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Energy transfer and trapping in photosystem |
with and without chlorophyll-f

Ivo H.M. van Stokkum,’*>* Marc G. Miller,” J6rn Weil3enborn,’ Sebastian Weigand," Joris J. Snellenburg,’
and Alfred R. Holzwarth'-2

SUMMARY

We establish a general kinetic scheme for energy transfer and trapping in the photosystem I (PSI) of cya-
nobacteria grown under white light (WL) or far-red light (FRL) conditions. With the help of simultaneous
target analysis of all emission and transient absorption datasets measured in five cyanobacterial strains,
we resolved the spectral and kinetic properties of the different species present in PSI. WL-PSI can be
described by Bulk Chl a, two Red Chl a, and a reaction center compartment (WL-RC). The FRL-PSI contains
two additional Chl f compartments. The lowest excited state of the FRL-RC is downshifted by = 29 nm.
The rate of charge separation drops from =900 ns™ " in WL-RC to =300 ns ™" in FRL-RC. The delayed trap-
ping in the FRL-PSI (=130 ps) is explained by uphill energy transfer from the Chl f compartments with
Gibbs free energies of =kgT below that of the FRL-RC.

INTRODUCTION

Photosynthesis is key to the conversion of solar energy to biomass." Light harvesting antennae absorb sunlight and transfer the excitation
energy ultimately to the reaction centers (RCs). The charge separation in the RC of Photosystemn | (PSI)”~ is part of an electron transport chain,
the Z-scheme of oxygenic photosynthesis.” A typical PSI complex of cyanobacteria consists of eight proteins that bind more than 90
chlorophyll a (Chl a) pigments and 22 B-carotenes.” In all cyanobacterial PSI complexes “Red Chl a” pigments are present that enhance
the absorption cross section above 700 nm.””'” An excitation of a lower energy “Red Chl a” pigment is transferred uphill to the RC, where
ultrafast charge separation can occur.'® More recently, PSI complexes containing Chl d or Chl /7%
to photochemically trap even more red light.”*~° Thus, PSI of cyanobacteria grown under far-red light (FRL) conditions can absorb and utilize
FRL of wavelengths up to 800 nm by integrating the redshifted Chl fin the antenna, whereas PSI of cyanobacteria grown under white light (WL)
conditions can absorb and utilize red light of wavelengths up to 730 nm via their “Red Chl a” pigments. Here we will develop a general kinetic
scheme for energy transfer and trapping that explains how all the light energy can be utilized in PSI complexes with and without Chl f (see
Video S1).

On the lumenal side of the PSI complex is the RC, which contains six excitonically coupled Chl a pigments.'®?'=* The electron transport
chain has two branches (A and B) composed of several cofactors: (i) a Chl a'/Chl a pair (ec1A/ec1B) traditionally called P700, (i) in each branch
is a pair of Chl a molecules (ec2A/ec3A or ec2B/ec3B)** and a phylloquinone (PhQA or PhQB), and (iii) the branches join again at the Fx iron-
sulfur (FeS) cluster and two more FeS (A and B) finalize the delivery of the electron on the stromal side of the membrane, where it is transferred
to ferredoxin. In contrast to PSII, the PSI RC cannot be separated from its antenna, and therefore the PSI complex must be studied in its
entirety. In time-resolved spectroscopy experiments the spectral evolution of a PSI complex that has absorbed a photon is monitored.
High time-resolution fluorescence experiments, simultaneously registering the time-resolved spectrum with the help of a streak camera,®
provide excellent information on excitation energy transfer (EET)* between the different excited states, and the disappearance of the emis-
sion indicates the trapping by charge separation.'”'**%*” To study the mechanism of the charge separation and the radical pair dynamics
experimentally challenging low-power transient absorption experiments are mandatory.**** In both types of experiments care needs to be
taken to avoid annihilation due to the absorption of more than one photon by the PSI complex.*>*%%4" Time-resolved fluorescence low-po-
wer experiments are relatively easier and allow concentrating on the dynamics of EET and trapping that occur concomitantly. To understand a
system with = 100 different pigments is challenging. Since the EET between neighboring Bulk Chl a pigments takes <100 fs**, all Bulk Chl a
pigments (which possess identical spectra) can be lumped into a single Bulk Chl a compartment. Analogously, “Red Chl a” or Chl f pigments
that possess identical spectra can be lumped into “Red Chl a” or Chl fcompartments. The RC will be considered a single compartment, which
consists of the six excitonically coupled Chl a pigments. Global and target analysis of all experiments employs a functional compartmental
model*” with microscopic rate constants that connect the different compartments to estimate the parameters that describe the dynamics of
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Figure 1. Absorption spectrum (black) of the WL-PSI complexes from SCy6803
Spectra of the excitatory pulse, key: 670 (gray) and 700 nm (red).

the PSI complex.'”“?** The kinetic schemes for PSI that have been proposed so far focus on the equilibration between Bulk Chl a and “Red
Chl a" in the antenna by analyzing the fluorescence'® or focus on the charge separation by analyzing the transient absorption.’%***

