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A B S T R A C T   

Photosystem I (PSI) of the cyanobacterium Acaryochloris marina is capable of performing an efficient photo
electrochemical conversion of far-red light due to its unique suite of cofactors. Chlorophyll d (Chl-d) has been 
long known as the major antenna pigment in the PSI from A. marina, while the exact cofactor composition of the 
reaction centre (RC) was established only recently by cryo-electron microscopy. The RC consists of four Chl- 
d molecules, and, surprisingly, two molecules of pheophytin a (Pheo-a), which provide a unique opportunity to 
resolve, spectrally and kinetically, the primary electron transfer reactions. Femtosecond transient absorption 
spectroscopy was here employed to observe absorption changes in the 400–860 nm spectral window occurring in 
the 0.1–500 ps timescale upon unselective antenna excitation and selective excitation of the Chl-d special pair 
P740 in the RC. A numerical decomposition of the absorption changes, including principal component analysis, 
allowed the identification of P740

(+)Chld2
(− ) as the primary charge separated state and P740

(+)Pheoa3
(− ) as the successive, 

secondary, radical pair. A remarkable feature of the electron transfer reaction between Chld2 and Pheoa3 is the 
fast, kinetically unresolved, equilibrium with an estimated ratio of 1:3. The energy level of the stabilised ion- 
radical state P740

(+)Pheoa3
(− ) was determined to be ~60 meV below that of the RC excited state. In this regard, 

the energetics and the structural implications of the presence of Pheo-a in the electron transfer chain of PSI from 
A. marina are discussed, also in comparison with those of the most diffused Chl-a binding RC.   

1. Introduction 

The two macromolecular chromophore-protein complexes, known as 
Photosystem II (PSII) and Photosystem I (PSI), are the primary sites of 
light energy conversion in oxygenic photosynthesis. Whereas the donor 
side of PSII operates, from a biological perspective, under conditions of 
extremely high oxidative potential necessary for water photolysis (> +

1 V vs NHE), that of PSI operates at very low redox potential (< − 1 V vs 
NHE) instead [1]. The core complexes of PSI and PSII are generally well 

conserved throughout evolution and, in both, Chlorophyll (Chl) a rep
resents, almost ubiquitously, the main pigment active in light harvesting 
as well as in primary photochemical electron transfer reactions, that 
occur in a functionally specialized compartment of the core complex 
known as the reaction centre (RC). The redox-active cofactors in the RC 
from the high-resolution structural PSI model of the cyanobacterium 
Thermosynechococcus elongatus [2] are shown in Fig. 1A. This general 
view has become under scrutiny upon the discovery of oxygenic pho
totrophs which can replace, to different extents, Chl-a with other long 

* Correspondence to: S. Santabarbara, Istituto di Biologia e Biotecnologia Agraria, Consiglio Nazionale delle Ricerche, Via Bassini 15a, 20133 Milano, Italy. 
** Correspondence to: D. A. Cherepanov, N.N. Semenov Federal Research Center for Chemical Physics, Russian Academy of Sciences, Kosygina Street 1, 119991 

Moscow, Russia. 
E-mail addresses: stefano.santabarbara@cnr.it (S. Santabarbara), tscherepanov@gmail.com (D.A. Cherepanov).  

Contents lists available at ScienceDirect 

BBA - Bioenergetics 

journal homepage: www.elsevier.com/locate/bbabio 

https://doi.org/10.1016/j.bbabio.2023.148984 
Received 7 February 2023; Received in revised form 4 May 2023; Accepted 9 May 2023   

mailto:stefano.santabarbara@cnr.it
mailto:tscherepanov@gmail.com
www.sciencedirect.com/science/journal/00052728
https://www.elsevier.com/locate/bbabio
https://doi.org/10.1016/j.bbabio.2023.148984
https://doi.org/10.1016/j.bbabio.2023.148984
https://doi.org/10.1016/j.bbabio.2023.148984


BBA - Bioenergetics 1864 (2023) 148984

2

wavelength, and hence low-energy, Chl molecules (Chl-d and -f) in the 
core complexes of both photosystems (e.g. [3–9]). The cyanobacterium 
Acaryochloris marina was the first-discovered organism performing 
oxygenic photosynthesis in which the otherwise ubiquitous Chl-a 
chromophore is almost completely replaced by Chl-d [4,10]. The main 
electronic transition of Chl-d is shifted by about 30 nm towards lower 
energies with respect to Chl-a both in organic solvents [11–13] and in 
the photosystems' protein environment [10,14]. In the isolated PSI of 
A. marina, the long-lived electron donor displays a main bleaching at 
735–740 nm (P740) [15], which is 40 nm red-shifted as compared with 
the canonical P700 of Chl-a binding PSI, demonstrating that Chl-d can 
replace Chl-a as an electron transfer cofactor in the RC. The assignment 
of P740 to Chl-d was confirmed also by hyperfine resolved electron 
paramagnetic resonance [16] as well as infrared spectroscopy [17]. The 
red-shift of the P740 main absorption band corresponds to an energy 
lowering of ~90 meV in comparison with P700, assuming that charge 
separation is initiated from the excited state of this electron donor. Yet, 
the oxidation midpoint redox potential of P740/P740

+ falls in the 
+(425–450) mV range [18–20], hence very close to the midpoint po
tential of +(430–460) mV measured for canonical P700/P700

+ pairs in Chl- 
a containing PSI [21]. 

The PSI of A. marina coordinates 1–2 Chl-a molecules per core 
complex [23,24], arguing for possible functional roles of this molecule 
in photochemical or electron transfer processes. Based on transient ab
sorption (TA) measurements it was proposed that these Chl-a molecule 
(s) acted as the electron acceptor, corresponding to A0 (also called Chl3 
or eC3) in canonical PSI [25]. However, recent structural investigations 
[22,26] demonstrated that the cofactors in the eC3 positions are not Chl- 
a, rather pheophytin (Pheo) a, the Chl-a free base (Fig. 1B and C). 
Although, Pheo-a is a common electron acceptor in Type II reaction 
centres, like PSII and purple bacteria RC, its occurrence in Type I RC, like 

PSI, is unprecedented. 
Due to limited resolution of the structural model, it was not possible 

to unambiguously assign the chromophores in the so-called Chl2 (eC2) 
positions, located between P740 and eC3, to either Chl-d or Chl-a. The 
chlorophyll in the eC2 position is the structural analogue of the acces
sory bacteriochlorophyll in the bacterial RC, where this pigment acts as 
the primary electron acceptor [27]. Yet, the functional role of eC2 Chl in 
PSI is more controversial as it has been suggested to operate as the 
primary electron acceptor, in analogy with the purple bacterial RC, 
being part of a functional dimer comprising the eC2-eC3 Chls, corre
sponding to the functional A0 acceptor [28–33], but even possibly to act 
as the primary electron donor(s) [34,35]. Irrespectively of the exact role 
of the eC2 cofactor, which will be discussed in further detail based on the 
results obtained in this investigation, it is certain that it plays an 
important role in PSI photochemical activity. Thus, since the exact 
chemical nature of the eC2 cofactor in A. marina PSI remains to be fully 
established, a possible role for Chl-a in primary photochemistry in this 
photosystem remains an open question. 

