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Background 

Photosynthesis is the main source of energy for almost all life on earth. 

Photosynthetic organisms live under variable conditions, which demands short-term 

adaptation to avoid damage to photosynthetic antennas. The main topic of this thesis 

is the study of the variation of light harvesting in different physiological conditions in 

cyanobacteria Synechococcus elongatus 7942 and Leptolyngbya ohadii.  

In this introduction, early steps of photosynthesis and some of the photosynthetic 

complexes are explained and then an introduction of fluorescence and its acquisition 

is presented. Data analysis that is necessary to make sense of the recorded time-

resolved fluorescence follows next. At the end, the organization of this thesis is 

given. 

Photosynthesis, cyanobacteria, and state transitions 

Photosynthetic organisms convert light energy into chemical energy to sustain their 

metabolism, but which can also be used by other living organisms. Photosynthetic 

reactions are divided into light-dependent and light-independent reactions 

(Blankenship 2008a). Plants and cyanobacteria produce Adenosine Triphosphate 

(ATP) and reduced nicotinamide adenine dinucleotide phosphate (NADPH) during 

the light-dependent reactions. In the light-independent reactions, ATP and NADPH 

are used to fix carbon dioxide into carbohydrates.  

The light-dependent reactions start with the absorption of light by the photosynthetic 

antennas. Cyanobacteria use phycobilisomes (PBSs) and photosystems I and II (PSI 

and PSII) to absorb light (Figure 1). PBSs are the main light-harvesting antennas in 

cyanobacteria which mainly absorb green-orange light. They are composed of rod-

like proteins and core proteins. (MacColl 2004; Mirkovic et al. 2016). The rods are 

built of C-phycocyanins (CPCs) and in various organisms they also have 

phycoerythrins (PEs). The rods are attached to allophycocyanins (APCs), which 

contain APC trimers and three other protein-pigments, namely LCM, β16, and αB. The 

excitation energy absorbed by PEs and PCs travels along the rods and reaches 

APCs, which are attached to the rods by linker proteins, and from there it is delivered 
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to LCM and αB. LCM and αB transfer the excitation energy to chlorophyll (Chl) a of PSI 

and PSII.  

Figure 2 shows a schematic representation of a PBS; the structures of CPC and 

APC are also shown. In the PBS, CPC and APC form hexameric and trimeric 

structures in which a monomer consists of α- and β-subunits. The α- and β-subunits 

both bind bilin pigments. In CPC (APC) the α- and β-subunits contain one and two 

(one) bilins, respectively. These hexamers and trimers in turn stack together to form 

rods or cylinders. 

These pigment-protein complexes are organized as an energetic funnel with many 

high-energy pigments at the periphery and far less low-energy pigments in the center 

of the PBS close to the PSs where the excitation should be delivered. CPC hexamers 

have an absorption and emission peak at 624 nm and 651 nm (Holzwarth et al. 

1987). APC trimers have an absorption and emission peak at 650 nm and 660 nm 

(MacColl 2004). LCM and αB have an emission peak at 680 nm. The cyanobacterium 

Leptolyngbya ohadii, which resides in the desert, performs photosynthesis in the 

early morning just after sunrise as long as the temperature is not high yet and the 

dew deposited before dawn is still available. After some time however, Leptolyngbya 

ohadii starts quenching the excitation energy, transforming it into heat during the 

main part of the day to prevent damage to its photosynthetic complexes and in this 

thesis, we will demonstrate that this quenching happens at the level of the PBS. 
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Figure 1. Schematic representation of the light reactions in cyanobacteria showing how the 
different photosynthetic units work together (Nelson and Ben-Shem 2004; Blankenship 2008b). 
The straight arrows in PSI indicate the electron transport pathway. The image does not show the 
real size of complexes relative to each other, nor does it represent the real relative distances 
between them.  

 

Figure 2. Schematic representation of a PBS (bottom right). The CPC rods and APC are 
represented in blue and cyan, respectively. The trimeric forms of CPC and APC are also shown 
separately. The α- and β-subunits are shown in blue and red, respectively. The bilins are shown 
in cyan. The dotted line separates one monomer. The codes in the protein data bank are 1jbo 
(CPC) and 4rmp (APC). 

PSII is another multi-subunit complex present in cyanobacteria, which is generally 

believed to form dimers in vivo (Nelson and Ben-Shem 2004; Nickelsen and Rengstl 

2013; Zlenko et al. 2017) (Figure 3). The PSII reaction center complex largely 

consists of two proteins, D1 and D2 and binds six chlorophylls a, two pheophytins a 
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and two quinone molecules. There are two light-harvesting antennas, CP43 and 

CP47, attached to the PSII reaction center. The light energy absorbed by PBSs, 

CP43 and CP47 is transferred to the PSII reaction center (RC) (Ferreira et al. 2004; 

Nickelsen and Rengstl 2013; Mirkovic et al. 2016). In the RC there are two different 

pathways that both result in the same charge-separated state with the electron 

residing on a pheophytin molecule (Novoderezhkin et al.; Romero et al. 2010) 

(Figure 4). The electron is then donated to a quinone called QA, which in turn donates 

an electron to a mobile quinone called QB (see Figure 4). The reduction of QB (QB-1) 

occurs twice and each time it is reduced 

 

Figure 3. Top view of a PSII dimer. Chls a are shown in green. CP43 and CP47 are shown in orange 
and red, respectively. D1 and D2 are shown in blue and purple, respectively. Other protein 
complexes are shown in black. The protein data bank code is 1s5l. 
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Figure 4. The cofactors involved in electron transport in PSII. The figure in the box shows four Chl 
a, two pheophytin and two quinone molecules as described as follows. PD1 and PD2, which are Chls 
a, are shown in red and blue and next to them are two other Chls a in green, which are called ChlD1 
and ChlD2. The pheophytin molecules (PheD1 and PheD2) are represented in black and the quinones 
in purple.  The bottom of the figure shows two different pathways that result in the same charge-
separated state. Only one branch is active in charge separation. The star shows the excited state 
and the rectangles show the charge-separated states. 

it takes up one proton from the stroma (two in total) to finally form QBH2. QBH2 is then 

released and is replaced by an oxidized quinone. 

The released QBH2 (plastoquinone) reaches the cytochrome-b6f complex (Figure 5). 

Cytochrome-b6f occurs in dimeric form (Nelson and Ben-Shem 2004) and each 

monomer has, among other smaller subunits, four major subunits namely 

cytochrome f, cytochrome-b6, the Rieske iron–sulphur protein, and subunit IV (Figure 

5). Cytochrome f and the Rieske iron–sulphur protein are involved in the transfer of 

one electron from reduced quinone to plastocyanin, which later donates its electron 

to the PSI reaction center (P700). Cytochrome-b6, through its two haem groups (bL 

and bH), is involved in translocating one electron across the membrane to reduce a 

quinone at the stromal Qi site.  This quinone reduction event happens twice at the 

stromal Qi site. The reduced quinone then takes up two protons and is released into 
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the bilipid membrane. The oxidization of plastoquinone by cytochrome-b6f complex 

and water splitting by PSII create a proton motive force across the membrane. The 

protons pass from the lumen to the stroma through the F-ATP synthase, which is a 

protein embedded in the thylakoid membrane. F-ATP synthase then adds a 

phosphate to Adenosine diphosphate (ADP) to make Adenosine triphosphate (ATP) 

(Nelson and Ben-Shem 2004). 

 

PSI is another multi-subunit complex in cyanobacteria that works in series with PSII 

and occurs in trimeric form in vivo (monomeric in plants) (Figure 6). The PSI reaction 

center contains a chlorophyll pair called P700 (Figure 7), which is the primary 

electron donor that leads to light-driven charge separation. In the PSI reaction center 

core there are other molecules which transfer the electron donated by the excited 

P700 to ferredoxin. The PSI reaction center is surrounded by ~90 Chl a molecules 

that act as a light-harvesting antenna and are bound by the PSI core (Nelson and 

Ben-Shem 2004).  

Depending on the illumination conditions PSI and PSII receive different amounts of 

light energy, leading to different yields of charge separation. An imbalance in rate of 

charge separation between PSI and PSII manifests itself in the ratio of reduced and 

Figure 5. The protein structure of a dimer of cytochrome-b6f complex is shown with A) the four 
major subunits called cytochrome f (blue), cytochrome-b6 (orange), Rieske iron–sulphur (green), 
and subunit IV (yellow). Other minor subunits are shown in black. B) all the protein structures are 
removed to show the electron transport chain in cytochrome-b6f complex. The protein data bank 
code is 1q90. 
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oxidized quinone (the redox state of the quinone pool) (Mullineaux and Allen 1990). 

The process by which the cyanobacteria attempt to restore the balance between PSI 

and PSII is called state transition (Kirilovsky 2015) and this process has been studied 

in Chapter 3.  It is found that in Synechococcus elongatus 7942 the imbalance in 

excitation of PSI and PSII in state II, when the quinone pool is more reduced, is 

compensated by the quenching of excitation energy in PSII.  

Time- and spectrally-resolved fluorescence can provide information about the 

excited-state population of different photosynthetic complexes and the excitation 

energy transfer (EET) pathway within and among these complexes. The excited-

state population depends on the conditions to which the photosynthetic organisms 

are adapted and the measurements may provide insight in various adaptation 

mechanisms. This will be explained in more detail below. 

 

Figure 6. The trimeric structure of cyanobacterial PSI. There are two major subunits shown in blue 
(psaA) and red (psaB) that contain the P700 Chl a pair. The proteins are removed from one of the 
monomers to clearly show the Chl a molecules. The code in the protein data bank is 1jb0. 
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Figure 7. P700 of PSI along with other molecules that transfer electrons from plastocyanin to 
ferredoxin. The P700 special pair of Chl a molecules is shown in blue and the Mg atoms in orange. 
Other Chls a are shown in red and green. The purple molecules are quinones. The red and green 
spheres show the Fe4S4 cluster. The electron transport pathway is indicated by arrows (Nelson 
and Ben-Shem 2004). 

Green sulfur bacteria 

So far, we explained the major photosynthetic complexes in cyanobacteria. Other 

photosynthetic bacteria such as green sulfur bacteria have a different light-

harvesting complex, which is much larger than PBS, PSI, or PSII. In Chapter 5, the 

efficiency of EET in Chlorobacalum tepidum is studied in whole cells at 77 K and 

room temperature. This section presents a short introduction to the photosynthetic 

antennas of green sulfur bacteria. 

Green sulfur bacteria are photosynthetic bacteria that do not produce oxygen during 

photosynthesis and do not split water to get protons and electrons. Instead, they use 

H2S or other sulfuric compounds as the primary reductant. C. tepidum belongs to 

this group of bacteria, and it is studied in this thesis. The largest light-harvesting 

antennas of green sulfur bacteria are the chlorosomes. On the outside chlorosomes 

are encapsulated by a lipid monolayer and inside they contain self-aggregates of 

bacteriochlorophyll (BChl) c, d, or e (only one type of BChl per species) and a smaller 
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amount of carotenoids and quinones. Chlorosomes have a typical length of 100-200 

nm and a width of 10-60 nm. They contain in the order of 105 BChls, which are highly 

organized (Frese et al. 1997)in tubular-lamellar structures (for a review see 

(Oostergetel et al. 2010)). 

The excitation energy captured by a chlorosome is transferred to its baseplate, which 

consists of pigment-protein complexes containing BChl a and they are embedded in 

the lipid monolayer surrounding the chlorosomes.  

The baseplate transfers its excitation energy to the Fenna-Matthews-Olson protein 

(FMO) complexes. These pigment-protein complexes form trimers and each 

monomer contains 8 BChls a (see Figure 8). 

The excitation energy finally reaches one of the RCs. In green sulfur bacteria 2 FMO 

trimers are associated with one reaction center (Permentier et al. 2000; Hauska et 

al. 2001). It has also been proposed that four FMO trimers are associated with 2 RCs 

in a supercomplex (Bína et al. 2016). The RC core of green sulfur bacteria contains 

16 BChls a, 4 Chls a, and 2 carotenoids (Hauska et al. 2001). The primary electron 

donor is a closely bound pair of BChls a called P840. The excited P840 donates an 

electron to a Chl a molecule. This electron, through other intermediary molecules, 

reduces a water soluble ferredoxin protein. The oxidized special pair is re-reduced 

by a bound cytochrome c551.  The electron that cytochrome c551 donates to the 

oxidized special pair originates from a sulfur compound such as H2S. 



Introduction 

17 
 

 

Figure 8. Molecular structure of FMO isolated from C. tepidum. FMO is trimeric and each monomer 
contains 8 BChls a. The protein data bank code is 3eni. 

Fluorescence 

Fluorescence is the emission of electromagnetic radiation, mainly in the UV and 

visible region that originates from an atomic or molecular excited singlet state, in 

which the total spin of all the electrons in the molecule is zero (Lakowicz 2006). 

Fluorophores, which absorb light at a specific wavelength and re-emit it at longer 

wavelengths, have multiple higher electronic states. Each electronic state is 

associated with many vibrational states. After absorption of light, a fluorophore is 

excited to S1 (first electronic state) or a higher electronic state. Usually, the excited 

molecules relax to the first electronic state and the ensemble of the excited 

molecules have a Boltzmann distribution among the vibrational states associated 

with the first electronic state. This relaxation process is called internal conversion 

(IC) and typically occurs within ~1 ps or less (Lakowicz 2006). The fluorescence 

lifetime itself is typically ~1-10 ns and generally fluorescence occurs from a thermally 

equilibrated excited state (Lakowicz 2006). Sometimes the singlet excited state 

transforms to a triplet excited state in which the total spin for the excited molecule is 

one. This process is called intersystem crossing (ISC) and may lead to 

phosphorescence. The triplet state has a relatively long lifetime which is on the order 

of microseconds for carotenoids and milliseconds for Chls (Peterman et al. 1995). 
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When the photosynthesis process is saturated in high light, triplet state formation will 

become the dominant process. Chl triplets are extremely dangerous for the 

organisms, and they may lead to the formation of highly reactive singlet oxygen. 

Most Chls are protected by carotenoids, which can scavenge the triplets and thereby 

prevent photodamage. However, this is not true for the Chls in the RCs and to 

minimize photodamage in adverse conditions, PSII will often be protected by the 

activation of non-photochemical quenching processes which release excitation 

energy as heat.  

The fluorescence lifetime is often far shorter than 1-10 ns due to additional processes 

such as EET to other molecules, followed by charge separation in the RC. This EET 

occurs from one molecule to another via radiationless transfer processes (van 

Amerongen et al. 2000). Figure 9 shows the processes described above in a 

Jablonski diagram. The absorption of light is shown by the upward solid blue arrow 

while the emission of light is shown by a downward solid red arrow. IC, ISC, and EET 

are shown by the dotted black arrows while the wavy brown line indicates vibrational 

relaxation. 

Fluorescence provides information about the excited-state population and the 

photosynthetic complexes involved in EET. However, to obtain this information 

usually mathematical modeling of the raw data is needed. In the next section, time-

resolved data acquisition is explained and after that the data analysis of the obtained 

data is presented.   
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Figure 9. A Jablonski diagram that summarizes various excited-state transitions in or between 
photosynthetic pigments (see the above text for further explanation) 

Time-resolved fluorescence spectroscopy 

A streak-camera system was used to perform time-resolved fluorescence 

spectroscopy. A schematic representation of a streak-camera system is shown in 

Figure 10. In summary, the laser excitation light induces fluorescence in the sample.  

 

Figure 10. Schematic representation of a streak camera. For further explanation see text. 

The fluorescence is collected through a lens and is projected onto a spectrograph. 

In the spectrograph, the fluorescence is dispersed over a range of wavelengths in 

the horizontal direction. The dispersed light hits a photocathode that produces 

electrons with energies corresponding to the wavelength (energy) of the 

fluorescence light. The photoelectrons then are accelerated in an accelerating mesh. 
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The accelerated photoelectrons pass through a varying electric field and are 

deflected in the vertical direction. The photoelectrons that arrive at different times 

experience different electric fields and are deflected at different angles. The 

photoelectrons that now are dispersed horizontally (corresponding to the energy of 

the photon that produced them) and vertically (corresponding to their arrival time) hit 

a microchannel plate (MCP) and are multiplied several thousand times and reach a 

phosphor screen. The photoelectrons that strike the phosphor screen produce 

photons that are collected and focused on a CCD detector. The three-dimensional 

data (time, wavelength, and number of photons) is then stored for further processing.  

The detection efficiency of the streak camera depends on the wavelength of the 

detected light and the position on the phosphor screen/CCD detector. To correct for 

the uneven detection of light, the light of a reference lamp must be recorded by the 

streak camera. The obtained data of the samples must then be divided by the image 

of the reference lamp and the result must be multiplied by the steady state spectrum 

of the lamp, which should be measured separately. 

After a laser pulse excites a sample, it starts to fluorescence. The detected light is 

the convolution of the time-dependent fluorescence with the time-dependent 

instrument response function (IRF). In case of a streak-camera system, the IRF can 

be modeled as a Gaussian function or the sum of several Gaussian functions each 

with their own central position and full-width at half-maximum (FWHM). The detected 

signal is (Lakowicz 2006; van Stokkum et al. 2008; van Oort et al. 2009): 

𝐹𝐹(𝑡𝑡, 𝜆𝜆) =  � 𝐼𝐼𝐼𝐼𝐹𝐹(𝑡𝑡 − 𝑥𝑥, 𝜆𝜆) ∗ 𝐼𝐼(𝑥𝑥, 𝜆𝜆)d𝑥𝑥
𝑡𝑡

0
     𝑒𝑒𝑒𝑒. 1 

𝐼𝐼𝐼𝐼𝐹𝐹(𝑡𝑡, 𝜆𝜆) =  �
�4ln (2)
Δ√𝜋𝜋

𝑛𝑛

𝑖𝑖=1

 𝑒𝑒−4ln (2)×(𝑡𝑡−𝜇𝜇Δ )2   𝑒𝑒𝑒𝑒. 2 

In eq. 1, t is the time at which a photon is detected. 𝜆𝜆 is wavelength and represents 

the wavelength-dependence of the fluorescence 𝐼𝐼(𝑥𝑥, 𝜆𝜆). 𝑥𝑥 is the integration variable 

and represents time. IRF is wavelength-dependent too because its central position 

𝜇𝜇 (eq. 2) in time depends on wavelength. 𝐹𝐹(𝑡𝑡, 𝜆𝜆) is the detected fluorescence signal. 
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In eq. 2, the IRF used for a streak camera is shown. n is the used number of 

Gaussian functions and Δ is the FWHM.  

