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Abstract

Photosystem I (PSI), found in all oxygenic photosynthetic organisms, uses solar energy to drive electron transport with nearly
100% quantum efficiency, thanks to fast energy transfer among antenna chlorophylls and charge separation in the reaction
center. There is no complete consensus regarding the kinetics of the elementary steps involved in the overall trapping, espe-
cially the rate of primary charge separation. In this work we employed two-dimensional coherent electronic spectroscopy to
follow the dynamics of energy and electron transfer in a monomeric PSI complex from Synechocystis PCC 6803, containing
only subunits A-E, K and M, at 77 K. We also determined the structure of the complex to 4.3 A resolution by cryoelectron
microscopy with refinements to 2.5 A. We applied structure-based modelling using a combined Redfield-Forster theory to
compute the excitation dynamics. The absorptive 2D electronic spectra revealed fast excitonic/vibronic relaxation on time-
scales of 50-100 fs from the high-energy side of the absorption spectrum. Antenna excitations were funneled within 1 ps to
a small pool of chlorophylls absorbing around 687 nm, thereafter decaying with 4-20 ps lifetimes, independently of excitation
wavelength. Redfield-Forster energy transfer computations showed that the kinetics is limited by transfer from these red-
shifted pigments. The rate of primary charge separation, upon direct excitation of the reaction center, was determined to be

1.2-1.5 ps™™. This result implies activationless electron transfer in PSI.

Introduction

Photosystem I (PSI) is found in all organisms capable of oxygenic photosynthesis, including cyanobacteria, eukaryotic algae
and plants. The composition and structural organization of the multisubunit pigment-protein complex is highly conserved.!-3
PSI of cyanobacteria is composed of 11-14 protein subunits,* 94-96 chlorophyll (Chl) a molecules and 22-24 carotenoids.
Most antenna Chls and the six Chls of the reaction center (RC) are bound to the PsaA-PsaB heterodimer. Antenna Chls have

overlapping absorption in the wavelength range 660-690 nm but long-wavelength Chl forms - “red Chls”, absorbing at wave-



lengths longer than 700 nm are found in PSI from most organisms.”-8. The principal excitation trapping time at room temper-
ature (RT) is 20-25 ps in PSI from the cyanobacterium Synechocystis PCC 6803.%-11 This includes different processes of exci-
tation migration in the antenna, transfer to the RC and electron-transfer steps leading to reduction of the phylloquinone ac-
ceptors A1 and the formation of the stable radical pair P700*A1™. These individual processes are extremely difficult to disen-
tangle experimentally. The tight packing of antenna Chls suggests ultrafast excitation energy transfer (EET); accordingly,
equilibration components in the range of 0.2-0.6 ps are experimentally resolved.!?13 The trapping time is independent of
excitation wavelength indicating that exciton equilibration in the antenna is significantly faster and trapping occurs from a
quasiequilibrated state.!3-1# A trap-limited model has been put forward, according to which excitations can visit the RC several
times before charge separation (CS).> 1517 On the other hand, the relatively long distances between the nearest antenna Chls

and the RC encourage an alternative view of transfer-to-trap limited kinetics where CS is fast and virtually irreversible.8 11.18

Several groups have attempted to determine the intrinsic CS rate theoretically or experimentally and proposed values in
the range of (0.5-3 ps)~%.11.19-21 An experimentally observed lifetime of 2-4 ps is ascribed to energy equilibration between the
bulk antenna Chls and the red forms by most authors.8 10-11.22-23 However, in studies on PSI from C. reinhardtii which does not
contain Chls absorbing above 700 nm, the spectral changes on this timescale were interpreted as arising from excitation of
the RC pigments followed by CS.17.21.24 A similar interpretation was proposed for the plant PSI core.?5-27 Conversely, ultrafast
CS on atimescale as shortas 100 fs has been detected upon excitation on the red absorption edge and interpreted as the result
of quantum mixing of exciton and charge-transfer states in the RC.28-2° Thus, at present there is no general consensus on the

kinetics of the important phases of energy and electron transfer in PSI.

The high quantum yield of CS is still observed upon excitation of the PSI core antenna even at very low temperatures3? and
reversible photochemistry happens in about half of the RCs.3! At cryogenic temperatures, as uphill transfer is blocked, the red
Chls become deep excitation traps competing with the RC.3° Photochemical trapping occurs in 10-50 ps, presumably limited
by slow EET,32 whereas the red Chls decay over hundreds of ps to ns.32-33 The red Chls are populated on a timescale of 4-6 ps
at low temperature3? 3435 — slightly slower than at RT. A general slowing down of EET rates is expected3¢ and experimentally

verified in different photosynthetic complexes.37-38 Besides that, the CS dynamics at low temperature is not well understood.

