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A structure-based description of excitation migration in multireaction center light harvesting
systems is introduced. The description is an extension of the sojourn expansion, which decomposes
excitation migration in terms of repeated detrapping and recapture events. The approach is applied
to light harvesting in the trimeric form of cyanobacterial photosystem I~PSI!. Excitation is found to
be shared between PSI monomers and the chlorophylls providing the strongest respective links are
identified. Excitation sharing is investigated by computing cross-monomer excitation trapping
probabilities. It is seen that on the average there is a nearly 40% chance of excitation cross transfer
and trapping, indicating efficient coupling between monomers. The robustness and optimality of the
chlorophyll network of trimeric PSI is examined. ©2004 American Institute of Physics.
@DOI: 10.1063/1.1739400#

I. INTRODUCTION

As the main source of energy for life on earth, photosyn-
thetic systems display a wide variety of structural motifs.1,2A
common theme found in all photosynthetic systems, from the
evolutionarily simpler3,4 and anoxygenic light harvesting ap-
paratus found in purple bacteria5–8 to the more complex light
harvesting systems used in oxygenic photosynthesis,9–11 is
the presence of pigment antenna complexes delivering the
absorbed light energy to a reaction center for charge transfer.
Recently, light harvesting supercomplexes comprised of vari-
ous core subunits were discovered in oxygenic photo-
bacteria.12–15 These supercomplexes contain multiple reac-
tion centers, as well as surrounding antenna systems consist-
ing of several hundred chlorophylls, thus constituting new
challenges to the modelling of the excitation migration pro-
cess. In this paper we develop a framework for modelling
excitation migration and connectivity in a light harvesting
system consisting of multiple protein–pigment complexes
and reaction centers. We apply this framework to the trimeric
form of cyanobacterial photosystem I~see Fig. 1!, and seek
an answer to the question why nature builds coupled multi-
meric units as opposed to independent ones.

In oxygenic species, such as plants, algae, and cyanobac-
teria, the first step of energy transformation, the capture of
light followed by a transmembrane charge separation, is per-
formed by two large membrane proteins, photosystem I~PSI!
and photosystem II~PSII!. The 2.5 Å resolution structure for
the PSI complex from the cyanobacteriumSynechococcus
(S.) elongatus9 reveals 96 chlorophylls and 22 carotenoids
comprising an antenna array. A peculiar feature of cyanobac-
terial PSI is its occurrence in both monomeric and trimeric
forms depending on growth conditions. This is in contrast to
plant PSI, which is observed only in monomeric form. Mu-
tagenesis studies on deletion mutants of PsaL~a protein sub-
unit of PSI featuring transmembranea-helices, located at the
trimer interface! in S. elongatushave shown that the trimer-
ization is essential for the growth of the cells at low light
intensity16,17 ~which corresponds to the light intensity in the
natural habitat!. In case of iron deficiency, cyanobacterial
PSI is known to arise in the form of supercomplexes com-
prised of a trimeric PSI core surrounded by eighteen IsiA~a
CP43-like iron stress-induced protein! satellite com-
plexes.12,13 In such a complex nearly 500 chlorophylls sur-
round three reaction centers. Similar complexes have also
been reported for PSII.15 The surrounding satellite com-
plexes appear to serve the purpose of increasing the total
absorption cross section, thereby increasing the light harvest-
ing capacity of the core complex significantly. In fact,
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Melkozernovet al.18 have recently reported that there is ef-
ficient energy transfer from the IsiA antenna ring to the PSI
core.

The existence of light harvesting systems comprised of
multiple integrally connected protein–pigment complexes
brings up questions regarding the degree of connectivity be-
tween individual subunits, as well as the rationale behind the
formation of multimeric units. The case of peripheral an-
tenna rings surrounding a reaction center core through an
efficient coupling is self-explanatory, as this increases the
overall absorption cross section. However, it is less obvious
what advantage is gained by the formation of a trimeric PSI
complex as opposed to having three separate monomers. Can

this be explained solely in the context of excitation transfer
dynamics or does the reason of trimer formation lie with a
different aspect of the light harvesting function? The ques-
tion why PSI forms trimers in cyanobacteria is an exciting
and controversial issue and there is a great need for experi-
mental evidence concerning the function of the trimerization.
As a first step in answering the questions raised by trimer
formation in PSI, we perform a theoretical study of the ex-
citation transfer dynamics in the trimeric form of PSI, spe-
cifically investigating the degree of connectivity between in-
dividual monomers.

Excitation transfer dynamics in PSI has been the subject
of much theoretical and experimental study,19–27 as well as

FIG. 1. ~Color! Chlorophyll network of trimeric PSI from cyanobacteriumS. elongatus. ~a! The trimeric protein–pigment complex. For simplicity, cofactors
other than chlorophylls are not shown. Different monomers and their chlorophylls are depicted in different colors.~b! Excitation transfer rates between
individual chlorophylls. The thickness of a bond between two chlorophylls is proportional to the logarithm of the transfer rate between them. For simplicity,
only the largest rates are shown.~c! Connectivity between different monomers. The measure is given by the probabilities of charge transfer from a given
reaction center for an initial condition corresponding to a perfectly localized excitation at a given chlorophyll. The content of red, green, and blue are
proportional to the probability of charge transfer from the bottom, left and right reaction centers, respectively~see also Fig. 4!. ~d! Excitation migration. The
arrows between chlorophylls characterizing the migration are assigned according to the steepest-descent criterion based on mean first passage times to the
reaction centers~see text!. The colors denote increasing mean first passage times from red to blue.~a! and ~b! were produced with VMD~Ref. 57!.
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reviews.28–30 With the availability of a high resolution
structure9 for PSI an opportunity arises to explore the exci-
tation transfer dynamics at a level of detail hitherto not pos-
sible. The earliest such studies31,32concentrated on the nature
of the chlorophyll network of PSI, 96 chlorophylls, with no
apparent symmetry, providing challenges not seen in the cy-
lindrically symmetrical chlorophyll aggregates of purple
bacteria.33,34 The computation of chlorophyll site energies35

proves to be a crucial step in any detailed modelling effort.
In the earlier work32 we have discovered a high degree of
robustness of PSI light harvesting and examined the degree
of its optimality. The light harvesting function of PSI was
found to be robust against thermal fluctuations of chlorophyll
site energies as well as against the pruning of individual
chlorophylls. This study was based on an effective Hamil-
tonian model and an application of Fo¨rster theory. A more
recent study by Yanget al.,36 in the context of a Redfield
theory approach, identifies the rate determining steps in ex-
citation transfer and discusses the role of individual chloro-
phyll groups, such as linker chlorophylls, on the excitation
migration process. A recent comparison of Redfield and
Förster theories in the context of excitation transfer dynam-
ics can be found in Ref. 37. Successive kinetic domains in
PSI, along which excitation migration proceeds, have been
discussed in Ref. 38.