The integration of fluorescence over time yields the fluorescence steady-state 

spectrum. 

Data Analysis 

When a pigment that is “surrounded” by many other pigments is excited, it can 

transfer its excitation energy to its neighbors and via a random walk the excitation 

energy reaches one of the RCs (van Amerongen et al. 2000). We model the EET 

among spectrally distinguishable pigments by first order differential equations 

(Loefroth 1986; van Stokkum et al. 2004): Consider two groups of pigments named 

a and b (Figure 11). Initially, only pigments a are excited and a population of 1 is 

assigned to them (the total population of excited state is normalized to 1). Pigments 

a transfer their energy to pigments b with a rate 𝑘𝑘𝑎𝑎𝑎𝑎. 𝑘𝑘𝑎𝑎 and 𝑘𝑘𝑎𝑎 are the rates of non-

radiative loss of excitation energy.  Pigments b lose the majority of their excitation 

energy by the transfer of their excitation to the RC (not shown) with a rate 𝑘𝑘𝑎𝑎, which 

is a non-radiative process. For pigments a, 𝑘𝑘𝑎𝑎 is any non-radiative process that 

quenches the excitation energy. 

 

Figure 11. A compartmental model of two groups of pigments. The blue and red compartments 
represent the excited-state populations of pigments a and b. Initially only pigments a are 
populated, but over time they irreversibly transfer some of their excitation energy to pigments b. 
To obtain a simple analytical solution for demonstration purposes, the EET from pigments b to a 
is neglected here. 𝒌𝒌𝒓𝒓𝒓𝒓 and 𝒌𝒌𝒓𝒓𝒓𝒓 represent the radiative rates of each group of pigments. 𝒌𝒌𝒓𝒓𝒓𝒓 is the 
rate of EET from pigments a to b. 𝒌𝒌𝒓𝒓 and 𝒌𝒌𝒓𝒓 are the rate of non-radiative loss of the excitation 
energy. 
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Pigments a and b decay due to fluorescence with rates of 𝑘𝑘𝑟𝑟𝑎𝑎 and 𝑘𝑘𝑟𝑟𝑎𝑎, respectively.  

The population of excitation energy over time can be obtained by solving the 

equations below: 

𝑑𝑑
𝑑𝑑𝑡𝑡
𝑎𝑎(𝑡𝑡) = −(𝑘𝑘𝑎𝑎𝑎𝑎 + 𝑘𝑘𝑟𝑟𝑎𝑎 + 𝑘𝑘𝑎𝑎)𝑎𝑎(𝑡𝑡)         𝑒𝑒𝑒𝑒. 3 

𝑑𝑑
𝑑𝑑𝑡𝑡
𝑏𝑏(𝑡𝑡) = −(𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑟𝑟𝑎𝑎)𝑏𝑏(𝑡𝑡) +  𝑘𝑘𝑎𝑎𝑎𝑎𝑎𝑎(𝑡𝑡)      

The solution is: 

𝑎𝑎(𝑡𝑡) =  𝑒𝑒−(𝑘𝑘𝑎𝑎𝑎𝑎+𝑘𝑘𝑟𝑟𝑎𝑎+𝑘𝑘𝑎𝑎)𝑡𝑡      𝑒𝑒𝑒𝑒. 4 

𝑏𝑏(𝑡𝑡) = − 
𝑘𝑘𝑎𝑎𝑎𝑎

𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑎𝑎𝑎𝑎 − 𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑟𝑟𝑎𝑎 − 𝑘𝑘𝑟𝑟𝑎𝑎
𝑒𝑒−(𝑘𝑘𝑎𝑎𝑎𝑎+𝑘𝑘𝑟𝑟𝑎𝑎+𝑘𝑘𝑎𝑎)𝑡𝑡

+
𝑘𝑘𝑎𝑎𝑎𝑎

𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑎𝑎𝑎𝑎 − 𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑟𝑟𝑎𝑎 − 𝑘𝑘𝑟𝑟𝑎𝑎
 𝑒𝑒−(𝑘𝑘𝑎𝑎+𝑘𝑘𝑟𝑟𝑎𝑎)𝑡𝑡 

Notice that if there was no energy transfer between pigments a and b, i.e. 𝑘𝑘𝑎𝑎𝑎𝑎 = 0, 

then the excited state of pigment a would decay with a rate of 𝑘𝑘𝑟𝑟𝑎𝑎 + 𝑘𝑘𝑎𝑎, which is the 

rate of fluorescence plus all other non-radiative process. However, due to EET the 

excited state of pigment a decays with a rate of 𝑘𝑘𝑎𝑎𝑎𝑎 + 𝑘𝑘𝑟𝑟𝑎𝑎 + 𝑘𝑘𝑎𝑎. The plot of the 

population over time is shown in Figure 12A with the rates 𝑘𝑘𝑟𝑟𝑎𝑎 =  𝑘𝑘𝑟𝑟𝑎𝑎 =

(1000 𝑝𝑝𝑝𝑝)−1, 𝑘𝑘𝑎𝑎𝑎𝑎 = (50 𝑝𝑝𝑝𝑝)−1, 𝑘𝑘𝑎𝑎 = (200𝑝𝑝𝑝𝑝)−1, 𝑘𝑘𝑎𝑎 = 0 . These rates are typical rates 

(in terms of order of magnitude) encountered in photosynthetic complexes.  

The fluorescence over time and wavelength is modelled as the multiplication of the 

population of each group of pigments over time by each group of pigment’s spectral 

emission over wavelength and also their respective radiative rate (Loefroth 1986; 

van Stokkum et al. 2004).  

𝐼𝐼(𝜆𝜆, 𝑡𝑡) = 𝑘𝑘𝑟𝑟𝑎𝑎𝑓𝑓𝑎𝑎(𝜆𝜆) × a(𝑡𝑡) + 𝑘𝑘𝑟𝑟𝑎𝑎𝑓𝑓𝑎𝑎(𝜆𝜆) × b(𝑡𝑡)    𝑒𝑒𝑒𝑒. 5 

Snapshots of fluorescence emission are shown in Figure 12B for different times. The 

rates used are the same as the ones used for Figure 12A. The spectral emission 

shape of pigments a and b is assumed to be Gaussian (on a wavelength scale) with 

centers at 650 nm and 700 nm, respectively, and full width half maximum (FWHM) 

of 15 nm for both pigments. 
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Figure 12. A) Excited-state population of two groups of pigments. Initially only pigments a are 
excited, but then as time proceeds, the excited-state energy is transferred to pigments b. B) The 
fluorescence spectra of pigments a and b at different times. At t = 0, only pigments a fluoresce. 
While the exited state energy is transferred to pigments b over time, the fluorescence of pigments 
b rises and later it starts to decrease.   

At time zero only pigments a are fluorescing and the emission from pigments b is 

zero. After 10 ps part of the excitation energy has been transferred from pigments a 

to pigments b and the emission of the latter is visible at ~700 nm. At 30-60 ps more 

excitation energy has arrived at pigments b and its emission amplitude has become 

larger. At 110 ps the emission of pigments b has decreased again because of 

transfer to the reaction centers.   

Equations 3-5 form the basis for what is called target analysis with the model shown 

in Figure 11. Fitting eq. 5 to the experimental data yields the unknown rates and the 

spectra of pigments in the model of Figure 11. . 

It is not clear beforehand if the model introduced in Figure 11 can describe the 

measured data well. For example, it might not be known whether there is EET from 

pigments b to a. To obtain insight from experimental data without paying attention to 

the details of the model, it is necessary to perform a global data analysis.  Using eq. 

4-5 we get: 

𝐼𝐼(𝜆𝜆, 𝑡𝑡) = �𝑘𝑘𝑟𝑟𝑎𝑎𝑓𝑓𝑎𝑎(𝜆𝜆) − 𝑘𝑘𝑟𝑟𝑎𝑎𝑓𝑓𝑎𝑎(𝜆𝜆)
𝑘𝑘𝑎𝑎𝑎𝑎

𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑎𝑎𝑎𝑎 − 𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑟𝑟𝑎𝑎 − 𝑘𝑘𝑟𝑟𝑎𝑎
� 𝑒𝑒−(𝑘𝑘𝑎𝑎+𝑘𝑘𝑎𝑎𝑎𝑎+𝑘𝑘𝑟𝑟𝑎𝑎)𝑡𝑡

+  𝑘𝑘𝑟𝑟𝑎𝑎𝑓𝑓𝑎𝑎(𝜆𝜆)
𝑘𝑘𝑎𝑎𝑎𝑎

𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑎𝑎𝑎𝑎 − 𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑟𝑟𝑎𝑎 − 𝑘𝑘𝑟𝑟𝑎𝑎
𝑒𝑒−(𝑘𝑘𝑎𝑎+𝑘𝑘𝑟𝑟𝑎𝑎)𝑡𝑡    𝑒𝑒𝑒𝑒. 6 

In Eq. 6, the terms with the same rate of decay in the exponential functions were 

grouped together. Equation 6 can be rewritten as: 
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𝐼𝐼(𝜆𝜆, 𝑡𝑡) = 𝐷𝐷𝐷𝐷𝐷𝐷1(𝜆𝜆)𝑒𝑒𝑥𝑥𝑝𝑝(−𝑘𝑘1𝑡𝑡) + 𝐷𝐷𝐷𝐷𝐷𝐷2(𝜆𝜆)𝑒𝑒𝑥𝑥𝑝𝑝(−𝑘𝑘2𝑡𝑡)    𝑒𝑒𝑒𝑒. 7  

In this simple example 𝑘𝑘1 and 𝑘𝑘2 are: 

𝑘𝑘1 =  (𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑎𝑎𝑎𝑎 + 𝑘𝑘𝑟𝑟𝑎𝑎)   𝑒𝑒𝑒𝑒. 8 

𝑘𝑘2 =  (𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑟𝑟𝑎𝑎)     𝑒𝑒𝑒𝑒. 9 

 𝐷𝐷𝐷𝐷𝐷𝐷1(𝜆𝜆) and 𝐷𝐷𝐷𝐷𝐷𝐷2(𝜆𝜆), which are so-called decay associated spectra (DAS), are: 

𝐷𝐷𝐷𝐷𝐷𝐷1 =  �𝑘𝑘𝑟𝑟𝑎𝑎𝑓𝑓𝑎𝑎(𝜆𝜆) − 𝑘𝑘𝑟𝑟𝑎𝑎𝑓𝑓𝑎𝑎(𝜆𝜆)
𝑘𝑘𝑎𝑎𝑎𝑎

𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑎𝑎𝑎𝑎 − 𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑟𝑟𝑎𝑎 − 𝑘𝑘𝑟𝑟𝑎𝑎
�      𝑒𝑒𝑒𝑒. 10 

𝐷𝐷𝐷𝐷𝐷𝐷2 =  𝑘𝑘𝑟𝑟𝑎𝑎𝑓𝑓𝑎𝑎(𝜆𝜆)
𝑘𝑘𝑎𝑎𝑎𝑎

𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑎𝑎𝑎𝑎 − 𝑘𝑘𝑎𝑎 + 𝑘𝑘𝑟𝑟𝑎𝑎 − 𝑘𝑘𝑟𝑟𝑎𝑎
    𝑒𝑒𝑒𝑒. 11 

By fitting the experimental data to Eq. 7 we obtain 𝑘𝑘1, 𝑘𝑘2, 𝐷𝐷𝐷𝐷𝐷𝐷1(𝜆𝜆), and 𝐷𝐷𝐷𝐷𝐷𝐷2(𝜆𝜆). 

Figure 13A-D shows the plots of DAS1 and DAS2 for different values of the rates 

involved in Figure 11 and Table 1 shows the rates used for the plots in Figures 13A-

D. 

In Figures 13A-D, there is one lifetime associated with each DAS. These lifetimes 

are obtained from the rates presented in eqs. 8-9 (the lifetime is the inverse of the 

rate). In Figure 13A, three different rates for 𝑘𝑘𝑎𝑎𝑎𝑎 were used, which resulted in three 

different pairs of DAS (solid, dotted, and dashed) and the corresponding three 

different pairs of lifetimes. 

In Figure 13A consider only the black solid and dotted DAS which represent DAS1 

and DAS2. DAS1 reflects EET from pigments a to pigments b (the lifetimes 

associated with each DAS are presented in the legend). This is indicated by the 

positive peak at 650 nm (pigment a emission peak) and the negative peak at 700 nm 

(pigment b emission peak). This is easy to see from the analytical expression of 

DAS1. At wavelengths near the emission peak of pigment a, the emission of pigment 

b can be considered zero so that DAS1 becomes 𝑘𝑘𝑟𝑟𝑎𝑎𝑓𝑓𝑎𝑎(𝜆𝜆) which is positive. At 

wavelengths near the emission peak of pigment b we can consider the emission from 

pigments a to be zero so DAS1 at these wavelengths becomes −𝑘𝑘𝑟𝑟𝑎𝑎𝑓𝑓𝑎𝑎(𝜆𝜆) 𝑘𝑘𝑎𝑎𝑎𝑎
𝑘𝑘𝑎𝑎𝑎𝑎−𝑘𝑘𝑎𝑎

. 

Most of the time the rate of EET is the fastest rate involved so 
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Figure 13. A) DAS1 and DAS2 from Eq. 10-11 are plotted for various values of the EET rate from 
pigments a to pigments b. The radiative rates of both pigments are equal. B) DAS1 and 
DAS2 are plotted with the same rates as in A with the exception of the radiative rates. 
The radiative rate of pigment a is 4 times larger than that of pigment b. C,D) DAS1 and 
DAS2 are plotted for different value of the non-radiative rate 𝒌𝒌𝒓𝒓. In C the radiative rates 
of the both types of pigments are equal and in D the radiative rate of pigments a is 4 
times larger than that of pigments b. All the rates used are presented in Table 1. Notice 
that in this simple example the amplitude of DAS1 does not change for different values 
of 𝒌𝒌𝒓𝒓𝒓𝒓. 

 𝑘𝑘𝑎𝑎𝑎𝑎
𝑘𝑘𝑎𝑎𝑎𝑎−𝑘𝑘𝑎𝑎

 is positive and the DAS becomes negative due to the minus sign. The lifetime 

associated with DAS1 represents the rate of EET if the radiative and non-radiative 

decay rate of pigment a are small compared to the rate of EET (see eq. 8).  

 

DAS2 shows the decay of pigment b emission due to transfer of excitation energy to 

the RCs. This DAS appears with a positive amplitude as long as the rate of EET is 

larger than the rate of charge separation, which is true in most cases. The lifetime 

associated with this DAS represents the charge separation time scale if the radiative 

decay rate and other non-radiative decay rates of pigment b are small compared to 

the rate of charge separation (see eq. 9). 
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Table 1. The rates used in the plots of Figure 13 are shown. Where there are three 

values for a given process (such as EET or radiative processes) the values belong 

to the solid, dotted, dashed graphs, respectively. 

 ka kb kra krb kab 

A 0 (200 ps)-1 (2500 ps)-1 (2500 ps)-1 (50 ps)-1, (150 ps)-1, 
(300 ps)-1 

B 0 (200 ps)-1 (2500 ps)-1 (10000 ps)-1 (50 ps)-1, (150 ps)-1, 
(300 ps)-1 

C (2500 ps)-1, 
(150 ps)-1, 
(10)-1 

(200 ps)-1 (2500 ps)-1 (2500 ps)-1 (50 ps)-1 

D (2500 ps)-1, 
(150 ps)-1, 
(10)-1 

(200 ps)-1 (2500 ps)-1 (10000 ps)-1 (50 ps)-1 

 

The dashed DAS in Figure 13A correspond to a different value of 𝑘𝑘𝑎𝑎𝑎𝑎 which is smaller 

than the rate of charge separation. When 𝑘𝑘𝑎𝑎𝑎𝑎 is slower than 𝑘𝑘𝑎𝑎 (the dashed DAS1 

and DAS2), the negative amplitude of DAS1 becomes positive and the positive 

amplitude of DAS2 becomes negative. Still the negative amplitude indicates that the 

pigments with a fluorescence peak at around 700 nm are receiving excitation energy. 

However, the rate of EET (or its lifetime) is still the one that is associated with DAS1. 

Figure 13B shows DAS1 and DAS2 with similar parameters as in Figure 13A with the 

difference that the radiative rate of pigments a is 4 times larger than for pigments b 

in Figure 13B. In the solid black DAS1 of Figure 13B the emission peak of pigments 

a is higher than that of pigments b. This is because the radiative rate of pigments a 

is considerably larger than that of pigments b. However, we observe the same 

behavior if the non-radiative rate of pigments a is faster than the non-radiative rate 

of pigments b, see Figure 13C dotted and dashed DAS1. 

Figures 13C and 13D show the effect of a non-zero rate for 𝑘𝑘𝑎𝑎 for three different 

values. The radiative rates of pigments a and b are the same in Figure 13C. The 

radiative rate of pigments a is 4 times larger than that of pigments b in Figure 13D. 

Due to the large value of 𝑘𝑘𝑎𝑎 in Figures 13C-D for the dotted and dashed graphs, the 
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lifetime associated with DAS1 does not represent the rate of EET anymore. 