In the past decade, two-dimensional electronic spectroscopy (2DES) has proved itself as one of the most powerful tools to
study the excitation dynamics in photosynthetic complexes.?-#0 The main advantages of 2DES lie in its ability to resolve the
dynamics on both excitation and detection wavelength with the highest possible time resolution offered by broadband exci-
tation pulses. In practice, reaching this potential for large multichromophore complexes has proved technically difficult be-
cause they require very low excitation powers, to avoid multiphoton effects, combined with high dynamic range, necessary
to resolve many overlapping kinetic and spectral components. 2DES has been especially useful to uncover the role of quantum

coherence, appearing as temporal oscillations of peak amplitudes in the 2D spectra, in light harvesting and CS.41-43

Previously, 2DES was performed at RT on PSI complexes from plants2¢ and cyanobacteria 444> with results interpreted in
the frame of existing models. To gain further insight into the dynamics of energy and electron transfer, we performed 2DES
experiments on monomeric PSI from Synechocystis PCC 6803 AFIJL mutant strain at RT and 77 K. This “minimal” PSI complex
contains only the subunits A-E, K and M but retains the overall trapping kinetics of the trimeric PSI from Synechocystis PCC
6803.33 Compared to the WT PSI, the minimal complex contains fewer Chls (88) and significantly reduced absorption in the
wavelength range 695-705 nm (Supplementary Figure S1), facilitating selective excitation of antenna and RC Chl pools. Tak-
ing advantage of the combined time resolution and spectral selectivity of 2DES, we resolve ultrafast sub-100-fs spectral equi-
libration upon excitation of antenna Chls and a 0.6-0.8 ps primary CS upon direct excitation of the RC. The experimental

results are supported by structure-based theoretical modelling.



Experimental methods

Sample preparation and handling

Subunit-depleted PSI was isolated from Synechocystis PCC 6803 mutant lacking the PSI subunits PsaF, Psal, PsaJ, PsaL
(AFIJL), deleting the Psa]-PsaF operon from a APsal strain.> PSI was isolated, purified and crystallized as described by
Malavath et al.® Crystals were dissolved by incubation (while gently agitating) in a buffer medium containing 0.03 % dodecyl-

[-maltoside (3-DDM) before measurements.

Absorption spectra in the range of 350-750 nm were recorded at RT with a Thermo Evolution 500 dual-beam spectropho-
tometer. The samples were diluted in 20 mM Tricine buffer (pH 7.8) with 0.03% [B-DDM to an absorbance of one at the red
maximum. The measurements were performed in a standard glass cell of 1-cm optical path length with 1 nm spectral band-

width.

For 2DES experiments at RT, a protocol described previously was followed.2¢ Briefly, the samples were suspended in de-
gassed buffer (pH 7.8) to absorbance of 0.3 at the Chl a Qyband (680 nm) in a 1-mm optical pathlength. Additionally, 20 mM
sodium ascorbate and 40 uM phenazine methosulfate was added to the suspension to ensure rapid re-reduction of the RC.
The samples were continuously circulated during the measurement. For 77 K measurements, the buffer medium was supple-
mented with 60% (v/v) glycerol, 20 mM sodium ascorbate and 40 uM phenazine methosulfate. Absorbance was adjusted to
0.3 at 680 nm; the sample was placed between sapphire windows separated with a 0.5-mm thick Teflon spacer and cooled in

a vacuum cryostat (Janis) with low-dispersion BaF; windows.
2D electronic spectroscopy

Fourier-transform femtosecond 2DES was performed at RT and 77 K using a partially collinear “pump-probe” geometry
experimental setup producing absorptive 2D spectra.*® Briefly, excitation pulses of ~30 fs are obtained by passing the output
of an amplified Ti:sapphire laser system (Legend, Coherent) through a non-collinear parametric amplifier (TOPAS, Light Con-
version). The excitation pulses are centred at 680 nm to coincide with the Chl a Qy absorption band of PSI (Supplementary
Figure S2). Pulse pairs with controllable inter-pulse delay time and phase difference are generated with an acousto-optic
programmable dispersive filter (AOPDF) pulse shaper (Dazzler, Fastlite) that is also used as a secondary compressor to pre-
compensate for dispersion. A white-light supercontinuum pulse generated in a 2-mm sapphire window is used as the third
interaction pulse (probe/detection) after compressing with chirp mirrors. The probe polarization was 54.7° with respect to
the pump. The probe beam was modulated (to subtract scattered pump light), split into signal (overlapped with the pump)
and reference and measured with a spectrometer resolving the signal in detection wavelength (A:). The cross-correlation

width of the excitation and probe pulses was ~40 fs (FWHM), determined by measuring the optical Kerr effect.

To avoid exciton annihilation and the build-up of photoproducts, the experiments were done with excitation pulses of very
low energy - 1-1.5 njJ, equivalent to ~5x1012 photons/cm?/pulse, to obtain maximal transient absorption signal of 2 mOD, or

excitation probability of <0.01 PSI/pulse.

