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Abstract

Trapping of pigment excitation energies in the core antenna by the reaction center (RC) in Photosystem Il (PS Il) is a process rate-limiting
the whole primary processes of photosynthesis until initial excitation-energy fixation by charge separation in the RC. It takes place from a sin
chlorophyll (Chl) in each of transmembrane protein—pigment complexes CP43 and CP47, which compose the core antenna separately attach
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 adja
pheophytin (H) in each of the strands. These features unique in PS Il can be rationalized to have arisen as a byproduct of the requirement the
oxidized state Pof the central Chl pair P in the RC must have an exceptionally high redox potential for extracting an electron from water only
in PS II. These features were clarified by reproducing the observed rate constant of excitation-energy trapping by the RC from the core ante
Playing important roles here is the excitation spectrum of each pigment in the RC obtained by analyzing the absorption spectrum of the RC
Saito, K. Mukai, H. Sumi, Chem. Phys. Lett. 401 (2005) 122], on the basis of the observed pigment-energy arrangement therein. Here, the exc
state B of B is lowest in the RC with Hlocating a little (~40 cnt) higher, while P is considerably{180 cnt?) higher in association with the
very high redox potential of P although only P carries an exciton asd? this Chl dimer in the RC.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction plex to PS | which penetrates the same thylakoid membrane.
In the RC core of PS I, the electron is photoexcited to pro-
Photosynthesis is the ultimate energy source for all creatureduce a strong reductant (NADPH), by which carbon dioxide
on Earth. Main organisms for photosynthesis in green plants and reduced to carbonhydrate in Carvin—Benson’s dark-reaction
algae are the Photosystem | (PS I), Il (PS 1) and the cytochromeycle. Three-dimensional structures of both PS | and Il were
bgfcomplex, all of which are complexes of protein multisubunitsrecently disclosed one after another in 2001 by X-ray crystallo-
penetrating the thylakoid membrane. In PS I, solar radiatiorgraphic studiefl—3]. Such clarification has stimulated intensive
energy harvested by the antenna system is utilized to extract aesearches for understanding initial light-reaction processes of
electron from water in its oxygen-evolving center. The electron igphotosynthesis on the standpoint of their relation to structure.
used to reduce a quinone to a hydroquinone in its reaction center Proteins comprising both PS | and Il scaffold pigments
(RC). The hydroquinone is released into the matrix space withitherein as active centers, which are mostly chlorophylls (Chls).
the thylakoid membrane to be transferred to the cytochrom&olar radiation energy is harvested as excitation of pigments
bgf complex where the strong reducing power of the hydro-4n the antenna system of PS | and Il. Pigment excitation ener-
quinone is utilized to pump protons against the transmembrangies in the antenna system are arranged in a funnel structure as to
electrochemical-potential difference. Simultaneously with thedecrease toward the core antenna which encloses the RC. Excita-
proton pumping, an electron is transferred from #gécom-  tion energies harvested flow down toward the core antenna along
the funnel, and are trapped by the R, where they are utilized
to produce charge separation against the transmembrane elec-
* Corresponding author. Tel.: +81 29 853 5109; fax: +81 29 855 7440. trochemical potential gradient along an electron-transfer chain
E-mail address: sumi@ims.tsukuba.ac.jp (H. Sumi). of pigments as the initial energy fixation.
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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 Il, obtained from the X-ray data in 1S5L.pdl
associated witlil5]. 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 it5j.

Shown inFig. 1 is arrangement of pigments in the RC former bacteria and PS Il, and the photosystem in the latter bac-
and that of Chls in the core antenna in PS Il, where the coréeria and PS | have evolved from common ancestors.
antenna is composed of CP43 and C23], each of which is Purple bacteria are among the former, for which the three-
a transmembrane protein-pigment complex. The present worlimensional structure of both the R€] and the antenna system
is devoted to clarifying how different the pathway of excitation- [7] has been clarified since 1984. Heliobacteria and green sulfur
energy transfer is from the core antenna to the RC in PS Il ilbacteria are among the latter, but the three-dimensional struc-
comparison with that in other photosystems in photosynthesigure of their photosystems has not been clarified yet. When the
As the first step of the clarification, it is important to see howthree-dimensional structure of PS |l was clarified in 2001, there-
peculiar the energetics in PS Il is in comparison with otherfore, it has been anticipated that differences between oxygenic
photosystems. photosynthesis in green plants and algae, and anoxygenic one