According to Table 1, the rate of EET is (50 ps)-1, but the corresponding lifetimes of 

dotted and dashed DAS1 are 25 ps and 8 ps respectively. 

If in Eq. 7 we set the time to zero we get the fluorescence at time zero which is the 

sum of the DAS involved. In our simple example, because at time zero only pigments 

a are excited, the time zero fluorescence is the same as the emission spectrum of 

pigments a.  

Also, if there are more (for instance N) pigments involved with EET between them, it 

is always possible to transform the solution of the first order differential equation to 

the general form: 

𝐼𝐼(𝜆𝜆, 𝑡𝑡) = �𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖(𝜆𝜆) × exp(−𝑘𝑘𝑖𝑖 ∗ 𝑡𝑡)
𝑁𝑁

𝑖𝑖=1

 𝑒𝑒𝑒𝑒. 12 

In case of many pigments, the analytical expressions for the DAS and the rates 

become quite complicated and practically useless. However, the general principles 

outlined for the two-pigments-only systems still hold, the positive and negative peak 

in one DAS indicate EET. 

Organization of this thesis 

The organization of this thesis is as follows: In Chapter 2, EET in isolated APC 

trimers was studied, both in crystal and in protein-solution form. Each monomer of 

APC trimer contains two pigments, a high-energy and a low-energy pigment at a 

distance of ~51 Å. In the trimer, adjacent monomers form three closely spaced (~21 

Å) pigment pairs of low- and high-energy. Surprisingly, it was found that ~10% of 

these pigment pairs consist of two high-energy pigments instead of the usual pair of 

low- and high-energy pigments. 

In Chapter 3, state-transitions in the cyanobacterium Synechococcus elongatus 

were studied. We measured 77 K time-resolved fluorescence of wild-type cells which 

were either dark-adapted (state II) or illuminated with blue light (state I). Two different 

excitation wavelengths were used to preferentially excite PBSs or Chls a. By global 

analysis of the data, the DAS of cells prepared in either state I or state II were 
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obtained. The comparison of these DAS in state I and II lead to a new model for state 

transitions in Synechococcus elongatus.  

In Chapter 4, another regulatory process in cyanobacteria was studied. This 

regulatory process occurs in the cyanobacterium Leptolyngbya ohadii, which is living 

in the desert where it only performs photosynthesis early in the morning. During this 

period, both light intensity and temperature are low and because dew is still 

available, the cells are in a hydrated state. During the day, the cells become 

desiccated. The high light intensity and lack of water can be very damaging for the 

photosynthetic apparatus, and therefore severe regulation is required. We performed 

room temperature and 77 K time-resolved measurements on hydrated and 

desiccated cells. The time-resolved data analysis combined with other experimental 

results lead to a new model for photoprotection in Leptolyngbya ohadii. 

In Chapter 5, the EET efficiency of the green sulfur bacterium C. tepidum was 

compared at 77 K and 293 K. We provided a model for EET between BChl c 

(chlorosome) and BChl a (baseplate and FMO). Previously, an efficiency of 70% for 

trapping in the RCs at 77 K was reported. Using Global analysis, the efficiency of 

excitation energy trapping in the RCs was estimated to be 80-90 % and it is also 

found that this efficiency does not significantly depend on temperature.  

Chapter 6 presents the general discussion, in which the results of the chapters two-

five are discussed further. 
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ABSTRACT 

Cyanobacteria perform photosynthesis with the use of large light-harvesting 

antennae called phycobilisomes (PBSs). These hemispherical PBSs contain 

hundreds of open-chain tetrapyrrole chromophores bound to different peptides, 

providing an arrangement in which excitation energy is funnelled towards the PBS-

core from where it can be transferred to photosystem I and/or photosystem II. In 

the PBS-core many allophycocyanin (APC) trimers are present, red-light absorbing 

phycobiliproteins that covalently bind phycocyanobilin (PCB) chromophores. APC 

trimers were amongst the first light-harvesting complexes to be crystallized. APC 

trimers have two spectrally different PCBs per monomer, a high- and a low-energy 

pigment. The crystal structure of the APC-trimer reveals the close distance (~21 Å) 

between those two chromophores (the distance within one monomer is ~51 Å) and 

this explains the ultrafast (~1 ps) excitation energy transfer (EET) between them. 

Both chromophores adopt a somewhat different structure, which is held 

responsible for their spectral difference. Here we used spectrally resolved 

picosecond fluorescence to study EET in these APC trimers both in crystallized 

and in solubilized form. We found that not all closely spaced pigment couples 

consist of a low- and a high-energy pigment. In ~10% of the cases, a couple 

consists of two high-energy pigments. EET to a low-energy pigment, which can 

spectrally be resolved, occurs on a time scale of tens of picoseconds. This transfer 

turns out to be 3 times faster in the crystal than in solution. The spectral 

characteristics and the time scale of this transfer component are similar to what 

has been observed in whole cells of Synechocystis sp. PCC 6803, for which, it was 

ascribed to EET from C-phycocyanin to APC. The present results thus demonstrate 

that part of this transfer should probably also be ascribed to EET within APC 

trimers. 
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1 INTRODUCTION 

Cyanobacteria harvest light for photosynthesis via huge membrane-bound, multi-

molecular complexes, the phycobilisomes (PBSs). The PBS is a well-organized 

stack of coloured phycobiliproteins (PBPs) and colour-less linker peptides. The 

PBPs bind open-chain tetrapyrrole chromophores, which would otherwise be 

insoluble in the cellular aqueous environment. During the last two decades, it has 

been shown that PBPs do not just hold chromophores, but also play a vital role in 

defining the chromophores’ spectral characteristics, which determine the direction, 

rate and efficiency of excitation energy transfer (EET) (for reviews see (Sidler 

1994; Watanabe and Ikeuchi 2013)).   

Allophycocyanin (APC) is a red-light absorbing PBP that covalently binds 

phycocyanobilin (PCB) chromophores. Together with other proteins such as LCM, 

LC and allophycocyanin-B, APC forms the core of the PBS (Gingrich et al. 1983; 

Ducret et al. 1998). APC is a trimer (radius: ~11 nm, thickness: ~3 nm) of 

monomers, each consisting of two peptides, called the α- and β-subunits, both 

containing a single PCB attached to a conserved cysteine residue.   

Monomeric APC has an absorption spectrum similar to that of C-phycocyanin (C-

PC). However, when APC monomers form a trimer, the absorption spectrum shows 

a red-shift of ~30 nm (Lundell and Glazer 1981; MacColl 2004; McGregor et al. 

2008) as compared to, for instance, C-PC trimers. This enables APC to be the 

energy transfer mediator between higher-energy absorbing peripheral PBPs and 

lower-energy absorbing LCM and/or allophycocyanin-B, which further transfer 

energy to the reaction centre chlorophylls. Upon trimer formation, the PCB 

chromophore of the α-subunit of one monomer comes close to a PCB, attached to 

the β-subunit of another monomer. The close proximity of these chromophores is 

accompanied by a red-shift, although the physical nature of this red-shift is still 

under debate and various mechanisms have been proposed. (Peng et al. 2014) 

suggested that the unique geometry of PCB in APC causes the red-shift. 

(McGregor et al. 2008) proposed that the red-shift is due to special coupling of the 

hydrophobic protein micro-environment around αPCB created by the β-subunit. 
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Excitonic interaction between the αPCB and βPCB in adjacent monomers has also 

been proposed to cause the red-shift (MacColl 2004). 

Based on the existing literature it was concluded in (van Amerongen H, Valkunas 

L, van Grondelle R 2000) that EET between both pigments occurs via incoherent 

downhill Förster transfer from the pigment in the β-subunit to the one in the -

subunit with a time constant in the order of 1 ps. Further equilibration between 

these pigment pairs within the trimer on the other hand takes tens of ps but it is not 

expected to be accompanied by significant spectral changes. However, in some 

recent experiments on APC crystals, we observed some large unexpected spectral 

changes on a time scale of tens of picoseconds. To study this apparent 

controversy in more detail, we performed time-resolved fluorescence 

measurements on APC trimers, purified from Phormidium sp. A9DM, in crystalline 

and solution form (Sonani et al. 2015).   

2 Materials & Methods 

2.1 Protein preparation and crystallization 

The APC 660 (referring to the fluorescence maximum at 660 nm) trimers were 

purified from Phormidium sp. A9DM and crystallized as described earlier (Sonani et 

al. 2015).  The crystals did not show any sign of APC 680 fluorescence. 

2.2 Steady-state absorption measurements 

The steady-state absorption spectrum of APC in 0.05 M phosphate buffer (pH 8.0) 

was recorded at 25 ± 0.2 oC on a UV-visible spectrophotometer (Specord 210, 

Analytik Jena AG, Jena, Germany).  

2.3 Fluorescence lifetime imaging microscopy (FLIM) 

Time-correlated single-photon-counting FLIM measurements on crystals were 

performed similarly as in earlier studies in our laboratory on crystals of other 

photosynthetic complexes (Pascal et al. 2005; van Oort et al. 2008, 2011, 2014). 

The measurements were done on a Leica SP5X-SMD multi-mode confocal laser-
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scanning microscope using a 63x water immersion 1.2 NA lens. APC crystals were 

excited using a white-light laser (WLL or super continuum laser), which emits a 

continuous spectrum between 470 and 670 nm, from which individual excitation 

wavelengths can be selected. Confocal imaging was performed using internal filter-

free spectral hybrid detectors. Excitation was performed at 594 nm and 

fluorescence was detected around 645 nm with a spectral bandwidth of 5-10 nm. 

Detection was not performed in the fluorescence maximum in order to avoid 

saturation of the detector. FLIM images with a frame size of 128 × 128 pixels were 

acquired with an SPC730 TCSPC imaging module (Becker & Hickl, Berlin, 

Germany). The images were analysed with the SPCImage software (Becker & 

Hickl, version 3.2.3.0, Berlin, Germany).  

Each pixel contains a time trace of the fluorescence emission up to several 

nanoseconds. The size or scale of the image is 246 μm × 246 μm. The time-

resolved fluorescence of each pixel of the FLIM image was fitted with a single 

exponential decay: 

𝒂𝒂 × 𝐞𝐞𝐞𝐞𝐞𝐞 (−𝒕𝒕
𝝉𝝉

)      (1) 

where 𝑎𝑎 is the amplitude, 𝜏𝜏 is the fluorescence lifetime, and t is the time after 

excitation. Each pixel in the FLIM image is colour-coded, using SPCImage, 

according to the fluorescence lifetime of that pixel. The lifetimes are also presented 

in a histogram in which the horizontal axis represents the lifetime in picoseconds 

and the vertical axis the corresponding pixel frequency of these lifetimes. Only 

those pixels were selected for which the peak was at least 40% as high as the 

brightest pixel in the image in order to obtain a good signal to noise ratio. A typical 

maximum peak value was ~700 photons. The lifetimes were also calculated after 

binning each pixel with the 24 surrounding pixels (average of in total 5 × 5 pixels).  

 

2.4 Time-resolved fluorescence spectroscopy 

Time-resolved fluorescence measurements were performed with a picosecond 

streak camera at room temperature (van Stokkum et al. 2008; Tian et al. 2011; 
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Chukhutsina et al. 2015) and a laser repetition rate of 4 MHz. The APC crystals 

and protein solution were put on thin glass plates and were excited using a Nikon 

CFI Plan Apo Lambda 10x objective lens with an excitation wavelength of 590 nm 

and a power of 3-7 nW. The excitation of APC crystals was achieved in the 

following way. The sample was scanned with the focused laser beam and the 

sudden detection of an intense fluorescence signal that would disappear again by 

a slight movement of the excitation light demonstrated that an APC crystal was 

being excited.  

The images were corrected for the wavelength dependency of the detector and 

then sliced into 5 nm wide time traces. The fluorescence kinetics of APC crystals 

were recorded with a 800 ps and 2000 ps time window and those of APC proteins 

in solution with a time window of 2000 ps. 

Global and target analysis were performed as described in (Tian et al. 2012; 

Chukhutsina et al. 2015), using Glotaran (Snellenburg et al. 2012) and the TIMP 

(Mullen and van Stokkum 2007) package for R. 

The average fluorescence lifetime for different detection wavelengths was 

calculated according to: 
∑ 𝝉𝝉𝒊𝒊×𝑫𝑫𝑫𝑫𝑫𝑫𝒊𝒊(𝝀𝝀)𝒊𝒊
∑ 𝑫𝑫𝑫𝑫𝑫𝑫𝒊𝒊(𝝀𝝀)𝒊𝒊

      (2) 

where 𝜆𝜆 is the wavelength of detection, 𝐷𝐷𝐷𝐷𝐷𝐷𝑖𝑖(𝜆𝜆) is the ith decay associated 

spectrum (DAS) obtained from global analysis and 𝜏𝜏𝑖𝑖 is the corresponding lifetime. 

The time-zero spectrum was obtained by adding all the DAS that were obtained 

from the global analysis for one sample. This sum spectrum represents the 

fluorescence spectrum directly after excitation and relaxation to the Qy states if no 

additional fast relaxation processes occur that are not captured by the fitting 

procedure. All the DAS presented in this work are normalized to the maximum of 

the corresponding time-zero spectrum unless stated otherwise. 
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3 Results and Discussion 

3.1 Steady-state absorption spectrum and chromophore conformation 

In Fig. 1 the absorption spectrum of APC is given together with its Gaussian 

decomposition, showing four separate components (black dashed lines, 1-4). The 

absorption spectrum shows a sharp absorption band at 653 nm with a broad 

shoulder band centred at 620 nm. APC contains two PCBs: one in the α-subunit 

bound to α81Cys and another in the β-subunit bound to β81Cys (hereafter αPCB 

and βPCB, respectively) ((Sonani et al. 2015), PDBID: 4RMP). It is well established 

that the APC phycocyanobilins with a high deviation from co-planarity of their four 

pyrrole rings absorb light at shorter wavelengths than PCBs with a low deviation 

(Peng et al. 2014). PCB contains four pyrrole rings designated as A, B, C and D, 

and it is connected to the protein via its A ring (Fig. S1a). In Phormidium APC, the 

deviation from co-planarity of the rings in βPCB is higher than that in αPCB (Figs. 

S1b-c) ((Sonani et al. 2015), PDB ID: 4RMP). Therefore, it is most likely that the 

Gaussian absorption components 1 and 2 are due to βPCB whereas the other two 

(3 and 4) should be contributed by αPCB, which is in agreement with earlier 

assignments (see e.g. (van Amerongen H, Valkunas L, van Grondelle R 2000)). 

The two chromophores in an αβ-monomer are separated by more than 50 Å; 

however, the αPCB of one monomer is only 21 Å away from the βPCB of the 

adjacent monomer within the APC trimer. APC trimers contain three such pairs of 

spatially clustered low (αPCB) (absorption peak at ~630 nm and ~653 nm) and 

high (βPCB) (absorption peak at ~575 nm and ~620 nm) -deviation (from co-

planarity) chromophores and all αPCBs are arranged more towards the periphery 

of the trimer ring as compared to βPCB (Fig. S2).  
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Fig. 1 Absorption spectrum (A, intact line) of purified Phormidium APC. Gaussian decomposition 
components of the APC absorption spectrum are represented by the dashed lines (1-4) 

3.2 FLIM 

We studied the fluorescence kinetics of APC trimers (in crystals) by FLIM and time- 

and spectrally-resolved streak-camera measurements. The results of the FLIM 

measurements on APC crystals are presented in Fig. 2. The crystals were excited 

at 594 nm and the fluorescence was recorded at 645 nm. One lifetime was enough 

to fit the kinetics per pixel. The fitted fluorescence lifetime for the crystals mainly 

ranged from 650 ps to 700 ps and the crystals showed a homogeneous lifetime 

distribution (see the histogram in Fig. 2). The fluorescence lifetime for different 

detection wavelengths was also calculated using the global analysis of streak-

camera images and the results are presented in Fig. S3.    
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Fig. 2 FLIM image of APC crystals (left) and the corresponding histogram of the lifetimes (right). 
The FLIM image is made up of 128 × 128 pixels. The image of the crystals roughly contains ~400 
pixels. The size of the FLIM image is 246 μm × 246 μm. The excitation and detection wavelengths 
are 594 nm and 645 nm 

3.3 Time-resolved fluorescence measurements on APC crystals and APC 
protein solution 

APC crystals and the APC protein solution were subsequently measured with the 

streak-camera setup and the data were globally analysed (see Materials and 

Methods). In all cases, three lifetimes were required to fit the data, in contrast to 

the FLIM data, where the signal to noise ratio was much lower and the time-

resolution was less. The fitting results of APC crystals and of APC protein solution 

are presented in Figs. 3a-b. Figs. 3c-d show selected measured and fitted time 

traces of APC crystals and APC protein solution, respectively. Each DAS is scaled 

according to the maximum of the estimated time-zero spectrum. The 25 ps DAS for 

the crystals and the 67 ps DAS for the protein solution have very similar 

characteristics, showing a broad positive band below 650 nm and a negative band 

peaking between 660 and 665 nm. Based on the spectral differences between 

βPCB and αPCB described above, we assign the 25 ps and 67 ps DAS in Fig. 3 to 

EET from βPCB to αPCB. Also in (Holzwarth et al. 1990) using time-resolved 

fluorescence spectroscopy the authors obtained a 25 ps DAS with a positive peak 

at 650 nm and a broad negative peak at 660-690 nm. The broadness of the 

negative peak was explained by a broad range of conformations due to a lack of 

linker peptides. Time-resolved measurements on wild-type (WT) Synechocystis sp. 