Irrespectively of the exact sequence of events and the specific co
factors involved in primary reactions in Сhl-a containing PSI, which are 
still a matter of controversy (e.g. [28,29,34–36]), it is yet to be expected 
that some significant reduction of the driving force associated to light- 
induced electron transfer occurs in the PSI of A. marina. The predicted 
high reduction potential of Pheo-a [11] might act in this direction, thus 
determining a large change in the photochemical and charge stabilisa
tion reactions energetics. The presence of Pheo-a at the eC3 position 
(Pheoa3) shall also influence the successive reduction of phylloquinone 
A1, for which a decrease in driving force is predictable. It has however 
been reported that ultrafast transient absorption (TA) changes of the PSI 
from A. marina are dominated by lifetimes components of about 0.5, 4.5 
and 55 ps, for unselective excitation in the main absorption band [25], 

Fig. 1. Electron transfer cofactors of the PSI complexes from T. elongatus [2] (A) and A. marina [22] (B). The absorption spectrum of the PSI from A. marina is red- 
shifted when compared to the absorption spectrum of the canonical PSI (C) due to the presence of Chl-d instead of Chl-a in the light-harvesting antenna (D). The 
reaction centre of PSI from A. marina harbours four Chl-d and two Pheo-a molecules in places of six Chl-a molecules in the PSI from T. elongatus. 
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and similarly for excitation in the red edge at 720 nm (4 and 36 ps) [37]. 
These values are relatively similar to the lifetimes retrieved in other 
cyanobacterial PSI complexes either by fluorescence lifetime (e.g. 
[38–41]) or TA measurements [29,30,42–45]. Hence, it appears that 
some energetic reconfiguration occurs in A. marina PSI, allowing the 
system to operate with similar kinetics and yields as canonical PSI. 

The kinetics of charge recombination either from the terminal iron- 
sulphur clusters FA/B (40–60 ms) and FX (1.5–2 ms) at room tempera
ture [15,20], or from the quinone acceptor A1 both at room (190 μs) and 
cryogenic temperatures (150 μs, [20]), are comparable to those reported 
for canonical Chl-a binding PSI (e.g. [46] for a review). A somewhat 
larger difference was reported for the A1

− oxidation by FX, in A. marina, 
since the dominant lifetimes were estimated as 356 ns and 88 ns with 
respect to 285 ns and 18 ns in the model cyanobacterium Synechocystis 
sp. PCC 6803 investigated under the same conditions [47]. Considering 
that both structural [22,26] and functional spectroscopic investigations 
[48] indicate a close similarity of the overall cofactor arrangements 
between A. marina and canonical PSI, the differences in A1

− oxidation 
point towards some reconfigurations of the redox properties of either A1 
or the acceptor FX in A. marina. Yet, the similarity of recombination 
kinetics indicates that the overall energy difference between the 
acceptor and the donor side of the Chl-a and Chl-d binding photosystem 
is maintained, arguing in favour of the main energetic compensation for 
the loss in photon energy of P740* occurring at the level of primary and 
charge stabilisation reaction, likely involving the unusual Pheo-a 
acceptor at the eC3 position. 

In order to further understand the molecular mechanism of these 
reactions in this unique photosystem, the isolated pigment-protein 
complex was studied by TA with high-spectral and-temporal resolu
tion (100 fs), upon either unselective (630 nm) or preferential excitation 
of low energy Chl-d forms and the RC cofactors, in the near-infrared 
(740 nm). 

2. Materials and methods 

2.1. Sample preparation 

A. marina cells were cultivated at 21 ◦C in a modified BG11 medium 
in artificial sea-water (SW-BG11), under continuous illumination (35 
μmoles of photon m− 2 s− 1) provided by incandescent lamps. Thylakoid 
membranes (TM) were purified from freshly harvested cells suspended 
in 50 mM HEPES in the presence of ε-aminocaproic acid and phenyl
methanesulfonyl fluoride (PMSF), and broken by glass beads (212–300 
μm) in a TissueLyzer (Qiagen) performing 15 circles of cell shaking (15′′

at the maximal shaking frequency of 30 Hz) and 3′ cooling on ice be
tween each cycle. Unbroken cells and large debris were removed by 
centrifugation at 9000 rpm for 5′, and TM were harvested by successive 
ultracentrifugation at 144000 xg and re-suspended in 50 mM Hepes/ 
NaOH buffer (pH 7.5). All procedures were performed at 4 ◦C and under 
dim light or darkness. 

For PSI isolation, thylakoids were solubilised for 1 h with 1 % w/v 
β-n-dodecylmaltoside in the resuspension buffer at a concentration 
equivalent to 0.5 mg/ml Chl (d + a), in complete darkness and at 4 ◦C. 
PS I was separated by centrifugation on sucrose density gradients as 
previously described [49]. The lowest band corresponding to PSI was 
harvested, dialyzed, washed, concentrated (50 kDa cut-off), frozen in 
liquid nitrogen and stored at − 80 ◦C until use. Further detail on the 
methods is provided in the Supplementary Information. 

2.2. Ultrafast spectroscopy 

Time-resolved difference absorption spectra ΔА(λ,t) were measured 
by a pump–probe method using the previously described set-up [30]. In 
brief, the sample was pumped either at 630 or 740 nm (~38 nm FWHM) 
from the compressed (23 fs) output of an optical parametric amplifier, 
attenuated to 25–80 nJ/pulse. The probe was provided by broadband 

supercontinuum pulses, at magic (54.7◦) polarisation with respect to the 
pump pulse. Absorption difference spectra in the 400–900 nm range 
were collected by a CCD camera (Roper Scientific SPEC-10) coupled to a 
polychromator (Acton SP-300). The experiments were carried out at 6 ◦C 
in a 0.5-mm flow optical cell with optical windows of 0.1-mm thickness 
(10 O.D. cm− 1). The circulation rate in the flow cell (9 ml min− 1) was 
fast enough to avoid multiple excitations of the same sample volume. 
Spectra were corrected by group delay dispersion as described previ
ously [50,51]. 

2.3. Data analysis 

The TA changes were analysed by three different numerical ap
proaches that approximate the spectral-temporal matrix ΔA(λ, t) in 
terms of: 

(i) A linear combination of discrete exponential decay functions 
∑

i
Di(λ)exp( − t/τi) with globally constrained lifetimes, τi, and indepen

dent amplitudes giving the Decay Associated Spectra (DAS), Di(λ) (see 
section S2.1 of Supplementary Information for details). 

(ii) Continuous integral transform 
∫

ρ(λ, τ)e− t/τdτ allowing to remove 
the constraints imposed by the global discrete decomposition. In brief, 
the continuous spectral-lifetime distribution ρ(λ, τ) was calculated 
independently at each wavelength λ by the inverse Laplace transform 
using a modified version of the CONTIN algorithm [52]. To obtain quasi- 
continuous behaviour of lifetime density maps (LDM) against λ, an 
additional regularization was applied to the standard Tikhonov–Phillips 
regularising parameter α (see S2.2 for details). 

