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Abstract

Trapping of pigment excitation energies in the core antenna by the reaction center (RC) in Photosystem II (PS II) is a process rate-limiting in
the whole primary processes of photosynthesis until initial excitation-energy fixation by charge separation in the RC. It takes place from a single
chlorophyll (Chl) in each of transmembrane protein–pigment complexes CP43 and CP47, which compose the core antenna separately attached to
each of the two pigment strands 1 and 2 in the RC, respectively. Its excitation energies are transferred to the accessory Chl (B) or the adjacent
pheophytin (H) in each of the strands. These features unique in PS II can be rationalized to have arisen as a byproduct of the requirement that the
o ter only
i re antenna.
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xidized state P+ of the central Chl pair P in the RC must have an exceptionally high redox potential for extracting an electron from wa
n PS II. These features were clarified by reproducing the observed rate constant of excitation-energy trapping by the RC from the co
laying important roles here is the excitation spectrum of each pigment in the RC obtained by analyzing the absorption spectrum of
aito, K. Mukai, H. Sumi, Chem. Phys. Lett. 401 (2005) 122], on the basis of the observed pigment-energy arrangement therein. Here
tate B* of B is lowest in the RC with H* locating a little (∼40 cm−1) higher, while P* is considerably (∼180 cm−1) higher in association with th
ery high redox potential of P+, although only P carries an exciton as P* on this Chl dimer in the RC.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Photosynthesis is the ultimate energy source for all creatures
n Earth. Main organisms for photosynthesis in green plants and
lgae are the Photosystem I (PS I), II (PS II) and the cytochrome
6f complex, all of which are complexes of protein multisubunits
enetrating the thylakoid membrane. In PS II, solar radiation
nergy harvested by the antenna system is utilized to extract an
lectron from water in its oxygen-evolving center. The electron is
sed to reduce a quinone to a hydroquinone in its reaction center
RC). The hydroquinone is released into the matrix space within
he thylakoid membrane to be transferred to the cytochrome
6f complex where the strong reducing power of the hydro-
uinone is utilized to pump protons against the transmembrane
lectrochemical-potential difference. Simultaneously with the
roton pumping, an electron is transferred from theb6f com-

∗ Corresponding author. Tel.: +81 29 853 5109; fax: +81 29 855 7440.
E-mail address: sumi@ims.tsukuba.ac.jp (H. Sumi).

plex to PS I which penetrates the same thylakoid memb
In the RC core of PS I, the electron is photoexcited to
duce a strong reductant (NADPH), by which carbon dio
is reduced to carbonhydrate in Carvin–Benson’s dark-rea
cycle. Three-dimensional structures of both PS I and II w
recently disclosed one after another in 2001 by X-ray cryst
graphic studies[1–3]. Such clarification has stimulated intens
researches for understanding initial light-reaction process
photosynthesis on the standpoint of their relation to structu

Proteins comprising both PS I and II scaffold pigme
therein as active centers, which are mostly chlorophylls (C
Solar radiation energy is harvested as excitation of pigm
in the antenna system of PS I and II. Pigment excitation e
gies in the antenna system are arranged in a funnel structur
decrease toward the core antenna which encloses the RC. E
tion energies harvested flow down toward the core antenna
the funnel, and are trapped by the RC[4], where they are utilize
to produce charge separation against the transmembrane
trochemical potential gradient along an electron-transfer c
of pigments as the initial energy fixation.
010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2005.10.038
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Fig. 1. Arrangement of pigments in the RC and Chls in the core antenna which is composed of CP43 and CP47 in PS II, obtained from the X-ray data in 1S5L.pdb
associated with[15]. The upper and the lower halves are its projection to the direction parallel and perpendicular to the membrane plane, respectively. Numbering
of Chls in the core antenna is in accordance with[15].

Shown in Fig. 1 is arrangement of pigments in the RC
and that of Chls in the core antenna in PS II, where the core
antenna is composed of CP43 and CP47[2,3], each of which is
a transmembrane protein-pigment complex. The present work
is devoted to clarifying how different the pathway of excitation-
energy transfer is from the core antenna to the RC in PS II in
comparison with that in other photosystems in photosynthesis.
As the first step of the clarification, it is important to see how
peculiar the energetics in PS II is in comparison with other
photosystems.

Photosynthesis is performed also in phototropic prokaryotes
[4], although oxygen is not evolved therein, since an electron is
extracted not from water, but from less stable substances such as
hydrogen sulfides. Phototropic prokaryotes are equipped with
only one photosystem for photosynthesis, according to which
they are classified into two groups[5]. Solar radiation energies
harvested by the antenna system are utilized to excite the elec-
tron in the RC for reducing a quinone to a hydroquinone in
one group, and for producing a strong reductant (NADH) in the
other group, as in PS II and in PS I of green plants and algae,
respectively. The hydroquinone and NADH, thus, produced in
the former and the latter, respectively, are utilized as in oxy-
genic photosynthesis of green plants and algae, that is, to pump
protons against the transmembrane electrochemical-potential
difference and to reduce carbon dioxide to carbonhydrate in
Carvin–Benson’s dark-reaction cycle, respectively. As under-
s n th

former bacteria and PS II, and the photosystem in the latter bac-
teria and PS I have evolved from common ancestors.

