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Abstract

Photosystem I is a large macromolecular complex located in the thylakoid membranes of chloroplasts and in cyanobacteria that

catalyses the light driven reduction of ferredoxin and oxidation of plastocyanin. Due to the very negative redox potential of the primary

electron transfer cofactors accepting electrons, direct estimation by redox titration of the energetics of the system is hampered. However,

the rates of electron transfer reactions are related to the thermodynamic properties of the system. Hence, several spectroscopic and

biochemical techniques have been employed, in combination with the classical Marcus theory for electron transfer tunnelling, in order to

access these parameters. Nevertheless, the values which have been presented are very variable. In particular, for the case of the tightly

bound phylloquinone molecule A1, the values of the redox potentials reported in the literature vary over a range of about 350 mV.

Previous models of Photosystem I have assumed a unidirectional electron transfer model. In the present study, experimental evidence

obtained by means of time resolved absorption, photovoltage, and electron paramagnetic resonance measurements are reviewed and

analysed in terms of a bi-directional kinetic model for electron transfer reactions. This model takes into consideration the thermodynamic

equilibrium between the iron–sulfur centre FX and the phylloquinone bound to either the PsaA (A1A) or the PsaB (A1B) subunit of the

reaction centre and the equilibrium between the iron–sulfur centres FA and FB. The experimentally determined decay lifetimes in the

range of sub-picosecond to the microsecond time domains can be satisfactorily simulated, taking into consideration the edge-to-edge

distances between redox cofactors and driving forces reported in the literature. The only exception to this general behaviour is the case of

phylloquinone (A1) reoxidation. In order to describe the reported rates of the biphasic decay, of about 20 and 200 ns, associated with this

electron transfer step, the redox potentials of the quinones are estimated to be almost isoenergetic with that of the iron sulfur centre FX. A

driving force in the range of 5 to 15 meV is estimated for these reactions, being slightly exergonic in the case of the A1B quinone and

slightly endergonic, in the case of the A1A quinone. The simulation presented in this analysis not only describes the kinetic data obtained

for the wild type samples at room temperature and is consistent with estimates of activation energy by the analysis of temperature

dependence, but can also explain the effect of the mutations around the PsaB quinone binding pocket. A model of the overall energetics of

the system is derived, which suggests that the only substantially irreversible electron transfer reactions are the reoxidation of A0 on both

electron transfer branches and the reduction of FA by FX.
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1. Introduction

Photosystem I (PS I) is a large macromolecular

complex, located in the thylakoid membranes of oxygenic
ta 1708 (2005) 283 – 310
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photosynthetic organisms, which catalyses the light-driven

oxidation of the soluble carrier plastocyanin on the

stromal side of the membrane and the reduction of

ferredoxin on the lumenal side of the membrane. The

core of PS I is composed of 12 to 13 different

polypeptides, depending on species, and binds a large

number of cofactors, most of which are Chl a (¨100)

and h-carotene (¨30), which act as inner antenna, but are

not involved in electron transfer reactions. The majority

of the electron transfer events are mediated by redox

cofactors bound to the PsaA–PsaB subunits heterodimer

[1–3]. The electron transfer reactions are initiated by the

absorption of a photon, which drives the primary charge

separation event at the level of the primary donor, P700.

[4–6]. The first spectroscopically resolved electron

acceptor named A0 is again a Chl a molecule [7–12] and is

generally thought to be reduced on a very short time scale, of

less then 10 ps [9,13–19]. The electrons are then transferred

to a tightly bound phylloquinone molecule [7,8,20–22], A1,

in about 20–40 ps [9,14,16,18,19,23]. This, in turn, reduces

the first of a series of [4Fe–4S] iron–sulfur clusters [24–33],

FX, with a markedly biphasic kinetic, with characteristic

lifetimes of about¨20 ns and¨200 ns [34–39]. The electron

transfer reactions then proceed to reduce the iron–sulfur

centres [24,25,27,28,30,40,41] FA and FB, which are bound

to the PsaC subunits [42–44], and finally reduce a diffusible

electron transfer carrier, which is usually ferredoxin (Fd)

[45].

The X-ray crystallographic structure of PS I has been

solved in both a cyanobacterial [1–3] and a higher plant

system [46]. Despite the differences in the antenna

arrangement and the presence of different species-specific

protein subunits, the arrangement of the redox cofactors

appears highly conserved in the two X-ray structures. At

the present level of resolution of the Synechoccoccus

elongatus PS I reaction centre structure (2.5 Å), all the

electron transfer cofactors, previously identified by

spectroscopic investigations, can be assigned together

with the protein surrounding [3]. The structure clearly

shows how the electron transfer cofactors are arranged in

a highly symmetrical manner with respect to the axis

perpendicular to the membrane plane. The only apparent

asymmetry in the whole electron transfer chain appears at

the level of the primary donor which is a heterodimer of

a Chl a and a Chl aV epimer [3]. For the rest, the protein

scaffold and the distance between the redox centres

bound either to the PsaA or the PsaB subunits appear

similar, suggesting that both electron transfer branches

could be active in the electron transfer reactions, which is

at odds with what is observed for the reaction centre of

the purple bacteria. An obvious difference between the

two reaction centres is that PS I and, generally, type I

reaction centres (which are characterised by Fe–S clusters

as terminal electron acceptors) do not operate a two-

electron gate mechanism, in contrast to type II reaction

centres.
However, at present, there is still a lack of general

agreement regarding the directionality of electron transfer

within the PS I reaction centre [19,36,37,47–52]. Most of

the observations which have led to the suggestion of a bi-

directional electron transfer events were obtained by the

analysis of the reoxidation reactions of the A1 phylloqui-

none, in terms of their temperature dependence [38,53]

and the effect of site-directed mutation [37]. It is generally

accepted that the slow phase of A1 reoxidation is

associated with the PsaA-bound phylloquinone (A1A), as

observed by both transient electron paramagnetic reso-

nance (EPR) [21,33,54–58] and optical spectroscopy

[19,35–37,53,59]. The centre of the controversy concerns

whether and to what extent the PsaB-bound chlorophylls

and quinone (A1B) take part in the electron transfer

process [37,48,49,51,52]. In order to explain the marked

biphasic kinetics of reoxidation of the A1 semi-phylloqui-

none, several hypotheses have been put forward. The

original interpretation that the fast ¨20 ns reoxidation

phase might have derived from a purification artefact [34]

was abandoned after the observation that A1 reoxidation is

biphasic in intact green algae cells [36,37]. Setif and

Brettel [19,53,59] had suggested that the observed

biphasic kinetic was explainable in term of a small

driving force for the electron transfer reaction between A1

and FX. The fast phase in this hypothesis frame, which is

often referred to as the ‘‘quasi-equilibrium model’’, would

essentially reflect the rate of FX reoxidation, while the

slow phase would mainly reflect the actual A1 quinone

reoxidation. Evidence for this model comes from the

observed temperature dependence of A1 reoxidation

reaction, for which a rather large activation energy,

determined from the classical Arrhenius relation, of about

100–200 meV has been estimated [53]. However, in a

more recent reinvestigation, the fast ¨20 ns phase has

been resolved and has been shown to possess a much

lower activation energy of about 15 meV [38]. The

hypothesis that the fast reoxidation rate is associated with

the A1B quinone reoxidation has been put forward by

Joliot and coworkers [36,37] based on the observation

that mutation in the PsaA quinone binding site affects

substantially only the ¨200 ns reoxidation rate, while

symmetrical mutation in the PsaB quinone binding site

essentially affects only the ¨20 ns reoxidation rate [37].

Mutations at the level of the primary acceptor A0 have

been shown to affect the electron spin polarised (ESP)

signal associated with secondary radical couple [P700
+ A1

�]

[51,52,60]. While there is a broad consensus as regards

the effect of substitution of the axial ligand to the A0 on

the PsaA subunit, leading to the lengthening of the

[P700
+ A0

�] primary radical pair lifetime and hence loss of

spin coherence in the successive electron transfer step,

contrasting reports have been presented related to the

effect of A0 axial ligand mutagenesis on the PsaB subunit

of the reaction centre [51,52,60,61]. When the natural

methionine ligand, which provides a weak axial ligand via
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the thio-alcohol side chain, is substituted with an alanine

(which is unlikely to provide any axial donor, unless by a

water bridge), no appreciable change in the spin polarised

radical pair has been reported [52,60]. In contrast, the

symmetric mutation on the PsaA subunit has a more

dramatic effect, therefore questioning the bi-directional

model for PS I electron transfer [52,60]. However, the

substitution of the methionine axial ligand with a histidine

(which may act as a stronger donor) on both the reaction

centre subunits has been demonstrated to affect the

forward and the recombination kinetic [51,61]. The

decay of the spin-polarised electron spin echo signal

associated with the [P700
+ A1

�] radical pair reflects forward

electron transfer from the A1A phylloquinone at room

temperature [50,58,62]. Substitution of the natural

methionine ligand with an histidine on the PsaA subunit

(mutant PsaA-M684H) essentially suppressed the signal

[51]. The effect of the symmetrical mutation on the

PsaB subunit cannot be monitored by time-resolved EPR

due to limited time resolution. However, the decay of

the [P700
+ A1

�] radical pair at 100 K has been shown to

be markedly biphasic when the iron–sulfur acceptor FX
is reduced and described by two lifetime components of

about ¨2–5 As and ¨15–20 As [50,51,61]. In these

conditions, forward electron transfer is blocked, and

charge recombination may occur [19,53,63–65], although

the decay rate reflects a mixture of charge recombination

lifetime and loss of spin correlation. It has been shown

that in the PsaA-M664H mutant, the 15–20 As phase of

the [P700
+ A1

�] radical pair decay at 100 K is selectively

suppressed [51]. The 2–5 As phase is selectively

suppressed in PsaB-M664H [51]. The most straightfor-

ward explanation for these results is that the two phases

of [P700
+ A1

�] decay are correlated with the charge

recombination reaction of P700
+ with the one or the

other of the two phylloquinones bound to each reaction

centre subunit [50,51]. Furthermore, the analysis of the

‘‘out-of-phase’’-ESEEM in the site-directed A0 mutants

demonstrated the presence of two different [P700
+ A1

�]

radical pairs, populated either on the PsaA or the PsaB
branch of the reaction centre [61]. The distances

between the partners in the radical pairs (A1A
� and

P700
+ , and A1B

� and P700
+ ) estimated from the evaluation

of the spin–spin interaction energies [61] are in agree-

ment with the crystallographic structure [3], when the

asymmetry of spin distribution of P700
+ is taken into

consideration [66–71].

Light could be shed on the controversy regarding the

directionality of ET in Photosystem I, if the redox

potentials of the cofactors were known. Unfortunately,

the acceptor side of PS I operates at rather negative

redox potentials; therefore, a direct titration of the redox

centres has not been possible, except for the electron

donor P700 and the terminal iron–sulfur clusters FX, FA,

and FB [24,25,28,40,72–79]. However, indirect estimation

of the midpoint potential for almost all the redox centres

has been obtained by a variety of spectroscopic inves-

tigations. This approach has not yielded a consensus

regarding the potential of A1 as the estimates produce

values in the �(820–530) mV range [80,81,82]. In the

following study, we present an attempt to model the

electron transfer reactions in PS I based on the electron

tunnelling theory for biological samples [83–85], using a

bi-directional kinetic model, which includes thermody-

namic equilibrium between all the electron transfer steps,

in order to try to abstract information about the redox

potential of electron transfer cofactors which are not

directly titratable. For clarity, the reactions happening on

different time scales are discussed in separate sections.

