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Chapter 1 

Introduction 
The purpose of this thesis is to obtain an in-depth understanding of the early 
steps of photosynthesis of cyanobacteria at the molecular level in vivo by using 
picosecond time-resolved fluorescence techniques. These steps include sunlight 
energy-harvesting process, energy trapping and nonphotochemical quenching 
(NPQ). More precisely, one NPQ process, called blue-green light-induced NPQ, has 
been studied intensively, thereby becoming the focus of this thesis. 
 
1.1 Photosynthesis 
Photosynthesis is the process by which sunlight energy is captured and converted 
into chemical energy (see for instance 1,2,3) by many living organisms. It is 
responsible for feeding nearly all life on Earth, providing oxygen and most of the 
natural energy. Because of its great potential in the development of renewable 
energy sources it is also regarded as a good candidate to partly solve the global 
energy problem and to develop a green sustainable life4,5. Sunlight is an abundant 
and inexhaustible source of energy; to be more precise, the amount of sunlight 
energy reaching the Earth within one hour is more or less equal to the global 
energy consumption of 2002. A theoretical upper limit of ~10 %, in the sense of 
overall sunlight energy conversion efficiency, was estimated6,7,8, but in reality it is 
far lower than that. For example, crops growing in the field, have an efficiency of 
biomass production lower than 1%9,10, while algae can have a higher efficiency 
when growing in the lab, ~5%11. Therefore, there still seems to be room for 
improvement referring to the overall solar energy conversion. To better utilize the 
energy from sunlight, we must understand the natural photosynthetic process at 
the molecular level, elucidate the bottlenecks of the low-efficiency processes of 
the natural systems and then hopefully remove these bottlenecks in existing 
systems or develop completely new artificial systems.  
In this section, I will briefly introduce how photosynthesis works. Figure 1.1 
illustrates schematically the locations of the main machineries of oxygenic 
photosynthesis in the thylakoid membrane and the electron and proton flows.  All 
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complexes involved, apart from the ATP synthase, function in series to transfer 
electrons from water to NADPH, and pump protons from the stroma to the lumen. 
The protons move back to the stroma via the ATP synthase, thereby producing 
ATP. 

Figure 1.1: Schematic diagram of the electron transfer pathway in oxygenic 
photosynthesis. Simplified main photosynthetic complexes, including Photosystem II (PSII), 
Photosystem I (PSI), Cytochrome (Cyt b6f ), ATP synthase, the Oxygen evolving complex 
(OEC), Plastocyanin (PC),  Ferredoxin (FD) and Ferredoxin-NADP reductase (FNR) are shown.  
 
In general, photosynthesis can be separated into two stages, the light reactions 
and the dark reactions. In the light reactions of photosynthesis, as mainly 
described in Figure 1.1, firstly, sunlight is captured by the pigment-proteins (see 
section 1.2) and funnelled to the reaction centers (RCs) of PSI and PSII, where 
charge separation (CS) takes place. Secondly, in PSII RCs, after CS, the electron is 
rapidly transferred away via an electron transfer chain as shown in Figure 1.1. 
Meanwhile, electrons are extracted from water, which takes place in the OEC. In 
this process, both O2 and protons are produced, the former one is released as a 
by-product, and the latter ones are accumulating on the lumenal side thereby 
contributing to a proton gradient between the stroma and lumen that drives the 
ATP synthase to synthesize ATP.  The electron from PSII re-reduces the primary 
donor of the PSI RC which is continuously being oxidised due to the light-driven CS 
in PSI. The electrons that are released by the PSI RC eventually are used to reduce 
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NQDP+ into NADPH.  In the dark reactions of photosynthesis, ATP and NADPH are 
further used to reduce CO2 into sugars via the so-called Calvin cycle12.   
In addition to photosynthesis, organisms also need the reverse process, 
respiration, in which sugar is converted into CO2 and water and energy is released 
to support other life activities13.  
 
1.2 Cyanobacteria  
Cyanobacteria, often called “blue-green algae”, are oxygenic photosynthetic 
prokaryotes (for details see the book of Bryant D.A. 199414), generally existing 
anywhere where there is water, ranging from hot springs to polar environments15. 
The oldest known fossils of cyanobacteria, ~3.5 billion years old, are from 
Archaean rocks of Western Australia. Actually, cyanobacteria probably have 
participated and contributed to the formation of the earth as we know it now, by 
participating in the creation of an oxygen-rich atmosphere, the formation of rocks 
and also most of the oterozoic oil deposits. Besides, some cyanobacteria can fix 
nitrogen from the air, which also has become a broad and important research 
field. More information about their evolution and the biochemistry and molecular 
biology of cyanobacteria is provided in the following books: (the Ecology of 
Cyanobacteria: their Diversity in time and space16; the Molecular Biology of 
Cyanobacteria14; The Cyanobacteria: Molecular Biology, Genomics, and 
Evolution17).  
Studying photosynthetic behaviour of cyanobacteria is of great importance, not 
only because it extends our understanding of the photosynthesis in other species, 
such as plants, green algae and diatoms, but also because cyanobacteria are 
believed to be good candidates for producing biofuels, since they are easily 
growing, grow faster in general than plants and they are relatively easy to be 
genetically engineered as compared to algae18,19.  
As well as in other photosynthetic organisms, photosynthesis in cyanobacteria 
relies on pigment-proteins complexes, which are employed to capture light and 
perform charge separation. At the same time, photosynthesis needs effective 
photoprotection mechanisms. In the following paragraphs I will introduce the 
main photosynthetic complexes, and explain how they harvest light, why they 
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need to protect themselves from high light and how they manage to do so from a 
molecular level point of view.  
 
1.2.1 Main photosynthetic complexes in Synechocystis sp PCC 6803 
Like all other photosynthetic organisms, cyanobacteria rely on pigment-proteins; 
Synechocystis sp PCC 6803 (hereafter called Synechocystis) serves as a model 
system, similar to Arabidopsis in plant research. Its genome has been fully 
determined in 199620 and since then many mutants have been constructed, which 
greatly facilitates our studies.  
Synechocystis contains a number of photosynthetic protein complexes. Besides 
the membrane-embedded complexes listed in Figure 1.1, namely photosystem I 
(PSI), photosystem II (PSII), the cytochrome b6f complex, and the ATP synthase21, 
it also contains water-soluble antenna complexes, called phycobilisomes (PBs). All 
complexes work together to ultimately transform sunlight energy into chemical 
energy.  
 
1.2.1.1 Photosystems 
PSI and PSII are obviously the two most important photosynthetic machineries.  
They work in series to perform photosynthesis as discussed above.  
The two photosystems are both large pigment-protein complexes. The PSI core 
complex from thermophilic cyanobacterium, of which the structure was 
determined at 2.5 Å by Jordan et al. and Fromme et al. in 200122,23, contains 12 
protein subunits and 127 cofactors. In total, there are 96 chlorophylls (Chls), and 
22 β-carotenoids (Cars) per P700 (see the structural model of PSI in Figure 1.2).  
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Figure 1.2: Protein structure. PSI monomer (side view from within the membrane, top left), 

PSII dimer (side view, top right), and their pigment arrangements (PSI, bottom left and PSII, 

bottom right). Figures are adapted from ref22,24,25,26 with permissions.  

 

The PSII core complex contains ~35 Chls and ~12 Cars per monomer, and its 
structure has been determined at 1.9 Å by Umena et al 26(see Figure 1.2). The PSII 
core complex contains the reaction center (RC) associated with two Chl-binding 
polypeptides, CP43 and CP47, that function as core antennae27. The PSII RC, 
consisting of the D1 and D2 polypeptides, cytochrome b559, and some other 
proteins encoded by the photosystem b (Psb) genes, binds six Chls, two 
pheophytin molecules and several other cofactors.  
Note that both the structure and function of PSI and PSII core complexes are 
thought to be very similar for cyanobacteria and plant species with minor 
differences on the stromal side28-31. In general, the photosystems in cyanobacteria 
can be considered as the core systems of the two photosystems in plants. 
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1.2.1.2 Phycobilisome 
The use of phycobilisomes (PBs) as light-harvesting system for PSI and PSII, makes 
the cyanobacteria very different from plants and green algae, which only use 
membrane-embedded antennae. PB is a giant water-soluble protein-complex, 
associated to the photosystems at the cytoplasmic side of the thylakoid 
membrane32.  Its structure was summarized in detail in several reviews33-35 (see 
Figure 1.3). In Synechocystis it is composed of phycocyanibilin-containing subunits, 
c_Phycocyanin (c_PC) rods and allophycocyanin (APC) cores, and of non-
pigmented polypeptides that have been named linkers and connect the different 
subunits to each other. Although an X-ray structure of the whole PB is not 
available yet, the structures of most of its subunits have been determined36,37 (see 
Figure 1.3).   
Both C_PC and APC contain phycocyanobilins that extend the wavelength range of 
light harvesting for the photosystems, see section 1.2.2.  More details about their 
compositions and the excitation energy transfer (EET) processes will be presented 
in Chapter 4.  

Figure 1.3: A cartoon of the whole phycobilisome of Synechocystis (center) and X-ray 

structures of the c_phycocyanin trimer (top left_PDB:  3018). C_phycocyanin hexamer 
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(top right, PDB: 1I7Y); allophycocyanin trimer (low left, PDB: 3DBJ); and allophycocyanin 

trimer with core linkers (low right, PDB: 1B33).  
 
Note that the main function of a PB is harvesting light but it also plays a very 
important role in photoprotection of cyanobacteria and serves as a nutrient 
reservoir when needed. Moreover, it is interesting that PBs can be truncated in 
different light conditions for optimising light harvesting and the capacities of the 
photosystems.34,38,39.  
 
1.2.1.3 Other important photosynthetic complexes:  
 

 

Figure 1.4: three photosynthetic complexes. A) The structure of the OEC, adapted from 
Umena et al 201125, B) Cytochrome b6f, adapted from Baniulis et al 200940. C) A Model of 
Escherichia coli ATP synthase -adapted from Joachim Weber et al 200741.  
 
The Oxygen-Evolving Complex  
The Oxygen-evolving complex (OEC) is the complex where the oxidation of water 
into molecular oxygen and protons takes place; it contains a Mn4Ca cluster (for a 
review see 42,43). Its structure with atomic resolution was recently obtained by 
Umina et al. (Figure 1.4). However, the catalytic mechanism is still elusive.  
 
ATP synthase 
As its name suggests, ATP synthase can synthesize ATP from ADP and inorganic 
phosphate (Pi) driven by the transmembrane proton gradient39. The ATP 
synthases of all species are similarly structured, comprising two major 
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components, F0 and F1 44,45. See Figure 1.4 for a cartoon model of ATP synthase 
that is taken from Ref. 46.  
 
Cytochrome b6f 
The cytochrome b6f complex functions as an interchange station in oxygenic 
photosynthesis to facilitate the electron transfer from PSII to PSI in the linear 
electron transfer pathway. The structure of cytochrome b6f of Mastigocladus 
laminosus is shown in Figure 1.4 47. Interestingly, each cytochrome b6f monomer 
contains one chlorophyll a and one β-carotene, but the functional role of these 
pigments is still under discussion48.  
All of the complexes discussed above are indispensable for the photosynthesis 
process. However, only two photosystems, together with the PBs, are covered in 
detail in this thesis. Note that to build a systems biology model for photosynthetic 
processes in cyanobacteria, other complexes should be considered as well in the 
future49.  
 

Figure 1.5: protein structure of OCP in 
Synechocystis, taken from ref 56 

 
1.2.1.4 Orange Carotenoid Protein 
/Fluorescence Recovery Protein 
We now turn to a special carotenoid 
protein, called orange carotenoid 
protein (OCP). In photosynthetic 
organisms, carotenoid proteins are well-
known for their protective roles in 
balancing the energy consumption for 
photosynthesis with the energy 
released through heat dissipation via a 
process called non-photochemical 
quenching (NPQ) 50. In cyanobacteria, 
OCP (encoded by gene Slr1963 in 
Synechocystis), is a 35-kDa water-
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soluble protein that is essential for triggering the blue-green light induced NPQ, 
and most likely functions as a quencher molecule51.  
OCP was first identified in cyanobacteria in 198152; later it was found that it 
actually exists in most of the cyanobacteria. For quite a long time, the biological 
function of OCP was not known until the discovery of blue-green light induced 
NPQ, see section 1.2.4.  Its structure has been determined and is shown in Figure 
1.5 53,54. It binds a single pigment, the carotenoid 3’-hydroxyechinenone (hECN) of 
which the optical properties will be introduced in section 1.2.2.  
The Fluorescence Recovery Protein (FRP), encoded by gene Slr1964 in 
Synechocystis, also plays a key role in the blue-green light induced NPQ of 
cyanobacteria. It can dramatically accelerate the recovery speed of the cells from 
their quenched state. The molecular weight of FRP is 15 kDa, while its crystal 
structure is unknown yet55.  
 
1.2.2 Pigments and their electronic transitions:  
Synechocystis, like most of the cyanobacteria, contains chlorophylls a, 
phycocyanobilins and carotenoids as the main photosynthetic pigments. However, 
there are also cyanobacteria species that are able to produce chlorophyll d and 
chlorophyll f, which can catch near-IR light as well57,58.   
In a general way, the absorption and emission of light by a pigment can be 
illustrated by the Jablonski diagram, as shown in Figure 1.6. However, since there 
are other ways of relaxation especially when there are other pigments present or 
when the excitation can lead to a chemical reaction, we have added one extra 
depopulation pathway indicated by the blue arrow and lines from the S1 state. 
Similarly, energy transfer is also possible from its triplet state, for instance, to 
molecular oxygen, which creates singlet oxygen, and via triplet-triplet Dexter 
energy transfer (see section 1.2.3), etc. (see also Figure 1.6).   
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Figure 1.6: Jablonski 
diagram of the energy 
levels of a pigment and 
the possible transitions 
between them. er is the 
transition dipole moment 
of the pigment and I is the 
intensity of the excitation 
beam. Electron population 
on S1 can either be 
transferred further to the 
triplet state T1 (red lines) or 
to the blue lines that 
represent the energy levels 
of other pigments, from 
which the excitation might 
be used to drive charge 
separation of 
photosynthesis or simply 

be dissipated as heat via NPQ. Black dash lines on the right indicate the low-lying states of 
the T1-quenchers such as O2 or carotenoids.   

 

Figure 1.7: Chemical structures of the photosynthetic pigments in Synechocystis.  
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Figure 1.8: Absorption spectra of the pigments Chl a, β-carotene, and of OCP and the PB 
of Synechocystis.  
 

Chlorophyll a is the most abundant pigment within photosynthetic organisms. Its 
chemical structure is shown in Figure 1.7, consisting of a N-ring with a Mg center, 
side chains, and a hydrocarbon tail.  The absorption spectrum of Chl a in diethyl 
ether is shown in Figure 1.8, which exhibits characteristic absorption bands of 
metalloporphyrins, namely, Soret transition bands (300-450 nm) and Q bands 
(500-700 nm). These bands can be attributed to several S0→S2 and S0→S1 

transitions, respectively.  
Phycocyanobilin is used as a second kind of pigment that harvests light between 
550 nm and 670 nm, which greatly enhances the wavelength range for light 
absorption and thus broadens the absorption cross section of the photosystems. 
As shown in Figure 1.7, phycocyanobilin has an open-chain tetrapyrrole structure, 
which is flexible, leading to different spectral properties. Moreover, its spectral 
properties depend on the protein environment as well59, therefore, this group of 
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pigments can show different energy levels in C_PC and APC, the subunits of PBs. 
In C_PC, the central absorption wavelength is ~590 nm, while it is 650 nm for APC, 
and even longer (around 670 nm) for low-energy species in APC (see Figure 1.3 
and chapter 4 in this thesis for details).  This “funnel” shape design of the PBs 
greatly increases the EET efficiency, which is over 90%34.  
β-carotene commonly exists in PSI and PSII of plants, algae and cyanobacteria. The 
functions of β-carotene include light harvesting in the 300-500 nm range and 
photoprotection (vide infra). Its structure, shown in Figure 1.7, is characterized by 
a linear polyene chain with 11 conjugated double bonds. The S0→S1 transition of 
carotenoid is optically forbidden for single photon excitation, therefore, only a 
broad absorption peak of S0→S2 can be observed. Hardly any fluorescence can be 
detected of carotenoids, since the excitations in S2 rapidly relax to S1 and the 
S1→S0 transition is optically forbidden. Although the S1→S0 transition is forbidden, 
the lifetime of S1 is extremely short due to fast non-radiative decay.  The lifetime 
of S1 is determined by the conjugation length of carotenoids and varies from 300 
ps to several ps (for more details see e.g. Polivka and Sundstrom 200450).  
OCP contains the carotenoid hECN, of which the structure is very similar to that of 
β-carotene (see Figure 1.7). When compared to β-carotene, hECN contains one 
carbonyl group and one hydroxyl group extra at each terminus. The absorption of 
OCP mainly covers the blue-green region around 500 nm (Figure 1.8). Interestingly, 
in cyanobacteria OCP can be converted into its active-red form OCPr from its 
inactive-orange form OCPo during the NPQ process57. Spectral properties of OCP 
were first studied by Tomas et al in 200561, and two S1/ICT states with lifetime of 
0.9 ps and 3.3 ps were reported, which later were assigned to OCPo and OCPr, 
respectively, based on the near-IR transient absorption results in ref 62. The S1 
energy levels of OCPo and OCPr were determined in ref 62 as well, namely, ~14700 
cm-1 in the former, but ~650 cm-1 lower in the latter one. Berera et al in 201263 
have studied OCP in both forms (i.e. OCPo and OCPr) using pump-probe 
spectroscopy. They have reported that the ICT character of the excited state is 
more pronounced in OCPr than in OCPo. This might be related to its potential role 
as a quencher in the blue-green light induced quenching process.  
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1.2.3 Interaction Mechanisms between Pigments: Energy transfer and charge 
separation 
In this paragraph I will discuss very briefly a few types of interactions between 
chromophores that may apply to photosynthetic pigment-protein complexes, 
such as FÖrster-Dexter energy transfer, exciton coupling and charge separation. 
These processes are happening all the time in photosynthesis and lie at the basis 
of the model-based data analysis (see section 1.3), although neither of them is 
directly studied in this work they underlie the observed picosecond fluorescence 
kinetics.  
When considering two separated chromophores, various processes can take place 
upon excitation. Of course, in the extreme case that the chromophores are so well 
separated that there is no interaction between them, the excited molecule just 
relaxes to its own ground state. However, under some conditions, the 
chromophores can influence each other, which may correspond to different types 
of interactions.  Here we use the simplest system (“dimer”), which is also 
extensively illustrated in the book of van Amerongen et al.3, to illustrate the 
possible interactions that can take place.  

1) When the coupling strength between two pigments (VDA) is dominated by 
Coulombic interaction and when this interaction is much smaller than the spectral 
broadening (homogenous and inhomogeneous), it can be treated as a 
perturbation. In this case, we say that the excitation is localized on one 
chromophore and energy transfer or excitation hopping from one chromophore 
to the other can be described by the Förster equation. Use is made of Fermi’s 
golden rule (second-order perturbation theory), and the transfer rate is given as a 
function of  frequency (𝜈𝜈) by: 

𝑘𝑘𝐷𝐷𝐷𝐷 = 𝐶𝐶1 ∙ |𝑉𝑉𝐷𝐷𝐷𝐷|2 ∙ 𝑘𝑘𝑟𝑟𝐷𝐷 ∙ �
𝜀𝜀𝐴𝐴(𝜈𝜈) ∙ 𝑓𝑓𝐷𝐷(𝜈𝜈)

𝜈𝜈4 𝑑𝑑𝑑𝑑      (1.1)                     

where the integral reflects the overlap between donor emission (𝑓𝑓𝐷𝐷(𝜈𝜈)) and 
accepter absorption (𝜀𝜀𝐴𝐴(𝜈𝜈)) as presented as molar extinction coefficient. 𝑘𝑘𝑟𝑟𝐷𝐷 is 
proportional to the square of the transition dipole moments of the donor (𝝁𝝁𝐷𝐷)64. 
It is used here to normalize the fluorescence spectrum of the donor and to 
facilitate the calculation. In the dipole-dipole approximation, 
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𝑉𝑉𝐷𝐷𝐷𝐷 =
𝐶𝐶2 ∙ 𝜅𝜅
𝑅𝑅3                            (1.2) 

where 𝜅𝜅 = (𝝁𝝁𝐷𝐷 ∙ 𝝁𝝁𝐴𝐴) − 3(𝝁𝝁𝐷𝐷 ∙ 𝑹𝑹)(𝝁𝝁𝐴𝐴 ∙ 𝑹𝑹) , 𝝁𝝁𝐴𝐴  is the transition dipole moments 
of acceptor, and 𝑹𝑹  is the vector from the center of the donor to the center of the 
accepter. Thus one obtains the famous FÖrster equation:  

𝑘𝑘𝐷𝐷𝐷𝐷 = 𝐶𝐶3 ∙
𝑘𝑘𝑟𝑟𝐷𝐷

𝑛𝑛4 ∙
𝜅𝜅2

𝑅𝑅6 ∙ �
𝜀𝜀𝐴𝐴(𝜈𝜈) ∙ 𝑓𝑓𝐷𝐷(𝜈𝜈)

𝜈𝜈4 𝑑𝑑𝑑𝑑        (1.3)                    

where 𝑛𝑛 is the refractive index and 𝐶𝐶3 together with 𝐶𝐶1and 𝐶𝐶2 shown above are 
different constants, for details, I refer to the book of van Amerongen et al 3. 
2) When two chromophores approach each other very closely, we also need 
to include higher order terms of the multipole transition moments and also the 
exchange effect that can take place  in case of overlapping molecular orbitals 
should be taken into account3, 65,66. The transfer rate constant for the Dexter 
exchange mechanism, k𝐷𝐷𝐷𝐷 , is given by:  

𝑘𝑘𝐷𝐷𝐷𝐷 = 𝐾𝐾 ∙ 𝐽𝐽 ∙ exp �
−2𝑅𝑅𝐷𝐷𝐷𝐷
𝐿𝐿

�      (1.4)     

where 𝑅𝑅𝐷𝐷𝐷𝐷  is the distance between donor (D) and acceptor (A), K is an 
experimental factor, L is the sum of van der Waals Radius of D and A, and J is the 
normalized spectral overlap integral. This mechanism is important for triplet 
transfer but can in most cases be ignored for singlet transfer.  
3) When the coupling between the two interacting molecules becomes 
strong, i.e. the coupling strength is comparable to or larger than the spectral 
broadening, the molecules start to behave like one single molecule with two 
different excited energy levels and the corresponding transition dipole moments 
are linear combinations of the original ones. A few examples are shown in Figure 
1.9. In A), the two dipole moments of the individual chromophores are oriented in 
a sandwich manner. For the transition to the highest energy state (highest exciton 
level) the transition dipole moment is a weighted sum of the parallel individual 
transition dipole moments, leading to a doubling of the dipole strength. The 
transition dipole strength corresponding to the lowest exciton level scales with 
the difference between the individual dipole moments and becomes zero; 
therefore, the transition to the lowest exciton state is forbidden in this particular 
case. In contrast, in C) the two dipole moments are oriented in a head-to-tail 
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manner, and the situation is reversed. The allowed transition is now the one to 
the lowest exciton state. Strictly speaking this description is only correct when the 
coupling strength is much larger than the spectral broadening; when the 
broadening is comparable, the forbidden transition becomes partly allowed (for 
details see van Amerongen et al 2000 3). 

 
Figure 1.9: Energy levels of excitonic 
coupled dimer. A) a dimer in 
sandwich manner B) a monomer C) a 
“head to tail” dimer.  

 
The excitations are not localized 
anymore on individual 
chromophores and the relaxation 
of an exciton is often treated in 
the literature by Bloch-Redfield 

theory or modified Redfield theory 67. Other approaches for solving the quantum 
(coherence) dynamics of the excitations also exist, like the path integral 
approach68, time-dependent self-consistent field approximation (TDSCF)69, and so 
on. Note that an acceptable general model that can describe all conditions (weak, 
intermediate and strong coupling, and coupling between exciton and 
environment) still needs to be developed (see for instance refs 70-72).  
4) When two molecules interact with each other with one being in the 
excited state, also electron transfer between them can take place. The well-
known Marcus nonadiabatic theory is often employed to determine the electron 
transfer rate:  

𝑘𝑘𝐷𝐷𝐷𝐷 =
2𝜋𝜋
ћ
∙ |𝑉𝑉𝐷𝐷𝐷𝐷|2 ∙

1

(4𝜋𝜋𝜋𝜋𝜋𝜋𝜋𝜋)
1
2

∙ exp⁡�
−(∆𝐺𝐺 + 𝜆𝜆)2

4𝜋𝜋𝜋𝜋𝜋𝜋
�            (1.5)                

Here 𝑉𝑉𝐷𝐷𝐷𝐷  is the electronic coupling, 𝜆𝜆 is the reorganization energy and ∆𝐺𝐺 is the 
free energy difference between states before and after electron transfer.  
Photosynthetic complexes do not just contain tens to hundreds of randomly 
packed pigments, but they can be considered as highly efficient pieces of 
equipment in a well-organized superstructure. They work together to harvest 



                    Introduction 

 

22 
 

sunlight and perform photosynthesis with high efficiency. It still remains a mystery 
how photosynthetic cells manage to manipulate these complexes precisely 
although little by little pieces of this mystery are being revealed. Studies that have 
been performed over the past decades have led to theoretical descriptions of the 
processes involved and have to a large extent explained the high efficiency within 
single complexes. For instance, for isolated complexes of Synechocystis PCC 6803, 
quantum coherence was reported to occur, both in C_PC and APC 73,74 and most 
likely within part of the pigment-protein subunits excitations are delocalized, 
while between subunits, the energy transfer is dominated by Förster energy 
transfer. Somehow the cells are probably taking advantage of such a design75.  
 
1.2.4 NPQ in cyanobacteria 
Sunlight is a relatively dilute light energy source1, and therefore plants, algae and 
cyanobacteria must be very efficient in capturing light and transferring energy to 
its reaction centers. On the other hand, sunlight intensity can fluctuate a lot, even 
in a short period of time while it changes continuously during the day. In high light 
intensity, the absorbed light energy may exceed the capacity of the RCs, and thus 
generate oxygen species that are harmful to the cell. To diminish the amount of 
photodamage, photosynthetic organisms have evolved photoprotective 
mechanisms that dissipate excess harvested energy into harmless heat before it 
reaches the RCs. The resulting quenching of exctited states is in general called 
non-photochemical quenching (NPQ).  
 
1.2.4.1 A short summary of blue-green light induced NPQ in cyanbacteria   
For a long time it was assumed that cyanobacteria were not capable of 
performing NPQ until a new NPQ mechanism was reported in 2000 by El Bissati et 
al.76. The action spectrum of this light-induced quenching covers mainly the blue-
green wavelength region of 450–550 nm, and the spectral shape suggests that this 
NPQ is triggered by a carotenoid77. Later, Wilson et al demonstrated that OCP (see 
section 1.2.1 of this chapter) is responsible for this protection process, and that 
during NPQ the fluorescence of PBs is strongly quenched. But the site of 
quenching was not known yet, although in that work C_PC rods were excluded as 
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potential quenching sites by studying several mutant cells. Only recently, we 
demonstrated that APC660 is the species that is directly quenched and not APC680, 
both in vivo and in vitro (see chapters 2 & 3). This conclusion is strongly supported 
by later work on isolated PBs from APC mutants, missing specific low-energy 
pigments (APC680), and it was confirmed that ApcD, ApcF and ApcE, three special 
subunits of APC core complex that are termed as APC680 (see chapter 4), are not 
required for NPQ78. 
 