Purple bacteria are among the former, for which the three-
dimensional structure of both the RC[6] and the antenna system
[7] has been clarified since 1984. Heliobacteria and green sulfur
bacteria are among the latter, but the three-dimensional struc-
ture of their photosystems has not been clarified yet. When the
three-dimensional structure of PS II was clarified in 2001, there-
fore, it has been anticipated that differences between oxygenic
photosynthesis in green plants and algae, and anoxygenic one
in phototropic prokaryotes will soon be clarified on the basis of
the three-dimensional structure of the photosystems concerned.
Unfortunately, however, such an anticipation has not been satis-
fied yet, since arrangement of pigments in the RC has turned out
to be essentially similar between the photosystem in purple bac-
teria and PS II, in spite of the fact that they are opposite to each
other in evolution of oxygen. Accordingly, such a difference
in function between them must be rationalized from the stand-
point of invisible differences in energy structure in the pigment
assembly between them, not from that of visible differences in
the three-dimensional pigment arrangement therein.

The key difference in the energy structure for distinguishing
between the photosystem in purple bacteria and PS II should be
derived from a feature that after excitation-energy trapping by
the RC from the antenna system, the RC gets a redox potential
sufficiently high to extract an electron from water in PS II, but in
b stable
tood from these functional differences, the photosystem i
 eoth the bacterial photosystem and PS I. Water is such a



K. Saito et al. / Journal of Photochemistry and Photobiology A: Chemistry 178 (2006) 271–280 273

substance that the redox potential for its oxidation is as high as
∼0.9 V at pH 6. To extract an electron from water, therefore, the
excitation-energy trapping by the RC must lead to producing a
substance therein whose redox potential is higher than∼0.9 V.
In the RC of PS II, such a substance is the oxidized state of the
central Chl pair P which is produced as a result of charge separa-
tion occurring after the excitation-energy trapping by the RC. In
PS II, the redox potential of the P+/P couple in the RC amounts
to ∼1.2 V, which is the highest in biological organisms[8]. In
both the bacterial photosystem and PS I, it is only∼0.5 V [8].

To accomplish such a high redox potential of the P+/P cou-
ple in PS II, it is necessary that the positive charge of P+ is
screened neither by surrounding negative charges nor by easily-
polarizable amino-acid residues in the protein matrix in the RC.
This means that the surrounding of P in the RC is constructed to
be very hydrophobic. As a byproduct in such a surrounding, the
excitation energy of P cannot help being elevated in PS II. Such
an expectation has in fact been confirmed by recent site-directed
mutagenesis studies which have clarified that the excited state
P* of P is not lowest in energy in the PS II RC[9,10], differently
in both the bacterial photosystem and PS I.

It is very interesting, then, which pigment gives the lowest
excitation energy in the PS II RC. It was shown simultane-
ously by the mutagenesis studies in[9] that the lowest excitation
energy therein is given by the accessory Chls, represented by B1
and B (called together B hereafter), which are located adjacent
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PS II RC was determined as a dimer for the excited state P* of
the central Chl pair P and monomers for excited states of other
pigments. As a byproduct of such characterization, we obtained
also the spectral forms of all the excited states of the pigment
assembly in the PS II RC.

In both the bacterial photosystem and PS I, excitation energies
in the core antenna are directly transferred to the central pigment
pair P which constitutes a strong dimer with an excitation energy
lowest among the excited states of the pigment assembly in the
RC [4]. In the PS II RC, however, the excitation energy of the
central pair P of Chls is not lowest, and the lowest excitation
energy therein is given by the accessory Chl, B, although the
pheophytin H has an excitation energy between B and P, as
mentioned before. In PS II, the core antenna is composed of
CP43 and CP47 shown inFig. 1, and they are separately attached
to the side of the pigment strands 1 and 2 in the RC, respectively.
Pigments in the RC are arranged nearly in the two-fold rotational
symmetry along the two strands 1 and 2, and Chls in CP43 and
CP47 are arranged also nearly symmetrically in tune with the
near two-fold rotational symmetry in the RC. In this situation, it
seems reasonable to consider that the pigment strand of P1, B1
and H1 traps pigment excitation energies from CP43, and that
of P2, B2, and H2 traps those from CP47.

The rate of excitation-energy transfer (EET) can be described
by Förster’s overlap integral between the fluorescence spectrum
of the excitation donor and the absorption spectrum of the exci-
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o the central Chl pair P in the two pigment strands 1 an
espectively, inFig. 1. The same feature was pointed out alre
arlier than[9] by site-selective fluorescence-spectrum anal

11], and it was derived recently also by pigment-modifica
tudies[12] and by theoretical fitting of optical spectra[13].
xcitation energies intermediate between P and B in the
C are given by pheophytins, represented by H1 and H2 (called

ogether H hereafter), which are located next to B1 and B2 in
he chain of P, B and H in the two pigment strands 1 an
espectively, as also seen inFig. 1.

In both the bacterial photosystem and PS I, the central p
f pigments in the RC constitutes a strong dimer with an in
olecular distance significantly shorter than others therein,
center-to-center distance of 6–7Å [1,6], especially called th

pecial pair in the bacterial photosystem. The situation loo
ittle different in the PS II RC, since the intermolecular dista
n the central pair of Chls, P1 and P2 in Fig. 1, is similar to othe
earest-neighbor distances therein, at∼8–10Å depending on
-ray data of resolution at 3.5–3.8̊A [2,3,14,15]. This feature
as let many people consider that excited states of the pig
ssembly in the PS II RC might be multimers[16] on the basis o
iagonalization of a Hamiltonian for the pigment assembly
ssumed equal site energies without energy-broadening in

