], 
(B) A model of photosystem II core complex (modified from [43]).

The subunits PsbA (D1) and PsbD (D2) (Figure 1.2) contain the special pair of chlorophylls 

(P680), pheophytins, quinones (QA and QB), and chlorophylls Z (ChlZ) and so they pose a 

photochemical reaction centre [56,57]. Two other large subunits, PsbB (CP43) and PsbC 

(CP47) are adhering to D1 and D2 (Figure 1.2). They comprise the so-called core antennae 

and fulfil an important role in transferring excitation energy from the peripheral antennae 

towards reaction centre [58,59]. The absorption cross-section of PSII is further increased by 

the peripheral antennae which can be divided in the so-called minor complexes and major 

complexes [43]. The former ones are designated as CP26, CP29 (present in higher plants 

and Chlamydomonas reinhardtii) and CP24 (present only in higher plants) [60,61]. These 

polypeptides are in direct contact with the core and/or core antennae and are surrounded 

1
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by the major antennae complexes, the trimeric LHCII proteins (Figure 1.2). The PSII core with 

all attached antennae forms the so-called PSII-LHCII supercomplex [52]. Several of these 

supercomplexes can further associate into megacomplexes [62,63].

In higher plant PSII-LHCII and PSI-LHCI are spatially separated, with the former residing 

mostly in the stacked membranes (grana) and the latter present solely in the unstacked 

membranes (stroma lamella) [64–68]. On the other hand, thylakoids of the green algae 

Chlamydomonas reinhardtii studied in this thesis show less distinctive stacking/unstacking 

regions and rather form single discs or elongated, bifurcating and merging stacks [69–71].

The roles of subunits composing PSI-LHCI and PSII-LHCII have been deduced for example 

from their position within a complex or based on their cofactors. Molecular biology, applied 

to photosynthesis since mid 1970s [72], resulted in studies on the photosynthetic mutants 

and this research gave additional insight into function of pigment-protein complexes (e.g. 

[73,74]). Some of the subunits have been identified as crucial in regulation of light harvesting 

(section 3.2). In the following section 2 the meaning and a few examples of such regulation 

are briefly described.

2 Regulatory mechanisms in photosynthesis

Efficient photosynthesis is vital for most of the photosynthetic organisms. It requires that 

the constituent processes and the involved components are well orchestrated, but also that 

the whole network is flexible and can adjust to the varying environmental conditions. The 

factors that modulate photosynthesis include among others nutrients concentration, CO2 

concentration, temperature, water availability and light quantity and quality.

Changes in light conditions experienced by a photosynthetic organism can be short (e.g. 

intermittent shading by a cloud), or can last hours, days or even seasons (diurnal and seasonal 

changes). In the long term photosynthetic organisms generally respond to an altered light 

regime by adjusting the composition of the photosynthetic apparatus, for example the 

relative amounts of PSII vs PSI [75,76]. Short-term responses to altered light conditions most 

often involve changes in the existing photosynthetic apparatus. In higher plants and algae 

a crucial role in these adjustments plays LHCII. Under light limiting conditions this light-

harvesting complex, which is the most abundant membrane protein in the photosynthetic 

organisms, serves as an antenna to the photosystems and thereby it effectively increases 

their absorption cross-section. A sudden increase in light intensity to a level exceeding 

photosynthetic performance can result in photodamage of the photosynthetic apparatus, 

especially of PSII [77]. Several prompt processes, collectively depicted as non-photochemical 
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quenching (NPQ), are triggered to minimize the deleterious consequences of the high-light 

conditions [78]. Generally, these processes rapidly diminish the amount of excitation energy 

reaching PSII, for example by switching the light-harvesting mode of LHCII to the excitation 

energy-dissipative mode (qE) [79,80].

In natural environments, photosynthetic organisms experience not only variations in light 

intensity, but also in light quality (spectrum). As a result PSI and PSII can be unequally 

excited as they have different spectral responses. In order to maintain optimal electron 

flow between PSII and PSI, balancing of the excitation input to the two photosystems is 

necessary. It is achieved by a shift of the LHCII antenna between the two photosystems to 

accordingly adjust their absorption cross-sections. This process is known as state transitions 

and it is described in more details in the following section 3.