Experimental observations obtained by means of time

resolved absorption, photovoltage, and electron para-

magnetic resonance measurements are considered, and it

will be shown that they can be reasonably reconciled

within the model presented in this paper. Particular

attention is paid to the rate of reoxidation of the A1

phylloquinones, since most of the information which

indicates that cofactors bound to both the reaction centre

subunits are active in PS I electron transfer were obtained

through monitoring the direct or indirect effects on this

reaction.
2. Electron transfer tunnelling theory applied to Photosystem I

2.1. Overview on electron transfer tunnelling in biological samples

The electron transfer rate constant (ket) can be calculated according to the Marcus formalism for electron tunnelling

[84,86–88]:

ket ¼
2IpI jV j2ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4IpIk tIkBIT
p Ie

� k tþDG0ð Þ2
4Ik t IkB IT ð1Þ

where V is the electronic coupling matrix element, which is dependent on the distance between the reactants; DG0 is the

Gibbs free energy; kB is the Boltzmann constant; T is the temperature of the lattice; and kt is the total reorganisation energy

of the reaction and can be described as the sum of the reorganisation energy of the medium (kout) and the reactant (kin). The
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reorganisation energy represents the amount of energy which is needed to perturb the nuclear configuration of the donor

molecules, so that it reaches the intermediate activated state and can proceed to the final equilibrium configuration after the

electron transfer reaction has taken place. It is generally related to the small rearrangement of bond lengths and dipole

distribution, either of the electron transfer molecules or of the surrounding medium. The reorganisation energy (k) and the

driving force for the reaction (DG0) determine the activation energy (DG*), which can be written in terms of the Marcus

theory as [84,86–88]:

DG4 ¼ kþ DG0ð Þ2

4Ik
ð2Þ

It is clear from the form of Eqs. (1) and (2) that the maximum rate of electron transfer is achieved when DG0=�k and that,

in that case, the reaction will be activationless.

Eq. (1) can be extended to take into account coupling of the electron transfer reaction with a main single molecular

vibrational mode. The quantum-mechanical expression which describes the electron transfer is given by [89]:

ket ¼
2Ip IjV j2
�hIx I exp �SI 2zþ 1ð Þð Þ zþ 1

z

� �p=2

IIpð2ISI
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
zI zþ 1ð ÞÞ

p
ð3Þ

where S, p, and z are defined as:

S ¼ kt
�hIx ; p ¼ � DG

�hIx ; z ¼ ðe
�hx
kBT � 1Þ�1; and

Ip nð Þ ¼
XV
k¼0

n=2ð Þpþ2k

k!. pþ k þ 1ð Þ ð4Þ

Ip (n) is the Bessel Function of order p, as extended to non-integer values for p. All the other symbols have the same meaning

as in Eq. (1), and x is the angular frequency of the main lattice (protein) vibration.

It has been demonstrated that the electron transfer in a large range of electron transfer proteins can described by a simplified

form of Eq. (4) [85,89–91]:

log10 ket ¼ 13� 1:2� 0:8Iqð ÞI XAB � 3:6ð Þ � 0:22
DG0 þ ktð Þ2

kI�hIxICoth
�hIx

2IkBIT

� � ð5Þ

where q is a parameter defined as the protein packing density and is correlated to the energetic barrier the electrons have to

travel in the tunnelling process; and XAB is the edge-to-edge distance between the cofactors bound to the protein. At room

temperature, Eq. (3) can be further simplified yielding the following relationship [85,90,91]:

log10k
RT
et ¼ 13� 1:2� 0:8Iqð ÞI XAB � 3:6ð Þ � 3:1

DG0 þ ktð Þ2

kt
ð6Þ

Since most of the measurements which we have attempted to describe in this manuscript have been performed at room

temperature (300 K), Eq. (5) has been generally used to derive the forward electron transfer rate (unless otherwise specified),

and the equilibrium constant has then been estimated from the Boltzmann distribution.

2.2. Bi-directional kinetic model of PS I electron transfer reactions

A kinetic model which takes into account electron transfer on both the PsaA and the PsaB subunits of the PS I reaction

centre, and which takes into account the population equilibrium in between each of the electron transfer steps, has been
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developed. The dynamics of the population of each electron transfer chain intermediate can be evaluated by the numerical

solution of a system of (coupled) differential Eq. (7):

d
dt

Ant4P700½ 	 tð Þ ¼ �k0 Ant4P700½ 	 tð Þ þ k�0 P7004 P700
� �

tð Þ
d
dt

P7004 P700
� �

tð Þ ¼ � k1 þ k10 þ k�0ð Þ P7004 P700
� �

tð Þ þ k0 P7004 P700
� �

tð Þ þ k�1 Pþ700A
�
0A

� �
tð Þ þ k�10 Pþ700A

�
0B

� �
tð Þ

d
dt

Pþ700A
�
0A

� �
tð Þ ¼ � k2 þ k�1ð Þ Pþ700A�0A

� �
tð Þ þ k1 P7004 P700

� �
tð Þ þ k�2 Pþ700A

�
1A

� �
tð Þ

d
dt

Pþ700A
�
0B

� �
tð Þ ¼ � k20 þ k�10ð Þ Pþ700A�0B

� �
tð Þ þ k10 P7004 P700

� �
tð Þ þ k�20 Pþ700A

�
1B

� �
tð Þ

d
dt

Pþ700A
�
1A

� �
tð Þ ¼ � k3 þ k�2ð Þ Pþ700A�1A

� �
tð Þ þ k2 Pþ700A

�
0A

� �
tð Þ þ k�3 Pþ700F

�
X

� �
tð Þ

d
dt

Pþ700A
�
1B

� �
tð Þ ¼ � k30 þ k�20ð Þ Pþ700A�1B

� �
tð Þ þ k20 Pþ700A

�
0B

� �
tð Þ þ k�30 Pþ700F

�
X

� �
tð Þ

d
dt

Pþ700F
�
X

� �
tð Þ ¼ � k4 þ k�3 þ k�30ð Þ Pþ700F�X

� �
tð Þ þ k3 Pþ700A

�
1A

� �
tð Þ þ k30 Pþ700A

�
1B

� �
tð Þ þ k�4 Pþ700F

�
B

� �
tð Þ

d
dt

Pþ700F
�
A

� �
tð Þ ¼ � k5 þ k�4ð Þ Pþ700F�A

� �
tð Þ þ k4 Pþ700F

�
X

� �
þ k�5 Pþ700F

�
B

� �
tð Þ

d
dt

Pþ700F
�
B

� �
tð Þ ¼ � k6 þ k�5ð Þ Pþ700F�B

� �
tð Þ þ k5 Pþ700F

�
A

� �
tð Þ

8>>>>>>>>>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>>>>>>>>>:

ð7Þ

The eigenvalues of the system of differential equations represent the measured lifetime components, and the eigenvectors have

been estimated assuming that the initial excited state population entirely resides in the antenna of Photosystem I. Two parameters

were considered in the estimate of the average lifetime of the distribution, the first moment of the decay, which is described by

the equation:

s̄ ¼
Z V

0

t I f tð Þdt ð8Þ

and the weighted average lifetime

sav ¼
Xn
i¼1

Aisi ð9Þ

where Ai and si are the eigenvector and eigenvalues solutions of the system of differential equation and reflect the pre-

exponential and characteristic lifetimes determined experimentally.

2.3. Estimation of electron transfer tunnelling parameters in PS I

2.3.1. Distances

The edge-to-edge distances have been taken from the deposited crystal structure of cyanobacterial Photosystem I refined at

2.5 Å resolution [3].

2.3.2. Protein density packing (q)
Ivashin and Larsson [92] have performed an analysis of the protein surrounding the quinone and iron–sulfur FX region and

reported no significant difference in the protein environment, although they did not explicitly report the calculated value for

protein packaging or the dielectric constant of the medium in their study. In their analysis of electron tunnelling in redox active

proteins, Page and coworkers [91] have explored the value of the protein density packing parameters in a variety of systems.

They found that the value of q is widely distributed but has a mean value of about 0.75 in the electron transfer proteins

investigated in their study. Therefore, we have used this value in the computation of the rate constants of electron transfer

reactions in PS I.

2.3.3. Gibbs free energy

Due to the extremely low redox potentials of the electron transfer cofactors in Photosystem I, no direct redox titration has

been presented in the literature, except for the electron donor P700
+ and the iron–sulfur clusters, FX/A/B. Nonetheless, several

estimates of the potentials have been indirectly obtained by a wide range of spectroscopic techniques, but are often

controversial. The values reported in the literature are critically reviewed and discussed.
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3. Electron transfer reaction in PS I

3.1. Electron transfer events in the femto- to picosecond

time scale: charge separation and primary radical pairs

The reaction centre of PS I contains a large number of

chlorophyll pigments, which function as a proximal antenna

in addition to the primary donor P700 and the first

spectroscopically resolved chlorin acceptor, A0. Some of

the antenna chlorophyll forms absorb at wavelengths longer

than the reaction centre itself and are often referred as the

‘‘red forms’’ [97–106]. This is particularly the case in

cyanobacteria, in which forms which are as red shifted as 50

nm compared with the RC proper have been reported

[97,98,102,105,107–109]. On the other hand, in higher

plant systems, most of the red absorbing forms are

associated with the outer antenna complexes [104,110,

111]. The interpretation of optical transients directly

attributable to the primary charge separation reaction is

often complicated as the very short lifetime of the primary

radical pairs overlap with the evolution of the excited state

populations in the antenna, because of uphill energy transfer

from the Fred-absorbing_ chlorophyll forms. In order to

accommodate the results from sub-picosecond transient

absorption and the kinetics of fluorescence decay, a model

in which the primary photochemical events are considered

to be transfer-to-trap limited has been proposed [18,102,

107,112]. The primary charge separation is then estimated to

take place with rates of about kfc¨(1–10 ps)�1. The

secondary radical pair is then formed in tens of picoseconds

[18,102,107,112–114].

A detailed attempt to describe the sub-picosecond

evolution has not been pursued in the present study, as

these transients are mainly related to excited state equilibra-

tion within the antenna, the antenna and the reaction centre

proper, and equilibration within the reaction centre proper,

although the transfer of the excited state from the antenna to

the trap is formally considered for consistency with previous

models reported in the literature. This is the subject of recent

studies in which techniques, such as fluorescence up-

conversion, synchronous streak-camera time resolved fluo-

rescence, as well as multicolour pump-probe spectroscopy

[11,14,16–18,102,107,113–136], have been employed and

which have been recently reviewed [102,124].

Recently, Muller and coworkers [130] have reinvesti-

gated the problem of charge separation in a Photosystem I

preparation from the green alga C. reinhardtii. This

organism has an antenna with is particularly poor in red

chlorophyll forms and, therefore, is particularly suitable for

optical investigations of the kinetics of primary charge

separation due to the reduced interference of antenna excited

state equilibration with the primary photochemical reac-

tions. The authors reported the presence of at least four

lifetime distributions, obtained by direct transformation of

the time domain optical transient, centred at about ¨800 fs,

¨6 ps, ¨20 ps, and ¨40 ps, which might be taken into
consideration in order to model the primary electron transfer

reaction in PS I [130]. It should be kept in mind that none of

the observed transients can be exhaustively interpreted as a

rate constant, but rather reflect the result of the coupled

electron transfer reaction rates, whether equilibration

between the radical pair states is taken into account or

not. On the other hand, some information can be directly

abstracted from the inspection of the spectral dependence of

the lifetime distributions. For example, the lifetime compo-

nent in the 6–8 ps range could be attributed to the rise time

of the primary radical pair state [130], based on the presence

of an absorption band in the 740–760 nm region, which is a

fingerprint of this species [9,137]. In order to correctly

describe the optical transients in terms of species associated

spectra (SAS), Muller et al. proposed that three radical pair

states must be taken into consideration [130], and it was

suggested that one of these radical pair states might involve

the so-called accessory chlorophylls, labelled as ChlA2 and

ChlB2 in the X-ray structure [3].