ions[17,18]. In reality, energy broadening of these excited st
rought about by interaction with static disorders and pro
atrix vibrations should be essential in judging whether the
ultimers or not. In[19], therefore, that of each excited state w
etermined so as to reproduce the observed absorption spe
f the PS II RC on the basis of the excitation energies of
idual pigments experimentally determined in[9]. Thereby, the
haracter of the excited states of the pigment assembly i
I
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ation acceptor[20], when the donor and the acceptor are w
eparated from each other in comparison with their physical
21,22]. Since both CP43 and CP47 can be split out from the
n PS II, their optical properties can individually be investiga
t has been observed[23,24] that the fluorescence spectrum
oth CP43 and CP47 peaks just at the excitation energy
etermined in[9]. This means that excitation-energy trapp
y the RC from the core antenna takes place mainly by res
ET from CP43 to B1 and that from CP47 to B2. The excitation
pectrum of both B1 and B2 in the RC has been determined
19] in the course of characterization of the excited states i
igment assembly in the RC. These informations will enab

o determine which pigments in CP43 and CP47 transfer ex
ion energies to B1 and B2, respectively, in the PS II RC, as do
n the next section of the present work. Section3will be devoted
o discussions on peculiarities of PS II in trapping of excita
nergies from the core antenna and their initial fixation in
C in comparison with those in the bacterial photosystem
S I. Summaries are put as Section4.

. Excitation-energy trapping by the RC from the core
ntenna in PS II

Since the fluorescence spectrum of the core antenna pea
t the absorption peak of B in the PS II RC, main accepto
ET from the core antenna to the RC should be B in the RC.
is only∼40 cm−1 higher than B, although the lowest exci

tate on P is∼180 cm−1 higher. The energy broadening of th
tates is∼130 cm−1 for both B and H, and∼120 cm−1 for P
t room temperature[19]. Both B and H are located nearer
ore-antenna Chls than P, as seen inFig. 1. As also seen therei
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two Chls Z1 and Z2 in the RC are so remote from the central
part of the RC where charge separation takes place for initial
excitation-energy fixation. Therefore, they do not participate in
excitation-energy trapping by the RC from the core antenna.
Looking at these situations, the rate constant of the excitation-
energy trapping from the core antenna can be considered to be
estimated by taking into account not only the resonant EET to
B, but also the near resonant EET to H, in each of the pigment
strands 1 and 2 in the RC.

The rate constant of excitation-energy trapping by the RC has
been observed to be not smaller than (∼25 ps)−1 from CP47 at
room temperature[25]. Although that from CP43 has not been
observed yet, it should have a magnitude similar to that from
CP47, since CP43 and CP47 are attached nearly symmetrically
to the pigment strands 1 and 2, respectively, in tune with their
near two-fold rotational symmetry in the RC. It will be shown in
this section that these magnitudes of the rate constant, together
with the excitation spectra of both B and H in the RC, and the
observed fluorescence spectra of the core antenna, enables us to
determine core-antenna Chls which transfer excitation energies
to the RC at room temperature.

We first determine the necessary condition for such Chls
by reproducing the rate constant of the EET not smaller than
(∼25 ps)−1 under an assumption that they give rise to the
observed fluorescence spectra of the core antenna. Thereby, we
can determine a single Chl transferring excitation energies from
e ently
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[20–22], as:

J(Rj, R) = (ε|�Rj|3)
−1
[
µj · µ − 3

(µj · �Rj)(µ · �Rj)

|�Rj|2
]

,

(2.1)

with �Rj = Rj − R, whereε represents an appropriate dielectric
constant, which can be approximated by that at a frequency cor-
responding to the excitation energy in the EET. In the present
work, ε was taken at 2.4 [=(1.55)2] by accepting a value taken
in [26–28]. The magnitude of the transition dipole was taken
at the square root of 21.0D2 for a Chl and 16.0D2 for a pheo-
phytin, which were measured in solution[29]. The direction of
the transition dipoles was regarded as that connecting the two
nitrogens on the pyrrole rings I and III of the chlorin macroring,
and its position was regarded as the midpoint between these two
nitrogens for both a Chl and a pheophytin, whose position has
been determined by X-ray crystallographic studies[3,14,15].
The position vectorsRj andR were measured at the position of
the transition dipoles determined above.

In the case that excitation-energy trapping by the RC takes
place from a dimer of Chls in the core antenna, we represent
the position vectors of two Chls composing the dimer byRa and
Rb, with transition dipolesµa andµb, respectively. The excited
states of the dimer are composed of a lower and an upper exciton
state, and the excitation energy associated with the fluorescence
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ach of CP43 and CP47 to the RC. We will show, subsequ
hat it must satisfy also the sufficient condition.

In the excitation-energy trapping by the RC from the c
ntenna, energies in CP43 are trapped by B1 or H1 in the pig-
ent strand 1, and those in CP47 are trapped by B2 or H2 in

he pigment strand 2. These pigments (B1, H1, B2 and H2) are
onomers as acceptors in the excitation-energy trapping
s represent the excitation (i.e., absorption) spectrum of o

hem asAj(E) as a function of excitation energyE for j = B1, H1,
2 or H2, whose position vector is represented byRj. Taking the
pectrum as normalized to unity, by

∫
Aj(E) dE = 1, we put its

ransition dipoleµj aside.
Donors in this EET are Chls which give rise to the pea

bserved fluorescence from the core antenna at room tem
ure. Since such core-antenna Chls have not been identifie
e have considered two possibilities of either a monomer
imer. The latter was considered to be possible only on a
f Chls with a sufficiently large intermolecular EET interact
hown concretely in the next third paragraph.