In this paper we investigate the mechanism of trapping in the FRL-RC, and how this enables the harvesting of the FRL. To this end we
develop a general kinetic scheme for EET and trapping in the PS| of five cyanobacterial strains grown under WL or FRL conditions.™ First,
to establish the ultrafast dynamics in WL-PSI, the PSI transient absorption of WL-grown Synechocystis PCC6803 (SCy6803) is studied here
in the reduced form. Second, time-resolved fluorescence is studied in WL-PSI and FRL-PSI of four cyanobacterial strains possessing different
Chl f absorption profiles. Third, the transient absorption of both WL- and FRL-grown Fischerella thermalis strain PCC 7521 (FT7521)*” com-
pletes the data needed to identify the mechanism of trapping in the FRL-RC. In transient absorption different excitation wavelengths have
been used to selectively excite the different pigment pools, thus enhancing their resolvability. The charge separation will be described by
a simplified scheme with two radical pairs, RP1 and RP2. We will demonstrate that all time-resolved experiments in cyanobacteria that contain
highly diverse antenna pigments can be described by a common functional compartmental model,*” with different RC properties of the WL-
PSI and FRL-PSI. Only by combining all the information from the different experiments can the properties of the many different species (Bulk
Chl a, two Red Chl a pools, WL-RC, WL-RP1, WL-RP2, two Chl fpools, FRL-RC, FRL-RP1, and FRL-RP2) be resolved. The determined kinetic
schemes describe the dynamics of energy transfer and charge separation and the radical pair yield of WL-PSI and FRL-PSI complexes under all
excitation conditions. We will demonstrate how the properties of the RC differ in WL and FRL grown PSI.

RESULTS AND DISCUSSION
Data with global analysis of transient absorption in SCy6803

In ultrafast transient absorption experiments on WL-PSI complexes of SCy6803 in the reduced form two excitation wavelengths have been
used (Figure 1): 670 nm which selectively excites Chl a pigments absorbing to the blue of the Bulk Chl a,%“°~*® and 700 nm which excites
the RC, the "Red Chl a"” pigments and the Bulk Chl a antenna. Representative traces and fits are depicted in Figure 2. The quality of the global
analysis fit is excellent (Figures S1-S3). A small amount of free Chl a is responsible for the slight difference in the final level at 685 nm (Fig-
ure 2A). The difference between the colored traces representing the two excitation wavelengths is very informative. The kinetics with 670
(black) and 700 (red) nm excitations differ until =10 ps. A small amount of relatively slow equilibration is clearly visible near 700 nm (Figure 2B,
where the black and red lines cross near 3 ps). A “coherent artifact” (CA) straddling time zero is present in the transient absorption of Figure 2.
The analysis thereof is presented in Figure S4. Here we present the global analysis results of each experiment using a sequential kinetic
scheme consisting of five components with increasing lifetimes. The Evolution Associated Difference Spectra (EADS) estimated with 670
and 700 nm excitation are depicted in Figures 3A and 3B, respectively, whereas the accompanying Decay Associated Difference Spectra
(DADS) are shown in Figures 3E and 3F. The EADS focus on the spectral evolution, whereas the DADS highlight the decay or rise of spectral
bands with the estimated lifetimes. With 670 nm excitation the gray to orange evolution (0.36 ps) can be attributed to ultrafast equilibration of
the initially excited antenna states with the Bulk Chl a states, as evidenced by a shift to lower energy of the bleach plus stimulated emission
(BL + SE) (Figure 3A), and by the decay around =675 nm and the rise around =690 nm (gray DADS in Figure 3E). The orange to cyan evolution
(2.6 ps) can be attributed to equilibration between the Bulk Chl a and the Red Chl a states, as evidenced by the decay of BL + SE
around =685 nm and the rise of BL + SE around =710 nm (orange DADS in Figure 3E). The green EADS (evolving in 16 ps) is dominated
by features of the first radical pair, i.e., a bleaching with a minimum at 685 nm, which agrees with the literature,”’*%*” whereas the magenta
EADS (evolving in 26 ps) can be attributed to the second radical pair. With 700 nm excitation (Figure 3B) the first lifetime has been fixed at
0.1 ps (black EADS) and is a mixture of the initially excited state (attributable to the excited Red Chl a and WL-RC) and the CA. Overlapping in
time with the CA is the equilibration within the directly excited RC in =100 fs. Thus, the 0.1 ps DADS (black in Figure 3F) and the IRFAS
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Figure 2. Transient absorption data and fit of WL-PSI complexes of SCy6803

(A-D) Transient absorption (in units of mOD) of SCy6803 WL-PSI at four selected wavelengths (indicated in the ordinate label). Key: 670 nm excitation (gray),
700 nm excitation (orange). Black and red lines indicate the global analysis fit. Note that the time axis is linear until 0.3 ps and logarithmic thereafter. Note
also that each panel is scaled to its maximum. The overall rms error of the fit was 0.067 mOD.

(Figure S4C) also contain contributions from the rise of the BL + SE around 680 nm. A more detailed analysis of this is beyond the scope of this
paper. It has been claimed™ that after 760 nm excitation spectral features of RP1 are present before 180 fs. Here we found no evidence of
ultrafast charge separation, and we attribute the ultrafast dynamics to CA and equilibration between the excitonically connected pigments
within the directly excited RC. The 1 ps DADS (red in Figure 3F) show a decay of BL + SE around =700 nm and a rise of BL + SE
around =680 nm. In 1 ps the red EADS evolves to the blue EADS, a subtle evolution that again can only be interpreted with the help of a
target analysis. Note also that there are subtle differences between the cyan and blue EADS (cf. the overlay in Figure 3C), which indicate equil-
ibration on a timescale longer than 2.6 ps. Analogous to Figure 3A (cf. the overlay in Figure 3D), the dark green EADS (evolving in 17 ps) is
dominated by features of the first radical pair (the bleaching with a minimum at 685 nm), whereas the purple EADS (evolving in 26 ps) can be
attributed to the second radical pair. The small difference around 675 nm in Figure 3D can be assigned to a small amount of free Chl a. These
ten EADS and DADS can only be interpreted with the help of a target analysis using the kinetic scheme of Figure 4A.