The time delay t between the two excitation pulses was scanned between 0 and 150 fs in 3-fs steps for RT measurements
and typically 0-300 fs in 5-fs steps for 77 K measurements applying a 2-phase cycling scheme (¢ = 0; n) in a rotating frame of
reference.#” The signals (2D interferograms) were Fourier-transformed along t to obtain 2D electronic spectra in the fre-
quency/wavelength domain (with excitation/detection wavelengths A:/A:). The nominal spectral resolution along the excita-
tion wavelength was <3 nm (~50 cm~1). The waiting time (Tw) between the excitation and probe pulses was scanned in 200
steps from -100 fs to 100 ps in a quasilogarithmic progression. For every t/¢/Tw combination approx. 400 laser shots were
collected, and the entire measurement cycle was repeated 10 times while monitoring the probe, reference, scattered pump,

and pump-probe signals on a shot-to-shot basis. Subsequent cycles were compared with each other to ensure that no sample



degradation had taken place during the experiment. Finally, data averaging was done with outlier rejection using MAD (me-

dian absolute deviation to the median) algorithm with cut-off ¢ = 2.5. All data processing was done in MATLAB.
Cryo-EM structure determination

Roughly 50 large PSI crystals of the AFIJL mutant were collected using 0.7-1.0 mm Cryoloop (Hampton research) and re-
leased into a 0.5 ml Eppendorf tube containing 0.4 ml solution of 20 mM Tris (pH8) and 20% PEG 400. Following centrifuga-
tion at 14,000 rpm for 1 min, the supernatant was carefully removed, and the crystals were solubilized in 60 pl of a solution
containing 20 mM MES-Tris (pH7) and 0.05% o-DDM at a Chl concentration of 5 to 7 mg/ml. The concentrated PSI was diluted
to give final concentration of 3 mg Chl/ml. The resulting PSI solution (3 pl) was applied on glow-discharged holey carbon
grids (Cu Quantifoil R1.2/1.3), before using a Vitrobot FEI (3 s blot at 4°C and 100% humidity). The images were collected
using a 300 kV FEI Titan Krios electron microscope, with a slit width of 20 eV on a GIF-Quantum energy filter and Volta Phase
Plate (Diamond Light Source). A Gatan K3-Summit detector was used in counting mode at a magnification of 165,000x (yield-
ing a pixel size of 0.8328 A), with a total dose of 43.485 e-A-2. EPU was used to collect a total of 2,493 images, which were
dose-fractionated into 40 video frames, with defocus values ranging from 0.9 pm to 3.0 um, with increments of 0.3 pm. The
collected micrographs were motion-corrected and dose-weighted using MotionCor2.48 The contrast transfer function param-
eters were estimated using CtfFind 4.1.#8 A total of 286,538 particles were picked using reference-free picking in RELION
v.3.49 The picked particles were processed for reference-free 2D averaging and initial model building. Following 3D classifi-
cation creation, a subset of 74,303 particles were pooled together and processed for 3D homogeneous refinement and post-
processing using RELION. The reported resolutions were based on a gold-standard refinement, applying the 0.143 criterion
on the FSC between the reconstructed half-maps (Supplementary Figure S3). The cryo-EM map is deposited to the Electron
Microscopy Data Bank (EMD-12697).

To generate the AFIJL PSI, the crystal structure of Synechocystis PSI trimer model PDB 50Y0 ¢ was selected. This model was
manually fitted onto the cryo-EM density map rebuilt using Coot.>? Stereochemical refinement was performed using phe-
nix.real_space_refine in the PHENIX suite.>! The final model was validated using MolProbity.>? The refinement statistics are
provided in Supplementary Table S1. Local resolution was determined using ResMap,53 and the figures were generated using

UCSF ChimeraX.>* Structural data were deposited to the Protein Data Bank (ID 701V).
Structure-based modelling

Theoretical structure-based modelling of the kinetics of EET in the minimal PSI complex was performed applying a com-
bined modified-Redfield-generalized-Forster theory, using the formalism described by Raszewski and Renger.> Details of
the calculations of optical spectra and dynamics are given in Supplementary Information. The atom coordinates of the 88 Chls
in the minimal PSI were taken from the cryo-EM structure. Transition dipole moment vectors were assumed along the Nzg-Np
atoms and point-dipole approximation was used to calculate the exciton couplings, e.g. as in Byrdin et al.>¢ We have not at-
tempted to calculate the Chl site energies from the structure but used the energies obtained from INDO calculations on the
DFT-optimized structure of PSI from T. elongatus.5” The values for the six RC Chls were taken from Renger & Schlodder.58 The
site energies were then refined to fit the absorption spectrum of the minimal PSI. These optimized values may not accurately
describe the real system; however, the qualitative features of the model discussed here have been confirmed to persist with
different sets of site energies. The Frenkel exciton Hamiltonian, constructed using the Chl site energies and exciton couplings,
was partitioned into exciton domains with a cutoff coupling energy V. = 70 cm~1. The largest exciton domain encompasses the
six RC Chls; all other domains consist of 2-4 Chls (Supplementary Table S2). Exciton delocalization is only allowed between
Chls in the same exciton domain. Exciton relaxation rates within the domains were calculated using modified Redfield theory,
using an analytical expression for the spectral density of electron-vibrational coupling as in,5? assuming Huang-Rhys factors

