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1 Introduction  

1.1 AIM 

The central theme of the work collected in this thesis is the method of using parametric 

models to analyze time-resolved measurements on photosynthetic systems in order to 

describe the primary processes in photosynthesis and their regulation This is important 

considering the application of bio-based or bio-inspired solar light harvesting for the 

production of food, feed and fuels, as investigated by large consortia such as 

BioSolarCells1 and Solar Energy to Biomass (SE2B)2. 

1.2 PHOTOSYNTHESIS 

Photosynthesis involves the absorption of light by chromophores within large pigment-

protein complex assemblies called Photosystems (PSs), and the subsequent transfer of the 

excited state energy (excitation) to a photosynthetic reaction center (RC) on the timescale 

of picoseconds (10-12s). In the RC charge separation takes place, ultimately leading to the 

formation of stable chemical bonds (e.g. in sugars, starch) in which the energy of the sun is 

stored. In most photosynthetic organisms such as plants and green algae, these 

photosystems are embedded in the so called thylakoid membrane, schematically depicted 

in Figure 1.1.  

1.3 TWO PHOTOSYSTEMS IN SERIES 

There are two types of photosystems, Photosystem I (PSI) and Photosystem II (PSII). Both 

photosystems operate together in a non-cyclic electron transfer chain. Electrons are 

removed from water (H2O) by PSII, oxidizing it to molecular oxygen (02), which is released 

as a waste product. The electrons extracted from water are transported via the 

plastoquinone (PQ) pool, the cytochrome b6f complex and plastocyanin (PC) to PSI and, 

after a second light-driven electron transfer step, eventually reduce an intermediate 

electron acceptor, NADP+ to form NADPH. Protons are also transported across the 

membrane and into the thylakoid lumen during the noncyclic electron transfer process, 

creating a proton motive force (pmf). The energy stored in this pmf is used by the protein 

ATP synthase to make ATP. Both NADPH and ATP are then used outside the Thylakoid 

membrane to reduce carbon dioxide to sugars completing the process of photosynthesis. 

(Blankenship 2014). 

                                                                 
1 http://www.biosolarcells.nl/  
2 http://www.se2b.eu  
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Figure 1.1. Schematic diagram of the Thylakoid membrane with the different protein 

complexes involved in the light reactions of photosynthesis. 

1.4 THE THYLAKOID MEMBRANE 

Photosynthesis is thus at heart a membrane-bound process. The thylakoid membrane in 

turn is contained within organelles called chloroplasts, which are part of all photosynthetic 

eukaryotic organisms. In plants most of the thylakoids are closely associated in stacks, and 

are knows as grana thylakoid membranes, while those that are not stacked are known as 

stroma thylakoid membranes. The non-membraneous aqueous exterior of the chloroplast 

is known as the stroma, whereas the interior is known as the lumen. In green algae there 

is also stacking of the thylakoids but to a lesser extent than in plants. The stacking is 

relevant because the distribution of membrane-bound complexes is found to be highly 

non-uniform. Photosystem II is found almost exclusively in the stacked regions of the 

membranes, whereas Photosystem I is found primarily in the stroma lamellae, as well as 

on the ends of the grana stacks. The cytochrome b6 f complex is nearly equally distributed 

between the two types of membranes, and the ATP synthase enzyme complex is entirely 

localized in the stroma lamellae. (Blankenship 2014). 
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Figure 1.2. Molecular rendering of the crystal structure of Photosystem II. The relevant 

pigment molecules are the small colored molecules embedded in the (gray) protein matrix. 

Legend: chl a in green, chl b in blue, carotenoids in orange based on PDB ID 3JCU rendered 

in Chimera (Pettersen et al. 2004). 