1.2.4.2 Physical models of NPQ   
The molecular mechanisms underlying the NPQ protection of plants are still being 
discussed. Nevertheless, several models have been used successfully to interpret 
how excess excited state energy of Chl a can be quenched. This has recently been 
summarized by Polivka et al in 201262 and schematically this is given in Figure 1.10.    

Figure 1.10: possible physical mechanisms responsible for NPQ in plants.  
 
In one mechanism, proposed to occur in NPQ of plants by Ruban et al.79, NPQ is 
caused by energy transfer from Chls to the carotenoid S1 state. In that work, 
Ruban el al. have studied light-harvesting complex II (LHCII) both in the quenched 
and unquenched state.  
A second possible quenching mechanism involves carotenoid-Chl exciton coupling 
80,81  . The authors in Ref 80 have pointed out that excitonic mixing of a Car S1 and 
a Chl Qy state can lead to drastic quenching of the fluorescence of Chl, while in ref 
81, strong experimental evidence was given for the existence of this mechanism in 
plants and the close link with NPQ in vivo.  
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A third mechanism, as proposed by Holt et al.82, involves electron transfer from 
Chl to zeaxanthin (a carotenoid). Charge transfer within the formed Chl-Zea 
excited state results in a Chl-a anion and a carotenoid cation. This process takes 
places on a time scale of the order of 0.1 to 1 ps, while Zea+* is being quenched 
further in ~150 ps. This charge transfer mechanism was initially predicted by 
Dreuw et al in 2003 by means of quantum chemical methods83.  
A fourth mechanism is similar to the third one except that the interacting 
carotenoid molecule is replaced by another Chl. This idea is triggered by the 
existence of long-wavelength fluorescence in LHCII oligomers84. In 2009, Müller et 
al. have suggested that a Chl/Chl charge transfer state serves as a pathway for Chl 
excited-state quenching. Clearly, this quenching mechanism is independent of 
carotenoids85.  
In principle, similar mechanisms might also apply to NPQ in cyanobacteria, 
replacing the Chls by allophycocyan bilins86. A detailed analysis of the possible 
NPQ mechanisms in cyanobacteria is given in Chapter 3.  
 
1.2.4.3 Other NPQ mechanisms evolved by cyanobacteria 
Also other NPQ mechanisms have evolved in cyanobacteria, both for short-term 
and longer-term protection. Many short-term protection mechanisms exist, like 
HLIPs (high-light-inducible proteins)-related protection87 or scytonemin-related 
protection against uv-B light.88; In addition, state transitions, a mechanism that 
balances the light absorption by PSI and PSII is believed to be another important 
protection strategy for cyanobacteria89. More recently, Zhang et al. have reported 
a hitherto unknown protection mechanism that is related to the flv4-flv2 operon90.  
So far, all mechanisms mentioned above are related to short-term protection, 
which typically happen in a few seconds to minutes. However, there are also 
protection mechanisms that start to function after relatively longer periods of 
time, say hours or even days. One is CP43´-related. Some freshwater 
cyanobacteria can overexpress the gene isiA in low-iron stress conditions, thereby 
producing a chlorophyll-binding antenna system around photosystem I, which is 
called CP43´91,92. A protection mechanism including the formation of large 
aggregates of CP43´ is reported in ref93 and was studied by Berera et al in 200994. 
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Some other examples of long-term protection are: the adjustable stoichiometries 
of photosynthetic complexes95,96, the yes/no expression of certain pigment- 
(C_Phycoerythrin) containing proteins, and the regulation of size and number of 
light-harvesting antennae97 and so on. All these protection mechanisms will not 
be addressed in this thesis and we will focus on the OCP-related form of NPQ.  
 
1.3 Experimental methods used in this work  
The light-harvesting process in photosynthesis is competing with other relaxation 
pathways, like fluorescence. Therefore, to maintain a high efficiency, energy 
transfer has to be fast:  It is not surprising that capturing of sunlight energy by 
photosynthetic complexes, transfer of the energy to the reaction centers, and 
subsequent charge separation take only a few hundreds of picoseconds (note that 
light can only travel a few centimeters in such a short period of time). To study 
these extremely fast processes, one needs time-resolved spectroscopy with at 
least picosecond time resolution and compatible data analysis methods.  
 
1.3.1 Time-resolved fluorescence  
One way to gain information about the dynamics of relaxation of excited pigments 
is to perform time-resolved fluorescence measurements, in which fluorescence is 
simply recorded as a function of time after excitation by a short light (laser) pulse. 
This is the method of choice for the present study. Many other techniques to 
study the time-resolved kinetics exist, such as transient absorption spectroscopy, 
photon-echo spectroscopy, etc.   
Compared to other techniques, a big advantage of time-resolved fluorescence is 
that only low-intensity laser pulses are needed, which makes the technique very 
suitable for studying large biological systems in vivo, even intact cells of 
cyanobacteria.  
There are several ways to perform time-resolved fluorescence measurements. 
The most often used technique is called Time Correlated Single Photon Counting 
(TCSPC) (see Lakowicz64). However, the streak-camera fluorescence detection 
technique is becoming more and more popular due to several advantages as 
compared to TCSPC. The main advantage is the ability to measure the temporal 
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evolution of the entire fluorescence spectrum rather than recording the 
fluorescence decay at a single wavelength interval in TCSPC. Moreover, the time 
resolution is better than that of TCSPC. The former one can easily obtain a time 
resolution of a few ps (even femto-picosecond, see Guide to streak camera,  
Hamamatsu98), which clearly requires much more effort99 to be obtained in case 
of TCSPC. On the other hand, the sensitivity of a TCSPC setup can be far higher 
because a significantly larger fraction of the emitted photons can be detected. 
The detailed components of a streak camera and the principle of operation of the 
synchroscan streak-camera setup are illustrated in Figure 1.2 a) and b), 
respectively. For more details see van Stokkum et al. 2008100. 

Figure 1.11: Schematic representation of a streak camera, adapted from ref100.  
 

1.3.2 Data analysis and modeling 
Time-resolved fluorescence data is usually analysed by fitting with models that 
comprise multi-exponential (or stretched exponential) components. Here we will 
not make use of stretched exponentials. The fitting function at a particular 
detection wavelength is given by: 

𝐼𝐼(𝑡𝑡) = �𝐴𝐴𝑖𝑖 ∙
𝑛𝑛

𝑖𝑖=1

exp(−𝑘𝑘𝑖𝑖 ∙ 𝑡𝑡) ⊗ irf(t)    (1.6)           
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where ⊗  indicates convolution. 𝐴𝐴𝑖𝑖  are amplitudes, 𝑘𝑘𝑖𝑖  are the decay rate 
constants, which are the inverse of the fluorescence lifetimes (𝜏𝜏𝑖𝑖) and irf(t) is the 
instrument response function. The mathematics used to run the fitting is based on 
the least squares estimation.  
 
1.3.2.1 Global analysis  
As was mentioned above, streak-camera experiments provide two-dimensional 
data sets, which cover the whole spectrum. In general, for each wavelength, after 
fitting, we can obtain a group of parameters (𝑛𝑛,𝐴𝐴𝑖𝑖 ,𝑘𝑘𝑖𝑖 , irf(t)). Some of the 
parameters are not necessarily the same for different traces, whereas others 
should be identical for obvious reasons. To better determine this group of 
parameters from multiple decay traces, global analysis is performed, in which 
decay curves at all wavelengths are fitted simultaneously by forcing some 
parameters to be identical (“linked” during fitting). The linked parameters can 
either be 𝐴𝐴𝑖𝑖  or 𝑘𝑘𝑖𝑖 . In case 𝑘𝑘𝑖𝑖  are linked, equation 1.6 becomes 1.7, in which some 
parameters are shown as functions of wavelength (λ).  

𝐼𝐼(𝜆𝜆, 𝑡𝑡) = �𝐴𝐴𝑖𝑖(𝜆𝜆) ∙
𝑛𝑛

𝑖𝑖=1

exp(−𝑘𝑘𝑖𝑖 ∙ 𝑡𝑡) ⊗ irf(λ, t)    (1.7)                  

where 𝐴𝐴𝑖𝑖(𝜆𝜆)  are called Decay Associated Spectra (DAS), which are very 
informative as we will become clear in all chapters of this thesis, especially for the 
assignment of energy transfer steps. 
 
1.3.2.2 Target analysis  
Sometimes use is made of a particular target model in the fitting101,102. In one 
target model, several groups of indistinguishable pigments (so-called 
compartments) preferably possess their own reasonable physical meaning. This 
fitting method is termed ‘target analysis’. When target analysis is applied, Species 
Associated Spectra (SAS i.e. the spectrum of each compartment) can be obtained 
and energy transfer rates connecting them can be determined. The corresponding 
equation in its general form is given by: 

𝐼𝐼(𝜆𝜆, 𝑡𝑡) = �𝑐𝑐𝑙𝑙(𝑡𝑡) ∙
𝑛𝑛

𝑙𝑙=1

𝑆𝑆𝑆𝑆𝑆𝑆𝑙𝑙(λ)             (1.8)         
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where n is the number of compartments and 𝑐𝑐𝑙𝑙(𝑡𝑡) represents the excitation 
concentration of the compartment. If we put 𝑐𝑐𝑙𝑙(𝑡𝑡)  in a matrix, 
[𝑐𝑐1(𝑡𝑡) 𝑐𝑐2(𝑡𝑡) … 𝑐𝑐𝑛𝑛(𝑡𝑡)]𝑇𝑇  and define it as a vector 𝑐𝑐(𝑡𝑡),then this n-compartments 
model can be described by the following differential equation: 

𝑑𝑑
𝑑𝑑𝑑𝑑
𝑐𝑐(𝑡𝑡) = 𝐾𝐾 ∙ 𝑐𝑐(𝑡𝑡) + 𝑗𝑗(𝑡𝑡)        (1.9)             

Where K is the transfer matrix (see ref.102), and the vector 
j(t) = [j1(t) j2(t) … jn(t)]T  contains elements 𝑗𝑗𝑙𝑙(𝑡𝑡) , representing the initial 
excitation input in the l th compartment.  
Note that SAS are not generated in the fitting randomly, but with certain spectral 
shape constraints. In our work, all SAS are fitted with skewed Gaussian shapes in 
the energy domain, (for details see ref.100). 
The software used in Chapter 3&4 (TIM package) is written in FORTRAN and C, as 
in-house global and target analysis software. It was developed and maintained by 
Dr. Ivo van Stokkum. In chapter 2&5, the main used software is the R-package 
TIMP, which is an implementation of TIM in R language, rewritten by Dr. Katharine 
Mullen et al. Recently, Glotaran as a user friendly interface for the TIMP package 
was built (and is still under development) by Joris J. Snellenburg et al.103. It is also 
used for the data analysis of this thesis.  
 
1.4 This thesis 
Recently, more and more structures of photosynthetic complexes have been 
determined and also their 3D locations in the thylakoid membrane have become 
more clear. One major step forward is to study all these complexes as a whole 
system. In this thesis, I have focused on the initial steps of photosynthesis in 
cyanobacteria both in vivo and in vitro by using picosecond time-resolved 
fluorescence, revealing information about excitation-energy transfer, energy 
trapping and non-photochemical quenching.  
Chapter 2 addresses the PSI and PSII kinetics in vivo in the cyanobacterial BE and 
PAL mutants, both at room temperature and at 77K. The BE mutant is lacking PSII 
and PBs, while the PAL mutant is lacking only PBs. One goal of this work is to 
elucidate the PSII kinetics in vivo, and the other one is to remove the existing 
controversies about the kinetics of PSII core complex in literature. To do so, global 
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analysis and target analysis were combined and several models were tested on 
the time-resolved fluorescence data obtained with a streak-camera system.  
In Chapter 3 the blue-green light induced NPQ mechanism is studied in vivo in 
wild-type Synechocystis cells and two mutants with extra and without OCP, 
respectively (Over_OCP and ΔOCP). The energy transfer kinetics of Synechocystis 
are successfully modelled  and by using the resulting model, the site and the rate 
of quenching of blue-green light induced NPQ could be determined. The possible 
physical mechanisms underlying this quenching process will be discussed.   
Chapter 4 provides a detailed time-resolved fluorescence study of the blue-green 
light induced NPQ mechanism of isolated PBs from wild-type cells and from two 
PBs truncated mutants: the CK mutant, lacking the c_PC rods and the CB mutant, 
lacking both the intermediary and the core-distal c_PC hexamers.  The goal of this 
research is to determine how much the in vitro reconstitution system using 
isolated OCP and isolated PBs can mimic the in vivo one regarding the protection 
mechanism. The results demonstrate that both the mechanism and the site of 
quenching are the same in vitro and in vivo.  
As an extension of chapters 3 and 4, in Chapter 5, we take one step further, to 
study the NPQ mechanisms of two PBs-modified mutants of CK and CB in vivo. The 
quenching sites and rates are demonstrated to be very similar as found with the in 
vitro experiments on the corresponding isolated PBs, and the results are also in 
good agreement with those of wild-type cells, although their overall quenching of 
fluorescence are very much different from each other.   
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Abstract 
Photosystems I (PSI) and II (PSII) are two major pigment-protein complexes of 
photosynthetic organisms that function in series to convert sunlight energy into 
chemical energy. We have studied the picosecond fluorescence behaviour of the 
core of both photosystems in vivo by using two Synechocystis PCC 6803 mutants: 
BE cells contain PSI but are lacking both PSII and the light-harvesting complexes 
called phycobilisomes (PBs) whereas PAL cells contain both PSI and PSII but lack 
the PBs. Measurements were performed at room temperature and at 77K. The 
fluorescence kinetics of PSI and PSII can nicely be separated, en passant providing 
the PSI/PSII ratio. At room temperature, the PSI kinetics are identical to those of 
isolated PSI whereas the PSII kinetics can equally well be described by the in vitro 
trap-limited model of Miloslavina, Y, Szczepaniak, M, Muller, M.G. , Sander, J., 
Nowaczyk, M., Rogner, M., and Holzwarth, A.R., Biophys J. (2009), 96(2), 621–631, 
and by the transfer-to-the-trap-limited model of van der Weij-de Wit, C. D., 
Dekker, J. P., van Grondelle, R., van Stokkum, I. H. M., J Phys Chem A 2011, 
115(16), 3947-3956,  albeit that the in vivo kinetics turn out to be somewhat 
slower. At 77K several low-energy pigments are observed in both photosystems 
which complicate the overall dynamics but the PSII kinetics can still be described 
by both a trap-limited and a transfer-to-the-trap-limited model.  
 
Introduction 
For oxygenic photosynthesis several protein complexes in the thylakoid 
membrane are required, the major players being photosystem I (PSI), 
photosystem II (PSII), the cytochrome b6f complex, and the ATP synthase1. These 
complexes work together to ultimately transform sunlight energy into chemical 
energy. The two photosystems are both large pigment-protein complexes that 
exist in cyanobacteria as well as in chloroplasts from plants and algae. The PSI 
core moiety contains about 100 chlorophylls (Chls), and 22 carotenoids (Cars) per 
P700, the primary electron donor and its structure was determined at 2.5 Å by 
Jordan et al. and Fromme et al. in 20012, 3. The PSII core complex contains ~35 Chls 
and ~12 Cars per monomer, and its structure has been determined at 1.9 Å by 
Umena et al 4.The PSII core complex contains the reaction center (RC) that 
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consists of the D1 and D2 polypeptides, cytochrome b559, and some other 
proteins encoded by the photosystem b (psb) genes besides six Chls and two 
pheophytin molecules and several other cofactors. In addition, it is associated 
with two Chl-binding polypeptides, CP43 and CP47,  that function as core 
antennae, and their structures and functions are well-documented in ref.5 .  Note 
that both the structure and function of PSI and PSII core complexes are thought to 
be very similar for virtually all cyanobacteria and plant species with minor 
differences on the stromal side6-9.   
At room temperature, the time-resolved fluorescence kinetics of the PSI core 
complex are relatively simple and have been well documented (for an overview 
see  10, 11). In case of Synechocystis PCC 6803, most of the time-resolved 
fluorescence studies on photosystem I, both in vitro and in vivo, have reported 
two dominant processes: a fast equilibration component between bulk Chls and 
red Chls (~5 ps) and a trapping component from the equilibrated system of bulk 
and red Chls (20-30 ps).  Moreover, it was found that there is not much difference 
between the time-resolved fluorescence PSI in the open state (with P700 being 
reduced) and in the closed state (with P700 oxidized: P700+ )12, 13.  
On the other hand, controversial results have been reported for the kinetics of 
PSII over the past decades. More often than not, different samples show different 
kinetics. And whereas some groups have claimed that the kinetics of PSII are trap-
limited, which assumes exciton equilibration between all Chls to be fast when 
compared to the primary charge separation time14-16,  others have reported that 
they are transfer-to-the-trap limited , which means that the energy transfer time 
from the antenna to the RC in Photosystem II dominates the overall trapping 
time17-19 (for reviews about this issue see 20-22 ). 
In contrast to PSI, PSII shows time-resolved fluorescence kinetics that are very 
much dependent on the fact whether the RCs are in an open (with Qa oxidized) or 
closed state (with Qa reduced).  
Although many picosecond fluorescence studies have been performed on isolated 
core complexes of PSI and PSII10,11,15,18,23-25, a successful, simultaneous study of 
both photosystem cores  in vivo, where they work in series and are functionally 
connected, has not been performed yet. Most studies have been performed in the 
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presence of additional antenna systems that lead to large heterogeneity of the 
system19, 26-29. In case of cyanobacteria, the large phycobilisome antennae 
complicate the fluorescence kinetics considerably30, and moreover, some 
photosystems are connected to these antennae and others are not. 
In this work, we have performed in vivo picosecond time-resolved fluorescence 
measurements on the PAL mutant31 of Synechocystis PCC 6803 that contains both 
PSI and PSII cores but no PBs. By using the in vivo results on the BE mutant that is 
lacking both PSII and PBs it turns out to be possible to fully separate the PSI and 
PSII core kinetics for the PAL mutant in vivo. Moreover, we have also performed 
time-resolved fluorescence measurements on both mutants at 77K. We conclude 
that both the trap-limited model and the transfer-to-the-trap-limited model can 
describe the kinetics of the PSII core complex rather well.  
 
Materials and methods 
Culture and growth conditions:  
For the construction of the BE and PAL mutants we refer to11,31,32. The PAL mutant 
was grown photoautotrophically in modified BG11 medium33, with twice the 
concentration of sodium nitrate and with 10 mM NaHCO3 added to the medium, 
while BE cells were grown photoheterotrophically in the presence of 5 mM 
glucose in BG11 medium. Both types of cells were grown in 250-ml flasks with 60 
ml growing volume in a rotary shaker (45 rpm) at 30°C. The PAL mutant was 
illuminated by white light giving a total intensity of ~30 µmol·m-2·s-1, while the BE 
cells were grown in ~10 µmol·m-2·s-1. All cells were kept in the logarithmic growth 
phase by refreshing the medium every few days depending on growing rate. The 
growing rate of BE was faster than that of the PAL mutant because of the glucose.  
Cells were concentrated 3-5 times by low-speed centrifugation and dark-adapted 
at least 10 minutes before the time-resolved fluorescence measurements were 
started. 
 
Time-resolved fluorescence measurements 
Time-resolved fluorescence measurements were performed on a picosecond 
streak-camera system11, 34. The time window was 800 ps for all measurements. 
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The excitation spot size was typically ~100 μm in diameter and the laser repetition 
rate was 250 kHz.  Images were corrected for background and detector sensitivity, 
averaged, and sliced up into traces of 4 nm wide. The instrument response 
function (IRF) can be described with a double Gaussian, consisting of a dominating 
narrow Gaussian of ~4.0 ps full width at half-maximum (FWHM) on top of a minor 
Gaussian of ~40-50 ps. A series of laser powers ranging from 5 μw to 200 μw was 
tested. The samples were rapidly flown during the measurements by using a 
pump system combined with a cuvette of size 1 mm*1 mm*3 mm. To keep the 
PSII reaction centers open, a speed of 2.5 ml per second was used, in combination 
with a low laser intensity (<10 μW), while only 0.25 ml per second was used, in 
combination with a laser power of 100 μW to keep most of the RCs closed in the 
presence of 80 μM DCMU and under continuous illumination with white light with 
~100 µmol·m-2·s-1 before the cells were flowing into the excitation spot within less 
than two seconds.  All measurements were performed at 21°C and each 
measurement took ~20 minutes. For the 77K measurements, the dark-adapted 
samples were collected in Pasteur pipettes with ~1 mm diameter that were then 
frozen by immersion in liquid nitrogen.  The sample concentration was kept low 
such that the optical density at 670 nm was below 0.2 (light path ~1 cm) in order 
to avoid significant re-absorption.  
 
Global and target analysis 
Data analysis: Data obtained with the streak-camera setup were analysed with 
the TIMP package for the “R project for Statistical Computing (R Development 
Core Team 2008)”. For details see 35.  
With global analysis the data was fitted globally to a sum of exponential decays 
convolved with an IRF and the amplitude of each decay component as a function 
of wavelength was determined, the so-called decay-associated spectrum (DAS); 
this analysis provides an objective mathematical description of the datasets that 
can provide insight into the origin of the kinetics of the systems. Note that, the 
back-sweep effect of streak camera was considered in the fitting software, thus a 
component with lifetime longer than the time-window can still be estimated 
precisely36.  
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Using target analysis the datasets were subsequently fitted with different 
compartmental schemes (also called target models), and in this way the spectrum 
of each compartment and the energy transfer rates and decay rates were 
estimated. The methodology of global analysis and target analysis is described in 
ref.37. 
 
Results and Discussion 
Effect of laser intensity, DCMU, and ferricyanide on the pico- and nanosecond 
fluorescence kinetics of the PAL mutant. 

 
Figure 2.1: Time-resolved 
fluorescence decay traces of the 
PAL mutant upon 400 nm 
excitation using different 
measurement conditions. All 
traces were obtained by 
averaging the decay over the 
whole wavelength range from 
570 nm to 830 nm and they 
were normalized to their 
maximum, and shifted to the 
same starting point for 
comparison.  The intensity is 
plotted on a linear scale A), and 
a log scale B); Laser-intensity 
dependent time-resolved 
fluorescence measurements 
were repeated at least three 
times. 

 
Figure 2.1 shows the fluorescence kinetics of PAL cells under different conditions. 
At high laser intensities the reaction centers start to become closed, leading to 
slower kinetics but at relatively low intensities (5-10 µW) they are fully open and 
the addition of ferricyanide25 that can be used to keep the reaction centres open 
does not further accelerate the kinetics anymore.    
 In addition, when the time-resolved fluorescence data as measured with the 
streak  camera are compared with those measured by the single photon counting 
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setup (with far lower excitation intensities, for details see also Supplementary 
Information) the kinetics appear to be very similar, further supporting the fact 
that the reaction centers are indeed open.  
To obtain the kinetics of core complexes with the RCs mostly closed, 
measurements were performed in the presence of 80 µM DCMU at high 
measuring light intensities (200 µW), in combination with ~100 µmol·m-2·s-1 
continuous white light illumination before the cells were flowing into the 
excitation spot. The steady-state fluorescence of samples with “closed” RCs that 
can be reconstructed from the time-resolved data by summing the products of 
DAS and corresponding lifetimes are shown in Fig 2.2 D.  It turns out that the 
fluorescence of “closed” RCs is about 4.6 times as high as in the case of “open” 
RCs, which is in agreement with previous reports on the effect of reduced QA

15, 
confirming that the RCs are indeed fully open or fully closed in the extreme cases.  
 
Kinetics of RCs in vivo at RT  
 

Global analysis 
 
Figure 2.2: Streak images of the PAL mutant 
with PSII RCs in the “open” (A) and “closed” 
form (B). These images represent the 
fluorescence intensity (using a linear color 
gradient) as a function of time (vertical axis) 
and wavelength (horizontal axis); every vertical 
line represents a time trace of fluorescence at 
the corresponding wavelength, while every 
horizontal line reflects a fluorescence emission 
spectrum at a certain delay time. The 
corresponding decay associated spectra are 
shown in C) and D) with lifetimes included in 
the figure. 
 

For cells with closed RCs a much slower decay was observed than in the case of 
open RCs as is shown in Fig 2.2A and B. To quantify the difference, the 
corresponding decay-associated spectrum (DAS) and lifetimes are shown in Fig 
2.2C and D. A fit with 4 lifetimes for PAL with PSII RC open and 5 lifetimes for PAL 
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with PSII RC closed leads to a satisfactory description of the data. Note that in a 
previous study on the BE mutant, containing PSI only, the kinetics were shown to 
be dominated by a 5.5 ps and a 28 ps component, whereas a slow component of 
around 500 ps had very little contribution38. The 5.5 ps DAS corresponds to fast 
energy transfer from pigments fluorescing below 700 nm to pigments fluorescing 
above 700 nm, reflecting spectral equilibration within PSI. The 28 ps component 
represents fluorescence decay due to charge separation from the equilibrated 
excited state of PSI. In case of the PAL mutant, these two lifetime components can 
be observed again (see also Fig 2.2C and 2.2D) although there is a slight difference 
in the exact shape and lifetime of especially the fastest component, the lifetime of 
which is close to the instrument response time of the setup for this time window 
(IRF is ~5 ps broad). There may also be an additional contribution from a fast 
equilibration process within PSII, which is more clearly observed in the 77K data 
(see section 3.3). Nevertheless, it appears that the PSI kinetics can be separated 
quite well from the kinetics of the rest of the system, both for open and closed 
RCs.  For further discussion of the PSI kinetics we refer to ref 38. Two extra 
components with lifetimes τ3 = 62 ps and τ4 = 366 ps are observed for PSII with 
open RCs and two components with lifetimes of 184 ps and 953 ps when the RCs 
are closed. One very small component with a lifetime above 10 ns is needed for 
better fitting in the latter case but it will not be considered further.  The DAS that 
correspond to ττ3 and τ4 for open and closed RCs show a fluorescence peak at 680 
nm as is indeed expected for PSII. It is well known that the PSII charge separation 
kinetics depends on the reduction state of the secondary electron acceptor QA

20,39; 
for open RCs of PSII, two main lifetimes of 40-80 ps and 200-500 ps have been 
reported14,18,40. Here the fitted lifetimes of 62 ps and 366 ps lie within those 
intervals. Similarly, the obtained two lifetimes for closed RC fall within the lifetime 
intervals of 200-500 ps and 1-10 ns as reported for closed RC’s18,40. Note that the 
lifetime of the 953 ps component is not very accurate. 
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Target analysis 
Target analysis was used to further fit and model the time-resolved results on the 
PAL cells. Using target analysis for BE cells, we have previously obtained a model 
to describe the PSI kinetics in vivo38. The model comprises one pool of bulk Chls 
and one of red Chls as shown in Figure 2.3. As the PSI kinetics have been 
determined before, we keep the corresponding parameters fixed in the modelling 
of the present work and we focus on the PSII kinetics.  Fig. 2.3A shows the 
compartmental model used for PAL in the “open state”, which represents the 
well-known exciton/radical pair equilibrium model (“ERPE”) model that contains 
only two pools for the PSII part15,41. In this model, excitation equilibration over the 
PSII core is very fast and charge separation to the first radical pair (RP) state 
occurs from the state where the excitation is thermally equilibrated over all 
pigments. More pools cannot be resolved from the data without adding further 
constraints. The two pools are connected by a forward overall primary charge 
separation rate and a backward charge recombination rate.  The overall charge 
separation rate was determined to be (66±11 ps)-1, while the fitted charge 

recombination rate was (328±42 ps)-1. The 
obtained rate for secondary charge 
separation rate is (303±10 ps)-1. The 
estimated errors are further explained in 
the Supplementary Information. The 
corresponding species associated spectra 
(SAS) are shown in solid in Fig 2.3C. The 
black and red spectra represent the bulk 
Chls and red Chls of PSI, respectively, while 
the blue spectrum corresponds to PSII, 
peaking at 680 nm.  
 
