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4.1 ABSTRACT 

Time-resolved fluorescence spectroscopy measurements at 77K on thylakoid membrane 

preparations and isolated photosynthetic complexes thereof were investigated using 

target analysis with the aim of building functional compartmental models for the 

photosystems in the thylakoid membrane. Combining kinetic schemes with different 

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

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

energetic properties of the red Chl pools in both photosystems, and quantified the 

formation of LHCII-LHCI-PSI supercomplexes in the transition from native to unstacked 

thylakoid membranes. 

4.2 INTRODUCTION 

In oxygenic photosynthesis, photosystem I (PSI) and photosystem II (PSII) bound to the 

thylakoid membrane convert light into chemically stored energy. Functional studies of the 

isolated photosynthetic complexes and the thylakoid membrane using time-resolved 

fluorescence spectroscopy 1 have provided us with a wealth of information on the 

elementary chemical and physical processes constituting the light reactions 2, 3. In isolated 

PS I cores equilibration between bulk Chl a and red Chl a, species with red shifted 

emission relative to that of the reaction centre (RC), precedes trapping in the RC, e.g. 4-10. 

Larger complexes of PS I cores with LHC I antennae show even more complex dynamics, 

since the antennae also contain red Chl a species 11-17. The core of PS II also contains 

species with red shifted emission relative to that of the RC. In PS II the red Chl are less red 

shifted (up to 696 nm) than in PS I (up to 740 nm). Depending upon the size of the PS II 

particle different trapping time scales are found, in addition to spectral evolution related 

to the red Chl, e.g. 18-28. Extracting the information from time-resolved fluorescence 

spectra requires building a detailed functional compartmental model describing the 

processes that affect the observed fluorescence of the photosystems in the thylakoid 

membrane 29, 30. At 77K more details on the different emissive species can be 

distinguished, in particular of species with red shifted emission relative to that of the RC. 

In an earlier paper 31 measurements of native and unstacked thylakoid membranes from 

spinach and their constituents were globally analyzed. The lifetimes and their Decay 

Associated Spectra (DAS) were estimated and qualitatively interpreted. The aim of this 

paper is to build a more detailed target model (explained in detail in the Methods section) 

and extract the energy transfer pathways and decay characteristics of the different 

emissive species. By combining kinetic schemes with different spectral constraints we 

estimate the Species Associated Spectra (SAS) and the microscopic rate constants of the 

energy transfer pathways and decays. In particular, introduction of spectral constraints 

enables us to estimate the SAS and free energy levels (relative to the bulk Chl a antenna) 

of the reaction center and of red Chl pools. This method is applied here to some of the 
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units in the thylakoid membrane, e.g. LHCI-PSI complexes, PSII membranes (BBY 

preparations) 31 and PSII core complexes 26. A future aim is to obtain a quantitative 

description of functional changes in the thylakoid membrane upon regulatory processes 

like state transitions or nonphotochemical quenching 32. As a case study, here a 

quantitative model is proposed that supports the formation of LHCII-LHCI-PSI 

supercomplexes in the transition from native to unstacked thylakoid membranes, as 

suggested before 31.  

4.3 MATERIALS AND METHOD 

Samples, treatments and measurement protocols have been described in detail before in 
26, 31. Briefly, time-resolved fluorescence spectra at 77K were recorded of (1) PSI-LHCI 

complexes isolated from spinach thylakoid membranes, (2) PSII core complexes isolated 

from Thermosynechococcus elongatus, (3) PSII membranes (BBY preparations) isolated 

from spinach thylakoid membranes, and (4) native and unstacked spinach thylakoid 

membranes. The data from samples 1, 3 and 4 were obtained from 31, those from sample 

2 were obtained from 26. All data were previously measured at 77K using a synchroscan 

streak-camera setup, described in detail in 33 using an excitation wavelength of ≈485 nm, 

thus preferentially exiting Chl b and carotenoids, for all samples except for the PSII core 

complexes where instead a non-selective 400nm excitation wavelength was used. The 

repetition rate of the laser was 50 kHz with a pulse energy of 20 nJ (10 nJ for the PSII core 

complex) and a spot diameter of 1mm. Spectra were recorded over a spectral width of 

approximately 250 nm with resolution of 2-4nm over a total time range of 800 ps or 2 ns. 

The full width at half maximum (FWHM) of the instrument response function (IRF) of the 

system was determined to be ≈10 ps for the 800 ps time range and ≈25 ps for the 2 ns 

time range.  

The data reported in this paper were analyzed using a combination of global and target 

analysis 29, 30, 34. Global analysis provides a simple description of the data at all 

wavelengths and all time points simultaneously, hence the word global. The simplest 

description of the data uses a number of independent exponentially decaying 

components, each represented by a single rate constant (reciprocal of the lifetime) and an 

amplitude at each recorded wavelength, together constituting the decay associated 

spectra (DAS). The DAS reflect the rise and decay of the components with their 

corresponding lifetimes. A sequential model estimates the same lifetimes, and is easily 

written as a linear combination of the DAS, but instead describes the spectral evolution of 

the data. The first compartment is excited and decays with the first lifetime into the 

second compartment. In turn, the second compartment decays into the third 

compartment, etc. The emission of each compartment is now described by an evolution 

associated spectrum (EAS). Target analysis combines the parallel and sequential aspects 
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from global analysis into a full kinetic model which specifies the microscopic rate 

constants that describe the decay of each of the compartments as well as the energy 

transfer between compartments; as a result also equilibria between different 

compartments can be estimated. The emission of each compartment is now described by 

a species associated spectrum (SAS). In general, the number of free kinetic parameters is 

larger than the number of lifetimes estimated in global analysis. Therefore spectral 

constraints are needed, which limit the number of spectral parameters, and enable the 

estimation of additional kinetic parameters. Four types of spectral constraints can be 

distinguished, three of which apply to a particular wavelength region: zero constraints, 

non negativity constraints, and spectral relations 29, 35. The fourth type of spectral 

constraint considers the area of the complete SAS, which represents the oscillator 

strength of the emissive species. When the ratio between the oscillator strengths of two 