1.5 PHOTOSYSTEM II 

PSII is a relatively large dimeric pigment-protein complex assembly which essentially is 

composed of two major parts, the core and the outer antenna consisting of so called light 

harvesting complexes (LHCs). The core contains the RC and has an evolutionarily highly 

conserved protein composition in all the organisms that perform oxygen-generating 

photosynthesis (van Amerongen and Croce 2013). A PSII structure was recently 

characterized at 3.2 Å resolution through single-particle cryo-electron microscopy for a 

1.1-megadalton spinach photosystem II–LHCII supercomplex. It revealed a homodimeric 

supramolecular system in which each monomer contains 25 protein subunits, 105 

chlorophylls, 28 carotenoids and other cofactors (Wei et al. 2016). In this structure, each 

monomer of the PSII supercomplex is composed of a core (consisting of the D1,D2, CP43 

and CP47 proteins), one LHC trimer (called LHCII, c.f. (Liu et al. 2004)) and one monomer 

of each of two minor LHCs, called CP29 and CP26. Because structure relates to function, 

and the pigment composition is especially relevant for the absorption properties at a given 

excitation wavelength, the pigment composition for the different proteins in PSII is 

provided in Table 1.1 (numbers taken from Wei et. al.). Note that in this structure only one 

LHCII trimer is bound per monomeric core, because that is the state in which it can be 

purified.  
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 PROTEIN CHLOROPHYLLS CAROTENOIDS 

PSII CORE D1 (PsbA) 
D2 (PsbD) 
CP47 (PsbB) 
CP43 (PsbC) 

4 Chl a, 2 Pheophytin 
2 Chl a 
16 Chl a 
13 Chl a 

1 BCR 
1 BCR 
3 BCR 
3 BCR 

LHCII LHCII trimer 42 (24 Chl a, 18 Chl b) 12 (6 Lut, 3 Vio, 3 Neo) 
MINOR ANTENNA CP29 13 (10 Chl a, 3 Chl b) 3 (1 Lut, 1 Vio, 1 Neo) 
MINOR ANTENNA CP26 13 (9 Chl a, 4 Chl b) 3 (2 Lut, 1 Neo) 
OTHERS   2 BCR 
TOTAL  105 28 

Table 1.1. Pigment composition within each monomer of the spinach PSII-LHCII 

supercomplex. Values from extended data table 1 in (Wei et al. 2016). Legend: BCR, β-

carotene; Lut, lutein; Neo, neoxanthin; Vio, violaxanthin. 

As can be seen in Figure 1.2 the central core of PSII is observed to contain Chl a (green) 

and carotenoids (orange), the surrounding minor antenna and LHCII contain all Chl b 

(blue) present in the structure  

1.6 PHOTOSYSTEM I 

PSI has a much larger core than PSII, and consists of an estimated 98 Chls a, and 22 

Carotenoids. PSI has a variable amount of peripheral antenna, depending on the organism 

(Croce and van Amerongen 2013). For higher plants 4 LHCI subunits are found bound to 

the core whereas for Chlamydomonas reinhardtii nine LHCI subunits were identified (Drop 

et al. 2011; Minagawa and Tokutsu 2015). Recently the LHCI-PSI structure for Pea became 

available at 2.8 Å resolution from two independent sources (Qin et al. 2015; Mazor et al. 

2015). The 600-kilodalton structure by Qin et al. reveals a total of 155 Chls (143 Chls a and 

12 Chls b, where all of the Chls b are in the peripheral antenna), and 35 carotenoids 26 β-

carotenes (BCRs), five luteins (Luts), and four violaxanthins (Vios). The molecular rendering 

of the reported structure (c.f. PDB ID 4XK8) is depicted in Figure 1.3 and the pigment 

composition is reported in Table 1.2. The core of PSI depicted in Figure 1.3 can be 

observed to only contain Chl a (green) and Carotenoids (orange), the Chl b molecules 

(blue) are limited to LHCI. 
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Figure 1.3. Molecular rendering of Photosystem I. The relevant pigment molecules are the 

small colored molecules embedded in the (gray) protein matrix. Legend: chl a in green, 

chl b in blue, carotenoids in orange based on PDB ID 4XK8 rendered in Chimera (Pettersen 

et al. 2004). 

