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Abstract
Femtosecond absorption spectroscopy of Photosystem I (PS I) complexes from the cyanobacterium Synechocystis sp. PCC 
6803 was carried out on three pairs of complementary amino acid substitutions located near the second pair of chlorophyll 
molecules Chl2A and Chl2B (also termed  A-1A and  A-1B). The absorption dynamics at delays of 0.1–500 ps were analyzed 
by decomposition into discrete decay-associated spectra and continuously distributed exponential components. The multi-
exponential deconvolution of the absorption changes revealed that the electron transfer reactions in the PsaA-N600M, 
PsaA-N600H, and PsaA-N600L variants near the B-branch of cofactors are similar to those of the wild type, while the 
PsaB-N582M, PsaB-N582H, and PsaB-N582L variants near the A-branch of cofactors cause significant alterations of the 
photochemical processes, making them heterogeneous and poorly described by a discrete exponential kinetic model. A redis-
tribution of the unpaired electron between the second and the third monomers Chl2A/Chl2B and Chl3A/Chl3B was identified 
in the time range of 9–20 ps, and the subsequent reduction of  A1 was identified in the time range of 24–70 ps. In the PsaA-
N600L and PsaB-N582H/L variants, the reduction of  A1 occurred with a decreased quantum yield of charge separation. The 
decreased quantum yield correlates with a slowing of the phylloquinone  A0 →  A1 reduction, but not with the initial transient 
spectra measured at the shortest time delay. The results support a branch competition model, where the electron is sheared 
between Chl2A–Chl3A and Chl2B–Chl3B cofactors before its transfer to phylloquinone in either  A1A or  A1B sites.

Keywords Photosystem I · Primary charge separation · Electron transfer · Femtosecond absorption spectroscopy · 
Symmetry breaking

1 Introduction

Photosystem I (PS I) is a photosynthetic pigment–protein 
complex located in the membranes of cyanobacteria and 
plants that reduces the low-potential acceptors ferredoxin (or 
flavodoxin) necessary for the reduction of  NADP+. The core 
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subunits PsaA and PsaB harbor the redox cofactors  P700,  A0 
and  A1, which form symmetrical branches A and B [1–3]. 
The special pair  P700 is a pseudo-dimer of chlorophyll (Chl) 
a and a’ molecules located at the pseudo  C2-axis of PsaA/
PsaB heterodimer. The symmetrical branches of redox-
active cofactors are represented by two pairs of chlorophyll 
molecules Chl2AChl3A and Chl2BChl3B, and the phylloqui-
none molecules  A1A and  A1B (Fig. 1A). The two branches 
converge at the [4Fe4S] cluster  FX located at the pseudo 
 C2-axis of the PsaA/PsaB heterodimer. The light-harvesting 
antenna (LHA) of cyanobacteria contains 90 Chl a and 22 
β-carotene molecules [1].

The mechanism of primary charge separation in PS I is 
not fully ascertained. According to one of the models, the 
primary charge separation is initiated by oxidation of the 
electron donor  P700 and reduction one of the two electron 
acceptors  A0A or  A0B, which are formed by the electronically 
coupled Chl2AChl3A or Chl2BChl3B pairs [4–6]. In an alterna-
tive model, the primary ion-radical states Chl2A

+Chl3A
− or 

Chl2B
+Chl3B

− are formed within the  A0A or  A0B pairs in 
the time range of 6–9 ps and is followed by reduction of 
Chl2+ by  P700 as the second step [7–10]. Verification of these 
hypotheses is challenging, because both the LHA and the 
RC are inseparably integrated in a single pigment–protein 
complex, so that the electron transfer reactions in the RC 
are in most cases kinetically controlled by energy trans-
fer processes in the time range of a few picoseconds [11]. 
The results of femtosecond pump/probe spectroscopy with 
excitation in the far-red region of 720–760 nm revealed the 
appearance of the charge separated state  P700

+A0
− as early 

as < 180 fs [12, 13]. The basic kinetic scheme of energy and 
electron transfer reactions in the PS I from Synechocystis sp. 
PCC 6803 as summarized from the references [8, 12, 14–17] 
and the present work is shown in Fig. 1B.

The functioning of both A and B branches of the redox 
cofactors was demonstrated by substitution of Trp residues 

PsaA-W693 and PsaB-W673 in the vicinity of  A1A and  A1B 
by Phe residues, and by Glu residues PsaA-E695 and PsaA-
E698 with Gln, both in PS I from Chlamydomonas rein-
hardtii [18]. Replacements of amino acids interacting with 
the Chl3A and Chl3B monomers were analyzed in PS I from 
C. reinhardtii [16, 19–24] and the cyanobacterium Synecho-
cystis sp. PCC 6803 [25–28]. Substitutions of PsaB-Asn591 
and PsaA-Asn604 (numbering according to C. reinhardtii), 
which ligate water molecules coordinating the magnesium 
atoms of Chl molecules Chl2A and Chl2B, by Leu in the PS I 
complexes from C. reinhardtii and Synechocystis sp. PCC 
6803, were also recently published [29].

The thermodynamically irreversible process on the pico-
second timescale is the reduction of phylloquinone in the two 
symmetrically located sites  A1A and  A1B. This forms the sec-
ondary ion-radical pairs  P700

+A1A
− and  P700

+A1B
–, the stable 

final photochemical products. The ratio of electron transfer 
along the A and B branches in cyanobacteria is ~ 3:1 at room 
temperature [30]. The lifetime of the states  P700

+A1A
− and 

 P700
+A1B

− are ~ 20 ns and ~ 200 ns, after which the electron 
proceeds forward to the  FX cluster (reviewed in [31, 32]). If 
electron transfer to  FX is blocked, the charge recombination 
reactions  P700

+A1A
− →  P700A1A and  P700

+A1B
− →  P700A1B 

occur in ~ 100 and ~ 15 µs, respectively [30, 33, 34].
Two models of the bidirectional mechanism have been 

proposed: the “donor-side equilibrium model” and the 
“branch competition model” [19]. In the first model, two 
alternative conformations in the RC determine the route 
of electron transfer along either the A- or B-branch; the 
operation of each branch is independent of the other. In 
the second model, both branches compete for electrons 
from  P700, hence, a decrease in electron transfer along one 
of the branches results in an increase of electron transfer 
along the other branch. Results obtained with different 
variants do not provide convincing evidence in favor of 
any particular model. For example, results obtained with 

Fig. 1  Two branches of redox-
active cofactors (A) and the 
main electronic transitions (B) 
in the RC of PS I. The cofactors 
include symmetrical pairs of 
chlorophyll  PA/PB (yellow), 
Chl2A/Chl2B (orange), Chl3A/
Chl3B (red), and phylloquinone 
 A1A/A1B (green). The PsaA-
N600 and PsaB-N582 residues 
contain water molecules (silver 
spheres) that serve as axial 
ligands to Chl2B and Chl2A
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the substitutions near the Chl3A/Chl3B cofactors were 
more consistent with the “branch competition model”, 
where both branches compete for electrons from the pri-
mary donor  P700. In contrast, the substitutions near the 
Chl2A/Chl2B cofactors were more consistent with the 
“donor-side equilibrium model”, where the ratio between 
branches A and B is determined by the relative popula-
tions of two different conformational states [29]. Thus, the 
mechanism of charge separation and symmetry breaking 
in the two branches of redox-active cofactors is not well 
understood and needs further study.

To investigate the role of the accessory Chls (Chl2A 
and Chl2B), three pairs of substitutions of the amino acid 
residues PsaA-N604 (which ligates the B-side accessory 
Chl2B through an  H2O molecule) and PsaB-N591 (which 
ligates the A-side accessory Chl2A through an  H2O mole-
cule) with Met, His, and Leu, respectively, were previously 
studied using time-resolved optical and EPR spectroscopy 
[29]. Ultrafast transient spectroscopy experiments were 
performed using laser pulses at 690–700 nm with a full 
width at half maximum (FWHM) of 0.15 ps. The global 
analyses of the transient absorption decay-associated dif-
ference spectra revealed in the altered complexes two 
kinetic components with lifetimes of 1–2 ps and 20–35 ps. 
The shortest component was ascribed to the redistribu-
tion of excitation within the antenna complex, while the 
slower component was attributed to the energy trapping as 
evidenced by phylloquinone reduction [29]. In the experi-
ments performed in the present paper, PS I complexes 
from the same three pairs of mutants were studied using 
femtosecond pulses centered at 720 nm with an FWHM 
of 0.025 ps. In agreement with the importance of electron 
transfer through the A-side cofactors, we found that the 
optical dynamics in PsaA-N600M, PsaA-N600H, PsaA-
N600L (which affect B-side electron transfer) are similar 
to those of the wild type, while those in PsaB-N582H and 
PsaB-N582L (which affect A-side electron transfer) lead to 
significant changes in rates of the photochemical reactions.