S = 0.6 for the bulk antenna Chls, 1.8 for ecAi1-ecB1 and 2 for the red Chls B32 and B37. Optical lineshapes were obtained from



non-Markovian POP-theory within secular approximation and Markov approximation for the off-diagonal electron-vibra-
tional coupling. The rates of exciton transfer between excited states belonging to different domains are calculated using gen-
eralized Forster theory.t%-62 The exciton population dynamics was calculated using a master equation approach and the
steady-state and time-dependent spectra were simulated after Monte-Carlo sampling of 2000 diagonal disorder realizations

with an inhomogeneous width of 60-80 cm~tand 140 cm™ for the red Chls.

Results and discussion

Understanding 2D electronic spectra

The absorptive 2D electronic spectrum recorded at waiting time Tw is a map correlating two frequencies or wavelengths -
excitation (A:) and detection (A:). As the projection-slice theorem holds, the spectrum integrated over excitation frequency is
identical to a conventional pump-probe transient absorption spectrum recorded at delay time Twwith broadband excitation
pulses. Conversely, the 2D spectra can be thought of as transient absorption spectra spread over a range of excitation wave-
lengths. Selected 2D electronic spectra of PSI at different Tw are plotted in Figure 1A. To a first approximation, negative signals
at (Ar, AJ can be interpreted as representing the population (ground-state bleaching) of excited states absorbing at A: after
initial excitation of states absorbing at A.. Thus, cross-peaks in the 2D spectra generally indicate EET A:—A:. Assuming first-
order EET kinetics, we obtain the relevant timescales by global multiexponential analysis of the data ¢3. The pre-exponential
amplitudes at different A: and A: constitute 2D decay-associated spectra (2D DAS), which visually illustrate the dominant EET
process occurring with a given lifetime (Figure 1B). Negative and positive peaks in the 2D DAS represent the decaying popu-
lation (ground-state bleaching) of the donor states and the rising population of the acceptor states. However, care must be

taken when oppositely signed induced absorption is also contributing to the dynamics.
Excitation dynamics at 77 K

The 2D electronic spectra of PSI (Figure 1) allow us to follow EET from the initially excited states, appearing along the
diagonal line, predominantly to longer-wavelength Chls (A: > A:). Note that a cross-peak around 670—685 nm (A—A.) is al-
ready pronounced at 50 fs, which probably reflects both excitonic coupling as well as very fast relaxation - excitonic or vibra-
tional - of states on the blue side of the absorption spectrum. Dynamic relaxation on a sub-100 fs timescale is evident in the
kinetic traces in the cross-peak region (Supplementary Figure S4) and is consistent with RT fluorescence anisotropy meas-

urements and theoretical modelling for PSI of Thermosynechococcus elongatus.#445 56 64-65
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Figure 1. 2DES of minimal PSI at 77 K. A. Selected purely absorptive 2D electronic spectra at waiting times Twindicated in the plots.
The color scale corresponds to AAx104 and the contour lines mark approximately 10% steps. B. 2D decay-associated spectra result-
ing from a five-exponential global fit. Negative/positive amplitudes represent decay/rise of the bleaching. The final 2D DAS corre-

sponding to slow decay to the ground state is omitted.

In the time between 50 fs and 1 ps, short-wavelength diagonal signals decay and off-diagonal signals gain intensity as high-
energy states relax to a subset of Chls absorbing around 685-690 nm. These EET components are better visualized by the 2D
DAS resulted from global lifetime analysis of the 2DES data. The first component, with a 180 fs lifetime, shows mostly diagonal
decay of directly excited states at wavelengths shorter than 680 nm and the second component, with a 0.86 ps lifetime, shows
secondary EET (decaying cross-peak) to Chls absorbing around 690 nm. Subsequently, this pool of Chls decays with lifetimes
of 4 ps and 17 ps, concomitant with the rise of red Chl signals at A 710 nm. The significantly larger decay amplitude at 690
nm compared to the rise at 710 nm, suggests that a fraction of the antenna excitations are trapped by the RC. The far-red
signal continues to rise for as long as 40 ps and slowly decays thereafter (Supplementary Figure S4). This slow population of
red Chls is consistent with time-resolved fluorescence measurements.?? Finally, the decay of the long-wavelength bleaching

occurs on a timescale longer than the experimental window (hundreds of ps to ns).

A lifetime close to 4 ps has been observed in virtually all earlier experiments on PSI from various organisms. It has been
assigned to primary CS in the RC at RT? 17.21.25 and to EET to the red Chls at cryogenic temperatures.32 3435 Including the
present data, we can confirm that the same kinetic component is observed in PSI from green algae 3435 higher plants (un-
published data) and cyanobacteria.32 %6 Not only the number but also the absorption maxima of the red Chls from these dif-
ferent PSI vary broadly. Therefore, it is unlikely that EET will occur with the same rates. On the other hand, the rise of the red
Chls could simply follow the decay of the donor antenna states, depopulated by the RC. We therefore deem more likely that

the dominant process in the 4 ps lifetime is photochemical.