(iii) Principal components. The principal component analysis (PCA) 
[53,54] is a fully model-independent method, which does not require 
any a priori analytical description of the kinetics. The matrix ΔA(λ, t)
was expanded in a series 

∑

j
Sj(λ)Pj(t), where Sj(λ) is the spectrum of the 

jth principal component and Pj(t) is its time-dependent contribution 
(score). The first principal component (j = 1) accounts for the highest 
possible variation of ΔA(λ, t), the second for the largest remaining 
variation, and so on until the residual time-independent component is 
reached (see S2.3 for details). 

3. Results 

3.1. Transient absorption changes of PSI from A. marina 

Femtosecond pump-probe laser spectroscopy was used to study ul
trafast absorption changes related to excitation energy and electron 
transfer processes in the PSI complexes isolated from A. marina. In this 
technique, an ultrashort narrow-beam pulse (pump) is used to excite the 
sample, and a weaker broad probe pulse is used to monitor the photo
induced difference absorption changes obtained by subtracting the ab
sorption of the non-irradiated sample measured in the same cell. 
Absorption changes of PSI were acquired in the 400–860 nm window in 
the 0.1–500 ps timescale upon unselective excitation at 630 nm (Fig. 2A) 
or selective excitation at 740 nm (Fig. 2B) in the far-red edge of the Chl- 
d QY band (Fig. S1). 

The absorption characteristics of the samples did not change after 
measurements within 20 min and also when the excitation energy varied 
in the range of 30–80 nJ (Fig. S2). The respective spectral-temporal 
matrices ΔA(λ,t) (Fig. S3) were analysed in terms of discrete exponen
tials (Eq. S1), and at least five exponentially decaying components were 
required to realistically describe the experimental data (Fig. S4). When 
the spectral dynamics were decomposed into six components, the un
certainties of their lifetimes (Eq. S5) became too large, so for an 
appropriate description of the overall TA dynamics upon PSI excitation 
both at 630 and 740 nm, five global exponential components were 
employed (Table 1, Figs. 3 and 4). Alternatively, the continuous lifetime 
distribution maps (LDM, see S2.2 for details) were calculated in 
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Fig. 2. TA spectra of A. marina PSI at selected time delays upon excitation at 630 nm (A) and 740 nm (B). The boxes indicate the spectral regions which were 
subjected to PCA analysis (see Section 3.2 for details). 
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accordance with Eq. S6 (Fig. 5). 
The lifetimes and related Decay Associated Spectra (DAS, Figs. 3 and 

4) obtained by global fitting agree closely to the main lifetime clusters 

and spectral features observed in the LDMs (marked by arrows in Fig. 5). 
Yet the information concerning kinetic dispersion are lost in global 
analysis, hence we focus on the analysis of the LDMs. 

Upon non-selective excitation at 630 nm, the LDM revealed a sig
nificant kinetic dispersion in the QY region of 690–730 nm (Fig. 5A), 
being only roughly approximated by the five discrete lifetimes of the 
DAS decomposition (Fig. 3, Table 1). In the fastest lifetime clusters τ1 
(0.1–0.2 ps) and τ2 (0.4–0.6 ps), energy transfer processes prevail. A 
broad area of absorption increase at 680–710 nm (shown in red) and a 
narrow bleaching spot at 725–735 nm (shown in blue) are the most 

Table 1 
Lifetimes derived from global analysis of A. marina PSI transient absorption.  

Pump τ1 (ps) τ2 (ps) τ3 (ps) τ4 (ps) τ5 (ps) 

630 nm 0.15 (±0.04) 0.5 (±0.1) 2.0 (±0.4) 17 (±3) 71 (±9) 
740 nm 0.15 ± 0.02) 1.3 (±0.1) 6.8 (±1.6) 28 (±7) 130 (±64)  

Fig. 3. Decay-Associated Spectra of the PSI from A. marina. The decay times: 0.15 ps (A), 0.5 ps (B), 2.0 ps (C), 17 ps (D), and 71 ps (E). The final spectrum at delay of 
500 ps (F) corresponds to the secondary radical pair P740

+ A1
− . Down- and up-pointing arrows mark the bleach and recovery bands of Pheo-a absorption at 682 nm. 

Excitation at 630 nm (duration 23 fs, FWHM 38 nm, energy 50 nJ). 
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prominent features in this time range. These processes may be attrib
uted, dominantly, to downhill energy transfer from the bulk of the 
photosystem's antenna to a long-wavelength Chl-d (LWC) pool centred 
at ~730 nm. 

The cluster τ3 (1.6–2.4 ps) includes a broad absorption decrease at 
420 nm, a sharp peak of absorption growth at 470 nm, a broad struc
tured increase at 700–730 nm in the QY region, and the development of a 
sharp minor bleaching at 682 nm (denoted by down-pointing arrow in 
Fig. 3C, which shows the DAS corresponding to the equivalent lifetime 
cluster). These features apparently are related to the initial phase of 

energy trapping due to the formation of ion-radical pairs: the absorption 
increase at 470 nm is a distinctive marker of the oxidized P740 [20], and 
the ground state bleaching (GSB) at 682 nm corresponds to the expected 
absorption of Pheo-a recently identified in the eC3/A0 position [22,26]. 
The prevailing absorption recovery, with the main bands centred at 704 
and 718 nm in the QY region, can be explained by the energy transfer 
from the antenna to the RC and by the disappearance of both the GSB 
and stimulated emission (SE) as a result of charge separation (the 
amplitude of SE is approximately equal to the GSB contribution 
[13,55]). The lifetime cluster τ4 (14–20 ps) also shows the development 

Fig. 4. Decay-Associated Spectra of the PSI from A. marina. The decay times: 0.15 ps (A), 1.3 ps (B), 6.8 ps (C), 28 ps (D), and 130 ps (E). The final spectrum at delay 
of 500 ps (F) corresponds to the secondary ion-radical pair P740

+ A1
− . Down- and up-pointing arrows mark the bleach and recovery bands of Pheo-a absorption at 682 

nm. Excitation at 740 nm (duration 23 fs, FWHM 38 nm, energy 80 nJ). 

A.A. Petrova et al.                                                                                                                                                                                                                              



BBA - Bioenergetics 1864 (2023) 148984

7

of GSB at 682 nm, but the excitation donors in this case comprise 
chromophores with QY bands peaking at 718 and 730 nm. Moreover, the 
absorption changes in this lifetime cluster are larger with respect to 
those dominating the cluster τ3. These spectral differences are also 
clearly appreciated by comparing the DAS in Fig. 3C and Fig. 3D. The 
broad absorption decrease at 520–620 nm originates due to trapping of 
the Chl-d excited S1 state (Fig. S1C), monitored over its broad excited 
state absorption (ESA) band [13]. 