PCC 6803 revealed a 43 ps DAS with a similar shape (see SI and Fig. S4a).  
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In Fig. 3 the 90 ps DAS of the crystals and the 445 ps DAS of the APC protein 

solution showed positive maxima at 660 nm and 660-665 nm, respectively.  These 

positive DAS represent only decay of fluorescence. In (Holzwarth et al. 1990) a 720 

ps DAS was observed with a broad positive peak centred at 660 nm together with a 

third DAS with a lifetime of 1700 ps, also centred at 660 nm. The presence of such 

a broad band together with the presence of different long lifetimes was ascribed to 

conformational heterogeneity. However, the 90 ps DAS we obtained has a narrow 

shape that suggests a well-defined conformation of the corresponding 

chromophores.   

In Fig. 3 the 820 ps and 1920 ps DAS of crystals and protein solution, respectively, 

showed a positive peak at 660-665 nm, which reflects fluorescence decay.  Both 

DAS reflect a well-defined conformation and have the same shape (Fig. S4c).  

In the literature, it is generally reported that EET between spectrally different 

chromophores in APC protein solution occurs with a time constant of ~1 ps or less 

(van Amerongen H, Valkunas L, van Grondelle R 2000). Although slow processes 

were reported before, they were not assigned to EET; for example as discussed 

earlier, the 25 ps DAS obtained in (Holzwarth et al. 1990) was assigned to the 

decay from the upper excitonic level to the lower excitonic level. In (Zhang et al. 

1998) both time-resolved isotropic and anisotropic fluorescence spectroscopy 

revealed, amongst other components, a 40 ps component. The authors assigned 

the 40 ps lifetime to EET between β84 PCB chromophores in the centre of the APC 

trimer after exciton localization had occurred within several picoseconds. However, 

it is not clear how the ~40 ps lifetime could be observed in the isotropic 

measurements. In (Beck and Sauer 1992), one-colour pump-probe experiments 

resolved, amongst other components, a 45±10 ps decay component between ~590 

nm and ~650 nm, with positive amplitude and no negative amplitude at longer 

wavelengths. The high power of 5-8 mW that was used, potentially leading to 

singlet-singlet annihilation, could have been the reason for the absence of a rise 

term (a negative amplitude) at longer wavelengths. 
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Fig. 3 a-b) DAS obtained from the global analysis of fluorescence data of APC crystals and APC 
protein solution as measured with the streak camera are shown in a and b, respectively. The 
excitation wavelength was 590 nm. The DAS were normalized to the maximum of the time-zero 
spectrum. c-d) Selected measured and fitted time traces of APC crystals and APC protein 
solution. The numbers in the legends indicate the detection wavelength. The solid lines 
represent the fits to the time traces  
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3.4 Target analysis 

To estimate the various spectral components and their contribution to the overall 

kinetics, we have performed target analysis. Because we resolved three DAS we 

also used three compartments. At least two of these should have a different 

spectrum because the fastest DAS reflects EET between components with different 

spectra. The target models for crystals and APC protein solution are shown in Figs. 

4a-b. The initial fractional populations, which provided the best fits, are given for 

each compartment.  

As we stated before both ultrafast and slow EET processes occur in APC trimers. 

This is justified by the presence of ultrafast EET as reported in the literature and 

the tens of ps EET process in the present work but also reported in for instance 

(Holzwarth et al. 1990). The monomeric unit of APC trimers contains αPCB and 

βPCB. Regardless which of the αPCB and βPCB has the lower energy, we call 

them red and blue spectral forms so that the red form represents the lower energy 

species. According to the absorption decomposition of Fig. 1 initially only the blue 

forms are excited. If there was only slow EET, then the initial population of the blue 

form would have been 1, and if there was only ultrafast EET the initial population of 

the blue form would have been 0 and we would not have been able to observe 

EET in our measurements as the time resolution of our setup was ~10 ps. The 

initial population that gives the best fit shows that at time zero the majority of the 

population resides already in the red spectral form and to a lesser extent in the 

blue spectral from. This confirms that ultrafast and slow EET co-exist. 

Considering the crystal structure, the coexistence of “fast” and “slow” downhill EET 

is unexpected.  We therefore propose that not all the closely spaced α-and βPCBs, 

dashed-orange ovals in Fig. S2, contain a red and blue spectral form, but some of 

them contain a blue-blue pair. Only after the initial ultrafast EET between red and 

blue forms has taken place, there is excitation energy transfer from a blue-blue pair 

to the red form in a neighbouring red-blue pair. Using the obtained initial 

populations, the percentage of these blue-blue pairs can be estimated. If the 

ultrafast EET happens only between the blue and red forms, then after ~1 ps the 

only population remaining in the blue spectral form consists of blue-blue pairs. The 
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time resolution of our measurements as stated before is ~10 ps so we cannot 

resolve the initial ultrafast EET and the slow EET occurs between the blue-blue 

and red-blue forms after the ultrafast EET has already occurred. If there are n blue-

blue pairs and m red-blue pairs then the ratio of the number of blue spectral forms 

in the blue-blue pairs to the total number of blue spectral forms is 2𝑛𝑛
2𝑛𝑛+𝑚𝑚

. This ratio 

should be the same as the initial population of the blue-blue pairs, which is 0.2 in 

Fig. 4. This results in 𝑚𝑚 = 8𝑛𝑛, meaning that ~10% of the closely spaced α- and 

βPCBs are blue-blue pairs and ~90% are red-blue pairs. 

In Figs. 4a-b the ratio of the rate of EET from the blue to the red compartment to 

the rate of EET from the blue to the black compartment was made equal to the 

ratio of the initial populations of the red and black compartments. For example, in 

Fig. 4a the initial population of the red compartment is 4 times larger than that of 

the black compartment, so the rate of EET from the blue compartment to the red 

compartment is 4 times faster than the rate of EET from the blue compartment to 

the black compartment. 

In Fig. 4a the blue compartment transfers its excitation energy to the black and red 

compartments with rates of (130 ps)-1 and (33 ps)-1, respectively; as a result the 

blue compartment decays with a rate of (26 ps)-1. The black and red compartments 

in turn decay to the ground state with rates of (88 ps)-1 and (820 ps)-1, respectively.  

In Fig. 4b the blue compartment transfers its excitation energy to the black and red 

compartments with rates of (230 ps)-1 and (95 ps)-1, respectively. The blue 

compartment then decays with an overall rate of (67 ps)-1. The black and red 

compartments in turn decay to the ground state with rates of (444 ps)-1 and (1920 

ps)-1, respectively. 

The area under the SAS is proportional to the radiative rate of the corresponding 

species multiplied by an instrument-dependent factor (Loefroth 1986; Holzwarth et 

al. 1987). In Fig. 4a the area under the red SAS is ~1.6 times larger than that of the 

black SAS. One would then expect that the red SAS decays with a faster radiative 

rate than the black SAS. However, it is the black SAS that decays ~9 times faster. 

This indicates that the origin of the short lifetime of the black SAS must be non-
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radiative in nature. The same argument applies to the SAS in Fig. 4b, the black 

SAS has a ~1.33 larger area than the red SAS, however, it decays ~4.3 times 

faster. This indicates that the origin of the shorter lifetime of the back SAS is also 

non-radiative.  

At the moment we can only speculate why not all blue forms are in close contact 

with a red form. One possible reason is that not all pigment-binding sites are 

occupied by pigments, which prevents fast EET between closely coupled pigments 

and only transfer to more distant pigments can occur on a time scale of tens of 

picoseconds. Although we cannot completely rule out this possibility, it seems more 

likely that the same bilin molecules can adopt both a blue and a red conformation 

in the APC trimers. As was already discussed above, a switch from blue to red 

occurs upon the oligomerization of monomers into trimers and may be linked to a 

change in planarity of the bilin molecules. Possibly an equilibrium exists between 

such blue and red forms as was also observed for chlorophyll a molecules in plant 

light-harvesting complexes (Passarini et al. 2010; Krüger et al. 2011). It was 

demonstrated with the use of single-molecule fluorescence experiments that the 

fluorescence maximum of LHCII, the major light-harvesting complex of plants, can 

switch from a form that has a fluorescence maximum around 675 nm to a form with 

a maximum far above 700 nm on a time scale of seconds to tens of seconds 

(Krüger et al. 2011). Alternatively, the presence of a dynamic equilibrium between 

the monomeric and trimeric form may lead to the observed heterogeneity although 

this seems less likely in the case of crystallized APC. 

In conclusion, we have measured excitation energy transfer in APC when present 

in trimeric form in solution and when crystallized. Most of the EET between blue 

and red spectral forms occurs within several picoseconds as expected from the 

crystal structure but there is also ~10% of the excitations that is transferred on a 

time scale of tens of picoseconds, meaning that not all supposedly red pigments 

have adopted a “red conformation”. The rate of EET between the blue and red 

forms differs for solution and crystal and apparently, the crystal form is not exactly 

the same as the solution form. This might also explain why the fluorescence 

lifetimes are not identical. The “slow” blue-to-red EET component is also observed 
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in whole cells of WT Synechocystis sp. PCC 6803. This component was previously 

ascribed to EET from C-PC to APC but according to the present results it might 

also be partly due to EET within APC. 

 
Fig. 4 Three species associated spectra (SAS) as obtained from target analysis are shown for 
APC crystals and protein solutions in a and b, respectively. The model used is shown in the 
figure inset. Each compartment represents an emitting species and the number written on it is 
the initial fractional population of excitation. The total initial population is summed to 1. The 
colour of each SAS corresponds to the colour of each compartment 
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Supplementary Information 

Methods 

Wild-type Synechocystis sp. PCC 6803 cells were measured in a quartz cuvette 

with an optical length of 1 cm. The OD of the cells was ~0.1 at 670 nm in a cuvette 

of 1 cm optical length. The cells were excited using 577-nm laser pulses, FWHM 

10 nm, and a lens with focal length of 7 cm. The repetition rate of the laser was 4 

MHz and the power of the excitation light was ~7 μW. The measurements were 

performed at room temperature. 

The images, recorded by the streak camera with a 800 ps time window, were 

corrected for the wavelength dependency of the detector and then sliced into 2.5-5 

nm wide time traces. Global analysis was performed as described in the main text. 

The chemical structure of phycocyanobilin and spatial structure of 
allophycocyanin trimers 
 

 
Fig. S1 a) Schematic representation of the PCB chemical structure. b) top view and c) side view 
of 3D conformation of αPCB (cyan) and βPCB (violate) in the Phormidium APC structure (protein 
data bank code 4RMP). The deviation from co-planarity among the pyrrole rings is notably 
higher in βPCB than in αPCB 
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Fig. S2 Spatial arrangement of PCBs in an APC trimer. The αPCBs and βPCBs are shown in cyan 
and violet, respectively. The dashed-grey shape is a schematic representation of the αβ-
monomer. The dashed-orange ovals represent the closely spaced (~21 Å centre-to-centre 
distance) pigments 

Average lifetimes calculated by global analysis of streak camera data 

The fluorescence lifetimes for the APC crystals and protein solution detected with 

streak camera at 645 nm were calculated as 645 ps and 1.2 ns, respectively (Fig. 

S3). The fluorescence lifetime of APC crystals detected with the streak camera and 

with the FLIM setup (detection at 645 nm, see the histogram in Fig. 2) were very 

similar, which confirms that the time-resolved measurements carried out with the 

streak camera were indeed performed on APC crystals. 

 
Fig. S3 The fluorescence lifetime of APC crystals and protein solution for different detection 
wavelengths. The lifetimes were calculated from the global analysis of streak-camera images 
using equation 2 in the main text. The vertical line shows the 645 nm wavelength that is also the 
detection wavelength in the FLIM image of Fig. 2 
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Comparing the DAS of WT Synechocystis and those of APC in crystal and 
solution 

Time-resolved fluorescence measurements in (Tian et al. 2011) on WT 

Synechocystis sp. PCC 6803 cells and in (Tian et al. 2012) on isolated PBS of WT 

Synechocystis sp. PCC 6803 and isolated PBS from a mutant lacking intermediary 

and core-distal C-PC hexamers (Ughy and Ajlani 2004) yielded DAS, similar to the 

25 ps and 67 ps DAS in Fig. 3. The 39 ps DAS of whole cells (Tian et al. 2011), the 

42 ps DAS of isolated WT PBS (Tian et al. 2012), and the 19 ps DAS of isolated 

PBS lacking the intermediary and core-distal C-PC hexamers (Tian et al. 2012) 

were assigned to EET from C-PC to APC 660 trimers. The similarity between the 

DAS of the APC protein solution and the 39 ps DAS of whole cells suggests that 

the latter can equally well be assigned to EET within APC 660 trimers, at least 

partly (see below). We also performed time-resolved measurements on WT 

Synechocystis sp. PCC 6803 and obtained a 43 ps DAS from the global analysis 

that again looks very similar to the 25 ps and 67 ps DAS of crystals and protein 

solution, respectively (see Fig. S4a). This further supports our suggestion that the 

39 ps DAS in (Tian et al. 2011) is at least partly due to EET within APC trimers in 

the intact cells at room temperature. The difference in the EET lifetimes might be 

due to a difference in the interaction strength between αPCB and βPCB in the 

different samples due to the different environments that all these proteins 

experience, i.e. they are either present in a crystal, solution or a phycobilisome, 

which might influence the degree of compaction or the number of neighbouring 

pigments to which EET can take place.  
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To compare the shapes of the DAS obtained for APC crystals and APC in solution 

(see Fig. 3), we grouped different DAS and presented them in Fig. S4. In Fig. S4a 

the 25 ps and 67 ps DAS are normalized to the maximum of their corresponding 

time zero spectrum. The 43 ps DAS is multiplied by 0.11 to make its amplitude 

comparable to those of the other two. The rest of the DAS in Figs. S4b-c are 

normalized to their maximum. In Fig. S4d the time-zero spectrum is shown.  

 
Fig. S4 a-c) Comparison between the DAS of APC crystals and protein solution. In a one of the 
DAS of WT Synechocystis sp. PCC 6803 as obtained with the streak camera is also presented. d) 
Time-zero spectrum of APC crystals and APC in solution 
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Abstract 

Cyanobacteria use chlorophyll and phycobiliproteins to harvest light. The resulting 

excitation energy is delivered to reaction centers (RCs), where photochemistry 

starts. The relative amounts of excitation energy arriving at the RCs of photosystem 

I (PSI) and II (PSII) depend on the spectral composition of the light. To balance the 

excitations in both photosystems, cyanobacteria perform state transitions to 

equilibrate the excitation energy. They go to state I if PSI is preferentially excited, for 

example after illumination with blue light (light I), and to state II after illumination with 

green-orange light (light II) or after dark adaptation. In this study, we performed 77-

K time-resolved fluorescence spectroscopy on wild-type Synechococcus elongatus 

7942 cells to measure how state transitions affect excitation energy transfer to PSI 

and PSII in different light conditions and to test the various models that have been 

proposed in literature. The time-resolved spectra show that the PSII core is 

quenched in state II and that this is not due to a change in excitation energy transfer 

from PSII to PSI (spill-over), either direct or indirect via phycobilisomes.  

Introduction 

The first step of photosynthesis is light harvesting (Croce and van Amerongen 2014) 

and in cyanobacteria, the light is harvested by chlorophyll a (Chl a) molecules in 

photosystems I and II (PSI and PSII) and bilins in the phycobilisomes (PBSs). The 

excited-state energy is delivered to the reaction centers (RCs) of both photosystems, 

where charge separation takes place and the subsequent photochemistry reactions 

lead to the production of biomass. PSI and PSII are embedded in the thylakoid 

membrane and both photosystems work in series. In addition, PBSs are used as 

accessory light-harvesting antennae that are mainly associated with PSII on the 

cytoplasmic side (Watanabe and Ikeuchi 2013). Depending on the spectral 

composition of the light, the relative amounts of energy arriving at the RCs of PSI 

and PSII can vary. The excitation energy can be redistributed between PSI and PSII, 

due to a change in the interaction between PBS, PSI, and PSII under redox control 

of inter-photosystem electron carriers, a process called state transitions (Kirilovsky 

2015). State I is induced when PSI is preferentially excited (illumination by blue or 

far-red light (Kirilovsky 2015)) and hence the inter-photosystem electron carriers are 
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more oxidized. State II is induced by preferential excitation of PSII (illumination by 

orange-green light) or by dark-adaptation (Kirilovsky 2015), which results in more 

reduction of the inter-photosystem electron carriers. State I (state II) is characterized 

by a high (low) fluorescence yield of PSII at room temperature and a high (low) 

PSII/PSI emission ratio at 77 K (Kirilovsky 2015). While dark-adaptation induces 

state II and blue-light adaptation induces state I, other colors of light such as yellow-

orange bring the cells to a state between state I and II (Mullineaux and Allen 1990; 

Kirilovsky 2015).   

Several mechanisms have been suggested for state transitions. One possible 

mechanism is the transfer of excitation energy from PSII to PSI, which is called spill-

over. According to the spill-over model (Bruce et al. 1989; Vernotte et al. 1990), 

excitation energy transfer (EET) takes place between Chl a molecules of PSI and 

PSII without any involvement of PBSs. Reversible migration of PBSs between PSI 

and PSII has also been used to explain state transitions and in this case only PBSs 

play a role (Mullineaux 1992). A combination of spill-over and slight PBS movement 

has also been suggested to regulate the energy (re)distribution (McConnell et al. 

2002). In this model PBSs feed excitation energy to both PSI and PSII. The isolation 

of a functional cyanobacterial megacomplex that includes PSI, PSII and PBS may 

support this idea (Liu et al. 2013). In another study it was concluded that upon dark 

to light transitions a fraction of the PBSs decouples from PSI, but does not attach to 

PSII afterwards (Chukhutsina et al. 2015b). 

In this study, we used time-resolved fluorescence measurements at 77 K to study 

state transitions in wild-type (WT) Synechococcus elongatus 7942 cells. Time-

resolved fluorescence measurements have been used before to study light 

harvesting and its regulation in cyanobacteria (Bruce et al. 1985, 1986; Krumova et 

al. 2010; Tian et al. 2011, 2013; Chukhutsina et al. 2015a, b; van Stokkum et al. 