For a more detailed look at the dynamics we take horizontal slices at different A: and analyze them independently - by
global lifetime analysis as well as lifetime density analysis, that transforms the data from population time domain into a range
of exponential decay lifetimes.!” The resulting one-dimensional decay-associated absorption difference spectra (DADS) and
lifetime density maps for selected A: are plotted in Figure 2 (additional plots in Supplementary Figure S5). The DADS can be

compared to transient absorption studies on PSI from Synechocystis.3? ¢¢ Similar to the DADS, negative /positive amplitudes

6



in the lifetime density maps signify decay/rise of the bleaching (or rise/decay of induced absorption) occurring over a range
of timescales. It can be seen in the 675 nm map that EET from higher-energy states spans from 30 fs to about 1 ps progres-
sively populating longer-wavelength Chls. The shortest lifetimes (<100 fs) predominantly involve relaxation from around 670
nm to 680 nm. We stress that the sub-100 fs relaxation has a sizeable contribution - 45% of the total signal at 680 nm rises

on this timescale upon 670 nm excitation (Supplementary Figure S5).

On a longer lifetime range (>1 ps), the lifetime density maps show virtually identical dynamics at all excitation wavelengths
from 670 to 690 nm. The bleaching decays mostly on a timescale of 4-5 ps extending to 10-20 ps range. The position of the
bleaching maximum of the 4-5 ps decay component is at A: * 687 nm irrespective of A.. At the same time, the population of

red Chls is seen as the positive-amplitude band at 700-720 nm.
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Figure 2. Lifetime analysis of slices of the 2DES data at selected excitation wavelength A-. A. Lifetime density maps, representing the
dynamics at different detection wavelengths A: starting with a selected A: in a lifetime domain (in logarithmic scale). Negative /posi-
tive amplitudes represent decay/rise of bleaching (color scale in normalized AA units). B. Decay-associated absorption difference
spectra, resulting from a 3-5-exponential fit of the traces at given A+. The final lifetimes exceeding the measurement range (100 ps)

are not accurately determined.

To facilitate interpretation, we also compare evolution-associated difference spectra (EADS) obtained by fitting a sequential
kinetic model to the 2D slices (Supplementary Figure S6). The spectra show the progressive formation of lower-energy states
with lifetimes from 70 fs to 1.4 ps, depending on the initial excitation. Irrespective of excitation wavelength, a spectrum de-

caying on a 4-5 ps timescale shows a broader shape with a maximum at 687 nm.
Fast decay of red-edge excitations

Compared to the excitation of the bulk antenna, direct excitation at 695 nm - at the red edge of the absorption spectrum -
triggers radically different dynamics. In this case a narrowband transient hole (150 cm-* FWHM) is formed (Figure 2B) that
decays with a lifetime of 0.7-0.8 ps. The fast decay of the diagonal signal at 695 nm is evident in the kinetic traces (Supple-
mentary Figure S4), 2D DAS (Figure 1), lifetime density maps and DADS (Figure 2). The decay of the initial narrow bleaching
spectrum leads to the formation of a broader spectrum with a maximum at 702 nm (see Supplementary Figure S6, A = 695

nm). Excitation at 700 nm produces a bimodal spectrum with a broad asymmetric band at 700 nm accompanied by a resonant



photobleaching band at 683 nm, that also decays on a sub-ps timescale (Supplementary Figure S6, A = 700 nm). The spectrum,

reminiscent of the P700"—P700 absorption difference spectrum,5¢ can be ascribed to the RC.3*

The qualitative change in the excited-state dynamics can be explained if we assume that excitation at 695-700 nm prefer-
entially targets the RC Chls which engage in a photochemical reaction. At low temperature, at least half of the PSI complexes
have permanently oxidized P700, whereas in the other half, recombination of P700*A1~ occurs within the 2-ms period between
pulses.3! It is then reasonable to propose that excitation of the RC Chls is followed by rapid CS and a formation of primary
radical pairs that could include P700*Ao™ and A*Ao™. Several studies have suggested that Chls in the RC absorb at 692-695 nm.3%
67-68 The spectrally narrow transient hole at 695 nm can be assigned to an exciton state most probably localized on Chls eC2
or eCs, while the subsequent broad bleaching at 700-705 nm most likely reflects Pzo0*. Therefore, at 77 K the 0.7-0.8 ps life-
time represents the effective CS rate of the RC (1.2-1.5 ps™*). We cannot determine with certainty whether this process in-
volves two subsequent steps of exciton relaxation from the 695 nm state followed by very fast CS, or direct charge transfer

from a donor different than P7oo.