The findings by Mazor et al. are in overall good agreement with 156 Chls (146 Chls a and 9 

Chls b) and 32 carotenoids (c.f. PDB ID 3LW5).  
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COMPLEX PROTEIN CHLOROPHYLLS CAROTENOIDS 
PSI CORE PsaA 

PsaB 
PsaF 
PsaG 
PsaI 
PsaJ 
PsaK 
PsaL 

45 Chl a 

42 Chl a 
2 Chl a 
2 Chl a 

 

1 Chl a 

3 Chl a 

3 Chl a 

7 BCR 
7 BCR 
1 BCR 
1 BCR 
1 BCR 
2 BCR 
1 BCR 
2 BCR 

LHCI Lhca1 
Lhca2 
Lhca3 
Lhca4 

14 (12 Chl a, 2 Chl b) 
14 (9 Chl a, 5 Chl b) 
14 (13 Chl a, 1 Chl b) 
15 (11 Chl a, 4 Chl b) 

1 BCR, 1 Lut, 1 Vio 
1 BCR, 1 Lut, 1 Vio 
1 BCR, 1 Lut, 1 Vio 
1 BCR, 2 Lut, 1 Vio 

 Total 155 35 

Table 1.2. Pigment composition of the Pea spinach PSI-LHCI supercomplex. Data from 

Table S2 from (Qin et al. 2015), proteins binding no chlorophylls or carotenoids were 

omitted from this table. Legend: BCR, β-carotene; Lut, lutein; Neo, neoxanthin; Vio, 

violaxanthin. 

1.7 REGULATION OF PHOTOSYNTHESIS 

Although both photosystems are seen to operate in series in the electron transfer chain 

depicted in Figure 1.1 they actually function in parallel, competing for photons. As such 

the ratio of the production of ATP and NADPH depends on the stoichiometry of PSI and 

PSII, as well as the difference in excitation pressure observed by both photosystems due 

to the slight difference in light absorbed at different wavelengths (Hogewoning et al. 

2012). In order to maintain an optimal photosynthetic rate the excitation levels of the two 

photosystems under natural light conditions must be balanced. It is therefore perhaps not 

surprising that an elaborate regulatory mechanism called state transitions exists which 

balances the excitation energy input between Photosystem II and Photosystem I for 

maximum efficiency of downstream processes (Murata 1969; Bonaventura and Myers 

1969; Minagawa 2011; Allen 2003).   

Other than sub-optimal light quality, the quantity can also be problematic. Most of the 

time light will be limiting, but under some conditions light may be in excess (e.g. mid-day, 

a leaf directly exposed to the sun). If the processes downstream of light absorption and 

charge separation, such as the necessary electron transfer reactions or the carbon fixation 

reactions are unable to keep up, then the excess energy must be dissipated or else it can 

damage the photosynthetic organism due to the formation of so called reactive oxygen 

species (ROS). For this reason a mechanism called non-photochemical quenching (NPQ) 

has evolved, which does not interfere with photochemistry under normal to low light 

conditions, but is activated during periods of high light stress and dissipates excess energy 

as heat (Ruban and Horton 1995; Müller et al. 2001; Horton et al. 2005). 
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NPQ and state transitions can both easily and effectively be studied using (time-resolved) 

fluorescence, which can be best understood in the context of the fate of an excited 

chromophore.  

1.8 THE FATE OF AN EXCITATION 

As can be seen from Table 1.1 and Table 1.2 most of the pigments in each of the 

Photosystems are chlorophyll molecules (Chls). Together with a smaller fraction of 

carotenoids (Cars) they absorb the light and transfer the resulting excitation to (Chl a) 

pigments which on average are lower in energy. The excitation energy is thus transferred 

downhill, from one excited pigment to the next, until finally after several tens of 

picoseconds it reaches the RC where photochemistry takes place (van Grondelle et al. 

1994). Indeed most excitations end up this way (the maximum quantum efficiency of PSI 

and PSII is 0.99and 0.8 respectively (Hogewoning et al. 2012)).  