Chl species with and   is assumed to be  , then a penalty can be imposed 

which is added to the least squares criterion of the fit: 

  

Without a priori knowledge, we assume that all Chl species possess the same oscillator 

strength, i.e. . Here  is used to tune the importance of this area 

constraint in the least squares fitting process. In practice, one starts with a small 

, which is manually increased in subsequent fits. This penalty automates the 

trial and error approach that was used before 5.  

The aim of our target analysis is to construct functional compartmental models. In such a 

model we aim for a minimal number of compartments that describe the complete spectral 

evolution of the emission. Each compartment contains one or more pigments with the 

same spectrum and functional role. The basic model consists of an Antenna compartment 

in equilibrium with one or more Red Chl pools and a reaction center (RC) compartment 

from which charge separation can occur (see Figure 4.1). The Red Chl pools absorb to the 

red of the RC and they are pronouncedly present as slow decay components in the time-

resolved emission, in particular at low temperature. They decay both via the bulk Antenna 

(possibly followed by charge separation in the RC) and via their natural lifetime (1/kf), 

which is assumed to be the same for all excited states. The free energy difference 

between two compartments depends upon the energy difference between the two 

emission maxima and upon the relative number of pigments of the 

compartments  (  ). 

iSAS
jSAS α

max

min

penalty weight SAS ( ) SAS ( )ij ij i j d

λ

λ

λ α λ λ= −∫
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Figure 4.1: Functional Compartmental Model describing Photosystem dynamics. 

Even when we assume kf known (typically 1/(5 ns)) the model of Figure 4.1 contains five 

unknown microscopic rate constants. The three emissive compartments will yield three 

lifetimes, which means that we still require two constraints. Assuming equal areas of the 

three SAS provides us with these two constraints, and enables estimation of all unknown 

kinetic parameters. Thus we resolve each equilibrium, and determine the free energy 

differences between the three states. 

4.4 RESULTS AND DISCUSSION 

4.4.1 LHCI-PSI  

The LHCI-PSI time-resolved fluorescence data was first analyzed by means of global 

analysis using a model with a minimal number of exponentials. Five components, as used 

in the original analysis, were found to already adequately fit the data 31. However, using a 

sixth component, restricted to only contribute to the emission below 680 nm, was found 

to further improve the rms error of the fit by 1% with respect to 5 components and to 

account for some of the sub-ps evolution in the emission on the blue side of the spectrum. 

The results of this analysis are summarized in Figure 4.S1C in the form of the DAS and 

their corresponding lifetimes. The first DAS can be interpreted as the ultrafast energy 

transfer processes from Chl b to Chl a and from more blue Chl a to more red Chl a. Further 

equilibration, evidenced by negative DAS amplitudes, takes place on time scales of 11 and 

40 ps. Trapping, evidenced by the net loss of DAS area, occurs on multiple time scales (11 

and 40 ps, 0.42 and 1.9 ns). The last lifetime of ≈4.5 ns corresponds to a mixture of free 

LHC emitting at ≈675 nm, and a pigment emitting at ≈740 nm, from which excitations 

cannot escape to the RC via the bulk antenna.  
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Based on these observations a target model can be constructed. We know that at least 6 

exponentials will be needed, but that possibly more components can be estimated. For 

instance, in a target model the 4.5 ns DAS which consists of two functionally different 

species, can be split into two components with the help of zero constraints on the SAS. 

Furthermore from these results, it is obvious that several Red Chl pools in equilibrium with 

the RC via a bulk compartment will be needed. The equal area constraints on the SAS 

described in Materials and Methods allow us to estimate those equilibria. 

The kinetic scheme of the target model is depicted in Figure 4.2A. Compartment C1, a 

precursor to the other compartments, as well as the  rate constant have been omitted 

from this figure for clarity. The characteristics of the different compartments of the target 

are collated in Table S1. The resulting population profiles and corresponding SAS that then 

describe the data are given in Figure 4.2B and Figure 4.2C respectively. The main idea 

behind this model is that most of the energy is very quickly distributed among all the 

pigments, partly via direct excitation (transfer from directly excited Chl b and Car) and 

partly via the antenna/bulk pigments. The excitation energy is then trapped at different 

timescales due to the equilibria between states of lower free energy and the bulk 

compartment which is in equilibrium with the RC.  