In summary, the data indicate that EET to the RC is substantially slower than the primary CS at 77 K. Upon antenna excita-
tion, both the trapping time and the spectrum of the decaying component - with a maximum at 687 nm - are independent of
excitation wavelength. This strongly indicates a kinetic “bottleneck” at a small pool of antenna Chls. It is tempting to assign
the bottleneck as “transfer-to-trap”, owing to the relatively long distance between the antenna Chls and the RC. However,

structure-based modelling indicates that the limiting factor is the excitation energy and not the distance to the RC (see below).
Dynamics at room temperature

As an added control, we recorded 2D electronic spectra from the minimal PSI at RT. Representative 2D spectra are shown
in Supplementary Figure S7. Global analysis resolved four exponential decay and one non-decaying component. The lifetimes
and 2D DAS (Figure 3) are very similar to those obtained from trimeric Synechocystis PCC 6803 reported by Lee, et al. 4> The
first two lifetimes, 80 fs and 0.5 ps show exciton equilibration in the antenna with uphill and downhill EET components. This
is followed by two trapping lifetimes of 3.6 and 22 ps. The former presents a cross-peak reflecting rising population of red

Chls.

Figure 3. 2D decay-associated spectra (2D DAS) of PSI from Synechocystis AFI]L resulting from a five-exponential fit of the 2D elec-
tronic spectra recorded at RT. The positive/negative amplitudes are represented in blue /red colors and correspond to AAx104). The

2D DAS corresponding to a non-decaying component is omitted.



The early-time dynamics is very similar in plant PSI, including the 3-ps 2D DAS, but overall trapping is slowed down by
equilibration with the peripheral antenna.?¢ Excluding red Chls from the PSI core, we could explain these results with a model

wherein the 3 ps lifetime is dominated by the rate of primary CS equal to ~0.4 ps™*

, similar to previous models by Holzwarth
and coworkers.?! 25 Virtually the same model could fit the RT kinetics of cyanobacterial PSI if we include EET to red Chls (not
shown). To reconcile the results at different temperatures it must be then assumed that the primary CS rate in the RC is
approx. three times slower at RT than at 77 K while the transfer to the RC is correspondingly faster. An acceleration of energy
transfer at RT is to be expected according to theoretical calculations as well as experimental results.3¢-38 It is also within ex-
pectations that the effective CS rate at RT is slower - assuming that energy can rapidly equilibrate among all RC Chls making
them effectively degenerate. The intrinsic CS rate should then be divided by an entropy factor equal to the number of degen-
erate states. In this case, the kinetics becomes trap-limited with a higher probability that RC excitations escape to the antenna.
In either case, simple kinetic calculations can show that even if the CS rate at RT is still 1.2 ps™, the kinetics would not be

diffusion-limited but there would be almost even chances for excitations on the RC to be trapped by CS or de-trapped by the

antenna.

The excitation dynamics at 77 K and RT are summarized in a schematic (Supplementary Figure 11). Excitations on higher-
energy Chls (670-680 nm) are concentrated on a subpicosecond timescale to subset of red-shifted Chls. The states absorbing
at 687 nm are depopulated within 4 ps by both the RC and transfer to red Chls. The lifetime is equal to the inverse of the sum
of all relaxation rate constants, but the dominant pathway is likely to the RC. Once energy reaches the RC Chls (red-outlined
ovals), CS occurs with a time constant of ~0.8 ps followed by secondary electron transfer to Ai. The latter likely contributes

to the loss of bleaching at ~680 nm (Chl Ao) on a 10-20 ps timescale.
Structure-based model of EET

For a better understanding of the dynamics and to support the interpretation of the 2DES results, we performed structure-
based modelling of EET. To this end, the structure of the minimal PSI complex was determined by cryo-EM and refined and
built based on the high-resolution structure of trimeric PSI from Synechocystis PCC 6803.6 This allowed us to resolve not only
the seven protein subunits (Figure 4) but also the 88 coordinated Chl a molecules, as well as 17 carotenoids, two phylloqui-
nones (A1), three Fe-S clusters (Fa, Fs, Fx) and nine lipids. Overall, the minimal PSI retained a very similar structure with the
corresponding parts of the trimeric PSI (Supplementary Figure S8), which explains the similar spectroscopic and dynamic
behaviour.33 Nevertheless, differences in the geometry of the Chls can be observed, especially in the monomerization region,

that have an effect on the excitonic couplings (see below).

Several structure-based dynamic models of PSI have been proposed, with the rates of EET calculated using Forster or gen-
eralized Forster theory,>¢ 6970 Redfield theory, or hierarchical equations of motion.”* Previously, we have shown that Forster
theory alone can qualitatively describe the equilibration with red Chls at 77 K in the tens to hundreds of picoseconds range,33
however, we omitted any details on the faster processes. Here we present computations on the recently resolved structure of
the minimal PSI complex using a combined Redfield-Forster approach, as developed and applied to other photosynthetic

complexes in the past.5®



Figure 4. Structure of the AFIJL PSI complex (PDB ID 701V). The colored surfaces represent the apoprotein subunits and the chlorin

rings of the 88 chlorophyll a molecules are shown as sticks. A. Top view. B. Membrane view.