3 State transitions

3.1 Discovery of state transitions
The mechanism of state transitions was described for the first time in 1969 independently 

by Norio Murata [81,82] and by Celia Bonaventura and Jack Myers [83]. Murata studied 

the red alga Porphyridium cruentum by means of fluorescence measurements at room 

temperature and at 77 K [81]. He observed that if prior to freezing the cells were illuminated 

with light primarily absorbed by accessory pigments of photosystem II (phycoerythrin), 

the low-temperature fluorescence originating from PSII (F685 and F695) decreased while the 

PSI-dominated emission (F>715) increased when compared to respective emission features 

of untreated cells. Together with his observations made for the room temperature 

experiments, he concluded: “(…) the light-induced control of excitation transfer enables 
the chloroplasts to utilize light energy efficiently in photosynthesis. Upon illumination of 
pigment system II, a greater amount of absorbed light energy is transferred to chlorophyll 
a in pigment system I and a lesser amount of light energy is transferred to chlorophyll a 
in pigment system II than occurs upon illumination of pigment system I. Such a change 
of excitation transfer reduces the difference between the amounts of excitation energy 
available for photoreactions I and II.” This role of state transitions in balancing excitation 

energy between PSI and PSII has been acknowledged ever since. Bonaventura and Myers 

discovered state transitions in another unicellular algae, Chlorella pyrenoidosa [83]. In this 

study, they illuminated cells with the so-called ‘light 1’ (710 nm) or ‘light 2’ (645 nm) and 

monitored resulting changes of fluorescence yield and oxygen evolving activity. They arrived 

at a conclusion that under applied conditions there are “changes in distribution of absorbed 
quanta to the two photosystems” and suggested that this might be controlled by some 

conformational changes.

1
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Upon exchanging several communications, Murata and Myers agreed to use ‘state 1’ with 

reference to photosynthetic organisms incubated under light preferentially absorbed by 

PSI (‘light 1’), while respectively, ‘state 2’ as relating to photosynthetic organisms treated 

with light mainly absorbed by PSII (‘light 2’) [82].

3.2 Further exploration of state transitions
Some 10 years after the discovery of state transitions, John Bennet and co-workers found 

that at the heart of this process lies phosphorylation of light-harvesting complexes [84]. 

Soon after, John Allen realized that the trigger for this phosphorylation comes from the 

reduced plastoquinone pool [85,86]. It wasn’t until late 1990s when a kinase that is crucial 

for LHC protein phosphorylation has been identified in Chlamydomonas reinhardtii and 

named stt7 [87,88]. Its orthologue in Arabidopsis thaliana was characterized later [89]. 

Several earlier studies showed moreover that cytochrome b6f is the key component that 

transduces the signal from the reduced plastoquinone pool to activate these LHC protein 

kinase(s) [90–92].

Not only biochemical aspects of state transitions have been a subject of great interest and 

intense research. Also the structural features of this mechanism have been explored. The 

structural and functional heterogeneity of the pigment-protein complexes embedded in 

the membranes and spatial separation of PSI (lamellae) and PSII (grana) within thylakoid 

membranes (section 1) imposed that state transitions must entail some remodelling of the 

photosynthetic apparatus in such a way that excitation energy from the PSII antenna can 

reach PSI. Few years after state transitions were first identified, Pierre Bennoun and Henri 

Jupin observed that stacking of the thylakoid membranes in Chlamydomonas reinhardtii 
changes upon state transitions [93]. Since experiments on isolated thylakoid showed that 

membrane stacking depends on electrostatic forces, it has been suggested that extra 

negative charge on LHC resulting from the state transitions-related phosphorylation of the 

antenna possibly affects membrane arrangement [94,95]. Destacking of the photosynthetic 

membranes upon transition from state 1 (S1) to state 2 (S2) has been confirmed later both 

in plants [96] and in the green alga [97,98].

In 1982 David J. Kyle and co-workers proposed that phosphorylation of LHC decreases 

connectivity between PSII reaction centers [99] and increases excitation energy flow to 

PSI [100]. Lateral relocation of the so-called ‘mobile’ LHCII from PSII to PSI evoked by this 

phosphorylation was soon demonstrated [101,102] and it was suggested that possibly 

this mechanism takes place also during state transitions [103]. There has been a long 

discussion whether redirection of excitation energy from PSII to PSI involves change in 

cross-section of the PSII or rather upon transition to S2 phosphorylated LHCII remains 
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attached to PSII and this complex as whole transfers excitation energy to PSI in a spillover 

manner [104–106]. Several studies on Chlamydomonas reinhardtii showed that at least part 

of peripheral antennae of PSII detaches from this photosystem upon transition from state 1 

to state 2 [107] and some of these antennae remain detached under S2 conditions [100,110, 

Chapter 2]. Recent studies on Arabidopsis thaliana showed however that spillover cannot 

be completely excluded [109] and PSI-PSII megacomplex occurs commonly therein [110].