The second compartment in the target model (C2, depicted in dark green) captures a 

relatively short lived species emitting at 683 nm, consistent with the emission of bulk Chl 

a. Bulk Chl a is modeled to be in direct equilibrium with the RC and with several Red Chl 

pool compartments as per Figure 4.1. The third compartment (C3, depicted in black) is the 

RC compartment, with an emission peaking around 683 and 703 nm. The RC compartment 

decays via charge separation ('trapping') with rate . Several pools of Red Chl are 

connected to the bulk antenna, in total 4 distinct pools can be resolved. The fourth 

compartment represents a Red Chl pool (C4, depicted in green) which peaks around 715 

nm and excitations trapped here have a relatively high probability to escape, explaining its 

observed lifetime of ≈96 ps. Recently, we resolved a very similar Chl a pool also in a PS I 

core preparation ‘without red Chl’ 36. The free energy of the fifth compartment (C5 

depicted in orange), emitting around 723 nm, is slightly lower, resulting also in a longer 

lifetime of 0.5 ns. The sixth compartment (C6 depicted in brown), is a very low lying state 

with respect to the RC and features a large emission band around 730 nm, characteristic 

for LHC I. This compartment is directly populated from the precursor, indicating that it is a 

red trap in LHC I, and it decays in 2.1 ns. Finally the seventh compartment (C7, indicated by 

dark grey) represents a pool of Chl from which it is practically impossible to escape, 

resulting in a long ≈4 ns lifetime, probably representing the fraction of most red traps 

present in the inhomogeneous distribution of energy states in LHC I.   

fl
k
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The estimated equilibria for this model are collated in Table S2. At 77K the available 

thermal energy kBT is about 6.6 meV or 54/cm, corresponding to a shift of 2.6 nm near 

700 nm. The free energies of C5, C6 and C7 are more than 2 kBT below that of the RC 

compartment C3. This results in delayed trapping times in PSI at 77K. To confirm that it is 

indeed possible to escape from a red trap, let us assume that the ratio of the number of 

pigments of the C2 and C5 compartments  is 100. Then the entropic free 

energy difference equals . We observe that 

, which means that the energy difference between a C2 Chl a and a C5 

red Chl a equals 47 meV or 371/cm equivalent to 703 nm (relative to 685 nm). With red 

Chl SAS the 0-0 transition is located at the blue edge of the SAS13. Thus it is possible that 

an excitation trapped in C5 can escape to the RC, resulting in a 0.5 ns lifetime. 

Analogously, assuming , and observing  the 

energy difference between a C2 Chl a and a C6 red Chl a equals 59 meV or 476/cm 

equivalent to 708 nm (relative to 685 nm). Consequently, an excitation in C6 where the 

blue edge of the SAS is ≈8 nm more red shifted than that of C5, can escape in 2.1 ns. 

The estimated global lifetimes in this target analysis are 0.3 ps, 9 ps, 21 ps, 96 ps, 0.5, 2.1 

ns, 3.9 and 4.1 ns. The amplitude matrix, Table S1, indicates that the fastest trapping 

(dashed black line in Figure 4.2B) occurs in 21 ps, whereas the ≈96 ps and 0.5 ns time 

scales correspond to escape from C4 and C5 via the bulk C2. The 9 ps lifetime represents 

equilibration of the excitation among the various pigments pools. The largest rises of the 

Radical Pair compartment are with 21 ps, 2.1 ns and 0.5 ns, respectively, with a total yield 

of photochemical quenching of almost 66%. Of these 66%, already 34% occur on the 21 ps 

time scale.  

The quality of the fit for this target analysis is good, as can be seen from the traces with all 

data and fits in Figure 4.S2. All SAS shapes are realistic, except for the yellow one. The 

most interesting SAS here is the reaction center compartment C3 (black in Figure 4.2C). It 

is bimodal with bands around 703 and 683 nm. We interpret these as the combined 

emission from P700 and the other chlorins of the RC, and probably also some bulk Chl a in 

the core. Recently, in a target analysis of room temperature LHCI-PSI time-resolved 

fluorescence data12 four compartments could be resolved, two of which were red Chl 

pools in the core and the antenna. The 77 K data thus allow resolving two more red Chl 

pools. At room temperature two separate compartments (with identical SAS) were 

resolved for the bulk Chl a in the core, and in LHC I. Here we can describe the 77 K data 

with a single bulk Chl a compartment, which is an oversimplification.  

2 5C CN N

ln(100) 4.6 31B Bk T k T meV= =

2 5, 16C CG meV∆ =

2 6 200C CN N =
2 6, 24C CG meV∆ =
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Figure 4.2: (A) Compartmental model used for target analysis of LHCI-PSI. Compartment C1 

as well as the  rate constant for excited states have been omitted for clarity. The (x%) 

reflects the population after decay of C1. Estimated microscopic rate constants (to the left 

of each arrow) are in 1/(ns). Bold numbers indicate relative precision better than 20%. Free 

energy scale is indicated, the thin red line represents kBT=6.6 meV below C2. (B) population 

profiles (C) corresponding estimated SAS. 

 

4.4.2 PSII core complexes 

The time-resolved emission of PSII cores of Thermosynechococcus elongatus was recorded 

at 77 K upon 400 nm excitation 26. Inspired by the success of the LHCI-PSI target analysis 

(see above) we revisited these 77 K data, using an analogous model with traps in 

equilibrium with bulk Chl a. Note that here again the area constraint explained above was 

crucial to extract more information from the data. In global analysis five exponentials 

were necessary to describe the data. The DAS in Figure 4.S1A are more congested than of 

PSI-LHCI in Figure 4.S1C, because there are less red chlorophylls in PSII than in PSI. 