In a previous paper, we analyzed the primary 
charge separation in the same PsaA-N600M/H/L and 
PsaBN582M/H/L variants from cyanobacteria Synecho-
cystis sp. PCC 6803 by focusing on the earliest events 
in charge separation [35]. We showed that the primary 
charge separation (lifetime < 100 fs) proceeds within a 
symmetric tetrameric exciplex in which the excited state 
(Chl2APAPBChl2B)* is mixed with charge-transfer states 
P700

+Chl2A
− and P700

+Chl2B
−. In addition, some data on 

the subsequent electron transfer to the secondary phyl-
loquinone acceptor  A1 in PS I for six variants were pre-
sented. However, the quantum yield and the kinetic analy-
sis of the subsequent formation of the  P700

+A1
– radical pair 

formation were not reported. These issues are considered 
below.

2  Materials and methods

2.1  Sample preparation

The Synechocystis sp. PCC 6803 recipient strain pWX3 
was constructed with deletion of part of the psaA gene and 
deletion of the entire psaB gene for site-directed mutagen-
esis of the psaA and psaB genes as described previously 
[28, 36]. For generating site-specific mutations in the 
psaA gene (PsaA-N600M, PsaA-N600H, PsaA-N600L), 
the pIBC plasmid was constructed through cloning a 
DNA fragment containing the majority of psaA, psaB and 
a 760 bp downstream region of the psaB gene into the 
pBluescript II KS vector. A chloramphenicol resistant cas-
sette gene was inserted after the 3′ terminator of the psaB 
gene. For generating site-specific mutations in the psaB 
gene (PsaB-N582M, PsaB-N582H, and PsaB-N582L), the 
plasmid pBC was constructed by cloning a 1588-bp of 
the psaB 3′ region and a 760-bp region downstream of 
the psaB into the pBluescript II KS vector. A chloram-
phenicol resistance gene was inserted at the EcoRI site 
just downstream of psaB gene. The Synechocystis sp. PCC 
6803 recipient strain, pCRTΔB, was used for site-directed 
mutagenesis of the psaB gene. PCR mutagenesis was car-
ried out using the QuikChange site-directed mutagenesis 
kit (Stratagene, La Jolla, CA). The mutated plasmid con-
structs that were verified though sequencing were used 
to transform the Synechocystis sp. PCC 6803 recipient 
strains. Segregation of the transformants was carried out 
on screening for chloramphenicol resistance. Full segre-
gation of the desired PsaA-N600M, PsaA-N600H, PsaA-
N600L and PsaB-N582M, PsaB-N582H, and PsaB-N582L 
variants was verified through PCR and DNA sequenc-
ing. PS I complexes from the wild type and the PsaA-
N600M, PsaA-N600H, PsaA-N600L and PsaB-N582M, 
PsaB-N582H, and PsaB-N582L variants were isolated as 
described previously [29].

2.2  Ultrafast spectroscopy

Time-resolved difference absorption spectra ΔA(λ,t) 
were measured by a pump–probe method described 
elsewhere [12]. Femtosecond pulses were generated by 
the Ti:Sapphire laser Tsunami (Spectra-Physics, USA). 
The laser produced the pulses of duration ∼80 fs at the 
wavelength 800 nm with the energy 10 nJ and repetition 
rate 80 MHz. The Ti:Sapphire laser was pumped by the 
continuous laser Millennia (Spectra-Physics, USA). A 
regenerative amplifier system Spitfire (Spectra-Physics, 
USA) pumped by the solid-state laser Evolution X (Spec-
tra-Physics, USA). The amplified pulses possessed the 
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energy of 1 mJ with the repetition rate of 60 Hz. Thereaf-
ter, the pulses were split into pump and probe beams using 
a dividing mirror. The amplified pulses were split into two 
beams. One-half of the energy was directed into a non-
collinearly phase-matched optical parametric amplifier. Its 
output centered at 720 nm with a bandwidth of ~ 38 nm 
(FWHM) was subsequently compressed by a pair of quartz 
prisms. The gauss pulse of 23  fs was used as a pump. 
The other half of the energy was focused on a quartz cell 
with  H2O to generate supercontinuum probe pulses. The 
pump and probe pulses were time-delayed with respect 
to each other by means of a computer-controlled delay 
stage. They were then attenuated, recombined, and focused 
on the sample cell with an optical length of the spot of 
100 μm. The pump pulse energy was attenuated to 20 nJ 
in all experiments with open PS I (reduced  P700) and 50 
nJ in the experiments with closed PS I (pre-oxidized  P700). 
The pump light spot had a diameter of 200 μm. The rela-
tive polarizations of pump and probe beams were adjusted 
to 54.7 (magic angle). After the sample, the supercon-
tinuum was dispersed by a polychromator (Acton SP-300) 
and detected by a CCD camera (Roper Scientific SPEC-
10). Absorption difference spectra were recorded over the 
range 400–800 nm. The experiments were carried out at 
6 °C in a 0.5-mm flow optical cell with optical windows 
of 0.1-mm thickness. The circulation rate in the flow cell 
was fast enough to avoid multiple excitations of the same 
sample volume. The measured spectra were corrected for 
group delay dispersion of the supercontinuum using a pro-
cedure described previously [37, 38].

The incubation mixture contained 50 mM Tris–HCl (pH 
8.0) and 0.03% n-dodecyl-β-d-maltoside; the Chl concen-
tration was 0.4 mg  mL−1. Experiments with open PS I RCs 
were performed in the presence of 10 mM sodium ascorbate 
and 4 μM 2,6-dichlorophenolindophenol (DCIP). To prepare 
closed RCs  P700 was oxidized in the absence of ascorbate 
and DCIP by illumination of the sample by a CW laser with 
10 mW at 532 nm, the light spot being 6 mm in diameter. 
The light beam was directed 7° relative to the pump–probe 
beams (∼3° between the latter).

2.3  CONTIN analysis of spectral changes

The spectral changes ΔA(λ,t) were analyzed in the spec-
tral range of 400–780  nm and in the time interval of 
0.05–500 ps with the program CONTIN [39]. CONTIN 
is a program invented for the solution of noisy ill-posed 
linear operator equations, including inverse Laplace 
transform of relaxation dynamics. At each wavelength λn 
(n = 1,…,N) the spectral changes Yλ(t) = ΔA(λn,tm) were 
discretized at the time arrays (t1,…,tM) of the dimension M. 
A direct inverse Laplace transforms result in a large num-
ber of possible solutions with arbitrarily large deviations 

from each other. CONTIN implements the inverse Laplace 
transform to deconvolute non-monotonous kinetics Yλ(t) 
into a spectrum of exponential components with the char-
acteristic times τk (k = 1,…,K) evenly spaced in the loga-
rithmic timescale in combination with Tikhonov–Phillips 
regularization, which minimizes the sum of the squares of 
the discretized second derivatives of the solution, resulting 
in a quasi-continuous spectrum with the local smoothness 
determined by the regularizing parameter α. Namely, for a 
given relaxation kinetics Yλ(t) CONTIN suggests an array 
of solutions Fν (ν = 1,…,Ξ):

where aν,k is the amplitude of exponential component 
exp(−t/τk) obtained at the given value αν of the regularizing 
parameter. The variance (mean squared error) of solution ν is

In the absence of prior information regarding the shape 
of kinetic spectrum, CONTIN suggests an “optimal” 
solution with the most statistically reliable �

�
 value on 

the basis of an F test. In particular, an assumption on the 
nonnegative sign of amplitudes aν,k can be imposed for 
some components k. However, this procedure produces 
spectra, which deviate widely from each other for close λ 
values. To obtain a quasi-continuous behavior of solution 
against λ, an additional regularization was applied to select 
the appropriate α values. Namely, the spectral profile at 
a given wavelength λn (n = 1,…,N) should have minimal 
deviation from the neighboring spectral profiles. The opti-
mal solution νn for optical changes ΔA(λn,tm) at the given 
wavelength λn was found by minimizing the discrepancy:

where the range of variation of the parameters νn−1, νn and 
νn+1 was limited by the condition:

Here, �2
vi
 is the mean squared error of CONTIN solution 

νi for ith kinetic curve discretized at the time-array (t1,…
,tM) belonging to the wavelength interval λn; a

vn,k
 is the 

amplitude of kth exponent with lifetime τk of CONTIN 
solution νn for the kinetic curve belonging to the wave-
length λn. Equation (3) characterizes the smoothness of 
solutions calculated for neighboring wavelength values 
λn−1, λn, and λn+1.
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3  Results

3.1  Transient absorption changes of photosystem I 
variants

The accessory Chl2A and Chl2B monomers in the PS I struc-
ture have water as an axial ligand [2], which is not typical 
for photosynthetic complexes [40]. In PS I from the cyano-
bacterium Synechocystis sp. PCC 6803 the asparagine resi-
due PsaA-N600 ligates the B-side accessory Chl2B through 
a  H2O molecule; the PsaB-N582 residue ligates the A-side 
accessory Chl2A similarly. The wild type (WT) and the mod-
ified PsaA-N600M/H/L and PsaB-N582M/H/L variants of 
PS I complexes from the cyanobacterium Synechocystis sp. 
PCC 6803 were excited by femtosecond pulses centered at 
720 nm (duration 23 fs, FWHM 38 nm, energy 20 nJ). The 
transient absorption changes of the WT and the six modified 
PS I variants in the time interval between 0.1 and 500 ps 
are shown in Figs. 2, 3, 4, and 5; the observed absorption 
changes arise from a cascade of successive energy and 
electron transfer processes, which ultimately result in the 
formation of the secondary ion-radical pair,  P700

+A1
−, the 

sole terminating electronic state on the time scale of these 
measurements. For a qualitative characterization of these 
processes, the transient spectra were analyzed by their 
decomposition into discrete exponential components:

Here, Si(λ) are the discrete Decay-Associated Spectra 
(DAS) that arise due to n exponential processes with decay 

(5)ΔA(t, �) =

n
∑

i=1

Si(�) ⋅ [exp(−t∕�i) − 1] + S0(�).

times τi. For a correct description of the overall kinetics of 
all variants (except PsaA-N600L) four exponential compo-
nents were required with the decay times summarized in 
Table 1 (see also Figures S1–S3 of the Supplementary Infor-
mation). The DAS components may unite diverse electronic 
transitions occurring in parallel on the same time scale, a 
factor that complicates their interpretation. Nevertheless, 
the initial transient spectra S0(λ) at the shortest time delay 
(t = 100 fs), and the final spectra Sf(λ) = ΔA(λ,tf) at the long 
time delay (t = 500 ps) can be considered as invariants that 
are insensitive to details of the exponential decomposition 
in Eq. (5).

When WT PS  I is excited at 720 nm, the initial Chl 
spectrum S0(λ) includes two bleach bands in the  QY region 
with minima at 690 and 704 nm, and two bleach bands in 
the Soret region with minima at 425 and 445 nm (Fig. 2, 
red line). The bleach at 704 nm represents a mixture of 
the excited long-wavelength Chl in the LHA [41, 42] and 
the main band of  P700 [43]. The appearance of a bleach at 
690 nm was previously attributed to an ultrafast (< 100 fs) 

Fig. 2  Transient absorption spectra of wild-type PS I complexes from 
Synechocystis sp. PCC 6803

Fig. 3  Transient absorption spectra of PS I complexes from the PsaA-
N600M (A) and PsaB-N582M (B) variants
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reduction of the primary electron acceptor  A0 treated as 
excitonically coupled dimers Chl2A–Chl3A and Chl2B–Chl3B 
[20] in that fraction of PS I complexes in which the special 
pair  P700 was directly excited in the far-red spectral region 
[12, 13]. However, the minimum at 690 nm observed at the 
shortest delay is now known to represent the reduced acces-
sory Chl2A and Chl2B monomers [35], while the electron 
equilibration between Chl2A/Chl2B and Chl3A/Chl3B proceeds 
at 2–5 ps [10, 16, 44]. The excited-state absorption maxima 
in the region of 650–670 nm may belong to both the excited 
state of Chl a [45, 46] and to the  A0 anion [5].

In the modified PS I variants, the bleach band with a min-
imum at about 705 nm predominates in the  QY region of the 
initial spectra (Figs. 3, 4, 5, red lines). This phenomenon 
was explained in a recent companion work by a decreased 
yield of the primary radical ion pairs P700

+Chl2A
− or 

P700
+Chl2B

− as a consequence of lowering the redox poten-
tial of the respective Chl2A or Chl2B monomers due to 
removal of the –NH2 groups, which directly contact the 
Chl2A or Chl2B macrocycles by hydrogen atoms in the 

wild-type structure [35]. Examination of the data obtained 
by earlier femtosecond time-resolved absorption and fluo-
rescence spectroscopies gave grounds to conclude that the 
similar amino acid substitutions lead to blocking of electron 
transfer in the modified branch of redox cofactors, which 
was not compensated by electron transfer in the alternative 
non-modified branch [29]. We reanalyze below the kinetics 
of energy trapping in the six modified PS I variants and we 
calculate the quantum yields of the formation of the second-
ary  P700

+A1
− ion-radical pairs.

The DAS deconvolution of the absorption dynamics of 
the WT and the six PS I variants allows us to distinguish 
four absorption transitions with decay times τ1 = 0.15–0.2 ps, 
τ2 = 1–3 ps, τ3 = 9–18 ps, and τ4 = 24–70 ps. In all of the six 
PS I variants, the two fastest transitions (τ1 ≈ 0.2 ps and τ2 
≈ 2 ps) are accompanied by a notable recovery of absorp-
tion at around 700–710 nm (1–2 mOD), a smaller bleach-
ing at ~ 685 nm (0.5–1 mOD), and negligible changes in the 
Soret region at 400–450 nm (Figures S1–S3, red and yellow 
lines). These fastest processes can be attributed to an uphill 
energy transfer in the course of excitation equilibration in 

Fig. 4  Transient absorption spectra of PS I complexes from the PsaA-
N600H (A) and PsaB-N582H (B) variants

Fig. 5  Transient absorption spectra of PS I complexes from the PsaA-
N600L (A) and PsaB-N582L (B) variants
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the antenna [5, 47] and to the primary charge separation 
processes in the reaction center [44].

The intermediate transition in the altered variants 
(τ3 = 9–18 ps) is accompanied by a large increase of absorp-
tion in the region of 700 nm (+ 2 mOD), a small broad 
bleach in the region of 660–680  nm (~ 0.5 mOD), and 
noticeable multidirectional changes in the Soret absorption 
area (Figures S1–S3, green lines). Most likely, this transi-
tion may be related to the excitation energy transfer from 
the antenna to the RC, limiting the subsequent formation 
of the ion-radical states P700

+Chl3A
− and P700

+Chl3B
−. This 

component may also arise due to excitation quenching in the 
antenna in some of the PS I variants (see below). Because 
the spectral bands of Chl2 and Chl3 are barely distinguish-
able in the transient spectra, in the following we apply the 
term  A0 to those electronic states, where the unpaired elec-
tron is spread between the Chl2 and Chl3 molecules in both 
branches and whose  QY absorption bands are positioned near 
690 nm. The mixture of these states can be considered as a 
consolidated primary electron acceptor.

The DAS components of slow transition (τ4 = 24–70 ps) 
are characterized by a large increase of absorption in the 
 QY region (the main peak at 690 nm and a smaller addi-
tional peak at 710 nm), a large increase of absorption in the 
Soret region at 445 and 422 nm, and a moderate decrease 
of absorption at 650–670 nm (Figures S1–S3, blue lines). 
This optical transition is certainly related to the reduction 
of phylloquinone in the  A1A and  A1B sites accompanied by 
recovering of the Chl3A and Chl3B absorption [5, 48–52].