Even with the availability of a high resolution structure,
many questions about the light harvesting function of PSI
remain unanswered. One such question regards the nature of
the so-called red chlorophyll states observed in the absorp-
tion spectrum of PSI, corresponding to chlorophylls that ap-
parently absorb light at longer wavelengths than P700.21,27 It
has been argued that the main function of the red chloro-
phylls is to extend the absorption profile of PSI. The red
chlorophyll states contribute significantly to the overall light
harvesting capacity of PSI. An attempt to assign red chloro-
phyll states based on the strength of excitonic couplings
alone without regard to chlorophyll site energies proves
unsatisfactory.32 The low temperature absorption spectrum
based on a computation of chlorophyll site energies35 suc-
cessfully reproduces the width of the main absorption peak
corresponding to bulk chlorophylls, but not the details of the
red chlorophyll band. The spatial assignment of the red chlo-
rophyll states remains yet to be established.

Another issue yet unresolved concerns the directionality
of the electron transfer chain in PSI. Electron transfer chains
in reaction center cores have a conserved structural motif
consisting of two bifurcating paths of electron carriers. In
case of purple bacteria, the nature of the charge transfer has
been studied in great detail.39–41 In purple bacteria only one
of the two branches is active, whereas in the case of PSI the
question of whether one or both of the branches performs
electron transfer is an open question. Evidence has been pro-
vided for both unidirectional42–44and bi-directional45,46elec-
tron transfer scenarios. It is possible that both branches are
active with one of them being predominant. The results differ
in cyanobacteria and green algae. Whereas the studies on the
cyanobacterial system suggest the A-branch as the only ac-
tive branch,43,44 there is evidence from the studies on the
green algaeChlamydomonas rheinhardtiithat both branches

may be active with the B-branch being the faster and more
important branch.45–47 Therefore, the pathway of electrons
may differ in green algae and cyanobacteria.

The question of whether two branches or only one
branch is active, is difficult to answer at the present state of
knowledge. Since we are working with the structure of a
cyanobacterium, we will assume below that only one branch,
namely the A-branch, is dominant.

The next question, which has to be addressed, is which
molecule~s! perform the charge separation, i.e., correspond
to P700* . In an earlier study32 we have considered a model
with two reaction center chlorophylls contributing to electron
transfer. In this work we will follow an alternative
suggestion36 in assuming that the charge separation may start
from the chlorophyll a8 ~eC-A1, corresponding to chloro-
phyll number 1; all nomenclature and chlorophyll orderings
refer to Ref. 9 and the associated PDB structure file 1JB0!,
the A-branch chlorophyll of P700.

With the stated assumptions, a kinetic model of light
harvesting in trimeric PSI can be established. This will be
done in the present paper based on the structure revealed in
Ref. 9. Structure-based models are built on the observed ge-
ometry of the chlorophyll ensemble and ona priori estab-
lished physical properties of chlorophylls, i.e., they have no
parameters chosena posteriori, permitting one thereby to
test our present understanding of the physics of light harvest-
ing. Despite the seeming complexity of structure-based mod-
els, e.g., compared to schematic lattice models as reviewed
in Ref. 48, one can actually achieve, even for the 288 chlo-
rophyll trimeric PSI, through the sojourn expansion a simple
and transparent decomposition of the overall light harvesting
process in terms of a few intuitive characteristics as will be
demonstrated below.

The organization of this paper is as follows: In the next
section we discuss the effective Hamiltonian formulation for
trimeric PSI and the excitation transfer process in terms of a
master equation. Section III presents a generalization of the
sojourn expansion for a light harvesting system with an ar-
bitrary number of reaction centers. In Sec. IV we apply the
expansion method developed earlier to the excitation migra-
tion in trimeric PSI. Section V examines the connectivity
between individual PSI monomers in a trimer. The issues of
robustness and optimality of the chlorophyll network of PSI
are addressed in Sec. VI, especially in regard to the role of
excitation sharing between monomers. Section VII contains
our conclusive remarks.

II. EFFECTIVE HAMILTONIAN FOR TRIMERIC
PSI AND MASTER EQUATION FOR EXCITATION
TRANSFER

Structural information provided by the 2.5 Å resolution
structure of PSI9 enables one to construct an effective Hamil-
tonian for the chlorophyll network using theQy-excited
states of chlorophylls as a basis set. This effective Hamil-
tonian is used, following the examples in Refs. 8, 49, 50, 51,
to describe the excitation transfer process through a related
master equation for excitation migration via Fo¨rster theory or
its generalization. This approach has been outlined also in a
previous publication32 for monomeric PSI which we follow
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closely below. As discussed in Ref. 32, the approach taken
does not account for the properties of red chlorophylls.21,27

Each monomer of PSI containsN596 chlorophylls. The
chlorophyll ensemble of the trimer is depicted in Fig. 1. Its
effective Hamiltonian is

H5S e1 H12 ¯ H1,3N

H21 e2 ¯ H2,3N

¯ ¯ ¯ ¯

H3N,1 H3N,2 ¯ e3N

D , ~1!

where the diagonal entries are the chlorophyll site energies
and the off-diagonal entries are the couplings between chlo-
rophlls. The site energies used in this paper are taken from
Ref. 35 after being shifted by 848 cm21 to reproduce the
observed absorption peak for PSI. The interchlorophyll cou-
plings are computed in the full Coulomb picture as outlined
in the appendix of Ref. 32. Accordingly, the choice ofH did
not involve any free parameters, in particular, all
chlorophyll–chlorophyll couplingsHi j were determined ac-
cording to the available x-ray structure 1JB0.9

Once the couplings and the site energies are known, the
excitation transfer between individual chlorophylls arises ac-
tually incoherently~for a discussion see, e.g., Ref. 52! and,
in the present case, rate constants can be computed in the
context of Fo¨rster theory.53–55The rate of transfer of excita-
tion from chlorophylli to chlorophyll j is accordingly

Ti j 5
2p

\
uHi j u2Ji j , Ji j 5E Si

D~E!Sj
A~E!dE, ~2!

where Ji j describes the coupling to vibrational degrees of
freedom expressed as the overlap integral between the donor
emission spectrumSi

D(E) and the acceptor absorption spec-
trum Sj

A(E). The functional forms ofSi
D(E) andSj

A(E) are
given in Ref. 32 and involve a Stokes shift and a spectral
width chosen uniformly as 160 cm21 and 240 cm21,
respectively.56 Otherwise, there are no free parameters to be
selected. Below we consider only the dynamics at room tem-
perature and use the corresponding line shapes. Low tem-
perature effects, in particular an emerging role of red chlo-
rophylls, were discussed in Ref. 32.

