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The interaction of PS I with external acceptors was quanti-
tatively described in terms of Michaelis–Menten kinetics. 
The second-order rate constants of ET from FA/FB, FX and 
 Cl2NQ in the  A1-site of PS I to external acceptors were 
estimated. The side production of superoxide radical in the 
 A1-site by oxygen reduction via the Mehler reaction might 
comprise ≥0.3% of the total electron flow in PS I.

Keywords Photosystem I · Electron transfer · Kinetic 
modeling · Midpoint redox potentials · External electron 
acceptor · Superoxide radical production

Abbreviations
PS I  Photosystem I
P700  A special pair of chlorophyll 

molecules
MV  Methylviologen
Cl2NQ  2,3-Dichloro-1,4-naphthoquinone
PhQ  Phylloquinone
PQ  Plastoquinone-9
Chl  Chlorophyll
ET  Electron transfer
DCPIP  2,6-Dichlorophenolindophenol
Em  Midpoint redox potential
WT  Wild type
menB-PQ/menB-Cl2NQ  PS I mutant menB with PQ/

Cl2NQ in the  A1-site
ROS  Reactive oxygen species
Fd  Ferredoxin
Fld  Flavodoxin

Abstract The reduction kinetics of the photo-oxidized 
primary electron donor  P700 in photosystem I (PS I) com-
plexes from cyanobacteria Synechocystis sp. PCC 6803 
were analyzed within the kinetic model, which consid-
ers electron transfer (ET) reactions between  P700, second-
ary quinone acceptor  A1, iron-sulfur clusters and external 
electron donor and acceptors  –  methylviologen (MV), 
2,3-dichloro-naphthoquinone  (Cl2NQ) and oxygen. PS I 
complexes containing various quinones in the  A1-binding 
site (phylloquinone PhQ, plastoquinone-9 PQ and  Cl2NQ) 
as well as FX-core complexes, depleted of terminal iron–
sulfur FA/FB clusters, were studied. The acceleration of 
charge recombination in FX-core complexes by PhQ/PQ 
substitution indicates that backward ET from the iron–sul-
fur clusters involves quinone in the  A1-binding site. The 
kinetic parameters of ET reactions were obtained by global 
fitting of the  P700

+ reduction with the kinetic model. The 
free energy gap ΔG0 between FX and FA/FB clusters was 
estimated as −130 meV. The driving force of ET from  A1 
to FX was determined as −50 and −220 meV for PhQ in the 
A and B cofactor branches, respectively. For PQ in  A1A-site, 
this reaction was found to be endergonic (ΔG0 = +75 meV). 
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Introduction

Photosystem I (PS I) is a key pigment–protein complex 
of the electron transfer (ET) chain of oxygenic photosyn-
thetic organisms. It includes both a large antenna system 
for harvesting solar energy and a photochemical reaction 
center catalyzing charge separation across the membrane 
dielectric (for reviews, see Brettel and Leibl 2001; Fromme 
and Mathis 2004; Mamedov et al. 2015). The X-ray crys-
tallographic structure of the cyanobacterial PS I has been 
resolved to 2.5 Å resolution (Jordan et al. 2001). The mem-
brane-embedded core of each PS I monomer is formed by 
the two largest subunits, PsaA and PsaB, which bind ET 
cofactors arranged in two symmetrical branches, A and 
B, extending from  P700, a pair of chlorophyll (Chl) a mol-
ecules located on the lumenal side, to the [4Fe–4S] clus-
ter FX, placed on the opposite stromal side of the complex 
(see Fig. 1). Each of the two branches, related by a pseudo-
C2 rotation axis which passes through  P700 and FX, carries 
two electronically coupled Chl a molecules (termed  A0A or 
 A0B) and one phylloquinone (PhQ)  A1A or  A1B. At room 

temperature (RT), both branches are thought to be active in 
ET (Guergova-Kuras et  al. 2001) (for reviews, see Santa-
barbara et al. 2005; Srinivasan and Golbeck 2009 and refer-
ences therein) with the ratio ∼80:20% in favor of branch A 
in cyanobacterial PS I (Milanovsky et al. 2014; Sun et al. 
2014; Makita and Hastings 2015). The terminal [4Fe–4S] 
clusters, FA and FB, are both bound to the peripheral pro-
tein subunit PsaC.

Upon light excitation, the excited singlet state of the pri-
mary electron donor, P700

∗ delivers an electron to the pri-
mary Chl acceptor  A0A/A0B forming the charge-separated 
state  P700

+A0
−. The electron is then transferred in sequence 

to  A1A/A1B, to the iron–sulfur cluster FX, and ultimately to 
FA/FB. When exogenous electron acceptors are not avail-
able, the electron on [FA/FB]−recombines with the hole on 
 P700

+ with lifetime of 30–100 ms, the charge recombination 
of  P700

+FX
− pair in the absence of FA/FB occurs within life-

time of 0.5–5  ms, and the recombination of  P700
+A1

− (in 
the absence of all iron–sulfur clusters) takes place within 
∼100  µs (Vassiliev et  al. 1997; Brettel and Leibl 2001; 
Srinivasan and Golbeck 2009).

While the free energy gap ΔG for ET between  A0 and 
 A1 was estimated as >420 meV, the ΔG values of further 
ET events involving 4Fe–4S clusters are about 200  meV 
(Santabarbara et al. 2005; Ptushenko et al. 2008; Srinivasan 
and Golbeck 2009). At room temperature, the forward ET 
from  A1 to FX follows two alternative pathways. Reaction 
in the branch A has τ of ∼300 ns and the activation energy 
of 110 meV, whereas ET from  A1B to FX is a fast, nearly 
temperature-independent process (τ of 11–17 ns) (Agalarov 
and Brettel 2003; Sun et  al. 2014). The recombination of 
 P700

+FX
− is thermally activated, and it evidently follows 

via the intermediate  P700
+A1

− state (Brettel and Leibl 2001; 
Shinkarev 2006). Recombination from the FA/FB clusters 
was found to be temperature dependent with an activation 
energy of ∼200 mV (Jordan et al. 1998).

The suppression of the menA and menB genes, which 
code for dihydroxynaphthoic acid synthase and phytyl-
transferase, respectively, results in the termination of PhQ 
biosynthesis. PS I complexes isolated from menA and 
menB mutants contain plastoquinone-9 (PQ) rather than 
PhQ in the  A1-site and show altered rates of forward ET 
from  A1

− to [FA/FB] and altered rates of back ET from 
[FA/FB]− to  P700

+ (Semenov et al. 2000).
Biochemical processes in thylakoid membranes and 

stroma of chloroplasts are organized in a complex system 
of regulatory feedbacks, which require kinetic modeling for 
quantitative analysis (Matsuoka et al. 2016). PS I is the key 
element of the energy-transducing pathways because the 
electron flow in thylakoids is controlled by the redox states 
of cofactors in the acceptor part of PS I (see Tikhonov 
2016 for the recent review). Therefore, the development 
of proper models of PS I functioning, and the refinement 

Fig. 1  Kinetic model of PS I, used for interpretation of  P700
+ recom-

bination transient changes. ET within PS I protein complex indi-
cated—by black arrows; and interaction of PS I with external donor 
and acceptors indicated—by blue arrows.  P700

+ recombination tran-
sitions are marked by dotted lines. Reaction rate constants are noted 
with italic lowercase letters ki. Direct interaction of FX with external 
electron acceptors is considered only for  FX-core complexes (dashed 
lines). Approximate redox potentials of cofactors involved in different 
steps of charge separation (indexed from 0 to 3) and external accep-
tors are shown on the right side. The midpoint potential (Em) values 
were taken from a Currie and Holmes (1966); b Wardman (1989); c 
Golbeck et al. (1987); d Ptushenko et al. (2008) 
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of midpoint potentials of redox cofactors, is crucial for the 
quantitative analysis of primary photosynthetic processes.