An examination of the SAS presented by these authors

shows that the SAS associated with the second (FRP2_) and
third (FRP3_) sequential radical pairs are extremely similar

and mainly reflect the singlet state bleaching of the primary

donor P700 [130]. If the accessory chlorophylls were

involved in the radical pair formation, they should be

expected to contribute to the SAS as an additional

chlorophyll bleaching. The only SAS in which a bleaching

of more then one chlorophyll ground state is observed is the

one associated with the first FRP1_. A possible explanation

of the observation is to consider that the charge separation

can actually take place from one of the accessory

chlorophylls [130]. Given the similarity of the SAS

presented in [130], this proposition would hold only given

that the absorption spectra of the chlorophyll from which the

charge separation is initiated and the one which carries the

excited state character in the secondary radical pair (FRP2_)
are essentially identical. At the present level of under-

standing of the system, this hypothesis cannot be ruled out;

on the other hand, a more straightforward interpretation,

which has been discussed but not analysed in Ref. [130], is

that the additional radical pair observed for the first time in

their study might reflect the formation of identical states on

each of the electron transfer branches of the PS I reaction

centre. In fact, Ramesh et al. [140] have reported the

accumulation of an optical transient signal attributed to A0

in the hundred of picosecond timescale, as a result of ligand

substitution to the primary chlorophyll acceptor, either on

the PsaA or the PsaB reaction centre subunit. We have

therefore, in the absence of unambiguous proof of the

involvement of the accessory chlorophylls as electron

transfer intermediates, attempted to model the observed

decay lifetime reported by Muller et al. [130], which is, to

our knowledge, the most refined model-based analysis

present in the literature in terms of the bi-directional

electron transfer hypothesis. These authors have also

considered a reversible charge separation [130], in order



Fig. 2. Population evolution of the bulk antenna (black, dotted line), the

excited state of the primary (black, solid line) donor, and the primary radical

pairs [P700
+ A0A

� ] (red, solid line) and [P700
+ A0B

� ] (red, dash-dotted line). The

initial rises of the secondary radicals pairs [P700
+ A1A

� ] (blue, solid line) and

[P700
+ A1B

� ] (blue, dash-dotted line) are also shown. The kinetic constants

and the characteristic lifetimes are the same as those indicated in the legend

of Fig. 1 for model C.
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to describe the fluorescence decay [118,119,123,131–136],

and this has also been included in the kinetic model used

here for electron transfer simulations.

Fig. 1 shows the simple and more elaborate mono-

directional kinetic models for charge separation and primary

radical pair formation in PS I, as revised by Muller and

coworkers, and the bi-directional one considered in the

present study. The kinetic rate constants, in units of ns�1,

together with the resulting lifetimes (the eigenvalues of the

system of differential equations) are also presented in the

diagram. The evolution of the antenna excited state, the

primary radical and the rise of the secondary radical pairs

formed on both the PsaA and the PsaB branches of

Photosystem I reaction centre are presented in Fig. 2.

The model simulations presented in Fig. 2 were obtained

setting the same value for primary charge separation on both

the electron transfer branches. This is based on the

observation that the edge-to-edge distances between the

Chl a, identified as the primary acceptor A0 on the PsaA and

the PsaB reaction centre subunits, and the Chl a and Chl aV
that constitute the so-called P700 dimer are almost identical.

The value for the rate constant which appears to describe the

experimental result 100 ns�1 is, at a first glance, similar to

the about (10–20 ps)�1 suggested by several laboratories

[17,113,114,124,126,128,137–139], but significantly

smaller than the value, about 400 ns�1, proposed by the

Holzwarth group [130]. However, taking into consideration

that a bi-directional electron transfer model is considered

here, an overall charge separation rate of about 200 ns�1 is

actually obtained, which appears to be an intermediate value

between the ¨100 ns�1 and the ¨400 ns�1 values. Detailed

model calculations of exciton equilibration in the Photo-

system I antenna have been pursued in several studies, and it

has been shown that the rate of exciton trapping is strongly
Fig. 1. Kinetic model of primary reactions in Photosystem I. (A) Transfer-to-trap lim

radical pair states (RP1 and RP2). For the sake of consistency, these FRP1_ and FR
transfer model proposed by Muller and coworkers, including energy transfer from d

pair states which include the reversible primary charge separation. (C) The bi-direc

manuscript. Primary radical formation is considered reversible. Also reported in the

(eigenvalues) of the system, for all the three kinetic models. The values for mod
dependent on the stoichiometry and the energy difference

between the bulk antenna, which are almost isoenergetic

with P700* , and the Fred absorption–emission_ forms of

Photosystem I (e.g., [102,107,110,118,130]). Therefore, we

consider the value for the rate of primary charge separation

presented in this study as a reasonable approximation only,

given that a detailed attempt to model the excited state
ited model, as modified by Muller et al. [130], considering two consecutive

P2_ have been assigned to [P700
+ A0

�] and [P700
+ A1

�]. (B) The refined electron

ifferent antenna population and three (not unambiguously identified) radical

tional electron transfer model employed in the calculations presented in the

figures are the kinetic rates in units if ns�1 and the resulting decay lifetimes

el A and B are taken from [130].
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equilibration phenomena between P700* and the antenna has

not been pursued in the present study.

The numerical simulation results in close weighted

average rise times of 8.9 ps and 6.5 ps for the [P700
+ A0A

� ]

and the [P700
+ A0B

� ] radical pairs, respectively, which fall in

the rather broad 6–9 ps lifetime distribution observed in the

ultrafast optical absorption measurements [130]. Slightly

different values for the rise time of the [P700
+ A0

� ] and the

[P700
+ A1

�] radical pairs on the PsaA and PsaB branches are

calculated, as a result of different weighting factors

(eigenvectors) in the presence of the same lifetimes

(eigenvalues). The rise of [P700
+ A0B

� ] is monotonous and is

associated with the 6.5 ps lifetime, while the rise of the

[P700
+ A0A

� ] radical pair is biphasic with lifetimes of 6.5 ps

and 19 ps, the former accounting for 0.8 of the normalised

amplitude. The observation of a non-monotonous rise phase

is an expected result, as all the stages in the electron transfer

chain would contribute a component. The decay of the

[P700
+ A0A

� ] and the [P700
+ A0B

� ] radical pairs is described by

three main lifetimes of 795 fs, 19 ps, and 35 ps. The 35 ps

lifetime component dominates the decay of the [P700
+ A0A

� ]

radical pair, being associated with a normalised amplitude of

0.9. The resulting weighted averaged decay lifetime for this

radical pair is 32.6 ps. The [P700
+ A0B

� ] decay is described

mainly by the 19 ps and the 35 ps lifetimes, which have

normalised amplitudes of 0.7 and 0.2 respectively, yielding

a weighted average lifetime of 21 ps. The results of our

simulations seem in general agreement with most of the data

reported in the literature obtained by ultrafast absorption

measurements, which indicate a decay in the 20–40 ps

interval (reviewed in [102,124]), a value that also reflects

the main fluorescence decay component in PS I preparations

from this organism of 36 ps [125]. It is apparent that the two

primary radical pairs evolve with similar temporal and

spectral dynamics, and this could be the reason why a

distinct contribution from [P700
+ A0A

� ] and [P700
+ A0B

� ] was

not observed directly [130]. Moreover, all these values for

the electron transfer constants are estimated so that the

decay lifetimes fall within a lifetime distribution, rather than

to a single defined value, hence closely lying components

might be masked by the overlap of lifetime distributions. It

should also be noted that the transient spectra reported by

Ramesh et al. [140] for the chlorophylls attributed to A0A

and A0B do not show major differences, at most a slight shift

in the peak position, suggesting that the species associated

spectra (SAS) for the [P700
+ A0A

� ] and the [P700
+ A0B] radical

pair would not be distinguishable.

Also presented in Fig. 2 are the initial rise kinetics for the

secondary radical pairs [P700
+ A1A

� ] and [P700
+ A1B], which

exhibit weighted average lifetimes of 35.5 ps and 25.0 ps,

respectively. The values reflect the two lifetime distributions

of ¨20 and ¨40 ps described by Muller at al. [130] and

which have been associated with the evolution of FRP2_ and
FRP3_ in their kinetic model (see Fig. 1B). These are the

radical pairs which show a very similar SAS strongly

dominated by the bleaching of the primary donor P700. This
observation supports the suggestion presented here that

these species associated spectra could represent the

[P700
+ A1A

� ] and [P700
+ A1B] radical pair, as no significant

contribution of the phylloquinone A1 is expected in the

difference spectrum in the 600–800 nm wavelength region,

and the P700
+ would be the same for both radical pairs. The

[P700
+ A1

� ] radical pair can be distinguished from the

[P700
+ A0

� ] radical pair because of the relative larger spread

in the centre of the lifetime distribution. The rise time for the

[P700
+ A1A

� ] and [P700
+ A1B] species are also in full agreement

with ultrafast studies of quinone reduction, which have

estimated a rise time of about 38 ps [23]. In photovoltage

studies, which also provide estimates of the rise time of the

radical pair couple providing that the event is electrogenic,

two phases of about 20 to 50 ps have been detected and

assigned to the sequential reduction of A0(A) and A1(A)

[15,141]. In view of the model and calculations presented in

this study and the direct evidence for the primary radical

pair rising in about 6–9 ps, the photovoltage results can be

interpreted in view of heterogeneous phases of A1 reduction

with rise lifetimes of ¨20 and ¨35 ps.

3.1.1. Further considerations on the relationship between

the rate of primary charge separation and electron transfer

tunnelling theory

In the previous section, we have discussed some models

for primary charge separation events and discussed them

merely on the basis of the electron transfer reactions. In this

section, their relationship to the electron transfer tunnelling

theory and the thermodynamic properties of the system will

be discussed.

Values in the range of (1 to 10 ps)�1 were reported for

the rate of primary photochemistry (kfc) in PS I [17–19,

47,120,124–126,128–130,137–139], and suggestions for

even faster rates in the order of several hundred of

femtoseconds have been also advanced [47,102,107,112,

142,143]. In the numerical simulations described in the

previous section, which to our knowledge, for the first time,

explicitly considered a bi-directional model for charge

separation and which are widely based on the results of

Ref. [130], a rate for primary charge separation of about (10

ps)�1 on each electron transfer branch is obtained. The

primary donor P700 is generally thought of as a Chl a Chl aV
heterodimer, even though electronic coupling with other

chlorophylls need to be considered in order to described the

complexity of the [P700–P700
+ ] [113,114,116,156] and

[P700–P700
3 ] [144–148,156] difference spectra [149]. The

accessory chlorophylls are located at a centre to centre

distance of about 12 Å from each partner of the so-called

primary donor heterodimer [3]. This, in turn, can be taken as

an indication that the excited state character can be diffused

over more than the Fdimer-proper_ and P700 could be

represented as a weakly coupled four-degenerated Chl

multimer. Due to the relatively short edge-to-edge distance

between P700 and the accessory Chls (¨4.7 Å), it has been

suggested that they might take part in the electron transfer



Fig. 3. Arrangement of the Chls attributed to the P700 Fspecial pair_ (grey
carbon backbones), and the ChlACC and A0 (cyan carbon backbone) on the

PsaA subunit of the reaction centre, in a view perpendicular to the

membrane plane (A) and rotated along the A0–ChlACC (B) in order to

emphasise the possible dimeric organisation of the latter cofactors.
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events, although even with extremely high temporal

resolution, an electron transfer event associated with this

Chl has not been unambiguously demonstrated. However,

an electron transfer event, which would by-pass the

accessory Chl in favour of direct transfer to the A0, requires

some further discussion. As previously mentioned, no

attempt to accurately describe the excited state equilibration

and rate of transfer to the trap has been made in our

simulation, therefore, the (10 ps)�1 charge separation rate

should be viewed as only as an approximation. Moreover, in

our simulation, only population from the bulk antenna

which lay at higher energy compared to the reaction centre

proper [103] has been taken into consideration. Therefore,

the value obtained should be considered on the verge of the

higher limit (lower value) for charge separation. The edge-

to-edge distance between the A0, which is considered as the

primary acceptor, and one half of the dimer-proper is 9.7 Å

on the PsaA subunit and 9.8 Å on the PsaB subunit [3].

Even under optimal electron transfer conditions when

DG =�k [83,85,86,90], the electron transfer rate obtained

over such a distance between electron donor and acceptor is

in the range of 1 ns�1, hence about two orders of magnitude

slower than the one derived by the numerical simulation.