Target analysis of transient absorption of WL-PSI in SCy6803

To characterize the trapping, the data are simultaneously analyzed with a simplified kinetic scheme with trapping from a WL-RC compartment,
which consists of the six excitonically coupled Chl a pigments. In the kinetic scheme of the reduced form (Figure 4A) the mechanism of the
charge separation is highly simplified, neglecting the equilibration within the RC and disregarding the charge separation in two separate
branches A and B.">“?*" |t is further assumed that the charge separation can be approximated by a two-step process. We found that the
data could not be fitted satisfactorily by a kinetic scheme with fewer compartments. To perform a simultaneous target analysis with a minimal
number of Species Associated Difference Spectra (SADS), all SADS have been linked between the two experiments (Figure 4). The quality of
the target analysis fit is excellent (Figure S5).

First, we discuss the populations of Figure 4B. The amplitude matrices after 670 and 700 nm excitations are given in Tables STA and S1B,
respectively. After 670 nm excitation ultrafast equilibration takes place in 0.37 ps (light and dark green solid lines). Subsequently, the RC pop-
ulation rises, mainly with 0.54 ps (black solid line). With lifetimes of 1.78 and 6.36 ps further equilibration between the Bulk Chl a and the Red
Chl at and a2 takes place, and the RP1 population rises (cyan solid line). The RP2 population rises with =15 ps (blue solid line), and the ex-
citations are trapped from the equilibrated RC with =23 ps. The main differences with 700 nm excitation are the virtual absence of the 0.37 ps
equilibration and the immediate rise of RP1 with 0.54 ps (cyan dashed line), since 20% of the excitations directly excites the RC (black dashed
line). In addition, the directly excited Red Chl a7 and a2 populations persist (orange and red dashed line) until they decay via trapping from the
equilibrated RC with =23 ps. The RP1 decays to RP2 in =15 ps, in agreement with the global analysis result of Figure 3, where we estimated
lifetimes of =16 and 26 ps for the two final evolutions. Finally, the excitations in the fully equilibrated PSl are trapped in =23 ps. The quantum
yield in PSlis 99.0% (Table S1, long lived column).

Next, we discuss the estimated SADS. The Bulk Chla SADS (dark green in Figure 4C) exhibits a broad BL + SE band with a minimum at
686 nm, and a small excited state absorption (ESA) below 665 nm. With 670 nm excitation an initially excited antenna compartment Ant1 (light
green) is needed, with an SADS shifted to higher energy relative to the Bulk Chl a SADS (light vs. dark green in Figure 4C). SCy4803 contains
two Red Chl a pools (orange and red in Figure 4). The estimated SADS of these Red Chl a species exhibit broad BL + SE bands with minima
near 703 and 712 nm, and ESA with maxima around 670 nm (orange and red in Figure 4C). The WL-RC SADS (black in Figures 4C and 4D)
exhibits a broad BL + SE band with a minimum around 692 nm, and ESA below 680 nm. Note that both Red Chl a SADS are red shifted relative
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Figure 3. Global analysis of transient absorption from WL-PSI complexes of SCy6803

Evolution Associated Difference Spectra (EADS, mOD) in PSI complexes of SCy6803 estimated with 670 (A) and 700 (B) nm excitation, and overlays (C and D,
scaled to the minimum). Decay Associated Difference Spectra (DADS, mOD) (E and F). Key 670 exc: gray, 0.36 ps; orange, 2.6 ps; cyan, 16 ps; green, 26 ps;
magenta, long lived. Key 700 exc: black, 0.1 ps; red, 1.0 ps; blue, 17 ps; dark green, 26 ps; purple, long lived.

to the WL-RC SADS. The RP2 SADS demonstrates the bleach of the cation (P*700) and a large electrochromic shift at 688 nm (blue in Fig-
ure 4D). The phylloquinone anion of RP2 does not absorb in this wavelength region. The SADS of RP1 has a bleaching with a minimum at
685 nm, which agrees with the literature.””"%%? The difference between the RP1 and RP2 SADS can be attributed to the Chl a anion of
RP1, absorbing below 660 and above 694 nm (compare the cyan and blue SADS in Figure 4D). The size of this difference is smaller than
the SADS of the Bulk Chl a, since the latter also contains the stimulated emission.

The location of the extremum of the bleach plus stimulated emission (in wavenumber, Vinax, or in wavelength, Amax) of the SADS can be
estimated with the help of skewed Gaussian shapes.’® This is employed to compute the enthalpy difference AH relative to Bulk Chl ain units of
kgT (row 4 in Table 1). Using the Gibbs free energy difference (relative to Bulk Chl a) AG computed from the kinetic scheme in Figure 4A, the
entropy difference (relative to Bulk Chl a) is computed from AH-AG = TAS. Finally, the number of pigments in the compartments “N" is esti-
mated from the entropy difference (N = Npgy exp(AS/kg)) and shown in the bottom row of Table 1. This results in estimates of almost two
pigments for the Ant1 and Red Chl a2 compartments, and of 4.8 pigments for the Red Chl aT compartment. The estimate for the WL-RC
compartment is larger than the expected six pigments. Precise quantification of the number of pigments in each compartment is difficult,
since it crucially depends on the validity of the many assumptions that have been used in the target analysis. Also, in view of the excitonic
interactions involved in many of the compartments, the numbers in the bottom row of Table 1 should be interpreted cautiously.