Equilibration in ≈7 ps is present. Trapping occurs on multiple time scales (27 and ≈158 ps, 

≈0.9 ns). The last lifetime of ≈4.3 ns corresponds to a pigment emitting at ≈696 nm.  

flk
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For the target analysis, we used the kinetic scheme depicted in Figure 4.3A. The 

characteristics of the different compartments of this model are collated in Table S3, while 

the resulting population profiles and corresponding SAS that describe the data are given in 

Figure 4.3B and Figure 4.3C, respectively. The first two compartments in this model (C1, 

grey SAS and C2, purple SAS) represent antenna pools Ant1 and Ant2 emitting at ≈675 and 

≈684 nm. They equilibrate in ≈4 ps, consistent with pump probe results at 77 K in CP43 

and CP47 showing main energy transfer times of ≈0.3 and ≈3 ps in both core antenna 

complexes 37. In the target model we assumed furthermore that Ant2 (C2) is in equilibrium 

with the RC compartment C3 (blue SAS) emitting at ≈687 nm. C3 is in fast equilibrium with 

a dark RP1 state (C6), in agreement with several results on charge separation in PSII 19, 26, 38, 

39. RP1 (C6, orange population profile, no SAS) in turn is in equilibrium with the dark state 

RP2 (C7, brown population profile, no SAS), although the back reaction is small. In 

addition, the bulk antenna pool C2 is in equilibrium with two red Chl a pools C4 and C5 

from CP47 40-42 emitting at ≈690 and ≈696 nm with lifetimes of about 0.58/1.8 and 4 ns, 

respectively. To verify that C4 can still escape via the antenna to the RC, we can again 

make an assumption for the relative number of pigments in the core compartment (C2) 

and the red trap C4 and calculate the free energy difference. For PSII a reasonable 

estimate for  is 30. Then the entropic free energy difference equals 

. We observe that , which 

means that the energy difference between a C2 Chl a and a C4 red Chl a equals 29 meV or 

234/cm, equivalent to 691 nm (relative to 680 nm). Thus it is possible that an excitation 

trapped in C4 can escape to the RC, resulting in a 0.58/1.8 ns lifetime.  

From the amplitude matrix, Table S3, we read that the main decay times of the bulk (C2) 

antenna are 13.5 and 29 ps, concomitant with the rises of RC and RP1 on these time 

scales. The red pigment emitting at ≈690 nm (C4, black spectrum in Fig. 3C) decays with 

0.58 and 1.8 ns. Trapping (dashed orange, brown and black lines in Figure 4.3B) is 

predominantly occurring with 164 ps and 0.58 ns, as evidenced from the largest rises of 

the RP2 compartment, with a total yield of photochemical quenching of 77%. The 

remaining 23% decays to the ground state mainly through the two red Chl pools.  

The quality of the fit for this target analysis is good, see the traces with all data and fits in 

Figure 4.S3. All SAS shapes are realistic, with the shortest living grey SAS being estimated 

less precisely.  

2 4C CN N

2 4ln( / ) 3.4 23B C C Bk T N N k T meV= =
2 4, 6C CG meV∆ =
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Figure 4.3: (A) Compartmental model used for target analysis of PSII core. The  rate 

constant for excited states has been omitted for clarity. The (x%) reflects the initial 

population. Estimated microscopic rate constants (to the left of each arrow) are in 1/(ns). 

Bold numbers indicate relative precision better than 20%. Free energy scale is indicated, 

thin red line represents kBT=6.6 meV below C2. (B) population profiles. (C) corresponding 

estimated SAS. 

4.4.3 PSII membranes 

PSII membranes contain PSII cores connected with a large outer antennae43. The 

excitation wavelength for the PSII membranes was 485 nm, rather than the 400 nm for 

PSII core, thus again exciting preferentially Chl b, which is present in LHC II and the minor 

antenna complexes CP29, CP26 and CP24 3. In global analysis five exponentials were found 

to be necessary to describe the data (Figure 4.S1B). Similar to PS II core, interantenna 

equilibration in ≈8 ps is present. The 44 ps DAS is almost conservative, attributed to 

further equilibration, possibly between peripheral and core antennae. Trapping timescales 

are ≈139 ps and ≈0.53 ns.  

For the target analysis we started from the same kinetic scheme as with the PS II core 

(Figure 4.4A). The Ant1 compartment (C1) now contains blue Chl a and Chl b. The Ant2 

compartment represents the bulk Chl a of the peripheral antennae. With the 485 nm 

excitation, we could no longer reliably resolve an RC compartment, which is now included 

flk
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in the Ant3 compartment that is dominated by the bulk Chl a of core antenna complexes 

CP43 and CP47. The characteristics of the different compartments of the target model 

used to analyze the PSII membranes data are collated in Table S5. The resulting 

population profiles and corresponding SAS that then describe the data are given in Figure 

4.4B and Figure 4.4C, respectively. The quality of the fit for this target analysis is good, see 

the traces with all data and fits in Figure 4.S4. We attempted to add an RC compartment, 

but this did not improve the quality of the fit. 

The estimated SAS of PSII membranes are similar to those of PSII core, with the obvious 

exception that Ant1 (C1, grey SAS) now contains a Chl b contribution. The parameters 

estimated with the PSII core complexes and the PSII membranes data are somewhat 

different. In the membranes, the equilibration is slower, in particular because of the 

equilibration between peripheral C2 and core C3 antennae. The estimated equilibria for 

this model are collated in Table S6. The free energy of C4 is only 3 meV below that of C3, 

enabling escape from the 687 nm chlorophyll (C4) to C3 which includes the RC. The 695 nm 

chlorophyll (C5) lies more than 4 times kT below C3. Especially from the long lived species 

(C5, cyan SAS in Figure 4.4C) it is clear that this particular sample was contaminated with 

PSI-LHCI, resulting in an increased amplitude around 730 nm.  