The modeling of the  P700 charge recombination kinet-
ics with PhQ and PQ in the  A1-site of PS I was carried out 
by Shinkarev et  al. (2002). The kinetics of flash-induced 
 P700

+ reduction in PS I that contained either an intact set 
or a subset of iron-sulfur clusters FX, FA, and FB and with 
the  A1-binding site occupied by PhQ or PQ was stud-
ied. A modeling of the forward and backward ET kinet-
ics in  P700–FA/FB complexes,  P700–FX cores, and  P700–A1 
cores showed that the replacement of PhQ by PQ induced 
a decrease in the free energy gap between  A1 and FA/FB 
from −205 mV in wild-type (WT) PS I to −70 mV in menA 
PS I. The acceleration in the rate of  P700

+ dark reduction 
in menA PS I was ascribed to 135 mV increase in the mid-
point potential of  A1, thus making ET from  A1 to FX ther-
modynamically unfavorable. However, the existence of two 
alternative ET pathways was not considered in this study.

The modeling of the bidirectional ET reactions in PS 
I was performed by Santabarbara et  al. (2005), and later 
expanded in (Makita and Hastings 2016; Santabarbara and 
Zucchelli 2016); however, the thermodynamic parameters 
used in these studies were largely arbitrary. The ET reac-
tions within PS I were analyzed in terms of Marcus theory, 
assuming a possibility of ET between the two tightly bound 
phylloquinones via the iron–sulfur cluster FX. In this study, 
the redox potentials of the quinones in the  A1-site were esti-
mated to be almost isoenergetic with that of the iron–sul-
fur center FX. More recently, detailed kinetic model was 
constructed and applied to the transient dynamics of radi-
cal pair states in PS I with eight different quinones incor-
porated into the  A1-binding site at 298 and 77 K (Makita 
and Hastings 2016). This model indicated that forward ET 
from  A1

− to FX in the WT PS I can only be slightly ender-
gonic/exergonic in the A and B branches, respectively. In 
this model, the redox midpoint potential (Em) of FX was 
set at −680  mV, based on the equilibrium redox titration 
of FX in PS I (Chamorovsky and Cammack 1982; Parrett 
et  al. 1989). However, the authors in both studies (San-
tabarbara et  al. 2005; Makita and Hastings 2016) did not 
take into account that the operating midpoint potential of 
FX is ~70 mV more positive than the equilibrium Em value 
(Ptushenko et al. 2008).

The analysis of ET rates employed in Makita and Hast-
ings (2016), Santabarbara and Zucchelli (2016) was based 
on the semiclassical approximation developed by Hopfield 
(1974):

where HDA is the electronic coupling matrix element, 
ΔG0 is the standard free energy gap of reaction, λ is the 

(1)kDA =

√
2�

ℏ�(T)
��HDA

��
2
exp

�

−
(ΔG0 + �)2

2�(T)2

�

reorganization energy of reaction, and the parameter σ(T) 
is defined as

As shown by Jortner (1976), this approximation is 
inadequate for the description of ET reactions in low 
and intermediate temperature ranges. In particular, the 
ratio of forward and reverse rate constants in (1) does 
not satisfy the general thermodynamic relationship 
kDA∕kAD = exp(−G0∕kBT).

The study by Santabarbara and Zucchelli (2016) 
acknowledges that the same experimental kinetic data can 
be described both by isoenergetic model (used in their pre-
vious study) and by a model assuming large driving force 
of  A1 → FX electron transfer, based on semicontinuum elec-
trostatic calculations of redox potentials of PS I cofactors 
(Ptushenko et al. 2008).

We have previously demonstrated that molecular oxy-
gen and the oxidized form of ascorbate can accept elec-
trons from PS I complexes containing PQ and 2,3-dichloro-
1,4-naphthoquinone  (Cl2NQ) in the  A1-binding site 
under steady-state illumination (Trubitsin et  al. 2014). In 
this study, we characterize quantitatively the participa-
tion of two external acceptors  –  methylviologen (MV) 
and  Cl2NQ – in ET reactions in different PS I complexes. 
In particular, we have studied the interaction of external 
acceptors with (i) PS I complexes from the WT containing 
PhQ, (ii) complexes depleted of FA/FB clusters (FX-core), 
and (iii) the complexes from menB mutant strain contained 
in the  A1-site PQ (menB-PQ) and  Cl2NQ (menB-Cl2NQ).

The kinetic modeling in this work was based on the 
experimentally observed kinetics of  P700

+ reduction meas-
ured by absorption changes at 820 nm in various PS I com-
plexes in the presence of different concentrations of MV 
and  Cl2NQ. The experimental data are described in our 
preceding paper published in the same issue of this Journal 
(Petrova et al., Photosynt Res, in press).

Model development

The scheme of ET reactions in PS I complexes is presented 
in Fig. 1. The secondary ion-radical pair  P700

+A1
− is con-

sidered as the initial state for kinetic modeling, with the 
fraction of electrons δ localized at the quinone-binding site 
 A1A in the branch A of cofactors, and the fraction (1 − δ) 
at the site  A1B in the branch B. The ET kinetics in PS I are 
described by the following system of differential equations:

(2)�(T)2 = �ℏ�0 coth
ℏ�0

2kBT
.

d
[
A1A

]

dt
= k21A[FX

] −
(
k12A + k10A)[A1A

]

d
[
A1B

]

dt
= k21B[FX] −

(
k12B + k10B)[A1B

]
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where kij are rate constants of the monomolecular reac-
tions of ET from cofactor i to cofactor j; the indexes 0, 
1, 2, and 3 correspond to the  P700,  A1, FX, and [FA/FB], 
respectively; kdonor is the rate of  P700

+ reduction by exter-
nal donor (2,6-dichlorophenolindophenol, DCPIP); kO2 
is the rate constant of ET to external molecular oxygen in 
solution. The rates of forward ET reactions from Fe–S clus-
ters to external acceptors kext were described by Michae-
lis–Menten equation, where the reaction rate is dependent 
on the external acceptor concentration [EA] as

 where Vm is the maximal reaction rate and Km is the 
Michaelis constant (e.g., the dissociation constant of exter-
nal acceptor in the PS I complex). At [EA] ≪ Km, the reac-
tion rate is a linear function of acceptor concentration, so 
the parameter ka = Vm/Km could be considered as a pseudo-
bimolecular effective rate constant.