3.2  Continual multi‑exponential analysis 
of absorption changes

To visualize the processes of energy migration in the 
antenna and charge separation in the RC in more detail, 
the spectral changes in the WT and the PsaA-N600M/H/L 
and PsaB-N582M/H/L variants were analyzed in the 
time interval of 0.1–500 ps using the CONTIN program, 
which employs the inverse Laplace transform method for 

multi-exponential deconvolution of the kinetics [39]. In 
contrast to the DAS analysis presented above, the CON-
TIN program determines the decay times of the observed 
relaxation processes independently at each probe wave-
length λ and can in principle identify how many pro-
cesses are observed at different spectral regions. The data 
obtained are shown in Fig. 6 in the form of two-dimen-
sional spectrograms. Areas in which spectral changes are 
absent are marked in green, areas with decreased absorp-
tion are marked in blue, and areas with increased absorp-
tion are marked in red.

The spectrograms of the WT and the modified PsaA-
N600M/H/L and PsaB-N582M/H/L variants generally 
confirm the results of the DAS deconvolution in which 
four optical transitions were identified. The main changes 
associated with the  A0 →  A1 electron transfer occur at 
25–30 ps in the WT, PsaA-N600M, PsaA-N600H, PsaA-
N600L, and PsaB-N582M variants, but are broadly dis-
tributed between 10 and 100 ps in the PsaB-N582H and 
PsaB-N582L variants. The two latter variants demonstrate 
a complex behavior, which can be only roughly interpreted 
in terms of discrete DAS transitions.

Compared to WT PS I, the spectrograms of absorp-
tion changes in the altered PS I variants reveal a more 
extensive process of energy migration from the excited 
antenna to the RC at the time range of 1–2 ps, which is 
consistent with the lower yields of the charge transfer state 
P700

+Chl2
− directly generated in the altered PS I variants 

[35].
The absorption changes in the PsaB-N582M, PsaB-

N582H, and PsaB-N582L variants include an additional 
feature that is not seen in the WT and the PsaA-N600M/H/L 
variants: a prominent absorption increase at τ = 10–30 ps in 
the spectral region of 700–720 nm, which is not accompa-
nied by a parallel absorption increase at 690 nm attributed 
to the  A0 band (white dashed boxes in Fig. 6f, g, h). This 
feature can be interpreted as a recovery of the Chl bleach 
band in the antenna due to the transition from the excited to 
the ground state without concomitant energy trapping by the 
RC. We interpret this transition as an unproductive excita-
tion quenching in ~ 30% of the PS I complexes without the 
formation of charge-separated states in the RC.

Formation of the secondary ion-radical pair  P700
+A1

− in 
the PsaB-N582H, and PsaB-N582L variants is seen by a 
dark-red spot located at τ ≈ 70 ps in the narrow spectral 
range near 690 nm (Fig. 6 g, h). The slowing of the  A0 →  A1 
transition in these PS I variants is also revealed by the DAS 
analysis (Table 1). In the PsaB-N582H variant, the  A0 →  A1 
transition is distinctly distributed between 20 and 80 ps, 
which may be due to conformational heterogeneity of the 
PsaB-N582H variant: the  A0 →  A1 electron transfer proceeds 
by two pathways with substantially different rates, one via 
the altered and the other via the non-altered redox branches.

Table 1  Characteristic decay times of absorption changes obtained by 
global multiexponentiual decomposition

a Decay time was fixed during model optimization

Strain τ1 (ps) τ2 (ps) τ3 (ps) (ps)

WT 0.17 1.4 8.9 24
PsaA-N600M 0.2a 1.1 12 34
PsaB-N582M 1.3 10 31
PsaA-N600H 3.1 12 31
PsaB-N582H 2.3 19 71
PsaA-N600L 1.4 – 30
PsaB-N582L 1.9 17 69
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3.3  Quantum yield of the charge separation 
reactions

The quantum yield of the ion-radical state  P700
+A1

− formed 
in the PS I variants at the time scale of 500 ps was estimated 
by comparing the amplitudes of the initial S0(λ) and the final 
Sf(λ) transient spectra of the WT and the PS I variants. The 
initial S0(λ) spectrum arising at 100 fs upon excitation of 
PS I in the far-red region represents a mixture of excited 
Chls of the LHA [41, 42], excited Chls of the special pair 
 P700 [43], and various charge-transfer  Chl+δChl−δ states gen-
erated both in the LHA and the RC [44]. Because the lin-
ear absorption spectra of the PsaA-N600M/H/L and PsaB-
N582M/H/L variants in the far-red region are very similar to 

the spectrum of WT PS I [35], significant differences in the 
S0(λ) of the altered PS I complexes in the  QY region (Figs. 2, 
3, 4, 5, red) indicate changes in the primary photochemical 
processes as a result of the amino acid substitutions. At the 
same time, the final Sf(λ) spectra of all PS I variants (Figs. 2, 
3, 4, 5, violet) are much less variable.

Figure 7a compares the final Sf(λ) spectra of the PsaA-
N600M/H/L PS I variants with that of the WT, and Fig. 7d 
shows the analogous Sf(λ) spectra of the PsaB-N582M/H/L 
PS I variants. These spectra can be unequivocally assigned 
to the ion-radical state  P700

+A1
−, where the distribution of 

electron between phylloquinone in the A- and B-branches 
remains unidentifiable. In Fig. 7, the spectra of altered 
PS I complexes are scaled in such a way as to achieve the 

Fig. 6  Continual distribution of 
the kinetic exponential compo-
nents of the absorption dynam-
ics in PS I complexes from the 
wild type (a, e), PsaA-N600M/
PsaB-N582M (b, f), PsaA-
N600H/PsaB-N582H (c, g), 
and PsaA-N600L/PsaB-N582L 
(d, h) variants. The scale of the 
amplitudes of the components 
is shown to the right of the 
spectrograms
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maximal overlap between the altered Sf(λ) spectrum and 
that of the WT in the Soret region. The scaling factor ε was 
determined for each of the altered complexes by minimizing 
the residual function:

which characterizes the deviation of two spectra in the spec-
tral region between 410 and 450 nm. Figure 7 demonstrates 
that the spectral properties of the PS I core in the Soret 
region were slightly changed as a result of the amino acid 
substitutions.

Figure  7 shows also the transient spectra of the 
 P700

+A0
− ion-radical states for the PsaA-N600M/H/L (b) and 

PsaB-N582M/H/L (e) variants, which were calculated under 
the assumption that the slow DAS transition (τ4 = 24–70 ps) 
is related to  A0 →  A1 electron transfer. It is noteworthy that 
the spectra of all six PS I variants quantitatively coincide 
in the Soret region, and five of them (except PsaA-N600L) 
coincide also in the  QY region.
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As a final point, Fig. 7 compares the initial S0(λ) spectra 
of the PsaA-N600M/H/L (c) and PsaB-N582M/H/L (f) vari-
ants, which reveal significant differences in the amplitude 
in the Soret region (indicated by arrows). The amplitude of 
the Soret band bleach in the PsaA-N600L S0(λ) spectrum 
(c, yellow) is enhanced by a factor of ~ 1.6 compared to the 
PsaA-N600M (green) and the PsaA-N600H (blue) variants. 
The amplitude of the Soret band bleach in the S0(λ) spectrum 
of PsaB-N582M (f, green) is similar to that of the PsaA-
N600M and PsaA-N600H variants, but the spectra of PsaB-
N582H (f, blue) and PsaB-N582L (f, yellow) are enhanced 
by factors of ~ 1.6 and ~ 2.4, respectively.

The differences in the S0(λ) spectra may be only partially 
explained by a varying contribution of the P700

+Chl2− charge-
transfer state generated in the symmetric Chl2APAPBChl2B 
exciplex upon excitation. This contribution, denoted as the 
parameter α, was calculated by the principal component analy-
sis of the spectra [35] The P700

+Chl2− contribution was maxi-
mal in the WT (α = 0.71) and minimal in the PsaA-N600M 
(α = 0.33) and PsaB-N582M (α = 0.21) variants, which may 
explain a higher amplitude of the Soret bleach in the WT com-
plex (black) compared to the PsaA-N600M and PsaB-N582M 

Fig. 7  Superposition of the 
transient spectra assigned 
to the secondary ion-radical 
 P700

+A1
− pair (a, d), the pri-

mary ion-radical  P700
+A0

− pair 
(b, e), and the initial mixed 
[Ant/RC]* excited state (c, f) 
of the PsaA-N600M/H/L (left) 
and PsaB-N582M/H/L (right) 
variants. The transient spectra 
of the altered PS I variants 
(colored) were normalized in 
the 410–450 nm region to the 
absorption of the WT (black) by 
Eq. (6) using the transient spec-
tra of the  P700

+A1
− ion-radical 

pairs (a, d)
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variants (green). However, even though the P700
+Chl2− contri-

bution was minimal in the PsaB-N582H variant (α = 0.15), the 
Soret bleach amplitude of this complex (f, blue) was greater 
than that of the WT PS I.