From the amplitude matrix, Table S5, we read that the main decay times of the C2 bulk 

antenna are 37 and 144 ps, concomitant with the rises of Ant3 and RP1 on these time 

scales. The pigments emitting at 687 nm (C4, magenta spectrum in Figure 4.4C) decay with 

0.52 ns. Trapping (dashed orange, brown and black lines in Figure 4.4B) is visible in the 

largest rises of the RP2 compartment with 144 ps and 0.52 ns, with a total yield of 

photochemical quenching of 84%. The remaining 16% decays to the ground state mainly 

through the two red Chl pools. Note that the main difference in the trapping compared to 

Figure 4.3B is the delayed and smaller population of RP1 (orange). 
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Figure 4.4: (A) Compartmental model used for target analysis of PSII membranes. The  

rate constant for excited states have been omitted for clarity. Estimated microscopic rate 

constants (to the left of each arrow) are in 1/(ns). Bold numbers indicate relative precision 

better than 20%. Free energy scale is indicated, thin red line represents kBT=6.6 meV 

below C2. (B) population profiles and (C) corresponding estimated SAS. 

  

flk
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4.4.4 Native and unstacked thylakoid membranes 

The DAS depicted in Figure 4.S1D and E for native and unstacked membranes both contain 

five lifetimes: a fast energy transfer of 11 ps, trapping on timescales of ≈38, ≈150 ps and 

≈0.6 ns. The final decay is in ≈3 ns. From the shapes of the DAS, in particular the larger 

contribution of red emission from PS I in Figure 4.S1E, a transition is already apparent 31. 

We recognize here the trapping timescales that we have seen before for either PSI or PSII. 

There we learned that we can resolve up to eight compartments for PSI-LHC I, and seven 

for PS II membranes. All these SAS overlap, and in measurements on whole stacked and 

unstacked thylakoid membrane they all come together. However, given the limited signal 

to noise ratio of the data used in this study it is not possible to resolve 15 functional 

compartments in a model for the emission from a complete thylakoid membrane. 

Therefore we set out for a limited target model, with which we describe simultaneously 

the native and unstacked thylakoid membrane. We model each photosystem with a 

sequential scheme with four compartments for PS I and three compartments for PS II. The 

area constraint of the subsequent SAS was used here to quantify the amount of trapping 

at each step. Each initial photosystem compartment can be directly excited and it receives 

input from the LHC II antenna. The native and unstacked thylakoid membrane mimick a 

state transition. In our target analysis the aim is to quantify this transition, by estimating 

the amount of input that each initial photosystem compartment receives from the LHC II 

antenna in each state. Thus the simultaneous target analysis of emission data from two 

states is instrumental to resolve the distribution of energy in these states. 

The characteristics of the different compartments of the target model used to analyze the 

stacked-unstacked thylakoid data are indicated in Figure 4.5A together with the kinetic 

scheme. The resulting population profiles that then describe the data are given in Figure 

4.5B and D for the native and unstacked membranes, respectively. The corresponding SAS 

of PS II and PS I are depicted in Figure 4.5C and E, respectively. These SAS are not pure, 

since they contain contributions from red Chl pigments and from bulk antennae 

(especially for PS I).  

The estimated lifetimes in the stacked/unstacked case respectively are 1 ps, 18 ps / 7.5 ps 

(for LHC II), 37 ps, 114 ps, 149 ps, 429 ps, 873 ps, 2.7 ns and 5.0 ns. The amplitude 

matrices for the stacked and unstacked case are reported separately in Table S7 and Table 

S8, respectively. The rise of the stable charge separated state of PSI (RP PSI) indicates that 

the fastest PS I trapping occurs in 37 ps, with minor contributions in 0.9 and 2.7 ns. The 

rise of the stable charge separated state of PS II (RP PSII) occurs on time scales of 114 and 

429 ps.  

The quality of the fit for this target analysis is good, see the traces with all data and fits in 

Figure 4.S5. 
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Although we resolve less compartments for PS I and PS II, an LHC II SAS is resolved. It 

peaks at 675 nm, to the blue of the core antennae (red SAS in Figure 4.5C,E). Its lifetime is 

shorter and its peak is blue shifted compared to the LHC II SAS resolved with BBY 

membranes (cf the red SAS in Figure 4.4C). This is caused by the unidirectionality of the 

energy transfer from LHC II in this oversimplified model. Because of the small weight used, 

the penalty amounts to an increase of the rms error of the fit by 0.3%. This allows for a 

twofold area difference between the smallest and largest SAS area. We chose not to 

increase the weight, since there are already other shortcomings of this model (most 

importantly the missing equilibria). 

The amount of direct excitation of LHCII, PSI-LHC I and PS II was estimated to be about 

38%, 50%, 12% in stacked and unstacked conditions. These numbers are reasonable in 

view of the 485 nm excitation wavelength and the amount of Chl b and carotenoids in the 

three systems. 

The relative estimated amount of LHC II that transferred to PS II and PS I in stacked and 

unstacked conditions is collated in Table 1. The transition is almost complete, with the 

input to PS II decreasing from 98 to 10%, concomitant with the input to PS I increasing 

from 2 to 90%.  

 PSII PSI 

Stacked 54 (98%) 1 (2%) 

Unstacked 14 (10%) 121 (90%) 

Table 1: Energy transfer rates (in 1/ns) from the LHCII compartment to PSI and PSII in 

stacked and unstacked conditions. Between parentheses the fractions of LHCII transferring 

to PSI and PSII. 
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Figure 4.5: (A) Compartmental model used for the simultaneous target analysis of the 

stacked and unstacked thylakoid membranes. Note that the model allows for a different 

rate of energy transfer from the LHCII compartments between datasets. Numbers at the 

errors are rates in 1/ns, downward arrows represent photochemical quenching. 

Compartment C1 as well as the  rate constant for excited states have been omitted for 

clarity. (B) population profiles for the stacked thylakoid membrane and (C) estimated LHC 

II and PS II SAS. (D) population profiles for unstacked thylakoid membrane and (E) 

estimated LHC II and PS I SAS. 