Moreover, a condition of DG =�k is not expected in this

situation since, from the equilibrium rate constant of

reversible charge separation, which is that described by

Holzwath and coworkers [130], a free energy difference of

�65 meV is estimated. This is a smaller value than the

�180 to �250 meV estimated from the kinetics of delayed

luminescence [94–96,150], and we will discuss this aspect

further later. Therefore, it can be concluded that either the

Moser–Dutton [85,90] approximation cannot be considered

as valid in the case of PS I electron transfer events or that

the assumption of electron transfer directly from P700 to A0

does not provide a correct description of primary electron

events. Two possible scenarios can reconcile the values for

electron transfer rates reported in the literature and that

obtained by the numerical simulations presented in this

manuscript, in the frame of electron tunnelling theory:

1) P700 is effectively a Chl a multimer, which includes the

accessory chlorophylls, and A0 is a monomeric Chl. In

that case the edge-to-edge distance between P700* and A0

can be approximated by the one between the accessory

Chls and A0 (¨3.7 Å). In this assumption, the maximal

rate calculated for electron transfer is 7.5 ps�1, which is

within the range of the faster estimates for the rate of

primary photochemistry reported in the literature [47,

102,107,112,142,143].

2) A0 as well as P700 are Chl dimers. In Fig. 3 are presented

the cofactor arrangement based on the S. elongatus

structure [3] for one electron transfer branch, in a view

perpendicular to the normal plane and rotated around the

symmetry axis, to show the possible arrangement of A0.

For this configuration, within the point dipole approx-

imation [151, 152] and assuming site energy equivalent
to the wavelength of 700 nm for the primary donor and

690 nm for the accessory Chl and the Chl assigned as A0,

we calculate an excitonic interaction energy of 320 cm�1

for the radical pair dimer, ¨255 cm�1 for A0/Acc, and

¨80 cm�1 for Acc/P700. However, the assumption of

point dipole might be not entirely representative for

molecules which have edge-to-edge distances close to the

van der Waals radius [153]. Refined calculation which

considers both the extended dipole approximation and

different site energies for each of the chlorophylls

molecule surrounding the reaction centre (i.e., P700, Aacc,

and A0, as derived from the description of the

[3P700�P700] and [P700
+ �P700] difference spectra) results

in estimates of the excitonic coupling within the reaction

centre ‘‘proper’’ of 157 cm�1 and of ¨136 cm�1 between

A0 and the accessory Chl [149]. Therefore, it appears that

both approaches yield an excitonic coupling between A0

and the accessory Chl, which is larger than that estimated

for the accessory and the accessory and the primary

donor dimer proper.

It should be noted that while recently A0 has been widely

accepted to be monomeric in nature [10,16,70,121,154,

155], early reports by Shuvalov and coworkers [9,13] had

suggested a possible dimeric organisation of this electron

transfer intermediate. If that were the case, the edge-to-edge

distance between P700* and A0 can be considered as ¨4.7 Å.

Also, in this case, the maximum possible rate constant,

obtained from the Moser–Dutton approximation, is of 2.5

ps�1, which is in the range of commonly accepted values for

charge separation, although it is calculated for ideal

energetic conditions. If the free energy of �65 meV is

taken into account, a rate of 100 ns�1 is obtained when k
assumes a value of 0.5 eV, which again is a realistic value.

It can be seen that both these hypotheses can provide a

reasonable description of the primary electron transfer rates

modelled and the values reported in the literature. We tend

to prefer the second hypothesis due to larger excitonic

coupling estimates between the accessory Chl and (so-

called) Chl A0 rather than P700 and the accessory, although
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the value calculated can be considered only as a first

approximation, therefore Hypothesis 1 cannot be com-

pletely excluded and further experimental evidence will be

needed to fully characterise primary charge separation

events in PS I.

3.2. Electron transfer events in the nano- to microsecond

time scale: secondary radical pairs and electron transfer to

the iron–sulfur cluster FX

The rate of reduction of the iron–sulfur cluster FX by the

phylloquinone A1 has often been reported to be biphasic,

with apparent lifetimes ranging in the tens to hundred of

nanoseconds [36–38,47,59]. Recently, it has been possible

to monitor two phases of phylloquinone reoxidation,

associated with decay lifetimes of about 20 ns and 250 ns.

A modified kinetic model based on the one originally

proposed by Joliot and Joliot [36], which condenses the

more recent reports [38] and considers all the electron

transfer reactions as essentially irreversible, is presented in

Fig. 4. It should be remembered that the assumption that

electron transfer reactions are essentially irreversible applies

only in the case in which the rate constant for the forward

reaction has a much larger value than the one for the

backward reaction, a factor which is determined by the

thermodynamic properties of the system. As this can’t be

assumed a priori, we also employ a kinetic model which

explicitly takes into consideration the equilibrium between

both phylloquinone molecules A1A and A1B and FX, which

is presented in Fig. 4C.

In the kinetic model presented in Fig. 4C, the parameters

which need to be refined in order to describe the

experimental observables are the driving forces for the

reduction of the Fe–S centre FX by the PsaA- and PsaB-

bound phylloquinones. These determine the forward and
Fig. 4. Kinetic model of the electron transfer reactions involving phylloquinone A1

The mono-directional ‘‘shallow’’ equilibrium model originally proposed by Bret

reoxidation originally proposed by Joliot and Joliot [36] and as modified by Agalov

takes into account the equilibrium between A1A, A1B, and FX. Also reported in

computed decay lifetimes of the system for all the three kinetic models.
backward rates of the reaction, as well as the rate of

reoxidation of FX by FA, which, as a first approximation,

represents the output rate of the system. For the sake of

clarity, these two aspects are discussed separately, even if it

is apparent that they need to be simultaneously adjusted in

order to obtain a satisfactory description of the population

evolution of the electron transfer intermediates.

3.2.1. Effect of altering the free energy of the A1A and A1B

reoxidation reactions on the evolution of the [P700
+ A1A

� ] and

the [P700
+ A1B

� ] radical pair populations

While the maximum rate of electron transfer is influ-

enced by both the reorganisation energy and the Gibbs free

energy [83,84,86], only the latter is linked to the equilibrium

constant. Moreover the experimental estimation of k is

often, if not always, more uncertain than the one of DG0

which can be addressed when feasible by the estimation of

redox midpoint potential of the electron transfer cofactor by

direct titration. Therefore, as a first approximation, we limit

our discussion here to the effect of the redox potential of the

PsaA and PsaB bound phylloquinones. However, the

consequences of altering the value of the reorganisation

energy will be considered at a later stage.

The redox potentials for the two phylloquinones located

in each putative electron transfer branch were recently

calculated, estimating the electrostatic energies from the

solution of the Poisson–Boltzmann equation based on the

crystal structure [82]. The estimated redox potential for the

PsaA-bound phylloquinone is �531 mV, and the one for the

PsaB-bound phylloquinone is �686 mV [82]. These values

are in sharp contrast to previous indirect estimates based on

the experimental approach of quinone substitution and

application of Marcus theory for electron transfer, which

had predicted a more negative potential at least for the A1A

quinone of about �820 mV [80]. Interestingly, a direct
reoxidation and the iron–suphur cluster FX reduction in Photosystem I. (A)

tel and Setif [19,59,60]. (B) Bi-directional electron transfer model for A1

and Brettel [38]. (C) Bi-directional electron transfer model which explicitly

the figure are the kinetic rates in units of ns�1 and the approximated and
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estimation of the redox potential for one of the quinones of

�540 mV has been reported by Munge et al. [93], by cyclic

voltametry of PS I particles embedded in liposome films,

which is not dissimilar from the potential for the PsaA

phylloquinone estimated by the Poisson–Boltzmann equa-

tion. On the other hand the same authors reported an

extremely positive redox potential for the terminal iron–

sulfur centres FA/B of �190 mV [93], which is about 350

mV more positive than the value determined by EPR

titration [24,25,42,43,74,158]. Since the estimation of

midpoint potential can be somewhat distorted by interface

phenomena at the electrode, it is not unreasonable to

consider that only the estimated energy gap between A1

and FA/B is reliable in these measurements, as is also

acknowledged and discussed by the authors [93]. When the

midpoint potential of A1 is downshifted by the difference

between the midpoint potential estimates by film voltam-

metry and either optical or EPR titration of the FA/B centres,

a value in the �790 to �890 mV interval is obtained, which

is in the range derived from quinone substitution [80], but

disagrees with calculation based on the protein–cofactor

electrostatic interactions [82]. Therefore, it is apparent that

there are still broad uncertainties about the correct redox

potential of A1.

The value of the redox midpoint potential of the iron–

sulfur cluster FX was estimated in the �(660–730) mV

range [75–78]. The reduction of FX can be predicted to be

significantly exergonic, if the �820 mV value estimated

by Itoh and coworkers [80,81] for the phylloquinone redox

couple is considered. However, if the values of midpoint

potentials computed by the solution of the Boltzmann–

Poisson equation were correct, then this electron transfer

reaction would be endergonic and take place against a

rather large difference in electrical potential energy of

about 150 meV [82]. Brettel and coworkers [53] have

shown that about a half of the PS I centres are incapable of

forward electron transfer from A1(A) to FX at temperatures

below the protein matrix/glass transition. The activation

energy for this electron transfer reaction has been
Table 1

Rates of forward and backward electron transfer from A1A and A1B to FX

(kf)
�1ns�1 (kb)

�1ns�1 DG1 eV (KT

Reorganisation energy k=0.3 eV

A1AYFX 315.6 0.22 0.174 (7.26)

A1BYFX 2.18 0.99 0.019 (0.79)

Reorganisation energy k=0.5 eV

A1AYFX 985.9 0.68 0.174 (7.26)

A1BYFX 9.1 4.11 0.019 (0.79)

Reorganisation energy k=0.75 eV

A1AYFX 5083.5 3.55 0.174 (7.26)

A1BYFX 54.1 24.5 0.019 (0.79)

The rates of forward and backwards electron transfer between A1A and A1B and FX
the Poisson–Boltzmann equation for the quinone potential (A1A=�531 mV, A1B=

(�705 mV, defines DG1 and �660 mV defines DG2) are shown. The forward a

Boltzmann distribution.
estimated at about 110–220 meV [19,38,47,53]. This is

in fairly good agreement with the prediction of a thermally

activated electron transfer between A1 and FX. A refined

analysis of the temperature dependence of A1 reoxidation

with a temporal resolution high enough to resolve the fast

component has shown that the ¨20 ns phase is almost

temperature independent, with an estimated activation

energy of only about 15 meV [38], which would favour

a model in which the electron transfer between A1B and FX
is downhill or only slightly uphill. Both these situations

would agree well with the calculated potential for the A1B/

A1B
� redox couple and the spread of potential reported for

FX in the literature [75–78].

Therefore, we have used the Em values for the

phylloquinone A1A and A1B of �531 mV and �686 mV

derived from the Poisson–Boltzmann calculations as initial

estimates [82]. The calculated forward and backward

constants for the electron transfer reaction, considering

two different values of redox potential for FX (�705 mV

[75] and �660 mV [76]), and several values for the

reorganisation energy k in the range of 0.3 to 0.75 eV have

been computed and are reported in Table 1.

However, when model calculations that include rever-

sible equilibria are performed using the redox potential

suggested in Ref. [82] for the PsaA phylloquinone, the

[P700
+ A1A

� ] radical pair does not decay, even within a 10 As
window, and charge recombination reactions to either the

singlet or the triplet state are ignored (not shown). It is

therefore apparent that the redox potential of A1A must be

poised to a more negative value in order to satisfactorily

simulate the experimental results.