Advancement in molecular biology as well as in isolation and imaging techniques made it 

possible to describe structural changes assisting state transitions in detail. Work by Christina 

Lunde and co-workers suggested that a docking site for LHCII on PSI is where the subunits 

PsaH and PsaL reside [111], meaning opposite to the LHCI belt [33,48]. Electron microscopy 

images of isolated LHCII-PSI-LHCI complexes confirmed this binding place in Arabidopsis 
thaliana and revealed also other subunits involved therein: PsaA and PsaK [112]. By means 

of the same technique another group observed that in Chlamydomonas reinhardtii also CP29 

binds to PSI around the PsaH subunit under S2 conditions and the authors hypothesized 

that this pigment-protein forms a binding bridge between LHCII and PSI-LHCI complex 

[47]. The presence of CP29 in the LHCII-PSI-LHCI complex of Chlamydomonas reinhardtii 
has been later confirmed by Drop and co-workers [113]. Moreover, using Chlamydomonas 
reinhardtii mutants Tokutsu and co-workers showed that CP29 is indeed indispensable 

for state transitions in this green alga [114]. Since CP29 is adjacent to the PSII core and 

is crucial for stability of PSII-LHCII (super)complexes [115,116], the involvement of this 

minor antenna in binding of LHCII to PSI entails that under S2 conditions PSII complex must 

undergo substantial disassembly. Different studies identified several other lhcb proteins 

participating in state transitions in Chlamydomonas reinhardtii: CP26, LhcbM type II [117,118] 

and additionally LhcbM type I, III and IV [113]. Interestingly, CP29 has not been detected 

in the LHCII-PSI-LHCI complex of higher plant, posing thereby one of a few differences 

observed in state transitions of Chlamydomonas reinhardtii vs higher plants.

In 1990 Laurence Bulte and co-workers observed that disruption of ATP production in 

Chlamydomonas reinhardtii leads to transition to S2 and simultaneously to an elevated 

electron flow [119]. These findings led to the conclusion that state transitions play a role 

also in a switch between linear electron flow and cyclic electron flow [120,121] with an 

ultimate goal to maintain the ATP/NADPH ratio at a level which assures optimal efficiency of 

the Calvin-Benson-Bassham cycle [122]. The level of cellular ATP can be significantly altered 

under anaerobiosis [122] naturally experienced by Chlamydomonas reinhardtii [123]. It is 

because decreased oxygen availability to the Chlamydomonas reinhardtii cells changes the 

metabolism in the green alga and as a result the PQ pool can be reduced independently of 

the PSII activity and so transition to S2 is triggered [122]. Aerobic vs anaerobic incubation 

1
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of Chlamydomonas reinhardtii cells posed also a way to induce respectively S1 or S2 in most 

experiments presented in this thesis. In higher plants (Arabidopsis thaliana) regulation of 

cyclic electron flow and state transitions seems to act independently [124].

It appears that in Chlamydomonas reinhardtii state transitions not only serve as a means 

to balance excitation input between PSI and PSII, as it has been proposed in early works 

on ST, but they also play an important role in regulation of cellular bioenergetics. Recently, 

yet another function of ST in Chlamydomonas reinhardtii has been postulated, namely their 

involvement in photoprotection under high light conditions [125] (section 2). Unlike plants, 

Chlamydomonas reinhardtii seems to lack a quick mechanism to dissipate excitation energy 

surplus as heat (qE) under high light conditions. Instead, the green alga shows much slower 

response to such conditions [126]. This prolonged lack of protection against excitation that 

overwhelms the capacity of photosynthetic turnover would be deleterious for the green 

alga. It has been shown that under these conditions, state transitions pose a rapid (minutes) 

photoprotection mechanism [125]. This role of state transitions has been questioned 

in another study [127]. State transition in higher plants do not seem to be involved in 

protection against high light stress, however this regulatory mechanism becomes crucial 

under fluctuating light [89,128,129].