2018). This study attempts (1) to reveal the differences in EET in state I and II and 

to verify/falsify existing models for state transitions; and (2) to assess whether state 

I-light II transitions and state II-light II transitions involve the same processes (light 

I/II is the light with spectral composition that preferentially excites Photosystem I/II). 



Chapter 3 
 

60 
 

Materials and Methods 

Strains and Growth Conditions 
Wild-type Synechococcus elongatus 7942 and Synechocystis PCC 6803 cells were 

grown at 30oC in a medium containing 20 ml/liter BG-11, 0.85 g/liter sodium 

bicarbonate, and 1.75 g/liter sodium nitrate at pH 8.0. A white light source with an 

intensity of 50 μmol photons m-2 s-1 was used to illuminate the cells. The spectrum 

of the growth light is presented in Figure S1 in the SI. The cells were grown in 250 

ml flasks with culture volume of 60 ml that were shaken at 100 rpm.  

Sample Preparation  

The cells were grown in a fresh medium, starting at an optical density of 0.3 at 800 

nm (OD800 scattering and 1 cm light path). For time-resolved spectroscopy 

measurements the cells were harvested at an OD800 of ~0.55-0.70. They were diluted 

with fresh medium to an OD630 of ~0.30, as measured with a spectrophotometer with 

integrating sphere. 

The cells were pre-conditioned in four different conditions: dark (state II), dark-blue 

(State I), dark-orange (State II-to-Light II), and dark-blue-orange (State I-to-Light II). 

Dark-blue-orange means that after the cells were dark adapted for at least ~15-20 

minutes, they were then illuminated by blue light for ~20 minutes, and subsequently 

with only orange light for ~20 minutes. Each stage of adaptation took ~20 minutes 

and the maximum fluorescence upon illumination of a saturating pulse (closing the 

RCs) was monitored with the pulse-amplitude modulation (PAM) technique to make 

sure that cells reached an equilibrated state. A 440 nm (full with at half maximum 

(FWHM) of 40 nm) filter and a 605 nm (FWHM of 30 or 50 nm, both give the same 

result) filter were used for blue and orange light illumination. The intensity of either 

color of light was 50-65 μmol photons m-2 s-1 for Synechococcus elongatus 7942 and 

35-50 μmol photons m-2 s-1 for Synechocystis PCC 6803. Samples were collected in 

a glass Pasteur pipette with a diameter of ~1 mm and were frozen in liquid nitrogen 

for the fluorescence measurements.  

Steady-state absorption spectroscopy 
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A Cary 5E spectrophotometer, equipped with an integrating diffuse reflectance 

sphere (DRA-CA-50, Labsphere) was used to measure absorption  spectra and 

correct for light scattering by the cells. To start growing the cells at OD800 of 0.3 and 

to harvest them at an OD800 of ~0.55-0.70, we did not use the integrating diffuse 

reflectance sphere. 

Steady-state fluorescence spectroscopy 
Steady-state fluorescence at 77 K was recorded with a Jobin Yvon Fluorolog FL3-

22 spectrofluorimeter. The recorded spectrum was corrected for wavelength-

dependent sensitivity of the detector and fluctuations in the lamp output. The 

excitation wavelengths were 577 nm and 430 nm with a bandwidth of 4.5 nm. The 

detection bandwidth was 2 nm. The spectra were averaged over several 

measurements. 

Time-resolved fluorescence spectroscopy 

Time-resolved fluorescence spectroscopy was performed using a picosecond 

streak-camera system as described before (van Stokkum et al. 2008; Tian et al. 

2011; Chukhutsina et al. 2015b). 800 nm pulsed light from a Ti:sapphire laser 

(Coherent, Mira) was fed into a FemtoWHITE 800 tube (NKT photonics, part of 

Thorlabs’ Supercontinuum generation kit).  From its broad spectral output (470-700 

nm), light centered at 577 nm (FWHM of 10 nm) was selected with a bandpass filter. 

For 430 nm excitation the frequency-doubled output of the Ti:sapphire laser (860 

nm) was used. The repetition rate of the laser was 3.8 MHz with a power of ~ 30 μW 

for 577 nm and ~100 μW for 430 nm excitation. A lens with focal length of ~7 cm 

was used to focus the light resulting in a spot size of ~0.1 mm in both cases.  

Global analysis of time-resolved fluorescence data 
 

The fluorescence decay was recorded with 2000-ps and 800-ps time windows. The 

800-ps time window has a better time resolution and allows to resolve the faster 

fluorescence decay processes. The 2000-ps time window allows for a better 

estimation of longer lifetimes and it was used to verify if the ns fluorescence decay 

component recorded with 800-ps time window was estimated correctly, which was 
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indeed the case. Each image was corrected for the wavelength dependency of the 

detector and then sliced into ~ 4 nm time traces.  

Several measurements on dark-adapted cells (state II) were analyzed together so 

that all the measurements have the same lifetimes and decay-associated spectra 

(DAS); the DAS for different measurements on dark-adapted cells could only differ 

by a constant accounting for different levels of the fluorescence intensity. The same 

procedure was used for other measurements with the cells in the same condition, 

such as all measurements on blue-adapted cells (state I). The measurements 

performed on state I-to-Light II and state II-to-Light II were fitted with the same 

lifetimes while their amplitudes were fitted independent of each other. Global 

analysis, based on the singular-value decomposition (SVD) method, was performed 

as described in (Chukhutsina et al. 2015b), using the Glotaran (Snellenburg et al. 

2012) and TIMP package (Mullen and van Stokkum 2007) for R. The instrument 

response function (IRF) of the streak-camera setup was described as a Gaussian 

function with its FWHM as a free fitting parameter. Global analysis of the data led to 

a FWHM of ~11 ps and ~24 ps at time windows 800 ps and 2000 ps, respectively. 

In all cases a fit with five components was required according to the SVD method 

and no meaningful fits with six components were possible, despite the high signal-

to-noise ratios. The quality of the fits is shown in the Supplementary material (Figures 

S2-S4). 

Results  

Steady-state fluorescence spectroscopy 

In Figure 1, the steady-state fluorescence spectra of blue-light- and dark-adapted 

cells (state I and II, respectively) are shown. The spectra were recorded upon 

excitation with 577 nm (mainly PBS excitation) and 430 nm (mainly Chl a excitation) 

light, hereafter called 577 nm and 430 nm spectra. The 577 nm and 430 nm spectra 

were normalized to the peaks at ~655 nm and ~717 nm, respectively. In order to 

normalize the spectra in an independent way, we also added fluorescein for 430 nm 

excitation (77 K fluorescence peak at 500 nm) and rhodamine B for 550 nm excitation 

(77 K fluorescence peak at ~ 570 nm) to compare the samples under different light 
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conditions. Normalizing the recorded spectra to the fluorescence peaks of the added 

dyes yielded the same results as those shown in Figure 1 (see SI, Figures S5-S6). 

Upon 430 nm and 577 nm excitation four peaks were resolved that belong to C-

phycocyanin (C-PC) and allophycocyanin (APC) (655 nm) (Kana et al. 2009), CP43 

in PSII and the terminal emitters of PBS (APC680) (683 nm) (Mörschel and Schatz 

1987; Andrizhiyevskaya et al. 2005; Kana et al. 2009), CP47 and the RCs of PSII 

(695 nm)  (Mörschel and Schatz 1987; Andrizhiyevskaya et al. 2005; Kana et al. 

2009), and to PSI (717 nm) (Andrizhiyevskaya et al. 2002).   

Steady-state spectra obtained both 

with 577 nm and 430 nm excitation 

light demonstrated that  cells in state 

I showed a major increase of 

fluorescence at 683 nm (PBS and/or 

PSII) and 695 nm (PSII) when 

compared to cells in state II, while 

the fluorescence arising from 

phycobiliproteins and PSI remained 

unchanged (see SI Figures S5-S6). 

The lack of a change in PSI emission 

intensity suggests that its antenna 

size did not change during state 

transitions. However, we will 

demonstrate below that time-

resolved fluorescence spectroscopy 

showed that the PSI antenna size 

changed to some extent due to 

detachment of PBSs in state I (see 

Discussion). 

To elucidate if the processes 

involved in fluorescence changes 

Figure 1. 77 K steady-state fluorescence spectra of 
WT Synechococcus elongatus 7942 cells adapted to 
different light conditions. The excitation wavelengths 
are indicated above each plot. The 577 nm (A) and 430 
nm (B) spectra are normalized to the peak at ~655 nm 
and ~717 nm, respectively (See Figures S5-6 for 
normalization to a fluorescent probe). In the legend 
“State I” and “State II” spectra correspond to cells 
that were blue-light- and dark-adapted. “State I to 
Light II” spectrum corresponds to cells that were 
initially dark-adapted, then illuminated by blue light 
(state I) and finally only by orange light (Light II).  
“State II to Light II” spectrum corresponds to cells 
that were initially dark-adapted and then were 
illuminated by orange light (light II). Note that the 
“State I to Light II” and “State II to Light II” spectra 
perfectly overlap. 
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are the same in state I-to-light II and state II-to-light II transitions, blue-light adapted 

cells (state I) and dark-adapted cells (state II) were both illuminated by orange light 

(light II). Figure 1 shows that, under our experimental conditions, the final state in 

both cases was identical and somewhere between state I and II; in other words, the 

final state was independent of the initial state. Probably, it depends only on the redox 

state of the PQ pool under orange light, which in turn depends on the ratio of PSI to 

PSII and the relative energy transfer from PBS to PSI. Also picosecond fluorescence 

measurements on Synechococcus elongatus 7942 cells showed that, under our 

experimental conditions, the final state induced by illumination with orange light was 

independent of the starting state (Figure 4).  

The next issues we addressed concerning state transitions were the origin of the 

fluorescence difference at ~680-695 nm and the roles of PBSs and spill-over. For 

this we resort to time-resolved spectroscopy in the next section. 

Time-resolved fluorescence spectroscopy 

The fluorescence decay kinetics of cells in different states induced by blue, orange 

or dark adaptation were measured with the streak camera using 430 nm and/or 577 

nm excitation at 77 K. Global analysis of the data resulted in decay-associated 

spectra (DAS). Figure 2 shows the comparison of blue-light- (state I) and dark-

adapted (state II) cells excited by 430-nm light (Chl a excitation).  

All the DAS presented in this study are scaled according to the corresponding time-

zero spectrum. The time-zero spectrum is the fluorescence emission spectrum 

directly after excitation if no other relaxation processes occur and it is calculated by 

summing all the DAS obtained from global analysis. 

Both the lifetime and spectral shape of the 4-ps DAS, Figure 2A, were very similar 

for both states.  The negative peak of C-PC around 640-645 nm was due to EET 

from the high-energy pigments in C-PC to the lower-energy pigments (Tian et al. 

2011). The positive peak at ~685 nm was mainly due to short-wavelength Chl a in 

PSI and the negative signal between ~700 nm and ~800 nm corresponded to an 

increase of long-wavelength PSI emission.  
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The second DAS, Figure 2B, had a lifetime of ~12 ps and the shape was very similar 

for states I and II. The positive peak at ~640 nm and the negative peak at ~670 nm 

reflected EET from C-PC to APC (Suter et al. 1984; Krumova et al. 2010; Tian et al. 

2011). The peak at ~690 nm belonged to PSII and those at ~710 nm and ~750 nm 

belonged to PSI.  

Also the third DAS, Figure 2C, with a lifetime of ~52 ps, was very similar for both 

states. The fluorescence of C-PC was visible at ~645 nm. The peaks at ~683 nm 

and ~702 nm corresponded to Chl a of CP43 of PSII and Chl a of PSI, respectively. 

The broad band around ~735-780 nm was also due to PSI. The first three DAS were 

rather similar for state I and II and they did not show any difference in PSI emission 

caused by spill-over from PSII. 

The fourth DAS, Figure 2D, with a lifetime of ~194 ps, contained peaks at ~650 nm 

(C-PC), ~683 nm (CP43), ~710 nm (PSI) and ~770 nm (PSI). The peak at ~650 nm 

only showed a very small difference for state I and II and the PSI emission was also 

the same for both states. However, the CP43 emission (~683 nm) had a smaller 

amplitude in state II. The decrease of the amplitude in state II came at the expense 

of a rise of the amplitude of the shorter-lived DAS at the same wavelength. This rise 

could be observed when the first three DAS in state I were subtracted from the first 

three DAS in state II (Figure S7). The fact that the PSI emission was the same for 

states I and II argues against a change in spill-over from PSII to PSI. 

The 5th DAS with a lifetime of 1 ns, Figure 2E, had the same shape and amplitude 

for C-PC (~650 nm) and PSI (~720 nm) in state I and II, but the amplitude around 

675-695 nm was higher for the state-I spectrum, which had some contribution from 

CP43, CP47, and (disconnected) PBSs.  

All the DAS showed that the PSI emission did not differ for state I and II. This rules 

out the spill-over model as a way to re-distribute excitation energy during state 

transitions. The only difference between the DAS in states I and II arose from the 

PSII emission. PSII had a lower emission in state II while the PSI emission remained 

the same, which means that PSII was quenched in state II but not by PSI. 
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Figure 2. DAS obtained from global analysis of time-resolved measurements on WT 
Synechococcus elongatus 7942 cells in state I (blue-light adaptation) and state II (dark adaptation). 
The excitation wavelength is 430 nm (mainly Chl a excitation) and each DAS shown in A-E is scaled 
in accordance with the time-zero spectrum in F. To show the relative amplitude of different DAS, 
all the DAS in state I are shown on top. 
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To investigate the role of PBSs in state transitions we used 577 nm excitation light 

for the time-resolved fluorescence measurements to mainly excite PBSs, and the 

results of the global analysis of the obtained data are given in Figure 3. 

The first DAS, Figure 3A, was very similar for both states and had a lifetime of ~9 

ps. Its positive and negative peaks at ~625 nm and ~650 nm indicate EET within the 

C-PC rods (Tian et al. 2011, 2012). We assign the positive peak of the 9 ps DAS at 

685 nm to Chl a, which transfers its excitations to the long-wavelength pigments in 

PSI. The latter pigments are responsible for the negative band above 700 nm.  

The second DAS, Figure 3B, which was also similar for both states, had a lifetime of 

26 ps and 21 ps in states I and II. This DAS with its positive and negative peaks at 

~640 nm and ~680 nm reflected EET from C-PC to APC680.  

The third DAS, Figure 3C, had a lifetime of 85 ps and 75 ps in states I and II, 

respectively. There were three peaks at ~645 nm, ~680 nm and ~705 nm. We assign 

the ~645 nm peak to C-PC, the ~680 nm peak to APC680 and Chl a, and the peak 

at ~705 nm to PSI. This DAS reflects decay of excitation energy in C-PC, APC680, 

and Chl a. Both DAS had the same amplitude at ~645 nm, but the DAS in state II 

had a higher amplitude at ~680 nm. This rise came at the expense of the decrease 

in amplitude of the long-lifetime DAS at the same wavelength (figures 3D-E) and was 

due to quenching of PSII (see Discussion).  

The fourth DAS, Figure 3D, had lifetimes of 285 ps and 242 ps in states I and II, 

respectively. They had peaks at ~650 nm (C-PC), ~683 nm (PSII), and ~710 nm 

(PSI). The peak at ~650 nm did not differ for state I and state II. The peak at ~683 

nm (PSII) had a lower amplitude in state  

II, which was due to quenching of PSII in state II. The amplitude at ~695 nm (PSII) 

and ~710 nm (PSI) were somewhat lower in state I, which we ascribed to detachment 

of some PBSs from PSI and PSII in state I. 
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Figure 3. DAS obtained from global analysis of time-resolved measurements at 77 K on 
Synechococcus elongatus 7942 cells in state I (blue-light adaptation) and state II (dark adaptation). 
The excitation wavelength is 577 nm (mainly PBS excitation) and each DAS shown in A-E is scaled 
in accordance with the time-zero spectrum in F. To show the relative amplitude of different DAS, 
all the DAS in state I are shown on top. 
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The fifth DAS, Figure 3E, had lifetimes of 1180 ps and 1040 ps in states I and II, 

respectively. The peaks at ~655 nm (C-PC) and ~715 nm (PSI) were almost the 

same for states I and II. However, in state I the peak at ~683 nm (PBS last emitter 

and CP43) was much higher than in state II. PSII was quenched in state II and some 

PBSs detached from PSI and PSII in state I, which resulted in a rise of the 

fluorescence at ~683-695 nm in state I as compared to state II (see Discussion). 

In Figure 4, we compare two groups of WT Synechococcus elongatus 7942 cells that 

were adapted to orange light (light II) but had a different light treatment history for 

cells in which the final light treatment was the same. In one group, the cells were 

initially dark-adapted (state II) and then illuminated with orange light. In the second 

group, the cells were initially dark-adapted, then illuminated with blue light (state I), 

and finally with only orange light. The final “orange” state appeared to be 

independent of the initial state. This result was confirmed by a comparison of the 

corresponding steady-state spectra, which also showed that the final state was 

independent of the initial state (see Figure 1). 
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Figure 4. DAS obtained from global analysis of time-resolved measurements on orange-adapted 
(Light II) Synechococcus elongatus 7942 cells. In one case, the cells were initially dark-adapted 
(State II to Light II) and in the other they were blue-light adapted before illumination by light II 
(State I to Light II). The excitation wavelength is 577 nm (mainly PBS excitation) and each DAS 
shown in A-E is scaled in accordance with the time-zero spectrum in F. The lifetimes of the two 
measurements were set to be the same during analysis. To show the relative amplitude of different 
DAS, all the DAS in state I-to-Light II are shown on top. 
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Discussion 

There are several models that attempt to explain state transitions in cyanobacteria. 