The transfer rates computed from~2! can be used to
construct a graphical representation of the network of con-
nections between chlorophylls as shown in Fig. 1~b!. The
thickness of the bond between chlorophyllsi andj is taken to
be proportional to the larger of log(Tij)1c and log(Tji)1c,
wherec is a small constant. Only the strongest connections
are shown for simplicity.

A master equation for excitation migration can be con-
structed from the transfer ratesTi j given in~2!. Let us denote
by pi(t) the probability that chlorophylli is electronically
excited at timet. The rate of change of these occupation
probabilities due to excitation transfer, dissipation, or charge
separation~if i is a charge separation site! is

d

dt
up~ t !&5Kup~ t !&, ~3!

Ki j 5Tji 2d i j S kCSd i ,CS1kdiss1(
k

TikD , ~4!

wherekdiss denotes the dissipation rate~sum of the rates of
internal conversion and fluorescence! assumed to be uniform
across chlorophylls, andkCS denotes the trapping rate at a
charge transfer site;d i ,CS is equal to one ifi is a charge
separation site and zero otherwise; specifically,d i ,CS is equal
to one for i P$1,N11,2N11% for the present model of tri-
meric PSI withN596. A dissipation rate ofkdiss51 ns21 and
a charge separation rate ofkCS51 ps21 is assumed through-
out this paper.58–60 The assumption of a larger dissipation
rate results in a slightly reduced quantum yield@cf. Eq.~28!#.

The solution to the master equation~3! is given by

up~ t !&5eKtup~0!&, ~5!

from which the average excitation lifetime can be derived
following Ref. 55. The probability that at timet there is still
an excitation somewhere in the system is

n~ t !5(
i

^ i up~ t !&5^1up~ t !&, ~6!

where u i &[(d1i ,d2i ,...,d3N,i)3N and u1&[(1,...,1)3N . The
probability that the excitation disappears betweent and t
1dt is given by 2(d/dt)n(t)dt. Thus, the expectation
value of the average excitation lifetime is

t52E
0

`

dt t
d

dt
n~ t !. ~7!

Integrating by parts and employing~5! along with the iden-
tity for a matrix K with negative eigenvalues,

E
0

`

dt eKt52K21, ~8!

yields an exact expression for the average excitation lifetime

t52^1uK21up~0!&. ~9!

The respective lifetime for an initial conditionup(0)&5u i &,
t i , is also referred to as mean first passage time, if one
chooses the charge separation ratekCS very large.

Likewise, one can readily determine the quantum yield
Q of charge separation in one of the reaction centers. Defin-
ing by CS the set of chlorophyll sites where charge separa-
tion takes place and the respective states asu j &, j PCS one
can write

Q5E
0

`

dt kCS (
j PCS

^ j up~ t !&. ~10!

Employing ~5! and ~8! this becomes

Q52kCS (
j PCS

^ j uK21up~0!&. ~11!

Comparison of~9! and ~11! shows that matrix elements of
K21 define both lifetimes and quantum yields for the system
described by~3!.

A very intuitive picture of the excitation migration can
be constructed from steepest-descent pathways for excitation
transfer based on mean first passage times to any of the re-
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Downloaded 31 Aug 2004 to 203.197.196.1. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



action centers as depicted in Fig. 1~d!. Following Ref. 61, let
t i

MFPT denote the mean first passage time from chlorophylli
to a reaction center. Representative excitation migration
pathways are then constructed by following a path of steep-
est descent along mean first passage times. Accordingly, a
path @represented by an arrow in Fig. 1~d!# follows from a
chlorophyll i to that chlorophyll j for which Ti j (t i

MFPT

2t j
MFPT) is largest. Such pathways are always unidirectional

and terminate at a reaction center. As each chlorophyll only
connects unidirectionally to one other chlorophyll, this dia-
gram is split naturally into three disjoint sets of chlorophylls.
It is noteworthy that these sets do not coincide with the sets
of chlorophylls belonging to PSI monomers as one can
readily discern from Fig. 1~d! as well as from Fig. 3 dis-
cussed below.

III. A GENERALIZATION OF THE SOJOURN
EXPANSION FOR AN ARBITRARY NUMBER
OF REACTION CENTERS

In this section we present an expansion for the excitation
migration process in terms of repeated detrapping events. For
this purpose we develop a general method for expanding the
average excitation lifetime~9! in terms of excitation migra-
tion, trapping, and repeated detrapping and retrapping
events. This method is a generalization of the sojourn expan-
sion, introduced in Ref. 32 for a single reaction center.

Let us consider an antenna complex consisting ofn pig-
ments andM charge transfer sites and let the matrixK de-
scribing excitation migration be defined as in~4!. Following
Ref. 32, we first separate fromK the operatorD that de-
scribes detrapping events from any of the charge separation
sites

K[k1D,
~12!

D[(
k51

n

(
j PCS

Tjkuk&^ j u.

It is useful to introduce the total detrapping rateWD, j

5Sk51
n Tjk from the charge separation site labeled byj and

the corresponding transient state

uTj&5
1

WD, j
(
k51

n

Tjkuk&, j PCS, ~13!

which describes the distribution of occupation probabilities
immediately following a detrapping event from the charge
separation sitej. Thus, the detrapping operator in~12! can be
written

D5 (
j PCS

WD, j uTj&^ j u. ~14!

An expansion for the average excitation lifetime given in
~9! can be obtained by noting

K215~k1D!21

5k212k21Dk211k21Dk21Dk212... . ~15!

Combining~9! and ~15! yields a series

t5t01t11t21...,

t052^1uk21up~0!&,
~16!

t15^1uk21Dk21up~0!&,

t252^1uk21Dk21Dk21up~0!&.