The slowest cluster τ5 (62–80 ps) has a complicated pattern that 
includes a broad absorption recovery in the Soret band at 400–480 nm 
(with only a minor contribution of the 470 nm peak), a recovery of the 
sharp bleach peak at 718 nm with a modest shoulder at 730 nm, that is 
also accompanied by the recovery of the bleach peak at 682 nm (up- 
pointing arrow in Fig. 3E). The cluster demonstrates also a small-scale 
broad absorption decrease at 630–660 nm and above 760 nm. These 
processes appear to correlate with the kinetics clustered around 2 ps in 
Fig. 5A that have similar spectral signature, but opposite sign. This 
cluster could be associated to oxidation of Chl-d and Pheo-a ions [56] 
because the excited Chl-d (Fig. S1C) has only very weak extinction in the 
spectral range above 800 nm. The residual positive absorption in the far- 
red region observed at the longest time delay of 500 ps (Fig. 2) should be 
assigned to the P740

+ cation [20]. 
Excitation at 740 nm affected selectively an ensemble of ~25 Chl- 

d molecules in the far-red range of 710–740 nm (Fig. S5 and S6); as a 
result, the absorption dynamics at Δt ≤ 10 ps differed from the non- 
selective excitation (Fig. S3). An ultrafast 0.15 ps (τ1) cluster depicts 
uphill energy redistribution in the antenna Fig. 5B. The excited state 

redistribution is also apparent in the shape of fastest resolved DAS 
shown in Fig. 4A. The successive lifetime cluster (τ2) centred at 1–2 ps, 
besides uphill energy redistribution, demonstrates also features of ion- 
radical pairs formation: absorption increase at 470 nm (P740

+ ), rise of 
the bleaching at 682 nm (Pheo-a), and absorption decrease at 520–650 
nm (ESA) due to trapping of the excited Chl-d. Under selective excitation 
at 740 nm, charge separation in RC, monitored by the absorption band at 
470 nm (cation Р740) and the bleaching band at 682 nm (anion Pheo-a), 
occurs predominantly in the time cluster of 6–10 ps (τ3), the main donor 
of excitation is the Chl-d pool with a maximum at 730 nm and to a lower 
extent at 720 nm. Formation of the P740

+ cation in a smaller amount is 
also observed in the time interval of 20–40 ps (τ4), however, in contrast 
to the TA dynamics in this time range upon the non-selective excitation, 
some recovery of the bleach peak at 682 nm is observed (up-pointing 
arrow in Fig. 4D), most likely as a result of electron transfer to the next 
acceptor in the electron transfer chain, the phylloquinone A1. 

The slowest lifetime cluster τ5 in the 65–200 ps lifetime window 
resembles the analogous cluster obtained for the nonselective excitation 
at 630 nm, although with a higher dispersion of the lifetime distribution. 
The DAS component with the lifetime of 130 ps obtained by the discrete 
exponential decomposition shows that the absorption changes in the QY 
region are dominated by a broad unstructured band with a maximum at 
716 nm, the amplitude of which is approximately four times the 
amplitude of the Pheo-a band bleach at 682 nm (inset in Fig. 4E). This 
cluster therefore could be associated to oxidation of Chl-d and Pheo-a 
anions, and also to the disappearance of GSB and SE bands of excited 
Chl-d in the antenna. 

Fig. 5. Lifetime distribution analysis, presented as density maps (LDM), of the TA kinetic in A. marina PSI excited at 630 nm (A) and 740 nm (B). The LDM am
plitudes in the 700–750 nm were damped by a factor of 5. The lifetimes retrieved from the global analysis and the associated DAS decomposition (Table 1) are 
indicated by the arrows next to the lifetime axis. 
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3.2. Principal component analysis of absorption changes 

In order to assess by a model-independent analysis the spectral 
characteristics of the largely dispersed kinetics, and focusing particu
larly on resolving the cofactors participating in primary photochemical 
and successive electron transfer events, the spectral-temporal matri
ceswere analysed by the PCA method [53,54] in four spectral windows: 
i) 460 ≤ λ1 ≤ 560 (region 1 in Fig. 2) represents a specific marker of P740 
oxidation [20]); ii) 650 ≤ λ2 ≤ 690 (region 2) serves as a marker of Pheo- 
a reduction [57,58]; iii) 700 ≤ λ3 ≤ 750 (region 3) contains contribu
tions from SE and GSB of exited Chl-d both of the antenna and RC; iv) 
760 ≤ λ4 ≤ 860 (region 4) accounts predominantly for the Chl-d and 
Pheo-a anions [56] as well as the P740

+ cation [20] absorption, since the 
excited Chl-d has a very weak infra-red absorption ( [13] and Fig. S1C). 
Each principal component i is a product of its spectral form Si(λ) and its 
score Pi(t); the results of PCA decomposition of the four spectral regions 
are presented in Fig. 6 and Figs. S7-S9, the percentage of the total 
variance explained by each principal component (PC) is summarized in 
Table S2. 

Fig. 6 shows the principal components in the λ1 and λ2 regions, which 
correspond nicely to the expected difference spectra associated to P740 
oxidation (Fig. 6A) and Pheo-a reduction (Fig. 6B). To obtain actual 

concentrations (molar fractions), the PC need to be scaled to some 
measurable quantities. The fractional dynamics of P740 cation were 
assessed assuming that the concentration of P740

+ per RC is zero at t = 0.1 
ps and that it reaches unity at t = 500 ps (see Fig. S10 and Suppl. 4.2). 
The transient Pheo-a reduction at the eC3 position (Pheoa3

− ) was esti
mated from the known extinction of Pheo-a in the QY band (Fig. S11). 
The dynamics of P740

+ and Pheoa3
− , in mole/RC units, are shown in Fig. 6D 

and E for the experiments performed with 630 nm and 740 nm excita
tion, respectively. The third 700 ≤ λ3 ≤ 750 region is more spectrally 
congested as it includes contributions of a large number of excited Chl 
d states in the antenna, as well as spectral changes due to photochemi
cally generated radical pair states in the RC. The first two principal 
components Sj(λ) spectra and relative contributions Pj(t) in the λ3 win
dow are shown in Fig. S9. Figs. 6C and F show spectra and score factors 
for the λ4 region, where only relative scores for anion Chl-d and Pheo-a 
states were determined. Nonetheless, the infra-red region (760 ≤ λ4 ≤

860) is of particular interest because the TA dynamics in this spectral 
window contains information about the eventual appearance of photo
chemically generated ionic states, whereas Chl-d excited state contri
butions are virtually negligible. Thus, radical pairs can be observed 
almost selectively in the λ4 region. The kinetic profile of the major PC in 
this region is similar to the one assignable to Pheoa3 reduction, deduced 

Fig. 6. The partial spectra εj(λ) (A, B, C) and relative contributions Pj(t) (D, E, F) of the principal components characterising the transient absorption of P740
+ (cyan), 

reduced Pheo-a (red), and anion states of Chl-d and Pheo-a (violet) in A. marina PSI excited at 630 nm (thin lines) and 740 nm (thick lines). The difference absorption 
spectrum of P740

+ -P740 (dots) [20] and the flipped spectrum of Pheo-a in acetone (dash-dots) [59] are superimposed with the partial spectra in (A) and (B). Thin black 
lines show the results of kinetic modelling with the parameters from Table 2. (For interpretation of the references to colour in this figure legend, the reader is referred 
to the web version of this article.) 
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from the analysis of the marker region λ2. This indicates that contribu
tions from Chl-d anions are kinetically indistinguishable/or substan
tially overlapped to those of Pheo-a anions and that therefore these 
cofactors seem to have almost concerted oxidation/reduction dynamics. 