It should be noted that the direct recombination between 
[FA/FB]− and  P700

+ is extremely slow due to a very large 
distance between the cofactors of >40  Å corresponding 
to the ET rate of over  10−9  s−1, according to Moser–Dut-
ton empirical ruler (Dutton et  al. 1999); thus, the experi-
mentally observed slow recombination component, usually 
attributed to the  P700

+[FA/FB]− recombination, in fact, rep-
resents several consequent ET steps from [FA/FB]− to FX 
and most probably to  A1, before recombining with  P700

+ 
(Sétif et  al. 1984; Brettel and Golbeck 1995). Therefore, 
the experimentally observable  P700

+[FA/FB]− recombina-
tion rate k30 can be expressed in terms of two intermediary 
equilibrium constants Kij:

Only the recombination through A branch of cofac-
tors was considered, since the redox potential of  A1B is 

d
[
F
X

]

dt
= k12A[A1A

]
+ k12B[A1B

]
+ k32

[
F
A

F
B

]

−
(
k21A + k21B + k23 + k20

)[
F
X

]

d
[
F
A
∕F

B

]

dt
= k23[FX

] −
(
k32 + kO2

+ kext

)
[
F
A

F
B

]

d
[
P700

+
]

dt
= − k10A[A1A] − k10B[A1B] − kdonor

[
P700

+
]

(3)kext =
Vm

Km

[EA]

1 +
[EA]

Km

(4)k30 = K23
−1
K12A

−1
k10A

(5)K12A =
k12A

k21A

(6)K23 =
k23

k32

supposed to be at least 100  mV lower than that of  A1A 
(Ishikita and Knapp 2003; Ptushenko et  al. 2008), mak-
ing FX

− → A1B
− back ET route much less probable than 

that for FX
− → A1A

− (see redox potentials of FX,  A1A and 
 A1B in Fig.  1). In addition, the recombination kinetics in 
FX-core samples contained small (~17%) sub-millisecond 
components, which were assigned to the fraction of PS I 
complexes lacking all Fe–S clusters. In this fraction, no for-
ward ET beyond  A1 occurred, and only the recombination 
from  A1 cofactors was taken into account. Kinetic model 
was numerically solved by Runge–Kutta–Fehlberg method 
(Fehlberg 1970) and fitted to the experimental data using a 
set of developed scripts for MATLAB, with the gradually 
increasing number of unrestrained variables.

Basic recombination kinetics analysis

Recombination kinetics of charges appearing in PS I after 
photo-induced electron emission from the excited primary 
donor  P700 cover a wide time range of  10−6−10−1  s, and 
can be approximated by a sum of several exponential com-
ponents. The redox cofactor chains in PS I are arranged in 
such a way that the forward ET reactions are much faster 
than the backward reactions, so the recombination kinet-
ics may be particularly informative in modified PS I com-
plexes where the intermediate stages could be resolved. As 
an illustration of how kinetic parameters of forward and 
backward reactions can be derived from the recombination 
kinetics, the following kinetic scheme is considered:

At zero time, the electron is located at the acceptor 
 A1, and its subsequent redistribution between cofactors is 
determined by three rate constants, with general relation-
ship k12 ≫ k21, k10. The typical kinetics of donor D reduc-
tion is shown in Fig. 2, which comprises two exponential 
components. The characteristic time of the faster compo-
nent is determined by the sum of forward and backward 
rate constants (red line in Fig. 2):

where the characteristic time of the slow component is 
determined by the recombination rate constant k10 multi-
plied by the equilibrium constant K12 = k12/k21 (green line 
in Fig. 2):

(7)D
+

k10

←����������� A1

k12
⟷

k21

A2

�1 =
(
k12 + k10

)−1
≈ k12

−1,

�2 = K12k10
−1
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Amplitude of the faster component (blue line in Fig. 2) 
is determined by the expression:

Thus, the kinetics of the electron donor D reduction 
allows determining explicitly the rate constants of the for-
ward A1 → A2 and both reverse reactions: A2 → A1 and 
A1 → D. The free energy change ΔG12 for electron distribu-
tion between acceptors A1 and A2 in equilibrium is

Results of kinetic modeling

Kinetic parameters, obtained by straight assessment of 
experimental data with the kinetic model shown in Fig. 1, 
are marked in Table  1 in bold. Some parameters of the 
model are known from literature and were taken as follow-
ing. The rate constants k12A and k12B of forward ET from 
 A1 to FX were 5 × 106 and 5 × 107 s−1 for branches A and B, 
respectively (Setif and Brettel 1993; Guergova-Kuras et al. 
2001). The estimate constant K12B = 1.8 × 104 was taken 
from the previously calculated difference between midpoint 

a1 =
k10

k12 + k10

.

(8)ΔG12 = −RT ln(k12∕k21).

potentials of  A1B and FX (Ptushenko et al. 2008). The rate 
constant k23 of forward ET from FX to FA/FB was taken as 
 107 s−1, based on the fact that the forward ET reactions in 
PS I are limited by  A1A → FX stage and not by further ET 
steps (Díaz-Quintana et  al. 1998). The asymmetry factor 
δ was assumed to be ~80% (Sun et  al. 2014; Makita and 
Hastings 2015).

The observed rate of recombination from terminal FA/FB 
clusters, k30, does not represent a direct ET reaction, but 
rather a series of ET events (see Eqs. 4–6). The observed 
acceleration of charge recombination in menB-PQ indi-
cates that backward ET from the terminal iron–sulfur clus-
ters occurred via  A1 (see “Discussion” below), and the rate 
constant k20 of direct recombination from FX cluster was 
zero. Thus, we determined, at first, the value of K12A from 
FX-core kinetics, where ET beyond FX was not observed, 
and then K23 was estimated for the WT complex, assuming 
the same K12A value. In menB-PQ complex, conversely, the 
value of K23 is expected to be the same as that in the WT 
complex, while K12A decreases due to the more positive 
redox potential of  A1 compared with the WT PS I. The val-
ues of recombination rate constants k10A and k10B for qui-
nones in branches, A and B, respectively, were determined 
for FX-core and menB-Cl2NQ systems and were assumed to 
be the same as those in the WT as in FX-core. The rates of 
ET to  P700

+ from external donor DCPIP, kdonor, slightly var-
ied in different experiment series due to adjustable DCPIP 
concentrations and are not presented in Table 1.

Recombination kinetics in PS I of WT

The recombination of  P700
+ in the WT PS I with varying 

concentrations of methylviologen is presented in Fig.  3. 
Without external acceptor, ~60% of electrons are trans-
ferred to molecular oxygen (red dotted line 4), whereas 
the internal recombination with  P700

+ passes through the 
quinone  A1A (the recombination via  A1B is <5%, the com-
bined recombination from terminal acceptors via both qui-
nones is shown by black dashed line 2). With the increas-
ing concentration of MV, the electron flow is captured by 
this acceptor, reaching ~90% at 10  μM of MV (blue dot-
ted line 6). The kinetic parameters for intrinsic ET reac-
tions are given in Table 1, and for external ET reactions in 

Fig. 2  The recombination kinetics in the three-state ET model. The 
ordinate axis shows the fraction of reduced donor D

Table 1  Kinetic and 
thermodynamic parameters of 
intrinsic ET reactions in PS I

See Fig. 1 for rate constants kij and Eqs. 4–6 for equilibrium constants Kij. Kinetic parameters, obtained by 
straight assessment of experimental data with the kinetic model, are marked in bold

System k12A,  s−1 k12B,  s−1 k30,  s−1 K12A K23 K12A × K23 k10A,  s−1 k10B,  s−1

WT 5 × 106 5 × 107 7.6 7 170 1200 9.1 × 103 4 × 105

FX-core 5 × 106 5 × 107 1.3 × 103 7 – – 9.1 × 103 4 × 105

menB-PQ 1.4 × 104 3 × 105 325 0.05 170 8.5 2.5 × 103 5 × 104

menB-Cl2NQ 9.3 × 103 2.8 × 105
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Table 2, respectively. The recombination kinetics in WT PS 
I without MV are similar to the data obtained in previous 
experiments (Shinkarev et  al. 2000; Makita and Hastings 
2016) and could serve as a reference point for further mod-
eling. Similar kinetics were obtained for PS I with varying 
concentrations of  Cl2NQ as an external electron accep-
tor (Fig.  4).  Cl2NQ is more efficient than MV, accepting 
40% of the total electron flow at concentration of 0.25 μM 
(Fig. 4b), whereas the similar effect was observed at ~1 μM 
MV (Fig. 3b).