The kinetic scheme used for the target analysis of the TA experiments of SCy6803 (Figure 4A) can well describe the sub-ps kinetics (Fig-
ure Sb), thus establishing the rate of trapping. Note that the Gibbs free energy of the Bulk Chl ais the lowest of all excited state compartments
implying that uphill EET to the WL-RC precedes the ultrafast charge separation. We estimate that the charge recombination rate from WL-RP1
to WL-RC is very small (5 ns™"), resulting in a Gibbs free energy difference of more than 5 kgT. Thus, the primary charge separation in the WL-
RC is virtually irreversible. In all the kinetic schemes of the WL grown PSI complex used in this paper we fix the rate of trapping at 900 ns~" and
the Gibbs free energy difference between WL-RC and Bulk Chl a at 1.50 kg T. This rate of trapping agrees with the estimate of =1 ps~" based
upon a lattice model.'® It also agrees with the recently estimated value of =750 ns™" at 77 K.’

Target analysis of WL-PSI and FRL-PSI of SCo7335, CF9212, FT7521, and CT7203

The kinetic schemes of Figure 5 describe the emission experiments of WL and FRL grown SCo7335, CF9212, FT7521, and CT7203. The pa-
rameters have been estimated from a simultaneous target analysis also including the transient absorption experiments of WL and FRL grown
FT7521 (Figure 7). We will first discuss the emission results, the populations and the estimated Species Associated Spectra (SAS) of the four
strains (Figure 6), before turning to the transient absorption results of FT7521.

The kinetic schemes used for the target analyses of the experiments of WL grown SCo7335 (Figure 5A) and for the TA experiments of
SCy6803 (Figure 4A) are generally consistent, although the estimated rate constants are somewhat different. Importantly, both target analyses
are consistent with a rate of primary charge separation of 900 ns™".

A simultaneous target analysis of the WL-PSI and FRL-PSI experiments of each cyanobacterial strain has been performed, thus ensuring
consistency, and requiring a minimum number of free parameters. The parameters of the CF9212, FT7521, and CT7203 strains have been
linked as much as possible since the strains behave similarly. The connectivity in the kinetic scheme (Figure 5) of the target analysis of WL-
PSl is the same as in Figure 4A. Analogously to SCy6803, two different Red Chl a compartments are needed. The quality of the target
analysis fit is very good (Figures S7-S10). The free energies of the Red Chl a1l and a2 compartments relative to the Bulk Chl a range
from 0.08 to 1.28 kgT (Figure 5). This is attributed to slightly different properties or amounts of the Red Chl a1 and a2 pigments in the
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Figure 4. Target analysis of transient absorption from WL-PSI complexes of SCy6803

Kinetic scheme with rates in ns~". Each compartment is represented by a colored box. The initial populations are indicated in panel (A), below left. Red numbers
indicate the free energy relative to Bulk Chl a (in kgT = 25.2 meV, 20°C). The trapping rates are highlighted yellow. For clarity, the natural decay rates of the excited
states and the free Chl a have been omitted. Populations (B) and SADS (C and D, in mOD). Line type key: 670 nm excitation (solid), 700 nm excitation (dashed).
Color key: Ant1 (light green), Bulk Chl a (dark green), Red Chl a1 (orange) and a2 (red), WL-RC (black), RP1 (cyan), and RP2 (blue). Note that the time axis in (B) is
linear until 3 ps and logarithmic thereafter.

four strains (cf. the different relative amplitudes of the orange and red curves in Figures 6A, éC, 6E, and 6G). In contrast to WL-PSI, FRL-PSI
contains two Chl f compartments (cf. Figure 5, right hand side) that harvest the FRL and emit at wavelengths longer than 740 nm. Their free
energy is much lower than that of Bulk Chl a, by 1.98-3.28 kgT (Figure 5). Some of the Chl f pigments (magenta and purple in Figures 5 and
6) are located in the vicinity of the RC but not in the RC,? in agreement with the observed quenching of their emission by the oxidized RC
at 77K The free energy of the RC relative to the Bulk Chl ais 1.5 kgT for WL-PSI, and = —1.75 kgT for FRL-PSI. In*” it has been proposed
that in the FRL-PSI the RC is altered, so as to allow for charge separation after uphill EET from Chl fT at 77K. Assuming that the FRL-RC at
77K is similar to that at RT, uphill EET from Chl f1 would be possible, thus confirming the proposal of.*° Compared to the target analysis
of,* which was limited to the decay associated spectra of Chl 1 and Chl f2, this uphill EET from Chl f1 is the main point of agreement.
Another common finding is that the trapping of Chl f2 excitations is faster than the trapping of Chl f1 excitations; here we estimated rates
of 8 and 6 ns™" to FRL-RC from Chl f (Figure 5). This indicates that the Chl f2 pigments are located somewhat closer to the FRL-RC. The
kinetic scheme of Tros et al.*® aims to describe only the two Chl f compartments, whereas in the schemes of Figure 5 all data are described
with seven emissive species. At 77 K, evidence was found of downhill EET from the Red Chl a and the high energy Chl f containing com-
partments ultimately to the lowest energy Chl f containing compartment.” At RT, the estimated downhill rates from Chl f1 to Chl f2 range
from =2.7-7.6 ns™" (Figure 5). The largest downhill rate (7.6 ns~") is found with FT7521, where the selective 740 nm excitation transient
absorption experiment dominantly populates both Chl f compartments (Figure 7F, 68% and 27%, cf. the dashed lines in Figure 7G dis-
cussed in the following) thus providing the information on their equilibration.