While in higher plants there is a consensus regarding the amount of LHCII involved in state 

transitions and it is estimated to 15-20% [130–132], in Chlamydomonas reinhardtii the extent 

of state transitions has been a matter of discussion. Francis-Andre Wollmann and Philippe 

Delepelaire showed in in vivo studies on Chlamydomonas reinhardtii that upon transition 

to S2 PSI cross-section increases 50% [133,134]. In view of current knowledge on PSII-LHCII 

composition [55] and PSI-LHCI composition [48] this translates into 50% of LHCII antenna 

involved in state transitions. A later study by means of photoacoustic technique yielded 

even more pronounced shift indicating that 80% of LHCII complexes are mobile upon state 

transitions in Chlamydomonas reinhardtii [135]. Recent works show a smaller increase of 

the PSI antenna: 10% [108], 20% [98] or 36% with similar way of state transitions induction 

(Chapter 2). In these recent non-invasive studies on ST in Chlamydomonas reinhardtii it has 

been moreover observed that the PSII cross-section decreases more than the concomitant 

increase of PSI cross-section suggesting that in Chlamydomonas reinhardtii in S2 there is a 

fraction of LHCII that does not transfer energy to either PSII or PSI.

State transitions involve rearrangement of the pigment-protein complexes and thus they 

alter excitation energy transfer (EET) pathways in the photosynthetic apparatus. These 

changes in EET influence fluorescence characteristics of the system and they can be 

monitored by means of steady-state fluorescence spectroscopy at 77 K, a major technique 
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used in previous research on state transitions (section 5). In this thesis we extend this 

technique by recording the 77 K emission in a time-resolved manner with a resolution down 

to 4 ps. In the following paragraphs this technique is described in more detail.

4 Fluorescence

Spectroscopy has been playing an essential role in understanding photosynthesis, especially 

before biochemical, structural and other non-spectroscopic methods were fully established 

(e.g. [136,137]). A prominent position amongst different spectroscopic techniques has been 

occupied by fluorescence spectroscopy [15,138–140].

Fluorescence has been observed in different substances throughout centuries, but 

intensified studies of the phenomenon began in the 19th century [141–143]. The term 

‘fluorescence’ was used for the first time by Sir George Stokes in 1852 [144,145].

Figure 1.3 One of presentations of the Jablonski diagram [146].

Fluorescence is a result of interaction between light and matter. In 1933 Aleksander Jablonski 

proposed a scheme which in a simple and beautiful way illustrates energy transitions in a 

molecule after it absorbs light [147]. As depicted in simplified Jablonski diagram (Figure 1.3), 

upon absorption of light a molecule undergoes a transition from the ground state (S0) to a 

higher (excited) energy state (S1, S2, etc.). There are several de-excitation pathways and in 

some molecules (fluorophores) a radiative transition called fluorescence is one of them. The 

average time that a molecule is in an excited state until it fluoresces is called fluorescence 

lifetime (τ) and it is on the order of 10-8 s in most fluorophores [146]. Another important 

fluorescence characteristic besides fluorescence lifetime is fluorescence quantum yield (Q). 

1
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It is defined as number of emitted photons per number of absorbed photons. As mentioned 

above, transition from S1 to S0 via fluorescence is one of the possible de-excitation pathways. 

If Γ is a fluorescence rate constant and rate constants of the other de-excitation process 

are collectively depicted under knr (nr – non-radiative), then: 

  (1)

Figure 1.4 A simplified version of Jablonski diagram [146].

If the fluorescence transition is as depicted in Figure 1.4, then the fluorescence lifetime t is 

related to the fluorescence rate constants as follows: 

  (2)

If there are no de-excitation pathways other than fluorescence (knr = 0), then the intrinsic 

or natural fluorescence lifetime is derived (τn), which can be calculated from the absorption 

spectra, extinction coefficient and emission spectra. Alternatively τn can be calculated from 

the fluorescence yield Q and measured fluorescence lifetime t as follows:

 (3)

From the above, it appears that both the fluorescence rate Γ and the rate of other de-

excitation processes knr influence the fluorescence quantum yield and the fluorescence 

lifetime.

Upon repeated excitation of a fluorescing sample and measuring fluorescence emission over 

a wavelength range and over times t > τ the so-called steady-state fluorescence spectrum 

is obtained. Steady-state fluorescence intensity IFss is dependent on fluorescence lifetime 

τ as follows:
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 (4)

where: I0 is fluorescence intensity at t = 0.

When the excitation wavelength range is probed at a specific emission wavelength the result 

is called excitation spectrum, while when the emission at different wavelengths is recorded 

upon excitation at specific wavelength, the so-called emission spectrum is measured.