Fig. 6 clearly shows that the oxidation of P740 and reduction of 
Pheoa3 appear to start synchronously, either at a delay of ~2 ps (exci
tation at 630 nm, Fig. 6D) or at ~0.2 ps (excitation at 740 nm, Fig. 6E) 
from initial excitation. At delays up to 10 ps the relative contribution of 

Pheoa3
− is lower than the contribution of P740

+ , which means that the 
amount of the formed Pheoa3

− is proportionally lower as compared to the 
P740
+ . The difference in the contributions indicates the presence of 

another anion, which can then be attributed to Chl-d at the eC2 position 
(Chld2

− ). 
These results allow us to conclude that in A. marina PSI the primary 

electron donor is P740 while Chld2 is the primary electron acceptor, 
because if Chld2 would function as the primary donor and Pheoa3 is the 

Fig. 7. Kinetic modelling of energy and electron transfer in PSI from A. marina. In the kinetic scheme (A) brackets indicate separate kinetic compartments. Pop
ulation dynamics of the electronic states described in Panel A for unselective (B) and far-red (C) excitation conditions. The difference spectra of exited RC (D), the 
primary P+

740Chl−d2 (E) and the secondary P+
740A−

1 (F) radical pairs calculated by the PCA decomposition of TA dynamics upon excitation at 630 nm (solid) and 740 nm 
(dash-dotted). The rate and equilibrium constants are listed in Table 2. 
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primary acceptor, the concentration of Pheoa3
− would be higher than the 

concentration of P740
+ in the considered time range. Thus, Figs. 6D and E 

show unambiguously that (i) the primary electron donor is P740 and (ii) 
the redistribution of electrons between Chld2 and Pheoa3 proceeds faster 
than ~0.2 ps, explaining their overlapped dynamics in the near infrared 
(λ4) window. 

3.3. Kinetic modelling of absorption changes 

The data obtained by the PCA approach were used to develop a 
minimum kinetic model consistent with the structural data [22,26], 
which includes seven electronic states and six kinetic compartments 
(Fig. 7A). The model considers three excited state compartments of the 
antenna: one accounts for the short-wavelength (Ant) and two for long- 
wavelength (LWC1 and LWC2) Chl-d spectral forms. The energy migra
tion from Ant to the low-energy states LWC1, LWC2 and RC is described 
by the rate constants m0A, m0B and m0C, respectively. Because LWC1 and 
LWC2 are almost isoenergetic with RC, the reversible transitions be
tween them are described by the rate constants k01A/k10A and k01B/k10B, 
respectively. 

Three radical pair states are also considered,P+
740Chl−d2, P+

740Pheo−a3 
and P+

740A−
1 . Photochemical formation of the primary radical 

pairP+
740Chl−d2 from RC* is accounted by the rates k12 and k21.The pop

ulation of the successive radical pair, P+
740Pheo−a3, is considered as being 

in a fast equilibrium with P+
740Chl−d2, so that the two radical pairs are 

combined in one kinetic compartment with the internal equilibrium 
constant K2. The population of the long-lived P+

740A−
1 state is described by 

the rate constant k3. For the selective excitation conditions (740 nm), the 
initial excitation distribution between the 75 Chl-d molecules of PSI was 
determined by the overlap of their QY absorption bands and the 740 nm 
pump pulse spectrum (Fig. S6), whereas for the unselective conditions 
(630 nm), the excitation distribution is fundamentally determined by 
the number of pigments in each antenna compartment. 

The parameters of the unified kinetic model were determined by 
numeric non-linear optimization of PCA components population, Pj(t), 
in the four spectral regions considered (Table 2). The fitting to the ki
netic model, demonstrating a close agreement with the PCA dynamics, 
are shown in Fig. 6D, E, F and S12. Fig. 7 shows the populations of the 
kinetic compartments and the difference spectra associated with RC* 
together with the P+

740Chl−d2 and the P+
740A−

1 radical pairs, resulting from 
PCA decompositions. These spectra are almost independent on the 
excitation conditions, further supporting the validity of the kinetic 
model employed. The spectrum of the P+

740Chl−d2 state (Fig. 7E) shows a 
dominant bleaching at 716 nm, indicating unambiguously that the 
cofactor at the eC2 position is a Chl-d molecule. It is noticeable that both 
the equilibrium constants for primary charge separation (k12/k21.) and 
secondary electron transfer, K2, are rather low (about 3–4, see Table 2). 
The implications of these results on the photosystem's energetics are 
further discussed below. 

4. Discussion 

4.1. Electronic transitions in the reaction Centre of Photosystem I from 
Acaryochloris marina 

The PSI from A. marina harbours a unique complement of cofactors. 
The low-energy Chl-d substitutes Chl-a both in the antenna and in the 
RC, while Pheo-a molecules occupy the eC3A/eC3B structural positions 
in the RC [2]. The latter peculiar feature of the A. marina PSI has been 
recently revealed by structural studies [22,26], yet the contribution of 
these cofactors in primary photochemical and successive charge stabi
lisation reactions remained unclear. The investigation of ultrafast TA 
dynamics of the A. marina PSI provides a unique opportunity to solve 
this problem. 

The occurrence of Pheo-a as an electron transfer cofactor, constitutes 
an important advantage for the study of the molecular mechanism of 
photochemical reactions in A. marina PSI in comparison to the canonical 
Chl-a binding counterpart. This is because the QY absorption band of 
Pheo-a, being located around 680 nm, serves as a distinct spectral 
marker. It is clearly separated from spectral changes of Chl-d, since the 
electronic transitions of the latter fall in the 700–740 nm window, both 
for excitation transfer in the antenna and electron transfer in the RC. 

Previous femtosecond measurements of absorption dynamics in the 
isolated PSI from A. marina, induced by excitation at 630 nm, revealed a 
bleach band at 680 nm developing with a time of ~6 ps and dis
appearing with a time of ~40 ps, which was attributed to a Chl-a 
molecule functioning as the primary electron acceptor in one of the 
branches of RC [25]. However, the restrictions of the measurements in 
time (0.25–300 ps) and spectral range (660–780 nm) did not allow the 
authors to determine the kinetics of P740 oxidation and to identify the 
sequence of primary charge separation reactions. Here the measure
ments performed over a wider spectral window (400–860 nm) and upon 
selective excitation of PSI in the infra-red edge of the QY band, make it 
possible to compare the kinetics of Pheo-a reduction with those of P740 
oxidation and, in turn, to unambiguously identify the primary and sec
ondary radical pairs in this peculiar PSI system. 