Photosynthesis is performed also in phototropic prokaryotes phototropic prokaryotes will soon be clarified on the basis of
[4], although oxygen is not evolved therein, since an electron ithe three-dimensional structure of the photosystems concerned.
extracted not from water, but from less stable substances such dafortunately, however, such an anticipation has not been satis-
hydrogen sulfides. Phototropic prokaryotes are equipped witfied yet, since arrangement of pigments in the RC has turned out
only one photosystem for photosynthesis, according to whiclio be essentially similar between the photosystem in purple bac-
they are classified into two groufis]. Solar radiation energies teria and PS Il, in spite of the fact that they are opposite to each
harvested by the antenna system are utilized to excite the eleother in evolution of oxygen. Accordingly, such a difference
tron in the RC for reducing a quinone to a hydroquinone inin function between them must be rationalized from the stand-
one group, and for producing a strong reductant (NADH) in thepoint of invisible differences in energy structure in the pigment
other group, as in PS Il and in PS | of green plants and algagssembly between them, not from that of visible differences in
respectively. The hydroquinone and NADH, thus, produced irthe three-dimensional pigment arrangement therein.
the former and the latter, respectively, are utilized as in oxy- The key difference in the energy structure for distinguishing
genic photosynthesis of green plants and algae, that is, to puniggtween the photosystem in purple bacteria and PS Il should be
protons against the transmembrane electrochemical-potentidérived from a feature that after excitation-energy trapping by
difference and to reduce carbon dioxide to carbonhydrate ithe RC from the antenna system, the RC gets a redox potential
Carvin—Benson’s dark-reaction cycle, respectively. As undersufficiently high to extract an electron from water in PS 11, butin
stood from these functional differences, the photosystem in thboth the bacterial photosystem and PS I. Water is such a stable
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substance that the redox potential for its oxidation is as high aBS Il RC was determined as a dimer for the excited statef P
~0.9V at pH 6. To extract an electron from water, therefore, thehe central Chl pair P and monomers for excited states of other
excitation-energy trapping by the RC must lead to producing g@igments. As a byproduct of such characterization, we obtained
substance therein whose redox potential is higher th@® V.  also the spectral forms of all the excited states of the pigment
In the RC of PS Il, such a substance is the oxidized state of thassembly in the PS Il RC.
central Chl pair P which is produced as a result of charge separa- In both the bacterial photosystemand PS |, excitation energies
tion occurring after the excitation-energy trapping by the RC. Inin the core antenna are directly transferred to the central pigment
PS II, the redox potential of the"P couple in the RC amounts pair P which constitutes a strong dimer with an excitation energy
to ~1.2V, which is the highest in biological organisfigj. In lowest among the excited states of the pigment assembly in the
both the bacterial photosystem and PS |, it is only.5V[8]. RC[4]. In the PS Il RC, however, the excitation energy of the

To accomplish such a high redox potential of théFPcou-  central pair P of Chls is not lowest, and the lowest excitation
ple in PS Il, it is necessary that the positive charge dfi®® energy therein is given by the accessory Chl, B, although the
screened neither by surrounding negative charges nor by easilgpheophytin H has an excitation energy between B and P, as
polarizable amino-acid residues in the protein matrix in the RCmentioned before. In PS Il, the core antenna is composed of
This means that the surrounding of P in the RC is constructed t€P43 and CP47 shownkig. 1, and they are separately attached
be very hydrophobic. As a byproduct in such a surrounding, théo the side of the pigment strands 1 and 2 inthe RC, respectively.
excitation energy of P cannot help being elevated in PS Il. SucRigments inthe RC are arranged nearly in the two-fold rotational
an expectation has in fact been confirmed by recent site-directesymmetry along the two strands 1 and 2, and Chls in CP43 and
mutagenesis studies which have clarified that the excited stateP47 are arranged also nearly symmetrically in tune with the
P" of P is not lowest in energy in the PS 11 RG,10], differently  near two-fold rotational symmetry in the RC. In this situation, it
in both the bacterial photosystem and PS I. seems reasonable to consider that the pigment strang &P

It is very interesting, then, which pigment gives the lowestand H traps pigment excitation energies from CP43, and that
excitation energy in the PS Il RC. It was shown simultane-of Py, B, and H traps those from CP47.
ously by the mutagenesis studie$9hthat the lowest excitation The rate of excitation-energy transfer (EET) can be described
energy therein is given by the accessory Chls, represented by By Forster’s overlap integral between the fluorescence spectrum
and B (called together B hereafter), which are located adjacentf the excitation donor and the absorption spectrum of the exci-
to the central Chl pair P in the two pigment strands 1 and 2tation acceptof20], when the donor and the acceptor are well
respectively, ifFig. L The same feature was pointed out alreadyseparated from each otherin comparison with their physical sizes
earlier thar{9] by site-selective fluorescence-spectrum analysef21,22] Since both CP43 and CP47 can be split out from the RC
[11], and it was derived recently also by pigment-modificationin PS Il, their optical properties can individually be investigated.
studies[12] and by theoretical fitting of optical spectfa3]. It has been observg@3,24]that the fluorescence spectrum of
Excitation energies intermediate between P and B in the PS both CP43 and CP47 peaks just at the excitation energy of B
RC are given by pheophytins, represented hyaHd H (called  determined in9]. This means that excitation-energy trapping
together H hereafter), which are located next toaBd B in by the RC from the core antenna takes place mainly by resonant
the chain of P, B and H in the two pigment strands 1 and 2EET from CP43 to B and that from CP47 to B The excitation
respectively, as also seenkig. 1 spectrum of both Band B in the RC has been determined in