5 Fluorescence in photosynthesis research

The very first step of photosynthesis is a great example of interaction between light and 

matter. The light-sensitive molecules are the photosynthetic pigments with (bacterio-)

chlorophylls being the major ones, and other pigments being carotenoids and phycobilins. In 

general, chlorophyll molecules absorb light maximally in the blue or near ultraviolet spectral 

range and in red or near infra-red spectral range. For example, the absorption maxima of 

chlorophyll a in diethyl ether are respectively at ≈ 430 nm and ≈ 660 nm [148]. The green 

part of spectrum is poorly absorbed by chlorophylls, thus these pigment appear green 

(both in vitro and in vivo). When chlorophyll extract in an organic solvent is illuminated by 

a strong white light, red fluorescence can be seen. This observation was first described by 

David Brewster in 1834 [142]. The maximum emission wavelength of chlorophyll a in diethyl 

ether occurs at ≈ 668 nm [149–151]. The fluorescence lifetime of chlorophyll molecules in 
vitro is a few ns. First measurements of this parameter were performed by Seymour Steven 

Brody and Eugene Rabinowitch in 1957 and for example in methanol they reported values of 

6.9 ns for chlorophyll a and 5.9 ns for chlorophyll b [152]. The quantum yields under similar 

conditions were respectively 0.32 and 0.084 [153].

The spectral and the kinetic characteristics of fluorescence emission are governed not only 

by the chemical structure of a fluorophore, but also by its interaction with the surroundings 

[146]. In photosynthetic complexes of oxygenic photosynthetic organisms, interaction 

of chlorophyll molecules with their nearby environment results at room temperature 

in chlorophyll fluorescence spectra peaking at ≈ 685 nm and 715-735 nm. The in vivo 

fluorescence kinetics of chlorophylls is also different from the in vitro kinetics and it is 

described in the following section 5.1.

5.1 Excitation energy transfer
The specific arrangement of chlorophyll molecules in the photosynthetic apparatus enables 

excitation energy transfer (EET) between these pigments. This means that an additional rate 

contributes to knr (section 4). Based on the equations (1) and (2) it is expected therefore that 

1
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the fluorescence lifetime of chlorophylls in vivo will shorten while fluorescence quantum 

yield will be lower. Indeed, in the study mentioned above, Brody and Rabinowitch report 

a (average) lifetime of 1.6 ns measured at room temerature in the green alga Chlorella and 

similar values in other algae [152]. Also the fluorescence quantum yield of chlorophyll a 

in vivo is at least one order of magnitude lower than under in vitro conditions [148,153].

The presence of excitation energy transfer in the photosynthetic apparatus was first 

suggested by Francis Perrin [154,155] after Emerson and Arnold observed that not every 

chlorophyll molecule therein performs photochemistry [9] (section 1). A theory of resonant 

nature of photosynthetic EET was developed by Arnold and J. Robert Oppenheimer [156,157] 

and independently by Theodor Förster [158,159]. The existence of a photosynthetic unit and 

of EET therein was questioned and strongly opposed [160], but experiments performed in 

1940s and 1950s on various photosynthetic organisms showed further evidence of EET, also 

from non-chlorophyll pigments to chlorophylls [11,136,137,139]. Measured fluorescence 

lifetimes proved to be moreover comparable with the calculated ones when resonance 

energy transfer was assumed [161–163].

It is now generally accepted that upon absorption of light, mainly by pigments residing 

in antenna complexes, and subsequent ultra-fast equilibration of the resulting excitation 

energy according to Boltzmann distribution, the excitation energy is transferred towards the 

reaction centre. Although the paths of excitation energy transfer can be to certain extent 

monitored by means of steady-state spectroscopy (e.g. fluorescence excitation spectra), the 

temporal characteristics of EET require time-resolved detection. In the following section 

5.2, full-spectrum time-resolved fluorescence spectroscopy is discussed in this respect in 

more detail.

5.2 Full-spectrum time-resolved fluorescence spectroscopy
At each pigment involved in EET there is a certain probability that the excitation energy 

of this molecule will be emitted as fluorescence (or will follow another de-excitation 

pathway) instead of being transferred to the next pigment. By measuring fluorescence one 

can therefore ‘trace’ excitation energy propagation and when the dependency on time is 

included with picosecond resolution, the information on EET rate can be obtained. Overall, 

EET in the photosynthetic apparatus proceeds from higher-energy pigments to lower-energy 

pigments, meaning downhill energy migration [164]. This can be observed when the time-

resolved fluorescence is recorded over the full emission spectrum. Fluorescence intensity 

as a function of time and wavelength can be measured by means of streak camera setup. 