The primary charge separated state is identified as P+
740Chl−d2, where 

Chl-d at the eC2 position acts as the primary electron acceptor. The next 
radical pair state is assigned to P+

740Pheo−a3. All spectral changes that 
could arise from Chl-a molecules, are actually associated to the reduc
tion of Pheo-a through the formation of P+

740Pheo−a3. This excludes, to a 
good level of confidence, any possible involvement of Chl-a in either 
photochemical or ET transfer reactions. The appearance of the Pheo-a 
bleach at 682 nm starts synchronously with the P740 oxidation (Fig. 6D 
and E), which indicates that Chl-d in the eC2 position and Pheo-a in the 
eC3 position are in a fast equilibrium. The equilibrium constants K1 =

k12/k21 and K2 associated to the formation of the P+
740Chl−d2 and the 

P+
740Pheo−a3 radical pairs (see Fig. 7A) were estimated to be 3.7 and 3.1, 

respectively (Table 2), corresponding to a total driving force ( − ΔGRP2 ) 
of 63 meV for the population of the stabilised, secondary, radical pair 
(~2.5 kBT for T = 300 K). 

The small magnitude of equilibrium constant K2 between the 

Table 2 
Kinetic parameters of energy and electron transfer reactions in PSI from A. marina.   

Energy transfer Charge transfer  

Branch A Branch B Direct Primary Secondary  

Ant→LWC1↔RC Ant→LWC2↔RC Ant→RC P740 ↔ Chld2 ⇔ Pheo3a → A1  

m0A k01A/k10A m0B k01B/k10B m0C k12/k21 K2 k3 

kf   110 370 8.2 220  560  40 
kr –  200 – 0 –  150   
Keq –  0.55 – – –  3.7  3.1 – 

Initial conditions Ant, LWC1, LWC2 and RC are distributed in proportion 0.84, 0.09, 0.04 and 0.03 (630 nm) and 0.05, 0.46, 0.14 and 0.35 (740 nm). The kinetic 
constants of forward (kf) and backward (kr) reactions are given in ns− 1. 
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P+
740Chl−d2 and P+

740Pheo−a3 radical pairs is in accordance with the analysis 
of electron-nuclear hyperfine couplings on the stably photo- 
accumulated A0

− radical monitored by continuous wave and pulsed 
EPR spectroscopy in the Chl-a containing PSI [32,33]. Through this 
approach a 3:1 electron spin density delocalisation between the Chl a 
molecules at the eC2 and eC3 sites was estimated, implying rapid elec
tron exchange between these cofactors. Despite substantially different 
chemical nature of the cofactors, the delocalisation of the unpaired 
electron within the eC2:eC3 Chl-a dimer is very close to the one esti
mated here for the Chl-d:Pheo-a heterodimer, at the equivalent position 
in the PSI from A. marina. Hence, in A. marina PSI, A0 might therefore 
also be considered as an electronically coupled cofactor dimer. The 
direct population of P700

+ A0
− is supported by ultrafast TA measurements 

in the PSI from Synechocystis sp. PCC 6803, where the electronic prop
erties of Chl-a at the eC2A and eC2B sites were altered by mutagenesis of 
the cofactor binding niches [31,60,61]. The kinetics in the wild type and 
PSI mutants were interpreted in terms of extremely rapid redistribution 
of the unpaired electron amongst the identified intermolecular radical 
pair states [62], occurring before the donation to the successive accep
tors A1A or A1B. 

On the other hand, a different reaction scheme for primary charge 
separation and charge stabilisation reactions in the Сhl-a containing PSI, 
which does not imply the existence of a fast equilibrium between the 
radical states RP1 and RP2, has also been suggested in several studies 
[34–36,63,64]: 

Ant
/

RC* ⇄
k1

k1−
RP1 →

k2 RP2 (Scheme 1) 

According to these results, the primary radical pair RP1 is in equi
librium with the antenna and reaction centre excited states (Ant/RC*), 
while charge stabilisation is ascribed to the further, substantially irre
versible, electron transfer step. 

The charge stabilisation mechanism in Scheme 1 differs from that 
suggested for the Chl-d containing PSI from A. marina in this paper (see 
Section 3.2). Yet, regardless of the exact scenario of the primary events 
in the Сhl-a containing PSI, the stabilised radical pair P+

700Chl−a3 is 
analogous to the P+

740Pheo−a3 pair in A. marina, which allows to directly 
compare the redox-properties of Chla3 and Pheoa3. 

4.2. Energetics of the ultrafast reactions in the photosystem I of A. marina 

The energy gap ΔGRP2 for the P+
740Pheo−a3 radical pair formation is 

related to the equilibrium midpoint redox potential of Pheoa3 by the 
energy balance [46,65,66]: 

hν0 = qeEm
(
P+

740

/
P740

)
− qeEm

(
Pheoa3

/
Pheo−

a3

)
+ΔφP+

740Pheo−a3
− ΔGRP2 (1)  

where hν0 is the excitation energy of RC*, qe is the elementary charge, 
ΔφP+

740Pheo−a3 
is the electrostatic interaction of P740

+ and Pheoa3
− . Consid

ering that ν0 ≈ 740 nm, the equilibrium midpoint potential Em = +450 
mV for P+

740/P740 [18–20], and that the energy gap between RC* and 
P+

740Pheo−a3 is ~60 meV, the operating redox potential of the Pheoa3
− anion 

could be estimated as − 1.17 V. Differently from the equilibrium Em, 
which could be obtained by redox-titration, the operating redox po
tential takes into account the ΔφP740Pheo3 

contribution. This difference is 
important for correct comparison of the redox-potentials of the cofactors 
in different proteins by various approaches. Further in the discussion of 
PSI energetics only the operating redox potentials will be considered. 

The Em value of the cofactor occupying the eC3 position in the PSI of 
A. marina retrieved from the kinetic analysis shall be compared with the 
one of the corresponding Chl-a cofactor in the canonical PSI, derived 
from comparable experimental approaches. Taking the oxidation 
midpoint potential of P700/P700

+ pair equal to +450 mV [20,67,68], the 
excitation energy of 1.77 V and the energy gap between RC* and the 
P+

700A−
0 radical pair between 30 and 250 meV [35,36,46,64,69–72], the 

redox potential of Chl-a in eC3 position falls in a relatively large range of 
-(1.07–1.25) V. The uncertainty in the estimation of A−

0 potential is 
associated to the different mechanism of charge stabilisation discussed 
above. When considering reaction mechanisms represented by Scheme 
1, the anion of Chl-a at the eC3 site has almost the same potential as 
Pheoa3

− . On the other hand, when considering reaction mechanism 
analogous to the one obtained here for the PSI of A. marina, the opera
tional potential of A−

0 is about 100 mV more negative than that of Pheoa3
− . 

This difference is comparable to the one determined in between the Em 
values of Chl-a and Pheo-a in organic solvents [73,74], i.e. ~200 mV. 
Within these energetic configurations, the substitution of Chl-a with 
Pheo-a at the eC3 site of A. marina PSI provides then an almost perfect 
compensation for the energy loss in between P740* and P700*. A com
parison of the energy levels, according to the latter scenario, for Chl-a- 
binding PSI and PSI form A. marina is shown in Fig. 8 A,B. It is also worth 
noting that the reduction potential of Chl-d in aprotic solvents is by 180 
mV more positive than Em of Chl-a [73], as well. Hence, from this point 
of view, Chl-d at the eC3 site could act analogously to Pheo-a, which is 
instead present in the A. marina photosystem. 