In both the bacterial photosystem and PS |, the central pair PL9] in the course of characterization of the excited states in the
of pigments in the RC constitutes a strong dimer with an interpigment assembly in the RC. These informations will enable us
molecular distance significantly shorter than others therein, witto determine which pigments in CP43 and CP47 transfer excita-
a center-to-center distance of 6&7[1,6], especially called the tion energies to Band B, respectively, inthe PS Il RC, as done
special pair in the bacterial photosystem. The situation looks a the next section of the present work. Sectdwill be devoted
little different in the PS 1l RC, since the intermolecular distanceto discussions on peculiarities of PS Il in trapping of excitation
in the central pair of Chls,{Pand B in Fig. 1, is similar to other  energies from the core antenna and their initial fixation in the
nearest-neighbor distances therein~8-10A depending on  RC in comparison with those in the bacterial photosystem and
X-ray data of resolution at 3.5-338[2,3,14,15] This feature  PS |. Summaries are put as Sectibn
has let many people consider that excited states of the pigment
assembly in the PS Il RC might be multim§t§] on the basisof 2. Excitation-energy trapping by the RC from the core
diagonalization of a Hamiltonian for the pigment assembly withantenna in PS II
assumed equal site energies without energy-broadening interac-
tions[17,18] Inreality, energy broadening of these excited states  Since the fluorescence spectrum of the core antenna peaks just
brought about by interaction with static disorders and proteinat the absorption peak of B in the PS Il RC, main acceptors in
matrix vibrations should be essential in judging whether they ar&ET from the core antenna to the RC should be B inthe RC. But,
multimers or not. 1119], therefore, that of each excited state wasH is only ~40 cn ! higher than B, although the lowest exciton
determined so as to reproduce the observed absorption spectrstate on P is-180 cnt ! higher. The energy broadening of these
of the PS Il RC on the basis of the excitation energies of indistates is~130cnt?! for both B and H, and~120 cnt ! for P
vidual pigments experimentally determined®). Thereby, the at room temperaturfl9]. Both B and H are located nearer to
character of the excited states of the pigment assembly in theore-antenna Chls than P, as seelRitn 1 As also seen therein,



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

two Chls 4 and % in the RC are so remote from the central [20-22] as:

part of the RC where charge separation takes place for initial

excitation-energy fixation. Therefore, they do not participate inJ(Rj’ R) = (8|ARJ-|3)_1 Wi — 3(“/' “ARj)(i - AR))
excitation-energy trapping by the RC from the core antenna. ! |AR;|?
Looking at these situations, the rate constant of the excitation- (2.1)
energy trapping from the core antenna can be considered to be

estimated by taking into account not only the resonant EET 1" Ith AR; =R; — R, wheree represents an appropriate dielectric

B, but also the near resonant EET to H, in each of the pigmen&onSt?‘gti’n WTCThcan)?eitagp:]OXLm?tedi:i/hthaé EEI'a Ifrrletcrl]uenrcy c?]rt-
strands 1 and 2 in the RC. esponding to the excitation energy in the : e prese

The rate constant of excitation-energy trapping by the RC ha\évork’ e was taken at 2.4 [=(L55) by accepting a value taken

1 in [26—28] The magnitude of the transition dipole was taken
been observed to be not smaller thar2b ps) + from CP47 at at the square root of 21 for a Chl and 16.02 for a pheo-
room temperaturf25]. Although that from CP43 has not been hytin, which were measured in solutig@8]. The direction of
observed yet, it should have a magnitude similar to that fronﬁ yan, '

CP47, since CP43 and CP47 are attached nearly symmetricarr#,{er;raer;]ité%ntﬁépoﬁsorga:isnriglaggg?lIajf izztc%?gr?r?ﬂ;grg:ﬁ two
to the pigment strands 1 and 2, respectively, in tune with their 9 by 9 9.

near two-fold rotational symmetry in the RC. It will be shown in and its position was regarded as the midpoint between these two

. . . nitrogens for both a Chl and a pheophytin, whose position has
this section that these magnitudes of the rate constant, toget eéen determined by X-ray crystallographic stud@d4,15]

with the excitation spectra of both B and H in the RC, and thel_ " "
e position vector®; andR were measured at the position of
observed fluorescence spectra of the core antenna, enables ug to

) . o - the transition dipoles determined above.
determine core-antenna Chls which transfer excitation energies o .
In the case that excitation-energy trapping by the RC takes
to the RC at room temperature.

. . o lace from a dimer of Chls in the core antenna, we represent
We first determine the necessary condition for such Chl o . .
he position vectors of two Chls composing the dimeRgyyand

by reproducing the rate constant of the EET not smaller tha%b, with transition dipolege, and,, respectively. The excited

(~25ps)y? under an assumption that they give rise to the . .
states of the dimer are composed of a lower and an upper exciton
observed fluorescence spectra of the core antenna. Thereby, we o : .
. . . - . state, and the excitation energy associated with the fluorescence
can determine a single Chl transferring excitation energies from

each of CP43 and CP47 to the RC. We will show. subseauent] peak of the core antenna should be attributed to the lower exciton
that it must satisfy also the sufficieﬁt condition ' q )étate. It will be shown later that a dimeric donor is not appropri-
o : ) ate in reproducing a rate constant of the EET not smaller than
In the excitation-energy trapping by the RC from the Core(~25 ps)y L. As a situation most efficient in the EET from the
antenna, energies in CP43 are trapped hyBH; in the pig- :

et sirand 1, s those i CPi7 are wrapped bpeiy 1 er X010 e, hereoe, we coneier et e v Cie
the pigment strand 2. These pigments,(B1, B> and H) are P g gy

monomers as acceptors in the excitation-energy trapping. LéetxClton state is constituted by an amplitudeief/ 2 for the

A : cited state of each Chl comprising the dimer. As emphasized
us represent the excitation (i.e., absorption) spectrum of one of . - .
. o . also in[21,22]for EET from B to P within the RC, the matrix
them asA;(E) as a function of excitation enerdgyfor j =By, Hy,

. ; . element for the EET from the lower exciton state in the core
B2 or Hp, whose position vector is representediyyTaking the . . .

