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7 Summary 

To study the conversion of photons into chemical bonds through photosynthesis requires 

ultra-fast time-resolved spectroscopic measurements. Sophisticated pulsed laser setups 

are used to study the energy transfer processes, or lack thereof, in minute detail in 

photosynthetic pigment protein complexes. This resulting rich experimental datasets 

contain fluorescence intensity or changes in absorption with time on one axis, and a 

spectral coordinate such as wavelength on another axis. Analyzing these data is the 

challenge and requires parametric models in combination with global and target analysis, 

see Figure 7.1.  

 

Figure 7.1 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 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. 

In Chapter 2 we introduced an open source software application called Glotaran which 

implements this methodology (Snellenburg et al. 2012). Glotaran was introduced as a 

Java-based graphical user interface (GUI) to the R package TIMP, a problem solving 
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environment for fitting superposition models to multi-dimensional data Glotaran provides 

a graphical user interface which features interactive and dynamic data inspection, easier – 

assisted by the user interface – model specification and interactive viewing of results. This 

allows the user to quickly evaluate the results and update the model or make changes to 

the model or underlying hypothesis. The workflow which reflects this process, first 

introduced in Chapter 1 is repeated here. The highly modular design of Glotaran has 

abstracted away the specific implementation of core functionality, such as the 

computational engine. Currently it makes use of the R package TIMP via the Java-to-R 

interface Rserve but in the future a smooth transition to a computational engine 

implemented in another language is possible. 

In Chapter 3 we demonstrated the use of simultaneous target analysis of two datasets to 

accurately model the energy transfer dynamics in an artificial light-harvesting dyad 

composed of a phthalocyanine (Pc) covalently linked to a carotenoid (Car) (Maiuri et al. 

2013). The simultaneous analysis of the two datasets allowed us to disentangle the 

contribution of the Pc and the Car molecule from that of the Dyad as a whole. Exciting the 

Car molecule, the high temporal resolution then allowed us to quantify the efficiency of 

the fastest process occurring in this system, the energy transfer from the S2 excited state 

of the Car to the Pc, at 37%, close to the values observed in some natural light-harvesting 

complexes. In addition, following selective excitation of the Pc, we have identified the 

spectral signatures of the S1 excited state of the Car which appear within the ≈30-fs time 

resolution of our measurement. This strongly indicates excited state coupling between the 

S1 state of Car and the Qx state of Pc, with important implications for the regulation of 

photosynthetic activity.  
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Figure 7.2. Summary of the findings of Chapter 3. A kinetic model for the excitation 

dynamics in a Car-Pc Dyad molecule is shown, together with the resulting population 

dynamics for each of the species resolved and the corresponding SADS. In the left column is 

shown the modelling results upon excitation of the Car molecule, in the middle are the 

results upon excitation of the PC molecule. On the right are the main findings resulting 

from both cases. 

In Chapter 4 we took the step towards much larger systems, scaling up to an entire 

photosystem or even isolated PSII enriched thylakoid membranes. Time-resolved 

fluorescence spectroscopy measurements at 77K combined with target analysis allowed 

us to build functional compartmental models for the isolated photosystems and their 

antenna in the thylakoid membrane (Snellenburg et al. 2013). In the process we had to 

introduce a new type of spectral constraint of equal area between species, to resolve the 

equilibria between compartments in the kinetic models. Combining kinetic schemes with 

different spectral constraints enabled us to resolve the energy transfer pathways and 

decay characteristics of the different emissive species. We determined the spectral and 

energetic properties of the red Chl pools in both photosystems summarized in Figure 7.3, 

and quantified the formation of LHCII-LHCI-PSI supercomplexes in the transition from 

native to unstacked thylakoid membranes. 
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Figure 7.3. Summary of the analysis results on isolated PSI complexes and PSII enriched 

thylakoid membranes. Shown are the full kinetic models and the resulting population 

profiles and corresponding SAS for PSI on the left, and PSII on the right. 