Recombination kinetics in FX‑core

The recombination kinetics in the FX-core complexes lack-
ing FA/FB clusters  in the presence of MV (Fig.  5) differs 
from the recombination in WT PS I in two respects. (i) The 

main component of recombination kinetics is much faster 
than in the WT (τ ≈ 1  ms instead of >10  ms), so the ET 
to oxygen is less pronounced than in the WT, contribut-
ing <15% to the total amplitude in the absence of MV and 
even less in the presence of external electron acceptor. At 
the maximal MV concentration (1000  μM), the external 
acceptor captures ~60% of electrons, whereas this reaction 
reaches ~100% in the case of WT. (ii) In the FX-core prep-
arations, there are minor recombination components with 
the lifetimes in the range of 1–10  µs, which are probably 
related to damaged complexes depleted of all Fe–S clusters, 
where the direct recombination from  A1A/A1B occurs. The 
model fitting in accordance with this assumption yielded 
the fraction of such damaged complexes to be ~17%.

As in the case of WT PS I, in FX-core complexes  Cl2NQ 
functioning as external acceptor demonstrated a behavior 
similar to MV (Fig. 6). However,  Cl2NQ was tenfold more 
efficient compared with MV:  Cl2NQ at 100 μM and MV at 
1000  μM demonstrated similar rates of electron capture. 
Both acceptors were unable to completely remove the inter-
mediate recombination component (τ ≤ 1  ms), capturing 
~60% of electrons at the maximal acceptor concentrations.

Recombination kinetics in PS I with PQ and  Cl2NQ 
in the  A1‑site

Electron recombination in menB-PQ complexes is much 
faster than that in the WT, where its main component has 
τ of ~3  ms. This component disappeared upon MV addi-
tion as in the case of the WT (Fig. 7). Since menB mutant 
contains the same set of terminal cofactors as the WT, the 
acceleration of charge recombination could be explained by 
a higher Em of PQ in the  A1-site, e.g., the electron recombi-
nation from terminal FA/FB clusters occurs sequentially via 
the intermediate ET to  A1, but not directly to  P700.

We were unable to approximate the recombination kinet-
ics of menB-Cl2NQ system with the same kinetic model as 
three other systems, where external acceptors capture elec-
trons from the Fe–S clusters. Alternatively, a model consid-
ering direct ET to external acceptors from  A1 was shown 
to be more consistent with the experimental data (Fig. 8). 
Two asymmetric cavities can be found in crystallographic 
structure of PS I (Jordan et  al. 2001) within ~10  Å from 
the phylloquinone molecules in the  A1-site, dimensions of 
which are close to those of MV (Fig. 9). Thus, MV might 
bind to PS I in the vicinity of  Cl2NQ in the  A1-site, which 
provides direct transfer of an electron from  A1 to MV. The 
detailed study of this process could be the focus of another 
study utilizing molecular dynamics, which is currently con-
sidered in our laboratory. Therefore, the slow component 
of  P700 recombination in menB-Cl2NQ system, diminish-
ing with the increasing MV concentration, was attributed 
to  A1A recombination with  P700

+ (black solid line 2), which 

Fig. 3  Effect of MV as external acceptor on the  P700
+ reduction in 

WT PS I. Curves notation: experimental  P700 recovery kinetics (black 
dots, 1), modeled  P700 recovery kinetics (black solid line, 1); the frac-
tion of  P700 population, reduced by terminal acceptors (black dashed 
line, 2) and by external donor DCPIP (black dash-dotted line, 3); 
the reduced external oxygen (red dotted line, 4); the population of 
reduced iron–sulfur clusters (thin green dash-dotted line, 5); and the 
reduced external acceptor MV (blue dotted line, 6)
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competes with the electron withdrawal by MV (blue dot-
ted line 8). As the faster recombination component (~10 μs, 
black solid line 3) is not affected by MV, it could be con-
cluded that recombination between  A1B

− and  P700
+ occurs 

faster than the potential electron donation to MV.
Parameters of PS I interaction with external acceptors 

MV and  Cl2NQ, according to reaction rates determined 
within the kinetic model, are summarized in Table 2. The 
dissociation constant Km of the protein–acceptor com-
plex and the effective second-order reaction rate constant 
ka (equal to Vmax/Km, where Vmax is the maximal reaction 
rate, see Eq. 3) are shown. Only for two systems, namely, 
menB-Cl2NQ with MV as external acceptor and FX-core 
with  Cl2NQ as external acceptor, the values of Km were 
determined, as in all other cases, the reaction rates linearly 
depended on external acceptor concentration. The maximal 
acceptor concentrations used in the experiments are pre-
sented in the respective cells of Table 2 as the lower bound 
of Km values. It should be noted that for menB-Cl2NQ 
direct, ET from  A1A to external acceptor is considered, 
whereas in all other cases, the parameters are related to ET 
from the terminal 4Fe–4S clusters.

Reaction rates ka for MV as external acceptor in WT and 
menB-PQ systems were similar, as expected (1.6 × 107 and 
2 × 107 s−1, respectively), whereas for FX-core a lower value 
of 5.2 × 106 s−1 was obtained. Reaction rates for  Cl2NQ as 

external acceptor were approximately an order of magni-
tude higher than those for MV.

Discussion

Midpoint redox potentials of electron acceptors

Forward and backward ET reactions in PS I complexes 
are controlled by redox potentials of cofactors (see Fig. 1; 
Table 3). The terminal electron acceptors in PS I are Fe–S 
clusters, FA and FB, and their midpoint redox potentials 
(Em) were determined as −500  mV and −550  mV versus 
SHE, respectively (Golbeck et  al. 1987). The midpoint 
potential of FX was approx. 200 mV lower (Chamorovsky 
and Cammack 1982; Parrett et  al. 1989), and the oper-
ating potential of  A1 was too low for direct experimental 
determination and therefore was calculated to be between 

Table 2  Parameters of PS I interactions with external acceptors, 
according to kinetic model. See section “Model development” for 
definition of effective rate constant ka

*The Km and ka values for native acceptor proteins ferredoxin (Fd) 
and flavodoxin (Fld) were taken from (Setif 2001)

System Interaction with external acceptor

Michaelis constant Km, M ka,  M−1 s−1

MV
 WT ≫10−4 1.6 × 107

 FX-core ≫10−3 5.2 × 106

 menB-PQ ≫10−4 2 × 107

 menB-Cl2NQ 10−5 1.5 × 109

Cl2NQ
 WT 5.2 × 10−6 1.1 × 108

 FX-core ≫10−4 5 × 107

O2

 WT n.d 7.5 × 104

 FX-core n.d 1.2 × 106

 menB-PQ n.d 2 × 105

 menB-Cl2NQ n.d 5 × 106

Fd*
 WT 4 × 10−7 3.5 × 108

Fld*
 WT 7.5 × 10−6 3.6 × 107

Fig. 4  Effect of  Cl2NQ on the  P700
+ reduction in WT PS I. The leg-

end is the same as in Fig. 3, except that the dotted blue line 6 indi-
cates the population of the reduced external acceptor  Cl2NQ
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−585 mV (Ptushenko et al. 2008) and −810 mV (Vos and 
van Gorkom 1990).