Figure 2.3: Results of target analysis of the 
fluorescence decay of the PAL mutant with PSII 
RC in the open and closed form.  Kinetic model 
for PSI with two pools (black and red) (A,B); 
Kinetic model for PSII with open RCs using two 
pools (A); PSII with closed RCs using three pools 
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(B). Note that RP (white) is non-fluorescent, thus, the corresponding target analysis 
provides only three spectra(C).  Rate constants (ns-1) are included in A and B and the 
estimated errors are around ~20%. 
The compartmental model shown in Fig 2.3B was used to fit the PAL data 
obtained with (most of) the RCs closed. In this case, two non-fluorescent radical 
pair states can be resolved. The obtained SAS are shown in Fig 2.3C in dash. There 
is rather good agreement between the spectra obtained under different 
conditions, i.e. with open and closed RCs.  
The value of ∆G, reflecting the drop in free energy upon charge separation was 
calculated using detailed-balance requirements for the rates of overall charge 
separation and charge recombination and shown in Fig 2.3A and B, respectively. In 
order to compare the ΔG value in this study to those in previous reports19, 24, 25, 29, 
we have also fitted the datasets by using the models that were proposed in ref. 24, 

25 in which the RC was separated from the antenna system as explained in the 
supplementary material. From the fitting quality and SAS, we conclude that those 
model schemes are also applicable for photosystem II in vivo, despite the fact that 

the fitted kinetics in vivo are 
somewhat slower.  
 
Figure 2.4: Comparison of time-resolved 
fluorescence of isolated PSII core 
complexes in the open state from refs24, 

25 (grey-Miloslavina et al and light grey- 
van der Weij et al) and of PSII core 
complexes in the open state in the PAL 
mutant (black, this work). In A) the 
following lifetime components were 
included in the reconstruction: 48 ps & 
351 ps—this work; 1.5 ps, 7 ps, 10 ps, 42 
ps & 351 ps-Miloslavina et al; and 1.8 ps, 
7 ps, 46 ps & 251 ps-van der Weij et al, 
while in B), only the two longest times 
components were included in all cases. 

 

To visualize this difference, the PSII 
fluorescence results obtained in this work and in two previous studies are 
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compared in Fig 2.4. The curve of PSII with open RC obtained in the present work 
was reconstructed based on the model shown in Fig 2.3A, while two other curves 
are based on the models proposed by Miloslavina et al 200624 and van der Weij et 
al 2011 25, respectively. Note that in ref 19 an excitation wavelength of 663 nm 
was used to excite mainly the Qy band of the Chls, while in both ref.20 and this 
work, an excitation wavelength of 400 nm was used to excite mainly the Soret 
band of Chls and some carotenoid.  Here we assume that the changes of time-
resolved fluorescence kinetics caused by employing different excitation 
wavelengths can be neglected, because the Soret to Qy band relaxation usually 
takes place on the sub-ps time scale and so does the energy transfer from 
carotenoids to Chls42.  The decay curve obtained by Miloslavia et al. was 
reconstructed based on the DAS shown in that work, with only τ1- τ5 included in 
the calculation.  The decay curve of van der Weij et al. was reconstructed based 
on the compartmental scheme shown in reference25 and the initial excitation 
fractions therein. By comparing these three curves , it is seen that the in vivo 
overall decay (this study) is slower, although the lifetimes are very similar to those 
of Miloslavina et al., namely 44 ps and 350 ps. On the other hand, the results on 
the isolated PSII cores are very similar to each other, although they led to very 
different models to describe the results. The fact that the overall decay is slower 
in vivo is  possibly due to a (small and probably unavoidable) charge gradient 
across the membrane  or to small differences between PSII of the different 
organisms. Concerning the former explaination, we hypothesize that the building 
up of a charge gradient across the membrane makes it more difficult for electrons 
to move against the corresponding electric field upon charge separation, thereby 
slowing down the charge separation kinetics. 
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Time-resolved fluorescence of BE and PAL mutants at 77K 
Global analysis 

Figure 2.5: Streak 
images for BE cells (A) 
and PAL cells (B) at 77K, 
together with the DAS 
and corresponding 
lifetimes (C,D). The 
excitation wavelength 
is 400 nm. 

 

The time-resolved 
fluorescence of the 
two mutants was also 
measured at 77K and 
the streak-camera 
images together with 
their corresponding 
DAS are shown in 
Figure 2.5. Four 

components are necessary to get acceptable fits for both BE and PAL cells. For BE 
the fastest DAS of 10 ps has a positive peak at 690 nm and a negative one at 715 
nm, and it carries the typical signature of an excitation energy transfer (EET) 
process. Similarly, also the 52 ps DAS reflects energy transfer, showing a positive 
peak at 700 nm and a negative one at 720 nm. The other two components of 203 
ps and 1.02 ns are entirely positive and reflect fluorescence decay, either due to 
charge separation, or to decay to the ground- or to a triplet state. Similar 
measurements were reported on the isolated PSI complex in ref.43 that was 
measured at 5K by using time-correlated single-photon counting (TCSPC) with an 
IRF of ~40 ps FWHM. In that case 5 lifetimes were used for closed PSI and 6 
lifetimes for a ~50%/~50% mixture of P700 reduced/oxidized.  Note that, the PSI 
complexes used by M. Byrdin et al44 were isolated from Synechococcus elongatus, 
which contains more red pigments with different spectral characteristics than 
Synechocystis.  The fastest lifetime reported is 14 ps for fully closed PSI and 18 ps 



 Chapter 2 
  

47 
 

for PSI with mixed states. Both these lifetimes are close to the 10 ps that we 
obtain in the present work, and also the DAS are similar, although for each DAS of 
14 ps and 18 ps, the area of the positive part is smaller than the area of the 
negative part.  The second lifetime of 35-40 ps is also close to the 52 ps obtained 
in this work, while the other lifetime components cannot be compared directly 
due to the presence of extra red pigments in Synechococcus and the fact that the 
temperature difference between 4K and 77K plays a major role. 
In the case of PAL four lifetimes are also needed to describe the data sets and the 
lifetimes are very similar to those obtained as for the BE mutant but the DAS are 
clearly different. The fastest DAS is far less conservative for PAL than for BE, and it 
contains a small dip at 680 nm. It seems that two processes taking place on a 
similar time scale cannot be separated in the fitting and both contribute to the 
fastest DAS.  A similar situation occurs for the other three DAS: each DAS 
possesses two peaks, one being very similar to a peak observed for the PSI-
containing BE mutant, while the other one apparently originates from PSII. 
Generally speaking, all PSI DAS found for the BE mutant are also present for the 
PAL mutant, but they are merged with a contribution from PSII. In previous work 
of van der Weij et al25, time resolved fluorescence of isolated PSII core complexes 
from Synechococus were measured at 77K.   In their results, six lifetime 
components were used to fit the data sets.  If the fastest component of 3.3 ps and 
the slowest one of 6 ns are not taken into account, the results are rather similar to 
ours, considering the lifetime values and the DAS shapes.     
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Table 2.1: Lifetime components obtained from global analysis of the time-resolved 
fluorescence data for the BE and PAL mutants under different conditions. 

Sample_400 nm_exc. Lifetimes_PSI (ps) Lifetimes_PSII (ps) references 

BE_298K 5.4  & 27.8  N.A. Ref.36 

PAL_298K_open 4.5 & 27  62  &386  This work 

PAL_298K_closed 4.0 & 27  184 &953  This work 

BE_77K 
10, 53, 203 & 

1020  
N.A. This work 

PAL_77K 12, 46, 223 & 977 12, 46, 223 & 977 This work 
 

Target analysis 

 
Figure 2.6: Results of target analysis of the 77K time-resolved fluorescence decay kinetics 
of the BE mutant and the PAL mutant. Kinetic model of BE (PSI in vivo) is shown in the 
upper left part and includes four pools. The estimated SAS are given in the upper-right 
panel; The compartment model for the PAL mutant is shown within the black dashed 
square:  The PSI part of the PAL mutant was forced to be identical to that of the BE 
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mutant; The PSII model includes five pools in total: three pools of 680 nm (cyan), which 
have the same spectra; one pool of low energy-pigments of 690 nm (magenta); Note that, 
for these four pools, the name of each pool is labelled after slash (the nomenclature see 
ref25). And one fifth pool of RP1 (white) is non-fluorescent. The corresponding SAS are 
shown in the lower-right panel.  Rate constants (ns-1) are included in the compartmental 
scheme with estimated errors. The initial excitation on the 690 nm pool of PS I was set to 
be 1.0, while the others are given in the figure and are accompanied by an asterisk *. 

Figure 2.7: An alternative result of target analysis of the 77K time-resolved fluorescence 
decay of BE mutant and of PAL mutant: same layout was used as in Figure 2.6. 
 

To obtain more information about the kinetics of PSI and PSII and to separate 
them for the PAL mutant, target analysis was performed. From the BE DAS results, 
shown in Figure 2.5, it is clear that at least four compartments are required for PSI 
and the fitted results show one pool of bulk Chls with a maximum at 690 nm and 
three pools of red pigments with maxima at 712, 715 and 726 nm. Although the 
first two red spectral species are very close together with their maxima separated 
only by 3 ±1 nm, they can be discriminated since they show different kinetics. On 
the other hand, the fitting errors increase substantially when both species are 
forced to have the same spectrum in the fitting procedure. 
There are at least three EET processes; two of them are directly apparent from 
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the DAS of the two fastest components, which can be directly translated into 
energy transfer from the bulk pigments to the 715 nm pool, and energy transfer 
from the 712 nm to the 726 nm pool, while a third EET process cannot be directly 
visualized from the DAS, but it must exist due to the large amplitude of the blue 
DAS that reflects the amount of excitations on 726-nm pigments. Without EET 
from 690 nm, there would not be such a large contribution from these low-energy 
pigments, which are only present in low amounts (two or three pigments out of 
around one hundred).   In addition, a direct decay process from the 690 nm pool is 
required in the model, reflecting charge separation or other quenching processes 
from the bulk23.  As is shown in Figures 2.6 and 2.7, the SAS of the red spectral 
forms all have higher amplitudes than the SAS of the bulk pigments.  Thus, the 
low-energy species possess significantly higher transition dipole strengths than 
the bulk-Chl bands, suggesting that they all originate from strongly coupled Chls, 
for instance dimers45-48.  In the present target analysis we only aim at an accurate 
mathematical description of the PSI kinetics that can be used to fit the PSII 
kinetics for the PAL mutant, whilst the origin of these low-energy pigments will 
not be discussed further. It is for instance not completely certain whether there 
are indeed three red forms or whether this result is a consequence of dispersive 
kinetics, which may lead to extra fitting compartments at low temperature.  
The obtained parameters for the PSI kinetics were kept fixed in the target analysis 
for the PAL mutant in order to obtain the PSII kinetics. Two models were used to 
fit the data:  i) the transfer-to-the-trap-limited model as shown in Figure 2.6, 
which was proposed by van der Weij et al. in 201125, and ii) a model that is closer 
to the “trap-limited” model and is shown in Figure 2.7.  Model i) describes nicely 
our dataset, although two modifications are needed with respect to the fitting 
results of van der Weij et al 201125: a faster energy transfer step to the low-energy 
pigments at 690 nm is required to maintain a similar amplitude of the low-energy 
SAS, (10 ns-1 vs.  4 ns-1 in ref25).  The other modification is that in our model a 
second radical pair (RP) is not required. With this model, the EET from the 
compartment of non-equilibrated bulk Chls (nA) to the equilibrated antenna/RC 
(eARC) is estimated to be around 70 ps. This value is in between the value of ~20 
ps that was calculated for EET from CP43 to RC and hundreds of picoseconds that 
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was calculated for EET from CP47 to RC. Both values are calculated based on the 
X-ray structure of PSII core complex49.  
Model ii) is simpler, only four compartments are used to fit the PSII part.  The 
model includes 1) an equilibration step of 10 ps between the majority of the 
pigments, 2) energy transfer to the pigments responsible for the 690 nm emission, 
3) electron transfer to form the first radical pair state after which the electron can 
either be transferred forward or back. With this model, a number of Chls 
equilibrate with the RC infinitely fast, while the overall charge separation rate is 
rather slow (~63 ps). Comparing the two models, model i) gives a slightly lower 
root mean square error (rms) and the DAS calculated from this model are in good 
agreement with the global analysis results above, while the rms value of model ii) 
is slightly worse, 2.64 instead of 2.61.   Although the fitting results with model 1 
are slightly better, the model also contain one additional compartment which 
almost inevitably leads to a better fit. Therefore, we conclude that from the 
current in vivo results it is not possible to conclude whether charge separation in 
PSII is trap-limited or transfer-to-the-trap-limited. 
The kinetics of PSI and PSII can be separated both at room temperature and at 
77K, and the RC ratio of PSI and PSII is in both cases estimated to be 0.55±0.10 
(see Supplementary Information), which is close to the value of 0.72±0.2 as 
reported by Stadnichuk et al50 and ~0.76, a number that we recalculated from the 
results provided by Krumova et al11.  
 
Conclusions 
In summary, our time-resolved fluorescence results on mutant cells of 
Synechocystis pcc 6803 at room temperature show somewhat slower kinetics of 
the PSII core complex than reported before on isolated ones, whereas the PSI 
kinetics are similar in both cases. Furthermore, we conclude that the time-
resolved fluorescence kinetics of PSII core complex in vivo can be described both 
with a trap-limited model and a transfer-to-the trap-limited model, even at 77K.   
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Supplementary Information 
 
Comparison between the streak-camera data and the TCSPC data of the 
PAL mutant with fully open RCs of PSII in vivo  

 
Figure S2.12: The streak 
camera data and the TCSPC 
data.  To compare the decay 
curves fairly, both datasets 
were reconstructed based on 
the fitting results without 
including the IRFs. At the same 
time, the streak-camera data 
was calibrated by multiplying 
the DAS with the transmission 
spectrum (indicated as inset) of 
the 679 nm interference filter 
that was used in the TCSPC 
measurements, thus making 

sure that only the emitted photons within that wavelength interval were counted.  
Measuring conditions: a) TCSPC, laser power-17 µW, λexc = 440 nm, with 679 nm 
interference filter added in front of the detector; b) Streak camera, laser power-10 µw, λexc 
= 400 nm. Note that in the TCSPC measurement, the excitation spot is ~100 times bigger 
than in the streak-camera experiments, which ensures that the intensity is low enough to 
keep the RCs fully open. 
In general, the results obtained with the two setups are very similar to each other, 
although the TCSPC data is slightly faster in the beginning. They are also slower 
than the kinetics observed for PSII cores isolated from Synechococcus elongatus 
(see the main manuscript of this work).  
 
Target analysis 
To complete a fair comparison between the time-resolved fluorescence decay of 
PSII with open RCs in our paper and in previously published articles, we have 
fitted our results to the same model schemes as proposed by van der Weij et al. in 
20111 and Miloslavina et al. in 20062, respectively. Interestingly, all the models 
listed below can provide equally good fits of the data.  
Model I by van der Weij et al. in 2011 

0 200 400 600 800

0.0

0.2

0.4

0.6

0.8

1.0

600 620 640 660 680 700 720 740 760 780 800

0.0

0.2

0.4

0.6

0.8

1.0  Filter of 679 nm

Wavelength (nm)

 Streak-camera data
 TCSPC data

Time (ps)



 Probing the Picosecond Kinetics of the Photosystem II Core Complex in vivo 

 

56 
 

Figure S2.213: Model with slow EET from CP43/47 to RC. The model A represents the 
compartmental model used by van der Weij et al. in 2011 together with the EET/CS rates. 
The model B is used on the data set obtained  in this work, with several EET transfer rates 
fixed (in black) while the charge-transfer rates and charge recombination rates were left 
free (in red). The obtained SAS are shown on the right.  
 
As shown in Figure S2.2, the primary charge separation rate of 413 ns-1 is almost 
identical to the reported value of 455 ns-1 by Van der Weij et al., but the charge 
recombination rate is faster, while the second charge separation rate is slower. 
The calculated ΔG is -98 meV which is smaller than the on reported by Van der 
Weij et al. in 2011, namely, -110 meV.  
Model II by van der Weij et al. in 2011 

Figure S2.314: Models with fast equilibration between core antenna and RC. Model A) is 
reported in ref C.D. van der Weij et al. in 2011.  Model B) shows the fitting results of the 
dataset in this work.  
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As the fitting results in Figure S2.3 show, the free fitting values in model B) are 
very close to their corresponding ones in model A), the main change concerns the 
charge recombination rate from RP2 to RP1, which is almost doubled in B).  
Model proposed by Miloslavina et al. in 2006 

Figure S2.415: Model with fast equilibration between core antenna and RC with CP43 
and CP47 separated in the model (their spectra were forced to be same).  
 
With this model (Figure.S2.4), it seems that the second RP is not needed when the 
RC is open in vivo, since the rate of charge recombination is far slower than the 
primary charge separation rate.  
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Table S2.1: Input values for target analysis of BE and PAL mutants, and the calculated 
PSI/PSII ratios.   
 
Based on these initial energy inputs in PSI and in PSII, we can roughly estimate the 
PSI/PSII RC ratio in the PAL mutant.  In view of the number of Chls ~96 per PSI 
core vs ~35 per PSII core3,4, a RC ratio of PSI/PSII of ~0.55± 0.10 was calculated. 
The error bar of ± 0.10 is estimated based on different repeated measurements 
and tested models.  
All constraints used in the target analysis in the main text 
Constraints in general: 
1) Energy input on each pool is fixed in the fitting, values were listed in Table 

S2.1; 
2) Spectra shape constraints---skewed Gaussian shape was used for all the 

SAS spectra5;  
3) Zero constraint—Amplitudes of SAS were forced to be zero over all 

wavelength for pools of radical pair (RP) in Figure 2.3, Figure 2.6&2.7.   
Specific constraints for target analysis 1 (at room temperature)—Figure 
2.3:  

4) Red SAS of open RC as shown in Figure 2.3 was forced to be zero up to 
670 nm; 

5) Rate constants for PSI were fixed to their corresponding values in the PSI 
model as described before in ref 6&76,7.  
Specific constraints for target analysis 2 (model I at 77K)—Figure 2.6: 

6) In model of BE mutant, energy transfer rates from pigments_690 nm to 
pigments_715 nm and to pigments_712 nm were forced to be same, 
which enable us to provide a mathematical description of the PSI kinetics 
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at 77K； 
7) Parameters of PSI in PAL mutant were fixed based on the model of BE 

mutant at 77K ; 
8) Three pools of 680 nm (cyan) in the PSII branch in PAL mutant were forced 

to have the same spectra.  
Specific constraints for target analysis 3 (model II at 77K)—Figure 2.7: 

9) Same to 6); 
10) Same to 7); 
11) Two pools of 680 nm (cyan) in the PSII branch in PAL mutant were forced 

to have the same spectra.  

Reference:  
(1) van der Weij-de Wit, C. D.; Dekker, J. P.; van Grondelle, R.; van Stokkum, I. H. M. J 

Phys Chem A 2011, 115, 3947-3956. 

(2) Miloslavina, Y.; Szczepaniak, M.; Muller, M. G.; Sander, J.; Nowaczyk, M.; Rogner, 

M.; Holzwarth, A. R. Biochemistry-Us 2006, 45, 2436-2442. 

(3) Jordan, P.; Fromme, P.; Witt, H. T.; Klukas, O.; Saenger, W.; Krauss, N. Nature 

2001, 411, 909-917. 

(4) Umena, Y.; Kawakami, K.; Shen, J. R.; Kamiya, N. Nature 2011, 473, 55-60. 

(5)  van Stokkum, I.H.M.; Larsen, DS; van Grondelle,R.; Biochimica et Biophysica Acta 

(BBA)-Bioenergetics,2004, 1657 (2), 82-104. 

(6)  Chukhutsina, V.; Tian, L.; Ajlani, G.; van Amerongen, H.; in Photosynthesis 

Research for Food, Fuel and Future, eds. T. Kuang, C. Lu and L. Zhang, Zhejiang 

University Press, Hangzhou, Beijing, 2010, pp. 465-467. 

(7). Tian, L.; van Stokkum, I. H. M.; Koehorst, R. B. M.; Jongerius, A.; Kirilovsky, D. and 

van Amerongen, H.; J.Am. Chem. Soc., 2011, 133, 18304-18311. 
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Site, rate and mechanism of photoprotective quenching in 
cyanobacteria 
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Abstract 
In cyanobacteria, activation of the Orange Carotenoid Protein (OCP) by intense 
blue-green light triggers photoprotective thermal dissipation of excess absorbed 
energy leading to a decrease (quenching) of fluorescence of the light harvesting 
phycobilisomes and concomitantly, of the energy arriving to the reaction centers. 
Using spectrally-resolved picosecond fluorescence we have studied cells of wild-
type Synechocystis sp. PCC 6803 and of mutants without and with extra OCP 
(∆OCP and OverOCP) both in the unquenched and quenched state. With the use 
of target analysis we managed to spectrally resolve seven different pigment pools 
in the phycobilisomes and photosystems I and II, and to determine the rates of 
excitation energy transfer between them. In addition, the fraction of quenched 
phycobilisomes and the rates of charge separation and quenching were resolved. 
Under our illumination conditions, ~72% of the phycobilisomes in OverOCP 
appeared to be substantially quenched. For wild-type cells this number was only 
~29%. It is revealed that upon OCP activation, a bilin chromophore in the core of 
the phycobilisome, here called APCQ

660, with fluorescence maximum at 660 nm, 
becomes an effective quencher that prevents more than 80% of the excitations in 
the phycobilisome to reach Photosystems I and II. The quenching rate of its 
excited state is extremely fast, i.e. at least (~240±60fs)-1. It is concluded that the 
quenching is most likely caused by charge transfer between APCQ

660 and the OCP 
carotenoid hECN in its activated form. 
Introduction 
Too much light can be lethal for photosynthetic organisms and it can for instance 
induce photo-oxidative damage of the reaction centers (RCs) 1-3. To protect 
themselves, plants, algae and cyanobacteria have evolved protective mechanisms 
such as non-photochemical quenching (qE in plants and qEcya in cyanobacteria) to 
dissipate excess excited-state energy as heat4-6. The occurrence of qEcya in the 
cyanobacterium Synechocystis sp. PCC 6803 (hereafter called Synechocystis) and 
the involvement of the large extra-membrane cyanobacterial antenna, the 
phycobilisome (PB) was first suggested by El Bissati et al. using strong blue-green 
light7. Later the action spectrum for qEcya reported by Rakhimberdieva et al.8 in a 
PSII-deficient mutant of Synechocystis suggested that blue-green light–activated 
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carotenoids were involved in this mechanism. The involvement of the orange 
carotenoid protein (OCP) in qEcya was next identified by Wilson et al.9, and it was 
found that a reversible conformational change of OCP from its inactive orange 
form (OCPo) to its active red form (OCPr), triggered by blue-green light is 
responsible for qEcya 10. The conformational change is accompanied by a red shift 
of the absorption maximum of the OCP pigment, 3’hydroxyechinenone (hECN) 10. 
The activation of the OCP is a very low quantum yield reaction and it is light 
intensity dependent10. Only the OCPr can bind to the PB and trigger the quenching 
of the PB11. Another protein called the Fluorescence Recovery Protein (FRP) is 
essential to recover the full antenna capacity under low-light conditions after 
exposure to high irradiance. This protein by interacting with OCPr, induces its 
conversion to OCPo and helps the detachment of the OCP from the PB11,12. The 
process of qEcya was investigated in numerous studies during the past few years 8-

20.  
Genes encoding for homologues of the Synechocystis OCP are present in most PB-
containing cyanobacteria and all these strains  are able to perform qEcya 17. The 
quenching efficiency depends on the concentration of OCP. This was 
demonstrated by studying a mutant over-expressing OCP (OverOCP), that shows 
more quenching than the wild-type (WT) under the same high-light condition and 
a mutant not capable of synthesizing OCP (∆OCP), which shows no quenching at 
all9,10. Note that in WT cells grown at low- or medium-light conditions the number 
of OCP’s is lower than the number of PBs and presumably not all PBs can be 
quenched21. Nevertheless, even under these conditions, the qEcya mechanism is 
photoprotective. The ∆OCP Synechocystis mutant is more sensitive to high-light 
conditions than the WT9. Moreover, cyanobacteria strains containing the OCP are 
more resistant to photoinhibition than strains lacking the OCP and the qEcya 
mechanism17. Under stress conditions, like iron starvation, the ratio OCP to 
phycobilisomes increases inducing a much larger energy and fluorescence 
quenching rendering the cells more resistant to environmental changes16.  
The fluorescence recovery depends on the FRP to OCP ratio11. Thus in WT cells 
total fluorescence recovery is reached in only 10 min while in the overOCP strain 
more than 30 min are needed to recover the full antenna capacity at 32°C. In 
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addition, this reaction is largely temperature dependent: Below 10 °C almost no 
recovery is observed10,14.  
 In Synechocystis, the light-harvesting PB contains six C-phycocyanin (C-PC) rods 
and three allophycocyanin (APC) core cylinders. Each C-PC rod is composed of 
three hexamer disks with a maximum absorbance at 620 nm and maximum 
fluorescence at 640-650 nm. Each APC cylinder contains four trimer disks with 
maximum absorbance at 650 nm. The two APC cylinders which are closest to the 
membrane contain two trimer discs formed by 3 αβAPC emitting at 660 nm 
(APC660) and two trimers in which one of the α or the β APC subunits is replaced 
by a special subunit, ApcD, ApcF or ApcE, emitting at 680 nm (APC680). These 
terminal emitters function as spectral bridges between PB and photosystems. The 
third APC cylinder contains only αβAPC trimers emitting at 660 nm. All of these 
pigment-proteins (phycobiliproteins) are bound together by several types of linker 
peptides22-26. PBs form a rather efficient antenna system, funneling more than 90% 
of the captured energy via APC680 to the lower energy Chls within PSI and PSII, 
where the photochemical reactions are performed 22,23,27,28. A schematic overview 
of the PB organization is given in Fig. 3.1 together with a global description of 
previously resolved excitation energy transfer times in Synechocystis13,26,29,30. 
 