Armed with a good intution of the dynamics of the isolated photosystems we finally 

decided to take on the modelling of the whole thylakoid membrane in Chapter 5. The 

experiments carried out to provide the necessary data were aimed at a better 

understanding of the regulatory mechanism of state transitions in Chlamydomonas 

reinhardtii (C.r.) wild type (WT) as well as mutant strains deficient in the photosystem I 

(PSI) or the photosystem II (PSII) core (Wlodarczyk et al. 2016). Much of the work in this 

chapter builds on an earlier attempt to resolve the excited state dynamics in state 

transitions, but which was still lacking the insight provided by the mutant cells 

(Wlodarczyk et al. 2015). In this chapter the time-resolved fluorescence measurements 

reported were obtained on instantly frozen (77 K) cells incubated beforehand under either 

state 1 (S1) or state 2 (S2) conditions and then used in a simultaneous target analysis. WT 

data contributed information on the amount and dynamics of light-harvesting complex 

(LHC) connected to PSI and PSII. The mutants’ data contributed information on either 

LHCII-LHCI-PSI or LHCII-PSII, plus information on LHC antennas devoid of a PS core. Thus in 

a simultaneous analysis of all of the data from all strains under S1 or S2 conditions a 

unified model for the excited state dynamics at 77 K was created. This yielded the 

completely resolved LHCII-LHCI-PSI and LHCII-PSII dynamics and quantified the state 

transitions. The most important finding was that under the specific state transition 

inducing conditions described in the chapter in WT cells the fraction of light absorbed by 

LHCII connected to PSII decreases from 45% in S1 to 29% in S2, while it increases from 0% 
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to 16% for LHCII connected to PSI. This involved 36% of the total pool of LHCII. Another 

very interesting finding was that in the mutant strains deficient in the PSI core, the red 

most species peaking at 716 nm disappears completely, indicating that this far red Chl 

pigment is located in the PSI core. 

 

Figure 7.4. Summary of the process of simultaneous target analysis of state transition 

data. Each block corresponds to a full kinetic scheme with corresponding population 

dynamics and estimated SAS. For the LHCII-PSII complex in WT specifically the results are 

shown. Having fully resolved the PSI, PSII and LHCII dynamics allowed us to quantify the 

state transition involving 36% of the total pool of LHCII transferring energy to PSI in State 2 

instead. 

Finally in chapter 6 we modelled a very different type of time-resolved, but not so ultra-

fast, measurements. In this chapter a new method was presented to analyze pulse 

amplitude modulation (PAM) fluorometry measurements which are widely used 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 Photosystem II (PSII) turnover rate as a result of changing 

light conditions.  This makes it particularly suitable to study the phenomenon of non-

photochemical quenching (NPQ), which is assessed through so called quenching analysis 

curves which were analyzed using a parametric model. The result was a description of the 

observed fluorescence quantum yield in PAM curves in terms of the sum of the product of 

dynamically changing concentrations of different emissive species and their specific 
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fluorescence quantum yields as depicted in Figure 7.5, which was first introduced in 

Chapter 1.  

 

Figure 7.5. PAM analysis method using a parametric model. A sample 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 a number of species with 

dynamically changing concentrations and their quantum yields. 

The method of analysis is straight forward and very flexible, allowing it to be applied to 

any type of PAM fluorometry protocol, including those routinely used for plants in 

greenhouses or crops in the field. As an example, a simplified version of the protocol was 

demonstrated to be applicable to model the PAM dynamics measured on cyanobacteria 

(Acuña et al. 2016b). It provides a way to quantitatively compare qualitatively different 

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

visual inspection. The extracted estimated quantum yield parameters can also be directly 

related to the quantum yields estimated from independent ultra-fast time-resolved 

experiments, as explained in detail in the appendix of this chapter. As such, this new 

analysis method, can also be seen as an essential building block of larger integrated 

models of photosynthesis, which necessarily will have to combine many different types of 

data (from ultra-fast time-resolved spectroscopy, PAM fluorometry, spectrally 

decomposed fluorometry (Acuña et al. 2016a) and other sources - to investigate all 

parameters relevant to photosynthetic efficiency and regulation. 
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