Table 1. Thermodynamic properties of the Scy6803 species

Ant1 Bulk Chl a Red Chl a1 Red Chl a2 WL-RC

Amax (M) 684 689 705 715 695
Vinax (ecm™") 14612 14509 14194 13979 14387
Vinax (kaT) 75.3 74.8 73.2 72.1 74.2
AH (kgT) 0.5 16 27 0.6
AG (ksT) 4.1 0.7 0.1 1.4
AH-AG = TAS (kgT) -3.6 -2.3 —-2.8 -2.0
"N" 2.2 78 7.7 4.7 10.5

Location of the extremum of the bleach plus stimulated emission estimated from the SADS in Figure 4C: Amax innMm, Viax incm ™" and inkgT (1 kgT =207 cm ™). AH
relative to Bulk Chl ain kgT. AG taken from Figure 4A. AH-AG = TAS (kg.T) and “N" is computed via N = Npi exp(AS/kg).
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(A-D) Each compartment is represented by a colored box. Key: Bulk Chl a (dark green), Red Chl a7 (orange), Red Chl a2 (red), WL-RC (gray), FRL-RC (black), Chl {1
(magenta), Chl 2 (purple), WL-RP1 (cyan), WL-RP2 (blue), FRL-RP1 (brown), and FRL-RP2 (maroon). The trapping rates are highlighted yellow. Red numbers
indicate the free energy relative to Bulk Chl a (in units of kgT = 25.2 meV). For clarity the free Chl a and Chl f and their decay rates have been omitted. The
assumed initial population (with 400 nm excitation) is given in the Table at the bottom right.

Next, we discuss the populations of WL-PSI (dashed) and FRL-PSI (solid) of CT7203 in Figure 6G. From the WL-PSI amplitude matrix
(Table S2A) we observe lifetimes of 0.66 and 1.60 ps related to direct charge separation and ultrafast equilibration between Bulk Chl a, Red
Chl a1 and WL-RC. The lifetime of 10.3 ps shows mainly rise of the Red Chl a2 and WL-RP1. WL-RP1 decays to WL-RP2 in 16.5 ps. Finally,
the excitations in the fully equilibrated WL-PS| are trapped in 39 ps. The quantum yield in WL-PSl is 98.7%. From the FRL-PSI amplitude matrix
(Table S2B) we observe ultrafast equilibration between Bulk Chl a, Red Chl a7, Chl f1, and FRL-RC in 1.35 ps. Subsequently, FRL-RP1 rises with
time constants of 2.44 ps (due to the 6.5% direct excitation of the FRL-RC) and 6.4 ps. The Bulk Chl a, Red Chl a, and Chl f antenna pigments
further equilibrate in 6.4 ps, with a strong decay of Red Chl a1. FRL-RP1 decays to FRL-RP2in 16.1 ps. The Red Chl a2 pigments equilibrate with
the Chl fantenna pigments in 22 ps. The Chl f1 and Chl 12 pigments equilibrate with a 56 ps time constant. Finally, the excitations in the fully
equilibrated FRL-PS| are trapped in 143 ps. The quantum yield in FRL-PS! is still 96.5% (because of the small natural decay rate of 0.27 ns ™). The
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Figure 6. Estimated populations and SAS of WL-PSI and FRL-PSI of SCo7335, CF9212, FT7521, and CT7203

Populations using the kinetic schemes of Figure 5 are drawn in panels A, C, E, and G, respectively. Line type key: WL-PSI (dashed) and FRL-PSI (solid).). Color key:
Bulk Chl a (dark green), Red Chl a7 (orange), Red Chl a2 (red), WL-RC (gray), FRL-RC (black), Chl f1 (magenta), Chl 2 (purple), WL-RP1 (cyan), WL-RP2 (blue), FRL-
RP1 (brown), and FRL-RP2 (maroon). Note that the time axis is linear until 10 ps and logarithmic thereafter. SAS of the excited states of SCo7335, CF9212, FT7521,
and CT7203 (B, D, F, and H). For presentation purposes, the free Chl a/f population and SAS (Figure Sé) have been omitted.

populations of the Bulk and Red Chl a(dark green, orange, andred in Figures 6A, 6C, 6E, and 6G) in WL-PS| (dashed lines) are higherthan in FRL-
PSI (solidlines). In WL-PSI the excitations are trapped by the WL-RC in = 39 ps, whereas in FRL-PSI most of the excitations pass through the Chl f1
and Chl f2 compartments (magenta and purple in Figures 6A, 6C, 6E, and 6G), before being trapped by the FRL-RC in 121-143 ps (Table 2).

The estimated SAS (Figure 6; Table 3) exhibit smooth bands with maxima at =689 nm (Bulk Chl a), =699 nm (WL-RC, gray), =726-731 nm
(FRL-RC, black), =711 nm (Red Chl a1), =725 nm (Red Chl a2), =746~755 nm (Chl f1), and =780-797 nm (Chl f2). The wavelengths of the Chl f
maxima are shortest with SCo7335, and longest with CT7203. The shapes and positions of the FRL-RC SAS resemble those of the Red Chl a2
SAS, suggesting that an excitonic interaction within the FRL-RC is responsible for the shift to lower energy. The SAS of the WL-RC is the most
difficult to estimate, it requires a guidance spectrum® since its population is small (gray curves in Figures 6A, 6C, 6E, and 6G). On the contrary,
in a linked target analysis of the CF9212, FT7521, and CT7203 strains, the RC SAS of FRL-PSI can be estimated without any guidance. Its peak
ranges from =726 to 731 nm, cf. Figure 6 (black SAS).

The rate constant of the primary charge separation was kept fixed at 900 ns ™" in the WL-PSI complexes. However, in FRL-PSI complexes the
free energy of the RC* is lower than in WL-PSl by = 3.2 kgT (Figure 5), which is comparable to the difference in enthalpy of =2.8kgT (Table S5).
This reduces the driving force for the primary charge separation, resulting in a decreased rate of 300 ns™". This rate can be estimated in FRL-
PSI because the FRL-RC SAS can be resolved from the data (black in Figure 6). The FRL-RP1 and WL-RP1 free energies have been assumed
similar, but the reduction of the free energy difference with the RC, from more than 5 kgT in WL-RC to 2 kgT in FRL-RC, results in an appreciable
charge recombination rate of 41 ns™".