Comparison with~9! shows that the first termt0 can be
interpreted as a first usage time, corresponding to the average
excitation lifetime without any detrapping events. In general,
this will be the mean first passage time to the charge separa-
tion site plus the charge separation time. Each successive
term in the series~16! describes the contribution to the av-
erage excitation lifetime by processes involving an increas-
ing number of detrapping events. The convergence of this
expansion is proved below.

The various terms in the expansion~16! can be rewritten
using~14!. For this purpose, let us first note that the detrap-
ping probability from the charge separation sitej correspond-
ing to an initial stateuS& is

QS52WD, j^ j uk21uS&, j PCS. ~17!

The interpretation of a detrapping probability follows from a
comparison with~11!. The probability of detrapping from
site j for an initial condition given byup(0)& at t50 is

~Q! j[2WD, j^ j uk21up~0!&, j PCS, ~18!

and the detrapping probability from sitej for an initial con-
dition given by the transient, normalized (^1uTk&51) state
uTk& is

~QT! jk[2WD, j^ j uk21uTk&, j ,kPCS. ~19!

It shall be noted that in the case of a single reaction center
the corresponding detrapping probabilitiesQ̃ andQ̃T are ap-
proximately equal, the difference being solely due to the con-
tribution of dissipation events described bykdiss. In the dis-
sipationless limit, i.e., forkdiss→0, all the conditional
detrapping probabilities reduce to a single detrapping prob-
ability given in terms of the ratio of total detrapping and
charge transfer rates. With multiple reaction centers present,
(QT) i j ( iÞ j ) will, in general, be significantly smaller than
(QT) i i , as seen in the case of the PSI trimer in the next
section. However, the sums( j PCS(Q) j and( j PCS(QT) jk be-
come identical and equal to the overall detrapping probabil-
ity in the dissipationless limit. This implies, in particular,

(
j PCS

~QT! jk,1, ;kPCS. ~20!

Finally, let us introduce the sojourn time (Tsoj) j for
charge separation sitej defined as the average lifetime after a
detrapping event at sitej, but not involving any further de-
trapping events,

~Tsoj! j52^1uk21uTj&, j PCS. ~21!

For a system with only one charge separation site, the so-
journ time is a measure of the time it takes for the excitation
to leave and to return, i.e., to sojourn, to the reaction center.
In a system with multiple reaction centers (Tsoj) j also in-
cludes processes where the excitation returns to another re-
action center.
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Using Eqs.~18!, ~19!, and~21! one can rewrite the terms
of the expansion~16! as

t15Tsoj"Q,

t25Tsoj"QT"Q, ~22!

t35Tsoj"QT
2"Q.

The termsTsoj andQ are vectors of dimensionM, andQT is
an M3M matrix, whereM is the number of charge separa-
tion sites in the system~i.e.,M53 for trimeric PSI with only
one electron transfer branch assumed to be active in each
reaction center core!. This formulation significantly simpli-
fies the expansion, as the terms of the expansion~16! involve
products of matrices and vectors of sizen ~288 for the PSI
trimer!, while those of~22! are of sizeM ~3 for the PSI
trimer!.

Convergence of the expansion defined by~16! and ~22!
can be proved by noting that any eigenvaluel of QT satisfies
ulu,1. If ( j (QT) i j xj5lxi , then it follows

ulu(
i

uxi u5(
i

ulxi u

5(
i

U(
j

~QT! i j xjU<(
i

(
j

u~QT! i j xj u

5(
j

S (
i

~QT! i j D uxj u,(
j

uxj u, ~23!

where we have used~20! and the fact that the matrix ele-
ments (QT) i j are non-negative. Thus,ulu,1 and the sojourn
expansion converges.

Since the sojourn expansion converges, the terms in~22!
can be summed up to yield

t5t01Tsoj•~1M2QT!21
•Q, ~24!

where1M denotes the identity matrix of dimensionM. Equa-
tion ~24! is a closed and exact expression for the average
excitation lifetime in terms of the first usage time, the con-
ditional detrapping probabilities and sojourn times.

IV. SOJOURN EXPANSION FOR EXCITATION
MIGRATION IN TRIMERIC PSI

In this section we apply the expansion method developed
in the preceding section to trimeric PSI. Due to the symmetry
of the PSI trimer the expansion can be simplified. Below we
will assume a uniform initial conditionup(0)&, where each
chlorophyll is equally likely to be excited.

The expansion terms~18!, ~19!, and ~21! introduced in
the preceding section are invariant under a cyclic permuta-
tion of the indices of the charge transfer sites. Therefore, the
sojourn times and the initial detrapping probabilities are
identical for all three charge separation sites

~Tsoj!15~Tsoj!25~Tsoj!3 ,
~25!

~Q!15~Q!25~Q!3 .

Furthermore, we have for the subsequent detrapping prob-
abilities

~QT!115~QT!225~QT!33,

~QT!125~QT!235~QT!31, ~26!

~QT!215~QT!325~QT!13.

The sojourn expansion~24! for trimeric PSI can be ex-
pressed in terms of the scalar quantities in Eqs.~25! and~26!,
as well ast0 . One obtains

t5t013~Q!1~Tsoj!1 /~12~QT!112~QT!122~QT!13!. ~27!

The scalars~times and probabilities! are provided in Table I.
A closer examination of these quantities reveals much about
the excitation migration process.

Comparingt and t0 in Table I one can conclude that
more than 40% of the total excitation lifetime stems from
detrapping events. The chance for a first detrapping event to
occur at any one of the reaction centers after the initial uni-
form excitation of the system is given by (Q) i521%. As
discussed in the preceding section, the overall detrapping
probability for any initial condition, given, for example, by
the sums (Q)11(Q)21(Q)3563.0% or (QT)1 j1(QT)2 j

1(QT)3 j563.7% are approximately equal and close to
64.2%, which is the detrapping probability for an excitation
that has already arrived at P700. The overall detrapping
probabilities would be exactly identical in the dissipationless
limit. The sum (Q)11(Q)21(Q)3 is slightly less than
(QT)1 j1(QT)2 j1(QT)3 j because it represents a somewhat
longer average migration path~starting from up(0)& and
uTj&, respectively!, thus experiencing a slightly higher
chance for the excitation to be dissipated during its migra-
tion.