4.4.5 Reconstruction of the steady state fluorescence spectra. 

The target models obtained allow reconstruction of the steady state fluorescence spectra. 

These are shown in Figure 4.S6. Taking into account the lower wavelength resolution of 

≈3 nm, they generally agree with measured steady state fluorescence spectra. In addition, 

these reconstructions provide useful insight into the origins of the constituent bands. 

With LHCI-PSI the reconstructed steady state emission in Figure 4.S6C is dominated by the 

fl
k
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contributions of the 730 nm SAS (C6, brown) and 675 nm free LHC SAS (C8, grey). In 

addition, the 723 and 743 nm SAS (C5, orange and C7, dark grey) contribute.  

With PS II cores (Figure 4.S6A) the dominant contributions are the 687, 690 and 696 nm 

SAS (blue, magenta and cyan) which represent the RC and the two red Chl pools. In this 

model, the well-known F695 emission of PSII at 77K originates from C5 peaking at 696 nm, 

while F685 represents the combined contributions of C2 (the bulk antenna chlorophylls 

emitting at 684 nm), C3 (the RC chlorophylls and pheophytins) and C4 (the red chlorophyll 

of CP47 that emits at 690 nm and transfers its energy to the RC with a lifetime of 0.58/1.8 

ns at 77 K). 

In BBY membranes (Figure 4.S6B), the contribution of peripheral antenna C2 is larger than 

in PS II core, where C2 represented core antenna. The large contribution of the cyan SAS 

around 730 nm results from the above mentioned contamination with PSI-LHCI.  

In the case of stacked and unstacked thylakoid membranes, cf. Figure 4.S6D and E, we 

observe that after the transition the PS II bands decrease and that half of the remaining 

emission at 685 nm is attributable to PS I Chl a. 

4.5 UNIQUENESS OF THE MODELS 

The number of parameters that we estimate is larger than before 26, in particular because 

we estimate here all equilibria. The information to estimate these equilibria is derived 

from the equal SAS area constraint. In LHCI-PSI (Figure 4.2) we resolved eight well 

separated SAS and the relative precision of most microscopic rate constants was 20% or 

better. Although in PS II core the SAS are more congested, two red Chl contributions are 

well resolved. The relatively slow equilibration of CP43 and CP47 antenna and RC is 

consistent with the computations of Renger et al. 44, 45. The BBY target analysis was 

consistent with that of PS II core, and the differences in the dynamics and energetics were 

well explainable by the equilibration with the outer antenna. More information is needed 

to test the models proposed here, e.g. from further studies using data measured with 

different excitation wavelengths, at multiple temperatures 46 or at other different 

measurement conditions 47. In particular, to more completely functionally characterize the 

whole thylakoid membrane simultaneous analysis of multiple experiments will be needed. 

In addition to the equal SAS area constraint, other penalties based upon SAS shape could 

be useful to decide between alternative models, e.g. smoothness 48. 

4.6 CONCLUSIONS 

We modeled the dynamics of PSI and PSII at 77K using a kinetic scheme where red 

pigment pools are in equilibrium with the RC via the bulk antenna. Excitation energy can 

then either be trapped directly by the RC via downhill energy transfer processes or 
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depending on the free energy difference between the red pigment pool and the 

intermediate compartment also by escaping to the RC via the bulk antenna, resulting in 

the observed trapping on various timescales.  

In the target analysis spectral constraints, in particular SAS of equal area and non-

negativity of the SAS were essential for the estimation of all relevant parameters from the 

data. We have demonstrated that this type of model generally works for all photosystems, 

specifically for LHCI-PSI from spinach, PSII core complexes of Thermosynechococcus 

elongatus and PSII membranes from spinach. For the first time we have been able to 

resolve the SAS of the RC of PSII, which possesses a single maximum at ≈684 nm. 

We have also shown that the dynamics of a system as complex as a whole thylakoid 

membrane, containing LHCI-II, LHCI-PSI and PSII, can be modeled using a relatively simple 

scheme in which the difference in the emission between two states of the same system 

(in this case stacked and unstacked thylakoid membranes) is used to resolve the 

photosystem dynamics to a large degree. Specifically in the case of stacked and unstacked 

thylakoid membranes it allowed the quantification of the amount of LHCII involved in the 

process. In the model, the LHCII input to PS II decreased from 98 to 10%, whereas the 

input to PS I increased from 2 to 90%. This means that in stacked membranes, almost all 

LHCII transfers its excitation energy to PSII, in agreement with the physical separation of 

LHCII and PSII in the grana and of PSI in the stroma membranes. After unstacking, PSII, PSI 

and LHCII are fully mixed in one membrane system and now the majority of LHCII 

transfers its energy to PSI.  

These results indicate that time-resolved emission followed by a target analysis can be 

used to quantify a sample in terms of functional connectivity of the peripheral light-

harvesting antenna and each of the two photosystems. 
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SUPPORTING INFORMATION 

Six figures showing DAS, all data and fits, and reconstructed steady state spectra. Eight 

tables detailing the amplitude matrices of the compartmental models, and free energy 

differences. 