Figure 3.1: Schematic representation of a 
Synechocystis sp. PCC 6803 PB and previously 
determined excitation energy transfer times. 
Dark blue corresponds to C_PC  (emitting at 
640~650 nm), magenta to APC660 (emitting at 
660 nma) and cyan to APC680 (emitting at ~680 
nm). The longest lifetime corresponds to decay 
to the ground state. 
 

It is already known that qEcya does not occur in the outer rods that contain the C-
PC pigments thanks to various mutant studies 8,13,15,18. This has just been 
confirmed by in vitro reconstitution experiments showing that OCPr can bind to PB 
containing only the core, thereby completely quenching its fluorescence. In 
contrast, OCPr is unable to quench the fluorescence of PB containing only PC 
rods11.  Therefore, the quenched species should be either an APC660 or an APC680 
pigment in the APC core 18,20. It is one of the goals of the present study to find out 
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where exactly in the PB qEcya takes place. The differences in the fluorescence 
maxima of the various pigments should facilitate the analysis of the ultrafast 
fluorescence data sets and enable the identification of the quenching site. 
qEcya is accompanied by a spectral and conformational change of the carotenoid 
hECN bound to OCP but it is unknown what the molecular quenching mechanism 
is. By comparing the spectrally resolved picosecond fluorescence kinetics in the 
presence and absence of qEcya we intend to determine the rate of quenching 
which should then hopefully shed light on the underlying physical mechanism, 
which is also still unknown.  
We have performed picosecond fluorescence measurements on Synechocystis WT 
cells and cells of the OverOCP and ∆OCP mutants in a) the unquenched state, b) 
the quenched state and c) the state after recovering from quenching. A 
compartmental model was constructed to describe excitation-energy transfer and 
trapping in Synechocystis using target analysis. From the target analysis it was 
concluded where qEcya takes place and what the (molecular) rate of quenching is. 
This also allowed us to draw conclusions about the mechanism of quenching and 
to calculate which percentage of the PB excitations reach PSI and PSII in the 
presence of qEcya.  
 

Materials and Methods 
 

Strains and growth conditions 
The construction of the mutants without OCP protein (ΔOCP) and with over-
expressed OCP protein (OverOCP) was described before (for details see 9,10). 
WT and mutant cells were grown photoautotrophically in a modified BG11 
medium31 containing also 10 mM NaHCO3

 and  twice the concentration of sodium 
nitrate. Cells were shaken in a rotary shaker (45 rpm) at 30°C and illuminated by 
white lamps at 40 µmol·m-2 s-1. Mutants were grown in the presence of antibiotics 
(spectinomycin 25 µg·ml-1, streptomycin 10 µg·ml-1). All cells were grown in 250-ml 
flasks with a growing volume of 60 ml, and maintained in the logarithmic growth 
phase with optical densities at 800 nm (OD800) between 0.6 and 0.8 (scattering) by 
refreshing the medium every two-three days.  



 Site, rate and mechanism of photoprotective quenching in cyanobacteria 
 

66 
 

To improve the signal-to-noise ratio of the time-resolved fluorescence 
measurements cell suspensions were concentrated 3-5 times. The final 
suspensions were dark-adapted for 5 minutes before performing the fluorescence 
measurements.  
 

Fluorescence measurements  
Steady-state fluorescence 
Steady-state fluorescence spectra were recorded with a Jobin Yvon Fluorolog FL3-
22 spectrofluorimeter and corrected for wavelength-dependent sensitivity of the 
detection and fluctuations in lamp output. The excitation wavelength was 590 nm; 
a band width of 5 nm was used for excitation and emission. Fluorescence emission 
spectra were recorded using a step size of 0.5 nm. Cell suspensions were diluted 
to a final Chl concentration of 1.0 µg/ml and measured in a cuvette with a 3-mm 
light path to avoid significant self-absorption. Cells were quenched by illuminating 
with 500 nm light at ~220 µE·m-2 s-1 for 10 minutes at 20°C and emission spectra 
were recorded immediately after quenching.  
Time-resolved fluorescence 
Time-resolved fluorescence spectra were recorded with a sub-picosecond streak-
camera system combined with a grating (50 grooves/mm, blaze wavelength 600 
nm) with the central wavelength set at 700 nm, having a spectral width of 260 nm 
(for details see32). Excitation light was vertically polarized, the spot size diameter 
was typically ~100 µm and the laser repetition rate was 250 kHz. The detector 
polarizer was set at magic angle orientation. Great care was taken to minimize the 
path length (typical ~100 µm) to allow measurements on high-concentration 
samples (OD680 >3) without significant self-absorption. Two excitation wavelengths 
were used: 590 nm and 400 nm. To avoid photodamage and to induce qEcya in the 
entire cuvette (see below), the sample was stirred with a magnetic stirring bar 
(rate ~10 Hz) and the laser power at 590 nm was adjusted to 15±3 μW. At 400 nm, 
the power was adjusted to ~30±3 μW. Images of 800 ps and 2 ns time windows 
were obtained for each sample and corrected for background and photocathode 
shading, and then sliced up into traces of 4 nm width. 
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For both excitation wavelengths, the instrument response function (IRF) was 
described with a double Gaussian, consisting of a Gaussian of ~9 ps FWHM (90% 
of IRF area) on top of a Gaussian of 100 ps FWHM (10% of IRF area).   
For measuring time-resolved fluorescence of cells during quenching, an actinic 
white light source was used in combination with a 500 nm broad band filter (K50) 
giving an intensity of ~350 μE∙m-2∙s-1. The volume used for fluorescence 
excitation/detection was spatially well separated from the actinic light beam (a 
cylinder of ~5 mm diameter*1 cm length); the entire volume of the sample was 4 
ml. One measurement was performed as follows: First, after 5 minutes of dark 
adaptation of the cells, fluorescence streak images were recorded for unquenched 
cells. Then cells were quenched by actinic illumination at 20°C for one hour (to 
obtain the maximal quenching possible at the light intensity used) while stirring; 
during subsequent measurements on quenched cells, the actinic illumination was 
kept on to maintain the quenched state. Finally, streak images were recorded after 
allowing the cells to fully recover from qEcya for one hour in the dark. At 20°C, 
fluorescence recovery is slower than at 32°C and for the overOCP strain it can take 
almost one hour. ΔOCP, being the perfect control sample because it does not show 
qEcya, was measured in exactly the same way as WT and Over OCP cells. A high 
signal-to-noise ratio was achieved by averaging 100 single images, each obtained 
after analog integration of 10 exposures of 1.112 s. Measurements were 
performed at room temperature (about 20°C) and lasted 3 hours for each sample. 
Data analysis 
Data obtained with the streak-camera setup were first globally analyzed with the R 
package TIMP (for details see 33,34). The methodology of global analysis is 
described in 35: with global analysis the data were fitted as a sum of exponential 
decays convolved with an IRF and the amplitudes of each decay component as a 
function of wavelength are called decay-associated spectra (DAS). Subsequently 
‘target analysis’ was performed as described in the supporting information.   
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Results 
Steady-state fluorescence  
Steady-state fluorescence spectra of unquenched cells of WT, OverOCP, and ΔOCP 
were recorded upon 590 nm excitation (Fig. 3.2). The spectra are very similar for 
all unquenched cells, showing two main peaks at 660 nm and 680 nm. The 660 nm 
maximum originates from APC660 and the one at 680 nm from APC680 and/or Chl. 
Fig. 3.2 also shows the spectra after 10 minutes of illumination with 220 µE·m-2 s-1 
blue-green light. For WT cells, this causes ~20% fluorescence quenching, while for 
OverOCP more than 50% quenching occurs. 
As expected, no quenching is observed for 
∆OCP cells. 

 
Figure 3.2: Room-temperature fluorescence 
spectra upon 590 nm excitation of cells. (1 µg 
Chl/mL) before (solid lines) and after (dashed 
lines) blue-green light illumination (220 µE m-2 s-1), 
(a) ΔOCP, (b) OverOCP, (c) WT.   

 

Time-resolved fluorescence  
To determine the quenching kinetics, time-
resolved fluorescence of mutant and WT cells 
were measured with a picosecond streak-
camera system. The cells were studied in 
three different states: before illumination (unquenched), after illumination with 
strong quenching-inducing light (quenched) (illumination is continued during the 
measurement) and 1 hour after switching off the quenching light (recovered). 
Either 590 nm laser pulses were used, exciting mainly C-PC (Figs 3.3a b), or 400 nm 
pulses, exciting mainly Chls in PSI and PSII (Figs 3.3c d). Fig.3.3a shows that the 
spectrum is shifting to longer wavelengths in time (red-shifting) after 590 nm 
excitation, which is due to down-hill excitation energy transfer (EET). In contrast, 
Fig.3.3c shows that after 400 nm excitation the spectrum is slightly blue-shifting 
(indicated by the black arrow). The blue-shift is due to the fact that long-
wavelength PSI fluorescence is shorter-lived than PSII fluorescence that 
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contributes more at shorter wavelengths. A comparison of Figs.3.3a and 3.3b 
clearly shows that the fluorescence of unquenched OverOCP (Fig.3.3a) is longer-
lived than that of quenched OverOCP (Fig.3.3b). The WT cells also show faster 
decay of the excited state after induction of qEcya, albeit less pronounced. The 
quenching appears to be completely reversible, meaning that the fluorescence 
streak images of cells that are recovered from qEcya are virtually identical to the 
ones before qEcya. As expected, no significant changes are observed for the ΔOCP 
cells. Upon 400 nm excitation, the effects of qEcya are far less noticeable for all cell 
types and only a minor decrease in intensity can be observed on the short-
wavelength side for WT and OverOCP cells, where PBs dominate the fluorescence.  
 

Figure 3.3: Streak-camera images 
of unquenched (a,c) and quenched 
(b,d) OverOCP cells. These images 
represent the fluorescence intensity 
(using a linear color gradient) as a 
function of time (vertical axis) and 
wavelength (horizontal axis); every 
vertical line represents a time trace 
of fluorescence at the 
corresponding wavelength, while 
every horizontal line reflects a 
fluorescence emission spectrum 
after a certain delay time.  In a and 
b, C-Phycocyanin was selectively 
excited at 590 nm and in c and d, 
Chls were selectively excited at 400 

nm;  all time-resolved fluorescence measurements represented in this work were repeated 
at least three times with cells grown on different days.  
 

Modeling results  
To get quantitative information from these images, both global analysis and target 
analysis were performed. Global analysis provides a minimal mathematical 
description of the data revealing the wavelength dependence of EET and 
excitation trapping. Based on this kinetic information, combined with a priori 
knowledge of the photosynthetic system, target analysis was used to construct a 
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specific compartmental model with corresponding rate constants to obtain a 
realistic description of the system. By exploring the model that fits best to the 
data, kinetic constants for the various processes (energy transfer, trapping and 
quenching) could be determined.  
Global analysis  
 
OverOCP 
Typical unquenched (black) and quenched (red) traces for excitation at 590 nm are 
depicted in Fig.3.4 and quenching appears to be particularly well visible at 662 and 
683 nm. 

 
Figure 3.4: Emission traces at 
644, 662, and 683 nm of 
unquenched (black) and 
quenched (red) OverOCP upon 
590 nm excitation. Note that the 
time axis is linear until 70 ps, and 
logarithmic thereafter. Blue lines 
indicate the global analysis fit 
with five lifetimes. 

 

Global analysis of 50 emission 
traces of OverOCP cells 
reproducibly required five 
lifetimes. The results are 
shown in Fig.3.5a and 
corresponding lifetimes are 
given in Table 3.1. Induction of 
qEcya by strong blue-green light 
leads to marked changes of 
several DAS. After switching 
off the blue-green light, 
quenching effects disappeared 

completely in approximately 1 hour at 20°C, demonstrating the reversibility of 
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qEcya.  After cells had “recovered” from qEcya, the DAS were identical to those 
before qEcya.  

Figure 3.5: DAS of intact cells. OverOCP (a,b), WT (c), and ΔOCP (d), after 590 nm (a,c,d) or 
400 nm excitation (b). Spectra correspond to ‘unquenched’ (solid), ‘quenched’ (dashed), 
labeled with Q or ‘recovered’ cells (dotted), labeled with R.  
 
The black DAS in Fig 3.5 reflect excitation equilibration (predominantly downhill 
EET) in C-PC with a time constant of 8 ps, displaying a positive/negative signature, 
characteristic for energy transfer. The acceptor states have a higher dipolar 
strength than the donor states (see e.g.36) leading to a predominantly negative 
DAS. These DAS and their corresponding lifetimes remain unaltered upon qEcya 
induction, showing that the corresponding transfer process is not influenced by 
quenching.  
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Table 3.1: lifetimes estimated from global analysis of the fluorescence data obtained for 
the various cells in different states. The colors of the lifetimes correspond to the colors of 
the DAS in Fig. 3.5. And the samples were named the same as in Fig. 3.5. 
 

The red DAS with ~30 ps lifetime to a large extent reflect downhill EET from C-PC 
to APC660. They are only slightly influenced by quenching because the changes in 
lifetime and DAS are rather small, especially when compared to the changes 
observed for the slower components.  
The green DAS for unquenched and recovered cells with a lifetime of 130 ps 
reflect to a large extent EET from APC660 to APC680 + Chls. Like the ~30 ps 
component, they have the characteristic conservative shape with positive 
amplitude at short wavelengths and negative amplitude at longer wavelengths, 
meaning that excited-state population disappears from pigments fluorescing 
somewhat above 650 nm to pigments with a fluorescence maximum somewhat 
below 680 nm. This component is strongly influenced by the quenching; the 
lifetime decreases and the shape changes drastically. It loses its characteristic 
conservative transfer character, indicating that excitations on APC660 are 
quenched, and this leads to a shortening of the APC660

 excited-state lifetime and a 
decrease in energy transfer. From these DAS it is not directly clear which 
percentage of the APC pigments is quenched and what the quenching rate is. 
These issues will be addressed below using the target analysis approach.  
The dark blue DAS with 200~300 ps lifetime reflect excitation trapping by the RCs 
(charge separation). The DAS represents an equilibrated excitation distribution 
over C-PC, APC660, APC680 and Chls. Upon induction of qEcya the intensity of this 
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component decreases drastically, due to the fact that many excitations are already 
quenched on APC660 before they can reach APC680 and Chls.  
The cyan DAS with lifetimes above 500 ps have very small amplitudes. The lifetime 
is not well determined using the 800 ps time window; it can be varied from 600 ps 
to a few ns in the fit without influencing shape and position of the DAS. In 
datasets obtained with a 2 ns time window the corresponding lifetime was 
determined to be ~700 ps. These DAS probably reflect competition between 
secondary charge separation and charge recombination (see e.g. 37), which 
explains why its amplitude decreases upon quenching. 
Global analysis of the results that are obtained upon 400 nm excitation, leads to 
the DAS that are shown in Fig.3.5b. Using 400 nm pulses, excitations are mainly 
created in PSI and PSII and only 10% is created in PB 30, leading to the fluorescence 
on the short-wavelength side of the image. The latter excitations give rise to the 
same DAS and quenching kinetics as the excitations created by 590 nm laser 
pulses (see Fig.3.5b). The dominating component of 22 ps (red DAS in Fig.3.5b) 
represents emission from Chls in PSI 30,38,39, which appears to be hardly quenched.  
 

WT and ΔOCP 
The DAS that are obtained for unquenched WT and ΔOCP cells (see Fig.3.5c and 
3.5d, respectively) are virtually identical to those obtained for unquenched 
OverOCP cells. This shows that the organization of the photosynthetic system is 
identical in all cases, but also it testifies to the high reproducibility of both 
measurement and analysis. The fluorescence kinetics of ΔOCP cells are hardly 
affected by illumination with strong blue-green light but for WT cells similar 
changes are induced as for OverOCP cells, although the effects of qEcya are less 
pronounced. EET within the C-PC rods and from C-PC to APC are nearly unaffected 
in WT cells since the 2 DAS with the shortest lifetimes remain nearly the same. 
The 3rd DAS, which is conservative in the absence of quenching, becomes strongly 
non-conservative, again reflecting quenching of APC660. However, the strong dip 
around 680 nm indicates that still a substantial amount of EET towards APC680 and 
Chls takes place, also explaining why the 4th and 5th DAS decrease less in intensity 
for WT than for OverOCP. It is not immediately clear whether a larger fraction of 
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PB remains unquenched as compared to OverOCP or whether the quenching rate 
is smaller. This issue will be addressed below.  
In summary, global analysis of the presented time-resolved fluorescence data 
indicates that APC660 is quenched directly in vivo. However, it is not clear which 
fraction of the PB is quenched and what the rate of quenching is. In order to 
resolve these issues, target analysis was performed.  
Target analysis  
It is known that PBs can transfer energy to both PSI and PSII 27,28. Thus a good 
model requires the presence of PB coupled to PSII (PB-PSII) and to PSI (PB-PSI). In 
order to obtain acceptable fitting results, it turned out that the amount of 
excitations being transferred from PB to PSII and PSI had to be rather similar (for 
more details see SI). PB was allowed to be quenched or unquenched and the 
fraction of quenched PB was included as a free fitting parameter. Quenched PB-
PSII and PB-PSI are shown in Fig. 6 whereas the unquenched versions are omitted 
from the figure for clarity. It has been reported that also uncoupled PB should be 
present 29 but since the corresponding lifetime of 1.2-1.5 ns was not observed in 
our study, their amount was considered to be insignificant. 

Figure 3.6: Schematic model showing the downhill energy transfer and trapping 
processes in Synechocystis with characteristic transfer times (a transfer time is defined 
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as 1/transfer rate). SAS (fitting results) are shown in colors that refer to the protein 
complexes holding the corresponding pigments. Inverse rates of uphill energy transfer are 
omitted for clarity but can be found in the supporting information (Figure S3.2) 
 

A correct description of the 400 nm data requires the presence of two additional 
pigment-protein structures: PSII and PSI without any coupled PBs (schematic 
structures of PSII and PSI are also included in Fig.3.6). Details about the fitting and 
input parameters are shown in the Supporting Information (Figure S3.2 and Table 
S3.1). The SAS resulting from the analysis are assigned based on the positions of 
their maxima: the two blue SAS correspond to short- and long wavelength forms 
of C-PC (here named PC-S and PC-L, respectively); the magenta SAS with maximum 
around 660 nm corresponds to APC660; the cyan SAS and the green SAS with 
maximum around 680 nm to APC680 and Chls in PSII respectively. The black and red 
SAS originate from bulk Chls (688 nm) and red Chls (712 nm) in PSI, respectively, 
which is in perfect agreement with previous reports on isolated PSI 38,40. As 
pointed out in the supplementary information, also energy transfer rates are in 
agreement with reports on PSI, PSII and PBs and sub-complexes thereof and the 
same is true for the fluorescence spectra (SAS) of the various pigments. 
In order to determine in which of the different pigment pools the blue-green light-
induced quenching takes place, one additional decay rate constant kQ (reflecting 
the quenching) was added in turn to the various compartments and the data for 
the quenched cells was fitted keeping all other rate constants the same as for the 
unquenched cells. The results were unequivocal: only quenching of the APC660 
compartment leads to a satisfactory fit of the data and the corresponding 
quenching rate is 66±15 ns-1 for OverOCP. Putting the quencher in another 
compartment resulted in fits of lesser quality or led to unrealistic SAS. Another 
important finding was that not all PBs are quenched. For OverOCP the percentage 
of quenched PBs was found to be ~72%. 
With the same model, the data on WT cells could be fitted equally well, the main 
difference being that only ~29% of all PBs appeared to be quenched whereas the 
quenching rate was 54 ns-1  rather similar to that of OverOCP. This explains why in 
steady-state spectra, the quenching ratio in WT cells is only about one third of that 
in OverOCP cells.  
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For the ∆OCP mutant the same target model was successfully applied (results not 
shown) for all three measuring states (before, during and after applying high 
intensity blue-green light) and the results are similar to those for unquenched WT 
and OverOCP cells. 
 

Discussion 
The location, rate and efficiency of  qEcya 
It was demonstrated before with steady-state fluorescence measurements on 
various Synechocystis mutants and in vitro reconstitution experiments that 
quenching takes place in the APC core of the PB 9,11,13,15 and our current data 
confirm this. However, due to fast EET from APC660 to APC680/Chls it could not be 
determined before whether APC660 was quenched or APC680 20 and also the 
quenching rate remained unknown. It is now revealed that quenching takes place 
at the level of APC660 and not APC680. The rate of quenching of the APC660 pool 
turns out to be 66±15 ns-1 (which is equivalent to (16±4ps)-1). This is extremely fast 
and leads to efficient quenching. From the parameters obtained with the target 
analysis it can be concluded that in the presence of qEcya, 80% of the excitations 
that are harvested by a quenched PB is dissipated as heat before reaching PSII and 
PSI (see SI). Our results indicate that both PSI and PSII are protected. However, not 
all PBs are in the quenched state. The number of quenched PBs depends on the 
ratio OCPr to PB11. In WT cells, there is only 1 OCP per 2-3 PB.  Moreover, not all 
OCP is expected to be in the OCPr state in the used light conditions, although the 
exact amount of activated  OCP is unknown. Indeed we found that only 29% of the 
PBs were quenched for WT cells.  For OverOCP cells, the concentration of OCP is 
about 7-8 fold higher than in WT, meaning more than 2-3 OCP per PB21.  
Consistently, the number of quenched PBs is substantially higher, namely 72%.  
 

The mechanism of  qEcya  at the molecular level 
Our present study has disclosed that one of the APC660 pigments is directly 
quenched (from now on we call this quenched pigment APCQ

660). The overall 
quenching rate of the APC660 pool appears to be 66±15 ns-1 or (16±4ps)-1. Since 
there are approximately 66 APC660 pigments present in one PB core, the molecular 
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quenching rate of APCQ
660 is at most (0.24±0.06ps)-1, corresponding to 16/66 ps in 

case EET within the APC660 pool is infinitely fast. In the case of infinitely fast EET 
the probability that the excitation is on the quenched pigment is 1/66 which slows 
down the molecular quenching rate by a factor of 66. Slower EET requires an even 
faster quenching rate (see e.g. 37). 
It has been hypothesized that the C-terminal OCP domain, by interacting with the 
center of an APC trimer, may bring the carotenoid into proximity of the APC 
chromophores, whereas light-induced carotenoid changes could then regulate the 
interaction between the carotenoid and the APC chromophores (either α84 or 
β84) 10. Support for this hypothesis comes from the fact that the C-terminal 
domain of OCP is structurally similar to the 7.8 kDa core linker protein that is 
bound within the central aperture of the APC trimer and directly interacts with the 
β84 chromophores of two APC subunits. The present findings indeed confirm the 
direct quenching of one of the APC chromophores and the ultrafast quenching 
rate suggests extremely strong coupling between one of the APC chromophores 
and the OCP carotenoid hECN.  
One could envision several carotenoid-induced quenching mechanisms occurring 
based on the analogy of chlorophyll quenching by carotenoids: 1) excitonic 
coupling 41-43 between APCQ

660 and hECN, 2) EET from APCQ
660 to the S1 state of 

hECN 44,45, 3) electron transfer from hECN to APCQ
660 46. The same three 

mechanisms were also recently identified for tetrapyrrole singlet excited state 
quenching by carotenoids in artificial systems 47. 
The fact that the quenching rate is faster than (1 ps)-1 rules out the first 
mechanism because the excited-state decay rate would be a weighted average of 
the excited-state decay rate of APC660 and of hECN in the absence of interaction 43. 
Because the excited-state lifetime of hECN is above 1 ps and that of APC660 even 
above 1 ns, it is impossible to obtain an average lifetime which is 0.24 ps or even 
shorter. 
It is more difficult to estimate whether EET from APCQ

660 to the S1 state of hECN 
might happen with a rate of (0.24±0.06ps)-1. Up to now, rates of EET from the 
lowest excited state of (B)Chls/bilins to the carotenoid S1 state have not been 
measured for pigment-protein complexes. However, various studies have reported 
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rates for EET from the carotenoid S1 state to the lowest Qy states of 
(bacterio)chlorophylls. Both types of rates are expected to be similar because the 
electronic coupling mechanism is the same, while mainly the relative ordering of 
the energy levels of both molecules differs in both cases. Carotenoid-to-BChl a 
energy transfer times involving the S1 state were reported to be of the order of 
several ps for light-harvesting complexes from purple bacteria48-52. This is an order 
of magnitude slower than the obtained quenching rate in the present study. A 
larger spread in transfer times was reported for Chl a containing light-harvesting 
complexes LHCII and CP2953-56. Whereas Croce et al. hardly observed any transfer 
from the S1 state in LHCII from plants53, a time constant of ~1 ps was reported by 
Gradinaru et al.54, whereas Walla et al. found several transfer times, ranging from 
~200 fs to over 7 ps55. For CP29, Croce et al. reported different transfer times for 
the different carotenoids in CP2956, the fastest being 700 fs, whereas Gradinaru et 
al. found a time of around 1 ps54.  
It is important to note that a transient absorption study was performed on a 
model system made up of a zinc phtalocyanine (Pc) molecule (similar to Chl) 
covalently linked to carotenoids with 9, 10, or 11 conjugated carbon-carbon 
double bonds 57. By increasing the number of double bonds the S1 energy level 
becomes lower than the lowest excited singlet energy level of the Pc molecule. 
EET could be observed from Pc to the Car in the case of 10 and 11 conjugated 
double bonds and the transfer rates varied from (56 ps)-1 to (17 ps)-1, depending 
on solvent polarity and conjugation length, i.e. far slower than the observed 
quenching rate in the present study. We conclude that most of the experimentally 
obtained transfer rates are slower or even far slower than the lower limit for the 
quenching rate of (0.24±0.06ps)-1 but we cannot entirely exclude that EET from 
APCQ

660 to the S1 state of hECN might be responsible for qEcya. 
Finally, it has been reported that in plants nonphotochemical quenching can occur 
via charge transfer within a closely coupled excited pair of a Chl a molecule and a 
zeaxanthin carotenoid molecule with a time constant between 0.1 and 1.0 ps, 
leading to fluorescence quenching of Chl46,58. The rate of (~0.24±0.06ps)-1 for APC 
quenching in cyanobacteria falls nicely within this interval. Therefore, based on 
the available data, it appears most likely that charge transfer from the red form of 
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hECN in OCP to APCQ
660 in the PB core is responsible for the blue-green light-

induced non-photochemical quenching in cyanobacteria.  
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Supporting materials 
 
Target analysis of NPQ in cyanobacteria in vivo 
The target analysis takes into account the following a priori knowledge: 
- PBs can transfer energy to both PSII and PSI 1,2. 
- Part of PSII and PSI is not coupled to PBs3. 
- Approximately 10% of the 590 nm excitations is absorbed by PSII and PSI, 

the remainder is absorbed by PC-S4. 
- Approximately 10% of the 400 nm excitations is absorbed by PBs, mainly 

by PC-S and PC-L. The remainder is absorbed by PSII and PSI4. 
- A fraction of the PBs is thought to be unquenched. For WT it is known that 

OCP is present in a substoichiometric amount as compared to PBs5. 
- PSII can be in an open or a closed state. 
- All energy transfer is in principle reversible. 
The a priori knowledge is partly visualized in the cartoon model depicted in 
Fig.S3.1. 