: . : antenna to the monomeric RC Chl at the position veRjavith
spectrum as normalized to unity, yA ;(E) dE = 1, we putits E

transition dipoley; aside. the transition dipolg; is given by:

Donors in this EET are Chls which give rise to the peak of _ _ [J(Rj;R.) £ J(R}; Ry)]
observed fluorescence from the core antenna at room temperé(-ij R, Ry) = NG ) (2.2)
ture. Since such core-antenna Chls have not been identified yet,
we have considered two possibilities of either a monomer or avith J(R;; R;) for i=a or b in Eq.(2.1). Concerning thet in Eq.
dimer. The latter was considered to be possible only on a paii2.2), we take either + or- signs according to the magnitude of
of Chls with a sufficiently large intermolecular EET interaction the right-hand side of Eq2.2) becoming as large as possible,
shown concretely in the next third paragraph. in order that the EET from the exciton state becomes as efficient
Let us first consider that the fluorescence peak of the coras possible.
antenna is brought about by a monomer, whose position vector From what pair of core-antenna Chls should we calculate the
and transition dipole are represented”®wand u, respectively. rate constant of EET to the RC? This dimer case should occur
In this case, EET for the excitation-energy trapping by the RCor a pair with a sufficiently large intra-pair EET interaction.
takes place from the monomeric donor in the core antenna tiis magnitude can be estimated also by an approximation of
a monomeric acceptor at the position ved®pmwith the transi-  transition—dipole interaction in E¢2.1), but the dielectric con-
tion dipole u;. Distances between any Chl in the core antennastante therein should be taken at a value much nearer to unity
and any pigment in the RC, except remote ChissAd 2, are  than 2.4 taken in Eq(2.1) [19] Moreover, broadening of the
larger tham~20A in the structure of PS Il determined by X-ray excitation energy of each Chl determined in the RC is at most
crystallographic studies. In this situation, the matrix element of~130 cn ! at room temperaturfd 9]. Taking into account these
the EET mentioned above can adequately be approximated bgatures, we have calculated the rate constant of EET to the RC
the electrostatic interaction between these two transition dipolelsom a pair of Chls with the intra-pair EET interaction larger

’
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than~100 cn! for & = 1, where the exciton splitting within the Egs.(2.4)and(2.7)enable the integration iiin Eq.(2.3)to
pair becomes considerably lager thah30 cnt, with a value  be performed into
larger than~200 cn1 1.

With J(R;) representing/(R;; R) for the monomeric donor 2nJ(R,-)2/Tz (E; — Ef)?
or J(R;; R, Ry) for the dimeric donor, the rate constant of EET [ (W2 4+ sz)]l/Z 2(W2 + WP)
from the donor in the core antenna to the acceptor at the position
vectorR; in the RC is given by Brster’s formulg20] of: Here,W is obtained from Eq(2.5), where the set os and

oo A given in Eqg.(2.6) are a little different betweesynechosystis
k= fJ(Rj)z/Aj(E)F(E) dE, (2.3) PCC 6803 and maize. Calculated values @re not different

h more than six percent between the two cases. Accordingly, only
derived from Fermi's Golden Rule, Whepej(E) represents values ofk calculated with the set df’'s andA for synechosystis
the normalized absorption spectrum of the acceptor mentionddCC 6803 will be shown below.
before, andF(E) represents the observed fluorescence spec- Numbering of Chls in the core antenna is different in the three
trum of either CP43 or CP47, also normalized to unity asX-ray crystallographyic studies ii3,14,15] We take hereafter
[ F(E)dE = 1. the numbering if15] shown inFig. 1, simply because the pub-

By decomposing the absorption spectrum of the RC, its comlication of [15] is the latest although resolution |n positional
ponents contributed from B and H in the RC has been determinedetermination is almost the same among them ah3r8[3],

in [19] as a Gaussian form, wiftx B and H, of 3.7A/in [14] and 3.5 in [15].
Calculation of Eq(2.9)were first performed for a pair of core-

(2.9)

ALE) = (21 W2) 1/2 —(E — Ej)2 (2.4) antenna th_s which can be cons_idered asa candidate of a dimer
g (2w?2) ’ ' by the criterion mentioned earlier. In this case, we could not
obtain a value not smaller than25 ps) ! as the rate constant
with of EET to the RC from any pair of core-antenna Chls. Calculated
15 from the X-ray data ifil5], for example, the largest rate constant
W2 = W2 + i coth (ﬁ) ’ (2.5) from each of CP43 and CP47 are given by:
B

whereW represents the width of the peak at enefgyand Eq. 1 From a pair of Chl15 and Chl44 in CP43 tq B the RC;

(2.5)represents tha¥? is composed of the static pa/bfé due to (1240 psy

inhomogeneous broadening brought about by static disorder arfd From a pair of Chi29 and Chi33 in CP47 te B the RC;

the remaining temperature-dependent part due to protein-matrix (333ps) ™.