Let us first consider that the fluorescence peak of the
ntenna is brought about by a monomer, whose position v
nd transition dipole are represented byR andµ, respectively

n this case, EET for the excitation-energy trapping by the
akes place from the monomeric donor in the core anten
monomeric acceptor at the position vectorRj with the transi

ion dipoleµj. Distances between any Chl in the core ante
nd any pigment in the RC, except remote Chls Z1 and Z2, are

arger than∼20Å in the structure of PS II determined by X-r
rystallographic studies. In this situation, the matrix eleme
he EET mentioned above can adequately be approximat
he electrostatic interaction between these two transition di
,
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eak of the core antenna should be attributed to the lower ex
tate. It will be shown later that a dimeric donor is not appro
te in reproducing a rate constant of the EET not smaller
∼25 ps)−1. As a situation most efficient in the EET from t
ower exciton state, therefore, we consider that the two
omposing the dimer have a same excitation energy, whe
xciton state is constituted by an amplitude of±1/

√
2 for the

xcited state of each Chl comprising the dimer. As empha
lso in[21,22] for EET from B to P within the RC, the matr
lement for the EET from the lower exciton state in the
ntenna to the monomeric RC Chl at the position vectorRj with

he transition dipoleµj is given by:

(Rj; Ra, Rb) = [J(Rj; Ra) ± J(Rj; Rb)]√
2

, (2.2)

ith J(Rj; Ri) for i = a or b in Eq.(2.1). Concerning the± in Eq.
2.2), we take either + or− signs according to the magnitude
he right-hand side of Eq.(2.2) becoming as large as possib
n order that the EET from the exciton state becomes as effi
s possible.

From what pair of core-antenna Chls should we calculat
ate constant of EET to the RC? This dimer case should o
or a pair with a sufficiently large intra-pair EET interacti
ts magnitude can be estimated also by an approximatio
ransition–dipole interaction in Eq.(2.1), but the dielectric con
tantε therein should be taken at a value much nearer to
han 2.4 taken in Eq.(2.1) [19]. Moreover, broadening of th
xcitation energy of each Chl determined in the RC is at
130 cm−1 at room temperature[19]. Taking into account thes

eatures, we have calculated the rate constant of EET to th
rom a pair of Chls with the intra-pair EET interaction lar
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than∼100 cm−1 for ε = 1, where the exciton splitting within the
pair becomes considerably lager than∼130 cm−1, with a value
larger than∼200 cm−1.

With J(Rj) representingJ(Rj; R) for the monomeric donor
or J(Rj; Ra, Rb) for the dimeric donor, the rate constant of EET
from the donor in the core antenna to the acceptor at the position
vectorRj in the RC is given by F̈orster’s formula[20] of:

k = 2π

h̄
J(Rj)

2
∫

Aj(E)F (E) dE, (2.3)

derived from Fermi’s Golden Rule, whereAj(E) represents
the normalized absorption spectrum of the acceptor mentioned
before, andF(E) represents the observed fluorescence spec-
trum of either CP43 or CP47, also normalized to unity as∫

F (E) dE = 1.
By decomposing the absorption spectrum of the RC, its com-

ponents contributed from B and H in the RC has been determined
in [19] as a Gaussian form, withj = B and H, of

Aj(E) = (2πW2)
–1/2

exp

[
−(E − Ej)2

(2W2)

]
, (2.4)

with

W2 = W2
S + λh̄ω̄ coth

(
1
2h̄ω̄

kBT

)
, (2.5)
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Eqs.(2.4)and(2.7)enable the integration inE in Eq.(2.3)to
be performed into

k = 2πJ(Rj)2/h̄

[2π(W2 + W2
f )]

1/2 exp

[
− (Ej − Ef )2

2(W2 + W2
f )

]
. (2.9)

Here,W is obtained from Eq.(2.5), where the set ofWS and
λ given in Eq.(2.6) are a little different betweensynechosystis
PCC 6803 and maize. Calculated values ofk are not different
more than six percent between the two cases. Accordingly, only
values ofk calculated with the set ofWS andλ for synechosystis
PCC 6803 will be shown below.

Numbering of Chls in the core antenna is different in the three
X-ray crystallographyic studies in[3,14,15]. We take hereafter
the numbering in[15] shown inFig. 1, simply because the pub-
lication of [15] is the latest although resolution in positional
determination is almost the same among them at 3.8Å in [3],
3.7Å in [14] and 3.5Å in [15].

Calculation of Eq.(2.9)were first performed for a pair of core-
antenna Chls which can be considered as a candidate of a dimer
by the criterion mentioned earlier. In this case, we could not
obtain a value not smaller than (∼25 ps)−1 as the rate constant
of EET to the RC from any pair of core-antenna Chls. Calculated
from the X-ray data in[15], for example, the largest rate constant
from each of CP43 and CP47 are given by:

1
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,
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m ve
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hereW represents the width of the peak at energyEj, and Eq
2.5)represents thatW2 is composed of the static partW2

S due to
nhomogeneous broadening brought about by static disorde
he remaining temperature-dependent part due to protein-m
ibrations with an average energy quantum ¯hω̄ in association
ith their reorganization by energyλ [30].
The average energy quantum ¯hω̄ was taken at 50 cm−1, as

bserved uniformly in many proteins[31,32]. Remaining param
ters have been determined for maize and cyanobacteriumSyne-
hocystis PCC 6803 in[19], given by:

WS ≈ 80 cm−1 and λ ≈ 22 cm−1, for Synechosystis

PCC 6803

WS ≈ 84 cm−1 and λ ≈ 25 cm−1, for maize


 ,

(2.6)

or both B and H atEj ≈ 14663 and 14706 cm−1, respectively
n the RC. Here, B = B1 or B2, and H = H1 or H2, in tune with
ET to the RC from CP43 or CP47, respectively.
To give F(E) in Eq. (2.3), the fluorescence spectrum of

ore antenna observed at room temperature[23,24] was fitted
y a Gaussian shape[33] of

(E) = (2πW2
f )

–1/2
exp

[
− (E − Ef )2

(2W2
f )

]
, (2.7)

ith

Ef ≈ 14665 cm−1 and Wf ≈ 157 cm−1, for CP43

Ef ≈ 14640 cm−1 and Wf ≈ 166 cm−1, for CP47

}
.