Thus, we interpret the enhanced relative amplitude of the 
Soret bleach in the initial S0(λ) spectra of the PsaA-N600L, 
PsaB-N582H and PsaB-N582L variants (or equally, the 
reduced relative amplitude of the Soret bleach in the final Sf(λ) 
spectra) as a result of the unproductive excitation quenching 
in 36–60% of the PS I complexes on the time scale of ~ 20 ps 
without the formation of charge-separated states in the RC. 
The quantum yield of the  P700

+A1
− formation in the PsaA-

N600L, PsaB-N582H and PsaB-N582L variants was estimated 
as 0.64, 0.64, and 0.4, respectively.

3.4  Productive and unproductive excitation 
quenching in open and closed PS I complexes

In the PS I complexes from Synechocystis sp. PCC 6803 
in which the special pair was pre-oxidized to  P700

+ (closed 
centers), efficient quenching of excited LHA occurred with 
apparent decay times of 6.5 and 24 ps [53]. Similar trapping 
times were determined for PS I complexes with open and 
closed reaction centers by picosecond fluorescence measure-
ments [14, 54]. The unproductive excitation quenching in the 
PsaA-N600L, PsaB-N582H and PsaB-N582L variants occurs 
on the same time scale and may be related to quenching by 
closed PS I complexes. Figure 8 compares the absorbance 
changes of WT PS I in the “open” and “closed” states with 
those of the PsaB-N582L variant in three representative spec-
tral regions: the Soret band (440 nm), and the blue (685 nm) 
and red (710 nm) edges of the Chl  QY absorption band. In 
accordance with previous observations [53], the absorption 
changes of PS I in the closed state (dotted lines) occurred in 
the same time range of 5–20 ps, where the excitation trapping 
by the open centers takes place (solid limes). The kinetics of 
the PsaB-N582L variant in the open state (dash–dotted lines) 
include an extensive absorbance recovery at 440 and 710 nm 
in the time range of 10 ps (thick arrows), but not at 685 nm 
(thin arrow). This kinetic component was observed mainly in 
the PsaB-N582H and PsaB-N582L variants, where the charge 
separation is hindered (Table 1). It may be tentatively attrib-
uted to the same quenching process as operating in the closed 
PS I complexes (see Sect. 4.3 of Discussion).

4  Discussion

4.1  Kinetic effects of amino acid substitutions 
near the  Chl2A and  Chl2B monomers

Femtosecond measurements of PS I complexes isolated 
from strains with the same substitutions of PsaA-N600 

and PsaB-N582 by Leu, His, and Met have been published 
recently by Badshah et al. [29]. The transient absorption 
changes in the region of 604–750 nm were analyzed by 
decomposition to the sum of two exponential decay com-
ponents and a long-lived offset. Because the excitation in 
these experiments was centered at 690–700 nm, the fastest 
component with the decay time of 1–2 ps was attributed 
to the processes of energy redistribution within the light-
harvesting antenna not related to electron transfer reactions 

Fig. 8  Absorbance dynamics of the PS I complexes isolated from the 
WT and the PsaB-N582L variant at 440 (A), 685 (B), and 710  nm 
(C). The kinetics of the WT (solid) and the PsaB-N582L variant 
(dash–dotted) were measured in the presence of ascorbate and DCIP; 
the PS  I in “closed” state (dotted) was measured with the  P700 pre-
oxidized by laser excitation at 532 nm. The pump pulses were cen-
tered at 720  nm. The thick arrows indicate absorption recovery of 
the PsaB-N582L variant at 440 and 710  nm attributed to the non-
photochemical quenching of excited Chl in the antenna, which is not 
accompanied by absorption changes at 685 nm (thin arrow)
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[29]. The slow component with the decay time of 21–35 ps 
was attributed to the process of energy trapping owing to 
 A0 →  A1 electron transfer.

In the present paper, femtosecond measurements were 
performed in a wide spectral range of 400–800 nm (Figs. 2, 
3, 4, 5), which allowed us to normalize the difference spec-
tra in the Soret band (Fig. 7) and to calculate thereby the 
quantum yield of electron transfer in the substituted PS I 
complexes. Although the Soret region is rarely used in fem-
tosecond studies of PS I, in some cases absorption changes 
in the blue region provide unique possibilities to resolve 
electronic transitions indistinguishable in the red spectral 
range [55, 56]. Pumping at 720 nm resulted in direct excita-
tion of the special pair  P700 with a moderate contribution of 
excited antenna chlorophyll [35]. The discrete DAS decom-
position of the absorption dynamics in Eq. (5) revealed four 
transitions with decay times τ1 = 0.15–0.2 ps, τ2 = 1–3 ps, 
τ3 = 9–20 ps, and τ4 = 24–70 ps and an offset related to the 
difference spectrum of the long-lived  P700

+A1
− ion-radical 

state (Figures S1–S3). To reveal additional features in the 
kinetics, continual multi-exponential analysis of the absorp-
tion dynamics based on the inverse Laplace transform 
method was applied (Fig. 6). Because the continual distri-
bution of relaxation processes was calculated independently 
at each probe wavelength, this method is not contingent on 
a priori assumptions about the form of the kinetic model of 
the system under study. The absorption changes on the time 
scale of 0.2–2 ps are related to the energy redistribution in 
the antenna [10, 11, 53] and the primary charge separation in 
the reaction center [8, 14, 15, 44, 57]. The slow components 
with the decay times of 10–70 ps may be related both to 
the  A0 →  A1 electron transfer [51, 52] and to the excitation 
quenching observed in the “closed” reaction centers with 
pre-oxidized  P700 [10, 14, 53].

The  A0 →  A1 electron transfer, which is associated with 
the slowest DAS component, is characterized in PS I from 
Synechocystis sp. PCC 6803 by the recovery of a sharp 
bleach centered at ~ 686 nm [51, 58]. In the PsaA-N600M, 
PsaA-N600H, PsaA-N600L, and PsaB-N582M variants the 
decay time of the  A0 →  A1 transition increased by a factor of 
1.3 from 24 ps in the WT to 30–34 ps (Table 1). In the PsaB-
N582L variant with the altered more active A-branch, the 
kinetics of  A0 →  A1 electron transfer was retarded by a factor 
of 2.9 and also the difference spectrum of the final ion-rad-
ical state  P700

+A1
− was substantially affected (Fig. 5b). The 

similar retardation of the  A0 →  A1 transition was observed in 
the PsaA-N582H variant, but the  P700

+A1
− difference spec-

trum of this strain resembled that of the WT (Fig. 4b). The 
CONTIN deconvolution of the transient absorption dynam-
ics revealed significant kinetic heterogeneity of the PsaB-
N582H and PsaB-N582L variants, where recovery of the 
bleach at ~ 710 nm was attributed to  Chl* quenching in the 
light-harvesting antenna (marked by white boxes in Fig. 6).

The significant slowing of the  A0 →  A1 transfer as a result 
of the PsaB-N582H and PsaB-N582L substitutions near the 
 Chl2A monomer in the A-branch may be related to the asym-
metry in the functional activity of the two branches. Various 
experiments have revealed the predominance of branch A 
over branch B in a ratio of approx. 3:1 in cyanobacteria [18, 
19, 30]. The slowing may be due to a number of factors. 
First, such a deceleration could occur if the rate constant of 
 A1B reduction in the B-branch is sufficiently smaller than the 
rate constant of  A1A reduction in the A-branch (see Fig. 1). 
However, the data on amino acid substitutions of the ligands 
to the  Chl3A and  Chl3B monomers indicate that the rate con-
stants of  A1A and  A1B reduction do not differ [23, 28]. Sec-
ond, a slowdown may take place if the PsaB-N582H and 
PsaB-N582L substitutions hinder the  Chl2A →  Chl3A electron 
transfer, for example, as a result of a significant increase in 
the  Chl2A redox potential. However, an analysis of the struc-
tural features of the  Chl2A and  Chl2B binding sites showed 
that these substitutions most probably cause a decrease in 
the redox potential [35]. For this reason, a plausible ration-
ale for the deceleration of the observed  A0A →  A1A transfer 
is a decrease of the equilibrium constant K23 and shift of 
equilibrium between the excited antenna and the primary 
ion-radical pair  P700

+A0
− to the left:

In this case, the observed rate of  A0A →  A1A transfer 
V = K12K23(1 + K12 + K12 ⋅ K23)

−1k34 would be appropri-
ately decelerated.