The kinetic scheme of the target analysis of FRL-PSI (Figure 5) can be interpreted thermodynamically. Thanks to the excellent connectivity
of the FRL-RC and the Chl f compartments the excitations residing on Chl fcan still be efficiently trapped after uphill EET, because of the still
fast enough charge separation rate of 300 ns~". From the decomposition of the steady state absorption spectra, Table S5,%° there are almost
6 Chl f1 and =2 Chl f2 pigments. Thus, the Chl 1 has a relative entropy advantage of In(3) = 1.1 kgT which is counterbalanced by the enthalpy
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Figure 7. Target analysis of transient absorption from WL-PSI and FRL-PSI complexes of FT7521

Kinetic scheme with rates in ns~" of PSI complexes of WL-PSI (A) and FRL-PSI (F) of FT7521 at 6°C. Each compartment is represented by a colored box. Key: Ant1
(light green), Bulk Chl a (dark green), Red Chl a7 (orange), Red Chl a2 (red), WL-RC (gray), FRL-RC (black), Chl fT (magenta), Chl 2 (purple), WL-RP1 (cyan), WL-RP2
(blue), FRL-RP1 (brown), and FRL-RP2 (maroon). The initial populations with different excitation wavelengths are indicated in the Table in panel A, below left. The
trapping rates are highlighted yellow. For clarity the natural decay rates of the excited states have been omitted. Red numbers indicate the free energy relative to
Bulk Chl a (in units of kgT = 24.0 meV). Estimated populations and SADS (in mOD) of WL-PSI (B, solid 700, dashed 720 nm excitation) and FRL-PSI (G, solid 700,
dashed 740, dotted 670 nm excitation) of FT7521. Note that the time axis is linear until 1 ps and logarithmic thereafter. SADS of the excited states and of RP1 and
RP2 (D, E, I, and J). The SAS from Figure 4F have been redrawn in (C and H) for comparison.

advantage of Chl 12, resulting in similar Gibbs free energies of the Chl f1 and Chl 2 compartments (difference less than kgT, Table S6A). The
properties of the FRL-RC differ from the WL-RC. The Gibbs free energy is lowered by = 3.2 kgT (Figures 5, 7A, and 7F; Tables S6 and S7 for
transient absorption), and concomitantly the wavelength of the maximum of the emission shifts to the red by = 29 nm (equivalentto =2.8kgT)
(Tables S5 and S7 for transient absorption). Further discussion can be found in the supplemental information section Thermodynamic
considerations.

In a study by Gisriel et al.,”” it was established that there is no Chl fin the RC, thus the structural basis of the difference between WL-RC and
FRL-RC remains to be investigated. It is suggested that an excitonic interaction within the FRL-RC is responsible for the shift to lower energy,
analogous to the difference between Bulk Chl a and Red Chl a2. A possible candidate is a changed excitonic interaction involving the
ec2A/ec3A dimer.*

8 iScience 26, 107650, September 15, 2023



iScience ¢? CellPress
OPEN ACCESS

Table 2. Trapping lifetimes (in ps)

WL-PSI FRL-PSI
SCo7335 34 128
CF9212 39 127
FT7521 41 121
CT7203 39 143

Target analysis of transient absorption in WL-PSI and FRL-PSI of FT7521

The global analysis which is detailed in the supplemental information section Global analysis of the transient absorption dynamics of
WL-PSI and FRL-PSI of FT7521 demonstrates that these data are consistent with the emission (Figure S12) and with the transient absorp-
tion dynamics of SCy6803 WL-PSI (Figure S11). It also explains why the target analysis of the transient absorption in WL-PSI and FRL-PSI
of FT7521 is based upon a mixture of reduced and photo-oxidized PSI complexes. The kinetic schemes of Figures 5, 7A, and 7F,
together with the initial populations with different excitation wavelengths, can describe the 5 emission and 5 transient absorption ex-
periments in WL-PSI and FRL-PSI of FT7521. The quality of the target analysis fit is very good (Figures S9, S10, S13, and S14). After FRL
excitation, the RP2 yield in reduced PSI complexes is 99% in WL-PSI (Table S8) and 96.5% in FRL-PSI (Table S9). The properties of the
SADS of the excited states (Figures 7D and 71) are generally in line with the SAS (Figures 7C and 7H) showing minima in the SADS (attrib-
utable to BL + SE) near the positions of the maxima of the SAS, cf. Tables 3 and S7. There is, however, one important exception: the Chl
f2 maximum in the SAS was at 795 nm, whereas the minimum in the SADS is around 769 nm. In the steady state absorption the Chl 12
maximum was at 771 nm.*° In agreement with Table 3, the secondary peak in the steady state emission was at 789 nm,*° which indicates
a large Stokes’ shift of =18 nm. This is a consequence of the excitonic character of the Chl 2 species, which also shows up in the broad
bleach with a shoulder at =735 nm (purple in Figure 71). The WL-PSI SADS of FT7521 (Figures 7D and 7E) generally agree with those of
SCy6803 (Figure 4). The WL-RP1 SADS (cyan in Figure 7E) also shows a minimum around 685 nm, which agrees with the literature.”’-*%4?
Interestingly, the FRL-RC SADS (black in Figures 71 and 7J) shows a large BL + SE around 728 nm, which agrees with the emission SAS
(black in Figure 7H). The FRL-RP1 SADS (brown in Figure 7J) shows a broad bleach around 725 nm, indicating that the lowest excitonic
state in the FRL-RC is bleached. Strikingly, the WL-RP2 and FRL-RP2 SADS are very similar, which was already pointed out by Chere-
panov et al.”’ Thus, the FRL-RP2 SADS is also interpreted as a bleach of the cation (P*700) and a large electrochromic shift around
687 nm (maroon in Figure 7J). The phylloquinone anion of FRL-RP2 does not absorb in this wavelength region. The results from an alter-
native target analysis without photo-oxidized PSI complexes are presented in Figure S15. The RP SADS in Figures S15D and S15H are
unrealistically small, which can only be explained by the small RP quantum yield (Figures 7B and 7G), due to the mixture of reduced and
photo-oxidized PSI complexes.