As discussed in the successive paragraph, the presence of Pheo-a at 
the eC3 might be required because of structural rather than energetic 
constraints. 

On the other hand, when considering the energetics related to the 
next stage of charge stabilisation, the Chl-a to Pheo-a substitution should 
slow down the A0 → A1 transition in A. marina compared to the ca
nonical PSI. However, the rate of A0 → A1 transition depends very little 
on the driving force: a decrease in the energy gap by 300 meV in the PSI 
complexes with 2-amino-AQ substituted for phylloquinone slowed down 
the lifetime of A1 reduction from 23 ps to only 35 ps [75,76], which is in 
line with a minor slowdown of this reaction in A. marina (28 ps) 
compared to the canonical PSI. 

4.3. Structural interactions of chlorin macrocycles at the eC2 and eC3 
sites of photosystem I 

The comparison of the PSI structures from A. marina [22,26], and 
T. elongatus [2] revealed two remarkable distinctions in the protein 
surrounding of the eC2 and eC3 cofactors. 

The first one is the replacement of the small side chain of Leu531PsaA 
by the bulky one of Phe (numbered as Phe528) in the PsaA of A. marina 
(Fig. 9). As a result, whereas in the PSI from T. elongatus the vinyl group 
of Chl-a in the eC2A site is turned in the opposite direction from the 
chlorin ring of Chl-a in the eC3A site, in A. marina the respective alde
hyde group of Chl-d in the eC2A site is turned towards the Pheo-a in the 
eC3A site. Hence, the polar carbonyl oxygen of Chld2 does not lie in the 
plane of macrocycle, but interacts directly with the macrocycle of 
Pheoa3 (Fig. 9B). 

Such a direct interaction of Chld2 and Pheoa3 via the carbonyl oxygen 
of Chld2 (distance of 3.2 Å) should result in a high electronic coupling of 
both macrocycles that is consistent with the fast electron exchange be
tween Chld2 and Pheoa3. Moreover, it leads to a significant out-of-plane 
distortion of the Chld2 and Pheoa3 macrocycles, which should decrease 
their reduction potentials relative to the midpoint potentials of their flat 
conformations in solution. The effects of out-of-plane macrocycle dis
placements on the reorganization energy of non-planar chlorin reduc
tion have a magnitude of 0.5–0.8 eV [77]. Both effects together may 
explain the simultaneous kinetic evolution of the Chld2 and Pheoa3 
observed in this study (see Table 2 and Fig. 7A). 

It is worth noting that the estimated potential of Pheo−a3 in the PSI 
from A. marina is by ~0.4 V more negative than in the protein envi
ronment of PSII, where its Em value was determined in the range of 
–(0.5–0.6) V [57,78–80] (Fig. 8C). These values were obtained in 
equilibrium conditions by redox titration, thus they do not include the 
positive effect of the P680 cation. This nonetheless highlights a strong 
influence of the protein environment on the redox potentials of the 
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electron transfer cofactors, that are however not exceptional [70]. From 
the structural point of view, the negative shift of the Pheo-a midpoint 
potential in A. marina PSI might be partially explained by the fact that 
the chlorin ring of Pheoa3 is bent out of plane, whereas the chlorin ring 
of the Pheo-a molecule in the PSII complex is perfectly flat [81]. 

Another remarkable point is that the Mg atom of Chl-a at eC2 site in 
the PSI from T. elongatus, being coordinated by a water molecule from 
one side of the chlorin plane (red sphere in Fig. 9A), is in a direct contact 

with the non-polar vinyl group of Chl-a at eC3 from the other side. If the 
eC3 binding site in the PSI from A. marina would be occupied by Chl-d, 
the presence of the polar aldehyde group will result in a conformational 
change, where the Chl-d at eC2 would likely be six-coordinated (by 
water and by carbonyl oxygen), which is an exergonic configuration for 
a protein environment [82]. This might be a further argument to 
rationalise the presence of Pheo-a in the eC3 position, and the tuning of 
its potential towards more reducing values. 

aa

E

PSI Acaryochloris marinaChl-a binding PSI

G

a

Chl-a binding PSII

a

E

Fig. 8. Energetics of primary charge separation and successive ET steps in different photosystems: canonical Chl-a binding PSI (A), Chl-d binding PSI of A. marina (B) 
and Chl-a binding PSII (C). The energetic parameters for Chl-a PSI represent indicative mean values from the literature, except for the A0 potential for which a range 
of values, indicated by the shaded areas, is presented (see main text for further details). The energetics parameters for A. marina PSI were derived from the kinetic 
modelling of TA data in this study. 

Fig. 9. Interactions of chlorin macrocycles in the eC2A and eC3A sites with nearby amino acid residues in the A-branch of redox cofactors in PSI complexes from 
T. elongatus [2] (A) and A. marina [22] (B). The closest van der Waals contacts are indicated by dashed lines. The water molecules coordinating the Mg atoms in the 
eC2A sites are shown by red spheres. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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The second distinctive feature, surprisingly concerns only the PsaB 
subunit where the methionine residue Met668PsaB acting as the axial 
ligand to Chl-a in the eC3B site of canonical PSI is replaced, in A. marina, 
by a leucine [83], which is incapable of direct Chl coordination. Site 
directed mutants targeting the A0/eC3 axial ligation have been quite 
intensively investigated in Chl-a-binding PSI. There is a general 
consensus that substitutions of the PsaA residue Met688, acting as ligand 
to A0A, in PSI result in slower trapping [64,84–89]. A significant slowing 
of electron transfer kinetics was observed also in the PSI variants, where 
the equivalent residue Met668 affecting A0B coordination, was 
substituted in the symmetrical B-branch [84,85,87,89]. Moreover, 
modifications of the eC2/eC3 sites affected the relative utilisation of the 
two active branches [31,64,71,84–94]. The presence of a leucine in 
place of a methionine in the Pheo-a binding niche of the PsaB subunit of 
A. marina, shall however be less relevant than in the case of canonical 
PSI, since Pheo-a lacks the central Mg and hence direct axial coordina
tion cannot occur. 

However, interestingly, the weakening of the coordination induced 
by Met-to-Leu and Met-to-Asn substitutions of Met688PsaA in Synecho
cystis sp. PCC 6803 caused an heterogeneity in the phylloquinone A1 
reduction slowing it from 24 ps to 30–100 ps [86], an effect that re
sembles the heterogeneous Pheo-a oxidation kinetics observed in 
A. marina (compare Fig. 5 and Fig. 5 in [86]). The polyphasic kinetics 
observed in the Met-to-Asn Synechocystis mutants was explained in terms 
of an increased flexibility of Asn coordination to eC3A [88]. By analogy, 
it can be hypothesised, that the absence of direct coordination to Pheo-a 
of A. marina PSI, increase the degree of conformational freedom within 
the cofactor coordination niches in both RC subunits, resulting in the 
observed heterogeneous kinetics. 