Along the way to the RC, the excitation energy can befall a different fate, resulting in the 

excited pigment returning to its ground state. Intrinsically a small percentage will always 

be lost due to fluorescence (0.6%-3%) (Krause and Weiss 1991), which can easily be 

detected with very sensitive detectors. The so called site-energy of the emitting pigment 

determines the recorded spectral characteristics (the wavelength at which the emitted 

photon is observed). On average molecular sites which are occupied a larger portion of 

the time will contribute relatively more to the recorded fluorescence at a given 

wavelength, constituting a particular spectral signature.  

Another fate is heat dissipation, greatly enhanced by the induction of NPQ under high light 

conditions, as discussed in the previous section.  

And finally, the Chl excited state can also decay via the triplet state. The triplet state of Chl 

can transfer energy to the ground state of oxygen (O2) which then generates singlet 

oxygen, an extremely damaging ROS. The nature of Photosystem II being the oxygen 

evolving complex, combined with the lower quantum yield of photochemistry (0.8) leaves 

this photosystem at a particular risk.  

The different fates of an excitation allow us to study the functioning (or lack thereof) of 

the photosynthetic machinery, and fluorescence provides the window to peek inside. 

However, without the proper time-resolution, fluorescence provides a blurry window at 

best. It is time-resolved fluorescence and functional compartmental modelling introduced 

in the next two sections which allow us to study the functional characteristics of the 

photosynthetic machinery on the picosecond time scale in great detail.  
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1.9 TIME-RESOLVED SPECTROSCOPY  

Time-resolved spectroscopy involves exiting a system with a pulsed light source, such as a 

laser, and recording the response of the system in the time domain over a relevant 

spectral range. This system can be anything from Chls in solution, to an entire isolated 

photosynthetic complex or even whole algae or an intact leaf. Following excitation we can 

expect to observe fluorescence from every pigment in the system. Proportional to the 

probability of an excitation to be on a particular pigment (or group of pigments) and the 

chance of the excitation to transfer to a different pigment, we will observe an exponential 

decay of fluorescence in the time-resolved data. This rate of decay, fluorescence lifetime 

or simply the kinetics, can be modulated. The chance to observe fluorescence from one 

particular group of pigments is reduced (due to an accelerated rate of decay) if there 

happens to be a quenching site nearby and the system is in a state where NPQ is greatly 

enhanced. Or more emission is recorded which can spectrally and dynamically be 

associated with one particular photosystem in the case of state transitions. Our aim is to 

describe the observed fluorescence with functional parametric models.    

 

 

Figure 1.4. Time-resolved spectroscopy modelling workflow. Given a certain experimental 

condition in this case fluorescence data is obtained. These data are analyzed using a 

kinetic scheme which is fed into a parametric model description of the data and combined 

with constraints on the estimated parameters. The output is in the form of the estimated 

parameters (which can be used to refine or improve the model) and the population profiles 

and corresponding spectral shapes of the species giving rise to the data. 
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Functional means that we do not look at every pigment individually but rather as 

collections of pigment pools with collective kinetic and spectral properties. This is termed 

functional compartmental modelling: studying a large number of structurally relevant 

pigments with a small number of functionally relevant compartments or states. But how 

exactly can we model this? 

1.10 FUNCTIONAL COMPARTMENTAL MODELLING 

Our general modelling workflow which incorporates functional compartmental modelling 

is schematically depicted in Figure 1.4. Any type of modelling starts with a good 

experiment under carefully monitored and controlled conditions. Many parameters can be 

relevant for subsequent analysis of the data resulting from the experiment: temperature, 

excitation wavelength, excitation power, etc. Other experimental parameters such as 

those related to the so called Instrument Response Function (IRF) are also relevant for 

modelling but can typically be estimated from the data. The challenge is then to develop 

the most appropriate functional compartmental model or kinetic scheme underlying the 

data. The parameters from such a scheme together with the IRF parameters are the non-

linear parameters that make up the time-dependent part ( )
l

c t  of the data. The 

wavelength dependent part ( )
l

ε λ constitutes the spectra associated with the 

compartments of the kinetics scheme. At this level spectral constraints can operate. 