 
Fig.S3.1: Cartoon model of excitation energy, electron transfer and excited-state 
quenching in the thylakoid membrane of cyanobacteria. Arrows indicate the flow of 
excitation energy, charge separation (orange arrow) and excited-state quenching (grey). Q 
indicates that a PBS can be quenched. Two additional assemblies have been omitted for 
clarity: One is like the ‘a’ assembly but it is not quenched (NQ instead of Q) and the other is 
like assembly ‘d’ and is also not quenched. 
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Fig.S3.1 contains six different assemblies of pigment-protein complexes: PSI and 
PSII without any coupled PB, PSII and PSI coupled to PBs that can be quenched (Q), 
PSI and PSII coupled to PBs that cannot be quenched (NQ, not depicted in the 
cartoon). The 590 nm excitation light preferentially excites PB (90%), thus not 
providing much information on PSI and PSII kinetics. The 400 nm excitation light 
preferentially excites PSI and PSII (90%), thus providing the missing information. In 
order to describe the complete dynamics four PBs compartments are 
distinguished: PC-S, PC-L, APC660, and APC680. It is well known that PSI can be 
adequately described with two compartments: bulk Chl (about 100 Chl, including 
RC), from which charge separation occurs and which is in equilibrium with red Chl 
(6 Chl) 6,7,the PSII core 35 Chls are present. When the PSII RC is open, charge 
separation is not entirely irreversible, and an equilibrium8,9 between the excited 
state of the system and the first radical pair state is needed to describe PSII core 
emission. When the PSII RC is closed, the equilibrium with the first radical pair 
state shifts towards the excited state. Since the exact amount of open PSII RCs is 
not known, PSII core emission is described with two compartments: antenna plus 
RC (35 Chl) in equilibrium with a non radiative (NR) compartment, where the rate 
constants of this equilibrium are free fitting parameters, and thus can effectively 
describe a mixture of open and closed RCs.    
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Fig.S3.2: Kinetic scheme used for target analysis of time-resolved fluorescence data of 
quenched and unquenched cyanobacteria in vivo. Rates estimated from the OverOCP 
data in Fig.S3.3 (further explanation, see below) are given in (ns)-1. Differences in free 
energy between compartments were calculated from these estimated rates and are 
indicated in red italic.  
 
In the target analysis 28 compartments are used as partly depicted in Fig.S3.2:  
PSII and PSI without any coupled PBs each require two compartments; the PBs 
“energy funnel” PC-S, PC-L, APC660, APC680  can be either quenched or unquenched, 
and it can be in equilibrium with PSII or PSI. This leads to 2x2+4x(4+2)=28 
compartments. Fortunately, the Species Associated Spectra (SAS) of PC-S, PC-L, 
APC660, APC680, PS II, PS I bulk (PSIb), PS I red (PSIr) can be linked, and only 7 SAS 
need to be estimated. The nonradiative (NR) compartment has a zero SAS. Note 
that the rate constants of the energy funnel PC-S, PC-L, APC660, APC680 are 
assumed to be identical for the four different cases (PB-PS II Q, PB-PS II NQ, PB-PS 
I Q, PB-PS I NQ), and also the rate constants of PSII or PSI are assumed to be 
identical for the three different cases (without any coupled PBs, Q and NQ). 
Several possibilities for the quenching of PBs were tested, and in Fig.S3.2 only the 
most important quenching rate, from APC660 is shown. Thus in total 18 different 
rate constants are needed to describe one experiment. This is much more than 
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the five lifetimes estimated from the global analysis. Therefore, four different 
experiments (see also Fig.S3.3) are analysed simultaneously: unquenched 590 
(black), quenched 590 (red), unquenched 400 (blue), quenched 400 (green) nm 
excitation. This simultaneous target analysis allows to resolve all SAS (see below).  
Also alternative kinetic schemes were tried. Most important was a scheme where 
the quenching starts from APC680 instead of APC660 because it is not immediately 
obvious from the global analysis where in the core the quenching takes place. 
However, this fit resulted in a huge increase in the root mean square error (rmse), 
and it proved to be impossible to describe the data with this scheme. This made 
us conclude that the quenching is not located on APC680. Therefore we report here 
only on the scheme of Fig.S3.2. 
 
Input parameters 
Next to the rate constants, also the inputs (fractions of excitation) to the different 
PC-S, PC-L (only with 400 nm excitation), PSII, PSI bulk, PSI red compartments 
must be estimated. But the values of these inputs are mutually dependent. The 
following a priori knowledge/assumptions /definitions are employed: 

- The relative absorption of PSII at 590 nm is given by the parameter 5902ε  (2 for 
PSII) which is fixed at 1, and the absorption of PSII at 400 nm is a parameter 4002ε  
to be estimated. Likewise, parameters 590cε  and 400cε  (c for phycoCyanin) 
reflect the relative absorption of PBSs at 590 and 400 nm. 

- PSI absorbs α times more than PSII. Thus 5901ε  (1 for PSI) is α times 5902ε , and

400 4001 2ε α ε= ⋅ . In view of the ~106 vs. 35 Chls, α is fixed at 3.  
- The red Chl compartment of PSI is represented by a fraction r, and the PS I bulk 

compartment by 1-r. In view of the 6 red Chls r is fixed at 0.06.  
- PC-S and PC-L have equal absorption at 400 nm, and only PC-S absorbs at 590 nm. 
- A fraction c2 of the PBs is linked to PSII and a fraction c1 = 1 – c2 to PSI. It is 

assumed that 𝑐𝑐1 = 𝑐𝑐2 = 0.5. This ratio was necessary to get a reasonable PSI/II 
ratio and SAS with comparable amplitudes for all pigments.  

- PBs can be in a quenched state (fraction q) or in an unquenched state (fraction 1-q) 
and the parameter q has to be estimated. 
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- The input to PSII and PSI without any coupled PB at 590 nm is represented by the 
parameters 5902l  and 5901l  (l for loose). Since 5902 1ε ≡ , 400 590 4002 2 2l l ε= ⋅  and 

400 590 4001 1 2l l ε= ⋅ . 
There are 17 compartments that receive input: 

- PC-S, PC-L quenched or unquenched, in equilibrium with PSII or PSI: 2x4 
- PSII, PSIb, PSIr coupled to PBs quenched or unquenched, and not coupled to PBs 

(loose): 3x3. 
Using the above assumptions and definitions the input to these 17 compartments 
with 400 and 590 nm excitation (totalling 34 input values) are described by only 
six free parameters: Quenching fraction q, absorption parameters 

400 400 5902 , ,c cε ε ε , l2 and l1. 
For example: the input to the nonquenched PSIr coupled to PBs at 400 nm is given 
by 
 400 400 400(1 ) 1 1 (1 ) 2 1 (1 ) 0.06 3 2 0.5q r c q r c qε α ε ε− ⋅ ⋅ ⋅ = − ⋅ ⋅ ⋅ ⋅ = − ⋅ ⋅ ⋅ ⋅   
Spectral assumptions 
As explained above, only 7 SAS need to be estimated. The following spectral 
assumptions have been used:  
- to estimate the equilibrium between PS I bulk and PS I red: 0PSIrSAS =

below 686 nm, 
- to facilitate resolution of SAS, and to ensure nonnegativity: 

660 0APCSAS =  below 634 nm,  
- 680 0APCSAS =  below 661 nm and above 715 nm,  
- 0PSIbSAS =  below 665 nm and above 770 nm,  
- 0PSIISAS =  below 640 nm. 
Thus the number of free spectral parameters (50 different wavelengths) was 
reduced from 7*50=350 to 259. 
 
Other parameters 
In Materials and Methods the instrument response function (IRF) was already 
introduced; it is described with a double Gaussian, consisting of a narrow 
Gaussian of 9 ps FWHM (90% of the IRF area) on top of a broader Gaussian of 100 
ps FWHM (10% of the IRF area). The location of this IRF is wavelength-dependent 
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due to the streak-camera properties, and it is well described by a parabola10. The 
simultaneous analysis of four experiments requires three relative scaling 
parameters. 

Fig.S3.3 Emission of OverOCP at 50 wavelengths, as obtained from the four streak images 
in Fig.3.2. Key: unquenched 590 (black), quenched 590 (red), unquenched 400 (blue), 
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quenched 400 (green) nm excitation. Note that the time axis is linear until 70 ps and 
logarithmic thereafter. Dashed lines indicate the simultaneous target analysis fit. 
 
Simultaneous target analysis 
In the above we have explained how we can compute the concentrations of all 
compartments. For each of the seven emitting species (PC-S, PC-L, APC660, APC680, 
PS II, PS I bulk, and PS I red), we can add the concentrations of all compartments 
belonging to that species. Thus we arrive at a concentration matrix C for each 
excitation wavelength (400 and 590 nm) and each state (quenched or 
unquenched). The model for the simultaneous target analysis now reads 

,590 ,590

,590 1 ,590

,400 2 ,400

,400 3 ,400

U U

Q Q T

U U

Q Q

C
C

SAS
C
C

α
α
α

Ψ   
   Ψ   =
   Ψ
   Ψ      

 

where Ψ indicates the data measured in each of the four experiments (U or Q, 
with 400 or 590 nm excitation) and the iα  are the three relative scaling 

parameters. All unknown parameters (kinetic, input or SAS) are now estimated 
with the help of the partitioned variable projection algorithm (van Stokkum, 
Larsen et al. 2004; Mullen and van Stokkum 2009). Furthermore, after 
convergence, the linear approximation covariance matrix allows us to estimate 
the precision of the estimated parameters. With the good quality of fit (see below) 
the relative precision of the estimated parameters was better than 10%, with the 
exception of the rates that describe the fast energy transfer between APC680 and 
PS II or PS I bulk.  
 
Quality of the fit 
The parameter estimation resulted in parameters that describe the model fit to 
the data, and the corresponding residuals. The rmse of the fit was 1.69, which is 
less than 1% of the maximum of most of the traces in Fig.S3.3 (the absolute 
maximum of these data was 575 at 647 nm). In addition, for each of the four 
experiments the matrix of residuals was analysed by Singular Value 
Decomposition10. This enabled us to spot trends in the residuals and locate the 
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lack of fit in the time or wavelength domain. The left singular vectors in Fig.S3.4a,c 
indicate that the maximum lack of fit is around the IRF maximum. This indicates 
that the fit can be further improved by a more flexible IRF description.  

Fig.S3.4 First left (a,c) and right (b,d) singular vectors resulting from Singular Value 
Decomposition of the matrix of residuals of the four OverOCP experiments fitted in 
Fig.S3.3.  Key: unquenched 400 (black in a,b), quenched 400 (red in a,b) unquenched 590 
(black in c,d), quenched 590 (red in c,d) nm excitation. Note that the time axis in (a,c) is 
linear until 70 ps and logarithmic thereafter.  
 

 
a.Parameter 5901l

 
;b. Parameter 5902l

 c.Parameter 590cε
 d.Parameter 400cε  

Table S3.1 Input values for target analysis of OverOCP and WT, and derived numbers: 
fraction excited PBS, PS I, PS II and PS I/II ratio. Footnotes refer to parameters of Table 
S3.2  
 
With 590 nm excitation we excite about 88% PBs, and 12% photosystems. 
Conversely, with 400 nm excitation we excite 6.8% and 8.5% PBs for OverOCP and 
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WT respectively, and 93.2 (91.5) % photosystems. Both are in accordance with the 
literature (Krumova, Laptenok et al. 2010). The PS I/II ratio is about 6.5 on a Chl 
basis. 
The estimated parameters are shown in Fig.S3.2 (rate constants), Fig.S3.5 (SAS), 
Table S3.1 (input parameters) and Table S3.2 (absorption and quenching 
parameters). Most of the rate constants can be estimated with a relative precision 
of about 10%, except for the fastest rates that describe the coupling of APC680 and 
PSII or PSIb. These rates are most probably too fast to be resolved precisely with 
the present experiments. As a consequence, also the APC680 SAS is estimated less 
precisely than the other six SAS.  
Table S3.2 Quenching and absorption parameters (note that by definition 5902 1ε ≡ ). 
For definitions see text. 

 kQ (1/ns) q 4002ε  590cε  400cε  

Over_OCP 66 72% 12 150 18.4 
WT 54 29% 12 150 23.2 

According to the fitting results, about 72% of the PBs appeared to be quenched 
for Over_OCP, whereas for WT the fraction q was only about 29%. In the 
quenched PBs, the quenching rate of the APC660 compartment was about 66/ns. 
The value of 12 for parameter 4002ε  corresponds in Fig.S3.6G to a ratio of 12 for 
the amplitudes of the dashed and solid concentration profiles.  

 
Fig.S3.5 SAS estimated from the target analysis 
using the kinetic scheme in Fig.S3.2. Key: PC-S 
(black dash), PC-L (blue), APC660 (magenta), 
APC680 (cyan), PS II (green), PS I bulk (black), PS I 
red (red). (A) OverOCP, (B) WT.  
 
The plausibility of the estimated parameters 
was judged by the following criteria: realistic 
shapes of the estimated SAS, and realistic 
areas of the SAS in accordance with 
literature11,12,13. We aimed for approximately 

equal areas of the four PB SAS, and equal areas of the PSII, PSIb, PSIr SAS. The 
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area of a PS SAS relative to that of a PB SAS was taken to be about 0.6. The 
lifetimes calculated from the estimated rate constants of the energy funnel PC-S, 
PC-L, APC660, APC680 and of PSI are globally in accordance with previous 
experimental results presented in literature 6,14.  
 
 

 
Fig.S3.6 Concentration profiles (left hand column) and SAS (right hand column) 
estimated from the target analysis of OverOCP using the kinetic scheme of Fig.S3.2. The 
PBs in panels A and C are connected to PSII and PSI, respectively. In (A,C,E) solid and 
dashed indicate concentrations for the unquenched and quenched case, respectively. Key 
to A-D: PC-S (black), PC-L (blue), APC660 (magenta), APC680 (cyan), integrated 
nonphotochemical quenching (red), integrated photochemical quenching (green). Key to E-
H: PS II (green), PS I bulk (black), PS I red (red in E-G) and NonRadiative (yellow). In (G) solid 
and dashed indicate 590 and 400 nm excitation, respectively. Note that the time axis is 
linear until 70 ps, and logarithmic thereafter.  
 
The quenching mechanism is further illustrated in Fig.S3.6. The solid lines in 
panels A,C,E reflect the unquenched situation, where the equilibria cause 
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multiexponential decay kinetics for all concentration profiles. Panels A,B depict 
the energy funnel PC-S, PC-L, APC660, APC680; for clarity the information of the 
attached PSII has been omitted here. Panels C,D visualize the quenching of PB 
coupled to PSI. Note that the difference between panels A and C is visible as a 
small, long lasting emission which can be attributed to the equilibrium of PBs and 
the partially closed PSII RCs. Most important is the concentration of the quenched 
excitations. The integrated nonphotochemical quenching is indicated in dashed 
red, whereas the integrated photochemical quenching is depicted in green in A,C. 
In the computation of photochemical quenching in the partially closed PSII RC we 
have integrated all excitations that decay via the NR compartment. The solid 
green is the photochemical quenching in unquenched conditions, note that this 
rises quickly for PSI, whereas for PSII it rises slowly because of the equilibrium and 
long lifetimes. The dashed green represents the photosystems with quenched PB. 
Clearly, the yield of photosynthesis is reduced by more than 80%. In the quenched 
PB, the dashed lines show the largest differences for APC660, and of course also for 
APC680 which receives its input from APC660. In the photosystems that are in turn 
coupled to APC680 the same non-photochemical quenching is visible in panels E,F 
as a large difference between the solid and dashed lines. The dynamics of the 
photosystems without PB is visible in panels G,H. The PSIb, PSIr equilibrium is 
established in about 4 ps, and after this the equilibrated PSI decays in about 28 ps 
by charge separation (photochemical quenching). These in vivo results are in 
agreement with the properties of cyanobacterial PSI in vitro 6,7 and in vivo 4. 
Finally, PSII equilibrates with the NR compartment in about 45 ps, which is in 
accordance with the observed lifetime (dominantly 49 ps) for primary charge 
separation in PSII core8,9. Thereafter, the equilibrated PSII decays slowly with 354 
ps. The large amplitude of this slow decay component indicates that the PSII RC is 
partially closed.  
 
Reconstruction of the steady-state spectra 
The results from the target analysis can be used to predict the contributions of 
each of the SAS to the steady-state spectrum. We used the estimated input and 
kinetic parameters of OverOCP with 590 nm excitation to compute the steady-



 Site, rate and mechanism of photoprotective quenching in cyanobacteria 
 

94 
 

state concentration of each of the species. The kinetic scheme of Figure S3.2 
results in concentrations of each compartment described by six (PSII, PSI coupled 
to PBs quenched or unquenched) or two (loose PSII, PSI) exponential decays. Then 
the concentration of each compartment was integrated over time, and the 
contributions of all compartments belonging to a species were summed. Thus we 
arrived at the amplitudes of the SAS contributions depicted in Figure S3.7A and B. 
The sum of all these contributions is the reconstructed steady-state spectrum in 
the unquenched (A) or quenched (B) state. The agreement with the measured 
steady-state spectra of Figure 3.2B is considered good. Thus we have explained 
both the change in shape and in amplitude of Figure 3.2B. 

 
Fig.S3.7 Reconstructed steady-
state spectra of OverOCP with 
590 nm excitation in the 
unquenched and quenched 
state using the kinetic scheme 
of Fig.S3.2 and the inputs of 
Table S3.1. In panels A and B, 
spectral contributions of each 
species are shown. The black 
curves represent the sum of 
these for the unquenched (solid) 
and quenched (dash) state, and 
are shown again in panel C.   
 
WT target analysis 
The four WT experiments 
have been subjected to 
target analysis analogously 
to the four OverOCP 
experiments. For 
comparison, the estimated 
quenching and input 
parameters have been 

added to Table S3.1 and S3.2. The estimated quenching fraction was 29%, and the 
quenching rate was 54/ns. This value agrees with the more precise value of 
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(66 15) /kQ ns= ±  that was determined from the OverOCP experiments. The 
estimated SAS are depicted in Fig.S3.5B. These WT SAS agree well with the 
OverOCP SAS of Fig.S3.5A. The largest differences are present for the APC680 SAS 
(cyan), which is the most difficult one to resolve. The estimated rate constants 
differ from those in Figure S3.2 mainly for the description of the equilibrium 
within PSII, which indicates variation in the fraction of closed PSIIRCs.  
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Abstract 
In high-light conditions cyanobacteria dissipate excess absorbed energy as heat in 
the light-harvesting phycobilisomes in order to protect the photosynthetic system 
against photodamage. This process requires the binding of the red active form of 
the Orange Carotenoid Protein, that can effectively quench the excited state of 
one of the allophycocyanin bilins. Recently, an in vitro reconstitution system was 
developed using isolated OCP and isolated PBs from Synechocystis PCC 6803. Here 
we have used spectrally-resolved picosecond fluorescence to study wild-type and 
two mutated PBs. The results demonstrate that the quenching for all types of PBs 
takes place on an allophycocyanin bilin emitting at 660 nm (APCQ

660) with a 
molecular quenching rate that is faster than (1 ps)-1. Moreover, it is concluded that 
both the mechanism and the site of quenching are the same in vitro and in vivo. 
Thus, utilization of the in vitro system should make it possible in the future to 
elucidate whether the quenching is caused by charge transfer between APCQ

660 
and OCP or by excitation energy transfer from APCQ

660 to the S1 state of the 
carotenoid a distinction that is very hard if not impossible to make in vivo.   
 
Introduction 
The remarkable process of photosynthesis that captures light energy and 
transforms it into chemical energy is vital for nearly all life on Earth. It is carried 
out by a wide variety of organisms, such as plants, algae, diatoms and many 
species of bacteria. Cyanobacteria, probably being the oldest oxygen-evolving 
organisms, are believed to have played an essential role in the formation of our 
planet and our atmosphere ~2.5 billion years ago1. Even now, they are still active 
all around the world, living in a large variety of environmental conditions and 
contributing substantially to the global carbon cycling2. Like higher plants they 
contain photosystems I and II that work in series and are responsible for the 
splitting of water and the release of oxygen. The central parts of these 
photosystems, i.e. the reaction centers and the core light-harvesting complexes 
are nearly identical for plants and cyanobacteria but the outer light-harvesting 
complexes are entirely different3,4: Whereas plants possess intrinsic membrane 
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proteins that all belong to the Lhc family (see e.g. Croce and van Amerongen, 
2011)5, cyanobacteria, like red algae, possess water-soluble phycobilisomes (PBs) 
that are attached to the PSI- and PSII-containing thylakoid membrane6.  PBs of 
Synechocystis PCC 6803 (hereafter called Synechocystis) are well organized light-
harvesting complexes composed of phycobiliproteins (the phycobilin pigments are 
open-ring tetrapyrroles) and polypeptides, which are anchored to the stromal side 
of the thylakoid membrane6-8. They form a funnel for excitations directed towards 
PSI and PSII. They comprise approximately six C-phycocyanin (C-PC) rods and 
three allophycocyanin (APC) core cylinders (Fig 4.1). Each C-PC rod is composed of 
three hexameric disks (18 pigments per hexamer) with a maximum absorbance at 
620 nm and maximum fluorescence at 640-650 nm. Each APC cylinder contains 
four trimer disks (6 pigments per trimer), and each trimer has three monomers in 
which a monomer is a dimer of αAPC and βAPC polypeptides. Most of the pigments 
in the APC core have maximum absorbance at 650 nm and maximum emission at 
660 nm (APC660) with only a few exceptions: Each of the two APC cylinders closest 
to the membrane contains two trimers in which one of the α or β APC subunits is 
replaced by other subunits with bilins of lower excited-state energy7,9-11. In one  
trimer, one polypeptide subunit of αAPC in one monomer is replaced by αAPC-B 

(ApcD)12 (Fig 4.1). And in another trimer, in one monomer both subunits αAPC-βAPC 
are replaced; the βAPC polypeptide subunit is replaced by βAPC-β18 (ApcF)12, while 
the αAPC polypeptide subunit is replaced by αLcm (ApcE)13. ApcE or Lcm is also the 
core-membrane linker. These modified subunits, show maximum fluorescence 
emission between 676-683 nm and together they are named APC680. These low-
energy bilins are responsible for direct excitation energy transfer (EET) to the 
photosystems. Time-resolved fluorescence kinetics of PBs was extensively studied 
in the past 14-17 and very recently we obtained a comprehensive picture of the 
entire EET process in WT Synechocystis PCC 6803. Various downhill energy-
transfer steps within the PBs could be observed, including EET within C_PC with a 
time constant of 6 ps, EET from C_PC to APC with a time constant of 77 ps, and 
EET from APC660 to APC680 with a time constant of 63 ps whereas the uphill back-
transfer rates can be calculated using detailed-balance considerations. From 
APC680 excitation energy is rapidly (exact transfer rates are not known) transferred 
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to the chlorophylls (Chls) in photosystem I and photosystem II, where charge 
separation takes place18.  

 
Figure 4.1 The structure of each type of PB is shown schematically: Phycocyanin rods in 
blue (108 pigments for CB_PB and 324 pigments for WT_PB), allophycocyanin that 
fluoresces at 660 nm in light blue and bluish green (66 pigments in total) and the low-
energy part of allophycocyanin in magenta and red (6 pigments in total).  The approximate 
length for each subunit is based on previous studies31. And “?” indicates the potential 
pigments that OCPr interacts with.  
 
Cyanobacteria have developed mechanisms that serve to protect the organisms 
against over-excitation in high-light conditions19-23. Too high light intensities cause 
saturation of the photosynthetic machinery, leading to increased triplet formation 
on the Chls that in turn causes the production of singlet-oxygen, a highly reactive 
oxygen species that can lead to severe damage and even the death of the 
organism24,25. By increased dissipation of excited-state energy as heat in high-light 
conditions, a phenomenon called nonphotochemical quenching (NPQ), many 
organisms get rid of excess excitation energy. The underlying molecular 
mechanisms can strongly vary from species to species and even within the same 
organism18,26-29. One of the NPQ mechanisms in cyanobacteria, called the OCP-
related NPQ mechanism, is triggered by strong blue-green light. The OCP-related 
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NPQ mechanism requires the presence of PB and Orange Carotenoid Protein (OCP) 
in the intact cell30.  
OCP is a water soluble 35-kDa protein which binds the keto-carotenoid, 
3’hydroxyechinenone. The structure of the Synechocystis OCP was determined at 
1.6 Å 31,32, showing two domains: an α-helical N-terminal domain and an α/β C-
terminal domain. OCP is a blue-light-photoactive protein, identified as the trigger 
of the OCP-dependent NPQ in cyanobacteria. During this OCP-related NPQ 
mechanism, OCP changes from a stable orange form (OCPo) into a metastable red 
form (OCPr) as a response to strong blue-green light. Unlike OCPo, the OCPr form 
can bind tightly to the APC core, thereby inducing thermal dissipation of the 
excited PB and concomitantly it quenches the PB fluorescence 33,34. It was 
reported that in the quenched state, the decrease in excitation energy transfer 
from the PBs to the photosystems leads to a drop of about 30-40% in the activity 
of PSI and PSII in Synechocystis PCC 6803 cells35. 
In a previous paper, we reported on the kinetics of this OCP-dependent non-
photochemical quenching mechanism in vivo and demonstrated that quenching 
occurs at the level of APC660 and the quenching site was termed APCQ

660. Recently 
the induction of OCP-related NPQ was successfully reconstructed in vitro using 
isolated PBs and OCP33. It was demonstrated that during this process OCPr is 
binding to PBs while OCPo is not. Moreover it was shown that the addition of 
fluorescence recovery protein (FRP) can destabilize the binding of OCPr to PBs and 
accelerate the fluorescence recovery33. In that study three different PBs were 
used: PBs (CK_PBs) from a CK mutant which is completely lacking the C_PC rods36, 
PBs (CB_PBs) from a CB mutant which is lacking both the intermediary and the 
core-distal C_PC hexamers37, and PBs (WT_PBs) from wild-type cells. The 
structures of these PBs are shown in Fig 4.1.  The binding site of OCPr appeared to 
be on the allophycocyanin core. It was noticed that the binding of OCP to CK-PBs 
is weaker than to the other PBs, suggesting an important role of PC rods in the 
stabilization of the binding.  
The fact that this OCP-related NPQ mechanism can now be reconstructed and 
studied in vitro for PBs with different sizes is important because it provides the 
possibility to study the physical mechanism underlying the quenching process in 
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vitro making use of ultrafast transient absorption techniques, something that is 
not easily feasible in vivo. However, this of course requires that the quenching 
mechanism is the same in vivo and in vitro, also for the different types of PBs. In 
this work we have measured the time- and spectrally-resolved fluorescence of 
three different types of PBs, both in their unquenched and quenched state. The 
later state was obtained by complexing the PBs with OCPr. This should allow us to 
establish whether the quenching site, rate and mechanism are the same in vitro 
and in vivo and to determine what the influence of the PB composition is on the 
light-harvesting and NPQ properties. 
 
Materials and methods 
Isolation of phycobilisomes and formation of OCP-PB complexes 
Details about the isolation protocols can be found in the work of Gwizdala et al33. 
and references therein. OCP-PB complexes were prepared in the same way as 
before at room temperature with an OCP:PB ratio of 40:1 for CK_PB and CB_PB, 
and with a ratio of 20:1 for WT_PB.  
 