We present the two main models and discuss how our data rule out or confirm 

different aspects of each of these models. 

Spill-over model 

In the spill-over model, excitation energy spills over from PSII to PSI in state II, either 

after direct excitation of PSII or after excitation of PBSs that transfer their excitation 

energy to PSII, from where it moves to PSI. Spill-over from PSII to PSI must thus 

lead to an increase in PSI fluorescence in state II as compared to state I and the 

same is true for the ratio of PBS/PSI and PSII/PSI fluorescence. While the spill-over 

model can explain the changes in the ratio of PSII/PSI emission observed both upon 

excitation of PBSs and excitation of Chl a, it does not explain why the PSI emission 

and PBS/PSI emission ratio do not differ for state I and II (see Figures 1 and 2). This 

indicates that either there is no EET from PSII to PSI or, if any spill-over occurs, it is 

not involved in state transitions and happens regardless of the state in which the 

cells are present. Also, the time-resolved measurements on Synechocystis PCC 

6803 cells show that the PSI emission was the same for state I and II (see Figure 

S8). 

In the literature a variety of observations has been reported regarding PSI 

fluorescence in state I and state II. In (Olive et al. 1997; El Bissati et al. 2000; 

McConnell et al. 2002) 77 K steady-state spectra of Synechocystis PCC 6803 and 

Synechococcus 7002 (normalized either to PSI emission, PBS emission, or an 

internal fluorescent probe) showed that the ratio of PBS/PSI emission remained the 

same in state I and II, which is in agreement with our results (see Figure 1). However, 

in (Bruce et al. 1989; Salehian and Bruce 1992) the 77 K spectra of Synechococcus 

PCC 7002 and Synechococcus PCC 6301 cells showed an increase of PSI emission 

in state II upon PBS or Chl a excitation. This is in disagreement with the results of 

(Olive et al. 1997; El Bissati et al. 2000; McConnell et al. 2002) and our results that 

showed the PBS/PSI emission ratio does not differ in state I and II. The Gaussian 
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decomposition of the steady-state spectra in Figure 1B for cells in state I and II (Chl 

a excitation) and that of the DAS in Figure 2D-E (Chl a excitation) did not show any 

significant change in PSI emission in state I and II (see Figures S9-S11).  

In (Bruce et al. 1985), 77 K time-resolved measurements were performed on the 

cyanobacterium Anacystis nidulans (excitation at 590 nm). The authors found that 

the PSII decay time was faster in state II, whereas the decay times of PBS and PSI 

emission were not substantially affected. This was interpreted as being consistent 

with the spill-over model and to be in disagreement with a mobile PBS model. Also, 

our results on Synechococcus elongatus 7942 showed that upon PBS excitation the 

PSII lifetime was shorter in state II (Figure S12). However, our results demonstrated 

that the shorter lifetime of PSII was not due to quenching of PSII by PSI.  

Migration of PBSs between PSI and PSII 

It has been proposed before (Joshua 2004; Kaňa et al. 2014) that PBSs migrate 

between PSI and PSII during state transitions. This migration cannot explain the 

large changes in the ratio of the PSII/PSI emission observed upon 430 nm excitation 

when PBSs were excited to a far lesser extent than Chl a (Figures 1B and 2). In the 

latter case we need to ascribe the large difference to PSII quenching in state II.  In 

Figure 3D (PBS excitation), the emission of PSI decreased in state I by 18% (See 

the Gaussian decomposition in Figure S13). The emission of PSII at 694 nm was 

also lower in state I (Figure S13). The Gaussian decomposition yielded a non-zero 

contribution to the Gaussian function at 694 nm in state II, while in state I its 

contribution became zero. This indicates that in state I some PBSs were detached 

from both PSI and PSII. The detachment of PBSs from PSI and PSII was 

accompanied by an increase of emission in the DAS in Figure 3E in state I (PBS 

excitation) at ~680 nm. In principle this might either be due to an increase of PBS or 

PSII emission. To distinguish between these two possibilities, we performed a 

Gaussian decomposition of the DAS in Figures 2E (Chl a excitation) and 3E (PBS 

excitation), which resolved two Gaussians in the 670-695 nm region for each DAS 

(Figures S11 and S14). The DAS in Figures 2E and 3E had the Gaussians centered 

at 680 nm, 694 nm and at 678 nm, 694 nm, respectively. In state I, the amplitude 

ratio of the two Gaussians (G678/G694) of the DAS in Figure 3E (PBS excitation 
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excitation) was far larger than the amplitude ratio of the corresponding Gaussians 

(G680/G694) of the DAS in Figure 2E (Chl a excitation). This higher amplitude ratio 

must be ascribed to extra APC680 emission upon PBS excitation as compared to 

Chl a excitation because of the detachment of PBSs.  

The fact that PSII becomes substantially quenched in state II as compared to state I 

might suggest that this would lead to extra heat formation in state II. However, 

previous optoacoustic studies on Synechococcus sp. PCC 6301, did not show 

significant differences on heat production for state I and state II (Mullineaux et al. 

1991; Bruce and Salehian 1992). This cyanobacteria strain showed similar 

differences in 77 K fluorescence from cells in state I and state II as we observed here 

for Synechococcus elongatus 7942 also suggesting a quenched PS II (Bruce and 

Salehian 1992). On the other hand, in state I part of the PBSs now appears to be 

disconnected from the photosystems and instead of delivering their excitation energy 

to the RCs, they fall back to the ground state, and a substantial part of the excitation 

energy is transformed into heat. This might explain why heat production is similar for 

state I and II. 

Conclusions 

The most important result of this study is that state transitions are not due to a 

change in spill-over or to reshuffling of PBSs between PSI and PSII in 

Synechococcus elongatus 7942. Instead, PSII becomes substantially quenched in 

state II as compared to state I. PSII quenching can also be observed in 

Synechocystis PCC 6803, but on a much smaller scale. Apparently, this 

compensates for the over-reduction of the inter-photosystem electron carriers in the 

case of preferential excitation of PSII as compared to PSI. This quenching is different 

from the photoprotective non-photochemical quenching (NPQ) process that occurs 

in high-light conditions. Here the quenching occurs at the level of the PSII core 

whereas NPQ takes place at the level of the PBSs under the influence of light-

induced switching of the orange carotenoid protein (OCP) (Kirilovsky 2015).  
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Supplementary Information 

 

 

Figure S2. The spectrum of the lamp that was used to grow Synechococcus elongatus 7942 and 
Synechocystis PCC 6803 cells. 

 

Figure S2. The measured time-traces at different wavelengths and spectra at different times are 
shown alongside their fit. The fit and measured data are taken from the data for which its global 
analysis is presented in Figure 2. The solid lines are the experimental data and the dotted lines 
are the fit. The time-traces at 683 nm and 692 nm overlap in state II. 
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Figure S3. The measured time-traces at different wavelengths and spectra at different times are 
shown alongside their fit. The fit and measured data are taken from the data for which its global 
analysis is presented in Figure 3. The solid lines are the experimental data and the dotted lines 
are the fit. 

 

Figure S4. The measured time-traces at different wavelengths and spectra at different times are 
shown alongside their fit. The fit and measured data are taken from the data for which its global 
analysis is presented in Figure 4. The solid lines are the experimental data and the dotted lines 
are the fit. 
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Figure S5. Usage of rhodamine B as an external probe for 77 K fluorescence steady-state spectra 
of WT Synechococcus elongatus 7942 cells adapted to different light conditions. The excitation 
wavelength is 550 nm and the spectra are normalized to the peak of rhodamine B at ~570 nm. In 
the legend, “State I” and “State II” spectra correspond to the cells that were adapted to blue light 
and darkness, respectively. “State II to Light II” corresponds to cells that were initially dark-
adapted (state II) and then illuminated by orange light (light II).  

 

Figure S6. Usage of fluorescein as an external probe for 77 K fluorescence steady-state spectra 
of WT Synechococcus elongatus 7942 cells adapted to different light conditions. The excitation 
wavelengths is 430 nm and the spectra are normalized to the fluorescein peak at ~500 nm. In the 
legend, “State I” and “State II” spectra correspond to the cells that were adapted to blue light and 
darkness, respectively. “State II to Light II” corresponds to cells that were initially dark-adapted 
(state II) and then illuminated by orange light (light II). 
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Figure S7. The first three DAS of Figure 2 (Chl a excitation and Synechococcus elongatus 7942 
cells ) in state I are subtracted from the first three DAS in state II. Also, the sum of the 4th and 5th 
DAS in state I is subtracted from the sum of the 4th and 5th DAS in state II. The decrease of the 
amplitude in state II in 4th and 5th DAS comes at the expense of a rise in the fast lifetime DAS (the 
first three DAS). 
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Figure S8. DAS obtained from global analysis of time-resolved measurements on blue-light (state 
I) and dark-adapted (state II) Synechocystis PCC 6803 cells. The excitation wavelength is 430 nm 
(mainly Chl a excitation) and each DAS shown in A-E is scaled in accordance with the time-zero 
spectrum in F. 
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Figure S9. The Gaussian decomposition of the steady state spectrum of Synechococcus 
elongatus 7942 cells (Chl a excitation). The dotted (solid) Gaussians represent the Gaussians in 
state I (state II). The dashed red and blue curves show the steady-state spectra in state I and II 
from Figure 1B.  

Figure S9 shows the Gaussian dcomposition of the 77 K steady-state spectrum of 
dark- and blue light adapted cells in Figure 1B. In order to describe the steady-state 
spectra, which contain the contributions of many different species 6 Gaussian 
functions are needed. The decomposition shows that the difference in PSI emission 
for state I and state II is negligible. 

In Table 1 the details of each Gaussian function are shown. The differences were 
calculated with respect to state I: 

Absolute difference = 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼𝐼𝐼 − 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼     𝐴𝐴𝑒𝑒. 1 

Percentage change = 𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼𝐼𝐼−𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼
𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼

                𝐴𝐴𝑒𝑒. 2 

Table 1. The values describing the Gaussian functions in S9 and their 
changes in state I and state II. 

 Position 
in nm 

FWHM 
in nm 

Percentage change in 
steady state 
spectrum (Figure 1B) 

Absolute change in 
steady state 
spectrum (Figure 
1B) 

Gaussian 
1 

656 25.0 3 0.16 

Gaussian 
2 

683 5.0 -69 -0.69 
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Gaussian 
3 

685 17.3 -16 -1.14 

Gaussian 
4 

696 11.3 -53 -2.80 

Gaussian 
5 

716 23.3 -3 -0.50 

Gaussian 
6 

736 44.8 4 0.78 

 

 

Figure S10. The Gaussian decomposition of the 4th DAS (Chl a excitation) of Synechococcus 
elongatus 7942 cells. The dotted (solid) Gaussians represent the Gaussians in state I (state II). The 
dashed red and blue curves show the DAS in state I and II from Figure 2D. Notice that the amplitude 
of G2 in state II is zero and G3 has a small amplitude in state I. The Gaussians G4 and G5 do not 
change in state I and II. 

In Table 2 the details of each Gaussian function in Figure S10 are shown. The 
differences were calculated using Equations 1 and 2. In the main text it was 
mentioned that the total emission of PSII decreases by ~19% in state II. To calculate 
this we used Equation 1, then 𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝐴𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆𝑆 𝐼𝐼𝐼𝐼 was the total area of Gaussian functions 
representing PSII in state II. These Gaussian functions are G2 and G3 in Figure S10 
and Figure S11. 
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Table 2 The values describing the Gaussian functions in Figure S10 and their 
changes in state I and state II. 

 Position 
in nm 

FWHM 
in nm 

Percentage change in 
4th DAS (Figure 2D) 

Absolute change in 
4th DAS (Figure 
2D) 

Gaussian 
1 

652 22.3 -11 -0.13 

Gaussian 
2 

686 23.8 * * 

Gaussian 
3 

690 28.1 * * 

Gaussian 
4 

709 16.5 0 0 

Gaussian 
5 

717 22.0 -1 -0.01 

Gaussian 
6 

734 40.0** -7 -0.09 

Gaussian 
7 

777 40.0** 0 0 

* In state I the amplitudes of G2 and G3 were 0.95 and 0.09. In state II the 
amplitude of G2 became zero and that of G3 became 0.92. 

** The maximum allowed value for the FWHM of the Gaussian function during 
fitting was 40 nm. 

 

Figure S11. The Gaussian decomposition of the 5th DAS (Chl a excitation) of Synechococcus 
elongatus 7942 cells. The dotted (solid) Gaussians represent the Gaussians in state I (state II). The 
dashed red and blue curves show the DAS in state I and II from figure 2E. 

In Table 3 the details of each Gaussian function in Figure S11 are shown. The 
differences were calculated using Equations 1 and 2. 
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Table 3 The values describing the Gaussian functions in S11 and their 
changes in state I and state II. 

 Position 
in nm 

FWHM 
in nm 

Percentage change in 
5th DAS (Figure 2E) 

Absolute change in 
5th DAS (Figure 
2E) 

Gaussian 
1 

657 22.3 0 0 

Gaussian 
2 

680 19.3 -20* -0.09 

Gaussian 
3 

694 14.0 -49* -0.12 

Gaussian 
4 

717 26.4 1 0.02 

Gaussian 
5 

743 40.0** -7 -0.07 

Gaussian 
6 

786 40.0** -10 -0.06 

 

* The amplitudes of G2 in state I and II are 0.48 and 0.39, respectively. The 
amplitudes of G3 in state I and II are 0.25 and 0.13, respectively.  

** The maximum FWHM allowed in the fitting was 40 nm. 
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Figure S12. Time trace of PSII fluorescence at 695 nm (6 nm FWHM) in state I and state II. The time 
traces correspond to Synechococcus elongatus 7942 cells with PBS excitation (577 nm). In state 
II PSII has a shorter lifetime. 

 

 
Figure S13. The Gaussian decomposition of the 4th DAS (PBS excitation) of Synechococcus 
elongatus 7942 cells. The dotted (solid) Gaussians represent the Gaussians in state I (state II). The 
dashed red and blue curves show the DAS in state I and II from Figure 3D. Notice that G1 has a 
zero amplitude in state I while G2 has a zero amplitude in state II. G5 has a zero amplitude in state 
I. 

 

In Table 4 the details of each Gaussian function in S13 are shown. The differences 
were calculated using equation 1 and 2. 
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Table 4 The values describing the Gaussian functions in S13 and their 
changes in state I and state II. 

 Position 
in nm 

FWHM 
in nm 

Percentage change in 
4th DAS (Figure 3D) 

Absolute change in 
4th DAS (Figure 
3D) 

Gaussian 
1 

648 17.0 *a *a 

Gaussian 
2 

649 16.2 *a *a 

Gaussian 
3 

658 31.0 -5 -0.30 

Gaussian 
4 

684 15.2 -17 -0.30 

Gaussian 
5 

694*b 14.0*b *b *b 

Gaussian 
6 

705 24.7*c 21 0.48 

Gaussian 
7 

725 40.0*d -10 -0.23 

*a In state I the amplitudes of G1 and G2 were zero and 6.77. In state II the 
amplitude of G2 became zero and that of G1 became 6.92. 

*b The position and FWHM of G5 were fixed to 694 nm and 14 nm during fitting. In 
state I G5 had a zero amplitude and in state II it had an amplitude of 0.30. 

*c With respect to state II the amplitude of G6 decreased by 18% in state I as 
stated in the main text. G6 has amplitudes of 2.26 and 2.74 in state I and II, 
respectively. 

*d The maximum allowed value for the FWHM of the Gaussian function during 
fitting was 40 nm. 
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Figure S14. The Gaussian decomposition of the 5th DAS (PBS excitation) of Synechococcus 
elongatus 7942 cells. The dotted (solid) Gaussians represent the Gaussians in state I (state II). 
The dashed red and blue curves show the DAS in state I and II from Figure 3E. 

In Table 5 the details of each Gaussian function in S14 are shown. The differences 
were calculated using Equations 1 and 2. 

Table 5 The values describing the Gaussian functions in Figure S14 and their 
changes in state I and state II. 

 Position 
in nm 

FWHM 
in nm 

Percentage change in 
5th DAS (Figure 3E) 

Absolute change in 
5th DAS (Figure 
3E) 

Gaussian 
1 

655 19.3 1 0.05 

Gaussian 
2 

678 19.5 -35 -1.21 

Gaussian 
3 

694 13.3 -55 -0.39 

Gaussian 
4 

713 34.2 -8 -0.21 

Gaussian 
5 

745 30.1 -23 -0.25 
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Abstract: 

In this paper we propose an energy dissipation mechanism that is completely 

reliant on changes in the aggregation state of the phycobilisome light 

harvesting antenna components. All photosynthetic organisms regulate the 

efficiency of excitation energy transfer (EET) to fit light energy supply to 

biochemical demands. Not many do this to the extent required of desert crust 

cyanobacteria. Following pre-dawn dew deposition, they harvest light energy 

with maximum efficiency until desiccating in the early morning hours. In the 

desiccated state absorbed energy is completely quenched.  

Time and spectrally resolved fluorescence emission measurements of the 

desiccated desert crust Leptolyngbya ohadii strain identified (a) reduced EET 

between phycobilisome components (b) shorter fluorescence lifetimes (c) 

red shift in the emission spectra, compared to the hydrated state. These 

changes coincide with a loss of the ordered phycobilisome structure, evident 

from small angle neutron and X-ray scattering and cryo-TEM data.  

Based on these observations we propose a model where in the hydrated 

state the organized rod structure of the phycobilisome supports directional 

EET to reaction centers with minimal losses due to thermal dissipation. In the 

desiccated state this structure is lost, giving way to more random aggregates. 

The resulting EET path will exhibit increased coupling to the environment and 

enhanced quenching.  