(2.8)
d
x

. From a pair of Chl15 and Chl44 in CP43 to B1 in the RC;
(1240 ps)−1.

. From a pair of Chl29 and Chl33 in CP47 to B2 in the RC;
(333 ps)−1.

Let us check positions of these Chls inFig. 1. We have seen
hus, that any pair of Chls which can be regarded as a cand
f a dimer in the core antenna do not satisfy the condition
onor which has been observed to transfer excitation ene

o the RC with a rate constant not smaller than (∼25 ps)−1.
Next, let us assume that a monomeric Chl in the core an

ransfers excitation energies to the RC, contributing to the
rescence spectrum of the core antenna. Let us first inves
P47 from which the rate constant of EET to the RC has
bserved to be not smaller than (∼25 ps)−1. Three largest value
f k calculated by Eq.(2.9)are similar between[15] and[3] for
igment arrangement, being given by:

. From Chl31 in CP47 to H2 in the RC;
(20 ps)−1 in [15], (29 ps)−1 in [3].

. From Chl31 in CP47 to B2 in the RC;
(40 ps)−1 in [15], (38 ps)−1 in [3].

. From Chl35 in CP47 to H2 in the RC;
(57 ps)−1 in [15], (57 ps)−1 in [3].

et us check positions of these Chls inFig. 1
Corresponding values ofk for pigment arrangement dete

ined in[14] are significantly different from those written abo
n both the magnitude order and their magnitudes themse
s:
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1. From Chl35 in CP47 to H2 in the RC; (61 ps)−1 in [14].
2. From Chl31 in CP47 to H2 in the RC; (65 ps)−1 in [14].
3. From Chl31 in CP47 to B2 in the RC; (359 ps)−1 in [14].

These rate-constant values derived from the pigment arrange-
ment determined in[14] do not satisfy the observation-based
requirement that there must exist CP47 pigments which transfer
excitation energies to the RC with a rate constant not smaller than
(∼25 ps)−1. In this situation, we must consider that the pigment
arrangement determined in[14] cannot be relied for reproduc-
ing the EET from CP47 to the RC. Both[15] and[3] indicate
that only Chl31 in CP47 satisfy the requirement, enabling us
to understand that in CP47 only Chl31 can transfer excitation
energies to the RC with a rate constant larger than (∼25 ps)−1

at room temperature. Other Chls in CP47 cannot do so.
Next, let us proceed to see the situation in CP43 from which

excitation energies are transferred to B1 or H1 in the RC. The
value of the rate constant of this EET should be similar to that
from CP47 to B2 or H2 in the RC, that is, not smaller than
(∼25 ps)−1, from near symmetrical arrangement of pigments
between CP47 and CP43 toward the pigment strands 2 and 1 in
the RC, respectively. Three largest values ofk calculated by Eq.
(2.9) for pigment arrangement in[3,15] are given by:

1. From Chl14 in CP43 to B1 in the RC;
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the RC, since a similar pathway definitely does not exists from
CP47 to the RC. In these situations, we conclude that Chl20 in
CP43 probably do not transfer excitation energies to the RC,
together with other Chls except Chl14 in CP43.

Thus, we found only Chl14 in CP43 and only Chl31 in CP47
as satisfying the necessary condition that they can transfer exci-
tation energies to the RC with a rate constant observed, if they
emit the same fluorescence as observed for CP43 and CP47,
respectively.

To render the necessary condition to the necessary-sufficient
one, it might seem necessary to check also the sufficient condi-
tion that Chl14 in CP43 and Chl31 in CP47 really emit the same
fluorescence as observed for CP43 and CP47, respectively. In
reality, it is not necessary, since we have shown that it is only
one Chl in each of CP43 and CP47 that satisfies the necessary
condition mentioned above. If they do not satisfy the sufficient
condition mentioned above, there would be in each of CP43 and
CP47 no Chl which can transfer excitation energies to the RC
with a rate constant not smaller than (∼25 ps)−1, in contradic-
tion to the observation. We conclude, thus, that Chl14 in CP43
and Chl31 in CP47 transfer excitation energies to the RC with
a rate constant not smaller than (25 ps)−1 at room temperature.
We can say, as a prediction in the present work, that they must
emit the same fluorescence as observed for CP43 and CP47,
respectively, with a peak energy and a width given by Eq.(2.8).
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(35 ps)−1 in [3], (42 ps)−1 in [15].
. From Chl20 in CP43 to H1 in the RC;

(36 ps)−1 in [3], (38 ps)−1 in [15].
. From Chl14 in CP43 to H1 in the RC;

(48 ps)−1 in [3], (41 ps)−1 in [15].

Let us check positions of these Chls inFig. 1. All of them seem
o satisfy the requirement for transferring excitation energi
he RC with a rate constant not smaller than (∼25 ps)−1. The
ourth largest one definitely does not satisfy the requirem
iving (438 ps)−1 from Chl12 in CP43 to B1 in the RC in[3],
nd (69 ps)−1 from Chl47 in CP43 to B1 in the RC in[15]. From

he pigment arrangement in[14], we get:

. From Chl14 in CP43 to H1 in the RC; (35 ps)−1 in [14].

. From Chl14 in CP43 to B1 in the RC; (50 ps)−1 in [14].

. From Chl47 in CP43 to B1 in the RC; (158 ps)−1 in [14].