Typical are the zero constraint (to force part of a spectral shape to zero in a region where 

it is known not to contribute), non-negativity constraint (to force emission spectra to be 

strictly positive) and spectral relations (linking two spectral shapes with a constant). In 

chapter 4, a new type of constraint is introduced, that of equal areas. This constraint can 

be imposed to minimize the difference between the areas under two SAS, under the 

assumption that the oscillator strength of the two emissive species should be the same. 

This has allowed us to automatically estimate equilibria (the forward/backward rates 

between two compartments) rather than by trial and error. The parameters that make up 

the parametric model description of the data are iteratively optimized by a fitting 

algorithm which is part of our data analysis software, which typically takes seconds to 

minutes. Ideally the fit converges on a preset tolerance or the maximum number of 

iterations has been reached. The results are shown as the population profiles associated 

with the compartments in the kinetics scheme and the corresponding species associated 

spectra (SAS). In addition (not shown here) the residuals and the singular value 

decomposition of these residuals are visualized which allows the modeler to assess the 

quality of the fit. Based on this evaluation one or more of several actions can be taken: 

update the model parameters to reflect the most recently estimated parameters and try 

to improve the fit, change the kinetic scheme to allow for the fitting of some residual 

trend that was observed following the SVD residual analysis, use different constraints to 

better resolve the equilibria or improve the quality of the estimated SAS, or completely 



16 
 

reject the initial hypothesis and start over from scratch (possibly by doing a new set of 

experiments). This whole process can take days to months before finally a satisfactory 

parametric description of the data is found with interpretable SAS. Functional 

compartmental modelling thus makes it possible to quantitatively characterize 

photosynthetically relevant properties which can be studied using time-resolved 

spectroscopy. The question how functional compartmental modelling can help us to study 

the regulatory mechanisms mentioned earlier will be addressed in 1.12. 

1.11 STRUCTURE BASED MODELLING 

Functional compartmental modelling of time-resolved spectroscopy data is a 

phenomenological approach. In contrast there are other approaches with a more 

theoretical underpinning to study the excited state dynamics in photosynthetic systems. 

Examples are the generalized Forster theory (GFT), the modified Redfield theory, the 

combined modified Redfield-generalized Forster, and the hierarchical equations of motion 

(HEOM) (for a good introduction see (Mirkovic et al. 2016)). These methods have in 

common that they make use of the resolved structures of the isolated photosynthetic 

complexes and thus take into account (the site energy of) all pigments and (to different 

approximation) the coupling with their environment as well as disorder in the system. A 

detailed explanation is beyond the scope of this thesis, but it is worth mentioning that 

these theoretical approaches have resulted in significant advances of the understanding of 

excited state dynamics in photosynthetic complexes (van Grondelle and Novoderezhkin 

2006; Brüggemann et al. 2004; Novoderezhkin and van Grondelle 2010). Nevertheless 

these methods remain computationally very expensive, and the ability to study larger and 

more complex system is limited by computational power and smart approximations. Only 

recently a system as large as the isolated PSII supercomplex was tackled (Bennett et al. 

2013; Kreisbeck and Aspuru-Guzik 2016; Roden et al. 2016). For whole thylakoid 

membranes, involving large complex arrangements of photosystems which feature 

complex and not yet completely understood regulatory processes and complex 

interactions between them, the phenomenological approach is a powerful tool to directly 

study the excitation dynamics. The results from these studies can be used as the boundary 

conditions for more detailed coarse grained quantum mechanical modelling. 

1.12 MODELLING REGULATORY MECHANISMS IN 

PHOTOSYNTHESIS 

Regulatory mechanisms can modify the function by opening up additional pathways of 

energy transfer or by structural rearrangements of the antenna light harvesting systems. 