vibrations with an average energy quantim in association

with their reorganization by enerdy[30]. Let us check positions of these ChisHig. 1L We have seen,
The average energy quanturm was taken at 50cnt, as  thus, that any pair of Chls which can be regarded as a candidate

observed uniformly in many proteif1,32] Remaining param- of a dimer in the core antenna do not satisfy the condition as a

eters have been determined for maize and cyanobact§sitwn ~ donor which has been observed to transfer excitation energies

chocystis PCC 6803 ir{19], given by: to the RC with a rate constant not smaller tha/2% ps) .
N 1 . Next, let us assume that a monomeric Chl in the core antenna
Ws~80cnm= and 1 ~ 22cm =, for Synechosysti transfers excitation energies to the RC, contributing to the flu-
PCC 6803 , orescence spectrum of the core antenna. Let us first investigate
Ws~ 84cm! and A ~ 25¢cntl, for maize CP47 from which the rate constant of EET to the RC has been

2.6 observed to be not smaller thanZ5 ps) L. Three largest values
(2.6)

of k calculated by Eq¢(2.9) are similar betweefi5] and[3] for
for both B and H at£; ~ 14663 and 14706 cnt, respectively, pigment arrangement, being given by:

in the RC. Here, B=Bor By, and H=H or Hy, in tune with

EET to .the RC from CP43 or CP47, respectively. 1. From ChI31 in CP47 to piin the RC:
To give F(E) in Eq. (2.3), the fluorescence spectrum of the (20ps) L in [15], (29 ps) L in [3]

core antenna observed at room temperaf8e24]was fitted 5 .0 chi31in CP47 to Bin the RC:

by a Gaussian shapa3] of (40 ps) L in [15], (38 ps) t in [3].
p (E — E)? 3. From ChI35 in CP47 to #in the RC;
F(E) = (2nW?) “exp l—(zwz)l (2.7) (57 psytin[15], (57 psytin[3].
f
with Let us check positions of these ChisHiy. 1
Corresponding values df for pigment arrangement deter-
E; ~ 14665cnT* and Wi ~ 157 cnt, for CP43 mined in[14] are significantly different from those written above
Ef ~ 14640 cmt! and Ws ~ 166 cntl, for CP47|[ in both the magnitude order and their magnitudes themselves,

(2.8) as:
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1. From ChI35 in CP47 to Hin the RC; (61 ps)* in [14]. the RC, since a similar pathway definitely does not exists from
2. From ChI31 in CP47 to pin the RC; (65 ps)t in [14]. CP47 to the RC. In these situations, we conclude that Chl20 in
3. From ChlI31 in CP47 to Bin the RC; (359 ps)! in [14]. CP43 probably do not transfer excitation energies to the RC,

together with other Chls except Chl14 in CP43.

These rate-constant values derived from the pigment arrange- 1 US, we found only Chi14in CP43 and only Chi31in CP47
ment determined ifi14] do not satisfy the observation-based as.sat|sfy|ng. the necessary f:ondmon that they can transfgr exci-
requirement that there must exist CP47 pigments which transfdftion energies to the RC with a rate constant observed, if they
excitation energies to the RC with arate constant not smaller thafMit the same fluorescence as observed for CP43 and CP47,
(~25psy L. In this situation, we must consider that the pigment'€SPectively. L .
arrangement determined 4] cannot be relied for reproduc- To render the necessary condition to the necessary-sufficient
ing the EET from CP47 to the RC. Bofti5] and[3] indicate ~ ©N€: it might seem necessary to check also the sufficient condi-
that only ChI31 in CP47 satisfy the requirement, enabling ydion that Chi14 in CP43 and Chi31 in CP47 really emit the' same
to understand that in CP47 only Chi31 can transfer excitatiofiuorescence as observed for CP43 and CP47, respectively. In

energies to the RC with a rate constant larger the®5(ps)* reality, it is not necessary, since we have shown that it is only
at room temperature. Other Chls in CP47 cannot do so. one Chl in each of CP43 and CP47 that satisfies the necessary

Next, let us proceed to see the situation in CP43 from whictfondition mentioned above. If they do not satisfy the sufficient
excitation energies are transferred to & Hy in the RC. The ~condition mentioned above, there would be in each of CP43 and
value of the rate constant of this EET should be similar to thaf-P47 n0 Chl which can transfer excitation energies to the RC
from CP47 to B or H, in the RC, that is, not smaller than With @ rate constant not smaller than5 ps) , in contradic-
(~25ps)!, from near symmetrical arrangement of pigmentstion to the observation. We conclude, thus, that Chl14 in CP43

between CP47 and CP43 toward the pigment strands 2 and 1 @nd Chi31 in CP47 transfer excitation energies to the RC with
the RC, respectively. Three largest values oélculated by Eq. & 'ate constant not smaller than (25Psit room temperature.

(2.9)for pigment arrangement §i8,15] are given by: 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 byE®).