Here, only the first and the second largest values by C
eem to satisfy the requirement as in[3,15], but Chl20 does no
ven appear in the list above.

In CP43, only Chl14 satisfies the requirement in the pigm
rrangement determined in any of[3,14,15]. Chl20 definitely
oes not satisfy the requirement in the pigment arrange
etermined in[14], although it seems to satisfy it in that det
ined in both[3,15]. For CP43, we conclude, accordingly, t
hl14 can surely transfer excitation energies to the RC w

ate constant not smaller than (∼25 ps)−1. It is less probabl
hat Chl20 can additionally do so. Moreover, if this pathwa
ET from Chl20 to H1 in the RC is also comparably probable
P43, it breaks the symmetry between CP47 and CP43 to
,

t

d

emperature is emitted nearly equally from plural excited s
n the Chl assembly in each of CP43 and CP47. In this
ot only Chl14 in CP43 and Chl31 in CP47, but also other
ust participate in the EET for the excitation-energy trappin

he RC from the core antenna, contributing to its fluoresc
pectrum. Since it is with a rate constant much smaller
∼25 ps)−1 that such Chls can transfer excitation energies t
C, we cannot reproduce as a whole the rate constant
ET observed to be not smaller than (∼25 ps)−1 in this case
e consider, therefore, that this case can be excluded.
As the main result of the present investigation, shown

rrows inFig. 2 is the pathway of EET from the core anten
or the excitation-energy trapping by the RC in the pigm
rrangement in the PS II core. It is composed of EET from C

n CP47 to B2 or H2 in the RC and that from Chl14 in CP43
1 or H1 in the RC, located nearly symmetrically between C
nd CP43 toward the RC. Rate-constant values of these
stimated byk of Eq.(2.3), are also shown therein.

. Peculiarities of PS II in excitation-energy trapping
nd initial fixation

It has been argued in[34] that orientations of three Chls
ach of CP43 and CP47 in the pigment arrangement deter

n [14] have been optimized for achieving a high efficienc
ET for excitation-energy trapping by the RC from the c
ntenna. In the numbering of Chls in[15] shown inFig. 1, the
umber of these Chls is 12, 14 and 20 in CP43, and 26, 31 a

n CP47. It has been clarified in the present work that excita
nergy trapping by the RC from the core antenna takes
redominantly by EET from Chl14 in CP43 and from Chl31
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Fig. 2. The most probable pathway of EET for the excitation-energy trapping by the RC from the core antenna composed of CP43 and CP47, added by arrows to
Fig. 1. Only Chl14 in CP43 and only Chl31 in CP47 participate in the EET, to B1 or H1 in the pigment strand 1 and to B2 or H2 in the pigment strand 2 in the RC,
respectively, nearly symmetrically between CP47 and CP43 toward the RC. Rate-constant values of these EETs, estimated byk of Eq.(2.3), are also shown therein.

CP47 to the RC. It is reasonable that these two Chls are included
in the six Chls mentioned in[34].

Clarification of Chls which transfer excitation energies to the
RC, performed in the present work, enables us to picture the
light-reaction processes in PS II until initial excitation-energy
fixation in the RC, as follows. Solar radiation energies are har-
vested by the antenna system as excitations of pigments therein.
They are transferred among pigments in the antenna system
along the excitation-energy funnel toward the core antenna,
and are first thermalized in the core antenna before they are
trapped by the RC, as in other photosystems[35]. The ther-
malization time has been estimated to be several ps in PS II
[28]. After trapped by the RC, excitation energies are quickly
thermalized among pigments in the RC before the charge separa-
tion takes place as the initial excitation-energy fixation therein.
The thermalization time in the RC has been estimated to be
sub-picoseconds[36,37], and the time for the charge separa-
tion therein is not shorter[38,39]. These situations show that
excitation-energy trapping by the RC from the core antenna is a
process rate-limiting, hence, most important, in the whole light-
reaction processes in PS II until the initial excitation-energy
fixation in the RC. It is this rate-limiting process that we have
clarified as taking place by EET from Chl31 in CP47 to B2 or
H2 in the RC and EET from Chl14 in CP43 to B1 or H1 in the
RC, nearly symmetrically between CP47 and CP43 toward the
RC.

The lowest excited state in the PS II RC is located on B1 and
B2 in the pigment strands 1 and 2, respectively, although the
excited state of each of H1 and H2 is located a little (∼40 cm−1)
higher. The lower exciton state on the dimeric pair P of P1 and P2
is ∼180 cm−1 higher, on which the positive charge is produced
as a result of the initial excitation-energy fixation by charge sep-
aration in the RC. Both B1 and B2 are nearer to the pair P than
H1 and H2, respectively. EET from a pair of B1 and H1 to that of
B2 and H2 between the pigment strands 1 and 2 can be estimated
to take∼20 ps by using the excitation spectra of these pigments
determined in[19]. In these situations, it seems reasonable to
consider that observed sub-picosecond thermalization of exci-
tation energies after trapping by the RC from the core antenna
takes place only among pigments in each of the strands 1 and 2.
After the thermalization, the initial fixation of excitation ener-
gies by charge separation begins from the excitation of B1 when
the trapping took place from CP43, and from the excitation of
B2 when the trapping took place from CP47.