The largest excitonic couplings of the minimal PSI are compared in Supplementary Table S3 with the values in trimeric PSI
from wild type Synechocystis PCC 6803 and Thermosynechococcus elongatus. The largest relative change in excitonic coupling
in the minimal complex is between Chls A32 and B7 - the coupling is 50 and 80% stronger in the trimeric PSI from Synecho-
cystis PCC 6803 and T. elongatus, respectively. Based on analysis of the fluorescence spectra of PSI, we predicted that the
environment alters the excitonic coupling between Chls A32-B7 and, consequently, this pair no longer contributes to the long-

wavelength emission in monomeric PSI types.33 Thus, the present finding strongly supports our earlier assignment.

The modelled steady-state spectra compared very well with the experimental data (Supplementary Figure S9). The calcu-
lation predicted rapid exciton relaxation in the RC as well as among strongly coupled Chls on the PsaA and PsaB branch and
the connectivity scheme is in good agreement with earlier calculations on PSI from T. elongatus.”! Figure 5 illustrates the EET
connectivity and the site population calculated for two waiting times, 50 fs and 5 ps, after excitation at either 675 nm or 697
nm. The time-dependent population of Chl groups is plotted in Supplementary Figure S10 and exponential decay lifetimes are
shown in Supplementary Table S4. The initially excited pool after 675 nm excitation consists of mostly high-energy Chls but
after 5 ps, the excitations have transferred to a smaller pool of red-shifted Chls, with almost half of the excitations found on
10-12 Chls having peak wavelengths in the range 685-690 nm. In contrast, excitation at 697 populates predominantly the RC
Chls and, to a lesser extent, the red Chls pairs B31-B32 and B37-B38 (see also Supplementary Figure S9). The RC population

decays within a few ps because of the presumed CS rate of 1.5 ps-1.
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A xc = 675 nm, TW =0.05 ps A xc = 697 nm, TW =0.05 ps

ex

Figure 5. Structure-based Redfield-Forster model of EET in PSI. Circles represent the population of individual Chls calculated for
waiting times 50 fs and 5 ps after excitation at 675 nm or 697 nm, with the Chl site energies indicated by the circle colors. Lines
represent EET between Chls with the line weight indicating the rate. Excitation at 675 nm intersects mainly high-energy Chls (blue),
whereas 695 nm light predominantly excites the RC and red Chls. After 5 ps, excitations are concentrated on a smaller pool of low-

energy Chls (yellow-red).

The model dynamics compares remarkably well with the experimental data, as demonstrated by the simulated lifetime
density maps and DADS (Figure 6). Note that the simulation includes neither coherent dynamics nor photoinduced absorption
(including absorption of radical pairs). In agreement with the 2DES results, excitation on the blue side of the absorption band
is followed by gradual downhill EET among Chls absorbing in the 670-680 nm range on timescales spanning ca. 0.1-1 ps.
Irrespective of the excitation wavelength, the main excitation decay occurs from states around 688 nm on timescales 5-20
ps, concomitant with the rise of red Chls. In this time range, the model dynamics lags compared to the experimental, indicating
that the Forster EET rates are underestimated. Nonetheless, we now understand the reason for the kinetic limitation being

the slow EET from low-energy Chls absorbing in the range 685-690 nm and acting as pseudotraps.

A crucial characteristic of the model is that wavelengths longer than 695 nm excite predominantly the RC in the minimal
PS], resulting in a rapid excitation decay with a dominant lifetime equal to the inverse primary CS rate. The lowest exciton
states belonging to the six RC Chls absorb around 696 and 700 nm. Upon excitation in this wavelength region, the dynamics
reflects both exciton equilibration and decay. The experimental DADS of the 0.7 ps component differ from the model in that
it has pronounced positive amplitude at A > 700 nm. This most likely indicates the formation of the charge-separated state

(P700%), which is not explicitly modelled.
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Figure 6. Simulated excitation dynamics of PSI at 77 K after excitation at 675, 685 or 697 nm. A. Lifetime density maps of the wave-

length-resolved absorptive signal. B. Decay-associated absorption difference spectra.

In summary, the 2DES results and the structure-based modelling show that the kinetics of PSI at 77 K is largely limited by
EET from a small pool of red-shifted Chls to the RC, which is about one order of magnitude slower than the primary CS. A
simplified kinetic scheme is shown in Figure 7, indicating the main timescales of EET between Chl pools at 77 K and RT. CS is
the sum of the intrinsic one-step CS rates to different primary acceptors.?! From the 2DES we obtained a primary CS rate of
1.2 ps™%, which is in line with several predictions from theoretical'® 72 and experimental studies at RT.11.20 A comparably fast
CS at cryogenic temperature would mean that electron transfer is activationless, i.e. the free energy of the reaction is of the
same magnitude as the reorganization energy. Such is the case for the purple bacterial RC, where primary CS accelerates at
low temperatures (see ref.1? and refs. therein). Note, however, that even if the intrinsic CS rate is the same at RT, the effective

CS time upon RC excitation should be longer because of equilibration among several (3-6) Chls.2!
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Figure 7. Schematic diagram of the energy and electron transfer dynamics in PSI. The ovals represent bulk antenna Chl pools absorb-
ing around the indicated wavelengths, the red Chls and the RC Chls. The rectangles represent charge-separated states. The numbers
next to the arrows indicate the effective transfer timescales at 77 K obtained from analysis of the 2DES data (the numbers in paren-

theses correspond to room temperature).