Significance statement 

All photosynthetic organisms regulate efficiency of excitation energy 

transfer (EET) to fit energy supply to biochemical demands. For desiccation 

tolerant desert crust cyanobacteria this ability is of the utmost importance. 

These organisms spend most of the daytime in the desiccated state 

whence absorbed energy is completely quenched. 
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Based on our observations we propose a model where in the hydrated state 

the organized rod structure of the light-harvesting phycobilisome supports 

directional EET to reaction centers with minimal losses to thermal dissipation. 

In the desiccated state this structure gives way to more random aggregates. 

The resulting EET path exhibits increased coupling to the environment and 

enhanced quenching. This energy dissipation mechanism is completely 

reliant on changes in aggregation state of phycobilisome components. 

Introduction 

Deserts cover almost half of the Earth’s terrestrial surface, and although 

desert conditions may seem unfavorable, they are home for diverse 

ecosystems. Many of these ecosystems are founded on biological desert 

crusts, which play an essential role in stabilizing shifting sands and enriching 

them with nutrients (1, 2). Cyanobacteria are among the first microorganisms 

to inhabit these crusts where one of the major sources of water is often dew 

deposited before dawn (3, 4). However, as temperatures elevate water 

quickly evaporates. Such conditions can be extremely harmful for 

photosynthetic organisms, and require adaptations on all cellular levels (3–

9). These include shifts in metabolic profiles and the accumulation of 

compatible solutes. A key issue is the adaptation of the photosynthetic 

apparatus, since continued photosynthetic activity under high light, and 

especially in combination with desiccation may lead to the production of 

reactive oxygen species that will cause damage to the entire cell (10–12). 

The cyanobacteria that colonize sand crusts evolved strategies for coping 

with these daily cycles of hydration using mechanisms that enable extensive 

quenching of absorbed light energy. The extent of quenching in these 

organisms far exceeds that of common laboratory model organisms (13, 14).  
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Our studies focused on Leptolyngbya ohadii, a crust cyanobacterium isolated 

from the Nizzana region of the NW Negev desert in Israel (3, 6). This is a 

keystone organism in this environment (4). To maintain L. ohadii cells in a 

viable state the desiccation process must be gradual (3). Recovery of 

photosynthetic activity, on the other hand, can occur immediately upon the 

addition of water (7). The desiccation/hydration transition does not require 

the break down and renewed production of photosynthetic protein complexes 

or pigments, and allows L. ohadii to utilize the short time of morning hydration 

for photosynthesis and avoid photo-damage during the remainder of the day 

(4).  

A study of this process indicated similar absorption cross sections for 

desiccated and hydrated cyanobacteria i.e. L. ohadii absorbs a similar 

amount of light energy per wavelength when hydrated and when desiccated 

(7). Nevertheless, in the desiccated state electron transport is shut down and 

fluorescence yield decreases by ~70%. This requires efficient dissipation of 

excess energy to heat during desiccation together with a mechanism for fast 

energy distribution. We found evidence for a block in electron transport and 

dissipation of excitation energy through the accumulation of a stably oxidized 

P700 (primary photosystem I photochemical center). Oxidized chlorophylls are 

strong quenchers. Shrinkage of the lumenal space, observed in TEM, and 

restriction of plastocyanin diffusion provide a possible mechanism for the 

accumulation of P700
+. However, this is not the only protective mechanism at 

play in the desiccated state. Our data also indicated a strong quenching 

reaction in the phycobilisome (PBS) light-harvesting antenna (7).  

PBSs are assembled by the association of phycobiliproteins (PBPs) to which 

linear tetrapyrroles are covalently linked. Typically, PBS cores contain 

cylinders made up of hexamers of the lowest energy absorbing PBP variant, 

allophycocyanin (APC; λmax= 650 nm). PBS rods can be composed of a 
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number of different PBPs (15). In the case of L. ohadii the rods contain 

phycocyanin (PC; λmax= 620nm). 

In this study we dissected PBS fluorescence quenching processes in L. 

ohadii. We performed spectroscopic measurements on both hydrated and 

desiccated samples of L. ohadii, in order to uncover energy transfer 

pathways between components of the PBS system in the different states. 

Structural organization of the inter-thylakoidal space was examined by 

neutron and X-ray diffraction techniques. The results suggest a different 

excitation energy transfer (EET) path within the PBS antenna in hydrated and 

desiccated samples. The desiccated samples’ EET path exhibits an efficient 

widespread quenching effect, resulting from interactions of PBS pigments. 

Results  

Under laboratory conditions L. ohadii is able to retain viability for prolonged 

periods and regain photosynthetic activity immediately after rehydration. We 

have demonstrated this in the past for electron transfer activity (7). Fig. 1 

demonstrates this remarkable ability for PBS function. A desiccated culture, 

in which PBS fluorescence was strongly quenched, regained its high 

fluorescence yield as soon as 2 min after rehydration. The 

hydration/desiccation process was completely reversible. After ~2 h, at 

ambient temperature, the culture was desiccated and fluorescence was 

quenched. Rehydration resulted in immediate recovery (Fig. 1). 

To understand the energy transfer dynamics controlling this process we 

conducted measurements using a streak-camera system that provides 

picosecond time resolution as well as spectral information. Measurements 

were performed on L. ohadii samples in the desiccated and the hydrated 

states. The excitation wavelength was set to 580 nm, exciting mainly the PC 
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component of the PBSs (15, 16). Fig. 2 presents an example of the raw data 

collected at room temperature (A & B) and at 77 K (C & D) from hydrated 

and desiccated samples. Measurements conducted at room temperature 

best represent natural conditions. Measurements at 77 K allow better 

spectral resolution of the various fluorescence peaks.  

Figure 1: Reversibility of fluorescence yield during desiccation and rehydration. A 
desiccated L. ohadii culture was exposed to two cycles of desiccation and rehydration. 
Fluorescence spectra were measured with an excitation wavelength of 580±2 nm. The 
traces are baseline shifted. The fluorescence trace of the desiccated sample did not 
exhibit any discernible peaks (0 min curve). However, immediately after rehydration 
PBS fluorescence was observed (2 min). The peak is dominated by PC fluorescence at 
650 nm and contains a 670 nm APC shoulder. The filter was then desiccated for 180 min 
(2 min to 180 min), before a second rehydration round. Again, an immediate recovery of 

PBS fluorescence was observed (182 min).  
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Several differences appear very clearly when comparing the raw room 

temperature data of the two states (highlighted by the arrows in Fig. 2). The 

first is the shortening of the desiccated sample’s florescence lifetime across 

all wavelengths. The second prominent difference is the wavelength 

broadening of the desiccated sample fluorescence spectrum towards the 

Figure 2: Propagation of photosynthetic fluorescence following 580 nm excitation 
with picosecond time resolution and spectral information. Panels A and B present 
data for room temperature measurements. Panels C and D present 77K 
measurements. The fluorescence intensity was normalized (from 0 to 1), the scale is 
presented on the right hand side.  

In the desiccated samples we observe a shortening of the lifetime and a redshift of 
the fluorescence, as compared to the hydrated sample. The differences are 
highlighted by white dashed arrows.  

In the hydrated state at 77K, three spectral features emerge: ~650-670 nm, ~670-700 
nm, ~720-750 nm. These are normally ascribed to PBS, PSII and PSI fluorescence, 
respectively. However, we observed fluorescence at wavelengths >700 nm in isolated 
L. ohadii PC (Fig. S2).   
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red, as compared to the hydrated sample. These observations are in line with 

the lower resolution Time-Correlated-Single-Photon-Counting (TCSPC) data 

in (7). The temporal and spectral resolution of the measurements reported 

Figure 3: Global analysis of desiccated and hydrated states 
spectrally-resolved picosecond fluorescence. DAS and 
corresponding fluorescence lifetimes of hydrated (A) and 
desiccated (B) samples. Panels C-F present a comparison 
between the corresponding normalized DAS of hydrated and 
desiccated components. Each DAS is marked by its 
corresponding lifetime. The DAS of desiccated cells are dashed. 
A summary table for the observed lifetime ranges in 3-4 repeats 
is included in Table S1. In addition to DAS, the data was analyzed 
using a sequential model and the obtained EAS is presented in 

Fig. S1.  
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here provide an opportunity to examine faster processes, occurring before 

thermal equilibration.  

To resolve both spectral and temporal components, global analysis (17) was 

conducted on the data (Fig. 3; analysis by Evolution Associated Spectra 

(EAS) (17) is presented in Fig. S1). Table S1 summarizes the lifetimes of the 

various components. The best minimal fit for the data was obtained with four 

fluorescence decay lifetimes. 

The 5 ps and 3.5 ps decay-associated spectra (DAS) of hydrated and 

desiccated samples respectively (Fig. 3A and 3B) reflect excitation 

equilibration following absorption at 580 nm. The 5 ps DAS obtained for the 

hydrated sample is negative at all wavelengths. One of the peaks of this 5 ps 

DAS is located at 650 nm and the other is located around 700-720 nm (Fig. 

3C). The lifetime (τ) and the DAS shape are rather similar to those observed 

in the laboratory model organism Synechocystis sp. PCC 6803 (16). In the 

desiccated sample the resolved lifetime of the above component is 

somewhat shorter (Table S1). The difference in the lifetimes of the 3.5 and 5 

ps DAS is insignificant because the full width at half maximum (FWHM) of 

the instrument response function (IRF) is around 3.5-5 ps and this limits 

resolving a clear difference between these two short lifetimes. The shape of 

the 3.5 ps and 5 ps DAS of the desiccated and hydrated states show 

significant differences. In the desiccated state the ~650 nm peak is broader 

and, instead of a distinct peak at ~720 nm, a broad shoulder extending from 

680 nm to 740 nm is observed (Fig. 3).  

In steady-state measurements, isolated PC from L. ohadii exhibited two 

peaks: one centered at ~650 nm and another broader peak at ~685 nm. The 

latter extends well beyond 700 nm (Fig. S2). Similar steady-state spectra 

were observed in PC from other cyanobacterial species (see for example 
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(18, 19) and many others). Based on the similarities with the in vitro data we 

attribute the first DAS component to PC EET. However, these are in vivo 

measurements and the possibility of emission from photosystem I (PSI) 

cannot be excluded. A significant contribution of PSI is, however, unlikely 

considering the 580 nm excitation wavelength.  

The 34 ps DAS in the hydrated state shows a positive peak at ~640 nm and 

a negative peak at ~660 nm, indicating energy transfer from ~640 nm to ~660 

nm (Fig. 3D). This DAS was previously attributed, in a laboratory model 

cyanobacterium, to internal PBS energy transfer i.e. from PC to PC and from 

PC to APC660 (16, 20). The corresponding DAS in the desiccated state has 

a lifetime of 16 ps (Fig. 3D), which is markedly different from the 34 ps DAS 

in the hydrated state. While the 34 ps DAS of the hydrated state shows EET, 

the 16 ps DAS of the desiccated state lacks a clear negative amplitude, 

indicating a major reduction of the corresponding EET process.  

The 117 ps DAS in the hydrated state partly reflects EET from APC660 to the 

terminal emitter APC680 or to chlorophylls fluorescing at 680 nm (16). The 64 

ps DAS of the desiccated state lacks a negative peak indicating the absence 

of EET compared to the hydrated state. The EAS of this component show a 

prominent red shift and broadening of the desiccated state spectrum (Fig. 

S1). 

The 306 ps DAS of the hydrated state and the 233 ps DAS of the desiccated 

state represent the disappearance of an equilibrated excitation distribution 

over all of the components of the system, namely PC, APC660, APC680, and 

chlorophylls. It is faster for the desiccated state and both DAS and EAS 

indicate a stronger contribution on the long-wavelength side.  

The comparison between the desiccated and the hydrated fluorescence 

kinetics indicates (a) significantly reduced downhill EET (Fig. 3D and 3E) 
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towards the RCs and (b) a substantial decrease of the fluorescence lifetimes, 

meaning that an additional non-radiative decay pathway has been created. 

To test this further we performed measurements at 77 K (Fig. 2). A detailed 

description of the DAS decomposition is included in Fig. S3. At 77 K the 

fluorescence lifetimes of both hydrated and desiccated states are longer 

compared to room temperature. Furthermore, the differences between the 

desiccated and hydrated samples are smaller. Global analysis results 

indicate the convergence of both DAS shapes and lifetimes (Fig. S3). At 77 

K PSI and photosystem II (PSII) fluorescence can be resolved. Nevertheless, 

in the desiccated samples the DAS decomposition indicates reduced EET 

from the PBSs to both photosystems.  

The analysis of the measurements performed at room temperature and 77 K 

support the existence of a fast heat dissipation pathway in the desiccated 

state. This channel is apparently far more efficient at room temperature than 

at 77 K. Quenching of excitation energy might be explained by the function 

of the orange carotenoid protein (OCP). OCP is photoactivated by high blue-

green irradiance, binds to APC and leads to the dissipation of excess energy 

absorbed in the PBSs under high-light conditions (21, 22). However, OCP is 

not a likely candidate for the non-radiative dissipation observed in the 

desiccated state. The extent of fluorescence quenching measured in 

desiccated L. ohadii is much larger  (Fig. 1) than that induced by OCP in 

other cyanobacteria (e.g. (16, 22–24)). Moreover, OCP binds and facilitates 

energy dissipation by interaction with the APC core (25). However, in the 

desiccated state we observed only little, if any, energy transfer from PC to 

APC. Furthermore, the overall effect of OCP knockout or over-expression on 

results of streak camera measurements is much smaller and focused to APC 

(16).  
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We can consider two additional alternatives for the mechanism underlying 

the activity of the dissipation pathway. The first is a change within the 

structure of PBS pigment-protein complexes. Such a change can, for 

example, enhance charge transfer reactions between a bilin pigment and an 

adjacent amino acid, as demonstrated in the FMO (green sulfur bacteria 

antenna protein) and isiA (cyanobacterial iron stress induced antenna 

protein) chlorophyll binding proteins (26, 27). The second is a change in the 

aggregation state of the PBS proteins leading to the generation of 

intermediate-coupling interactions between them.  

The visible absorption spectra of hydrated and desiccated samples did not 

show any significant difference in cross section or in line shape (7). Additional 

CD measurements, in the visible range, failed to detect significant differences 

as well (Fig. S4). These data do not provide evidence for a major change in 

the energetic properties of the individual pigments in the hydrated and 

desiccated states. Furthermore, EPR spectroscopy did not detect a radical 

that can be associated with a charge transfer reaction in the desiccated state 

(7).  

On the other hand, previous cryo-TEM studies of the ultrastructure of the 

inter-thylakoidal space harboring the PBSs did indicate differences between 

the two states (7). In the hydrated state the inter-thylakoidal space was well 

organized with uniform repeat distances and apparent rod structures 

traversing it. Such PBS architecture  was also observed in Acaryochloris 

marina as well (28). Interestingly, both species effectively grow as biofilms. 

The well-organized architecture is lost in the desiccated state (an example 

of the TEM observations is included in Fig. S5). Additional ultrastructural 

information was gained through small angle X-ray and neutron scattering 

experiments (SAXS and SANS, Fig. 4). These techniques were used in a 

number of studies to measure the repeat distances (RDs) in different 
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thylakoid membrane systems in vivo and in vitro (29–31). While providing 1D 

information, they do not require freezing or fixation.  

Both SANS and SAXS scattering profiles carry information about key 

structural parameters, such as RDs of periodically organized multilamellar 

membrane systems, but with different sensitivities. The SAXS signal arises 

from differences in the electron density distribution while SANS is sensitive 

to protons. In the presence of D2O, SANS allows distinguishing scattering 

length density between the aqueous regions and the lipid membrane (32). 

Also, SANS can usually measure in smaller q ranges than SAXS. 

Figure 4: Small-angle X-ray and neutron scattering measurements. Hydrated and desiccated 
samples were studied by solution small-angle X-ray scattering (SAXS, A) and small-angle neutron 
scattering (SANS, B). The data presented were azimuthally integrated from the 2D raw data and 
plotted as intensity as a function of the magnitude of the scattering vector, q. In both cases, 
several weak intensity peaks were observed (indicated by arrows). On the right panel, azimuthally 
integrated SANS scattering curves were measured  at 20 m (hydrated sample) and overlapped 20 
m and 8 m (desiccated sample) sample-detector distances. The line represents the fitted curve 
(linear combination of a constant, and a power function and three Gaussians). No peak could be 
detected between 0.35 and 3.5 nm-1 on SANS curves. The first-order q value of the features 
observed in the measurements can be translated into a repeat distance RD=2π/q. Prominent 
features are marked directly on the graphs. 
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Accordingly, SAXS data provides information on relatively smaller intra-

thylakoidal RDs between electron densities defined by proteins and the lipid 

bilayer e.g. in the lumenal space, whereas SANS data provides information 

on the RD of thylakoid membranes.  

In the hydrated sample SAXS features are observed at q=0.46, 0.57 nm-1 

(Fig. 3A). These features are replaced by ones with higher q values in the 

desiccated state (0.71 and 1.04 nm-1; q=1.38 nm-1 might be the second 

harmonics of the principal peak at q=0.71 nm-1). These q values can be 

interpreted as decreased width of the thylakoid envelope in the desiccated 

state, which shrinks from 11-14 nm to 6-9 nm.  

SANS data reported a feature at q=0.072 nm-1 with two additional higher 

harmonic features at 0.139 and 0.221 nm-1. These values can be interpreted 

as the RD≈87 nm of the inter-thylakoidal space. This is slightly larger than 

reported for Synechocystis 6803 (80 nm in (32) and 60 nm in (31)) and might 

indicate larger light harvesting antennae. In the desiccated state these 

characteristic features are almost completely lost. The scattering intensity 

decreased dramatically due to the loss of water. No Bragg peak could be 

discerned between 0.05 and 0.1 nm-1; instead, a broad shoulder emerged 

between 0.10 and 0.15 nm-1, which can be assigned to a broader range of 

inter-thylakoidal RDs.  