Most of the results presented in this thesis are obtained with this technique.
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Early developments towards electron optical streak camera operation took place between 

late 1940s and early 1960s [165]. Initially the technology was applied mainly in laser physics, 

but its remarkable sensitivity quickly proved it suitable for fluorometry. From about 1974 

on the streak camera has been used also in photosynthesis research [166–168]. Campillo 

and co-workers summarized operation principles of a streak camera in 1975 [169] as 

follows: “Light from a picosecond event enters the slit of the camera and is focused onto 
a photocathode where electrons are released via the photoelectric effect, the number of 
electrons released at any particular instant being proportional to the light intensity on 
the photocathode during that period of time. The electrons are accelerated through an 
anode and then deflected by a voltage ramp which streaks them across a phosphorescent 
screen so that electrons released at different times strike the screen at different positions. A 
densitometer trace of a photograph of the resulting phosphorescent “streak” then gives an 
accurate measure of the lifetime of the event.”

Even today, after more than 40 years this description stays valid. Combined with pulsed 

lasers as source of ultra-short excitation light pulses, this technology has enabled resolving 

fluorescence events which occur down to sub-ps times apart. In 1983 Arvi Freiber and 

Peeter Saari suggested and discussed for the first time the possibility of the whole-spectrum 

detection of the time-resolved emission [170]. Currently the spectral dimension is obtained 

by means of a spectrograph, which is placed right in front of a streak camera (Figure 1.5A). 

As a result of this arrangement an image is recorded with horizontally resolved wavelength 

dependence and vertically resolved time dependence (Figure 1.5B).

1
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Figure 1.5 (A) Schematic of fluorescence detection setup consisting of a spectrograph followed 
by a streak camera (modified from [171]). (B) Exemplary streak image measured with the setup 
in the current thesis.

Time-resolved fluorescence measurements presented in this thesis were performed at 

temperature of liquid nitrogen, i.e. at 77 K. In the following section advantages as well as 

drawbacks of this approach are discussed.

5.3 Measurements at 77 K
Under optimal photosynthesis conditions when the process is fully functional, adapted to 

the light-regime and in its light-harvesting mode, the chlorophyll fluorescence quantum 

yield Q is only a few percent [153,172] and majority of excitation energy is utilized for 

photochemistry (section 1). However, with lowering temperature the value of Q increases. 
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This is mainly caused by a change in the population of different energy levels following the 

Boltzmann distribution. If one considers two energy level system, with P1 at lower energy 

and P2 at higher energy, then the population of these two levels can be described as:

 (5)

where: ΔE is energy difference between P1 and P2; kB is the Boltzmann constant; T is 

temperature (K). Thus, with decreasing temperature the lower energy level is more 

populated. In photosynthesis, energy levels available for excited chlorophyll molecule 

depend on the thermal energy of the nearby environment (vibrational energy). With less 

thermal energy available, population of the lower-energy states of excited chlorophylls rises. 

The EET rate from these states decreases, therefore it is more probable that the excitation 

will be emitted as fluorescence. For this reason, fluorescence measured at cryogenic 

temperatures reveals more detailed picture of EET.

The fluorescence emission spectrum of chlorophyll a in vivo (plants) at ambient temperature 

has one major peak at ≈ 685 nm and a smaller one at ≈ 740 nm [11,173]. Already the first 

low-temperature measurements of fluorescence in photosynthetic samples revealed the 

existence of additional bands: Brody observed fluorescence emission peaking at ≈ 720 

nm [174], while Felix Litvin and co-workers reported a band with maximum at ≈ 696 nm 

[173,175]. Through further low-temperature fluorescence studies (e.g. low temperature 

excitation spectra, temperature dependence monitoring) the observed bands were soon 

assigned to respectively PSII and PSI [173,176]. Advancement in isolation of photosynthetic 

proteins enabled further identification of the features observed in the low-temperature 

fluorescence spectra (early works: PSI complexes [177,178]; LHCI complexes [179,180]; PSII 

complexes [181]; CP43 and CP47 [182,183]).

Fluorescence measurements performed at cryogenic temperatures not only offer higher 

spectral resolution, but also freezing of the sample assures no physiological changes during 

the measurement. In the studies on state transitions presented in this thesis it posed a great 

advantage and enabled measurements without the need of extra inhibitors to lock the cells 

in state 1 or in state 2 (Chapter 3, 4 and 5 and non-chemical state 1 and state 2 in Chapter 2).

Measuring fluorescence at cryogenic conditions comes however with drawbacks. As 

observed before (e.g. [184]) and in the present thesis (Chapter 5), illumination of frozen 

PSII can lead to accumulation of a fluorescence quencher in the PSII reaction centre. Also 

the excitation trapping capacity of PSII is altered at cryogenic temperatures, since electron 

transfer is arrested already at QA [164]. The presence of these ‘closed’ reaction centres 

1
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changes the fluorescence kinetics. Such problem is much less prominent in PSI where the 

oxidized special pair of PSI still acts as an efficient trap of excitations, though this trapping 

is probably not exactly the same as trapping under physiological conditions. Freezing of 

samples with high water content, like for example algal cells or chloroplasts, might moreover 

rupture the photosynthetic membranes as a result of formed ice crystals [185].