4.2  Quantum yield and conformational 
heterogeneity

The spectral measurements in the work by Badshah et al. 
[29] were restricted by the red region of 604–750 nm, so the 
quantum yield of the  P700

+A1
− formation was estimated by 

the  P700 bleach at 703 nm. The use of a wide spectral interval 
of 400–800 nm allowed us to normalize the transient spectra 
using the Soret band and to calculate the quantum yield of 
electron transfer in the substituted complexes, despite strong 
changes in the  QY band of the  P700 spectrum in the PsaA-
N600L variant (Fig. 5c, dark blue).

The quantum yields of charge separation in the altered 
PS I complexes were estimated by comparing the Soret 
bleach amplitudes in the transient spectra at 0.1 ps delay 
after their normalization by the absorption at 500 ps, i.e., 
by the spectra attributed to the  P700

+A1
− state (Fig. 7). 

The bleaching in the Soret region at the shortest delay is 
caused by a mixture of three different electronic states: the 
excited Chls of the antenna, the excited special pair  P700

*, 
and the primary ion-radical pair P700

+Chl2
− formed in the 

symmetric Chl2APAPBChl2B exciplex [35]. These states 
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obey a different molar stoichiometry of ground state deple-
tion: one for the excited Chl and  P700, and two for the ion-
radical pair P700

+Chl2
−. Because the contribution of the 

P700
+Chl2

− state to the initial absorption is relatively small 
in the altered PS I variants [35], the enhanced amplitude 
of the Soret band bleach in the initial spectra of PsaA-
N600L (Fig. 6c), PsaB-N582H and PsaB-N582L variants 
(Fig. 6f) gave the following estimates for the quantum yield 
of the  P700

+A0
− and  P700

+A1
− production: PsaA-N600L 

(Q.Y. = 0.64), PsaB-N582H (Q.Y. = 0.64), and PsaB-N582L 
(Q.Y. = 0.4); in the other three variants the quantum yield is 
about 1.0 (Table 2). Because the formation of an ion-radical 
pair from mono-exciton (P700Chl2)* → P700

+Chl2− is accom-
panied by the disappearance of two chlorophyll molecules 
from the ground state, it causes an additional bleaching of 
the Soret band [59], which is clearly seen in the kinetic trace 
at 440 nm (Fig. 8A, solid). For that reason the higher ampli-
tude of the Soret band bleach in the initial spectra of the 
WT may be caused by a higher extent of the ion-radical pair 
P700

+Chl2
− formation revealed in this variant [35].

The amino acid substitutions near the  Chl2A monomer, 
particularly the PsaB-N582H and PsaB-N582L variants, 
revealed a substantial kinetic heterogeneity in the contin-
uum decay decompositions (Fig. 6f–h). It may arise if (i) the 
redox transitions in the A-branch were substantially altered 
by the substitutions and (ii) the A- and B-branches operate 
independently of each other. However, the last prerequisite 
is apparently not fulfilled. Byrdin et al. studied the effects 
of a series of mutations in the Chl3A/Chl3B and the  A1A/A1B 
binding sites on the kinetics of the phylloquinone reoxida-
tion [60, 61]. It was possible to resolve both the lifetimes and 
amplitudes of the  A1A →  FX and  A1B →  FX transitions in WT 
and in the modified PS I variants. The mutations in the  A1A 
and  A1B sites slowed the  A1A →  FX and  A1B →  FX transitions, 
respectively, without changing their amplitudes, while the 
mutations in the Chl3A and Chl3B sites affected only their 
amplitudes without changing the rates. These experiments 

demonstrate that after photoexcitation of the reaction center, 
a redistribution of the electron density between the chloro-
phyll dimers Chl2A–Chl3A and Chl2B–Chl3B in the A- and 
B-branches takes place (reversible reactions in Fig. 1B), 
and only the subsequent reduction of phylloquinone leads 
to thermodynamically irreversible localization of the elec-
tron in one of the  A1A or  A1B sites (irreversible reactions in 
Fig. 1B). In this regard, the cause of the kinetic dispersion 
is most likely structural heterogeneity of the PS I variants.

More significant effects of the amino acid substitutions 
near the  Chl2A monomer may be explained by the more rigid 
system of H-bonds in the Chl2A site, in view of the fact that 
the almost strict  C2-symmetry is broken in the Chl2A/Chl2B 
binding regions. Namely, in the X-ray crystal structure of 
PS I from Synechocystis sp. PCC 6803 [2], the water mol-
ecule serving as an axial ligand for the Chl2A macrocycle 
is coordinated by two hydrogen bonds with the carbonyl 
oxygen atom of PsaB-N582 (H-acceptor) and with the indole 
nitrogen of PsaB-W586 (H-donor), which tightly arrange 
the Chl2A binding pocket (Fig. 9). However, the tryptophan 
residue PsaB-W586 has no analog in the Chl2B binding site, 
and the water molecule that serves as an axial ligand for the 
Chl2B macrocycle is coordinated only by one hydrogen bond 
with the carbonyl oxygen of PsaA-N600. This may be the 
reason why only two Chl2B macrocycles in the trimeric com-
plex are ligated by water, while the Chl2B molecule #7131 
has no axial ligand and the respective carbonyl oxygen of 
PsaA-N600 departs from the magnesium atom of the Chl2B 
ring [2].

Table 2  Quantum yields of the secondary  P700
+A1

− ion-radical pair 
formation in six PS I variants  determined by absorption changes in 
three different spectral regions

a These values appeared in [29] in Supplemental Materials

Q.Y. (this work) Q.Y. (Badshah et al. 
2018)

ΔA440 ΔA820 ΔA703

PsaA-N600M 1
PsaB-N582M 1
PsaA-N600H 1 0.66a 0.82a

PsaB-N582H 0.64 0.52a 0.44a

PsaA-N600L 0.64 0.71 0.87
PsaB-N582L 0.40 0.49 0.41

Fig. 9  Out-of-plane deformations of the porphyrin macrocycles in 
the PS I reaction center from Synechocystis sp. PCC 6803 (pdb entry 
5oy0) [2]. The conjugated monomers  PA and  PB of the special pair 
 P700 and the adjacent accessory Chl2A in the A-branch of redox cofac-
tors are shown without phytol tails. The residues PsaB-N582 and 
PsaB-W586 coordinate a water molecule (red sphere), which is an 
axial ligand of Chl2A
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The substitution of Met for Asn in both PsaA-N600M 
and PsaB-N582M variants had a small effect on the rate 
of  A0 →  A1 electron transfer (Table 1, Fig. 6). However, in 
the PsaB-N582M variant, considerable kinetic heterogeneity 
was revealed by the CONTIN analysis, which indicated the 
presence of the kinetic component attributed to the excita-
tion quenching in a small fraction of the PS I complexes 
(marked by the white box in Fig. 6f). The contribution of 
this component substantially increased in the PsaB-N582H 
and especially in the PsaB-N582L variant (Fig. 6 g, h), 
where the quantum yields of  P700

+A0
− and  P700

+A1
− forma-

tion were 0.64 and 0.4, respectively (Table 2). The moder-
ately decreased quantum yield of 0.64 was also found for 
the PsaA-N600L variant, but the CONTIN analysis did not 
reveal the expected kinetic component, which was hindered 
by the absorption recovery of the  A0 band at 690 nm that 
proceeded in this variant at almost the same rate as in WT 
complexes (Table 2).