A comparison of the conditional detrapping probabilities
(QT)11556.3% ~jump from u1& to uT1& and return tou1&! and
(QT)1253.7% ~jump from u1& to uT1& and return touN
11&, i.e., to the second reaction center! reveals that the tran-
sient state resulting from a detrapping event at a reaction

TABLE I. Quantities characterizing the sojourn expansion for trimeric PSI. The first usage timet0 denotes the
average excitation lifetime without any detrapping events. The sojourn time (Tsoj) i is the average lifetime for a
transient stateuTi& immediately following detrapping at the charge transfer sitei without any further detrapping
events, whereas the corresponding detrapping probabilities are given by (Q) i in the case of initial condition
up(0)& and (QT) i j in the case of an initial condition corresponding to the transient stateuTj& following detrap-
ping at sitej. The quantity 3(Q) i is the total detrapping probability for trimeric PSI. Because of the symmetry
of the trimer, coefficients are identical for permuted site labels@see Eqs.~25! and~26!#. q is the quantum yield
of the system. The decomposition of the average excitation lifetime is given in Eqs.~24! and ~27!.

t t0 (Tsoj) i (Q) i (QT)11 (QT)12 (QT)13 q

31.9 ps 18.9 ps 7.5 ps 21.0% 56.3% 3.7% 3.7% 0.968
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center is not as likely to migrate to and detrap from another
reaction center. This must be contrasted with the results of
the next section, however, which indicate significant energy
transfer between monomers. Charge separation probability at
a remote reaction center as averaged over a whole monomer
is a better measure of the integral connectivity between
monomers than the detrapping probability across different
reaction centers.

The quantum yieldq for the system is the probability
that an excitation will cause charge separation at a reaction
center as opposed to being dissipated. It can be shown that in
a model with a uniform dissipation constantkdiss ~as in the
present case! the quantum yieldq is related to the average
excitation lifetime32

q512kdisst. ~28!

The high quantum yield for the trimer of 0.968 is due partly
to the separation of the dissipation~1 ns! and excitation
transfer timescales~'0.1 ps, cf. Ref. 32! and partly to the
lower site energy of charge separation sites.

In Ref. 32 we have reported a similar analysis of the
excitation migration in the context of the sojourn expansion
for the case of monomeric PSI. Before a comparison of those
results with the ones for the PSI trimer presented here is
performed, however, differences between the two models
need to be noted. A discussion of how our current model is
chosen is given in the introduction. In Ref. 32 both branches
of the reaction center core were assumed to be active in
charge separation. In order to simplify the formulation of the
excitation migration in the context of the sojourn expansion,
P700 was treated as a single unit, where thermal equilibra-
tion of excitation between two chlorophylls was assumed.
Furthermore, a charge separation time of 1.5 ps was assumed
in Ref. 32 as opposed to 1 ps in the present study.

To provide a comparison between the monomeric and
trimeric excitation migration time scales we have performed
a new analysis of the sojourn expansion in monomeric PSI.
As shown in Ref. 32 the expansion yields

t̃5 t̃01T̃sojQ̃/~12Q̃T! ~29!

which, as expected, is analogous to expression~27! for the
trimeric case. The quantities occurring in this expression are
provided in Table II. The slight differences between the re-
sults in Table II and those reported in Ref. 32 reflect the
aforementioned nuances between the two models. A com-
parison between the entries in Tables I and II reveals, not
surprisingly, that the values oft531.9 ps21 for the trimer
and t̃532.1 ps21 for the monomer are very close to each
other. The connection between the monomers have little ef-
fect on the average excitation lifetime or the quantum yield.

This does not imply, however, that there is no significant
energy transfer between individual monomers. We note that
the mean lifetimes in Tables I and II are somewhat larger
than the experimentally observed trapping times of about
20–25 ps.19,22–26

As mentioned in the Introduction, the questions regard-
ing the directionality of charge transfer and which of the six
chlorophylls performs the charge separation in PSI are cur-
rently unresolved. Alternative charge separation scenarios
have been suggested forChlamydomonas45–47,62Recent ex-
periments revealed species specific differences in the physi-
cal chemical, e.g. spectroscopic, properties of P700;63 the
researchers studied the influence of nonconserved amino acid
residues by site-directed mutagenesis of PSI fromChlamy-
domonas. The differences observed indicate that the differ-
ences in the amino acid sequences between cyanobacteria
and green algae induce a significant shift in the site energies
of the chlorophylls inChlamydomonas.

In addition to the model described above, we have also
considered the possibility of the charge separation starting
from the P700 B-branch chlorophyll~eC-B1, corresponding
to chlorophyll number 2! or the accessory chlorophyll on the
B-branch~eC-A2, corresponding to chlorophyll number 4!.
The latter scenario was taken into account, because of the
evidence provided in the recent work of Mu¨ller et al.62 that
charge separation may be initiated by the accessory chloro-
phyll on the B-branch.

The results described above do not change significantly
when the model is altered to include two charge transfer sites
~eC-A1 and eC-B1! per reaction center core as opposed to
one ~eC-A1!. The average excitation lifetime and the quan-
tum yield become 27.9 ps and 0.972, respectively, in such a
scenario. The difference between the two sets of values is
relatively small since the effect of eC-B1 as an additional
trap is small compared to the overall excitation migration
time scale.

Much larger effects on the average excitation lifetime
and quantum yield are observed when either eC-B1 or eC-A2
is assumed to be the sole site where charge separation starts.
In the case of eC-B1 a quantum yield of 0.874 and a lifetime
of 127 ps is observed, while the case of eC-A2 results in a
quantum yield of 0.829 and a lifetime of 171 ps. These large
lifetimes and the corresponding low yields are partly a con-
sequence of the relatively high site energies35 of these two
chlorophylls. These two values for the lifetime for eC-B1
and eC-A2 scenarios are unacceptably high, leading us to
believe, based on the assumption of the accuracy of the cor-
responding site energies, that they do not present feasible
alternatives to a model in which eC-A1~by itself or together
with eC-B1! is a charge separation site. This might indicate
that the differences between cyanobacteria andChlamy-
domonascould extend to the nature of the active branches.