 

 

Figure S4.1. Estimated DAS resulting from global analysis using five (or six with LHCI-PSI) 

exponentials. (A) PS II cores of Thermosynechococcus elongatus, and from spinach: (B) BBY 

membrane, (C) LHCI-PSI, (D) stacked thylakoid membrane, (E) unstacked thylakoid 

membrane. 
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 0.3 ps 9 ps 21 

ps 
96 ps 0.50 ns 2.1 ns 3.9 ns 4.1 ns inf inf Constraint 

 
λmax (nm) identity 

C1 (yellow) 0.968          λ>674nm 659 Chl b 

C2 (d-green) -0.698 0.613 0.052 0.016 0.012 0.007      683 Bulk Chl a 

C3 (black) -0.200 -0.213 0.39

5 
0.009 0.006 0.003      ≈683/703 RC/P700 

C4 (green) -0.006 -0.137 -

0.034 
0.140 0.024 0.012     λ>688nm 715 Red Chl a 1 

C5 (orange) 0.008 -0.230 -

0.049 
-0.097 0.283 0.084     λ>694nm 723 Red Chl a 2 

C6 (brown) -0.075 -0.104 -

0.021 
-0.031 -0.190 0.421 0.001    λ>700nm 731 Red Chl a 3 

C7 (d-grey)  -0.005 -

0.001 
-0.001 -0.006 -0.027 0.040    λ>722nm 743 Red Chl a 4 

C8 (grey)        0.032   λ<722nm 675 Free LHC 

C9 (black 

dashed) 
0.002 0.075 -

0.339 

-0.034 -0.113 -0.247 -0.001   0.657   RP 

Ground State   -

0.002 

-0.001 -0.016 -0.253 -0.040 -0.032 0.343     

Table S4.1: The amplitude matrix of the model for the isolated LHCI-PSI complexes. A negative number indicates a rise of a component 

and a positive number indicates a decay. In bold the biggest contributors of decay for each compartment. Three rightmost columns 

contain zero constraint used ( #SAS ( ) 0λ =  ), λmax and identification of C# based upon the SAS. 

C#   (meV) 

3 22 10 5.2 

4 23 13 3.8 

5 42 3.5 16 

6 20 0.6 24 

7 1 0.01 32 

Table S4.2: Target analysis results of isolated LHCI-PSI complexes. Estimated rate constants and ΔG of the equilibria between bulk 

compartment C2 and C3-C7 (T=77K, kBT=6.6 meV)

2 #k → # 2k → G∆
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Figure S4.2: Time traces of fluorescence data of LHCI-PSI (black) and fit (red). Time axis is 

linear from -200 till 200 ps relative to the location of the IRF maximum, and logarithmic 

thereafter. Rms error of the fit was 82. 
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 4.4 ps 13.5 ps 29 ps 164 ps 0.58 ns 1.8 ns 4.0 ns inf inf C λmax (nm) identity 

C1 (grey) 0.171 0.002 0.003 0.001       675 Ant1 

C2 (purple) -0.214 0.243 0.336 0.120 0.012 0.040     684 Ant2 

C3 (blue) 0.044 -0.437 0.163 0.258 0.008 0.084     687 RC 

C4 (magenta) 0.004 -0.014 -0.043 -0.119 0.196 0.114     690 Red Chl CP43/CP47 

C5 (cyan)  -0.002 -0.005 -0.010 -0.004 -0.065 0.112    696 Red Chl in CP47 

C6 (orange dashed) -0.005 0.236 -0.617 0.278 -0.006 0.114 0.000   All λ dark RP1 

C7 (brown  dashed)  -0.029 0.170 -0.587 -0.300 0.742 0.002   All λ dark RP2 

C8 (black dashed)   -0.004 0.068 0.122 -0.954 -0.007  0.773   RP3 

Ground State  0.001 -0.003 -0.010 -0.029 -0.076 -0.109 0.227     

Table S4.3: The amplitude matrix of the model for the PSII core complexes. A negative number indicates a rise of a component and a 

positive number indicates a decay. In bold the biggest contributors of decay/rise for each compartment. The Ground State compartment 

has an infinite lifetime. Three rightmost columns contain zero constraint used (
#SAS ( ) 0λ = ), λmax, and identification of C# based upon 

the SAS. The label C stands for Constraint. 

C# 
  (meV) C# 

  (meV) C# 
  (meV) 

3 39 18 5 6 25 18 2 7 9 1.2 13 

4 4.1 1.8 6         

5 0.5 0.01 26         

Table S4.4: Target analysis results of PSII core complexes. Estimated rate constants and  of the equilibria between the Ant2 

compartment C2 and C3-C5 (T=77K, kBT=6.6 meV) and between RC (C3) and RP1 (C6) and RP1 and RP2 (C7). 

2 #k → # 2k →
G∆

3 #k → # 3k →
G∆

6 #k → # 6k →
G∆

G∆
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Figure S4.3: Time traces of fluorescence data of PSII core (grey and orange) and fit (black 

and red). Time axis is linear from -200 till 200 ps relative to the location of the IRF 

maximum, and logarithmic thereafter. Rms error of the fit was 63. 
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 7 ps 17.4 ps 37 ps 144 ps 0.52 ns 1.4 ns 4.0 ns inf inf C λmax (nm) identity 

C1 (grey) 0.322          671 Ant1 (Chl b and blue Chl a ) 

C2 (red) -0.331 0.056 0.337 0.479 0.057 0.016     679 Ant2 (peripheral) 

C3 (blue) 0.011 -0.180 -0.264 0.397 0.070 0.022     683 Ant3 (core including RC) 

C4 (magenta)  0.014 0.045 -0.403 0.309 0.041     687 Red Chl CP43/CP47 

C5 (cyan)  0.002 0.005 -0.031 -0.022 -0.025 0.073    695 Red Chl in CP47 

C6 (orange dashed) -0.002 0.163 -0.433 0.223 0.030 0.020    All λ dark RP1 

C7 (brown dashed)  -0.056 0.320 -0.726 -0.630 1.090 0.002   All λ dark RP2 

C8 (black dashed)  0.001 -0.009 0.077 0.237 -1.145 -0.005 0.844    RP3 

Ground State   -0.001 -0.015 -0.051 -0.018 -0.070  0.156    

Table S4.5: The amplitude matrix of the model for the PSII membranes. A negative number indicates a rise of a component and a positive 

number indicates a decay. In bold the biggest contributors of decay for each compartment. Three rightmost columns contain zero 

constraint (C) used ( ), λmax, and identification of C# based upon the SAS. 