The strongest decrease in the quantum yield of the 
 P700

+A1
− state was observed in the PsaB-N591L variant 

with the modified surroundings of  Chl2A (Q.Y. = 0.4); in this 
variant a significant distortion of the  P700

+A1
− spectrum was 

observed (Fig. 5b, dark blue). Decreased quantum yields 
were found also in the PsaB-N582H (Q.Y. = 0.64) and PsaA-
N600L (Q.Y. = 0.64) variants with the modified surround-
ings of Chl2A and Chl2B, respectively, but the  P700

+A1
− spec-

tra of these complexes were relatively undistorted (Figs. 4b 
and 5a). The quantum yields of charge separation in the 
PsaA-N604H/L and PsaB-N591H/L complexes were 
determined by Badshah et al. [29] using two complemen-
tary approaches. First, the quantum yield was determined 
by the extent of slow  P700

+ reduction measured at 820 nm 
(the ΔA820 column in Table 2). Second, the quantum yield 
was calculated by the  P700

+ bleach amplitude measured at 
703 nm in the final  P700

+A1
− transient spectrum obtained by 

femtosecond spectroscopy (the ΔA703 column in Table 2). 
While the quantum yields of  P700

+A1
− formation calculated 

by a change of the Soret band bleach at 440 nm in this work 
are compatible with those of Badshah et al. [29] for some 
of the PS I variants, a significant slowing of the  A0 →  A1 
transition in the PsaB-N582L and PsaB-N582H complexes 
compared to the WT allows us to draw different conclusions 
on the functioning of the second pair Chl2A/Chl2B molecules 
in the course of electron transfer that ultimately branches 
into the two symmetric pathways.

4.3  Nonphotochemical excitation quenching 
in photosystem I

Quenching of Chl fluorescence by PS I complexes with oxi-
dized  P700 (“closed” centers) proceeds at almost the same 
rate as energy trapping by normal PS I complexes with neu-
tral  P700 (“open” centers) [53, 54]. Figure 8 shows that in 

the PsaB-N582L variant, where the nonproductive excitation 
quenching was maximal among the six PS I variants, a sub-
stantial absorption recovery was observed at the time range 
of 10 ps, both in the Soret region (440 nm) and the red edge 
of  QY band (710 nm), where major absorption changes were 
observed also in the closed WT PS I complexes.

The strange coincidence of the quenching kinetics in 
the open and closed PS I complexes was rationalized by a 
model where the trapping kinetics in both cases are limited 
by excitation energy transfer from the LHA to the RC [62, 
63]. The key role of the  P700

+ cation as a major quencher for 
the excited Chl in the antenna was established by measur-
ing the temperature dependence of the PS I fluorescence 
intensity both in the open and closed states [64]. Upon 
lowering the temperature to 77 K, the fluorescence yield 
increased by a factor of 40 for PS I with neutral  P700, and 
only by a factor of ~ 4 for PS I with oxidized  P700. The high 
efficiency of excitation quenching by  P700

+ was explained 
by a broad absorption band of the  P700 cation in the far-
red region, which overlaps with the emission bands of the 
low-energy Chl of the antenna (Förster inductive resonance 
energy transfer) [64].

This transfer-to-trap-limited mechanism implies that the 
primary charge separation reactions in open PS I (k1) and the 
non-radiative energy dissipation by the excited  (P700

+)* in 
closed PS I (kd) both are significantly faster than the excited 
energy transfer (kEET) occurring at the time scale of few 
picoseconds [62]:

An ultrafast formation of the primary ion-radical pair 
 P700

+A0
− was inferred from femtosecond absorption changes 

induced by PS I excitation in the far-red region [12, 13]. A 
fast non-radiative  S1 →  S0 conversion of excited positively 
charge porphyrin macrocycles in the picosecond timescale 
was observed in complexes with a strong out-of-plane dis-
tortion of the porphyrin structure [65–67]. The porphyrin 
molecules of the  P700 dimer and the  Chl2A/Chl2B monomers 
are all extremely distorted out of the macrocycles planes 
(Fig. 9), which should provide strong electron–phonon cou-
pling required for the fast non-radiative  (P700

+)* →  (P700
+) 

conversion.
It should be noted that the unproductive energy dissi-

pation observed in the PsaA-N600L, PsaB-N582H, and 
PsaB-N582L variants cannot occur by exactly the same 
mechanism as in closed PS I, since the special pair in these 
experiments was in the neutral state (open centers). Two 
possible scenarios can be considered.

In the first scenario, the primary ion-radical pair is nor-
mally formed in the altered PS I variants, but the secondary 
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charge transfer reaction is hindered, k′
2
< k2 , and a partial 

charge recombination  P700
+A0

− →  P700A0 accounts for the 
decreased quantum yield in these variants:

In the second scenario, the amino acid substitution 
impedes formation of the primary  P700

+A0
− ion-radical 

pair, k′
1
< k1 , and energy dissipation proceeds due to a non-

radiative  S1 →  S0 conversion of the excited special pair:

Analysis of the initial S0(λ) spectra registered in five 
PS I variants reviled a decreased yield of the ion-radi-
cal pair P700

+Chl2
− formation at the shortest delay of 

100 fs [35] The first scenario seems to be also less prob-
able, because it implies a fast nonadiabatic recombina-
tion of the  P700

+A0
− ion-radical pair, which normally 

occurs on the time scale of 20 ns [68]. Because the for-
ward  (P700A0)* →  P700

+A0
− transition is extremely fast 

[12, 13] being driven by a small energy gap of ~ 40 meV 
[14], the reorganization energy of  P700

+A0
− formation is 

also small. On the contrary, the energy gap for backward 
 P700

+A0
− →  P700A0 recombination is about 1.6 eV, so the 

backward reaction is far in the inverted region, which inev-
itably will slow down the recombination [69].

The dimers of perylene are often considered as 
chemical models for charge separation reactions in pho-
tosynthetic reaction centers. Electron transfer in the 
isomeric N-annulated perylene diimide dimer (para-
BDNP) may be considered as a suitable prototype for 
 (P700A0)* →  P700

+A0
− →  P700A0 transitions in PS I: the 

center-to-center distance between monomers in para-
BDNP is 11.5 Å, the driving force for the charge sepa-
ration in slightly polar tetrahydrofuran is −0.2 eV, the 
forward charge separation and backward recombination 
lifetimes were determined for this complex as 12 ps and 
1.9 ns, respectively [70]. Similar lifetimes of 1–2 ns were 
obtained for recombination of  Chl−–Chl+ ion pairs formed 
in the light-harvesting complex LHCII [71]. All these 
examples of nonadiabatic recombination are two–three 
orders of magnitude slower than the lifetime of 10 ps 
determined for energy dissipation in the PsaA-N600L, 
PsaB-N582H, and PsaB-N582L variants (Fig. 6).

The second scenario (Eq. 10) is analogous to the mech-
anism of excitation quenching in closed PS I, but the non-
radiative  S1 →  S0 conversion is driven here by the neutral 
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state of the excited special pair. This scenario also has cer-
tain difficulties, since the typical lifetime for non-radiative 
 S1 →  S0 conversion of monomeric Chl a is 6 ns [72].

The electronic structure of Chl a is conventionally 
approximated by the four-orbital Gouterman model, where 
the two electronic transitions  QY (or  S1) and  QX (or  S2) from 
the highest occupied (HOMO) and the next below (HOMO-
1) molecular orbitals to the lowest unoccupied molecular 
orbital (LUMO) comprise the low-energy Q band, and the 
analogous transitions  BX (or  S3) and  BY (or  S4) to the next 
unoccupied molecular orbital (LUMO + 1) comprise the 
high-energy B band (also named as the Soret band) [73]. 
The relaxation of high-energy states  S3 and  S2 to the lowest 
excited state  S1 takes place on the time scale of 100–300 fs 
[46], but the non-radiative conversion to the ground state 
 S1 →  S0 occurs in different solutions at 5–7 ns [72].

An effective conversion of the  S1 excitation energy hν ≈ 
1.6 eV to the vibrational motion of Chl nucleus on the time 
scale of 10 ps requires strong electron–phonon coupling [74, 
75], namely, the nuclear reorganization energy (λ) of the 
 S1 →  S0 transition should be comparable with 1.6 eV. The 
reorganization energies of nonplanar porphyrins increase 
linearly relative to out-of-plane macrocycle displacements, 
reaching the maximal value for saddle-distorted dodeca-
phenylporphyrin [76]. The effects of macrocycle deforma-
tions on the rate of  S1 →  S0 conversion of substituted non-
planar porphyrins have been extensively studied [65, 77, 
78]. Whereas the  S1 lifetimes of the planar porphyrins are 
10–15 ns, nonplanar deformations progressively increased 
both the Stokes shifts and the rates of the non-radiative con-
version: in the ruffled porphyrins ultrashort  S1 lifetimes of 
10–50 ps were measured at 296 K [79]. The strongly out-
of-plane distorted porphyrin macrocycles of tightly conju-
gated  P700, Chl2A and Chl2B (Fig. 9) can function as effective 
catalytic centers for such non-radiative  S1 →  S0 conversions.