In chapter 5 we study state transition in the green algae Chlamydomonas reinhardtii. In 

this case the observation is a decoupling of (a fraction of) the light harvesting antenna 

complex II bound to Photosystem II and binding to Photosystem I instead, effectively 
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decreasing the PSII absorption cross section while increasing the PSI absorption cross 

section. By recording the time-resolved fluorescence in both state 1 and state 2 a 

functional model such as depicted in Figure 5 can be used to simultaneously describe both 

measurements and fully quantify the effect of the state transition. This allows us to 

answer the questions on how the photosystem dynamics changes from one state to the 

other, and how much excitation energy is involved within each complex in a given state. 

Doing this right also requires a very detailed compartmental model which resolves the 

contributions of the different photosynthetic complexes (PSI, PSII) and antenna (LHCII).  

 

Figure 1.5. A functional model for the state transition in Chlamydomonas at 77K depicting 

all modelled compartments and their inputs, the rate constants between compartments 

and quenching rates as explained in detail in Chapter 5. 

Parametric modelling is not limited to the ultra-fast timescale, but can equally 

productively be used to analyze data acquired using vastly different types of experiments. 

Pulse amplitude modulation (PAM) fluorometry is a widely used technique in 

photosynthesis research to probe the response of an organism’s photosynthetic 

machinery under different physiological conditions. PAM fluorometry probes the 

fluorescence quantum yield even in the presence of strong actinic light. As such it is used 

extensively to probe changes in PSII turnover rate as a result of changing light conditions. 

Utilizing the saturation pulse method the phenomenon of non-photochemical quenching 

(NPQ) is assessed through so called quenching analysis curves. 
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The concept is illustrated in Figure 6. Knowing the specific light protocol (the light intensity 

and/or quality as a function of time) and the sample characteristics, a parametric model 

can be constructed which describes the measured fluorescence quantum yield as the sum 

of the product of the concentration and quantum yield of a number of species. These 

quantum yields can in principle be obtained from independent ultra-fast time-resolved 

experiments and subsequent target analysis. 

 

Figure 1.6. PAM analysis method using a parametric model. A sample (of in this case intact 

chloroplast devoid of zeaxanthin) is measured following a specific light protocol consisting 

of regimes of quenching inducing high actinic light, recovery regimes with no actinic light, 

and saturating pulses throughout the experiment. The resulting data as well as the light 

protocol form the input for a parametric model which results in a description of the data in 

terms of the concentrations and quantum yields of a number of species. 

Analyzing the PAM quenching analysis curves in this manner allows us to stay much closer 

to the experimental data and facilitate quantitative comparison of qualitatively different 

PAM curves on the basis of statistically relevant fitting parameters rather than compare 

them only in relative terms or by visual inspection. 

1.13 OUTLINE 

This thesis collects a number of chapters related to the parametric modelling of 

photosynthesis. The detailed modelling of time-resolved data using target analysis 

requires sophisticated data analysis software (van Stokkum et al. 2004; Mullen and van 

Stokkum 2007) with an intuitive and interactive graphical user interface as explained in 

Chapter 2. 
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Chapter 3 is a demonstration of target analysis applied to ultra-fast time-resolved data to 

study the basic energy transfer dynamics in a simple (artificial) system composed of just 2 

chromophores and quantify the energy transfer efficiency between them.  

Chapter 4 is a study on the excited state dynamics of the natural pigment protein 

complexes such as isolated photosystems or (parts) of the thylakoid membrane. 

Chapter 5 is a detailed study of the regulatory mechanism of the state transition in 

Chlamydomonas using time-resolved fluorescence on wild type cells as well as different 

strains deficient in either PSI core or PSII core. This allowed the full characterization of the 

excited state dynamics in wild type, completely resolving the PSI and PSII as well as the 

LHCII dynamics in the thylakoid at 77K.  

Chapter 6 offers a new perspective on the well-established methodology of pulse 

amplitude modulated (PAM) fluorescence by extending global and target analysis to 

quantitative parametric models.  

Chapter 7 summarizes the most important findings and results from the different chapters 

and offers an outlook.  

Chapter 8 is chapter 7 translated to Dutch.         
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