As it is impossible to measure the Em of quinones bound 
to A1-sites in PS I directly, it seems reasonable to compare 
it to the values measured in aprotic solvent dimethylfor-
mamide (DMF), chemical properties of which resemble 
protein environment of quinone-binding sites. The meas-
ured Em values of PhQ, PQ, and  Cl2NQ in DMF versus 
SCE are summarized in the middle column of Table  3. 
The high-potential  Cl2NQ is used in this study in two dif-
ferent ways. This quinone was either incorporated into PS 
I instead of PhQ, or it was used as an external acceptor 
dissolved in water. In the latter case, the Em of  Cl2NQ in 
water characterizes its efficiency, together with potentials 
of other acceptors – MV and molecular oxygen (Table 3). 
For comparison, the Em values of 2,3-dimethyl-naphthoqui-
none and 2,3,5-trimethyl-benzoquinone (soluble analogs of 

PhQ and PQ) in water are also presented. In this study, we 
have estimated the Em values of low-potential redox cofac-
tors, including two quinones in the  A1A-site and iron–sulfur 
cluster, FX (Table 3).

ET reactions in PS I of WT

The main kinetic component of  P700
+ recombination in PS 

I complexes of WT in the absence of native external accep-
tor ferredoxin (Fd) or flavodoxin (Fld) has the character-
istic time of 50  ms, while faster components of recombi-
nation have too small amplitude to be resolved (Fig.  3a). 
The main component arises due to ET from the iron–sulfur 
clusters [FA/FB]− (Vassiliev et al. 1997) occurring by two 
alternative channels: via the internal recombination with 
 P700

+ (Makita et al. 2015) and by the external reaction with 
molecular oxygen (Trubitsin et al. 2014), which have sim-
ilar rates k30 = 7.6  s−1 and kO2 = 15  s−1 in our experimen-
tal conditions (see Tables 1, 2). The contributions of both 

Fig. 5  Effect of MV on the  P700
+ reduction in FX-core of PS I. The 

legend is the same as that given in Fig. 3; in addition, population of 
reduced internal cofactor  A1A is shown by green dashed line 6 (con-
tribution of reduced  A1B is less than 5% and is not shown), and that of 
the reduced external acceptor MV is shown by blue dotted line 7

Fig. 6  Effect of  Cl2NQ on the  P700
+ reduction in FX-core of PS I. 

The legend is the same as in Fig. 3, except that the dotted blue line 7 
indicates the population of the reduced external acceptor  Cl2NQ
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reactions (about 40 and 60%) are shown by black dashed 
line 2 and red dotted line 4 in Fig.  3, respectively. In the 
complexes where electron was captured by oxygen,  P700

+ 
was reduced by DCPIP with kdonor = 1.5  s−1 (black dash-
dotted line 3 in Fig. 3).

Due to a very large distance between FA/FB and  P700 
(>40 Å), the electron is transferred to  P700

+ through inter-
mediate cofactors including the preceding acceptor FX 
and probably  A1A (Fig.  1). According to Eq.  4, the rate 
constant k30 of ET from [FA/FB]−  to  P700

+ is a product 
(K12A × K23)–1 × k10A. The recombination rate constant k10A 
was determined in modified PS I preparations: in com-
plexes depleted with FX and FA/FB clusters (Brettel and 
Golbeck 1995; Shen et  al. 2002) and with high-potential 
 Cl2NQ incorporated into the site  A1 (Makita and Hastings 
2015); in both cases, the rate constant k10A has a value of 
 104 s−1. We determined k10A = 9 × 103 s−1 in a small fraction 

of impaired FX-core complexes (Fig. 5; Table 1), and using 
this value yielded the estimate of the product K12A × K23 as 
1.2 × 103.

In the presence of MV, the oxidation of [FA/FB]− was 
accelerated by increasing the concentration of acceptor: at 
10  µM, MV captured more than 90% of electrons, so the 
 P700

+ reduction was achieved mainly by donation from 
external electron donor DCPIP (dash-dotted line 3 in 
Fig. 1c). Because the reduction of  P700

+ by [FA/FB]− clus-
ters decreased in the presence of MV, we could not deter-
mine the dissociation constant Km of MV interaction with 
PS I. The bimolecular rate constant of MV interaction with 
[FA/FB]−, ka, was estimated as 1.6 × 107 M−1 s−1 (Table 2).

The interaction of  Cl2NQ as external acceptor with PS I 
differs from that of MV. First, the bimolecular rate constant 

Fig. 7  Effect of MV on  P700
+ reduction kinetics in menB-PQ. The 

legend is the same as that given in Fig.  3; in addition, populations 
of reduced internal cofactors are shown by green lines: dash-dotted 
line 5 for iron–sulfur clusters, dashed lines 6 and 7 for  A1A and  A1B, 
respectively; the reduced external acceptor MV is shown by blue dot-
ted line 8

Fig. 8  Effect of MV on  P700
+ reduction kinetics in menB-Cl2NQ. 

Curves notation: experimental  P700 recovery kinetics (black dots, 
1), modeled  P700 recovery kinetics (black solid line, 1); the fraction 
of  P700 population, reduced by  A1A (black solid line, 2),  A1B (black 
solid line, 3) and by external donor DCPIP (black dash-dotted line, 
4); the reduced external oxygen (red dotted line, 5); the populations 
of reduced  A1A (thin green dashed line, 6) and  A1B (thin green dashed 
line, 7); and the reduced external MV (blue dotted line, 8)
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of  Cl2NQ interaction with WT PS I was higher, 1.1 × 108 
 M−1  s−1 (Table  2). Second,  Cl2NQ binds to PS I with a 
moderate affinity with the dissociation constant Km = 5 µM, 
which is typical for nonspecific binding of polar organic 
compounds at protein-water interface.

For comparison, we also included in Table 2 data charac-
terizing the interaction of PS I with native external accep-
tors Fd and Fld, small soluble proteins, which bind specifi-
cally at the acceptor side of PS I (Sétif 2001). It is worth 
noting that the efficiency of  Cl2NQ is higher than that of 
Fld and is only threefold smaller than the efficiency of Fd. 
Presumably, the high electron-accepting activity of  Cl2NQ 
is a result of high mobility, polar chemical properties, and 
the high redox potential of this compound (Table 3).