Conclusion and outlook

We conclude that our kinetic schemes in Figures 5, 7A, and 7F describe the entire energy transfer and trapping in both WL-PSI and FRL-PSI
complexes. These schemes can further be tested and extended. A more detailed target analysis of the raw transient absorption data from WL-
PSI and FRL-PSI with different excitation wavelengths could shed more light upon the ultrafast equilibration within the FRL-RC. Measurements
at different temperatures®* could be used to further study the thermodynamics. A target analysis of transient absorption data from mutants
with different charge separation properties could further resolve the properties of the A and B branches of the PSI RC.**"“? | all data we find
that the properties of the FRL-RC differ from the WL-RC. The structural basis of this difference remains to be investigated.”” The Gibbs free
energy of the lowest excited state is lowered by = 3.2 kgT (Figure 5), and concomitantly the emission maximum shifts to the red by = 29 nm
(equivalentto =2.8 kgT) (Tables 3 and S7; Figures 6 and 7). As a consequence, the rate of charge separation drops from =900 ns~"in WL-RC
to =300 ns~" in FRL-RC. At room temperature this kinetic scheme consistently describes the delayed trapping in the FRL-PSI (=130 ps,
Table 2) by uphill energy transfer from the Chl f compartments with free energies of =kgT below that of the FRL-RC (Figure 5). The excited
Chl fdecay via uphill energy transfer to the FRL-RC with an efficiency of 96%. Thus, thermal energy plus the energy of the low energy photon is
utilized for charge separation. This fundamental insight into how photosynthetic organisms alter their light-harvesting machinery to environ-
mental changes will hopefully inspire the utilization of FRL in genetically modified photosynthetic organisms and in artificial photosynthetic
systems.

Table 3. Wavelength (nm) of the maximum of the estimated SAS

Bulk Chl a Red Chl a1 Red Chl a2 WL-RC FRL-RC Chl f1 Chl f2
SCo7335 688 712 726 699 726 747 780
CF9212 689 711 727 699 728 746 797
FT7521 688 710 724 699 731 748 795
CT7203 690 712 721 699 730 755 795
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Limitations of the study

There are limitations of this study that should be considered when extending the PSI model for cyanobacteria to low temperatures. The kinetic
schemes assume that the system can be considered homogeneous. However, at low temperatures the inhomogeneity of the protein struc-
tures will necessitate an inhomogeneous kinetic scheme with different Gibbs free energy levels for the Red Chl a and Chl f compartments.
When extending the PSI model to green algae or higher plants, the properties of the lowest energy pigments in those organisms should
be considered.

STARXxMETHODS

Detailed methods are provided in the online version of this paper and include the following:

o KEY RESOURCES TABLE
o RESOURCE AVAILABILITY
O Lead contact
O Materials availability
O Data and code availability
o METHOD DETAILS
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Software and algorithms
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Further information and requests for resources should be directed to and will be fulfilled by the lead contact, Ivo van Stokkum (i.h.m.van.
stokkum@vu.nl).

Materials availability

This study did not generate new materials.

Data and code availability

® All Synechocystis PCC6803 spectroscopic data and the preprocessed spectroscopic data of the other strains used in this publication are
published in https://doi.org/10.5281/zenodo.8193583. For the other spectroscopic raw data we refer to the original papers.”’*°

@ All original code has been deposited at Zenodo and is publicly available as of the date of publication. DOls are listed in the key resources
table. The results from this study can be reproduced with the structured problem-solving environment pyglotaran.®>® The specific version
available at the time of this article’s publication was v0.7.1 (https://doi.org/10.5281/zenodo.8192542). To use pyglotaran, it is recommended
to install it through a Python package manager, like Anaconda’s conda or Python’s pip. It can also be sourced directly from its GitHub re-
pository (https://github.com/glotaran/pyglotaran). Detailed installation instructions can be found in the repository’'s README file. The Ju-
pyter notebooks used in conjunction with pyglotaran for the target analyses of Figure 4, 6, and 7 are published in https://doi.org/10.5281/
zenodo.8193583. The GitHub repository https://github.com/glotaran/pub-2023-05-van_Stokkum_et_al, from which the results are pub-
lished on Zenodo, is open to propose alternative models or interpretations by creating an issue and/or pull request.

® Any additional information required to reanalyze the data reported in this paper is available from the lead contact upon request.

METHOD DETAILS

Transient absorption experiments

All measurements described concern PSI complexes isolated from cyanobacteria. Ultrafast transient absorption experiments on PSI com-
plexes from Synechocystis PCC6803 (hereafter SCy6803)°” have been performed at RT (20°C) under annihilation free conditions®®“*" with
excitation at 670 or 700 nm (Figure 1). A regenerative Titanium-Sapphire Laser system was employed which pumped an optical parametric
amplifier (OPA) to excite the samples at various excitation wavelengths with an energy of a few hundred picojoule in a =125 um diameter spot
at a repetition rate of 3 kHz. The probe white light continuum was generated as a weak single filament in a thin 1-2 mm sappbhire plate. The
instrument response function (IRF) was described by a Gaussian-shape of =133 fs FWHM.