As a result of the initial excitation-energy fixation, however,
charge separation takes place only along the pigment strand 1,
producing initially P+B1

− which subsequently makes a transi-
tion to P+H1

− [40]. A similar one-sided formation of the charge
separated state along only one of the pigment strands in the RC
is seen also in the bacterial photosystem[6]. There, excitation
energies in the core antenna are first transferred to the special
pair P, which works as the connecting tuber of the two strands.
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In bacterial photosynthesis, therefore, formation of the excited
state P* of P can induce straightforwardly to charge separation
only along one of the pigment strands in the RC[41]. In the PS
II RC, however, charge separation begins from formation of the
excited state either B∗1 or B∗

2 of B1 and B2 in the pigment strands
1 and 2, respectively, with similar energies. Excitation energies
are transferred from both CP43 and CP47 to the pigment strands
1 and 2 in the RC, respectively, with similar rate constants not
smaller than (∼25 ps)−1. Accordingly, it seems reasonable to
consider that charge separation as the initial excitation-energy
fixation will takes place with similar rate constants irrespective
of whether it starts from the formation of B∗

1 or B∗
2. It appears,

then, to be clarified how such similar rate constants are realized,
when the initial excitation-energy fixation takes place as charge
separation only along the pigment strand 1.

The similar rate constants cannot be obtained if the first event
following the formation of B∗1 or B∗

2 is such a charge separa-
tion as either P+B1

− or B1
+H1

− along the pigment strand 1
and as either P+B2

− or B2
+H2

− along the pigment strand 2,
respectively. In this case, it would take an additional long time
for both P+B2

− and B2
+H2

− along the pigment strand 2 to be
changed into charge separation along the pigment strand 1. It
means that B∗1 induces neither P+B1

− nor B1
+H1

− along the
pigment strand 1 and B∗2 induces neither P+B2

− nor B2
+H2

−
along the pigment strand 2, in contradiction to proposals by sev-
eral investigators[10–13,40]. Moreover, it has been observed
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into the charge-separated state P+B1
− by tunneling through the

high-energy P* state at all temperatures. Its rate constant is larger
than that for really producing P* from both B∗

1 and B∗
2 [39]. The

reason why both PB∗1 and PB∗2 are not unistep converted into
the charge-separated state P+B2

− along the pigment strand 2 is
considered to be that P+B2

− is higher in energy than P+B1
−, as

in the bacterial system[44].
In PS II, this superexchange mechanism for formation of

P+B1
− from both B∗

1 and B∗
2 must be adopted for the initial

excitation-energy fixation by charge separation. It is because P*

could not help being elevated in energy higher than both B* and
H* as a byproduct of the requirement that the redox potential of
P+ must be set as high as 1.2 V only in PS II. At a glance, there-
fore, this mechanism seems unique to PS II. It is very interesting,
however, to note that such a superexchange mechanism works
also in purple-bacteriumRhodopseudomonas (Rps.) viridis for
the initial excitation-energy fixation in the RC at low temper-
atures below∼50 K [45]. In purple-bacterium photosynthesis,
excitation energies of the core antenna called LH1 are trapped
by the special pair P of bacteriochlorophylls in the RC to form its
excited state P* at room temperature. Subsequently, P* induces
the charge separation initially between P and the adjacent acces-
sory bacteriochlorophyll B1 along the pigment strand 1[6]. The
excited state P* is lowest in energy in the pigment assembly
in the RC, but inRps. viridis, the lowest excited state LH1* of
the core antenna LH1[46] is still lower than P* by ∼150 cm−1,
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hat the primary charge-separated state P+H1
− along the pig

ent strand 1 occasionally recombines into the spin-triplet
B∗

1 on the accessory Chl[42], although with a small rate, diffe
ntly in the bacterial RC where the spin-triplet state is form

he special pair P. If B∗2 induces either P+B2
− or B2

+H2
− along

he pigment strand 2, these charge-separated states wou
ecombine into the spin-triplet state3B∗

1 on B1 on the pigmen
trand 1, resulting in a situation which has not been observ
his respect, too, production of either P+B2

− or B2
+H2

− from
∗
2 can be excluded from consideration.
To realize the similar rate constants, the excitation ene

ust first be transferred to P also in PS II, since P is locat
he connecting tuber of the two strands of pigments[39], as in
acterial photosynthesis. The excited state P* of P is∼180 cm−1

igher than both B∗1 and B∗
2. Therefore, it would energetically b

isadvantageous for both B∗
1 and B∗
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nergies to P* , even if from P* the charge separated state P+B1

−
an easily be produced only along the pigment strand 1 in th
s in bacterial photosynthesis. To overcome such disadva

t plays important roles that coupling between P* and both B∗1
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2 is due to EET facilitated without wave-function over
etween donor and acceptor, and it has a magnitude as
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imilarly to the relation between B* and P* in the PS II RC. In
urple bacteria, however, LH1 has a nearly circular form[7],
nclosing the RC with a radius of several dozens of angst

rom P which is located in the center of the RC. In this situat
oupling for EET from LH1* to P is as small as only several wa
umbers, being estimated from the structure of LH1[7]. It is due

o this smallness of the EET coupling between LH1* and P tha
he superexchange mechanism for the initial excitation-en
xation manifests itself only at low temperatures in bacte
hotosynthesis, in comparison with the situation in PS II.

In PS II and the purple-bacterium photosystem, the
xcited states achieved in the excitation-energy funnelin
* in the former and LH1* in the latter. Both of them a
nistep converted into the charge separated state in the R

he superexchange mechanism, without real production o
xcited state P* of the central pigment pair in the RC, althou
nly at low temperatures in the latter. Trapping of excita
nergies in the core antenna by the RC followed by their

ial fixation therein is most important in the initial processe
hotosynthesis[35]. It is interesting to note that in this mo

mportant process the mechanism mentioned above has
onserved as common between PS II and the purple-bact
hotosystem in spite of apparent differences in pigment arra
ent in the antenna system. Thus, we can satisfy ours
lso from the standpoint of the mechanism, that both PS I

he purple-bacterium photosystem have evolved from com
ncestors[5].