If possible, the shortcomings of low temperature fluorescence studies should be minimized 

and their possible influence on the measured parameters should be taken into account in 

data interpretation.

The wealth of information contained in the full-spectrum time-resolved fluorescence data 

requires advanced analysis tools. Global and target analysis applied in research presented 

this thesis are discussed in the following section.

6 Data analysis

As described above, chlorophyll a in vitro is characterized by a single exponential 

fluorescence decay with a lifetime of a few ns [152] (section 5). A complex system, such 

as the photosynthetic apparatus, contains hundreds of chlorophyll molecules which 

interact with each other and whose spectral and kinetic features are modulated by their 

proximate surroundings. This results in a complex multi-exponential fluorescence decay. 

If the fluorescence signal is monitored both in time and as a function of wavelength, two-

dimensional data sets are obtained. It is challenging to extract information on the excitation 

energy transfer and trapping processes in the photosynthetic apparatus from these intricate 

data. In order to achieve it, a model-based analysis is employed.

A change of fluorescence emission in time is described by linear differential equations (first 

order kinetics) which pose a compartmental model [186]. The solution of these equations 

gives sums of exponential functions. In a data-fitting procedure these exponential functions 

need to be convolved with the instrumental response function (IRF), which arises from the 

shape of the excitation laser pulse and the detector response. It can usually be described 

well by means of a Gaussian curve. If fluorescence kinetics is monitored in a spectral range, 

the resulting measured data  are described following the superposition principle:
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where  corresponds to the spectrum of a component l and  to its concentration.

In the simplest model used in global analysis each component is described by a single 

exponential function (convolved with IRF) and all components start decaying in the same 

time (parallel model). As a result,  takes a form of Decay-Associated Spectra (DAS) 

[187], which demonstrate the contribution of each component (= exponential function) to 

the fit of the measured fluorescence decay. This analysis gives a general overview of the 

kinetics of major excitation energy transfer and trapping processes and it allows to identify 

some of the involved photosynthetic complexes, though most of the components are in 

fact a mix of physically similar (= pure) emissive species. Moreover, in a complex system 

the imposed parallel decay of the components does not enable resolution of the sequence 

of events expected for the EET. This evolution is captured by means of another type of 

model, called the ‘sequential model with increasing lifetimes’ or ‘unbranched unidirectional 

model’. In this model each component is described as a sum of exponential functions, each 

characterized by a different rate and assisted with a specific coefficient. A component does 

not have to appear in the same time as other components, but it can occur later (negative 

coefficient) with a specific rate and then decay (positive coefficient) with another rate. 

The evolution of components in this model is described by Evolution-Associated Spectra 

(EAS). Still, even this model does not fully resolve the kinetics of EET and in most cases the 

resulting components do not represent pure species. If prior knowledge is available on the 

EET kinetics in a studied system one can employ the so-called target analysis [188,189]. 

The aim of this approach is to find the real concentrations of the species. It is achieved by 

describing measured data with a physically feasible linear time-invariant compartmental 

model and testing its identifiability versus other compartmental models. As a result a full 

kinetic scheme of EET is obtained. It carries information about microrates of forward and 

backward transfers between different compartmens, their concentrations as well as spectra, 

called here Species-Associated Spectra (SAS) [190].

A detailed description of different models is given in the reference [189] and the overview 

of streak camera data analysis is provided in the reference [191].

Time-resolved fluorescence data presented in this thesis were analysed by means of global 

(Chapter 2, 3 and 5) and target approach (Chapter 2, 4 and 5).

7 Chlamydomonas reinhardtii, model organism for green algae

The species Chlamydomonas reinhardtii (C. r.) belongs to a genus of eukariotic unicellular 

green algae named Chlamydomonas. The alga has two anterior flagella, a distinct cell 

1
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wall and one cup-shaped chloroplast which occupies two-thirds of the cell and partially 

surrounds the nucleus. Chlamydomonas reinhardtii wild-type cell is on average 10 µm long 

and 3 µm wide, though its size varies considerably throughout its lifecycle [192,193].