A simulation which reasonably describes the exper-

imental measurements of electron transfer reaction associ-

ated with the [P700
+ A1A

� ], [P700
+ A1B

� ], and [P700
+ FX

� ] radical

pairs is presented in Fig. 5. The population evolution of

these radical pairs has been computed assuming a difference

in redox potential of �15 mV between A1A and FX, +10 mV

between A1B and FX, and considering the reorganisation

energy as 0.65 eV. The resulting rate constants are also
) (kf)
�1ns�1 (kb)

�1ns�1 DG2 eV (KT)

66.2 0.30 0.129 (5.38)

0.90 2.7 �0.026 (1.08)

235.7 1.1 0.129 (5.38)

3.74 11.0 �0.026 (1.08)

1296.7 5.9 0.129 (5.38)

22.2 65.76 �0.026 (1.08)

computed on the basis of the midpoint potential estimated by the solution of

�686 mV) and considering two different published redox potential for FX
nd backward rates of electron transfer has been weighted according to the



Fig. 5. Population evolution of the secondary radical pairs [P700
+ A1A

� ] (red,

solid line), [P700
+ A1B

� ] (red, dash-dotted line), and [P700
+ FX

�] (blue, dotted

line), calculated for DG0 values of 12 meV, �10 meV, and �155 meV,

respectively, and considering an activation energy k of 0.6 eV for both

phylloquinone reoxidation reactions. The sum of the decay of [P700
+ A1A

� ]

and [P700
+ A1B

� ], which is meant to represent the experimentally detectable

kinetics, is also presented (black, solid line). The rate constants used in the

simulation are reported in the kinetic scheme C of Fig. 5.
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reported in the schematic kinetic model C of Fig. 4. The

population evolution of the secondary radical pair [P700
+ A1

�]

has been calculated as the sum of the population evolution of

[P700
+ A1A

� ] and [P700
+ A1B

� ] and which therefore represents the

actual experimental observable, also presented in Fig. 5. It

should be stressed that due to the uncertainty in the estimates

of both the reorganisation energy and the redox potentials of

the cofactors, which are not fully independent variables, the

value of DG0 presented here should be considered as a

reasonable approximation and not as a precise estimate of the

free energy gap between the redox cofactors. In fact, the

reoxidation of [P700
+ A1A

� ] and [P700
+ A1B

� ] can be simulated

well, assuming different combinations of values for the

driving force and the reorganisation energy, which has been

assumed to have the same values for both A1 phylloquinone

reoxidation reactions in the absence of any evidence to the

contrary. Assuming reasonable values for the reorganisation

energy (between 0.4 and 1 eV), the uncertainty about the

driving force estimate is about 5–25 meV for both electron

transfer reactions. It should be noted that, whatever precise

value of the redox potential for phylloquinone is assumed,

the redox potential difference between the phylloquinone

molecules is in the range of 10 to 50 mV, which, at a first

approximation, indicates that they are almost isoenergetic

to FX (Figs. 4 and 5).

The decay of the secondary radical pair [P700
+ A1

�] is

described by four lifetime components of significant

amplitude, the first of which is 6.5 ps and accounts for a
normalised initial amplitude of about 0.25 and would not

usually be resolved in the experimental measurements. The

other decay lifetimes fall in the nanosecond time range and

have values of 4.7 ns, 172 ns, and 199 ns. Their associated

normalised amplitudes are 0.22, 0.38, and 0.16, respec-

tively. This, in turn, yields a weighted average decay

lifetime of 100 ns for the [P700
� A1

�] radical pair. If the

pisecosecond component which is not experimentally

resolved but emerges in the simulation, due to the kinetic

coupling with the upstream electron transfer reaction, is

excluded from the sav calculation, a value of 130 ns is

obtained. This is not dissimilar from the value of 100–150

ns that is computable considering two equally weighted

lifetimes components of about 5–20 ns and 150–300 ns

obtained by optical transients associated with A1 reoxidation

[19,36,47,59,60]. It is also interesting to notice that Agalov

and Brettel have reported that the reoxidation of A1 in the

nanosecond time range [38] is better fitted by a combination

of three exponential functions showing about the same value

for lifetimes and pre-exponential weight modelled in our

calculations. However, these authors were unable to further

characterise the third kinetic component. Also presented in

Fig. 5 is the decay of the [P700
+ FX

� ] radical pair, which rises

with an average lifetime of 4.7 ns, which essentially

matches the fast decay lifetime of the [P700
+ A1

�] reoxidation.

This is in the range of the instrument limited response of

photovoltage set-ups (e.g., [15,141,159]), therefore agreeing

with resorts that this electrogenic reaction is not kinetically

resolved in these types of measurement. The decay of

[P700
+ FX

�] is described by three main lifetime components of

15, 172 ns and 199 ns, associated with normalised

amplitudes of 0.16, 0.58 and 0.25. This, in turn, yields an

average lifetime of 155 ns. From the model calculations, it

can be noted that [P700
+ FX

�] and [P700
+ A1

�] radical pairs decay

in very close time intervals; however, the effective

population concentration of [P700
+ FX

�] disappears earlier

due to the relatively low initial amplitude for this radical

pair state (Fig. 5).

It is worthwhile to emphasise that, in general, but more

clearly, in the case of the [P700
+ A1A

� ] radical pair, the

estimated average lifetime differs from the estimated rate

constant. In the latter case, while the FX reduction rate by

A1A is estimated by tunnelling at (21.6 ns)�1, the average

decay lifetime for the radical pair has a value of about 115

ns and lifetime components in the nanosecond range (172 ns

and 199 ns) are also obtained. This is the result of the

population equilibrium between the two radical pair states

involving the phylloquinones and the iron–sulfur cluster

FX, but is a more general feature of coupled electron transfer

reactions for which the experimentally observable lifetimes

might not necessarily reflect the intrinsic reaction rate

constant.

Some of the more stringent evidence which has led to the

suggestion of bi-directional electron transfer in PS I was

obtained by site directed mutagenesis of conserved residues

in the quinone binding site. Many of the mutations have
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been directed toward the tryptophans that provide the k–k
stacking to the napthoquinone ring [37]. A relatively

conservative mutation to a phenylalanine had the effect of

lengthening the lifetime of [P700
+ A1

�], so that mutation on the

PsaB subunit shifted the lifetime of the fast phase from ¨19

ns to ¨95 ns, while the mutation on the PsaA subunit

shifted the lifetime of the fast phase from ¨205 ns to ¨580

ns [37]. Less conservative mutations for the tryptophan on

the PsaA reaction centre subunit, to either a histidine or a

leucine, result in an estimated decay of the [P700
+ A1A

� ]

radical pair of about 1.2 As, which is about one order of

magnitude slower than the value measured in the wild-type

[58]. The results obtained by site directed mutagenesis can

be explained by the kinetic model, considering the

equilibrium between both phylloquinones and FX and only

assuming a change in the energetics of the reaction, and

simulations of some of the effects of the mutations

previously discussed are presented in Fig. 6. It should be

noted that the changes in the redox potentials are not the

only factors determining the electron transfer rates, and that

changes in the reorganisation energy, protein packing

density, and especially distances would have a significant

effect as well. Although this should be considered as a first

approximation, we have performed an extended investiga-

tion of the effect of modulating the driving force for the

reduction of FX by either the bound phylloquinone A1A or

A1B on the value of the decay lifetime usually associated

with A1 reoxidation. The mean distribution lifetime (s̄) for
Fig. 6. Model simulations of the decay of the [P700
+ A1

�] radical pair that

describe some of the point mutations in the A1 quinone binding site,

obtained by changing the redox potential of the phylloquinones. Solid

line: wild-type, DG0
A1A/FX=12 meV, DG0

A1B/FX=�10 meV; dotted line:

PsaA-W663F [37], DG0
A1A/FX=55 meV; dashed Line: PsaA-W663H

[58], DG0
A1A/FX=85 meV; dotted line: PsaB-W673F [37], DG0

A1B/FX=50

meV; dashed Line: PsaB-W673H [51], DG0
A1B/FX=75 meV.
both quinones is presented in Fig. 7, when a fixed value for

the k is considered. The driving force for the reaction has

been varied on both electron transfer branches in a range of

T0.1 eV. The interval of difference in redox potential values

between A1A and FX and A1B and FX, which can be

considered as acceptable within the uncertainty in the

estimate of electron tunnelling parameters and the spread

of lifetimes reported in the literature, are also highlighted in

Fig. 7.

Altering the redox potential of only one of the two

phylloquinones affects the dynamics of electron transfer

reactions involving both due to the relatively small

driving force associated with this electron transfer step

on both electron transfer branches of the reaction centre.

When the potential of the A1B/A1B redox couple is

modulated, assuming a fixed value for the Fe–S cluster

FX within the exergonic to isoenergetic range, only a

relatively moderate effect on the kinetics of A1A quinone

reoxidation is observed. However, a more pronounced

‘‘indirect effect’’ on the reoxidation rate of A1A is modelled

when the driving force associated with FX reduction from

A1B is shifted to the endergonic range. The same consid-

eration holds for the manipulation of the redox potential of

A1A on the kinetics of the [P700
+ A1B

� ] radical pair couple

(Fig. 7).

3.2.2. Effect of altering the rate of FX reduction on the

[P700
+ A1A

� ] and the [P700
+ A1B

� ] radical pairs population

evolution

As previously discussed, the other important variable in

the kinetic model presented here is the rate of oxidation of

the iron–sulfur centre FX. The direct measurement of the

rates of reduction and oxidation of the iron–sulfur clusters

FX/FA/FB is often impaired because of the very similar

absorption spectra of the clusters, the relatively low

extinction coefficient of the clusters, and the fact that the

absorption spectrum is overlapped with the bulk absorption

of chlorophylls and carotenoids that act as antenna pig-

ments. Nonetheless, the rate of electron transfer and the

electron transfer have been investigated in a series of

experiments in which either the terminal Fe–S clusters FB
or both the FA and FB clusters are removed by chemical

treatment [31,39,41,160–168]. This series of experiments

have been the subject of extensive reviews by Brettel [19]

and Leibl and Brettel [47].

Based on the A1(A) FX equilibrium model [19,47,59],

rates of (¨80 ns)�1 for the higher plant PS I preparation and

(¨170 ns)�1 in a cyanobacterial PS I preparation have been

suggested for FX reduction by A1(A) [19,47,163]. However,

it was not possible to directly observe a kinetic phase

associated with the electron transfer from A1 to FX in

photovoltage measurements [141]. This has been interpreted

as an indication that FX reoxidation by FA is significantly

faster than the reduction of FX by A1, and the rate constant

for the former reaction has been estimated to be faster than

(50 ns)�1 [141]. A somewhat larger value for the forward



Fig. 7. The effect of systematically altering the redox potential of the A1A (A) and the A1A (B) phylloquinones on the observed mean decay lifetimes of the

[P700
+ A1A

� ] (open circles), the [P700
+ A1A

� ] (open squares), the [P700
+ FX

�] (stars), and the [P700
+ A1

�] (full diamonds) radical pairs. The effect of systematically altering

the value of redox potential of the A1A (C) and A1B (D) phylloquinone on the modelled decay lifetimes s i is shown. Crossed-centred squares: ‘‘¨5 ns’’

lifetimes; crossed-centred circles: ‘‘¨10 ns’’ lifetime; crossed-centred diamonds: ‘‘¨160 ns’’ lifetime; crossed-centred triangles: ‘‘¨200 ns’’ lifetime. The

hyphenated values indicate the approximated experimentally estimated lifetimes. The boxes highlight the range of acceptable redox potentials for the A1A and

A1B phylloquinones.
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electron transfer from FX to FA of about (25 ns)�1 has been

suggested by Joliot and Joliot [36].

Taking the edge-to-edge distances between the centres

assigned to FX and FA in the crystal structure of 11.6 Å, and

assuming that the driving force equals the reorganisation

energy so that the electron transfer is optimised, a rate of

(6.3 ns)�1 can be computed. That is about one order of

magnitude faster than any of the previously suggested rates.

Due to the spread in the published redox potentials for both

the iron–sulfur centres FX and FA, obtained by monitoring

the titration either by optical or electron paramagnetic

resonance spectroscopy, a rather wide range of values for

the driving force of the process lying between 120 and 265

meV need to considered in the calculations [31,39,41,160–

168]. It should be noted that redox potential estimates

obtained by the same techniques, i.e., EPR at low temper-

ature [74,75,169] or optical titration at room temperature

[76,79], are consistent in yielding a potential gap of about

120–150 mV between FX and FA. Moreover, a difference in

the redox potential larger that 165 mV is inconsistent with

the temperature dependence of charge recombination of

[P700
+ FX

�] under conditions when FA/FB is pre-reduced or

removed, and which is thought to proceed via the thermal
reactivation of A1(A) [47,157]. The value of the forward

electron transfer rates between FX and FA calculated for

three representative values of DG and values of the

reorganisation energy which fall in the range of the value

reported in the literature for electron transfer proteins are

reported in Table 2. It can be seen that, excluding the case of

rather large but not spectacular values for the reorganisation

energy, the estimated forward rates are in the range of values

previously reported based on the kinetic experiment

analysis. Remarkably, due to the large value of DG, this

electron transfer step can be considered virtually irrever-

sible. In the simulation presented here, an intermediate value

for the rate constant of (47.8 ns)�1 has been obtained

considering a Gibbs free energy of �155 meV, which is in

the middle range of values reported in the literature, and k
has been set to an intermediate value of 0.55 eV.