In PS I, both the RC pigments and the core-antenna one
caffolded in a single large transmembrane protein. The lo
xcited state in the pigment assembly in the RC core is locat
he central Chl pair called P700 therein[1]. Therefore, pigmen



K. Saito et al. / Journal of Photochemistry and Photobiology A: Chemistry 178 (2006) 271–280 279

excitation energies in the core-antenna part should be trapped
by P700 for subsequent charge separation for their initial fixa-
tion. Curiously, however, in the core antenna there exist excited
states of Chls whose energies are∼100–200 cm−1 lower than
P700, called red Chls[1,47]. Excitation energies are first ther-
malized in the core antenna also here, and hence initially pooled
in the red Chls therein before trapped by the RC. Also in PS
I, therefore, the excitation-energy trapping by the RC from the
core antenna has been constructed to be up-hill. It can be shown
[48] that to overcome this situation, the mechanism of unistep
superexchange virtual mediation at an intermediate state plays
important roles in the excitation-energy trapping by the RC also
in PS I at all temperatures, although the pathway working here is
considerably different from those in the bacterial photosystem
and also in PS II mentioned above. Thus, we have seen that the
mechanism in the process of excitation-energy trapping from
the core antenna and subsequent fixation by the RC has been
conserved to be unistep superexchange commonly among PS I,
PS II and the bacterial photosystem in the course of evolution,
since this process is most important in the initial processes of
photosynthesis.

4. Summary

The absorption spectrum of the RC in PS II has been decom-
posed into contributions from accessory Chls B (i.e., Band
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spectrum of B or H as the EET acceptor. The latter has been
obtained by the decomposition of the absorption spectrum of
the RC. The rate constant for such EET at room temperature is
not smaller than (∼25 ps)−1 from CP47[25], and it should have
a similar value also from CP43 from the symmetry mentioned
above. By equating the Förster’s rate constant to this value, we
can obtain that such EET occurs from a single Chl in each of
CP43 and CP47 at room temperature. It is Chl14 in CP43 and
Chl31 in CP47 in the numbering of Chls in[15], as shown in
Fig. 2 with rate-constant values of such EET estimated by the
formula.

After such EET from the core antenna to the RC, pigment
excitation energies are initially fixed by charge separation in the
RC. The charge separation has been observed to take place only
along the pigment strand 1, initially as P+B1

−, then to P+H1
−.

The EET from the core antenna to the RC takes place both from
CP43 to the pigment strand 1 and from CP47 to the strand 2,
with similar rate constants. In each of the pigment strands, the
charge separation begins from formation of B* which is nearest
to P with the lowest energy in the RC. Production of the ini-
tial charge-separated state P+B1

− along the strand 1 from B∗2
on the strand 2 must be mediated by the lower exciton state
P* on P located midway between B1 and B2. The mediation at
P* becomes quantum-mechanically virtual in the superexchange
mechanism, tunneling though the high-energy P* state by a large
EET coupling[39]. Its rate constant is larger than that for real
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2 in Fig. 1), pheophytins H (i.e., H1 and H2), the central Ch
air P (i.e., P1 and P2), and remote Chls Z (i.e., Z1 and Z2) in

19]. The decomposition is based on pigment excitation e
ies determined by site-directed mutagenesis studies in[9,10];

he excitation energy of B is lowest in the RC, although the
owest one given by H is only∼40 cm−1 above B* . Excited state
f P are excitons on the Chl dimer[19], but even its lower exc

on state P* is ∼180 cm−1 higher than B* . Such arrangement
igment excitation energies peculiar in the PS II RC has a
s a byproduct of the requirement that the oxidized state P+ of P
ust have an exceptionally high redox potential for extrac
n electron from water only in PS II. Pigments P1, B1 and H1
nd those P2, B2 and H2 are arranged nearly in the two-fold ro

ional symmetry, constituting pigment strands 1 and 2 in the
espectively, where P is working as a connecting tuber of the
trands. The core antenna surrounding the RC is compos
P43 and CP47 in PS II. They are separately attached to th
f the pigment strands 1 and 2 in the RC, respectively, and

herein are arranged also nearly symmetrically in tune with
ear two-fold rotational symmetry in the RC. In this situat
e consider that the pigment strand 1 traps pigment excit
nergies from CP43, and the pigment strand 2 traps those
P47.
The fluorescence spectrum of both CP43 and CP47 at

emperature peaks at the excitation energy of B in the RC[23,24].
his means that pigment excitation energies of the core an
re transferred to B in the RC and also to H which is o
40 cm−1 above, but not to P. The rate constant of such

hould be given by F̈orster’s formula of Eq.(2.3)where F̈orster’s
verlap integral is composed of the observed fluorescence
rum of CP43 or CP47 as the EET donor and the absor
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roduction of P* . From the symmetry mentioned earlier, p
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− from B∗
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n the strand 2 should take place with similar rate constan
imilar value of the rate constant can be obtained only by a
ar mechanism, without accidental coincidence. This mean
roduction of P+B1

− from B∗
1 on the strand 1 is also virtual

ediated by P* on P in the quantum-mechanical superexcha
echanism, without real production of P* . Calculating by th
eneral theory in[41], in fact, we can show[39] that the rate
onstant of the initial excitation-energy fixation by this supe
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energy [24]. Fitting the widthWf of the latter observed at 200 and 4 K
by the same formula as Eq. (2.5) forW enabled us to determine both
WS and λ therein, from which we obtained the value ofWf at 270 K
for CP43 given in Eq. (2.7). Although the fluorescence spectrum of the
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