It is worthwhile to compare the efficiency of MV and 
 Cl2NQ with molecular oxygen dissolved in water. Because 
the concentration of molecular oxygen in water is ~2 × 10−4 
M, the bimolecular rate constant of  O2 interaction with 
reduced [FA/FB] clusters is 7.5 × 104 M−1 s−1. This reaction 
is relatively slow compared to the interactions with MV, 
 Cl2NQ, and native protein acceptors, Fd and Fld (Table 2). 
Nevertheless, the reduction of oxygen as byproduct of PS I 
functioning might be important source of superoxide-radi-
cal in photosynthesizing organisms (see below).

ET reactions in FX‑core complexes

The removal of FA/FB clusters by the urea treatment of 
PS I complexes (FX-core) resulted in a significant accel-
eration of recombination kinetics (Fig. 5). In the absence of 
exogenous acceptors, the main kinetic component (~80%) 

is attributable to the backward reaction from FX
− to  P700

+ 
with τ ≈ 1 ms, which is in line with the previously obtained 
data for  P700

+FX
− recombination (Vassiliev et  al. 1997; 

Shinkarev et al. 2000; Shen et al. 2002). In these prepara-
tions, fast kinetic components (τ of 3–100 µs, total ampli-
tude of ~17%) are also observed, which could be ascribed 
to charge recombination from the quinone acceptors,  A1A 
and  A1B, in a fraction of FX-core complexes with depleted 
FX cluster (Shen et  al. 2002). The rate constants of these 
components are estimated as 9.1 × 103 and 4.0 × 105  s−1, 
respectively (Table 1), which are close to the previous esti-
mates (Brettel and Golbeck 1995; Shen et al. 2002; Makita 
and Hastings 2015). In the remaining 10% centers, electron 
is captured by molecular oxygen kO2

= 250 s−1, and the 
slow reduction of  P700

+ by DCPIP is observed.
The charge recombination in FX-core complexes 

provides additional information on ET reactions at 
the acceptor side of PS I. A comparison of the recom-
bination kinetics in WT PS I and FX-core allows us to 

Fig. 9  Protein cavities in the vicinity of  A1-binding sites in PS I. The 
quinones  A1A and  A1B are shown in blue; and iron–sulfur clusters 
FX, FA, and FB – in yellow. Surface of PS I cross section, containing 
these cofactors, is shown in gray. Four cavities are shown as colored 
spheres: internal water-filled cavities between  A1 and FX (green) and 
near-surface cavities in the vicinity of  A1-sites (orange and red for 
 A1A and  A1B, respectively). The loop of the protein subunit E, fram-
ing the A-side cavity on the protein surface, is shown as wireframe; 
two hydroxyl groups, presumably localized at the mouth of the cavity, 
are shown as red spheres

Table 3  Midpoint redox potential values of various electron accep-
tors

a Wardman (1989)
b Currie and Holmes (1966)
c Bottin and Lagoutte (1992)
d Golbeck et al. (1987)
e Parrett et al. (1989)
f Chamorovsky and Cammack (1982)
g Ptushenko et al. (2008)
h Vos and van Gorkom (1990)
i Prince et al. (1983)
j Shalev and Evans (1989); Ibis et al. (2015)
k Makita and Hastings (2016)
l Values based on Em of  A1A, obtained in this study, and Em differ-
ence of −170 mV between  A1B and  A1A, taken from Ptushenko et al. 
(2008)
m Values derived from equilibrium constants obtained in this study
n Data for water-soluble analogs of PhQ and PQ, 2,3-dimethyl-naph-
thoquinone and 2,3,5-trimethyl-benzoquinone are presented

Acceptor Em in water (SHE), mV Em in DMF 
(SCE), mV

This study 
(SHE), mV

PhQ −240a,n −710i

PQ −165a,n −620i

Cl2NQ −98b −400j

MV −448a

O2 −155a

Fd −412c

FAFB −500d −500d

FX −670e, −705f −630m

A1A (PhQ) −670g, −810h −680m

A1B (PhQ) −840g −850l

A1A(PQ) −560k −555m
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estimate the equilibrium constant between FA/FB and 
FX clusters. Since recombination from [FA/FB]−cluster 
occurs through intermediate FX-reduced state, the accel-
eration of recombination by a factor of 170 from 7.6 s−1 
in WT to 1.3 × 103 s−1 in FX-core complexes corresponds 
to the redox potential difference of 130  mV between 
FA/FB and FX. The midpoint potential of FX cluster 
Em(FX) = −630  mV could be thus calculated from the 
directly measured midpoint potential of FA/FB (Table 3). 
This estimate is more positive than the values of −670 
or −705  mV, obtained by direct redox titration (Cham-
orovsky and Cammack 1982; Parrett et  al. 1989), but 
more negative than the calculated operating Em value of 
−585 mV (Ptushenko et al. 2008). This difference seems 
to be meaningful because FX redox titration in the intact 
PS I occurs under equilibrium conditions, when the 
nearby reduced FA and FB clusters lower the potential of 
FX by electrostatic effect of their two negative charges. 
As calculated previously, this electrostatic effect has a 
magnitude of −70  mV (Ptushenko et  al. 2008). Simi-
lar shift of the equilibrium midpoint potential Em(FX) 
by 60  mV was found in FX-core complexes, where FA 
and FB clusters were absent (Parrett et al. 1989). On the 
other hand, the analysis of recombination kinetics yields 
the operating energy gap between FX and FA/FB clus-
ters, which characterizes the potential of FX in condi-
tions, where FA and FB are both oxidized, so the value 
of −630  mV is a reasonable estimate of the operating 
Em(FX) value consistent with the experimental data.

Addition of the external acceptor MV leads to accel-
eration of the millisecond  P700

+ reduction component, 
with simultaneous decrease of its amplitude and increase 
of amplitude of the slow component associated with 
 P700

+ reduction by an external donor (Fig.  5b, c). The 
kinetics of  P700

+ reduction in the time range of 3–30 μs 
did not change. The bimolecular rate constant of FX 
cluster oxidation by external acceptor MV was approxi-
mately 3× lower than the rate constant of [FA/FB] oxida-
tion in the WT PS I (Table 2). At the same time, depend-
ence of the oxidation rate on MV concentration did not 
exhibit saturation effect even at the highest acceptor 
concentration of 1 mM. This suggests that both FX and 
FA/FB clusters are oxidized by external acceptor MV at 
the polar interface of the complex without any specific 
MV-binding site.

The interaction of  Cl2NQ with FX-core was different 
compared with the WT PS I: while in WT, we observed 
 Cl2NQ binding with the affinity, Km = 5 µM, in FX-core, 
we did not observe further increase of the slow kinetic 
component due to the forward ET to  Cl2NQ even at 
100 µM concentration of the acceptor (Table 2).