It could be considered that the fluorescence spectrum at room
temperature is emitted nearly equally from plural excited states
in the Chl assembly in each of CP43 and CP47. In this case,
not only Chl14 in CP43 and Chi31 in CP47, but also other Chls
must participate in the EET for the excitation-energy trapping by
the RC from the core antenna, contributing to its fluorescence
spectrum. Since it is with a rate constant much smaller than

- : ! s ) (~25 ps) ! that such Chls can transfer excitation energies to the
to satisfy the requirement for transferring excitation energies t§ \ve cannot reproduce as a whole the rate constant of the

the RC with a rate constant not smaller thas26 ps)y L. The EET observed to be not smaller than2 ps)! in this case.
fourth largest one definitely does not satisfy the requirementiy . consider. therefore. that this case can be excluded

. . l - . - L L .
giving (438f37 from Chi12 in CP43 to Bin the RC in[3], As the main result of the present investigation, shown by
and (69 ps)™ from Chl47in CP43to Binthe RCIN[15]. From  46,ys inFig. 2is the pathway of EET from the core antenna

the pigment arrangement jh4], we get: for the excitation-energy trapping by the RC in the pigment
arrangementin the PS Il core. Itis composed of EET from Chi31

1. From Chl14 in CP43 to Bin the RC;
(35psytin3], (42psytin[15].

2. From ChI20 in CP43 to Hin the RC;
(36psytini3], (38psy?tin[15].

3. From Chl14 in CP43 to Hin the RC;
(48psytin[3], (41psytin[15].

Letus check positions of these Chlgig. 1 Allofthem seem

1. From Chi14 in CP43 to Hin the RC; (35 pS?i in [14]. in CP47 to B or H, in the RC and that from Chl14 in CP43 to
2. From Chli14 in CP43 to Bin the RC; (50 ps) in [14]. B1 or Hy in the RC, located nearly symmetrically between CP47
3. From Chl47 in CP43 to Bin the RC; (158 ps)™ in [14]. and CP43 toward the RC. Rate-constant values of these EETS,

estimated by of Eq.(2.3), are also shown therein.
Here, only the first and the second largest values by Chi14
seem to satisfy the requirement ag$3riL5], but Chl20 does not 3. Peculiarities of PS II in excitation-energy trapping

even appear in the list above. and initial fixation
In CP43, only Chl14 satisfies the requirement in the pigment
arrangement determined in any [&;14,15] Chl20 definitely It has been argued if34] that orientations of three Chls in

does not satisfy the requirement in the pigment arrangememach of CP43 and CP47 in the pigment arrangement determined
determined irf14], although it seems to satisfy it in that deter- in [14] have been optimized for achieving a high efficiency in
mined in both3,15]. For CP43, we conclude, accordingly, that EET for excitation-energy trapping by the RC from the core
Chl14 can surely transfer excitation energies to the RC with @antenna. In the numbering of Chls[ib5] shown inFig. 1, the

rate constant not smaller tharv25 ps)L. It is less probable number ofthese Chlisis 12, 14 and 20in CP43, and 26, 31 and 35
that Chl20 can additionally do so. Moreover, if this pathway ofin CP47. It has been clarified in the present work that excitation-
EET from Chl20 to H in the RC is also comparably probable in energy trapping by the RC from the core antenna takes place
CPA43, it breaks the symmetry between CP47 and CP43 towagtedominantly by EET from Chl14 in CP43 and from Chi31 in
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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 arrowv
Fig. 1 Only Chi14 in CP43 and only ChlI31 in CP47 participate in the EET,t@BH; in the pigment strand 1 and to,Br H, in the pigment strand 2 in the RC,
respectively, nearly symmetrically between CP47 and CP43 toward the RC. Rate-constant values of these EETSs, estioidigd®)8), are also shown therein.

CP47 to the RC. Itis reasonable that these two Chlis are included The lowest excited state in the PS Il RC is located g@aBd
in the six Chls mentioned if84]. B> in the pigment strands 1 and 2, respectively, although the
Clarification of Chls which transfer excitation energies to theexcited state of each offHand H is located a little €40 cnt 1)
RC, performed in the present work, enables us to picture thhigher. The lower exciton state on the dimeric pair PodiRd B
light-reaction processes in PS Il until initial excitation-energyis ~180 cnt higher, on which the positive charge is produced
fixation in the RC, as follows. Solar radiation energies are haras a result of the initial excitation-energy fixation by charge sep-
vested by the antenna system as excitations of pigments theregration in the RC. Both Band B are nearer to the pair P than
They are transferred among pigments in the antenna systehly and H, respectively. EET from a pair of{Band H; to that of
along the excitation-energy funnel toward the core antenn&B; and H between the pigment strands 1 and 2 can be estimated
and are first thermalized in the core antenna before they ate take~20 ps by using the excitation spectra of these pigments
trapped by the RC, as in other photosystdBts]. The ther- determined if19]. In these situations, it seems reasonable to
malization time has been estimated to be several ps in PS Honsider that observed sub-picosecond thermalization of exci-
[28]. After trapped by the RC, excitation energies are quicklytation energies after trapping by the RC from the core antenna
thermalized among pigments in the RC before the charge separakes place only among pigments in each of the strands 1 and 2.
tion takes place as the initial excitation-energy fixation thereinAfter the thermalization, the initial fixation of excitation ener-
The thermalization time in the RC has been estimated to bgies by charge separation begins from the excitatiomafBen
sub-picosecondf36,37] and the time for the charge separa- the trapping took place from CP43, and from the excitation of
tion therein is not shorte38,39] These situations show that By when the trapping took place from CP47.
excitation-energy trapping by the RC from the core antennais a As a result of the initial excitation-energy fixation, however,
process rate-limiting, hence, most important, in the whole lightcharge separation takes place only along the pigment strand 1,
reaction processes in PS Il until the initial excitation-energyproducing initially PB;~ which subsequently makes a transi-
fixation in the RC. It is this rate-limiting process that we havetion to P'H,~ [40]. A similar one-sided formation of the charge
clarified as taking place by EET from Chi31 in CP47 to®@  separated state along only one of the pigment strands in the RC
H in the RC and EET from Chl14 in CP43 ta Br Hy in the  is seen also in the bacterial photosystgh There, excitation
RC, nearly symmetrically between CP47 and CP43 toward thenergies in the core antenna are first transferred to the special
RC. pair P, which works as the connecting tuber of the two strands.
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In bacterial photosynthesis, therefore, formation of the excitedhto the charge-separated statdP~ by tunneling through the
state P of P can induce straightforwardly to charge separatiorhigh-energy Pstate at all temperatures. Its rate constantis larger
only along one of the pigment strands in the RC]. Inthe PS  than that for really producing'Hrom both B and B; [39]. The