4.4  Models of electron redistribution 
between symmetrical branches

Due to the high  C2-symmetry of the PS I heterodimer, both 
electron transfer chains demonstrate comparable functional 
activity [16, 18–28]. Two basic models of the chain branch-
ing mechanism have been suggested: a “donor-side equilib-
rium model” and a “branch competition model” [19]. In the 
first model, the direction of electron transfer along either 
A or B branch is determined by the two alternative static 
PS I conformations. In this model, the functioning of the 
branches is independent of each other, so the lockout of elec-
tron transfer along one of the branches due to an amino acid 
substitution leads to a total decrease in the quantum yield. 
In the second model, both branches compete for the electron 
sheared between the six redox-active cofactors; therefore, a 
decrease in the efficiency of electron transfer along one of 
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the branches is compensated by the increased contribution 
of the symmetric branch, and the total quantum yield does 
not decrease.

The results obtained with different altered PS I variants 
provide alternating support for both mechanisms. The sub-
stitution PsaA-Y696F, which breaks the H-bond to Chl3A, 
suppressed the formation of the  P700

+Chl3A
−, but this effect 

was compensated by an enhanced electron transfer along 
the B-branch; the reciprocal substitution PsaB-Y676F sup-
pressed electron transfer along the B-branch and increased 
the contribution of the A-branch [19]. These data are in 
agreement with the observation of the fast electron redis-
tribution between the two branches in PS I complexes from 
C. reinhardtii [14, 16] and the cyanobacteria Thermosyne-
chococcus elongatus and Synechocystis sp. PCC 6803 [44]. 
On the other hand, the decreased quantum yields of charge 
separation in PS I complexes from C. reinhardtii and Syn-
echocystis sp. PCC 6803 with the PsaB-N591L and PsaA-
N604L substitutions (amino acid numbering according to 
the sequence of C. reinhardtii) were interpreted in favor 
of the “donor-side equilibrium model” [29]. The latter 
conclusion was based on the experimental result that the 
 A0 →  A1 electron transfer in the PsaB-N591L and PsaA-
N604L variants occurred with the decay time of 21–35 ps, 
i.e., similar to the wild type. Hence, the decreased quan-
tum yield for these variants was explained as complete 
blocking of charge separation in a certain fraction of the 
PS I complexes, whereas in the other fraction the electron 
transfer occurred via the unaffected branch [29].

The critical analysis of the absorption changes of the 
PsaB-N582H and PsaB-N582L variants performed in this 
work demonstrates that the  A0 →  A1 transition is slowed 
about threefold compared to the WT, while in the PsaA-
N600M/H/L and PsaB-N582M variants the slowing was 
only by a factor of 1.3 (Table 1). In the PsaB-N582H and 
PsaB-N582L variants the deceleration was accompanied 
by a significant decrease in the quantum yield of the sec-
ondary  P700

+A1
− ion-radical pair the magnitude of which 

is consistent with the data by Badshah et al. [29] (Table 2). 
In addition, an alternative pathway of the excited state 
trapping with the decay time of 8–25 ps was inferred 
from the absorption dynamics at ~ 710 nm attributed to 
the antenna chlorophyll (Fig. 8). The similar excitation 
trapping on the time scale of 7–25 ps has been observed 
in the “closed” PS I complexes with the pre-oxidized  P700 
[10, 14, 53].

As follows from Figs.  5b, 6h, the  A0 →  A1 transi-
tion in the PsaB-N582L variant (measured as recovery of 
the sharp bleach at 690 nm) has a decay time of ~ 70 ps. 
Because the quantum yield of the  P700

+A1
− state in this vari-

ant is ~ 40%, the charge separation proceeds predominantly 
via the A-branch with the altered Chl2A, and it means that 
electron redistribution between the two branches in favor of 

the A-branch takes place in a ten picosecond time scale as 
previously suggested [16, 19, 44]. Thus, the data as a whole 
support the “branch competition model”.

The symmetry breaking in this model is a result of the 
electron density localization in one of the A- and B-branches 
obliged by protein polarization. This mechanism is in agree-
ment with an adiabatic model, where the Chl dimer  P700 
is electronically coupled with the symmetrically arranged 
monomers Chl2A and Chl2B [13, 80]. Such a structure can 
be considered as a symmetric exciplex Chl2APAPBChl2B in 
which the excited state (Chl2APAPBChl2B)* is mixed with 
two charge-transfer states P700

+Chl2A
− and P700

+Chl2B
− [35]. 

In the framework of the symmetric exciplex model, the 
redistribution of electron between the two Chl branches is 
expected before the irreversible step of phylloquinone reduc-
tion. The functional asymmetry in favor of the A-branch in 
the PS I structure from Synechocystis sp. PCC 6803 [2] may 
arise due to differences in the hydrogen bond networks near 
the Chl2A and Chl2B monomers: the formation of Chl2A anion 
is stabilized by polar tryptophan PsaB-W586, which serves 
as an H-donor for the axial ligand of Chl2A; the homologous 
hydrophobic isoleucine PsaA-I604 does not form H-bonds 
in the Chl2B binding cavity, which should impede the reduc-
tion of Chl2B.

The substitutions PsaA-N600M/H/L and PsaB-
N582M hinder the formation of the charge-transfer state 
P700

+Chl2B
− or P700

+Chl2A
− in the altered branch and 

increase the effective time of the  A0 →  A1 transition by a 
factor of 1.3 from 24 ps in the WT to 30–34 ps. A decrease 
in the total quantum yield of charge separation in the PsaB-
N582H and PsaB-N582L variants correlates with the three-
fold slowing of the phylloquinone  A0 →  A1 reduction, but not 
with the absorption changes at the shortest delay assigned 
to the P700

+Chl2A
− and P700

+Chl2B
− charge-transfer states. 

The decreased quantum yield of charge separation in these 
variants may, therefore, be due to the process of radiationless 
 S1 →  S0 conversion within the out-of-plane distorted  P700, 
Chl2A and Chl2B macrocycles or through the nonadiabatic 
recombination of  Chl−–Chl+ ion-radical pairs in the antenna 
chlorophyll.

5  Conclusions

The femtosecond absorption changes of PS I complexes car-
rying three pairs of complementary amino acid substitutions 
near the second pair of Chl molecules (Asn → Met, His, Leu) 
were analyzed by decompositions of the transition spectra 
into discrete decay-associated spectra and continuously dis-
tributed exponential components. The multi-exponential 
deconvolution of the absorption dynamics revealed that 
the electron transfer reactions in the PsaA-N600M, PsaA-
N600H, and PsaA-N600L variants with the altered B-branch 



1224 Photochemical & Photobiological Sciences (2021) 20:1209–1227

1 3

of cofactors are generally similar to those of the wild type, 
while the PsaB-N582M, PsaB-N582H, and PsaB-N582L 
substitutions, which alter the A-branch of cofactors, cause 
significant alterations of the photochemical processes, mak-
ing them heterogeneous and poorly described by a discrete 
exponential kinetic model. A redistribution of unpaired elec-
tron between the Chl2A/Chl2B and Chl3A/Chl3B molecules 
limited by excitation energy transfer from the antenna to 
the RC was identified in the time range of 9–20 ps, and the 
subsequent reduction of  A1 in the time range of 24–70 ps. 
In the PsaA-N600L and PsaB-N582H/L variants, the 
reduction of  A1 occurred with a decreased quantum yield. 
In the absorption dynamics of the PsaB-N582H and PsaB-
N582L variants, a specific kinetic component (τ = 10–30 ps, 
λ = 700–720 nm) was identified as associated with excitation 
quenching in the light-harvesting antenna. The decreased 
quantum yield of charge separation in the PsaA-N600L, 
PsaB-N582H, and PsaB-N582L variants does not correlate 
with the initial transient spectra measured at the shortest 
time delay. In general, the results can be interpreted in the 
framework of “branch competition model”, where the elec-
tron is shared between the six redox-active Chl cofactors 
before its transfer to phylloquinone in either  A1A or  A1B 
sites.
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