The effect of altering the rate of FX oxidation by

modulating the value of k, so that the equilibrium constant

for the reaction is not altered, is illustrated in Fig. 8, where

the dynamics of the [P700
+ A1A] and [P700

+ A1B] populations

are presented as calculated for FX reoxidation rates in the

(10 ns)�1 to (100 ns)�1 range. The mean decay lifetimes of

both the [P700
+ A1

�] and the [P700
+ FX

�] radical pairs are strongly



Table 2

Rates of forward and backward electron transfer from FX to FA

FXYFA (kf ns)
�1 (kb As)

�1 DG eV (KT)

Reorganisation energy k=0.4 eV

25.5 2.66 �0.120 (4.65)

16.9 10.1 �0.165 (6.39)

8.72 250 �0.265 (10.3)

Reorganisation energy k=0.65 eV

138 14.4 �0.120 (4.65)

83.4 49.7 �0.165 (6.39)

32.1 920 �0.265 (10.3)

Reorganisation energy k=0.8 eV

390 40.7 �0.120 (4.65)

230 137 �0.165 (6.39)

80.9 2321 �0.265 (10.3)

The rates of forward and backwards electron transfer between the iron–

sulfur clusters FX and A1B computed for a few values of redox midpoint

potential that span the range reported in the literature and for different

values of the reorganisation energy k are shown. The backward rate of

electron transfer are weighted according to the Boltzmann distribution.
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dependent on the rate of FX reoxidation. This is agreement

with experimental observations relating to the effect of point

mutations in the protein surrounding FX. In C. reinhardtii

membrane preparations of a site directed mutation of an

aspartate residue close to the cysteine ligand of the iron–

suphur cluster to a leucine (PsaA-D576L), the decay of the

spin-polarised electron spin echo arising from [P700
+ A1

�]

was found to be almost two-fold slower than that observed

in the wild-type [170].

However, independently of the exact rate value assumed,

both radical pairs [P700
+ A1

�] and [P700
+ FX

�] would display a

similar first moment of the population distribution and

therefore decay on closely related timescales. The strong

dependence of the decay of A1 on the rate of FX reoxidation

indicates that this is a crucial factor in the overall electron

transfer calculation, as it is the FX to FA electron transfer

step, which provides the driving force for the overall
Fig. 8. The effect of altering the reoxidaton rate of FX on the population evolu

[P700
+ A1B

� ] (dash-dotted lines), and [P700
+ FX

�] (dotted lines). The electron transfer si

rate: kFXYFA(10 ns)�1 (A); kFXYFA (47 ns)�1 (B); kFX YFA (90 ns)�1 (C). The dif

the value of k, so that the equilibrium constants between A1A, A1B, and FX and
electron transfer because of the almost isoergentic potential

of A1(A/B) and FX.

3.2.3. Discussion of alternative kinetic models

3.2.3.1. Monodirectional electron transfer along the PsaA

reaction centre subunit: distribution of the cofactor redox

potential. In the previous paragraphs, a model has been

presented that, within the limits of accuracy of the estimates

of electron tunnelling parameters, can provide a sufficiently

detailed description of the reoxidation kinetics of the

phylloquinone A1 assuming a bi-directional electron transfer

chain. It should be noted that although most of the

experimental observations are satisfactorily described, there

are a few experimental results which can argue against some

of the original assumptions employed in the kinetic

modelling. Primarily, the functionality of the PsaB bound

branch has been disputed [37,48,49,51,57,58,60–62,

163,171]. In view of the site directed mutational experi-

ments, the involvement of both the A1 phylloquinones

appears as the most straightforward explanation, although a

bias of the redox potential of either the A1A phylloquinone

or the iron–sulfur centre FX induced by the mutation of the

PsaB subunit can, in principle, explain the effect of decay

lifetimes.

If that were the case, the simplest explanation to describe

the experimentally accessible lifetimes and the temperature

dependence of the A1 reoxidation kinetics would be to

assume a rather large distribution of the A1 (or FX) redox

potential midpoint, which would, in turn, result in an almost

continuous distribution of forward (and backwards) rate

constants [172–174]. A distribution of redox potential can

be thought of as the result of the cofactor interaction with a

slightly different conformational state of the reaction centre

proteins [172–174]. A possible distribution of redox

potentials of the iron–sulfur clusters FX, FA, and FB, as

well as of the phylloquinone A1, has been originally

suggested by Brettel [19] to explain the heterogeneity of
tion of the radical pairs [P700
+ A1

�] (solid lines), [P700
+ A1A

�] (dashed lines),

mulations were performed for three representative values of FX reoxidation

ferent values of the FX reoxidation rate constants were obtained by varying

FX and FA are not altered.



Fig. 9. The effect of applying an external electric field potential on the

population evolution of the radical pairs [P700
+ A1

�] (black lines), [P700
+ A1A

� ]

(red lines), [P700
+ A1B

� ] (magenta lines), and [P700
+ FX

�] (blue lines). The

relevant lifetimes are: 4.5 ns, 15 ns, 172 ns, and 199 ns, without applied

electric field (solid lines); and 3.8 ns, 16 ns, 182 ns, and 223 ns, with an

applied field equivalent to potential of 10 mV (dash dotted lines).
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the electron transfer reaction in PS I at cryogenic temper-

atures [19,53]. In the case of a redox potential distribution,

the decay kinetic will not be essentially exponential but

described by an analytic function in the form of:

F tð Þ ¼
Z V

0

P sð ÞIe� t
s Idu ð10Þ

where P(s) is the normalised distribution of lifetime

[175,176].

An analysis of the phylloquinone reoxidation kinetics in

terms of lifetime distributions has not yet been attempted.

Preliminary model calculations indicate, in order to mimic

the effect of site directed mutants on the A1 reoxidation

decay, and assuming a Gaussian distribution of the A1 redox

potentials, the mean phylloquinone Em value would be set at

about that of FX and the width of the distribution (FWHM)

would be as wide as ¨100 mV (data not presented). This

value is not dissimilar from the width in the energy

distribution of about 118 mV (FWHM) estimated for the

primary donor of bacterial reaction centre [177]. It should be

expected that when a possible distribution of the Em value

of FX is taken into consideration, the variance of A1 redox

potential distribution should narrow to a significant extent.

Therefore, in our opinion, the width of the potential

distribution employed in these preliminary calculations

should be considered as an upper limit.

3.2.3.2. The effect of collapsing the ionic transmembrane

potential on the kinetics of the [P700
+ A1

�] and [P700
+ FX

�]

electron transfer reactions. Whatever the case, it is

apparent that in the model calculation of electron transfer

in PS I based on electron tunnelling presented in this study,

a quasi-equilibrium scenario at the level of the A1 to FX
electron transfer step is attained, as originally proposed by

Brettel and Setif [59]. This model has been questioned in

Ref. [36].

The photosystems in the natural environment, the

photosynthetic membrane, are subjected to the electric part

of the electrochemical potential [178]. Therefore, the total

free energy for any of the electron transfer reaction would

not only be dependent on the DG0 but also on the field

applied across the thylakoid membrane. The absence of any

effect on the kinetics of phyloquinone reoxidation upon

collapsing the electrochemical potential by about ¨50 mV

was reported by Joliot and Joliot and taken as an evidence of

large driving force for A1 reoxidation reactions [36].

Although 50 mV is a significant difference, the relevant

quantity which would affect the free energy of any electron

transfer reaction is the local field at the level of the donor

and acceptor molecules. In a first approximation, this can be

estimated by dialectical weighting. Joliot and Joliot [36]

suggested a difference of about 10 mV in the applied electric

field in the presence or absence of transmembrane potential.

In their measurements, they observed only minor differences
in the kinetics in these cases, with lifetimes of 19 ns, 172 ns,

and 461 ns, in the absence, and 18 ns, 168 ns, and 311 ns, in

the presence of the transmembrane field. We have

performed model simulations in which a similar difference

in free energy for the reoxidation kinetics of A1, FX, and FA
has been considered. The results are presented in Fig. 9. In

the model simulations, the calculated lifetimes shifts from

4.5, 15, 172, and 199 ns, without any externally applied

electric field to 3.8, 16, 182 and 223 ns, when a field

equivalent to potential of 10 mV is considered.

Although the differences in the simulations of A1

reoxidation in the presence or absence of an external

electric field appear to be smaller than those previously

simulated [36], the relatively larger effect of Dw on the

long-lived lifetimes component, which was observed in the

measurements, is qualitatively reproduced. There appear to

be differences in the kinetics of A1 reoxidation which are

outside the signal-to-noise ratio in the measurements and

should therefore be detected.

It is also interesting to notice that Witt and coworkers

[178–181] have shown a linear dependence of the electro-

chromic signal associated with the vectorial charge trans-

location across the thylakoid membrane to the field intensity.

The theory predicts a quadric response for molecules which

have an inducible dipole moment. These results can be

understood if the change of electric field associated with the

photosystem photochemical reaction and coupled ion trans-

port is overlapped to a stable ion field which is at least an

order of magnitude larger [178,181]. It has been suggested

that such a field might be created by charged phospholipids in



Fig. 10. Population evolution of the secondary radical pairs [P700
+ A1A

� ] (red,

solid line), [P700
+ A1B

� ] (red, dash-dotted line), and [P700
+ FX

�] (blue, solid

line), calculated for DG0 values of 60 meV on both electron transfer

branches and reorganisation energies of 0.7 eV and 1 eV for the PsaB- and

the PsaA-bound phylloquinone reoxidation reactions. The decay of the

[P700
+ A1

�] radical pair (back solid line) is also presented. The relevant

lifetimes are: 13.8 ns, 169 ns, and 191 ns.
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the thylakoid membrane [181]. In this case, the kinetics of A1

reoxidation, but in general, of all the electron transfer

reaction, are expected to be significantly different when

monitored in the membrane or in isolated Photosystem I

particles. However, they are, in general, quite consistent. In

contrast to an isomorphous dielectric, proteins have a well-

defined arrangement of residues; therefore, polar and charged

groups have a reduced degree of freedom of rearrangement

when an external electric field is applied. Moreover, the

dielectric relaxation properties can vary significantly

amongst different regions of the protein [182,183]. Reasons

for the discrepancy between the quasi-equilibrium model of

A1 reoxidation and the effect of collapsing the electro-

chemical potential across the thylakoid membrane [36] could

probably be due to the difficulties of having a precise estimate

of the electric field in the region of membrane that bounds the

electron transfer cofactors.

3.2.3.3. Asymmetry in the value of the reorganisation energy

from the phylloquinones bound to the PsaA and the PsaB

reaction centre subunits. In the frame of the bi-directional

electron transfer model, the structural data indicates that the

edge-to-edge distances between the two phylloquinones and

FX are essentially the same [3,46]. Therefore, the only way

to describe two substantially irreversible (DG0b0) electron

transfer reactions is to assume a rather large difference in the

reorganisation energy on the two electron transfer branches.

Assuming the same free energy of about �60 meV,

equivalent to an equilibrium constant Keq of about 0.1,

and in order to obtain forward electron transfer rates of ¨15

ns and ¨150 ns for A1 reoxidation on the PsaB and PsaA

branches [19,36,38,47,59,157], values of the reorganisation

energy k of 0.75 eV and 1.1 eV should be assumed,

respectively, as also previously discussed by Agalov and

Brettel [38]. As the decay lifetimes are not always

straightforwardly correlated with the forward electron

transfer rates, we have performed kinetic simulations of

this scenario using the same system of coupled differential

equation described in Section 2.2, and the results are

presented in Fig. 10. The resulting decay lifetimes in the

nanosecond range obtained from the electron transfer kinetic

simulations are 13.8 ns and 169 ns and are almost equally

weighted. The first moment of the decay distribution for the

[P700
+ A1

�] radical pair is 155 ns. The [P700
+ A1A

� ] radical pair,

when the picosecond components not detected in the

measurements are ignored, essentially decays mono-expo-

nentially with a lifetime of 169 ns. The [P700
+ A1B

� ] radical

pair decay is dominated by the 13.8 ns lifetime. The decay

of the [P700
+ FX

� ] radical pair exhibits a first moment of the

decay distribution of 152 ns, which is close to the decay of

the [P700
+ A1

�] and the [P700
+ A1A

� ] radical pairs, although the

rise time of [P700
+ FX

�] is slowed down to about 14 ns,

compared to the about 4.5 ns simulated previously.