V. THE DEGREE OF CONNECTIVITY BETWEEN
PSI MONOMERS

In this section we consider the question of how inte-
grally connected each PSI monomer is with its neighbors.
Does trimeric PSI function largely as three separate mono-
mers or is there substantial excitation transfer between indi-

TABLE II. Quantities characterizing the sojourn expansion for monomeric
PSI. Definitions of the various terms below are analogous to those in Table
I. The nuances between this model and the one presented in Ref. 32 are
explained in the text.

t̃ t̃0 T̃soj Q̃ Q̃T q̃

32.1 ps 19.1 ps 7.5 ps 63.0% 63.7% 0.968
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vidual monomers? The most natural measure of the connec-
tivity between different monomers would be given by the
probability of an excitation initially located at one monomer
to be trapped by another monomer. Another, perhaps simpler,
measure is given by the total rate of transfer to neighboring
monomers for chlorophylls along the intermonomer bound-
ary. We will first examine these strongest connection points
between monomers. In the latter half of this section we
present an analysis of cross-monomer excitation trapping
probabilities.

A. Intermonomer excitation transfer rates

The total rates of transfer from a chlorophylli PI, in
monomer I, to either of the two neighboring monomers are
given by( j PIITi j and( j PIIITi j , respectively. In the follow-
ing we will adopt a labelling of the individual monomers as
given in Fig. 1 in a clockwise manner. Figure 2 presents total
transfer rates to neighboring monomers across all 96 chloro-
phylls of a given monomer. Naturally, only chlorophylls
close to the boundary contribute significantly to intermono-
mer excitation transfer. As a point of comparison, the aver-
age rate of transfer from a given chlorophyll to its own
monomer is 14.1 ps21, while thetotal ~not average! transfer
rates from one monomer to another are 7.9 ps21 for I→II and
4.6 ps21 for I→III.

Chlorophylls with the highest transfer rates to neighbor-
ing monomers are listed in Table III and their relative posi-
tions are depicted in Fig. 3. The chlorophylls M1 and B8 are
most prevalent in excitation transfer I→II, while A30, PL1,

A21, and L1 have the highest contributions to excitation
transfer I→III. In fact, functionally M1 is essentially a part
of the neighboring monomer. The total transfer rate from M1
in monomer I to monomer II is 4.7 ps21, while the corre-
sponding rate to its own monomer is only 0.2 ps21. This is
also apparent from the connectivity network portrayed in
Fig. 3.

In this respect, it is also worth mentioning that PsaM
~the protein subunit of PSI containing the boundary chloro-
phyll M1! is one of the two subunits that are specific to
cyanobacteria64 and is not present in plant PSI,11 which has
not been observed to form trimers. The function of PsaM
may therefore be to provide additional protein-protein and
protein-cofactor contacts between the monomers. It is aston-
ishing that a chlorophyll that is coordinated by PsaM of one
monomer functionally belongs to the neighboring monomer
and shows tight hydrophobic interactions with the chloro-
phylls and carotenoids of that monomer; PsaM may be a
major factor in the stabilization of the trimer as a whole.

B. Cross-monomer excitation trapping probabilities

The likelihood of an excitation initially at one monomer
to be trapped eventually by its neighboring monomer pro-
vides a natural measure of the connectivity between two
monomers. The trapping probability at reaction center RCj

for an initial stateu i & localized at chlorophylli P$1,...,3N%,
is given by@cf. Eq. ~10!#

2kCŜ RCj uK21u i &. ~30!

The sum of these trapping probabilities over all reaction cen-
ters is equal to the quantum yield corresponding to an initial
stateu i &.

The trapping probabilities as given by Eq.~30! are de-
picted in Fig. 4 as well as in Fig. 1~c!. Not surprisingly, an
excitation is more likely to be trapped in the monomer it has
started from, with the exception of chlorophyll M1 as dis-
cussed above. However, there is a substantial chance of
about 40%~19.7% for II→I and 20.0% for III→I, respec-
tively! that the excitation will be trapped by one of the two
neighboring monomers. There is a slight asymmetry between

FIG. 2. Total rates of transfer from a given chlorophyll to a neighboring
monomer. The monomers are labeled clockwise as I, II, and III with respect
to the orientation given in Fig. 1. The chlorophylls with the highest transfer
rates are highlighted~see also Table III and Fig. 3!.

TABLE III. Chlorophylls with the highest transfer rates to neighboring
monomers. Chlorophyll ID refers to the labels given in Ref. 9. Chlorophyll
number refers to the ordering of chlorophylls in the corresponding PDB file
1JB0 ~see also Figs. 2 and 3.! and resid is the residue ID of the same
chlorophyll in the aforementioned structure file. The total transfer rate from
chlorophyll i to a neighboring monomer is given by( jTi j , j PII or III.
Percent rate indicates the percentage of the total transfer rate from the given
chlorophyll to a monomer among all other chlorophylls.

Chl. ID Chl. no. resid Total rate Percent rate

Transfer rates to monomer II
M1 94 1601 4.7 ps21 59.9%
B8 54 1208 1.4 ps21 17.3%

Transfer rates to monomer III
A30 36 1130 1.6 ps21 34.3%
PL1 96 1801 0.72ps21 15.5%
A21 27 1121 0.41ps21 8.8%
L1 91 1501 0.31ps21 6.8%
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migration probabilities to the left and the right neighbors.
Naturally, the lowest probabilities for charge separation at
reaction center I~7.8%! correspond to the case of the exci-
tation initially starting from one of the two other reaction
centers.

VI. ROBUSTNESS AND OPTIMALITY OF PSI
CHLOROPHYLL NETWORK

Robustness of a system is a measure of its ability to cope
with change. This is typically manifested in the form of a
parameter insensitivity, as well as a tendency for graceful
degradation. Optimality, on the other hand, is a measure of
efficiency under a given set of constraints. For a typical light
harvesting system, the fitness landscape over which the ro-
bustness and optimality should be judged is enormously
complex and includes aspects of excitation migration, charge

transfer, and photoprotection,65 as well as synthesis, assem-
bly, aggregation, repair, and regulation of the involved mac-
romolecules. A comprehensive model including all these as-
pects is seemingly unattainable, although it is desirable to at
least distinguish rate limiting steps from lesser constraints on
the light harvesting function.