Il RC, however, charge separation begins from formation of theeason why both PBand PB are not unistep converted into
excited state eitherBor B} of By and B in the pigment strands  the charge-separated statéBp~ along the pigment strand 2 is

1 and 2, respectively, with similar energies. Excitation energiesonsidered to be that'B,~ is higher in energy than'®;~, as

are transferred from both CP43 and CP47 to the pigment strandls the bacterial systerd4].

1 and 2 in the RC, respectively, with similar rate constants not In PS Il, this superexchange mechanism for formation of
smaller than €25 ps) . Accordingly, it seems reasonable to P*B;~ from both B and B; must be adopted for the initial
consider that charge separation as the initial excitation-energgxcitation-energy fixation by charge separation. It is becatise P
fixation will takes place with similar rate constants irrespectivecould not help being elevated in energy higher than botari

of whether it starts from the formation of;Bor B5. It appears, H" as a byproduct of the requirement that the redox potential of
then, to be clarified how such similar rate constants are realized®" must be set as high as 1.2V only in PS II. At a glance, there-
when the initial excitation-energy fixation takes place as chargéore, this mechanism seems unique to PS I1. Itis very interesting,
separation only along the pigment strand 1. however, to note that such a superexchange mechanism works

The similar rate constants cannot be obtained if the first everalso in purple-bacteriumRhodopseudomonas (Rps.) viridis for
following the formation of B or B} is such a charge separa- the initial excitation-energy fixation in the RC at low temper-
tion as either PB1;~ or B;*H;~ along the pigment strand 1 atures below~50 K [45]. In purple-bacterium photosynthesis,
and as either 8,~ or B,"H,~ along the pigment strand 2, excitation energies of the core antenna called LH1 are trapped
respectively. In this case, it would take an additional long timeby the special pair P of bacteriochlorophylls in the RC to form its
for both PB,~ and B*H,~ along the pigment strand 2 to be excited state Pat room temperature. Subsequentiyjfuces
changed into charge separation along the pigment strand 1. the charge separation initially between P and the adjacent acces-
means that Binduces neither 181~ nor By*H;1~ along the  sory bacteriochlorophyll Balong the pigment strand[]. The
pigment strand 1 andBinduces neither >~ nor By*Hy~ excited state Pis lowest in energy in the pigment assembly
along the pigment strand 2, in contradiction to proposals by sevin the RC, but inRps. viridis, the lowest excited state LFIDf
eral investigator§10—13,40] Moreover, it has been observed the core antenna LH[#6] is still lower than P by ~150 cnt 2,
that the primary charge-separated statelf along the pig-  similarly to the relation between'Band P in the PS Il RC. In
ment strand 1 occasionally recombines into the spin-triplet statpurple bacteria, however, LH1 has a nearly circular f¢vih
3B} on the accessory Cf#2], although with a small rate, differ- enclosing the RC with a radius of several dozens of angstroms
ently in the bacterial RC where the spin-triplet state is form orfrom P which is located in the center of the RC. In this situation,
the special pair P. If Binduces either /B>~ or Bo*H,™ along  coupling for EET from LH1 to Pis as small as only several wave
the pigment strand 2, these charge-separated states would matmbers, being estimated from the structure of [[H1Itis due
recombine into the spin-triplet sta?Bj on B; on the pigment  to this smallness of the EET coupling between Ltahd P that
strand 1, resulting in a situation which has not been observed. line superexchange mechanism for the initial excitation-energy
this respect, too, production of eithetB»~ or B,*H,™ from  fixation manifests itself only at low temperatures in bacterial
B3 can be excluded from consideration. photosynthesis, in comparison with the situation in PS II.