Quantum coherence

One of the central themes of research in the primary processes of photosynthesis in the past decade has been to establish
the role of quantum coherence in photosynthesis.*1-4373 According to the current scientific consensus, purely electronic co-
herences between excitons are not likely to be long-living 42 and hence not involved in energy transfer processes. Studies
indicate that exciton-vibrational (vibronic) coherence is involved in the efficiency of CS in both the purple bacterial RC and
Photosystem I1.43 This is based on long-lived coherences observed by 2DES 7476 and predicted by theory as the outcome of
coupling of excitonic and charge-transfer states in the RC via resonant vibrational modes. However, proving and assigning
vibrational modes to the associated processes is exceedingly difficult and requires detailed analysis performed globally on
the relative phases and amplitudes of multiple diagonal and cross-peaks.”7-78 Despite the difficulties, as a first step, it is useful

to identify potential vibrational modes that may be coupled to the excitonic states.

It is much harder to selectively observe coherent oscillations in the native PSI in the background of a large number of an-
tenna Chls. Nonetheless, we recorded 2D electronic spectra of the subunit-depleted PSI with 10 fs time step. Visual inspection
hardly reveals any oscillations in the noisy kinetics, but the Fourier-transformed data (See Supplementary Figure S11) reveals
2D FT maps (Figure 8) with distinct features at w: = 243 cm™* and 104 cm™ (The axes have been changed to wavenumbers

to allow a more intuitive visualization of the locations of the cross-peaks).
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Figure 8. FT 2D frequency correlation maps for two selected oscillation frequencies, 104 and 243 cm™. The maps indicate regions
in the 2D electronic spectrum that oscillate along Tw with the given frequency. The 2DES are Fourier-transformed along waiting time
Tw and the absolute-valued transformed data are sliced at the selected frequencies to obtain the maps. Note that the excitation and

1

detection axes are in cm™. The dotted white lines indicate an offset of +104 and +243 cm™, respectively, from the diagonal.

In the 243 cm™ frequency map, one can distinctly see multiple peaks situated at (w,, w;) = (weg £ 0, g, ey 0, wy),
where w4 = 14,680 cm™ (681 nm) corresponds to the lower frequency range of the antennae Chls absorption and v, denotes
the oscillation frequency. The peak positions are consistent with the oscillational patterns arising from vibronic origins 7°.
Within the error of the 243 cm™ map (~33 cm™ resolution), this may well correspond to a 262 cm™ vibrational mode fre-
quency present in Chl a molecules 80, We can therefore assign the 243 cm™* map to a vibronic origin of the Chl a chromophores.
In the 104 cm™ frequency map, a peak along the diagonal can be clearly seen (Figure 8) centred also at Veg = 14,680 cm™
(681 nm). As the beating frequency at 104 cm™* is low, the absolute valued frequency map cannot resolve the individual peaks
as well as the 243-cm™ frequency map does. Beating patterns at these frequencies are also observed in 2DES studies in the

Chl a monomers 81,

Conclusions

In this work we performed 2DES of a minimal PSI complex using very low pulse energies to avoid singlet annihilation, while
recording the kinetics with high dynamic range. These data, together with the structure-based calculations using Redfield-
Forster theory, provide extraordinary rich and detailed information about the dynamics of energy and electron transfer.
Structure-based calculations indicated impaired excitonic couplings between Chls in the monomerization region, especially
A32-B7, which might be the main reason for the reduced far-red absorption of the monomeric PSI. The high quantum yield
of photochemical energy conversion in PSI is in part due to the fast EET among its tightly packed antenna Chls, with hopping
times under 100 fs. At 77 K antenna excitations are funnelled within 1 ps to a small pool of Chls having peak absorption at
685-690 nm. These lower-energy states constitute a kinetic bottleneck of the overall excitation trapping by the RC which
occurs on timescales of 4-20 ps. The very fast CS at 77 K indicates an unusual temperature dependence of electron transfer
that is reminiscent of the purple bacterial RC. The rate of primary CS observed upon direct excitation of the RC is 1.2-1.5 ps™*
and involves a previously unresolved exciton state absorbing around 695 nm. More work is needed to clarify the physical
nature and mechanism of relaxation of this state. Analysis of quantum beats in the 2D electronic spectra suggest that they are
of vibronic origins at ~100 cm™ and ~250 cm™, possibly associated with vibrations in Chls absorbing near 681 nm. It re-
mains an open question whether the observed oscillations represent coherences within the electron-transport chain as in

other types of RCs. 7475
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