Steady-state fluorescence 
Steady-state fluorescence spectra were recorded with a Jobin Yvon Fluorolog FL3-
22 spectrofluorimeter and corrected for wavelength-dependent sensitivity of the 
detection and fluctuations in lamp output. The excitation wavelength was 590 nm; 
a band pass of either 1 or 2 nm was used for both the excitation and emission 
monochromator. Fluorescence emission spectra were recorded using a step size 
of 0.5 nm and an integration time of 0.1 second. OCP-PB complexes were 
quenched by illuminating WT_PB (for ~5 minutes) and CB_PB and CK_PB (for ~20 
minutes) at 20°C in 0.8 M phosphate with an actinic white light source in 
combination with a 500 nm broad band filter (K50) giving an intensity of ~800 
μE∙m-2∙s-1. Before performing the steady-state fluorescence measurements and 
inducing nonphotochemical quenching, the optical density of all samples was 
adjusted to ~0.2 at the absorption maximum for a pathlength of 1 cm. The 
emission spectra were recorded immediately after quenching. One single 
measurement was finished in ~30 seconds, and during this short period, recovery 
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is practically absent for CB_PB and WT_PB, while only a few percent of CK_PB 
recovers according to ref.33.  
 
Time-resolved fluorescence  
Time-resolved fluorescence spectra were recorded with a (sub-) picosecond 
streak-camera system combined with a grating (50 grooves/mm, blaze 
wavelength 600 nm) with the central wavelength set at 700 nm, having a spectral 
width of 260 nm (for details see (38-40)). Excitation light was vertically polarized, 
the spot size diameter was typically ~100 µm and the laser repetition rate was 250 
kHz. The detector polarizer was set at magic angle orientation. An excitation 
wavelength of 590 nm was used. The sample was stirred with a magnetic stirring 
bar (rate ~10 Hz) and the laser power at 590 nm was adjusted to 30±3 μW. Images 
of 800 ps and 2 ns time window were obtained for WT_PB and for the other 
samples only the 2-ns time window was used. A high signal-to-noise ratio was 
achieved by averaging 100 single images, each obtained after analog integration 
of 10 exposures of 1.112 s. Images were corrected for background and 
photocathode shading, and were sliced up into traces of 4 nm width.  
The instrument response function (IRF) was described with a double Gaussian 
shape; in the 2 ns time window, it consists of a Gaussian of ~20 ps FWHM (90% of 
IRF area) on top of a Gaussian of 100 ps FWHM (10% of IRF area), while in the 800 
ps time window, it becomes a Gaussian of ~9 ps FWHM (90% of IRF area) on top 
of a Gaussian of 60 ps FWHM (10% of IRF area).   
For measuring time-resolved fluorescence of PBs in the quenched state, samples 
of OCP-PBs were first quenched in the same way as was done for the steady-state 
fluorescence measurements, and then streak images were collected immediately 
after the induction of the quenching. During one sequence of 100 images, no 
differences were observed in the lifetimes and spectral shapes for any of the 
three quenched samples meaning that the recovery process is sufficiently slow to 
perform the measurements on quenched samples. Because of the relatively faster 
recovery from NPQ, OCP-CK_PB data was collected not after but during actinic 
illumination with blue-green light. The sample volume used for fluorescence 
excitation/detection was spatially well separated from the actinic light beam (a 
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cylinder of ~5 mm diameter×1 cm length)18; the entire volume of the sample was 
4 ml and the sample was stirred continuously. All measurements were performed 
at room temperature (about 20°C) and lasted approximately 20 minutes for each 
sample. 
 
Data analysis 
 
Data obtained with the streak-camera setup were first globally analyzed either 
with the R package TIMP or its graphical user interface of Glotaran. For details 
see41-43. The methodologies of global analysis and target analysis are described 
in44: with global analysis the data were fitted as a sum of exponential decays 
convolved with an IRF and the amplitudes of each decay component as a function 
of wavelength are called decay-associated spectra (DAS). Subsequently target 
analysis was performed in order to obtain the species-associated spectra (SAS), to 
identify the site of the quenching, and to describe the energy transfer rates 
between pigment species and to determine the rate of quenching. The kinetic 
model used here is entirely consistent with the model used for the target analysis 
of the in vivo data18.  
 
Results 
 
Figure 4.2 Steady-state fluorescence spectra. 
Isolated CK_PBs (top), CB_PBs (middle) and WT_PBs 
(bottom) before (unquenched, black lines) and after 
(quenched, grey lines) illumination with high-intensity 
blue-green light. The fluorescence excitation 
wavelength is 590 nm. Spectra have been normalized 
to equal absorption at 590 nm for the unquenched 
and the quenched PBs. 

Figure 4.2 shows the fluorescence quenching of 
PBs in the presence of OCP after strong blue-
green light illumination (see Materials and 
Methods for details). The amount of 
fluorescence quenching is 84% for CK_PB, 92% 
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for CB_PB and 89% for WT_PB 
(percentage of the maximal peak 
intensity). The results are similar as 
before33,45.  

 
Figure 4.3 Time-resolved fluorescence data 
obtained with the streak-camera setup using 
a time window of 2 ns with 590 nm excitation 
A,B) CK_PB, C,D) CB_PB, E,F) WT_PB; A,C,E) 
correspond to unquenched PBs and B,D,F) to 
quenched PBs. All images represent the 
fluorescence intensity (using a linear color 
gradient) as a function of time (vertical axis, 2 
ns) and wavelength (horizontal axis, nm).  

 
To study the energy-transfer processes 
and the quenching kinetics in different 
PBs, time-resolved fluorescence 
measurements were performed with a 
picosecond streak-camera system(46). An 
excitation wavelength of 590 nm was used 
that selectively excites (> 90 %) APC660 in 
CK_PB or C_PC pigments (> 90 %) in 

CB_PB and WT_PB.  Streak images of unquenched PBs are shown in Fig.4.3 (A,C,E) 
and of OCP-quenched PBs in Fig.4.3 (B,D,F). Note that in CK_PB, the spectrum is 
hardly shifting in time while the spectra of the other two types of PBs are clearly 
shifting to the red, i.e. to longer wavelengths. The shifting is due to excitation-
energy transfer (EET) to pigments that fluoresce at longer wavelengths. A 
comparison of the left and right panels shows the dramatic shortening of the 
fluorescence lifetimes for the quenched PBs.   
To describe the streak images quantitatively, global analysis was employed, which 
led to the DAS that are shown in Fig 4.4.  
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Figure 4.4 Global-fitting results (DAS) of the time-resolved fluorescence data obtained 
with the streak-camera setup using either a time window of 2 ns or 800 ps. A,B) CK_PB 
and OCP-CK_PB after strong blue-green light illumination; C,D) CB_PB and OCP-CB_PB 
after strong blue-green light illumination; E,F) WT_PB and OCP-WT_PB after strong blue-
green light illumination.  
 
The corresponding lifetimes are presented in each figure. Spectra have been 
normalized to an equal number of absorbed photons at 590 nm, both for the 
unquenched and the quenched PBs.   
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The data of unquenched CK_PB can be fitted by two main components as shown 
in Fig.4.4A. The fastest component of 43 ps has a spectrum that has a positive part 
peaking at 660 nm, and a negative part with similar area peaking around 680 nm, 
mainly reflecting excitation energy transfer (EET) from APC660 to APC680. The 1.6 ns 
DAS is positive over the entire wavelength region with maximum emission around 
670 nm, mainly reflecting decay of excitations that are thermally equilibrated over 
APC660 and APC680. Global analysis of the data of quenched CK_PB requires at least 
three lifetime components (see Fig.4.4B). The 34-ps DAS exhibits a positive 
amplitude at 660 nm and a negative amplitude at 680 nm. However, in this case 
the area of the positive part is clearly larger than that of the negative part, and 
also larger than the positive part of the 43 ps-DAS for unquenched CK_PB. This 
suggests that substantial excited-state decay already occurs on a time scale of 
tens of ps, leading to accelerated depopulation of excited APC660 molecules and 
concomitantly a decreased amount of EET to APC680. It should be noted that the 
negative part of the DAS is not completely disappearing which is partly due to the 
fact that not all PBs are quenched (see below). The 197-ps component 
corresponds to quenched PBs, whereas the 1338-ps component corresponds to 
some unquenched species, that has a somewhat blue-shifted DAS as compared to 
the 1.6-ns DAS in unquenched CK_PB. This is probably due to the presence of a 
small amount of not-well-connected PBs or disconnected APC660 trimers.  
Figs 4.4C and 4.4D show the global-analysis results of unquenched and quenched 
CB_PB, with 3 and 4 components, respectively. For CB_PB, the obtained 19 ps-
DAS has more or less a conservative spectral shape with a positive peak at 635 nm 
and a negative one at 660 nm which represents to a large extent EET from C_PC to 
APC660. The 71 ps component is positive at 650 nm and negative at 677 nm, 
reflecting EET to APC680. An all-positive spectrum of 1.6 ns is peaking at 670 nm. 
Blue-green-light quenching causes dramatic changes in the DAS as is shown in 
Fig.4.4D: the fastest component (14 ps) of the quenched state has a dominating 
negative peak around 660 nm, with a higher amplitude than the 19 ps component 
of the unquenched state. In contrast, the second component (35 ps) has a larger 
positive amplitude than the second component (71 ps) for the unquenched 
complex, also peaking around 650 nm. The lifetime is much shorter and the 
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negative part peaking around 680 nm is strongly reduced. The all-positive DAS 
with a lifetime of 126 ps has a spectral shape that is similar to that of the 1.6 ns 
component of the unquenched PBs which corresponds to the disappearance of 
equilibrated excited-state energy, mainly due to quenching. In addition, the 
spectral shape and lifetime are also similar to those of the 197-ps component of 
the CK_PB. The longest lifetime component of 1.2 ns peaking around 650 nm has 
a small amplitude (~3 %) and probably relates to a small amount of free PC 
species.  
Both for the unquenched and quenched WT_PBs, four components are needed to 
get satisfactory fits of the data. Three clear EET steps can be observed (Fig. 4.4E). 
The DAS of the fastest component of 8 ps is almost entirely negative with a peak 
around 645 nm. This reflects EET within C-PC from blue pigments with relatively 
low dipole strength to somewhat more red-shifted pigments with higher dipole 
strength18. The 42-ps component shows a positive peak at 640 nm and a negative 
one at 663 nm and mainly reflects EET from C-PC to APC660 (see also Tian et al.18). 
The 118-ps component has a positive peak around 645 nm and a negative one at 
680 nm, reflecting EET to APC680. The 1.6-ns DAS has its main peak at 667 nm 
which is due to decay of excited-state-equilibrated PBs.  
Under quenching conditions, the fastest component is hardly influenced, 
indicating that the quenching is not happening on the pigments in C_PC. The 67-
ps DAS has a typical EET shape and it is more or less the average of the 42-ps and 
118-ps components that are observed for the unquenched PBs. The long-lived 
DAS (1595 ps) that was observed for the unquenched PBs is now absent and 
instead a similar DAS is observed with a far shorter lifetime of 157 ps. Finally, a 
small contribution is observed characterized by a lifetime of 1.5-ns and a blue-
shifted (as compared to the 157-ps component) emission spectrum, possibly 
originating from a small fraction of unconnected C_PC.  
 
Discussion  
As was shown above, the binding of the activated form of OCP to the different 
types of PBs in vitro leads to strong changes in the steady-state and time-resolved 
fluorescence properties of the PBs. It was demonstrated before that for WT 
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Synechocystis cells in vivo, OCP-induced NPQ leads to the direct quenching of 
APC660 with a quenching rate of approximately (~15 ps)-1 18. The fact that OCP is 
able to induce fluorescence quenching in PBs lacking one or two of the APC680 
indeed confirmed that the site of quenching must be APC660

11. It is important to 
note that in WT Synechocystis cells only 30% of the PBs was quenched due the 
presence of substoichiometric amounts of OCP with respect to the amount of PBs, 
which was probably caused by the fact that the cells were grown in relatively low-
light conditions. In OCP overexpressing strains, in a PSI/PSII less Synechocystis 
mutant and in strains growing in high-light conditions, high quantities of OCP are 
present in the cell and concomitantly a high percentage of fluorescence 
quenching is observed 34,45,47. In order to sort out whether also in vitro APC660 is 
the quencher in complexes of PBs with activated OCP, and to determine the 
fraction of quenched PBs and the rate of quenching we have performed target 
analysis.  

 
Figure 4.5 Kinetic schemes for target analysis of the time-resolved fluorescence data of 
unquenched and quenched isolated PBs. Each compartment represents a pool of pigments. 
Energy-transfer rates between these pools (shown in ns-1) and their spectra were 
estimated from the fitting: (A) CK_PB, (B) CB_PB and (C) WT_PB. The inverse quenching 
rate is shown in red (in ps). Note that according to the fitting results not all CK_PBs contain 
a quencher; details are given in the text.  
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Different compartmental models were constructed (see Fig. 4.5) in analogy with 
our recent study on entire cells  in order to fit/describe the data18. Each 
compartment is composed of a pool of pigments with similar fluorescence spectra. 
The fitting results for the isolated PBs are also shown in Fig. 4.5. For all 
compartments Species Associated Spectra (SAS) and also the rates of excitation-
energy transfer between different compartments were estimated. All spectra and 
most of the transfer rates are nearly identical to those obtained for intact cells. 
The quenching site and rate for each PB were estimated by fitting both 
unquenched and quenched datasets simultaneously; more details about the 
fittings are described in the Supporting Material.   
The target analysis for CK_PB is relatively simple since only two compartments are 
needed as shown in Fig 4.5; one corresponds to APC660 and the other to APC680, 
and the corresponding spectra are given in blue and red, respectively. One more 
C_PC spectrum (in blue) could be resolved for CB_PB, corresponding to C_PC. For 
WT_PB two C_PC pools could be resolved (shown as blue) and the model 
established here for WT_PBs is identical to the one obtained for whole cells in 
vivo18. Note that there are always some free species with green SAS as shown in 
Fig 4.5 present in CB or WT with a contribution of 5~6 %, decaying with a lifetime 
around 1 ns.  
It is found that quenching only happens on 85% of the CK_PB’s under our 
experimental conditions, while 100% of the CB_PB’s and WT_PB’s appear to be 
quenched. The compartment in which the quenching takes place is unequivocally 
the one of APC660 in all cases. The quality of the fitting decreases substantially 
and/or unrealistic SAS are obtained when it is assumed that quenching occurs in 
one of the other compartments (for further details see Supporting Material). If we 
fit the data to the kinetic scheme of WT_PB in figure 4.5 and we require the 
quencher to be in compartment 3 then the estimated species-associated 
spectrum (SAS) peaks around 660 nm. If the quencher is forced to be in 
compartment 4, the fitting at early times becomes worse (compare fig. S4.2) but 
the peak of the SAS of the quenched compartment is again around 660 nm. It is 
inherent to the (early) kinetic data that the quenching takes place in the APC660 
compartment, no matter what the exact details of the kinetic scheme are. 
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Therefore, the location of the quenching appears to be the same as in vivo18. The 
quenching rate for CK_PB is (67±7 ps)-1 while it is (39±4 ps) -1 for CB_PB and (33±3 
ps) -1 for WT_PB. 
It was observed before that the relative amount of quenching for isolated PBs 
increases in the following order: CK_PB, WT_PB, CB_PB33. These results were 
reproduced in the present study (Fig.4.2) The target analysis results enable us to 
estimate the contribution of each compartment to the total steady-state 
spectrum both for the quenched and unquenched PBs and to determine the origin 
of the changing quenching ratios. The reconstructed spectra and the 
corresponding quenching ratios are shown in Fig.S4.6, Fig.S4.7 and Fig. S4.8 in the 
Supporting Material and are fully in agreement with the previously observed 
results33.  
Concerning the quenching mechanism, the quenching rates of (39±4 ps)-1 in 
CB_PB and (33±3 ps) -1 in WT_PB are (only) somewhat slower than the one of 
(16±4 ps)-1 obtained for intact cells. It was concluded before that the rate of (16±4 
ps)-1 corresponds to a quenching rate of the excited state of the pigment that is 
directly quenched (APCQ

660) is extremely fast18, namely (240±60 fs)-1 ( = (16±4 ps)-

1/66 where 66 is the number of APC660 pigments) or even faster and in the present 
case the molecular quenching rate must also be extremely fast, namely (500±50 
fs)-1 or faster. Both the similar fast quenching rate and the same identity of the 
quenched species leave little doubt that the quenching in vitro proceeds via the 
same mechanism as in vivo. It was suggested in our previous work that quenching 
is most likely caused by charge transfer between APCQ

660 and the OCP carotenoid 
hECN in its activated form but it could not be entirely excluded that EET from 
APCQ

660 to the S1 state of hECN might be responsible for this OCP-related NPQ 
mechanism18. Both processes depend critically on the mutual interactions 
(overlap of molecular wavefunctions) and slight structural differences in the 
complex between OCP and APCQ

660 are probably responsible for the differences in 
quenching rate. Ultrafast transient absorption measurements will be needed to 
discriminate between these two possibilities. Whereas these measurements are 
extremely demanding if not impossible for intact cells they can now be performed 
on quenched PBs in vitro, since apparently the quenching mechanism is the same. 
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It is of relevance to mention that although the in vitro quenching rate is still 
extremely fast it would only lead to quenching of ~66% of the excitations in the 
PBs in vivo whereas the previously determined percentage is 80% in vivo. This  
percentage of 66% can be calculated using the fact that the rate of transfer from 
APC to the photosystems is (63 ps)-1 and the rate of quenching is directly 
competing with this transfer rate (18). Therefore, the extremely fast quenching 
rate that is obtained in vivo is crucial for the efficiency of quenching. It is of 
interest to note that the quenching in CK_PB is even slower (67 ps)-1, which 
suggests that the presence of C_PC is required for the tight binding between OCPr 
and PBs. It was already reported before that the binding of OCP to CK_PB is 
weaker than to WT_and CB_PB33, and now it is found that this leads to a lower 
percentage of quenched PBs but also to a slower quenching rate. With this rate of 
quenching the efficiency of quenching would be round 50% in vivo. The slower 
quenching rate and the lower binding strength both contribute to explain the low 
amplitude of fluorescence quenching observed in CK cells compared to that 
observed in WT cells30.  
 
Conclusions 
All types of isolated PBs that were studied here show a large amount of 
nonphotochemical quenching upon binding of the red active form OCP. In all 
cases the quenching occurs in the core of the PBs on APC660 and not on APC680. 
However, also the presence of C_PC has some influence on the quenching, since 
the rate of quenching increases from (67±7 ps)-1 for CK_PB to (39±4 ps) -1 for 
CB_PB and (33±3 ps) -1 for WT_PB. Although the latter rate is still a factor of 2 
slower than the one in vivo, it is concluded that both the site and mechanism of 
quenching are the same in all PBs, both in vitro and in vivo. Full assembly in vivo 
leads to the fastest quenching rate and this rate is required to compete with 
excitation-energy transfer to the photosystems, allowing efficient 
photoprotection. 
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Supporting Materials 
 
Target analysis and the quality of the fit 
Target analysis was performed by using the scheme as shown in Fig.4.4 of the 
main manuscript. For each type of PB, the data sets of unquenched and quenched 
PBs were fitted simultaneously. For the quenched case, an extra quenching 
parameter was added either on the pool of APC660 or APC680.  No constraint was 
imposed on any fitting parameters. It was found that in all cases, quenching on 
APC660 provided the best fitting results. The high fitting quality is clearly 
visualized by the nice overlap between the fitted curves (dash) and the measured 
traces (solid) covering the whole wavelength range as shown in Fig.S4.1 for CK_PB, 
in Fig.S4.3 for CB_PB and in Fig. S4.4 for WT_PB. In each fitting procedure, the 
best root mean square (RMS) error was aimed for.   
 
Determination of the quenching site 
As mentioned above, the quenching site was searched for by adding an extra 
decay parameter on either APC660 or APC680. Here, the CK_PB is taken as an 
example, because it provides the easiest illustration. Putting the quencher on 
APC660 provides good fitting results and produces the nice SAS as shown in Fig 
4.4B, corresponding to the fluorescence spectra of APC660 or APC680. The rms is 
2.055. Putting the quencher on APC680 provides a significantly less good fit, 
especially around 660 nm. The lack of fit is clear by comparing Figs.S4.2A and B. 
and also the rms is higher: 2.130. In addition, the spectrum of APC680 (as shown 
in Fig.S4.2.C dash) is strongly blue-shifted to 667 nm..  
In the case of CB_PB and WT_PB, putting the quencher on APC680 lead to clearly 
wrong SAS (not shown). For instance, if in the case of CB_PB the quenching is 
forced to be on the third component, its maximum shifts to around 660 nm and 
the peak of the second component shifts to around 672 nm. Moreover, the rms 
becomes 2.82, whereas it is 2.52 when the quencher is forced to be on 2nd 
component and also the spectra are far better. Similar results are obtained for WT 
cells.    
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Comparison of SAS estimated from individual target analysis on different PBs 
The normalized SAS of all PBs are shown in Fig.S4.5. Although the spectra of 
different PBs are not 100% identical for supposedly identical compartments, they 
show a high level of consistency and the differeces between different 
compartmenst are far higher than between “identical”compartments.  Of course, 
the corresponding energy transfer rates as shown in the scheme of Fig.4.4 are also 
not absolutely identical but they are rather close.  
 
Reconstruction of the steady-state spectra 
From target analysis, the steady-state spectra of both the quenched and 
unquenched PBs can be reconstructed as is shown in Figs. S4.6, S4.7, and S4.8 and 
the contribution of each compartment to the total steady-state spectrum is given. 
As expected, the PC pigments contribute to a large fraction of the total 
fluorescence in quenched CB_PB and WT_PB as can be seen in Fig.S4.7B and 
Fig.S4.8B. The more PC is present, the smaller the quenching ratio is. CK_PB shows 
the smallest quenching ratio under the same conditions, which is caused by a 
large fraction of unquenched PBs (~15% in our case) in combination with a slower 
quenching rate.  
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Figure.S4.1 Emission of CK_PB at 50 wavelengths (indicated in the abscissa label) after 
590 nm excitation, as obtained from the streak images in Fig.4.2.a,d Key: unquenched 
(black), quenched (red). Dashed lines indicate the simultaneous target analysis fit. Note 
that the time axis is linear until 200 ps and logarithmic thereafter. Note also that each 
panel is scaled to its maximum. Overall rms error of the fit was 2.055. 
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Figure.S4.2 comparison of fits of emission of CK_PB after 590 nm excitation at five 
selected wavelengths. (A) using a target model with quenching from APC660  (overall rms 
error of the fit 2.055). (B) using a target model with quenching from APC680 (overall rms 
error of the fit 2.130). Key to A,B: unquenched (black), quenched (red). Dashed lines 
indicate the simultaneous target analysis fit. Note that the time axis is linear until 200 ps 
and logarithmic thereafter. Note also that each panel is scaled to its maximum. (C) 
Comparison of estimated SAS using a target model with quenching from APC660 (solid) 
and from APC680 (dotdashed). Key: APC660 (blue) and APC680 (magenta). 
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Figure.S4.3 Emission of CB_PB at 50 wavelengths after 590 nm excitation, as obtained 
from the streak images in Fig.4.2.b,e Key: unquenched (black), quenched (red). Dashed 
lines indicate the simultaneous target analysis fit. Note that the time axis is linear until 200 
ps and logarithmic thereafter. Note also that each panel is scaled to its maximum. Overall 
rms error of the fit was 2.52. 
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Fig.S4.4 Emission of WT_PB at 50 wavelengths after 590 nm excitation, as obtained from 
the streak images in Fig.4.2.cf. Key: unquenched time range 2 (black), quenched time 
range 2 (red), unquenched time range 4 (blue), quenched time range 4 (green). Dashed 
lines indicate the simultaneous target analysis fit. Note that the time axis is linear until 200 
ps and logarithmic thereafter. Note also that each panel is scaled to its maximum. Overall 
rms error of the fit was 3.86. 
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Figure.S4.5 Comparison of normalized SAS of WT_PB (solid), CB_PB (dashed) and CK_PB 
(dot dashed). Key: PC_S (black), PC_L (red), PC (of PB, red dash), loose PC (green), APC660 
(blue) and APC680 (magenta).  
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Figure.S4.6 Reconstructed steady-state spectra of CK_PB with 590 nm excitation in the 
unquenched and quenched state. In panels A and B, spectral contributions of each species 
are shown. In panel C, The green curves represent the sum of these for the unquenched 
(solid) and quenched (dash) states are shown again.    



 Picosecond Kinetics of Light Harvesting and Photoprotective Quenching in WT and 
Mutant Phycobilisomes Isolated from the Cyanobacterium Synechocystis PCC 6803 

 
 

124 
 

Figure.S4.7 Reconstructed steady-state spectra of CB_PB with 590 nm excitation in the 
unquenched and quenched state. Spectra are shown in the same layout as Fig. S4.6 .   
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Figure.S4.8 Reconstructed steady-state spectra of WT_PB with 590 nm excitation in the 
unquenched and quenched state. Spectra are shown again in the layout of Fig. S4.6 and 
S4.7.   
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Abstract 
 
Cyanobacteria are oxygen-evolving photosynthetic organisms that harvest 
sunlight and convert excitation energy into chemical energy. Most of the light is 
absorbed by large light-harvesting complexes called phycobilisomes (PBs). In high-
light conditions cyanobacteria switch on a photoprotective mechanism called non-
photochemical quenching (NPQ):  During this process, absorption of  blue-green 
light transforms the inactive orange form of the orange carotenoid protein OCP 
(OCPo) into the red active form OCPr  that subsequently binds to the PB, resulting 
in a substantial loss of excitation energy and corresponding decrease of the 
fluorescence.  In wild-type cells the quenching site is a bilin chomophore that 
fluoresces at 660 nm and is called APCQ660 but its exact location is still unknown. 
In the present work we studied NPQ in two different types of mutant cells (CB and 
CK) that possess significantly truncated PBs, using spectrally-resolved picosecond 
fluorescence spectroscopy. It is found that although the fraction of PBs that is 
being quenched seems somewhat smaller than in wild-type cells, both the site of 
quenching and the rate of quenching remain very similar and are apparently not 
dependent on the presence of the outer rods of the PBs that bind around 80% of 
the pigments. 
 