The SAXS and SANS data fit well with cryo-TEM of hydrated and desiccated 

L. ohadii (Fig. S5, the complete analysis is in (7)). In the desiccated state, 

TEM images indicated a ~50% decrease in lumenal space, a value that is in 

line with the reduced RD observed in SAXS. This shrinkage was suggested 

to contribute to the PSI-based quenching mechanism (7, 33). They also 

indicated a loss of the organized thylakoid membrane space and of the 

apparent rod structures in the inter-thylakoidal space, which is in line with the 
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SANS observations. Taken together cryo-TEM, SANS and SAXS support a 

change in the organization of the inter-thylakoidal space and in the 

aggregation state of the PBSs that populate it.  

Discussion 

In the desiccated state we observed (a) reduced EET between PBS 

components (b) extensive heat dissipation (c) fluorescence red shift (Fig. 2-

3, Fig. S1-3). These changes coincide with a loss of the organized PBS 

structure in the inter-thylakoidal space (Fig. 4, Fig. S4-5).  

How could a change in the aggregation state of PBSs support a transition 

between highly efficient EET and quenching? We can draw corollaries from 

in vitro studies in which we controlled the aggregation state of PC and APC 

artificially (34). Aggregation of PC in solution leads to shortening of their 

lifetime, red shift and a lower fluorescence yield. This was a reversible 

process that occurred in the absence of any additional auxiliary quenching 

proteins, such as OCP. The effect of aggregation on APC was much smaller.  

It is important to note that aggregates discussed here are not chromophore 

aggregates but rather aggregates of chromophore-containing proteins. 

Unlike artificial cyanine and porphyrin aggregates, phycobilisomes represent 

a different scenario. Pigment distances within PC and APC subunits and 

between them dictate intermediate coupling strength (35, 36). 

The underlying mechanism proposed is based on the intermediate-length (1-

2 nm) coupling interactions between PC units through the external β155 

pigments. A random network of intermediate coupling through the PC 

aggregates will generate long and convoluted EET paths and a band gap 

structure with many localized states that couple well to the wide frequency of 

environmental thermal “noise” (37, 38). In an intermediate coupling regime 
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the band structure strongly depends on the level of disorder of the system, 

the splitting between bands is smaller and the gap is less protected. Such a 

structure will support decay to the lowest energy pigments together with 

quenching through an increased probability for interactions with the thermal 

bath. In APC, which lacks the external β155 pigments, the chances for 

generating a network of intermediately coupled trimers are smaller and so 

are the effects of its aggregation state on EET.  

PC is known to be sensitive to the ionic or dielectric properties of its 

environment (34). However, changes in these properties during desiccation 

are not expected to lead to the dramatic fluorescence quenching observed 

here (Fig. 1). Our data indicates small changes in the aggregation state with 

no detectable difference in the optical properties of the PC units themselves. 

We propose an in vivo model where in the hydrated state the organized rod 

structure supports directional EET to the RCs with minimal losses due to 

thermal dissipation (Fig. 5). In the desiccated state, this structure is lost, 

giving way to less organized aggregates. These less organized in vivo 

aggregates will exhibit EET properties similar to those of in vitro PC 

aggregates – with better coupling to wide frequency environmental noise 

(37).  

This type of mechanism can also explain the temperature effect. In tightly 

coupled pigment networks (in Light Harvesting Complex II or FMO, for 

example, (39–42)) the energetic differences between 300 K and 77 K are 

too small to affect EET. Under an intermediate coupling regime, however, 

these temperature differences are expected to have a larger effect (43, 44). 

A mechanism based on small and localized changes in aggregation of PBS 
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components in the crowded inter-thylakoidal space may explain the very 

fast rate of response to rehydration (Fig. 1).  

The mechanism suggested here is akin to that proposed by Tamary and 

coworkers for high light induced quenching in Synechocystis 6803 where 

local heat transients generated in the PBSs by non-radiative energy 

dissipation were suggested to be the source of the non-photochemical 

quenching (NPQ) phenomenon (45). Furthermore, the idea that changes in 

the aggregation state can control the efficiency of EET in the photosynthetic 

antenna was considered as a mechanism for NPQ in plants. In vitro studies 

 Figure 5: Model for EET processes in the hydrated and 
desiccated states. A schematic representation of the aggregation 
state of the PBS antenna in both states. The components are 
drawn roughly to scale. Green – photosystems, cyan – APC, blue 
– PC, gray arrows – directional EET, dashed arrows – heat 
dissipation. In the crowded inter-thylakoidal space only small 
changes in aggregation state are possible, these were 

exaggerated in the figure for demonstration purposes. 
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demonstrated that aggregation of Light Harvesting Complex II (LHCII) 

antenna complexes leads to efficient energy dissipation (46–51), although 

the significance of changes in LHCII aggregation state for energy dissipation 

in vivo is still debated (52, 53). It is important to note a number of key 

differences between LHCII and PC. (a) LHCII is trapped in the membrane. 

Its range of possible aggregation geometries is limited to the membrane 

plane. (b) The pigment-pigment distances within LHCII are, on average, 

shorter than within PC – supporting a tighter excitonic coupling regime. (c) 

LHCII contains carotenoids, dedicated to quenching. These are missing from 

PC. An aggregation based mechanism creating a network of intermediately 

coupled pigments and, henceforth, increased coupling to the thermal noise 

is much more likely in cyanobacteria than in vascular plant antennae. 

Desiccation and rehydration in photosynthetic organisms are complex 

processes that require protection of many cellular processes, first and 

foremost, of the photosynthetic apparatus. The rate of recovery from 

desiccation is highly variable ranging from days in the case of certain 

vascular plants (54) to a few seconds in the case of desert crust 

cyanobacteria. So far, we were able to uncover two mechanisms for blocking 

photosynthetic activity in the desiccated state: constriction of the lumenal 

space leading to a block of plastocyanin diffusion, and accumulation of P700
+ 

(7) and changes in the aggregation state of PBS components, as discussed 

here. In both cases the quenching mechanism relies on the rearrangement 

of existing components of the photosynthetic apparatus. In the new 

mechanism proposed here we also suggest a method for distributing the 

energy through a PC aggregate. It is the combination of all features of this 

desiccation mechanism that allows the very rapid response to rehydration.  

Evidence for EET processes at the quantum/classical border are emerging 

from several studies of the photosynthetic apparatus and are highly relevant 
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for new technologies. Here, small changes in configuration of an 

intermediately coupled pigment network supports a switch from highly 

efficient energy transfer to quenching (Fig. 5). In most cases, nano-scale 

technologies focus on energy transfer devices with tight coupling and low 

environmental noise (low temperatures) (55). The design principles of the 

desiccating PBSs suggest a new approach that will enable room temperature 

devices that can be switched to efficient energy transfer. By utilizing these 

principles it will be possible to develop a coupling controlled nano-toolbox for 

various future technologies including computers, materials and sensors. 

Materials and Methods 

Culture growth and preparation for measurement 

Leptolyngbya ohadii cultures were grown (as described in (7)) in YBG11 

medium in shaking flasks at 30 °C and 60 µmol photons m-2 s-1 provided by 

fluorescent lamps. Cells were homogenized and filtered on 0.45 µm 

nitrocellulose (NC) filters. For measurement of dry samples, "artificial crust” 

filters were left to air dry at room temperature for at least two hours. 

Steady-state fluorescence measurements 

Samples were desiccated on the surface of a NC filter. The filter was 

mounted on a glass slide and fitted into the measurement chamber of a 

Fluoromax3 spectrofluorometer (Jobin Yvon). Hydration was performed in 

situ.  

Time-resolved fluorescence measurements 

Room temperature time-resolved fluorescence spectra were measured using 

a picosecond streak-camera set-up (56) as described in (16). The excitation 

wavelength was set to 580 nm, in order to preferentially excite the PBSs. 77 

K measurements were performed as described in (57). Measurements were 
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made on either desiccated or hydrated filters of Leptolyngbya ohadii, and 

each measurement was repeated 2-4 times, measuring a different spot or 

sample each time. The samples were measured on NC filters at both room 

temperature and 77K. Global analysis (17) of the data was performed using 

the TIMP-based Glotaran program (58), in order to identify the spectral 

components in the fluorescence signal (see SI methods). 

Solution Small angle X-ray and Neutron scattering 

High-resolution small-angle X-ray scattering (SAXS) was performed as 

described in (59). Small-angle neutron scattering (SANS) was performed at 

the KWS-2 instrument operated by JCNS at the Heinz Maier-Leibnitz 

Zentrum (MLZ), Garching, Germany ((60, 61) and SI methods). The 

scattering intensity, I, as a function of the magnitude of the momentum 

transfer vector, q, was then plotted and analyzed to determine the typical 

repeat distances (RDs) between membranes (62).  
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Supporting Information 

Time-Resolved Fluorescence Measurements and Global Analysis 

A time window of either 800 or 2,000 ps was used for the timeresolved fluorescence 

measurements. The repetition rate of the laser was 4 MHz. The intensity of the 580-

nm excitation light was ∼100 nW. 

The IRF was modeled as a single Gaussian function. The timeresolved spectra were 

fitted as a superposition of four exponentially decaying components, in the form 

𝑆𝑆(𝑡𝑡, 𝜆𝜆) =  ∑ 𝑐𝑐𝑖𝑖(𝑡𝑡)𝜀𝜀𝑖𝑖(𝜆𝜆)𝑛𝑛
𝑖𝑖=1 . 

The resulting DAS components are presented after reduction of the contribution of 

the IRF and time 0 correction. For a sequential model, in which each component 

decays to the next one, EAS components were obtained (Fig. S1). 

Solution Small-Angle Neutron Scattering 

A wavelength of 5.15 Å was used as well as a sample to detector of 2, 8, and 20 m 

to cover a q range from 0.03 to 3.6 nm−1. The samples were held in 2-mm-thick quartz 

cells. The reduction of raw data was performed by the routine qtiKWS (iffwww.iff. kfa-

juelich.de/∼pipich/dokuwiki/doku.php/qtikws) including corrections for detector 

sensitivity, background noise and empty cell signal. Absolute determination of 

scattering cross sections I(q) = dΣ/dΩ per unit sample volume in cm−1 was obtained 

thanks to a calibration with a 1.5-mm-thick polymethylmethacrylate sample. In both 

cases the resulting 2D scattering patterns were azimuthally integrated (average 

intensities belonging to identical q values). 

http://iffwww.iff.kfa-juelich.de/%7Epipich/dokuwiki/doku.php/qtikws
http://iffwww.iff.kfa-juelich.de/%7Epipich/dokuwiki/doku.php/qtikws
http://iffwww.iff.kfa-juelich.de/%7Epipich/dokuwiki/doku.php/qtikws
http://iffwww.iff.kfa-juelich.de/%7Epipich/dokuwiki/doku.php/qtikws
http://iffwww.iff.kfa-juelich.de/%7Epipich/dokuwiki/doku.php/qtikws
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Fig. S1. EAS analysis of spectrally resolved picosecond fluorescence at RT. EAS and 
corresponding fluorescence lifetimes of (A) hydrated and (B) desiccated samples. (C–F) 
Comparison between the corresponding hydrated and desiccated EAS components. 
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Fig. S2. Steady state fluorescence spectra of phycocyanin isolated from Leptolyngbya ohadii. (A) The 
emission spectrum (blue) was measured following excitation at 580 nm, whereas the red Gaussian fitted 
to the spectrum shows two emission peaks: one at 649 nm and another at 685 nm. (B) The excitation 
spectra of the 650- and 700-nm emission bands. Inset represents the corresponding absorption spectra 
of the sample. 
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Fig. S3. DAS decomposition of 77-K measurements. DAS and corresponding fluorescence 
lifetimes of (A) hydrated and (B) desiccated samples. (C–F) Comparison between the 
corresponding hydrated and desiccated normalized DAS components. At 77 K the contribution of 
PSII, PSI, and PBS components can be better resolved spectrally (5). Both the 11.5-ps DAS of the 
hydrated state and the 10.5-ps DAS of the desiccated state indicate EET from 640 to 660 nm. They 
also show EET from 640 or 690 to 730 nm. This wavelength range corresponds to PSI fluorescence 
in the steady-state spectra (5). Based on the lower intensity of the negative peak at ∼660 nm, the 
relative proportion of the PBS EET process is smaller in the desiccated sample. The 46-ps DAS of 
the hydrated state and the 36-ps DAS of the desiccated state have a positive peak at 650 nm 
accompanied by a negative feature at 670–690 nm that can be attributed to EET to APC680 and PSII. 
This feature is smaller in the desiccated state and not as well resolved. The 150-ps DAS of the 
hydrated state and the 141-ps DAS of the desiccated state look similar between 610 and 700 nm, 
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but they are different around 730 nm, where a negative peak appears only in the hydrated sample. 
We can speculate that the initial fast EET to 730 nm observed in the 11.5-ps DAS of the hydrated 
state is a result of chlorophyll excitation and chl-chl EET. Although 580-nm excitation is far from 
the chlorophyll absorption peak, the extinction coefficient at this wavelength is, nevertheless, not 
zero. The EET pathway from PC to PSI is longer and observed only in the 150-ps DAS of the 
hydrated state. This transfer is blocked in the desiccated state. The 500-ps DAS of the hydrated 
state exhibits three distinct peaks that can be associated with longer decay times of PBSs, PSII, 
and PSI. The 660-nm PBS peak, which is prominent in the 500-ps DAS of the hydrated state, is 
nearly absent in the 437-ps DAS of the desiccated state. 

 

Fig. S4. CD spectra. CD spectra of hydrated and desiccated samples (as indicated in the graph). 
The data are averaged over 4–20 repeats, baseline subtracted, and normalized to the absorption 
of the red chlorophyll peak. The most characteristic peaks include the chlorophyll-associated 
peaks at ∼445 and the split band in the red with the positive counterpart. In cyanobacteria these 

are predominantly associated with PSI. The PBS peak is at ∼620, and the ∼510-nm band represents 

a carotenoid signal. All of these features can be observed both in the hydrated and in the 
desiccated sample. The experiment was performed as described in ref. 63. 
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Fig. S5. Examples of TEM images of hydrated and desiccated samples. The repeated structures in 
the space between thylakoid envelopes that are clearly evident in the hydrated state are lost in the 
desiccated state (for methods and a thorough analysis of the TEM data, see ref. 7). 

 

 

Table S1.Global analysis lifetimes 
   

 

Lifetimes of DAS components presented in Fig. 2. The average lifetime and the 
range between the maximum and minimum values recorded for the biological 
repeats are presented. 

 

Component Desiccated [average (range)] Hydrated [average 
(range)] 

Room temperature   

n 3 4 
First 4 (3.2–4) ps 5 (4.5–5.5) ps 

Second 16 (15–18) ps 34 (30–37) ps 
Third 64 (60–66) ps 117 (111–128) ps 

Fourth 
77 K 

233 (221–240) ps 306 (294–315) ps 

n 2 3 
First 10 (10–10.5) ps 12 (10.5–12.5) ps 

Second 37 (37–37) ps 45 (41–47.5) ps 
Third 127 (113–141) ps 143 (130–152) ps 

Fourth 443 (437–449) ps 498 (490–510) ps 
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Abstract: 

During the millions of years of evolution, photosynthetic organisms have adapted to 

almost all terrestrial and aquatic habitats, although some environments are obviously 

more suitable for photosynthesis than others. For the description of the effectiveness 

of photosynthesis, the quantum efficiency of photochemistry plays an important role. 

The quantum efficiency covers all the processes from the photon absorption in light-

harvesting complexes up to the charge separation in the reaction centers. 

Photosynthetic organisms living in low-light conditions require on the one hand a 

large light-harvesting apparatus to absorb as many photons as possible. On the 

other hand, the excitation trapping time scales with the size of the light-harvesting 

system, and the longer the distance over which the formed excitations have to be 

transferred, the larger the probability to lose excitations. Therefore a compromise 

between photon capture efficiency and excitation trapping efficiency needs to be 

found. Here we report results on the efficiency of the excitation energy transfer and 

charge separation in whole cells of the green sulfur bacterium Chlorobaculum 

tepidum. This organism is able to live in environments with very low illumination. The 

efficiency of its photochemistry is investigated. Using fluorescence measurements 

with picosecond resolution, we estimate that despite a rather large size and complex 

composition of its light-harvesting apparatus, the efficiency of its photochemistry is 

around 85-90% at 20°C, 80-86% at 45°C, and about 81-90% at 77 K when part of 

the excitation energy is trapped on low-energy BChl a molecules. The data are 

evaluated using target analysis, which provides further insight into the functional 

organization of the low-light adapted photosynthetic apparatus.  



Efficiency of excitation-energy trapping in the reaction center of the low-light adapted 
green photosynthetic bacterium Chlorobaculum tepidum 

 

131 
 

Introduction 

Photosynthesis provides energy for the majority of organisms on Earth. The process 

starts in light-harvesting (LH) complexes that absorb light and transfer the excitation 

energy to reaction centers (RCs). In these RCs charge separation (CS) occurs, 

which drives chemical reactions that ultimately result in storage of light energy in a 

chemical form. While all RCs are structurally similar, the need to adapt to different 

light conditions has led to the evolution of a broad diversity of LH complexes (Huner 

et al. 2003; Blankenship 2014; Croce and van Amerongen 2014). Both the overall 

composition and spatial organization of the photosynthetic apparatus play an 

important role in tuning the photosynthetic performance. A good understanding of 

the principles allowing photosynthetic organisms to live phototrophically at very 

different light conditions may help in our search for new ways to capture and utilize 

solar energy. The efficiency of solar cells, for instance, often declines with 

decreasing irradiance (Reich et al. 2011). In this respect, green sulfur bacteria are 
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