For the isolated PSI samples 10-40 pM PMS and 20-50 mM sodium ascorbate was added as described in order to keep the RCs in an open
i.e. reduced state.”® The OD of the sample was 0.73/mm at 680 nm (Figure 1). Furthermore, it was necessary to use a rotating cuvette which
was periodically shifted in the horizontal plane to ensure a long time to recover in the order of 1 min. Time gated spectra from 638.5 to
761.5 nm were measured in two time ranges, from -1 to 4.8 ps in steps of 13.3 fs, and from 1 to 300 ps in steps of 0.5 ps.

Time resolved fluorescence spectra

The fluorescence properties of the PSI complexes of four species grown under white light (WL) or far-red light (FRL) conditions have been
described in.*>° The four species are: Synechococcus sp. strain PCC 7335 (hereafter SCo7335), Chlorogloeopsis fritschii strain PCC 9212 (here-
after CF9212), Fischerella thermalis strain PCC 7521 (hereafter FT7521) and Chroococcidiopsis thermalis strain PCC 7203 (hereafter CT7203).
Time gated spectra from 651.5 to 848.0 nm have been measured at RT (20°C) with a Hamamatsu C5680 synchroscan streak camera, combined
with a Chromex 250IS spectrograph,35 in three Time Ranges. The FWHM of the IRF was =4.4, =6.3 and =18 ps with Time Range 1, 2and 4,
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respectively. The global analyses of the four strains, and the preliminary target analysis of CT7203 of the time resolved fluorescence spectra
after 400 nm excitation have been presented in.*

Digitized transient absorption data of FT7521

The transient absorption data of FT7521 measured at 6°C (with excitation wavelengths of 670, 700, 720 or 740 nm) have been described in.?’
The data used in this article have been simulated with the help of the Evolution Associated Difference Spectra (EADS, digitized with OriginPro)
and their lifetimes (Figure S11C, S11D, and S12B-S12D, cf. also Figures 5 and 9 from?).

Global and target analysis of time-resolved spectra

The global and target analysis methodology has been described in.*>**® A Gaussian-shaped instrument response function (IRF) of =133 fs
FWHM is used, with parameters u for the time of the IRF maximum and A for the FWHM of the IRF. The wavelength dependence of the param-
eter u is described by a first order polynomial in the wavenumber domain.”” A “coherent artefact” (CA) straddling time zero is present in the
transient absorption of Figures 2, and S1. This is modelled with a term IRF(u,A).IRFAS. It contains a matrix IRF(u, A) with the zeroth, first and
second derivative of the IRF,”%°? cf. Figure S4A. In addition, with 670 nm excitation a damped oscillation®® (Figure S4D) is present.

Figures 5, 7A, and 7F summarize the different kinetic schemes for the WL and FRL samples. Between these samples the common SAS (Bulk
Chl a (dark green), Red Chl a7 (orange), Red Chl a2 (red), WL-RC (grey)) and the rate parameters are linked as much as possible. To limit the
number of free parameters in the complicated kinetic schemes (Figures 5, 7A, and 7F) a simultaneous target analysis of all 20 WL and FRL
emission data sets and the five FT7521 transient absorption data sets has been performed with the help of pyglotaran,”*° and the thus esti-
mated SAS of Bulk Chl a, Red Chl a7 and a2, WL-RC and FRL-RC have been used to guide these SAS™ in the simultaneous target analysis of
the WL and FRL samples of an individual strain. The SAS of RP1 and RP2 are zero. During the development of the model it was assumed that
several other SAS are zero in certain wavelength ranges: Red Chl a2 (below 683 nm), Chl {1 (below 700 nm), Chl 2 (below 720 nm), FRL-RC
(below 702 nm, or 692 nm with SCo07335), free Chl f (below 700 nm, cf. Figure S6A). However, in the final target analysis presented in Figure 6
the only restriction needed was on the long lived free Chl . An area penalty for the Species Associated Spectra (SAS) is employed to estimate
the equilibria.*? It was assumed that the Chl fSAS area is 35% larger than the Bulk Chl a SAS area, since the Chl fspectrum is broader (cf. Figure
1 from?' and®’). Care was taken that the detailed balance conditions were obeyed.”” Detailed balance implies that the products of the rate
constants clockwise and counterclockwise in a cycle, e.g. Bulk Chl a <& Chl f1 < FRL-RC < Bulk Chl a, must be equal. This is equivalent to a
zero sum of the Gibbs free energy in a cycle. The transient absorption data of FT7521 data have been measured at 6°C, thus additional as-
sumptions on the constancy of the SADS and downhill rate constants between 6°C and RT were needed. Thus, the differences between the
kinetic schemes of FT7521 at RT (Figure 5C) and at 6°C (Figures 7A and 7F) are limited to small differences in the AG and in the uphill rate
constants, and no additional free parameters have been introduced.

The estimated SAS and SADS are subsequently fitted using a skewed Gaussian shape™ (Figure S6). The enormous complexity of this target
analysis can only be mastered with the help of the structured problem solving environment pyglotaran,®>>¢ which enables simultaneous target
analysis of different groups of data (emission and transient absorption, 25 data sets in total) using different types of minimization (nonnegative
least squares for the nonnegative SAS vs. ordinary least squares for the SADS) estimating more than 100 nonlinear parameters with the help of
nonlinear least squares. These more than 100 nonlinear parameters consist of rate constants in the kinetic schemes (Figures 5, 7A and 7F), the
parameters that describe the IRF of all experiments, the relative scaling parameters of the data sets that are being fitted simultaneously, the
inputs to the compartments (cf. the Table at the bottom left of Figure 7A), and the parameters that describe the small amounts of free Chl a
and of free Chl fin each experiment. The relative precision of the estimated parameters is 10%.
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