ET reactions in the menB modification of PS I

The recombination kinetics in the PS I complexes with 
PQ substituted for the native PhQ (menB-PQ) has two sig-
nificant differences from the WT kinetics. First, the main 
recombination component is accelerated from 100  ms in 
the WT up to 3 ms in menB-PQ (Table 1; Figs. 3, 7). Sec-
ond, two additional recombination components with the 
characteristic times of 10 and 100 μs appear in these com-
plexes. Both these effects can be explained by the fact that 
the redox potential of the semiquinone/quinone couple is 
~100 mV more positive in the case of PQ compared with 
the native PhQ (Table  3). More positive potential of PQ 
in the  A1A-and  A1B-sites leads to slower rates of forward 
ET to FX cluster (k12A and k12B decreased by two orders 
of magnitude from 5 × 106/5 × 107  s−1 in the WT com-
plexes to 1.4 × 104/3 × 105 s−1 in menB-PQ) and to a fifty-
fold acceleration of recombination from the terminal FA/FB 
clusters (k30 = 325 s−1), inasmuch as the latter involves the 
intermediate reduction of quinone in the  A1A-site. Con-
currently, the PQ/PhQ substitution alters significantly all 
basic parameters of the model. The equilibrium constant 
K12A decreases by a factor of 140, which corresponds to 
ΔG decrease by ~125  mV, in good agreement with PQ/
PhQ redox potential difference in DMF (see Table 3). The 
recombination rate constants k10A and k10B decrease by fac-
tors of 3.6 and 8, respectively. Two components of semi-
quinone re-oxidation in the PQ-substituted complexes with 
the lifetimes of ~2 × 10−5 and ~4 × 10−4 s, respectively, and 
comparable amplitudes were observed by combinations 
of three different methods (Semenov et  al. 2000); similar 
components were observed in  P700

+ recombination kinet-
ics in PQ-substituted PS I complexes both for  FX-core and 
complexes fully depleted with iron–sulfur clusters (Shinka-
rev et al. 2002), which is in good agreement with our data. 
Deceleration of semiquinone oxidation in the  A1-sites by 
a factor of 200–300 can be caused by various factors: the 
decrease of driving force by ~130  meV for the forward 
reactions; the larger effective distance between  A1A and 
FX due to smaller size of the quinone ring (benzoquinone 
vs. naphthoquinone); the higher reorganization energy due 
to the increased conformational mobility and the smaller 
size of PQ. The dynamics of PQ oxidation in the  A1A- and 
 A1B-sites (Fig. 7) correspond to the published kinetics for 
similar modified complexes of PS I (Semenov et al. 2000; 
Shinkarev et al. 2002).

ET reactions in the menB modification of PS I 
with substituted  Cl2NQ

The recombination kinetics in the PS I complexes with 
 Cl2NQ substituted for the native PhQ (menB-Cl2NQ) were 
significantly faster than in the WT (Fig. 8). The midpoint 
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potential of  Cl2NQ in DMF is ~300 mV more positive than 
that of PhQ (Table 3), which places  Cl2NQ midpoint poten-
tial in the  A1A-site higher than −400 mV. Thereby the elec-
tron equilibrium between terminal acceptors in this modi-
fication of PS I is heavily biased in favor of the  A1A-site. 
Thus, the main component of recombination kinetics in this 
case represents a direct ET from  A1A to  P700

+, the respec-
tive rate constant k10A was found to be 9.3 × 103 s−1, which 
is close to the previously obtained value of 7 × 103  s−1 
(Makita and Hastings 2015). The faster component of 
recombination in these complexes has the rate constant of 
2.8 × 105  s−1 and the amplitude of 14–17%, which is also 
in accordance with the data by (Makita and Hastings 2015) 
who assigned this reaction to the ET from  A1B to  P700

+.
The bimolecular rate constant of  Cl2NQ oxida-

tion by external acceptor MV in the  A1-site is as high as 
1.5 × 109 M−1 s−1 (Table 2). Such remarkable efficiency is 
close to the limit of diffusion-controlled reactions (Eigen 
and Hammes 2006). The quinone-binding site  A1 is also 
efficiently interacting with molecular oxygen: in the 
absence of external acceptor, about 10% of electrons in 
the PS I complexes with  Cl2NQ in the site  A1 are captured 
by oxygen (Fig. 8), which corresponds to the rate constant 
k
O2

= 103 s−1.

Production of reactive oxygen species in PS I

PS I can reduce molecular oxygen  (O2) and produce super-
oxide radical  (O2

•−) and other forms of reactive oxygen 
species (ROS) via the Mehler reaction (Mehler 1951; 
Badger et  al. 2000). The internal cofactors of the PS I 
acceptor side are considered as the major  O2-reducing 
agents in chloroplasts, but in spite of the long history, there 
is no consensual view on the mechanism of oxygen reduc-
tion at the acceptor side of PS I (Ivanov and Khorobrykh 
2003; Asada 2006). The present kinetic model allows quan-
titative characterization of the oxygen-reduction activity of 
internal cofactors in the PS I acceptor side.

The effective rate constant of oxygen reduction by termi-
nal clusters FA and FB in WT PS I is kO2 = 15 s−1, whereas 
the typical rates of Fd reduction in  vitro are of the order 
of  106 s−1 (Sétif 2001). It means that the probability of  O2 
reduction by [FA/FB] is ~10−5 compared to the probabil-
ity of Fd reduction. The rate constant of  O2 reduction by 
FX in WT remains unknown, but in FX-core complexes, 
it was determined as k

O2
= 250 s−1. Comparison of this 

value with the ET rate between FX and [FA/FB] clusters 
k23 = 107  s−1 yields the similar probability of side ROS 
production of 2 × 10−5. The highest rate kO2 = 103  s−1 was 
determined for oxygen reduction by  Cl2NQ in the  A1-site 
of menB-Cl2NQ complexes, where electron was trapped by 
 O2 before recombination with  P700

+. Because Em of PhQ in 
the  A1-site is presumably ~300 mV lower than the Em value 

of  Cl2NQ (see Table 3), the rate of  O2 reduction by  A1 in 
WT PS I should be at least an order of magnitude higher, 
i.e.,  104  s−1. Considering the rate of forward ET from  A1 
to FX in WT as 3 × 106  s−1 (Agalarov and Brettel 2003), 
this leads to at least 0.3% probability of the superoxide-
radical production, bypassing terminal acceptors of PS I. 
The direct indication on the role of phylloquinone in the 
 A1-site as a sink of electrons for the oxygen reduction in 
PS I was demonstrated previously by measurements of  O2 
uptake with Clark electrode (Kozuleva et al. 2014). It was 
also shown that the oxygen reduction at the acceptor side 
of PS I provides an alternative channel for electron flow in 
plant chloroplasts under conditions of low electron acceptor 
efficiency (Kuvykin et  al. 2011). Oxygen is a main prod-
uct of photosynthesis reaction in plants; so, for the efficient 
functioning of PS I, it is important to prevent its interaction 
with the cofactors of ET chain. The high rate of side reac-
tions of low-potential PhQ in the  A1-site might rationalize 
the presence of the less-reactive 4Fe–4S clusters as termi-
nal acceptors, which are reduced by  A1 within  10−6 s after 
excitation of  P700.