4.4. Effects of pheophytin a on the energy transfer dynamics in 
photosystem I 

The substitution of Chl-a by Pheo-a in the eC3A/eC3B positions, being 
possibly necessary for the charge stabilisation within the RC, might, on 
the other hand, negatively affect the efficiency of excited state energy 
delivery from the antenna to the RC because of the large difference in its 
electronic transition with respect to the majority of the antenna 
chromophores. 

The energy transfer between spatially separated pigments is deter
mined by two factors: the dipole-dipole interaction of their transition 
moments, and the spectral overlap of the excitation donor and acceptor 
(it includes nuclear overlap factors, separated from the electronic 
coupling in the form of Franck-Condon factors) [95] The transfer of 
excitation energy from the antenna to the RC was analysed using various 
approximations to account for the pairwise dipole-dipole interactions 
and the electron-phonon coupling of all pigments composing the an
tenna and the RC [96–99]. In all approximations, the main channels for 
energy transfer to the RC are the excitonically coupled pairs A40-eC3A 
and B36-eC3A in the outer part of antenna, and the B39-eC3B pair in the 
central part of antenna [96–99]. The dual Chla2 → Chld2 and Chla3 → 
Pheoa3 substitutions, only slightly affect the dipole-dipole interactions, 
but significantly decrease the excitonic interaction of pigments in the 
RC. Unlike the canonical PSI, the spectra of Pheo-a and Chl-d do only 
weakly overlap (Fig. S13) since the energy of the excitation acceptor 
(Pheo-a in the eC3 site) significantly exceeds the energy of the excitation 
donor (Chl-d in the antenna). For this reason, the main energy acceptor 
in the reaction centre of PSI from A. marina should not be Pheo-a but 
Chl-d in the eC2 position, which has an absorption maximum at 715 nm 
(Fig. 7E). Therefore, some decrease in the efficiency of excitation energy 
transfer from antenna to RC may be expected. 

The observed time of energy trapping within RC depends on the 
presence of low-energy Chl forms in the antenna: the fewer is the frac
tion of LWC, the faster is the kinetics of energy transfer to the RC and the 
subsequent formation of radical pair states (e.g. [36,100–102]). Under 
conditions of far-red excitation at room temperature in the canonical PSI 

from Synechocystis sp. PCC 6803, which contains a minimal fraction of 
LWC [103,104], the energy transfer from the antenna to the RC occurs 
on a time scale of 2–4 ps [62,99,101]. In the PSI from A. marina, the 
energy level of the special pair P740 is at the far-red edge of the ab
sorption spectrum (see [22] and Fig. S6). The main components of P740 
oxidation, monitored by the absorption band at 470 nm, are found in the 
time range of 10 and 20 ps for the selective (740 nm) and unselective 
(630 nm) excitation, respectively (Fig. 6D and E). The observed slowing 
of the energy trapping compared to the canonical PSI from Synechocystis 
sp. PCC 6803 may be due to the exclusion of the eC3A/eC3B sites from 
the possible pathways of energy transfer to the RC. 

Kinetic modelling gives an estimate of the rate constant k12 = 560 
ns− 1 (lifetime of 1.8 ps) for the primary reaction of charge separation in 
the RC (see the kinetic scheme in Fig. 7A). The compartment [RC*] 
employed in kinetic modelling of the data might be subject to some 
ambiguity and have therefore different structural and functional in
terpretations. In this context, attribution of the transient spectrum of 
exited RC (Fig. 7D) to certain pigments of the molecular structure is of 
considerable interest. 

In the most straightforward assignment, the compartment [RC*] 
represents an ensemble of four Chl-d molecules comprising the reaction 
centre itself, i.e. two molecules of the special pair P740 and two Chl- 
d monomers bound in the eC2A and eC2B sites, and eventually the 
weakly excitonically coupled Pheo-a molecules. Yet it cannot be 
completely excluded, that the [RC*] compartment may also include 
contributions from an ensemble of excitonically coupled Chl-d mole
cules in the antenna, which very rapidly donate and equilibrate with the 
RC proper, becoming then kinetically indistinguishable from it. The 
transient spectrum of the [RC], presented in Fig. 7D, includes two 
bleaching bands of similar amplitude with minima at 718 and 730 nm. 
The difference spectrum of the primary P+

740Chl−d2 ion-radical state, 
shown in Fig. 7E, has a major minimum at 715 nm (attributed to the 
Chld2 monomers in the eC2A/eC2B positions) and a broad minor 
bleaching at 740 nm (attributable to the P740 cation, see the spectrum of 
P+

740A−
1 in Fig. 7F). Since the spectra of the excited [RC] and the primary 

P+
740Chl−d2 ion-radical state are similar in the 710–720 nm window, but 

differ around 730 nm, a contribution of rapidly equilibrated antenna 
molecules to the kinetically retrieved [RC*] compartment cannot be 
excluded. In this case, the rate constant k12 = 560 ns− 1 refers partially to 
processes of energy transfer from some pigments with the QY band 
located at 730 nm to the RC pigments. In recent calculations, Kimura 
et al. [105] identified a group of excitonically coupled pigments, the 
energy level of which is higher than the energy of the pigments of the RC 
and which can act as an excitation donor for the latter. In this group of 
pigments, the Chl monomer #A1132 (numbered according to the ca
nonical structure 1JB0 [2]) is closest to the eC2B position. Direct exci
tation of this group of pigments by the 740 nm pulse can explain the fast 
charge separation observed in a small fraction of the complexes 
(Fig. 6E). 

5. Conclusions  

1. Due to the unique cofactor composition of the A. marina PSI it 
became possible to clearly distinguish the primary charge separation 
and successive electron transfer steps in the isolated PSI complexes.  

2. The primary and secondary ion-radical pairs were identified as 
P+

740Chl−d2 and P+
740Pheo−a3, respectively.  

3. The collected data allowed to exclude the involvement of Chl-a in 
either photochemical or electron transfer reactions in PSI of 
A. marina.  

4. The rate of the electron transfer reaction from P+
740Chl−d2 to P+

740Pheo−a3 
was estimated to be faster than 1 ps, and because of a low equilib
rium constant, the electron density is rapidly shared between the 
P+

740Chl−d2 and the P+
740Pheo−a3radical pairs. 
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5. The value of the operating redox potential of Pheoa3
− in A. marina PSI 

was estimated as − 1.17 V, which is 0.6–0.7 V more negative than the 
Em value of Pheo-a in Chl-a binding PSII.  

6. The comparative analysis of the structures of PSI from A. marina and 
T. elongatus revealed the structural restriction on the Chl-d presence 
in the eC3 binding site. 

Declaration of competing interest 

The authors have no conflicts of interest to declare. 

Data availability 

Data will be made available on request. 

Acknowledgments 

This work was supported by the Russian Science Foundation Grant 
RSF 21-74-10085. 

SS and APC acknowledge support from Fondazione Cariplo (CYAO 
project, grant number 2016-0667) and from Regione Lombardia 
through the project “Enhancing Photosynthesis” (DSS 16652 30/11/ 
2021) on behalf of the winners of the “Lombardia è Ricerca – 2020” 
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