A simple, if somewhat restricted, measure for judging
the robustness and optimality of a light harvesting system is
the efficiency of the excitation migration process as given by
the quantum yield evaluated according to Eq.~28!. An earlier
investigation within this context has been presented for the
chlorophyll network of monomeric PSI.32 A form of param-
eter insensitivity was seen by observing that thermal fluctua-

FIG. 3. ~Color! Close-up view of the connection between neighboring
monomers. Only the largest excitation transfer rates are indicated. The chlo-
rophylls with the highest rates of transfer to neighboring monomers, as
listed in Fig. 2 and Table III, are highlighted in color from blue to red in
order of increasing transfer rate. Chlorophyll M1 is more strongly connected
to the chlorophylls of the neighboring monomer than to those of its own
monomer, being functionally part of the neighboring monomer. Figure pro-
duced with VMD ~Ref. 57!.

FIG. 4. Connectivity between PSI monomers. A measure of connectivity is
given by the probability, calculated according to Eq.~30!, of charge separa-
tion at the reaction center of another monomer for an initial state localized at
a given chlorophyll.~a! Probabilities for charge separation at reaction center
I as a function of chlorophyll number. The ordering used is identical to the
one in the PDB file 1JB0 containing the structure~Ref. 9!. Monomers I, II,
and III are at the bottom, left, and right, respectively. Chlorophylls 1, 97,
and 193 are the corresponding charge separation sites. The average of the
charge separation probability at the reaction center of monomer I is 57.2%
over monomer I, 19.7% over monomer II, and 20.0% over monomer III.~b!
Probabilities for charge separation at reaction center I as a function of chlo-
rophyll location. The probabilities are given by the area of each disk ren-
dered proportional to the charge separation probability of that chlorophyll as
also given in~a! @see Fig. 1~c! for a red–green–blue overlay of these prob-
abilities for the three separate reaction centers#.
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tions of chlorophyll site energies have little effect on the
quantum yield at room temperature. This is a consequence of
the broadness of chlorophyll absorption line shapes and no
longer remains true at cryogenic temperatures, where the
quantum yield drops significantly and becomes wavelength
dependent. A sign of graceful degradation of the chlorophyll
network was realized by noting that the pruning of individual
chlorophylls from the network has little effect on the overall
quantum yield beyond the loss of the corresponding cross
section. The construction of an ensemble of PSI-like chloro-
phyll networks corresponding to random reorientations of
chlorophyll molecules revealed, on the one hand, that the
overall quantum yield changes only by a few percent across
a wide ensemble, and on the other hand within that narrow
distribution the original chlorophyll arrangement of PSI is
near optimal. However, repeating random ensemble calcula-
tions by constraining the ensemble to one in which the six
reaction center chlorophylls are held fixed in each monomer
indicates that the apparent optimality is largely due to the
orientations of the reaction center chlorophylls.36 Distribu-
tion of quantum yields for trimeric PSI for ensembles with
both constrained and unconstrained reaction center chloro-
phylls are presented in Fig. 5. The results are found to be
similar to the case of monomeric PSI. It is seen that the

optimality of peripheral chlorophyll configurations are not as
strongly pronounced as that of the central chlorophylls. It
must be noted that the persistently large quantum yields re-
ported in these studies are largely due to the separation of the
dissipation and trapping time scales~1 ns versus 1 ps, respec-
tively!. Clearly, excitation migration does not contribute
much to loss for the whole light harvesting process.

The existence of the trimeric form raises additional ques-
tions regarding the role and significance of individual chlo-
rophylls in PSI, especially of the boundary chlorophylls dis-
cussed in the preceding section. The pruning of the six
boundary chlorophylls, M1, B8, A30, PL1, A21, and L1, has
a noticeable effect on cross-monomer trapping probabilities
as shown in Fig. 6~a!. The probability of an excitation that
started in monomer I to be trapped at monomers I, II, and III,
shift to 67.2%, 14.6%, and 15.1%, from 57.2%, 19.7%, and
20.0%, respectively, as a result of the pruning. Thus, the total
cross-monomer trapping probability drops from 39.7% to
29.7%. However, the orientations of the aforementioned six

FIG. 5. Optimality of the chlorophyll network in trimeric PSI. Histograms
of quantum yields, evaluated according to Eq.~28!, over an ensemble of
chlorophyll arrangements obtained by random rotations of the original chlo-
rophyll orientations are shown~a! for an ensemble where all chlorophylls,
including the reaction center chlorophylls are randomly rotated~400 con-
figurations!; ~b! for an ensemble where the six reaction center chlorophylls
are kept fixed within each monomer following~Ref. 36! ~800 configura-
tions!. The long tail in~a! representing suboptimal configurations is largely
due to the fluctuations of the reaction center chlorophylls.

FIG. 6. Role of boundary chlorophylls in cross-monomer excitation migra-
tion. ~a! Effect of pruning of the boundary chlorophylls, M1, B8, A30, PL1,
A21, and L1, on cross-monomer trapping probabilities. Open circles repre-
sent the probabilities of charge separation at reaction center I for a given
chlorophyll in a trimer without the aforementioned chlorophylls. For com-
parison they are overlayed with the original probabilities~points! as shown
in Fig. 4~a!. ~b! Effect of random reorientation of boundary chlorophylls on
cross-monomer trapping probabilities. The histogram displays theI→II
cross-monomer trapping probabilities over an ensemble of 600 trimeric PSI-
like chlorophyll networks, where only the aforementioned six boundary
chlorophylls of each monomer were randomly reoriented. To reduce com-
putational costs couplings of the aforementioned reoriented boundary chlo-
rophylls to all other chlorophylls were computed in the dipole approxima-
tion, all other couplings are computed in the full Coulomb picture. The
arrow indicates the probability corresponding to the original geometry~see
caption of Fig. 4!.
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boundary chlorophylls seem not to be optimized for facilitat-
ing a maximal transfer between monomers as illustrated by
the histogram in Fig. 6~b!.

As a further point of comparison between the mono-
meric and trimeric forms, we have also examined the effect
of massive pruning of chlorophylls~of up to 30% of the total
number at the same time! on the quantum yield. It was seen
that even this pruning to a high degree does not particularly
favor the trimeric or the monomeric forms in terms of the
overall quantum yield, as long as each individual monomer
was assumed to contain a functioning reaction center.

We finally investigated the effect of a selective loss of
reaction center function. The trimeric form, as opposed to
separated monomers, has a chance to redirect excitation to
another reaction center if one or two are dysfunctional. How-
ever, as long as a dysfunctional reaction center traps an ex-
citation, no net quantum yield is gained by a trimeric ar-
rangement. If the charge trapping ability is also lost,
however, then quantum yields of 0.942 and 0.871 are main-
tained ~with corresponding lifetimes of 58 ps and 129 ps!,
with the loss of one reaction center and two reaction centers,
respectively, as opposed to loosing 1/3 and 2/3 of the total
quantum yield outright in case of separated monomers.