Energetics of ET reactions in the acceptor side of PS I

The kinetic efficiency of ET between donor D and accep-
tor A in a protein complex is determined by three basic 
parameters: the energy of electronic coupling, HDA; the 
free energy change of reaction, ΔGDA; and the reorganiza-
tion energy of cofactors recharging, λ (Krishtalik 2016). In 
PS I, the distance between PhQ in the sites  A1A/A1B and 
FX is 9 Å (Jordan et  al. 2001). This distance corresponds 
to the electronic coupling HDA of 10 cm−1 and to the driv-
ing-force-optimized tunneling rate of  1010  s−1 (Winkler 
and Gray 2014). The optimal ET rate is achieved when 
the driving force is equal to the reorganization energy 
(−ΔG = λ); in this case ,the activation energy of ET reac-
tion Ea = (ΔG + �)2∕4kBT  is zero. However, uncertainty in 
determination of these parameters for ET reactions at the 
acceptor side of PS I is large. Particularly, when the errors 
in the estimation of electronic coupling factor HDA by the 
distance between cofactors exceed an order of magnitude, 
the redox potential of A1 could not be measured directly, 
and the reorganization energy of  A1 → FX ET could be only 
roughly estimated using the data for similar systems. The 
reorganization energy for ET from [4Fe–4S]2+ cluster to 
ruthenium–bipyridine–histidine complex in high-poten-
tial iron–sulfur protein was determined to be in the range 
of 0.6–0.9  eV (Babini et  al. 2000), and the inner-sphere 
reorganization energy λ = 0.64  eV for [4Fe–4S] cluster in 
ferredoxin was obtained by DFT calculations (Sigfridsson 
et al. 2001). The reorganization energy for PhQ charging in 
the  A1-site might be estimated by charge recombination in 
the photosynthetic bacterial reaction center where quinone 
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moiety in the  QA-site was altered by various substitu-
tions, and the value of 0.6 eV was determined (Dutton and 
Mosser 1994). Because the dielectric permittivity of PS I 
in the acceptor side between  A1 and FX is higher than the 
local permittivity of the site  QA (Chamorovsky et al. 2007), 
the lowest estimate for reorganization energy of  A1 → FX 
reaction is λ = 0.7 eV. This value was suggested by Makita 
and Hastings 2016 as consistent with the data on quinone 
substitutions in the  A1-site. The temperature dependence of 
 A1 → FX reaction in PS I from Synechocystis sp. PCC 6803 
revealed the presence of two kinetic components: the first 
component (τ = 11 ns at 295 K) was temperature independ-
ent, and the second component (τ = 340 ns at 295 K) slowed 
upon cooling with an activation energy Ea = 110 meV; they 
were assigned to ET in the branches, A and B, respectively 
(Agalarov and Brettel 2003). Because the activation energy 
is a reliably measurable parameter, it is worthy to relate the 
measured temperature dependencies with the predictions 
from kinetic models.

In the pioneer work (Shinkarev et al. 2002), the energy 
gap for the  A1 → FX transition ΔG1 = −100 meV was calcu-
lated without discrimination of the reaction pathways in the 
branches, A and B (Model 1). More recent works accounted 
for the two ET channels and yielded the estimates 
ΔG1A = +16  meV for the A branch and ΔG1B = −19  meV 
for the B branch (Santabarbara et al. 2005) (Model 2), and 
ΔG1A = +45 meV and ΔG1B = −10 meV (Makita and Hast-
ings 2016) (Model 3). In the present work, we obtained 
higher estimates of the driving forces for both channels: 
ΔG1A = −50 meV and ΔG1B = −220 meV (Model 4). The 
estimate ΔG1 = −100  meV in Model 1 might be consid-
ered as an average value between ΔG1A = −50  meV and 
ΔG1B = −220  meV, taking into account that channels A 
and B are mixed in the proportion 80:20. Taking the esti-
mate for reorganization energy of  A1 → FX transition 
λ = 0.7  eV, we calculate the activation energy Ea of this 
reaction in both braches, A and B, to compare these mod-
els with experimental data. Model 2 predicts the activation 
energy E1A

a = 170  meV for  A1A → FX transition, whereas 
Model 3 gives the value E1A

a = 200 meV, and the present 
work yields lower value E1A

a = 150  meV, which is closer 
to the experimental value of 110 meV (Agalarov and Bret-
tel 2003). Concerning the transition  A1B → FX in branch B, 
all models predict nonzero values for the activation energy. 
The highest estimate E1B

a = 170 meV follows from Model 
3, a similar value of 165 meV is predicted by Model 2, and 
the lowest activation energy E1B

a = 80  meV follows from 
Model 4, which is more consistent with the activationless 
regime of  A1B → FX transition in branch B observed by 
Agalarov and Brettel (2003). Thus, the parameters obtained 
by Model 4 provide more reasonable approximation to 
the kinetics of ET reactions between  A1A/A1B-sites and 
FX, albeit this model underestimates the free energy gaps 

in both branches. Such underestimation might be a result 
of protein impairment after removal of subunit PsaC from 
PS I, since the respective free energy gap was obtained by 
comparison of WT and FX-core PS I complexes (Table 1).

Conclusions

The kinetic model of ET reactions in the various PS I com-
plexes based on the analysis of  P700

+ reduction kinetics and 
the published data was developed. The model describes the 
ET between the primary donor  P700, secondary quinone 
acceptor  A1, iron–sulfur clusters FX, FA/FB, and external 
electron acceptors  –  MV,  Cl2NQ, and molecular oxygen. 
The rate and equilibrium constants of partial ET reactions 
in PS I from the WT, menB, and FX-core complexes were 
derived from the model. The model analysis suggests the 
following conclusions:

1. The charge recombination between the iron–sul-
fur clusters [FA/FB]−and  P700

+ and between FX
− and 

 P700
+ occurs via preceding acceptor quinone in the 

 A1-binding site.
2. The obtained equilibrium constants of ET in PS I 

allow estimating the free energy gap ΔG between the 
redox cofactors. In the WT, ΔG0 between the iron–sul-
fur centers FX and FA/FB is estimated as −130  meV, 
ΔG0 between the secondary quinone acceptor  A1 in 
the branch A and FX is −50  meV. The correspond-
ing ΔG0 between  A1A and FX for PQ in the PS I from 
menB strain is +75  meV, creating energy barrier for 
ET to terminal acceptors FA/FB. The redox potential of 
 Cl2NQ in the  A1A-site is more positive than −400 mV, 
fully preventing ET to terminal acceptors.

3. The results obtained for PS I complex containing 
 Cl2NQ in the  A1-site suggest that the external acceptor 
MV is capable of accepting electrons directly from  A1, 
bypassing the iron–sulfur clusters. However, due to the 
low Km value, this forward ET reaction could not effec-
tively compete with charge recombination from  A1

− to 
 P700

+ even at high concentration of  Cl2NQ.
4. The rate of interaction of external acceptors MV and 

 O2 with  Cl2NQ in the  A1-site was found to be high, 
approaching the limit of diffusion-controlled reactions 
for MV. The side production of superoxide radical in 
the  A1-binding site by oxygen reduction (the Mehler 
reaction) comprises ≥0.3% of the total electron flow in 
PS I. The existence of highly efficient ET to iron–sul-
fur clusters in PS I may serve as an evolutionary imple-
mentation against such bypassing.

5. The second-order rate constants kext and dissocia-
tion constants Km of various PS I complexes with MV 
and  Cl2NQ were estimated. It was demonstrated that 
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the values of kext for ET from PS I to MV for the WT 
and menB strain are similar, but this value is ~3 times 
lower in FX-core complexes. The values of kext for ET 
from the WT PS I and FX-core to  Cl2NQ were ~8 times 
higher than the corresponding kext values of ET to MV, 
but the affinity of WT PS I to  Cl2NQ was rather low.
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