C# 
  (meV) C# 

  (meV) C# 
  (meV) 

3 17 12 2 6 18 18 0 7 19 0.3 27 

    4 4.1 2.6 3     

    5 0.52 0.01 25     

Table S4.6: Target analysis results of PSII membrane complexes. Estimated rate constants and ΔG of the equilibria between antenna 

compartments C3 (Ant 3) and C2, C4 and C5 (T=77K, kBT=6.6 meV) and between Ant 3 and RP1 (C6) and between RP1 and RP2 (C7). 

#( ) 0SAS λ =

2 #k → # 2k →
G∆

3 #k → # 3k →
G∆

6 #k → # 6k →
G∆
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Figure S4.4:Time traces of fluorescence data of PSII membranes (grey and orange) and fit 

(black and red). Time axis is linear from -200 till 200 ps relative to the location of the IRF 

maximum, and logarithmic thereafter. Rms error of the fit was 102. 
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S 1 ps 18 ps 37 ps 114 ps 149 ps 429 ps 873 ps 2.7 ns 5.0 ns inf inf inf inf Color λmax (nm) identity 

C1 1.000             Yellow 683 Precursor 

C2 -0.399 0.399            Red 675 LHCII 

C3 -0.517 -0.011 0.528           Dark Green 679 PSI - 1 

C4 0.007 0.003 -0.350  0.340         Light Green 683 PSI - 2 

C5   0.088  -0.394  0.306       Orange 731 PSI – 3 

C6   -0.002  0.029  -0.181 0.154      Brown 735 PSI – 4 

C7 -0.099 -0.468  0.567          Blue 679 PSII – 1 

C8  0.034  -0.341  0.306        Magenta 683 PSII – 2 

C9    0.016  -0.058   0.043     Cyan 691 PSII – 3 

RPI 0.007 0.003 -0.263  0.025  -0.104 -0.070  0.402     - RP PSI 

RPII  0.039  -0.237  -0.226     0.424    - RP PSII 

GSI   -0.002  0.001  -0.022 -0.084    0.107   -  

GSII  0.002  -0.006  -0.021   -0.043    0.068  -  

Table S4.7: The amplitude matrix of the model for the stacked and unstacked membranes, reported for the stacked membranes. A 

negative number indicates a rise of a component and a positive number indicates a decay. In bold the biggest contributors of decay for 

each compartment. The lifetimes of RPI (radical pair PSI), RPII (radical pair PSII), GS-I and GS-II (Ground states of PSI and PSII) are set to 

be infinite. Three rightmost columns contain the color coding used, λmax, and identification of C# based upon the SAS. 
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U 1 ps 7.5 ps 37 ps 114 ps 149 ps 429 ps 873 ps 2.7 ns 5.0 ns inf inf inf inf Color λmax (nm) identity 

C1 1.000             Yellow 683 Precursor 

C2 -0.435 0.435            Red 675 LHCII 

C3 -0.463 -0.489 0.952           Dark Green 679 PSI - 1 

C4 0.006 0.051 -0.631  0.574         Light Green 683 PSI - 2 

C5  -0.002 0.159  -0.665  0.509       Orange 731 PSI – 3 

C6   -0.003  0.048  -0.300 0.255      Brown 735 PSI – 4 

C7 -0.115 -0.047  0.162          Blue 679 PSII – 1 

C8  0.001  -0.097  0.096        Magenta 683 PSII – 2 

C9    0.005  -0.018   0.014     Cyan 691 PSII – 3 

RPI 0.006 0.048 -0.474  0.042  -0.172 -0.116  0.665     - RP PSI 

RPII 0.001 0.002  -0.068  -0.071     0.136    - RP PSII 

GSI  0.001 -0.004  0.001  -0.036 -0.139    0.177   -  

GSII    -0.002  -0.007   -0.014    0.022  -  

Table S4.8: The amplitude matrix of the model for the stacked and unstacked membranes, reported for the unstacked membranes. A 

negative number indicates a rise of a component and a positive number indicates a decay. In bold the biggest contributors of decay for 

each compartment. Three rightmost columns contain color coding used, λmax, and identification of C# based upon the SAS. 
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Figure S4.5: Time traces of fluorescence data of native (grey and cyan) and unstacked 

(light green and orange) thylakoid membranes and fit (black and blue for native, dark 

green and red for unstacked). Time axis is linear from -200 till 200 ps relative to the 

location of the IRF maximum, and logarithmic thereafter. Rms error of the fit was 112. 
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Figure S4.6. Reconstructed steady state emission at 77 K (black dashed) based on the 

target analysis. The contributions of each compartment are obtained by integrating the 

population profile over time, and multiplying this with the estimated SAS. The colors 

correspond with those in the target analysis Figure 4.s. (A) PSII core, cf. Figure 4.3, of 

Thermosynechococcus elongatus, and from spinach (B) BBY membrane, cf. Figure 4.4, (C) 

LHCI-PSI, cf. Figure 4.2, (D) stacked thylakoid membrane, and (E) unstacked thylakoid 

membrane, both cf. Figure 4.5. Note that the same scale is used in D and E. 

 

 

 