It is therefore apparent that the assumption of a different

reorganisation energy for the reoxidation of the A1A and the

A1B phyllosemiquinones can provide a straightforward
description of the observed biphasic kinetics and of the

effect of site directed mutations in the surroundings of the

quinones on each electron transfer branch. There are,

however, several observations which make us skeptical

about this hypothesis. Firstly, a difference in the reorganisa-

tion energy of about 350 meV between the two electron

transfer branches appears, in our view, quite inconsistent

with the similarity in the quinone binding sites revealed by

the electron transfer structures [3,46]. Differences in the

strength of hydrogen bonding of the phylloquinone might

[70,184,185] be at the origin of the proposed asymmetry in

the redox midpoint potential, as the latter would be

dependent on the extent of the ionic state as stabilised by

the surroundings, and in the reorganisation energies as well.

However, while the difference in redox midpoint potential

suggested in the present study is in an interval of 10 to 40

mV, equivalent to free energies of 10–40 meV, at least a ten

times larger difference between the proposed values of k
should be postulated to describe the kinetics of A1

reoxidation.

Furthermore, the heterogeneity of electron transfer in PS

I at low temperature [19,53] and the observation that one

phylloquinone molecule (A1A) is more readily photo-

accumulated than the other [20,62,158,184] are not

promptly understandable if the electron transfer reaction

from both phylloquinones were thermodynamically favour-

able. This fits much better in a scenario in which the two

phylloquinones posses a different redox potential, one of the

two possibly more positive then FX, as discussed previously.
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3.2.3.4. A possible role for TrpB679 as an electron transfer

intermediate. Finally, it is of interest to mention a different

electron transfer model proposed by Ivashin and Larsson

[92] that postulated the involvement of tryptophan

(TrpB673 in S. elongatus) as a possible intermediate

between the phylloquinones and FX. This Trp is located at

an edge-to-edge distance of 4.2 Å from the A1B, 6.56 Å

from A1A, and 4.6 Å from FX [3]. It is clear from the basic

theory for electron transfer tunnelling discussed in Section 2

that the shorter distance between this tryptophan residue and

A1B would make the rate of electron transfer faster

compared to the one from the A1A quinone. In fact, the

calculated electron coupling energies for the TrpB673–A1A

and the TrpB673–A1B couples have values of 6.2 cm�1 and

0.15 cm�1 [92]. From the Marcus equation and assuming

the same values for the free and reorganisation energies, the

rate of reoxidation of A1B should be about 40 times faster

than that of A1A. The value of the electronic coupling

between the A1A and FX is 0.28 cm�1, higher than the one

estimated for A1A TrpB673. It was therefore proposed that

TrpB673 can act as an electron transfer intermediate

between A1B and FX, while A1A would reduce FX directly.

Even though this is an attractive hypothesis, there are no

reports in the literature of a direct observation of a Trp anion

involved in biological electron transport. In fact, the redox

midpoint potential for the Trp/Trp� should be almost as

negative as the one determined for Tyrosine, which is about

�1 eV, i.e., almost isoenergetic with the primary acceptor/

donor. This, in turn, would make the reaction extremely

endergonic. As a consequence, even at room temperature,

and in optimal conditions of DG��k, the back reaction

would be orders of magnitude faster, as it is governed by the

Boltzmann distribution. Therefore, we consider the proposal

that TrpB673 is involved as an Fproper_ ET intermediate as

unlikely, although the involvement of this residue in

electron transfer taking place by the superexchange mech-

anism should be taken into consideration [92].

In summary, we have, in this section, considered differ-

ent approaches and possible explanations to describe the

experimental observations of the kinetics of phylloquinone

A1 reoxidation. We, at present, favour a model in which the

differences in observed reoxidation rates are associated with

an asymmetry in the redox midpoint potential and, there-

fore, of the driving force in the reoxidation reaction. The

redox potential of the A1A is estimated to be 10 to 40 mV

more positive than the one of the A1B, both of them being

almost isoenergetic with the iron–sulfur centre FX. This is a

proposition first advanced by Brettel and coworkers [19,59]

for the A1A quinone, but which is now extended to both the

electron transfer branches. We favour a scenario in which

the redox potential of A1A is more positive than the one of

FX. This reaction would be therefore slightly thermody-

namically less favourable, explaining the observation that

about 40–50% of PS I reaction centres are incapable of

reducing FX at temperatures lower than about 150 K [53]

when the uphill energy gap cannot be overcome by the
thermal energy of the environment. On the other hand, the

redox potential of A1B is considered as more negative than

FX; therefore, both the faster forward rate and the ability of

the remaining fraction of PS I centres to reduce FX at low

temperature can be explained in this context. Due to the

coupling of electron transfer reactions and the relative

Fshallow_ equilibrium between the different redox centres,

the observed decay lifetimes do not necessarily reflect the

rate of forward electron transfer. This is a general consid-

eration which has been often overlooked in the analysis of

reduction–oxidation kinetics of multi-centre redox systems.

Finally, it is also generally observed that the decay of the

[P700
+ FX

�] and the [P700
+ A1

�] radical pair takes place in the

same time window, independently of the precise kinetic

model adopted, providing an explanation for the fact that FX
is usually not observed as a kinetic intermediate. Therefore,

the original interpretation that the rate of FA reduction by FX
should be faster than FX reduction is not necessarily correct,

taking the present model calculations in consideration.

3.3. Reactions in the microstime range: reduction of the

iron–sulfur clusters, and the equilibrium between FA and FB

Finally, in order to provide a complete description of the

electron transfer events in the PS I reaction centre, we are

going to discuss the reactions involving the iron–sulfur

centres FA and FB, which are usually monitored, as they are

reduced by low temperature (below 70 K) illumination of

PS I [24,25,27,28,30,40,41,74,158]. This was the first

evidence that the two clusters might have a similar redox

potential, and that the charge was significantly shared

between them [24,25,27,28,30,40,41,74,158]. The redox

potentials of FA and FB have been estimated either by

potentiometric titration in combination with low temper-

ature EPR, or by the optically monitored titration of the

recombination kinetics of the [P700
+ FA�] and the [P700

+ FB
�]

radical pairs, and shown to lie in the �450 to �590 mV

region [25,29,40,74,169]. In both cases, FB is estimated to

have a more negative potential compared to FA; therefore,

this reaction is endergonic. It is generally accepted that,

based on the rate of ferredoxin (Fd) reduction by the whole

PS I electron transfer chain, which is about 500 ns

[45,60,186,187], electron transfer in between the three

Fe–S centres should be faster than, or on the same time

scale as, Fd reduction. The energy gap between the FA and

FB centres is in the range of 20 to 60 mV [19,25,29,40,

74,79,169]. The electron transfer between FA and FB has

also been investigated in a recombinant, isolated PsaC

subunit, which binds both centres [42–44], but no electron

transfer can be detected [188,189]. However, rates of about

300 ns were measured in analogous bacterial ferredoxins

[190 191]. There is, to our knowledge, no direct estimate of

the rate of electron transfer between FA and FB. A rate of

about 300 ns can be simulated by a simple tunnelling rate

equation expression, assuming a DG value of 30 meV and a

reorganisation energy of 1 eV. Although this is a value for
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the reorganisation energy which is in the range often

reported for electron transfer proteins, it is a slightly higher

estimate compared to the values used for the other electron

transfer reaction in PS I in this study, but it is consistent with

the work by Sigridson and coworkers, which has estimated

an even higher value of k for Fe–S compared to a variety of

cytochromes [192].

The rate of FB reoxidation, monitored as Fd reduction,

has been shown to be multiphasic, with estimated lifetimes

in the order of ¨0.5/1 As and ¨20/80 As [45,186,187,193].
The most straightforward interpretation of polyphasic

reduction of Fd is obtained when the fast phase is associated

with a tightly bound Fd population and slow phase is

thought to be limited by the diffusion of the soluble electron

carrier and, hence, reflects the binding rates of Fd to the

stromal docking site of Photosystem I [45,186,187,193].

These aspects have been discussed extensively in a recent

review by Setif [45]. Since the main purpose of this study is

investigating the electron transfer reactions within the PS I

reaction transfer complex, we have limited our simulations

to the tightly bound Fd pool and neglected the second-order

diffusional process.

The results of simulations of the electron transfer in PS I

for the radical pair couples [P700
+ FX

�], [P700
+ FA

�], and [P700
+ FB

�]

are presented in Fig. 11. The rise time of the radical pair

[P700
+ FA

�] is 172 ns, which matches the decay of [P700
+ FX

� ],

while the [P700
+ FB

�] radical pair exhibits a rise time of 199 ns.

At this point it, is interesting to compare the rise times

obtained from model calculations for all the radical pairs

investigated with experimental data available from either

photovoltage or electrochromic effect measurements. The
Fig. 11. Population evolution of the radical pairs [P700
+ FX

�] (black line),

[P700
+ FA

�] (red line), and [P700
+ FB

�] (blue line), calculated using the DG0

values of �155 meV and +30 meV for the [P700
+ FX

�] and the [P700
+ FA

�]

reoxidation reaction, respectively.
fast photovoltage measurements will resolve the initial rise

of the [P700
+ A1

�] radical pair, but due to instrumental

limitation, the time window between several hundred of

picoseconds and a few nanoseconds is not covered by this

technique. Electrochromic measurements do not have a

picosecond temporal resolution but have the advantage that

nanosecond resolution can be achieved without the need for

deconvolution and correction for the diffusional relaxation

of the potential during the measurements. Both the

techniques, which monitor electrogenic reactions in the

system, detect a rise phase shorter that 5–7 ns, which is

instrument limited [36,149,174,194] and which has been

essentially assigned to A1 reduction by A0. This initial fast

rise phase probably includes the contribution of the

[P700
+ A1A

� ] and [P700
+ A1B

� ] radical pair couples and might

reflect some contribution from the [P700
+ FX

�] radical pair,

which would have a minor importance due to the relatively

low population of this electron transfer intermediate, and the

dependence of the signal on the dielectrically weighted

distance. The first phase resolved by photovoltage in the

nanosecond time window has a lifetime of about 150 ns that

was interpreted as the reduction of FX and FA/B [149,194].

The tunnelling simulations of electron transfer for the iron–

sulfur clusters are in fair agreement with these measure-

ments since a main rise component of about ¨170 ns is

estimated for FA reduction. Similarly, the 199 ns rise time

for the [P700
+ FB

�] radical pair matches a minor electrogenic

phase of ¨200 ns detected by both photovoltage [149,194]

and electrochromic bandshifts [36], which was also inter-

preted as reflecting electron transfer between the two

terminal Fe–S centres FA and FB. The small electrogenic

amplitude of the 200 ns phase can be understood if one

considers the location of the terminal Fe–S cluster revealed

by the X-ray structure of PS I from S. elongatus [3]. The

projection of the distance between the FA and FB centres on

the membrane plane is small, as the two clusters appear to

be located almost parallel, forming an angle of ¨30-
between the axes which crosses the cluster and the plane

perpendicular to the membrane plane. The simulation results

in an average decay lifetime of 272 ns for [P700
+ FA

�] and 274

ns for [P700
+ FB

�]. The latter values mirror the rate of Fd

reduction [45,186,187]. The weighted average decay life-

time parameter describes how fast the radical pair is

populated. When the rate of population and decay of the

state falls in a similar time scale, as it is the case for the

iron–sulfur centres, the use of the first moment of the

distribution is a more useful and intuitive parameter, as it is

directly reflecting the apparent s1/2 of the radical pair decay.
Values of 800 ns and 1.1 As are obtained, in this case, for the
[P700

+ FA
�] and the [P700

+ FB
�] radical pairs, respectively. The

1.1 As decay lifetime estimated for the FA and FB
reoxidation closely matches the observed decay of the

spin-polarised EPR signal [33,57,195], detected at room

temperature and associated with the [P700
+ Fe–S�] centre.