VII. DISCUSSION

The rationale for the formation of trimeric PSI, as op-
posed to maintaining three separate monomers, is not imme-
diately obvious. It may be explicable within the context of
excitation migration, trapping, and subsequent charge trans-
fer; trimeric PSI may have arisen because of better fault tol-
erance compared with the fault tolerance of individual mono-
mers; trimer formation may also be an essential step in a
further molecular assembly process. We have presented
above an analysis of the excitation migration and trapping
processes in the trimeric form of PSI to seek an explanation
why cyanobacteria use trimeric PSI.

The total number of pigments per reaction center is iden-
tical in the trimeric and monomeric forms of PSI with the
same subunit composition. As such, unlike in the case of the
formation of iron stress-induced supercomplexes that add
satellite proteins to a trimeric core, no obvious advantage is
gained in terms of the absorption cross section per reaction
center by going from three monomers to a trimer. A compari-
son of the bulk properties of excitation migration, such as
quantum yield and average excitation lifetime, reveals simi-
lar results for monomeric and trimeric forms of PSI. Com-
putations revealed an average excitation lifetime of 31.9 ps
and a corresponding quantum yield of about 97%, changing
only slightly between the monomeric and trimeric PSI forms.

Parameter sensitivity of the presented model must be
considered before any conclusions can be drawn in earnest.
We note that the computed value of an excitation lifetime of
31.9 ps reported here, as well as the slightly different values
reported in Ref. 32, are longer than the experimentally re-
ported values of about 20–25 ps. The quantitative details of
the reported model depend on the site energies and couplings
for the central chlorophylls as well as on the charge separa-
tion time scale; other parameters have a smaller effect on the
model properties. We have assumed unidirectional charge

transfer, while other scenarios were also discussed. For a
bidirectional model the computed average excitation lifetime
becomes 27.9 ps.

Of great interest is the interconnectivity between indi-
vidual monomers of a PSI trimer. As a first step in probing
the interconnectivity, we have provided a framework for
modelling the excitation migration in multireaction center,
multicomponent light-harvesting systems. In particular, we
have applied the sojourn expansion for the average excitation
lifetime, which is based on expressing the excitation migra-
tion process in terms of detrapping and subsequent retrap-
ping events. Our analysis revealed that detrapping and sub-
sequent retrapping events contribute about 41% to the
average excitation lifetime. The probability of a detrapped
state to migrate to another reaction center is found to be
much lower than the probability to migrate to the same re-
action center.

As a further measure of the interconnectivity between
monomers, we have identified the chlorophylls with the larg-
est transfer rates to neighboring monomers. The chlorophyll
M1 ~cf., Fig. 3! is seen to be functionally a part of the next
monomer. The transfer rates between monomers of 7.9 ps21

and 4.6 ps21 are small but nonnegligible with respect to the
average detrapping rate of 14.1 ps21 from a chlorophyll to its
own monomer.

A more substantial measure of interconnectivity between
monomers is the probability of an excitation initially at one
monomer to be trapped at one of the two other monomers.
We found this transfer of excitation from one monomer to
another to be a frequent event. A substantial probability of
about 40% is found for an excitation to be trapped by the two
neighboring monomers. The pruning of the most influential
six boundary chlorophylls is seen to reduce this cross-
monomer trapping probability to about 30%.

In this regard, it is surprising that a comparison of the
quantum yields reveals that no significant advantage is
gained by the formation of trimeric PSI instead of maintain-
ing three separate monomers. However, it is plausible that a
small advantage for the trimer can yield a larger advantage in
the race of the survival of the fittest under light-limiting con-
ditions. Examples where competitive advantage are dis-
played even without any pronounced phenotypical differ-
ences have been observed in growth competition
experiments.66,67

It is of interest to note that PSI is stabilized by trimer
formation. PSI monomers, isolated from cyanobacteria are
nonstable and the peripheral subunits~PsaL, PsaI, PsaM, and
PsaK! as well as several chlorophylls and carotenoids are
easily lost. The stabilization of the antenna system may also
be an important function of the trimeric organization. How-
ever, these effects alone may be insufficient to explain the
advantage of the trimerization. Further factors have to be
taken into account, for example, the changes that cells un-
dergo when shifted from medium to low light intensity. In
this case, the cells rest for two to three days performingde
novo synthesis of PSI. Whereas the majority of PSI is mo-
nomeric at medium light intensity, the newly synthesized PSI
is trimeric. The ratio of PSI to PSII increases also from 1.5 to
8.16 Furthermore, the cells increase the amount of phycobilli-
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somes, acting as peripheral antenna. After this transition the
cells start to grow with nearly the same doubling time as
before at 10 times higher light intensity. Under low illumi-
nation conditions with 8 times more PSI than PSII, it is
likely that cells get their energy supply mainly from cyclic
electron transfer around PSI. The trimer may be necessary
for the cyclic electron transport. Furthermore, significant
amounts of the phycobillisomes are attached to PSI at low
light intensity. Possibly the trimer is necessary for the inter-
action of PSI with phycobillisomes. Both of these hypotheses
would explain the advantage of trimerization, however so far
there is no experimental report that answers these questions.

From a theoretical perspective, an analysis of excitation
migration presents a necessary first step. However, we find
that the limited scope of an analysis based solely upon exci-
tation transfer is insufficient to explain the behavior of the
expression of trimericvs. monomeric forms of PSI conclu-
sively. A more elaborate study including the effects of wave-
length dependence on the excitation migration process and
other aspects of the light harvesting function such as charge
transfer character seems to be necessary for unravelling the
rationale of trimer formation in cyanobacterial PSI.

Finally, we would like to note that the methods devel-
oped here, especially the generalized sojourn expansion lead-
ing to the elegant and succinct final expression~24!, can be
readily applied to analyze the excitation migration processes
in other multicomponent light harvesting systems, such as
the iron stress-induced supercomplexes mentioned in the in-
troduction or an elaborate model of the purple bacterial pho-
tosynthetic unit with multiple reaction centers and peripheral
light harvesting complexes as soon as an effective Hamil-
tonian picture is constructed.
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50A. Damjanović, T. Ritz, and K. Schulten, Phys. Rev. E59, 3293~1999!.
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