Introduction 
 
Cyanobacteria (also known as blue-green algae) are supposedly the earliest and 
one of the most successful species on earth to perform oxygenic photosynthesis. 
They play a key role in global carbon cycling and atmospheric oxygen 
accumulation. Due to their fast growth rate and facile genetic modification, 
cyanobacteria are thought to possess great potential for hydrogen and biofuel 
production in the future. Similar to algae and plants, cyanobacteria contain two 
large photosynthetic complexes in their thylakoid membranes, named 
photosystem I (PSI) and photosystem II (PSII), and here the light-dependent 
reactions of photosynthesis are taking place 1-4. Besides PSI and PSII, 
cyanobacteria contain giant light-harvesting or antenna systems, the so-called 
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phycobilisomes (PBs). They are located on the stromal side of the thylakoid 
membrane and they dramatically increase the cross section for light absorption. 
PBs have a complicated structure which also depends on species 5. PBs of wild-
type Synechocystis PCC 6803 (hereafter called Synechocystis) are composed of six 
C-Phycocyanin (C-PC) rods and three allophycocyanin (APC) core cylinders; one C-
PC rod contains three hexametric disks, each containing 18 bilin pigments, and in 
addition a few linker proteins; one core cylinder contains four trimeric APC disks, 
each containing 6 pigments. One core cylinder is not directly in contact with the 
thylakoid membrane with the photosystems and it contains only APC trimers 
emitting at 660 nm, while both basal cylinders contain 3 chromophores that emit 
around 680 nm and serve as terminal energy acceptor of the PB6,7. The whole PB 
is anchored by the core-membrane linker Lcm to the thylakoid membrane. 
Detailed PB structures are described by Arteni et al 8,9, whereas further 
information about the pigments and their spectroscopic properties can be found 
in refs 5,10,11.  It is important to realize that the core contains 66 pigments that 
fluorescence around 660 nm, whereas only 6 fluoresce around 680 nm. 
The presence of antenna systems on the one hand increases the capability of the 
photosystems to absorb sunlight, which is important in low-intensity sunlight, but 
on the other hand this also increases the probability that photodamage occurs in 
the presence of strong light. To overcome this problem, different kinds of self-
protection mechanisms were developed during the long evolutionary history of 
the photosynthetic organisms, including cyanobacteria. One important protection 
mechanism, called blue-green light induced NPQ, was found in all cyanobacteria 
that contain the so-called orange carotenoid protein (OCP) and the phenomenon 
has been studied extensively during the past ten years11-29. This protection is 
realized in vivo by interactions between at least three different proteins, including 
OCP, the fluorescence recovery protein (FRP) and one of the core proteins of the 
PBs24,30.  In strong blue-green light, OCP changes from its inactive orange form 
(OCPo) into its red active (OCPr) form, binds to APC and quenches to a large extent 
the electronic excitations in the PBs by dissipating the excitation energy as heat. 
In this way, most of the excitations are prevented from reaching the 
photosystems, thereby protecting them against photodamage. When the intensity 
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of the blue-green light is significantly decreased again,  the binding between OCPr 
and APC is released with the help of FRP, and the quenching process is stopped 
and thus the excitation energy can reach the reaction centers (RCs) again in a 
“normal” way24.  
In a recent study, we have performed time-resolved fluorescence measurements 
on isolated PBs from wild-type cells and from two different mutants. We found 
the same quenching site and a similar quenching rate in vitro as was reported 
before for wild-type cells in vivo 11. In order to investigate whether these 
conclusions are also true for blue-green light induced NPQ in the same two 
mutants in vivo, the present study was undertaken. Another reason to study these 
antenna size-truncated mutants is the increasing interest in the question to which 
extent the antenna size influences the production of biomass 31,32.  Although this is 
not the main issue of the present work, a kinetic model including light harvesting 
and photo-protection as will proposed here can potentially be useful. One of the 
two studied mutants, called CK contains PSI and PSII as well as the APC core but it 
completely lacks the C_PC rods 33,34. The other one (CB) is lacking both the 
intermediary and the core-distal C_PC hexamers and only contains core-proximal 
C_PC besides the other photosynthetic complexes, PSI, PSII and APC core 35. 
Picosecond time-resolved fluorescence measurements were performed using a 
synchroscan streak-camera system. The obtained datasets were analyzed by using 
both global analysis and compartmental-based target analysis in a similar way as 
was done before for wild-type cells 26. It turns out that the blue-green light 
quenching takes place on APC660 pigments in both mutants with a slightly smaller 
quenched fraction than in wild-type cells under similar conditions. The quenching 
rates cannot be determined very accurately due to the small fraction of quenched 
PBs for both mutants, but the quenching rates appear to be rather similar in vivo 
and in vitro.  
 
Materials and methods 
 
Growing conditions of Synechocystis cells and construction of mutants  
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For the construction of the CK and CB mutants we refer to 33-37. Two mutants were 
grown photoautotrophically in a modified BG11 medium 38, with twice the 
concentration of sodium nitrate and with 10 mM NaHCO3 added. Cells were 
grown in 250-ml flasks with 60 ml growing volume in a rotary shaker (45 rpm) at 
30°C and illuminated by white light giving a total intensity of 40 µmol·m-2·s-1. All 
the cells were kept in the logarithmic growth phase by refreshing the medium 
every two or three days depending on growth rate.  
 
Steady-state absorption  
Absorption spectra were recorded on a Cary 5E spectrophotometer, equipped 
with an integrating diffuse reflectance sphere (DRA-CA-50, Labsphere) to 
minimize distortion of the absorption spectra by light scattering. The optical path 
length of the cell was 1 cm.  
 
Time-resolved fluorescence  
Time-resolved fluorescence measurements were performed on a picosecond 
streak-camera system 36,39. Images were corrected for background signals and 
detector sensitivity, averaged, and sliced up into traces of 4 nm wide. The time 
window was 800 ps for all measurements. A laser power of 30 μW was used. The 
excitation spot size was typically ~100 μm in diameter and the laser repetition 
rate was 250 kHz. The instrument response function (IRF) was described with a 
double Gaussian, consisting of a dominating narrow Gaussian of ~8.0 ps FWHM on 
top of a minor broad Gaussian of ~40-50 ps in case of 590 nm excitation. For the 
400 nm excitation experiments, one Gaussian of ~9.2 ps FWHM was sufficient to 
describe/fit the data. The sample was stirred with a magnetic stirring bar (stirring 
rate ~10 Hz). All measurements were performed at 21°C and one measurement 
took 20 minutes. Cells were concentrated 3-5 times by low-speed centrifugation 
and dark adapted for 5 minutes before the time-resolved fluorescence 
measurements were started. 
Conditions for measuring time-resolved fluorescence of cells during quenching 
have been described previously 26; the same actinic blue-green light was used. All 
measurements were performed at room temperature (about 20°C). 
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Data analysis 
Data obtained with the streak-camera setup were analyzed with the TIMP 
package for the “R project for Statistical Computing (R Development Core Team 
2008)” and its graphical user interface (GUI) Glotaran; for details see 40,41.  
With global analysis the data were fitted globally as a sum of exponential decay 
functions convolved with an IRF and the amplitudes of each decay component as 
a function of wavelength constitute the so-called decay-associated spectra (DAS). 
Apart from providing an objective mathematical description of the datasets, this 
analysis provides global insight into the underlying excitation energy transfer and 
charge separation processes42.  
For a more detailed analysis of the data use is made of target analysis where the 
datasets are fitted with different compartmental schemes (also called target 
models). The spectrum of each compartment and the energy transfer rates 
between them are estimated together with various decay rates, for instance 
corresponding to charge separation or nonphotochemical quenching. The 
methodology of global and target analysis is described in detail in 43. 
 
Results 
 
 Absorption spectra  
The absorption spectra of WT Synechocystis, CK and CB mutants are shown in 
Fig.5.1. The spectra have been normalized at 680 nm. Although the spectra were 
recorded with an integrating sphere to minimize distortion due to scattering, the 
spectra are still deformed to some extent, partly by scattering and partly by 
sieving, especially on the blue side (i.e. at short wavelengths). The CK mutant 
shows absorption due to the APC core, which contributes substantially to the 
spectrum between 550 and 670 nm and both photosystems which are mainly 
responsible for the absorption below 500 nm and the large absorption band 
around 675 nm. The CB mutant shows extra absorption (mainly between 550 and 
650 nm) due to the additional presence of C-PC, but the absorption is lower than 
that of the WT cells. It should be noted that at 400 nm the absorption is mainly 
due to Chls and Cars and the presence of APC and C-PC hardly alters the 
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absorption at this wavelength (the contribution is less than 10% 36). Therefore, in 
the time-resolved measurements with 400 nm excitation mainly PSI and PSII are 
excited. Excitation at 590 nm on the other hand, which was used for studying the 
CK, CB and WT cells, leads to a large fraction of directly excited PBs. 
 
Figure 5.16: Room-temperature 
absorption spectra of wild-type and 
mutant Synechocystis cells. All spectra 
are normalized at 680 nm.  
 
Time-resolved fluorescence 
Time-resolved fluorescence spectra 
were recorded with a time resolution 
of several ps, using two different 
excitation wavelengths: 400 nm (see 
Fig.S5.1 in supplementary data), 
exciting mainly PSI and PSII and 590 
nm (see Fig.S5.1), leading to increased excitation of the PBs. A time window of 
800 ps was used for all experiments.  
 
Global analysis 
Excitation at 400 nm: In Fig.5.2 the DAS are shown that result from global analysis 
of the fluorescence kinetics of the two mutants upon 400 nm excitation. In both 
cases a fit with 4 lifetime components leads to a satisfactory description of the 
data. The corresponding lifetimes of the DAS are also given in Figure 5.2. The 5-ps 
component has a conservative spectrum, whereas the 27/28-ps component is all- 
positive and dominates the kinetics for both mutants. The 5-ps and 27/28 ps 
lifetimes and corresponding spectra are very similar to those observed in previous 
studies for isolated PSI and for BE cells, that contain PSI but no PSII and PBs 36,44. 
The 5-ps DAS corresponds to fast excitation-energy equilibration between 
pigments fluorescing below 700 nm and so-called red pigments fluorescing above 
700 nm,. The 28-ps component mainly represents fluorescence decay due to 
charge separation from the equilibrated excited state of PSI. These results 
indicate that the PSI kinetics can be separated rather well from the kinetics of the 
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rest of the system. Note that, the 400 nm excitation light leads to some direct 
excitation of the PBs, about 7% as shown in table 5.1, and this has a small effect 
on the shape of the DAS of these two fastest components, especially for the CB 
mutant.   
Besides these two DAS, two extra lifetime components are observed, with values 
of ~100 ps and ~600 ps, respectively. Although for the CK and CB cells the 
amplitudes of the 3rd and the 4th DAS are rather small, these components are 
responsible for a relatively large amount of the steady-state fluorescence below 
680 nm due to the long fluorescence lifetimes. For the CK mutant the two slowest 
DAS components (137 and 629 ps) have similar shapes peaking at 680 nm, 
representing the emission of mainly Chls in PSII. The slowest DAS components 
(106 and 588 ps) of the CB cells show additional fluorescence due to the presence 
of C-PC. The additional fluorescence of APC with a peak around 660 nm in the 
106-ps component is due to extra excitations that have arrived on APC from C-PC. 
The fluorescence around 640 nm in the slowest 588-ps DAS is due to part of the C-
PC that apparently is not able to transfer its excitation energy. It is not due to 
Boltzmann-equilibrated excitations in intact PBs because it can easily be 
estimated that only ~1% of the excitations should reside on C-PC in that case, 
which should hardly be visible in this 588-ps DAS. 
When the cells are brought into the quenched 
state by illumination by strong blue-green light,  
only a minor change in the DAS is obtained 
after 400-nm excitation, reflecting the fact that 
the Chls are not quenched directly, but 
quenching takes place in the PBs 14,15,22,26.  

 
Figure 5.2: Fitting results (DAS) of the time-
resolved fluorescence data obtained with the 
streak-camera setup using 400-nm excitation and 
a time window of 800 ps; a) CK and b) CB mutant 
cells. The corresponding lifetimes are listed in the 
figure. The solid lines correspond to unquenched 
cells and the dashed spectra correspond to 
quenched cells. 



  
Chapter 5 

  

135 
 

590-nm excitation: Time-resolved measurements were also performed on CK and 
CB cells with 590 nm excitation in order to “selectively” excite the outer antenna 
(APC/C-PC) and study excitation energy transfer (EET) to the RCs. The DAS and 
corresponding lifetimes for CK and CB cells are shown in Figs. 5.3a and 5.3b, 
respectively. For the CK mutant, the 30-ps DAS has a complicated shape. On the 
one hand it shows some EET characteristics reflecting transfer from APC (~660 nm) 
to PSII/PSI and at the same time there seems to be some contribution of PSI decay 
with fluorescence extending to the red. The 75-ps DAS, peaking at 660 nm, 
reflects mainly the fluorescence decay of APC. It is not accompanied by a negative 
component with similar area at longer wavelength, which would have been 
indicative of EET. However, this component is possibly due to EET to PSII followed 
by immediate charge separation in PSII with open RC’s in which case no negative 
component is expected. Also EET to PSI would lead to a similar spectrum. The DAS 
of the slowest component 535 ps is peaking at 678 nm, which is slightly blue-
shifted from the DAS of the two slowest components upon 400 nm excitation (see 
Fig.S5.2 in the supplementary data) and shows a shoulder around 660 nm. These 
differences are mainly caused by the different excitation distributions over PBs 
and photosystems upon 590 nm and 400 nm excitation. At 590 nm mainly PBs are 
excited and the excitations equilibrate over the 
chromophores in the PBs and the Chls in the 
photosystems, while at 400 nm also many Chls 
are excited in uncoupled photosystems, that do 
not equilibrate with the blue-shifted 
chromophores of the PBs (for more details see 
target analysis below).  Although the presence 
of unconnected APC cannot be excluded here, 
the fraction of unconnected APC must be rather 
small, if not negligible. 
Figure 5.3: DAS of CK (a) and CB (b) mutants upon 
excitation of 590 nm. The corresponding lifetimes 
are listed in each figure. The solid lines correspond to 
unquenched cells and the dashed spectra correspond 
to quenched cells. 
 



 Light Harvesting and Blue-green Light Induced Non-Photochemical Quenching in 
Two Different C-Phycocyanin Mutants of Synechocystis PCC 6803 

 

136 
 

For the CB mutant five components are needed to get a satisfactory fit of the data 
at all wavelengths. From the DAS several clear EET steps can be observed 
(Fig.5.3b). The fastest component of 7-ps is almost entirely negative with a peak 
around 645 nm. It probably reflects EET within C-PC from blue pigments with 
relatively low dipole strength to somewhat more red-shifted pigments with higher 
dipole strength26. The 25-ps component shows a positive peak at 640 nm and a 
negative one at 663 nm and is indicative of EET from C-PC to APC. The 77-ps 
component has a positive peak around 655 nm and a negative one at 680 nm, 
reflecting EET to both the lower energy pigments of the APC and Chls in PSII26. The 
135-ps component is rather similar to the 106-ps component that is obtained 
upon excitation at 400 nm as shown in Fig.S5.2 of the supplementary data. The 
765-ps DAS has its main peak at 680 nm (PSII) but there is a substantial shoulder 
around 640 nm which is ascribed to some disconnected C-PC. The presence of 
some disconnected or badly connected C-PC was also seen upon excitation at 400 
nm.  
 
Target Analysis 
To analyze in more detail EET between the different “pools” of pigments 
(compartments), target analysis was performed, leading to Species Associated 
Spectra (SAS) for the different compartments.  A “pool” represents a group of 
pigments that shows fast internal excitation equilibration. 
In our previous work a detailed model was built that was used to determine the 
quenching site of blue-green light induced NPQ in Synechocystis 26.  
In the present analysis, no distinction was made between PSII with open and 
closed RCs and only average electron-transfer and recombination rates for open 
and closed RCs were considered.  
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Figure 5.4: Compartmental schemes for target analysis. Compartments (colored boxes) 
represent pools of chromophores that are spectrally indistinguishable, and within which 
excitation energy is equilibrated on a time scale that cannot be resolved with the set up 
used. Forward and backward energy transfer processes between these compartments are 
indicated by the arrows, while rate constants of the individual transfer steps are indicated 
by the numbers. The orange and black dashed lines enclose compartments belonging to 
the CK and CB mutants, respectively. Insets a and b show species associated spectra of the 
various chromophores contained in compartments of the same color. In case the rates of 
particular energy or electron transfer steps are different in both mutants, the rates for the 
CK mutant are shown in orange. 
 

Table 5.1: Initial, relative absorbed energies (%) estimated from the target analysis. 
Energy is considered to be distributed over PSI and PSII coupled (PSI_C and PSII_C) and not 
coupled to PBs (PSI_U and PSII_U), PBs coupled to PSI and PSII (PB_I and PB_II) and 
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unattached C-PC (C-PC_U). The ratios PSI/II_Chl and PSI/II_RC are based on the number of 
chlorophylls and reaction centers, respectively. The total excitation was normalized to one.  
 
The compartment scheme contains the following branches: 
- Branch i), PBs transferring energy to PSI45.  
- Branch ii), PBs transferring energy to PSII46; 
- Branch iii), Part of C_PC that is not coupled to APC in the CB mutants35.  
- Branch iv), PSI, not coupled to PBs 47.  
- Branch v), PSII, not coupled to PBs 47.  
The relative numbers of excitations in the various branches were estimated in the 
target analysis and are listed in table 5.1. To enable the fitting, a number of 
constraints on the input parameters and the spectra are required, and they are 
listed and discussed in the supplementary data.  
In order to take into account the fact that the amount of open and closed PSII RCs 
differs for the different samples and also can vary for different excitation 
wavelengths, the charge recombination rate was not globally fixed but was 
allowed to vary. On the other hand, the PSI kinetics hardly depends on the fact 
whether PSI is open or closed (see for instance Wientjes et al. 2011)48. Compared 
to the kinetics of PSII, the PSI kinetics is relatively straightforward to model (see 
for instance also the 400 nm excitation results in Fig.5.2), and the same 
parameters were used as in our previous work 26.  
For the CK mutant, the charge separation rate was determined to be 8.2 ns-1, and 
it was forced to be same for the two different excitation wavelengths.  For 400 nm 
excitation, the charge-recombination rate was ~9.4 ns-1, while it becomes ~5.5 ns-1 
for 590 nm excitation, and the slower charge recombination rate in the second 
case is probably due to the presence of more open RCs. In addition to both 
photosystems, the CK mutant also contains the APC core complex. Its spectrum, 
as obtained from the target analysis, peaks around 660 nm as shown in green in 
Fig.5.4. Note that, the APC core also contains a small fraction of pigments that 
fluorescence around 680 nm 6,9, this fraction is not included here as a separate 
pool since equilibration between APC680 and Chls is probably reached within ps 
and their spectra are rather similar 26.  
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For the CB mutant we observe two additional pools of pigments, i.e. PC_S and 
PC_L, which lead to fluorescence peaking at 643 nm (orange spectrum) and 655 
nm (magenta spectrum), respectively. Table 5.1 shows that ~ 7% of the excitations 
at 400 nm and ~ 83% at 590 nm excitation are on the PBs.  It can be concluded 
from the results at 400 nm that the PSI/PSII ratio (relative number of RCs) is ~2.6, 
which is higher than for the CK mutant where it is ~2.0. 
In the CB mutant, ~25 % of the C-PC appears to be disconnected, giving rise to a 
long-lived fluorescence component peaking at 643 nm. To simplify the model, the 
corresponding spectrum was forced to be same as that of PC_s (the first pool in 
blue).  The presence of some long-lived C-PC fluorescence is in agreement with 
previous sucrose-gradient results 35, that show free PC bands at the top of the 
sucrose gradient. 
With regard to the blue-green light induced quenching, the location of the 
quenching site was tested by adding an extra decay channel on one of the pools 
for the quenched samples. Each time, only one pool is allowed to be quenched. It 
turns out that APC660 nm is the species that is directly quenched in both mutants 
but the fraction of quenched PBs differs and the same is true for the quenching 
rates. In case of the CK mutant, only 11% of the excited PBs was quenched with an 
overall quenching rate of ~14 ns-1, while in the CB mutant, ~17% of the excited 
PBs was quenched with a quenching rate of ~ 26 ns-1. Note that, probably 
somewhat fortuitously, for both mutants the in-vivo quenching rates are nearly 
the same as the corresponding rates in vitro, namely ~26 ns-1 and ~26 ns-1 

respectively for CB and ~15 ns-1 and ~14 ns-1 for CK. However, as we have tested, 
different quenching rates combined with different quenching fractions of PBs can 
also fit the datasets equally well, thus each quenching rate can range from (12-
50)/ns, which is the same for both mutants.  
All the SAS that are obtained during the fitting procedure are shown in Fig.5.4 as 
insets. All of them show very reasonable spectral shapes and the correct positions 
of their maxima.  
In summary, with the model shown in Fig.5.4 in combination with the input 
parameters listed in table 5.1, all datasets can be described satisfactorily. The 
target analysis of the time-resolved fluorescence measurements of the two 
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studied mutants provides a systematic and globally consistent description of the 
EET and charge-separation rates and pathways in Synechocystis and of the 
fluorescence spectra of the most prominent pigment pools. Moreover, also the 
quenching site, the quenched fraction of PBs and the quenching rate could be 
determined for both mutants.   
 
Discussion 
Energy harvesting kinetics of PBs in the CB and CK mutants in vivo 
Energy absorbed by the PBs is transferred to either PSI or PSII. The DAS of the CK 
mutant reveals a 30 ps transfer process from the 660 nm pigments in APC to the 
pool of Chls (including the terminal emitter pigments in the APC core) fluorescing 
around 675-680 nm. The combination of this transfer process and the trapping 
process in PSI/PSII explains the strong positive peak in the DAS around 660 nm 
and the dip around 675-680 nm. The 75-ps DAS also shows emission around 660 
nm but there is no negative peak present that reflects the emission of the 
acceptor pigments. The most likely explanation for the absence of such a negative 
peak is “immediate” charge separation after energy transfer, which is indeed 
expected to occur in PSI but not in PSII where charge separation occurs on a much 
slower time scale.  
In the CB mutant, the 7 ps component is attributed to fast spectral equilibration 
within the PC rods of the cyanobacteria, which is also supported by previous work, 
where a 10 ps component was attributed to transfer within the hexameric 
subunits of the C_PC rods 26,49. Phycocyanobilins are covalently linked at three 
different positions in the phycobiliproteins and the pigments are called β155, α84 
and β84. The DAS reflects energy transfer from β155 to the pigment pair 
consisting of α84 and β84 which are likely to be excitonically coupled50,51.  
Energy transfer from the rods to the core was reported to occur with a time 
constant of 90 ps for wild-type Synechococcus 6301 52,53, whereas it was found to 
take ~20 ps in wild-type Synechocystis 6803 as was also reported in another study 
on Synechocystis 36,54. Using picosecond fluorescence in combination with target 
analysis of wild type cells 26, it was possible to disentangle several processes that 
gave rise to an apparent 20 ps transfer process in previous studies and it was 
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concluded that the energy transfer from PC_L to APC occurs with a time constant 
of ~75 ps.  In the present study, using the same procedure, the time constant is 
found to be 25 ps for the CB mutant. This is due to the fact that the pool size of C-
PC in the CB mutant is only one third of that in WT cells. Assuming that the 
transfer time roughly scales with the number of pigments (see e.g. Broess et al., 
2006)55, indeed we find that the rate of this transfer step is approximately tripled 
in the CB mutant as compared to WT cells. 
For isolated PBs of the CK mutant, energy transfer from APC660 to APC680 takes 
place with a time constant of 43 ps, while in vivo it seems to become somewhat 
faster, namely 30 ps (see DAS in Fig.5.3), but it should be realized that also the 
trapping process in PSI with time constant 27/28 ps, contributes to the 30-ps DAS. 
A comparison between results on isolated CB_PBs and in vivo results is less 
straightforward, because different models were used: in vitro, an overall transfer 
component with a lifetime of 34 ps was found whereas in the present study two 
subsequent steps of 6 and 25 ps are observed, relatively close to the 34 ps 
transfer time.  
 
Quenching sites and quenching rates in vivo 
In order to determine the rate of quenching and the type of chromophore that is 
being quenched, target analysis was performed. The analysis shows nearly 
identical spectra for the photosystems of the CB and the CK mutants and those of 
the WT cells (Fig.S5.5) and also the spectra of the APC660 pools are very similar in 
all cell types. There is more variation in the spectra of the various chromophores 
in the C-PC rods. It is found in the present study for both mutants that the species 
that is directly quenched is APC660 in agreement with the in vitro results on 
isolated PBs from these mutants. Only the quenched fraction of PBs is totally 
different. In vivo, ~11% of the PBs was quenched for the CK mutant and ~17% for 
the CB mutant for our growing and measuring conditions. On the contrary, 20 
minutes of blue-green light illumination with similar intensity leads to 85% 
quenched PBs of isolated CK_PB and a full quenching of isolated CB_PB11. 
However, two factors dramatically reduce the quenched fraction in vivo: firstly, 
less OCP is present in the intact cells than for isolated complexes, where the OCP 
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concentration was forty times as high as the PB concentration. Secondly, the cells 
contain FRP which enables the recovery process (disappearance of quenching) to 
take place in the cell. The presence of FRP reduces the amount of OCPr bound to 
the PB, even though an equilibrium is achieved after the cells have been 
illuminated for a sufficiently long time. A smaller fraction of PBs was quenched in 
the CK mutant than in the CB mutant under the same light stress conditions. It 
cannot be concluded whether this is due to a difference in the relative amounts of 
OCP/FRP/PB or due to a difference in binding constants due to the lack of C-PC. 
The quenching rates cannot be determined with very high accuracy due to the 
relatively low amount of quenching for these in vivo systems but they are rather 
similar to those observed for isolated PBs and for intact WT cells. Therefore, our 
previous conclusion that the quenching is most likely caused by charge transfer 
between APCQ

660 and the OCP carotenoid hECN in its activated form extends to 
the quenching in the CB and CK mutants.  
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Supporting Materials 
Streak images 
Figure S5.17: Streak-camera images of 
the CK mutant (a and c) and the CB 
mutant (b and d). These images represent 
the fluorescence intensity (using a linear 
color gradient) as a function of time 
(vertical axis) and wavelength (horizontal 
axis); every vertical line represents a time 
trace of fluorescence at the corresponding 
wavelength, while every horizontal line 
reflects a fluorescence emission spectrum 
after a certain delay time. In panels a and 
b, C-Phycocyanin was selectively excited at 
590 nm, and in panels c and d, Chls were 
selectively excited at 400 nm; all images 
presented here are background- and 
shading-corrected. 
 

Figure S5.2: DAS of the slow components for excitation at 400 and 590 nm for the CK 
mutant (a) and for the CB mutant (b). All spectra are normalized at their maximum.   
 

Target analysis 
 
The target analysis presented in this work was performed in two steps: 1) a model 
was established without quenching to describe the non-quenched data, and ii) the 
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quenched data sets were fitting by using the model obtained in step 1) and 
including a quenching rate for one of the compartments.   
In the first step, the two unquenched datasets obtained upon excitation at 400 
nm and 590 nm were analysed globally. It was performed in almost the same way 
as was used for wild-type cells in our previous work (for details see (L. Tian et al 
2011)) and its supporting information. In the present work, one extra restriction 
was made concerning the excitation input for branch i) and branch ii): the ratio 
Rc1/ Rc2 for these two values was considered to be the same for the two excitation 
wavelengths but was left free during the fitting. C1 and C2 represent the fractions 
of PBs that are linked to PSI and PSII, respectively.  In the CK mutant, Rc1/ Rc2 is 
determined to be ~0.90, while in the case of the CB mutant, it is about 0.87. Note 
that these values come with relatively big error bars which are not yet available in 
our fitting.  Accurate values of Rc1/ Rc2 will require further experiments which are 
specially designed for this purpose.   
During the second step, based on the results that were obtained in the first step 
data sets of quenched cells were analysed by adding an extra quenching rate to 
one of the pools. In this process, only a fraction of PBs was allowed to be 

quenched, which is necessary for a 
good fitting. As an example, the full 
scheme of the model used for the 
CK mutant is shown in Figure S5.3. 
It is important to mention that the 
quenching site and quenching rate 
do not depend on Rc1/ Rc2, since the 
quenching mainly occurs before 
reaching the photosystems as was 
also explained in (L. Tian et al 2012).  