Due to very fast magnetic relaxation in the iron–sulfur

centres, the coherence in the acceptor partner in the spin-



Fig. 12. Population evolution of all the radical pairs involved in electron

transfer reactions, presented on logarithmic time scale in order to illustrate

the pico- to micro-second time range investigated. The electron transfer

simulation in which only the unambiguously spectroscopically detected

electron transfer intermediates are considered.
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correlated radical pair is lost; therefore, it is almost

impossible to associate the observed signal with any

particular iron–sulfur cluster, but the decay of the net

magnetisation associated with the P700
+ donor can still be

observed (see review by van der Est [195]). In the frame of

the tunnelling simulations presented here, we suggest that

the observed decay reflects the [P700
+ FA/B

� ] radical pairs

rather than [P700
+ FX

� ].

In Fig. 12, the dynamics associated with all the electron

transfer processes considered in these electron tunnelling

simulations are presented on a logarithmic time scale in

order to cover the almost ten orders of magnitude of decay

rates investigated, thus providing a complete picture of

electron transfer in the PS I reaction centre.
1 Although the concept of entropy losses quantifiable by the thermody-

namic efficiency of the Carnot cycle is a widely accepted concept, it is

worth noticing that Yourgrau and van der Merwe [201] and successively

Parson [202] have questioned this view. In these studies it is suggested that

the Gibbs free energy is essentially equal to the total free energy

(DG0=DU=hr). In this case the redox potential of the primary donor

excited state could be as high as �1.8 eV.
4. A revisited energetic scheme of electron transfer

cofactors in PS I

In the previous sections of this review, the electron

transfer reactions and their relation to electron tunnelling

parameters have been discussed. On this basis, it has been

possible to derive a scheme for the free energy of the

electron transfer cofactors, as this is one of the parameters

which influence the forward, and backward, electron trans-

fer rates. The difference in redox potential between donor

and acceptor can be derived based on simple thermody-

namic considerations as well. It should be noted that, in

general, the estimate of redox potential from free energy

should be considered only as an approximation, as electro-

static interaction between closely spaced intermediates is
generally neglected. The influence of electrostatic interac-

tion on the estimate redox potential is extensively discussed

by Brettel [19], who first derived a putative complete

energetic scheme for PS I. In the following, the original

suggestions of Brettel [19] are revised in the view of recent

reports in the literature and their interpretation above in the

frame of bi-directional electron transfer model.

The free energy of the primary donor excited state can be

derived from its photon absorption. Although some species-

specific difference have been reported [196], the minimum

of the [P700
+ �P700] absorption difference at about 700 nm

can be considered as a reasonable approximation as the peak

absorption of the primary donor [4,5]. A free energy of 1.78

eV is obtained in this case. Thermodynamic consideration

leads to the conclusion that only about 70–80% of the free

energy is available for electron transfer events [197–200]

because of entropic losses, which would result in an

estimate of redox potential for the primary donor of about

1.3 eV.1

Based on the radical pair equilibrium, a drop of 65 meV

between P700 and the primary acceptor is determined. This

is a smaller energy gap than the one estimated between A0

and P700 by means of delayed luminescence, which is in the

range 140–250 meV [94–96,150]. In order to accommo-

date this difference, a possible involvement of the accessory

Chl in electron transfer events should be considered.

Otherwise, the 65 meV should reflect the free energy

between the ‘‘unrelaxed’’ primary acceptor and donor while

140–150 meV should reflect the difference between the

‘‘relaxed’’ primary acceptor and donor. Since there are not,

in our view, at present, any unequivocal experimental

support for either of the two cases, we will present two

alternative schemes in which either A0 or Chlacc is

considered as putative primary electron acceptors.

The free energy difference between A0 and A1 can be

estimated from the forward electron transfer rates, which has

been estimated as 26 ns�1 and 46 ns�1 for the PsaA and the

PsaB electron transfer branches, respectively (Figs. 1 and 2).

The free energy for this electron transfer step can be

obtained by back estimation from the electron transfer rate,

assuming a certain value for the reorganisation energy. It

should be noted that in the latter case, it involves the

solution of quadratic equations; therefore, two possible

redox potentials for A0 will be estimated.

In the models which consider A0 as the primary acceptor,

the free energy of A0 should be reconciled with that

obtained from the reversible radical pair equilibrium

(�1715 meV). The rates of A1 reduction on the PsaA and



Fig. 13. Energetic properties of electron transfer cofactor in PS I derived

from the analysis of kinetic transients in terms of Marcus theory of

tunnelling for electron transfer reactions ignoring (A) or considering (B) the

accessory chlorophyll as possible electron transfer intermediates.
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the PsaB reaction centre subunits are described in the frame

of tunnelling of electron transfer by free energies of �550
and �570 meV and reorganisation energies of 0.4 and 0.46

eV, respectively. Taking into consideration the proposed

Fquasi-equilibrium_ between the two phylloquinones and

FX and assuming the same free energy for A0 on both

electron transfer branches, the free energy of FX is then

poised to ¨ �1150 meV. Similar results can be achieved

when the activation energies on the two branches are set to

0.83 eV and 0.67 eV. However, because of the similarities

of the cofactor binding sites on both the reaction centre

subunits, a difference in the reorganisation energy of about

150 meV appears unlikely. The estimated free energy of the

A1A and the A1B quinone is then �1140 meV and �1162
meV, respectively. These free energies can be associated

with a redox midpoint potential of about �690 mV for the

iron–sulfur centre FX, and ¨ �700 mV and �678 mV for

the A1B and A1A phylloquinones, respectively. The value

for FX falls in the average of the data reported in the

literature [75–77]. However, redox potentials as negative as

�730 mV have been suggested for this electron transfer

intermediate [77]. These values can be reproduced if

slightly different reorganisation energies are assumed. For

example, letting the value of k be 0.37 (0.79) and 0.43

(0.63) for A0 reoxidation on the PsaA and the PsaB

branches, respectively, this will, in turn, lead to an estimate

of the FX redox midpoint potential of ¨ �720 mV in the

upper negative range of the values reported in the literature.

Independently from the precise value of the reorganisa-

tion energy estimation, and the assumed free energy

difference for A0 reduction, it is apparent that A1 reduction

is driven by a free energy difference in the 300–500 meV

range and is therefore substantially irreversible. The

estimates in free energies are consistent with redox midpoint

potential of about �530 mV for FA, �560 mV for FB, �690
mV for FX, and¨ �700 mVand �678 mV for A1B and A1A

phylloquinones, respectively. The complete set of redox

potential estimates are presented in Fig. 13 and are also
Table 3

Electron transfer tunnelling parameter of PS I redox cofactors

ET intermediate Em (mV) Xij (Å) k (eV) kf (ns
�1) kb (ns

�1) s

P700
* �1320 – 100c 8.3

A0A/A0A
� �1280 9.7 0.4 26 <10�9

A0B/A0B
� �1228 9.8 0.46 48 <10�9

A1A/A1A
� �671 6.5 0.62 0.046 0.084

A1B/A1B
� �696 6.4 0.62 0.082 0.055

FX/FX
� �680 8.9d 0.55 0.021 4.7
10�5

FA/FA
� �526 11.6 1 0.0035 0.0011 1

FB/FB
� �556 9.5 n.d. 0.002 n.d. 1

Compilation of the parameters using in the electron transfer simulation, Em is the

better comparison), X ij is the edge-to-edge distance, k is the reorganisation ener

respectively. Also listed are the main kinetic parameters derived for each electro

averaged lifetime, and s̄ is the fist moment of the decay.
a Units are ps.
b Values taken from the literature, n.d. not determined.
c Rate of charge separation on each electron transfer branch.
d Due to uncertainty about the spin distribution over the two quinone molecule
reported in Table 3, where they are compared with some of

the values previously determined indirectly by analysis of

charge–recombination reactions and delayed luminescence

studies.

From the overall energetics of the system, it should be

noted that the main driving force for the whole electron

transfer in PS I is associated with the reduction of A1 by

A0 (on both electron transfer routes on PsaA and PsaB),

the reduction of FA by FX, and the reduction of the soluble

carrier Fd by FB. The other electron transfer steps are

associated with a rather small driving force, which is even

more accentuated in the case of oxidation of A1 by FX and

FA by FB, reactions which are considered to be endergonic

and take place against a driving force of about 5/20 meV.

In the case of long-lived radical pairs, back reactions can

take place and eventually populate the potentially harmful

Chl triplet state of the primary donor [19,34,65,144–146].

This can then interact with molecular oxygen generating
av
r (p/ns)a sav

d (p/ns)a s̄ (ns) Em
b (mV)

0.79a 8.5a 0.00234

8.9a 32.6a 0.231 ¨ �1050
6.5a 21.0a 0.118 n.d.

35.5a 114 200 �820, �810, �740 �696, �596
24.9a 51.7 178 �696
4.7 155.1 199 �730, �705, �670, �650
72.1 272.9 800 �540, �520, �590
99.6 274.7 1126 �590, �570, �540
redox midpoint potential (values taken from the literature are reported for

gy, and kf and kb are the rate of forward and backward electron transfer,

n transfer intermediates, sav
r is the rise average lifetime, sav

d is the decay

, the same edge-to-edge to FX has been assumed.
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the extremely reactive singlet oxygen species. In the case

of the [P700
+ FA/B

� ] radical pair state, the recombination

reaction rate has been estimated to be about 20 to 100 ms

[39,76,160,168] and, therefore, is unlikely to be a

significant competitor of forward electron transfer in

conditions when Fd or any exogenous diffusible electron

acceptor is present. Moreover, due to the very fast

relaxation within the Fe–S clusters, electron spin coher-

ence is severely decreased or lost, making the recombina-

tion reaction to the triplet state an extremely unlikely

process. Similar considerations can be raised in the case of

the [P700
+ A1(A/B)

� ] radical pairs. In fact, electron transfer

from A1B to FX would occur in the tens of nanosecond

time scale, much faster than the estimated recombination

kinetics on this branch, which has been estimated in the

range of 3 to 15 As. On the other hand, the [P700
+ A1A

� ]

population has a lifetime of about 200 ns, which is long

enough to promote charge recombination [34,39,76,

160,168]. However, it should be noted that, in this model,

due to the equilibrium between A1 and FX, a significant

loss of correlation is expected in this case, which would, as

described above, strongly diminish the chances of recom-

bination to the triplet state.
5. Conclusions

The electron transfer reactions within Photosystem I has

been analysed in terms of Marcus theory for electron

transfer tunnelling, assuming a bi-directional electron

transfer kinetic model in which the equilibrium between

the two tightly bound phylloquinones and the iron–sulfur

cluster FX, and, generally, in between all the electron

transfer steps, is taken into consideration. Essentially, all the

electron transfer rates reported in the literature can be

described, ranging from the picosecond timescale reactions

associated with primary charge separation to the reduction

of the terminal iron–sulfur centres, which occurs on the

microsecond timescale. The energetics for all the bound

cofactors can be derived from this analysis and shown to

agree well with most of the reported estimates, obtained

either by direct redox titration or indirect estimates from

spectroscopic measurements. An exception to this general

behaviour is the redox potentials estimated for the

[P700
+ A1A]/[P700

+ A1A
� ] and [P700

+ A1B]/[P700
+ A1B

� ] radical cou-

ples for which a potential of about �670 and �695 mV is

estimated, while the redox potential of FX is estimated at

�680 mV. We suggest that both quinones are substantially

isoenergetic with respect to FX. Because of the uphill

electron transfer from A1 to FX on the PsaA side branch

against a free energy of 0.015 eV compared to a downhill

electron transfer with a favourable driving force of 0.01 eV

on the PsaB branch, a difference of almost one order of

magnitude in the apparent rate constants associated with the

two electron transfer steps is observed, while the intrinsic

rate constant is rather similar.
Notably, the only reactions which are virtually irrever-

sible, because of rather larger driving forces, are the ones

associated with the reduction of A1 and FA, but the possibly

deleterious recombination reactions to the donor triplet state

are minimised because of significant loss of correlation in

the spin coupled radical pairs due to the fast magnetic

relaxation of the iron–sulfur centres.
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