To realize the similar rate constants, the excitation energies In PS Il and the purple-bacterium photosystem, the final
must first be transferred to P also in PS Il, since P is located axcited states achieved in the excitation-energy funneling is
the connecting tuber of the two strands of pigmdB€j, asin  B" in the former and LH1 in the latter. Both of them are
bacterial photosynthesis. The excited statef? is~180 cnt ! unistep converted into the charge separated state in the RC by
higher than both Band B;. Therefore, it would energetically be the superexchange mechanism, without real production of the
disadvantageous for bothjBind B; to transfer their excitation excited state Pof the central pigment pair in the RC, although
energies to P, even if from P the charge separated stat®p~ only at low temperatures in the latter. Trapping of excitation
can easily be produced only along the pigment strand 1 in the R€nergies in the core antenna by the RC followed by their ini-
as in bacterial photosynthesis. To overcome such disadvantagel fixation therein is most important in the initial processes of
it plays important roles that coupling betweehdhd both B photosynthesi$35]. It is interesting to note that in this most
and B; is due to EET facilitated without wave-function overlap important process the mechanism mentioned above has been
between donor and acceptor, and it has a magnitude as largenserved as common between PS Il and the purple-bacterium
as several dozens of wave numbers, as estimated from the pighotosystem in spite of apparent differences in pigment arrange-
ment arrangement in the RC. In this situation, we are naturallynent in the antenna system. Thus, we can satisfy ourselves,
led to quantum-mechanical virtual mediation byd a mech-  also from the standpoint of the mechanism, that both PS Il and
anism by which both B and B; induce the charge-separated the purple-bacterium photosystem have evolved from common
state PB1~ only along the pigment strand 1 with similar rate ancestor$5].
constants between thd®0]. This mechanism is essentially the  In PS |, both the RC pigments and the core-antenna ones are
same as the superexchange mechanism originally proposed soaffolded in a single large transmembrane protein. The lowest
magnetisn{43]. In this mechanism, Pis not really produced excited state in the pigment assembly in the RC core is located on
in the mediation, and both BBand PB are unistep converted the central Chl pair called P700 ther¢i. Therefore, pigment



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 trappesppectrum of B or H as the EET acceptor. The latter has been
by P700 for subsequent charge separation for their initial fixaebtained by the decomposition of the absorption spectrum of
tion. Curiously, however, in the core antenna there exist excitethe RC. The rate constant for such EET at room temperature is
states of Chls whose energies ar2@00—-200 cm! lower than  not smaller than25 ps) ! from CP47[25], and it should have
P700, called red Chlg,47]. Excitation energies are first ther- a similar value also from CP43 from the symmetry mentioned
malized in the core antenna also here, and hence initially pooleabove. By equating thedfster’s rate constant to this value, we

in the red Chls therein before trapped by the RC. Also in PSan obtain that such EET occurs from a single Chl in each of
I, therefore, the excitation-energy trapping by the RC from theCP43 and CP47 at room temperature. It is Chl14 in CP43 and
core antenna has been constructed to be up-hill. It can be show@hl31 in CP47 in the numbering of Chls jh5], as shown in

[48] that to overcome this situation, the mechanism of unisteg-ig. 2 with rate-constant values of such EET estimated by the
superexchange virtual mediation at an intermediate state playermula.

important roles in the excitation-energy trapping by the RC also  After such EET from the core antenna to the RC, pigment
in PS | at all temperatures, although the pathway working here isxcitation energies are initially fixed by charge separation in the
considerably different from those in the bacterial photosysteniRC. The charge separation has been observed to take place only
and also in PS Il mentioned above. Thus, we have seen that tladong the pigment strand 1, initially aS®;,~, then to PH;~.
mechanism in the process of excitation-energy trapping fronThe EET from the core antenna to the RC takes place both from
the core antenna and subsequent fixation by the RC has be@43 to the pigment strand 1 and from CP47 to the strand 2,
conserved to be unistep superexchange commonly among PSalith similar rate constants. In each of the pigment strands, the
PS Il and the bacterial photosystem in the course of evolutiorgharge separation begins from formation 6fghich is nearest
since this process is most important in the initial processes db P with the lowest energy in the RC. Production of the ini-

photosynthesis. tial charge-separated statéBR~ along the strand 1 from B
on the strand 2 must be mediated by the lower exciton state
4. Summary P" on P located midway between Bnd B. The mediation at

P" becomes quantum-mechanically virtual in the superexchange
The absorption spectrum of the RC in PS Il has been deconmechanism, tunneling though the high-energgfte by a large
posed into contributions from accessory Chis B (i.e.,d8d  EET coupling[39]. Its rate constant is larger than that for real
B in Fig. 1), pheophytins H (i.e., Hand H), the central Chl  production of P. From the symmetry mentioned earlier, pro-
pair P (i.e., R and B), and remote Chls Z (i.e.,1Zand %) in duction of PB1~ from Bj on the strand 1 and that from}B
[19]. The decomposition is based on pigment excitation eneren the strand 2 should take place with similar rate constants. A
gies determined by site-directed mutagenesis studif10]; similar value of the rate constant can be obtained only by a simi-
the excitation energy of B is lowest in the RC, although the nextar mechanism, without accidental coincidence. This means that
lowest one given by His onkr40 cnt ! above B. Excited states  production of PB1~ from Bj on the strand 1 is also virtually
of P are excitons on the Chl dimg9], but even its lower exci- mediated by Pon P in the quantum-mechanical superexchange
ton state Pis ~180 cn ! higher than B. Such arrangement of mechanism, without real production of.RCalculating by the
pigment excitation energies peculiar in the PS Il RC has arisegeneral theory ifj41], in fact, we can shoy39] that the rate
as a byproduct of the requirement that the oxidized statf P constant of the initial excitation-energy fixation by this superex-
must have an exceptionally high redox potential for extractingchange mechanism reproduces well both the magnitude and the
an electron from water only in PS Il. Pigmentg, B; and H  temperature dependence of the rate cong&8jtobserved by
and those P, B, and b are arranged nearly in the two-fold rota- direct lowest-edge excitation in the RC-absorption band.
tional symmetry, constituting pigment strands 1 and 2 in the RC,
respectively, where P is working as a connecting tuber of the twiReferences
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