 
Figure S5.318: a full scheme for the CK 
mutant. Unquenched fraction of PBs 
(a), quenched fraction of PBs (b) and 
uncoupled Photosystems (c).  
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The fitting quality is visualized for selected decay traces at three different 
wavelengths in Figure S5.4.  

 
Figure S5.4: Decay traces at three different emission wavelengths are shown which are 
normalized to the amount of uncoupled PSI. Decay traces of unquenched cells upon 590 
nm excitation (black), decay traces of quenched cells upon 590 nm excitation (green) and 
decay traces of unquenched cells upon 400 nm excitation (red). The target analysis fits are 
plotted in dots but are hardly visible because of the good fitting quality.   
 

 
Figure S5.5: Three groups of SAS for 
CK and CB mutant cells (this work) 
and WT cells (L.Tian et al 2011); in A) 
each group of SAS was normalized in 
such a way that the APC660  
spectrum had a value of one at 663 
nm. In B) all spectra are normalized 
to one at their maxima, respectively. 
The two red-most groups of spectra, 
peaking around 690 and 715 nm are 
due to PSI and are nearly identical 
for the three types of cells. The same 
is true for the PSII SAS, peaking 
around 680 nm. More variation is 
obtained for the spectra 
corresponding to the chromophores 
in the PBs as discussed in the text.  
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General 
The process of photosynthesis has been studied for centuries, but despite a large 
amount of progress, there are still many aspects that are not fully understood. An 
important part of the progress is the fact that many structures of photosynthetic 
complexes have been resolved 1,2 and these complexes have been studied 
separately in great detail, amongst other with ultrafast spectroscopic techniques. 
These studies allow to monitor excitation-energy transfer (EET) and charge 
separation (CS), the first crucial processes after the absorption of a photon. Many 
picosecond studies have also been performed in vivo in the past before the crystal 
structures were known, but due to an additional lack of knowledge about the 
organization and composition of the thylakoid membrane where most of the EET 
and CS processes take place, the obtained results were difficult to interpret. More 
recently, new interest has arisen in in vivo studies on photosynthetic organisms 
because a lot of molecular and organizational information has been obtained but 
also because the spectroscopic techniques have improved and mutants have 
become available that allow to study the effect of specific modifications in the 
organisms. This thesis focuses on the study of the light energy harvesting 
processes of photosynthetic complexes in cyanobacteria in general by using time-
resolved fluorescence techniques, and with particular emphasis on the study of 
the protective process of non-photochemical quenching (NPQ) that is induced in 
the presence of high intensities of blue-green light. One of the important goals of 
researchers in the field of photosynthesis is to determine the photosynthetic 
efficiencies, to understand the underlying molecular mechanisms and to 
ultimately improve these efficiencies under certain conditions. In order to do so, 
one is forced to go down to the molecular level and to the picosecond time scale 
as is also pointed out in the introduction of this thesis. In the studies described in 
this thesis we have successfully combined spectrally-resolved, picosecond 
fluorescence measurements on wild-type and mutant cells of Synechocystis PCC 
6803 with global and target data analysis, and a summary of the main findings is 
presented below.  
 
 



 

151 
 

PSII kinetics 
Photosystem II (PSII) is considered to be the most important pigment-protein 
complex for oxygenic photosynthesis. It can use the sunlight energy as driving 
force to split water, to release oxygen and to transfer electrons to photosystem I 
(PSI). The excited-state kinetics of the core of PSII has frequently been studied 
over the past few decades but all studies were performed on the isolated PSII core 
complex, and it is not known how the PSII core performs in vivo. Moreover, a 
consensus on the interpretation of the fluorescence kinetics of PSII cores has not 
yet been reached. Some groups have claimed that the kinetics of PSII are trap-
limited, which assumes excited-state equilibration between all chlorophylls to be 
much faster than the primary charge separation time, while others have reported 
that the kinetics are transfer-to-the-trap limited, which means that the energy 
transfer time from the antenna to the reaction center of Photosystem II where 
the charge separation  takes place, dominates the overall trapping time. 
In Chapter 2, we have performed in vivo picosecond time-resolved fluorescence 
measurements on the PAL mutant of Synechocystis PCC 6803 (a model 
cyanobacterium) that contains both PSI and PSII cores but no phycobilisomes 
(PBs), the natural light-harvesting complexes of cyanobacteria. By using the in vivo 
results on the BE mutant that is lacking both PSII and PBs it turns out to be 
possible to fully separate the PSI and PSII core kinetics for the PAL mutant in vivo. 
By performing target analysis, we can conclude that both the trap-limited model 
and the transfer-to-the-trap-limited model can describe the kinetics of the PSII 
core complex rather well whereas the kinetics turn out be slightly slower in vivo as 
compared to the in vitro situation. We have also performed time-resolved 
fluorescence measurements on both mutants at 77K and the results confirm the 
results obtained at room temperature. 
It is demonstrated that it is impossible to conclude which of the two models is 
correct, based on time-resolved fluorescence studies alone, but the results will 
help to remove existing controversies in future theoretical studies. 
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NPQ mechanism in cyanobacteria 
As discussed by Melis et al3, the photosynthetic efficiency might be improved 
dramatically if the effect of the NPQ mechanism can be greatly reduced by 
truncating the antenna size. It is not clear to which extent this is also true for 
cyanobacteria because the amount of quenching that occurs due to NPQ seems to 
be independent of the amount absorption taking place in the photosynthetic 
system. Therefore, under certain growing conditions, the NPQ process might be 
overdone or maybe even redundant. In particular, this might be true in genetically 
modified versions of the cyanobacteria that are expected to be used in the future 
as new cellular plants for the production of chemicals and biofuels. In light of this 
aspect, a deep understanding of the NPQ mechanisms is important and will be 
useful for designing new organisms and growing conditions with optimal light-use 
efficiency. And there must certainly be space for improvement  as already 
mentioned in the introduction of this thesis since the overall efficiency of 
photosynthesis is far below the theoretical maximum.  
In Chapter 3, two of the most important questions regarding the photoprotective 
process of NPQ in cyanobacteria is being answered: What are the site and rate of 
NPQ in WT cells.  Moreover, a partial answer is obtained for the question what 
the physical mechanism  is, that is responsible for NPQ? 
Different from plants and algae, the study on NPQ in cyanobacteria has only 
started recently. Kirilovsky and co-workers have demonstrated the importance of 
a PB-associated (i.e. not involving chlorophyll) thermal energy dissipation 
mechanism in the protection of cyanobacteria against light stress. This process is 
induced by the absorption of blue-green light by a soluble carotenoid protein, the 
orange-carotenoid protein OCP. In 2008, a very important step forward was made 
when it was shown that OCP can really act as the sensor of high light being a 
photoactive protein with an “active “red form4. The absorbance of light by OCP 
induces changes in the carotenoid and the protein, converting the dark stable OCP 
into a red unstable active form. The red form is accumulated and stabilized under 
conditions in which cyanobacteria need photoprotection: high light and cold.  
However, the basic questions “where does the quenching exactly take place?”, 
“how fast/effective is the quenching?” and “what is the quenching mechanism?” 
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remained unanswered at that time. In this chapter, using spectrally-resolved, 
picosecond fluorescence we have studied intact cells of wild-type Synechocystis sp. 
PCC 6803 and of mutants without and with extra OCP (∆OCP and OverOCP) both 
in the unquenched and quenched state. With the use of target analysis we 
managed to spectrally resolve seven different pigment pools in the PBs and 
photosystems I and II, and to determine the rates of excitation energy transfer 
between them. In addition, the rates of charge separation and quenching could be 
resolved, all in vivo. It is revealed that upon OCP activation, one of the bilin 
chromophores in the APC core of the PB, here called APCQ

660, becomes an 
effective quencher that prevents more than 80% of the excitations in the PB to 
reach Photosystems I and II. The quenching rate of its excited state turns out to be 
extremely fast, at least (~240±60fs)-1. It is argued that the quenching is most likely 
caused by charge transfer between APCQ

660 and the OCP carotenoid hECN in its 
activated form, which is reminiscent of the quenching mechanism in Arabidopsis 
that was proposed by Prof. Graham R. Fleming and coworkers5. It can be excluded 
that the quenching is due to excitonic coupling between APCQ

660 and hECN, 
another mechanism that was proposed for non-photochemical quenching in 
plants6 and it is shown that it is unlikely that yet another quenching mechanism, 
excitation energy transfer to a carotenoid7 is responsible for the quenching in 
cyanobacteria.  
In Chapter 4, two essential questions regarding the photoprotective process of 
non-photochemical quenching in cyanobacteria are answered: How does OCP-
related non-photochemical quenching (site and rate) depend on the composition 
of the light-harvesting PBs of cyanobacteria and is the quenching mechanism of 
non-photochemical quenching for cyanobacteria in vitro the same as in vivo? 
Interestingly, one important step in understanding the NPQ mechanism in 
cyanobacteria was made in 2011 by Gwizdala et al8. They showed that OCP, PBs 
and strong blue-green light are the only elements required to induce quenching 
by reconstitution of the NPQ process in vitro. In addition to our study as shown in 
Chapter 3 the work in Chapter 4 shows that the quenching takes place directly on 
the pigments of APC660 and the fast quenching rate indicates that the quenching is 
either caused by charge transfer between APCQ

660 and the OCP carotenoid or by 
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excitation energy transfer from APCQ
660 to the S1 state of the carotenoid of OCP. 

Thus an important next step is to discriminate the latter two possibilities. 
However, experiments to answer this question are not easily feasible (if feasible 
at all) in vivo. Thus, in vitro studies seem to be a key approach to provide the 
answer to this question, preferably with PBs that are reduced in size in order to 
simplify the interpretation. However, it is mandatory to demonstrate that the 
quenching process is the same as in vivo for intact PBs. In this chapter, we 
managed to perform spectrally-resolved, picosecond fluorescence measurements 
on isolated PBs of different size, both in the quenched and the unquenched state. 
Two mutants were studied that both possess truncated light-harvesting antennae, 
PBs. One mutant called CK completely lacks the c_Phycocyanin (C_PC) rods. The 
other one (CB) is lacking both the intermediary and the core-distal C_PC hexamers. 
It is demonstrated that both the mechanism and the site of quenching are the 
same in vitro and in vivo in all systems, whereas the rate of quenching increases, 
going from the smallest in vitro system to the full-size in vivo system. The fastest 
rate seems to be essential to obtain optimal quenching in vivo.  
In Chapter 5, we have studied the picosecond time-resolved fluorescence of two 
mutant cells of Synechcosytis. PCC 6803 both with and without inducing NPQ. We 
successfully extend our previous conclusion about the NPQ mechanism to both CK 
and CB mutants in vivo. It is demonstrated that both the mechanism and the site 
of quenching remain the same in all systems studied.  
Isolated PBs obtained from these mutant cells have been studied before and by 
using a large excess of the orange carotenoid protein (OCP) the quenching process 
was studied in vitro (Gwizdala et al. 2011 & Chapter 4)8,9. Rates of EET and 
quenching were determined and it was found that the quenching occurs at the 
level of APC660 and not APC680, identical to the situation for wild-type PBs. The 
amount of quenching for isolated PBs was very large, namely 85%. However, 
earlier in vivo studies on the CK mutant had shown that the amount of quenching 
was less than 10%. Despite this large “discrepancy”, it is demonstrated in this 
chapter that the in vivo and in vitro results on the quenched and unquenched PBs 
are fully consistent with each other. This is of relevance because it justifies 
studying isolated truncated PBs in the future in order to unravel the physical 



 

155 
 

mechanism that underlies NPQ in vivo. On the other hand it also provides valuable 
rate constants for EET and NPQ in whole cells that can be used to model 
photosynthesis in cyanobacteria (systems biology approach) and mutants thereof, 
like CK and CB.   
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Samenvatting 
 
Algemeen 
Het fotosynthese proces wordt al eeuwenlang onderzocht, maar ondanks een 
grote vooruitgang zijn er nog steeds vele aspecten die niet volledig worden 
begrepen. Een belangrijk deel van de vooruitgang heeft te maken met het feit dat 
veel structuren van fotosynthetische complexen opgelost zijn 1,2 en deze 
complexen afzonderlijk in detail werden onderzocht, onder andere met 
ultrasnelle spectroscopische technieken. Deze studies maken het mogelijk 
excitatie-energie-overdracht (EET) en ladingsscheiding (CS), de eerste cruciale 
processen na de absorptie van een foton, te volgen. Veel picoseconde studies zijn 
in het verleden in vivo uitgevoerd voordat de kristalstructuren bekend waren, 
maar door een additioneel gebrek aan kennis over de organisatie en de 
samenstelling van het thylakoïde membraan, waar de meeste EET en CS 
processen plaatsvinden, waren de verkregen resultaten moeilijk te interpreteren. 
Meer recent is nieuwe belangstelling ontstaan in in vivo studies van 
fotosynthetische organismen omdat veel moleculaire en organisatorische 
informatie beschikbaar is gekomen, maar ook omdat de spectroscopische 
technieken zijn verbeterd en mutanten beschikbaar zijn gekomen waarmee het 
mogelijk is geworden de effecten te bestuderen van specifieke wijzigingen in de 
organismen. In dit proefschrift ligt de focus op de bestudering met tijdsopgeloste 
fluorescentie technieken van processen waarbij licht ingevangen wordt door 
fotosynthetische complexen in cyanobacteriën met bijzondere nadruk op de 
bestudering van niet-fotochemische ‘quenching’ (NPQ), het beschermingsproces 
dat wordt geïnduceerd in aanwezigheid van een hoge intensiteit van blauw-groen 
licht. Één van de belangrijkste doelen van onderzoek op het gebied van 
fotosynthese is het bepalen van de efficiëntie van fotosynthetische processen, het 
begrijpen van de onderliggende moleculaire mechanismen, en uiteindelijk het 
verbeteren van die efficiëntie onder bepaalde condities. Om dit te kunnen doen, 
is men gedwongen in te zoomen tot het moleculaire niveau en tot de picoseconde 
tijdschaal zoals ook uiteen is gezet in de inleiding van dit proefschrift. In de studies 
beschreven in dit proefschrift hebben we met succes spectraal-opgeloste 
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picoseconde fluorescentie metingen aan wild-type en mutantcellen van 
Synechocystis PCC 6803 gecombineerd met zogeheten ‘global’ en ‘target’ data-
analyse en een samenvatting van de belangrijkste bevindingen hieronder is 
weergegeven. 
 
PSII kinetiek  
Fotosysteem II (PSII) wordt beschouwd als het belangrijkste pigment-
eiwitcomplex voor oxygene fotosynthese. Het kan de energie van het zonlicht 
gebruiken als drijvende kracht om water te splitsen, om zuurstof vrij te laten 
komen en elektronen over te dragen aan fotosysteem I (PSI). De kinetiek van de 
aangeslagen toestand van de PSII ‘core’ is vaak bestudeerd in de afgelopen 
decennia, maar alle studies werden uitgevoerd aan het geïsoleerde PSII core 
complex, en het is niet bekend hoe de PSII core in vivo functioneert. Bovendien is 
er nog geen consensus bereikt over de interpretatie van de fluorescentie kinetiek 
van de PSII core. Sommige groepen hebben beweerd dat de kinetiek van PSII 
‘trap’-gelimiteerd is (‘trap’ is ladingsgescheiden toestand), hetgeen veronderstelt 
dat de equilibratie van de aangeslagen toestand tussen alle chlorofyllen veel 
sneller is dan de tijdsduur van de primaire ladingsscheiding. Anderen daarentegen 
hebben gerapporteerd dat de kinetiek van PSII ‘transfer-to-the-trap’ gelimiteerd is, 
hetgeen betekent dat de energie-overdracht van de antenne naar het 
reactiecentrum van PSII, waar de ladingsscheiding plaatsvindt, de totale 
‘trapping’-tijd domineert.  
In hoofdstuk 2 hebben we in vivo picoseconde tijdsopgeloste fluorescentie 
metingen uitgevoerd aan de PAL-mutant van Synechocystis PCC 6803 (een model 
cyanobacterie) dat zowel de PSI als PSII core bevat, maar geen phycobilisomen 
(PBS), de natuurlijke licht-vergarende complexen van cyanobacteriën. Door de in 
vivo resultaten te gebruiken voor de BE mutant, waarin zowel PSII als PBS 
ontbreken, blijkt het mogelijk de kinetiek van de PSI en PSII cores van de PAL 
mutant in vivo volledig te scheiden van elkaar. Gebruikmakend van target-analyse, 
kunnen we concluderen dat zowel met het trap-gelimiteerde model als met het 
transfer-to-the-trap-gelimiteerde model de kinetiek van de PSII core vrij goed 
beschreven kan worden, terwijl de kinetiek in vivo iets trager blijkt te zijn in 
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vergelijking met de in vitro situatie. Wij hebben eveneens tijdsopgeloste 
fluorescentie metingen uitgevoerd aan beide mutanten bij 77K en de resultaten 
bevestigen de resultaten verkregen bij kamertemperatuur.  
Het is aangetoond dat het onmogelijk is om te concluderen welke van de twee 
modellen correct is, op basis van tijdsopgeloste fluorescentie studies alleen, maar 
de resultaten zullen helpen om de bestaande controverses weg te nemen in 
toekomstige theoretische studies. 
 
NPQ mechanisme in cyanobacteriën 
Zoals bediscussieerd door Melis et al.3, zou de fotosynthetische efficiëntie 
aanzienlijk kunnen worden verbeterd wanneer het effect van het NPQ 
mechanisme sterk kan worden verminderd door het reduceren van de 
antennegrootte. Het is niet duidelijk in hoeverre dit ook geldt voor 
cyanobacteriën omdat de hoeveelheid “quenching” die ontstaat ten gevolge van 
NPQ onafhankelijk lijkt van de hoeveelheid absorptie die plaatsvindt in het 
fotosynthesesysteem. Daarom zou, onder bepaalde groeiomstandigheden, het 
NPQ-proces ‘overdreven’ kunnen zijn of misschien zelfs overbodig. Met name kan 
dit het geval zijn in genetisch gemodificeerde exemplaren van de cyanobacteriën 
die naar verwachting zullen worden gebruikt in de toekomst als nieuwe cellulaire 
‘fabriekjes’ voor de productie van chemicaliën en biobrandstoffen. In het licht van 
dit aspect, is een volledig begrip van de NPQ-mechanismen belangrijk en zal ‘t 
nuttig zijn voor het ontwerpen van nieuwe organismen en groeiomstandigheden 
waarbij een optimale efficiëntie van het lichtgebruik bereikt wordt. Er moet zeker 
ruimte zijn voor verbetering, zoals reeds vermeld in de inleiding van dit 
proefschrift, aangezien de algehele efficiëntie van fotosynthese ver onder het 
theoretisch maximum ligt. 
In hoofdstuk 3 worden twee van de belangrijkste vragen met betrekking tot het 
fotobeschermingsproces NPQ in cyanobacteriën beantwoord: Wat zijn de locatie 
en de snelheid van NPQ in WT cellen? Een gedeeltelijk antwoord wordt verkregen 
op de vraag wat het fysisch mechanisme is, dat verantwoordelijk is voor NPQ? 
In tegenstelling tot wat het geval is voor planten en algen, is de studie naar NPQ in 
cyanobacteriën pas kort geleden begonnen. Kirilovsky en medewerkers hebben 
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het belang aangetoond van een PB-geassocieerd (dat wil zeggen geen 
betrokkenheid van chlorofyl) thermische energiedissipatie mechanisme bij de 
bescherming van cyanobacteriën tegen lichtstress. Dit proces wordt veroorzaakt 
door de absorptie van blauw-groen licht door een oplosbaar carotenoïde-eiwit, 
het oranje-carotenoïde eiwit (OCP). In 2008 werd een zeer belangrijke stap 
voorwaarts gezet toen werd aangetoond dat OCP werkelijk kan optreden als de 
sensor van hoge lichtintensiteit, zijnde een fotoactief eiwit met een "actieve" rode 
vorm4. De absorptie van licht door OCP induceert veranderingen in de 
carotenoïde en het eiwit, waarbij het in het donker stabiele OCP omgezet wordt in 
een rode, instabiele actieve vorm. De rode vorm wordt geaccumuleerd en 
gestabiliseerd onder omstandigheden waarbij voor cyanobacteriën fotoprotectie 
noodzakelijk is: hoge lichtintensiteit en lage temperatuur. 
Echter, de fundamentele vragen "waar vindt de quenching precies plaats?", "hoe 
snel/effectief is de quenching?", en "wat is het quenching-mechanisme?” bleven 
onbeantwoord op dat moment. In dit hoofdstuk hebben we, met behulp van 
spectraal-opgeloste picoseconde fluorescentie intacte cellen bestudeerd van wild-
type Synechocystis sp. PCC 6803 en van mutanten zonder en met extra OCP (ΔOCP 
en OverOCP) zowel in de niet-gequenchte als in de gequenchte toestand. Met 
gebruikmaking van target-analyse zijn we erin geslaagd om zeven verschillende 
pigment ‘pools’ in de PBS, PSI en PSII spectraal op te lossen, en de snelheden van 
excitatie-energie-overdracht tussen hen vast te stellen. Bovendien konden de 
snelheden van ladingsscheiding en quenching worden opgelost, alle in vivo. Het is 
aangetoond dat bij activatie van OCP, een van de bilin chromoforen in de APC 
core van PBs, hier APCQ

660 genoemd, een effectieve quencher is die voor meer dan 
80% van de excitaties in de phycobilisoom voorkomt PSI en II te bereiken. De 
snelheid van quenching van de aangeslagen toestand blijkt zeer hoog, ten minste 
(~ 240 ± 60fs)-1. De oorzaak achter de quenching wordt de ladingsoverdracht 
tussen APCQ

660 en het OCP carotenoïde hECN in zijn geactiveerde vorm 
verondersteld te zijn, hetgeen doet denken aan het quenchingmechanisme in het 
plantje  Arabidopsis hetgeen is voorgesteld door Prof. Graham R. Fleming en 
medewerkers5. Het kan worden uitgesloten dat quenching wordt veroorzaakt 
door exciton-koppeling tussen APCQ

660 en hECN, een ander mechanisme dat voor 
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NPQ in planten werd voorgesteld6 en het is aangetoond dat het onwaarschijnlijk is 
dat nog een ander quenchingmechanisme, excitatie-energie-overdracht naar een 
carotenoïde 7 verantwoordelijk is voor de quenching in cyanobacteriën.  
In hoofdstuk 4 worden twee essentiële vragen over het NPQ-proces in 
cyanobacteriën beantwoord: Hoe hangt de OCP-gerelateerde NPQ (locatie en 
snelheid) af van de samenstelling van de licht-vergarende PBs van cyanobacteriën, 
en is het quenchingmechanisme van NPQ voor cyanobacteriën in vitro hetzelfde 
als in vivo?  
Een belangrijke stap in het begrijpen van het NPQ-mechanisme in cyanobacteriën 
is gemaakt in 2011 door Gwizdala en medewerkers8. Middels reconstitutie van het 
NPQ-proces in vitro toonden zij aan dat OCP, PBs en sterk blauw-groen licht de 
enige noodzakelijke elementen zijn om quenching te induceren. Naast onze studie 
beschreven in hoofdstuk 3 laat het werk in hoofdstuk 4 zien dat de quenching 
direct plaatsvindt op de pigmenten van APC660 en de hoge quenchingssnelheid 
geeft aan dat de quenching ofwel door ladingsoverdracht tussen APCQ

660 en de 
OCP-carotenoïde, of excitatie-energie-overdracht van APCQ

660 naar de S1 toestand 
van de OCP-carotenoïde wordt veroorzaakt. Dus een belangrijke volgende stap is 
om de laatste twee mogelijkheden te onderscheiden. Echter, experimenten om 
deze vraag te beantwoorden zijn niet makkelijk haalbaar (zo niet helemaal 
onhaalbaar) in vivo. Dus lijken in vitro studies een sleutelbenadering om een 
antwoord te krijgen op deze vraag, bij voorkeur met PBs die qua afmeting 
verkleind zijn om zo de interpretatie te vereenvoudigen. Het is echter een eerste 
vereiste aan te tonen dat het quenchingsproces hetzelfde is als in vivo voor 
intacte PBs. In dit hoofdstuk zijn we erin geslaagd om spectraal-opgeloste, 
picoseconde fluorescentie metingen uit te voeren aan geïsoleerde PBs van 
verschillende grootte, zowel in de gequenchte als in de niet-gequenchte toestand. 
Beide mutanten hebben verkleinde licht-vergarende antennes, PBs. Één mutant, 
CK genoemd, mist volledig de staafvormige c_Phycocyanin (C_PC) eiwitcomplexen. 
In de andere mutant (CB) ontbreekt naast de middelste ook de meest van de APC-
core verwijderde C_PC hexameer. Het is aangetoond dat zowel het mechanisme 
als de locatie van de quenching dezelfde zijn in vitro en in vivo in alle bestudeerde 
systemen, terwijl de quenchingssnelheid toeneemt, gaande van het kleinste in 
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vitro systeem naar het volledige in vivo systeem. De hoge snelheid lijkt essentieel 
ten einde optimale quenching te verkrijgen in vivo. 
In hoofdstuk 5 hebben we de picoseconde fluorescentie bestudeerd van twee 
mutantcellen van Synechcosytis. PCC 6803 zowel met als zonder het induceren 
van NPQ. Wij hebben met succes onze eerdere conclusie over het NPQ-
mechanisme weten uit te breiden richting CK en CB mutanten in vivo. Het is 
aangetoond dat zowel het mechanisme als de locatie van quenching gelijk blijven 
in alle onderzochte systemen.  
Geïsoleerde PBs verkregen uit deze mutantcellen zijn al eerder onderzocht, en 
gebruikmakend van een grote overmaat OCP werd het quenchingsproces 
bestudeerd in vitro (Gwizdala et al.. 2011 en hoofdstuk 4) 8,9. Snelheden van EET 
en quenching werden bepaald en het bleek dat de quenching plaatsvindt op het 
niveau van APC660 en niet APC680, identiek aan de situatie voor wild-type PBs. De 
hoeveelheid quenching voor geïsoleerde PBs was erg groot, namelijk 85%. Echter, 
eerdere in vivo studies van de CK mutant hadden aangetoond dat de hoeveelheid 
quenching minder dan 10% was. Ondanks deze grote "discrepantie" wordt in dit 
hoofdstuk aangetoond dat de in vivo en in vitro resultaten van de gequenchte en 
niet-gequenchte PBs volledig met elkaar in overeenstemming zijn. Dit is relevant 
omdat het toekomstige studies van verkleinde PBs rechtvaardigt teneinde het 
fysische mechanisme te ontrafelen dat ten grondslag ligt aan NPQ in vivo. 
Anderzijds biedt het ook waardevolle snelheidsconstanten voor EET en NPQ in 
intacte cellen die kunnen worden gebruikt om een model te ontwikkelen voor de 
fotosynthese in cyanobacteriën (systeembiologische benadering) en mutanten 
daarvan, zoals CK en CB. 
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