The use of Chlamydomonas reinhardtii as a laboratory organism began in the 1940s and 

1950s [193]. The alga is relatively easy to handle and it grows rapidly under favourable 

conditions both in liquid and on solid medium. Currently, it is one of the main model organism 

and the research topics on it include, among others, flagellar structure and function, mating 

reactions and gametogenesis, cell-wall synthesis, photosynthesis, phototaxis and effects of 

nutrient deprivation [194,195]. Chlamydomonas reinhardtii has been a subject of extensive 

genetic and molecular manipulations which resulted in sequencing of its genome [196] 

and collection of many mapped mutants and expressed sequence tags [197]. In respect to 

photosynthesis research, this green alga is particularly attractive, because it is a facultative 

photoautotroph [192]. Thus, in the presence of acetate as a carbon source photosynthetic 

activity of the alga becomes dispensable and the cells can grow in dark. Moreover, even 

without light the cells still synthesize chlorophyll. As a result it is possible to isolate and 

grow photosynthetic mutants of Chlamydomonas reinhardtii, also the light-sensitive ones.

Unlike higher plants, Chlamydomonas reinhardtii is a unicellular organism naturally occurring 

mostly in shallow ponds and soil. It is therefore not surprising that the green alga shows 

significant differences to higher plants, including some aspects of photosynthesis. A good 

example of a process where several of these variations are present are state transitions 

(section 3.2). Hence, a reference to Chlamydomonas reinhardtii as a model organism for 

higher plants should be avoided.

8 This thesis

State transitions were discovered nearly 50 years ago and have been studied ever since 

by means of different techniques and in various organisms under different conditions. Yet 

there are still controversies regarding basic features of this regulatory process. The low-

temperature full-spectrum time-resolved fluorescence enables the characterization of 

excitation energy transfer and trapping rates in the photosynthetic apparatus and provides 

insight into remodelling of photosynthetic apparatus under state transitions. Using this 

technique as a major tool in the work described in this thesis, I address several of the 

disputed characteristics of state transitions.

In Chapter 2 the following questions are addressed: what is the extent of ST in the model 

organism Chlamydomonas reinhardtii? How many antennae that detach from PSII bind to 
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PSI upon state 1-to-state 2 transition? What are the accompanying kinetics of excitation 

energy transfer and trapping? How does chemical locking of state 1 and state 2 influence 

the observed characteristics? In this chapter besides the 77 K time-resolved fluorescence 

also 77 K steady-state fluorescence excitation spectra and 77 K as well as 6 K fluorescence 

emission spectra are presented. Both global and target analysis were applied and the initial 

kinetic scheme describing excitation energy transfer and trapping in the intact cells of 

Chlamydomonas reinhardtii in state 1 and in state 2 at 77 K was realized. An important 

message from this chapter is also that 77 K fluorescence emission spectra, which serve as 

a standard indicator of the extent state transitions in the studies on this process, call for 

more careful interpretation than it is usually practiced.

The successful quantification of changes of excitation energy transfer kinetics in 

photosynthetic apparatus in Chlamydomonas reinhardtii wild-type upon state transitions 

described in Chapter 2 motivated me to use the same methodology to describe excitation 

energy transfer paths in mutants of Chlamydomonas reinhardtii deficient in crucial 

components of photosynthetic apparatus: the PSI core or the PSII core. Especially 

characterization of the kinetics of the remaining components (e.g. unbound LHCII) in 

their intact state is interesting and can significantly contribute to the research on these 

complexes. The following questions are addressed in Chapter 3: can state transition-like 

behavior, understood as increase/decrease of antenna size of a photosystem, appear in 

mutants deficient in the PSI core or the PSII core? Can we observe free antennas in these 

mutants? If yes, are they in quenched or unquenched state? What EET paths are present is 

photosynthetic apparatus missing the PSI core or the PSII core? In this chapter the results of 

the 77 K full-spectrum time-resolved fluorescence are expanded by data from biochemical 

characterization of the used mutants.

Chapter 4 describes a kinetic scheme of excitation energy transfer and trapping which 

is based on the data obtained in the project described in Chapter 3 and contains more 

information than the scheme developed in Chapter 2.

As briefly mentioned in section 5.3, illumination of photosynthetic apparatus frozen to 77 K 

with strong laser light is known to create a quencher on the PSII. In Chapter 5 this effect has 

been studied in the intact cells of Chlamydomonas reinhardtii in state 1 and state 2. A full 

kinetic scheme for Chlamydomonas reinhardtii developed on the basis of data collected in 

studies described in Chapter 2, 3 and 4 was thus applied to investigate which component(s) 

of the photosynthetic apparatus are the reason for this effect and what is the kinetics of 

this quenching.

1
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