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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 photosystéRSl). 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. ®&004 American Institute of Physics.
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I. INTRODUCTION In oxygenic species, such as plants, algae, and cyanobac-

As the main source of energy for life on earth, photosyn-te”a’ the first step of energy transformation, the capture of
thetic systems display a wide variety of structural motf light followed by a transmembrane charge separation, is per-
common theme found in all photosynthetic systems, from thdormed by two large membrane proteins, photosysteRSl)
evolutionarily simplet* and anoxygenic light harvesting ap- and photosystem KPSII). The 2.5 A resolution structure for
paratus found in purple bactetid to the more complex light the PSI complex from the cyanobacteriuBynechococcus
harvesting systems used in oxygenic photosyntfiedlss  (S.) elongatu$reveals 96 chlorophylls and 22 carotenoids
the presence of pigment antenna complexes delivering th€omprising an antenna array. A peculiar feature of cyanobac-
absorbed light energy to a reaction center for charge transfderial PSl is its occurrence in both monomeric and trimeric
Recently, light harvesting supercomplexes comprised of variforms depending on growth conditions. This is in contrast to
ous core subunits were discovered in oxygenic photoplant PSI, which is observed only in monomeric form. Mu-
bacteria>~'® These supercomplexes contain multiple reactagenesis studies on deletion mutants of Rgaprotein sub-
tion centers, as well as surrounding antenna systems consistoit of PSI featuring transmembranehelices, located at the
ing of several hundred chlorophylls, thus constituting newtrimer interface in S. elongatusiave shown that the trimer-
challenges to the modelling of the excitation migration pro-ization is essential for the growth of the cells at low light
cess. In this paper we develop a framework for modellingntensity'®*’ (which corresponds to the light intensity in the
excitation migration and connectivity in a light harvesting natural habitat In case of iron deficiency, cyanobacterial
system consisting of multiple protein—pigment complexesPS! is known to arise in the form of supercomplexes com-
and reaction centers. We apply this framework to the trimerigorised of a trimeric PSI core surrounded by eighteen [siA
form of cyanobacterial photosysten(dee Fig. 1, and seek CP43-like iron stress-induced protginsatellite com-
an answer to the question why nature builds coupled multiplexes'®*®In such a complex nearly 500 chlorophylls sur-
meric units as opposed to independent ones. round three reaction centers. Similar complexes have also

been reported for PSP The surrounding satellite com-
S\We dedicate this article to Gerald J. Small. plexes appear to serve the purpose of increasing the total

YAuthor to whom correspondence should be addressed; Electronic maiF’.‘bsorptiOn_CrOSS section, thereby incregsing the light harvest-
kschulte@ks.uiuc.edu ing capacity of the core complex significantly. In fact,
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FIG. 1. (Color) Chlorophyll network of trimeric PSI from cyanobacteriusn 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 (bpl&vecitation transfer rates between
individual chlorophylls. The thickness of a bond between two chlorophylls is proportional to the logarithm of the transfer rate between themlidiyr sim
only the largest rates are show) 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, greer ared blu
proportional to the probability of charge transfer from the bottom, left and right reaction centers, respésteedyso Fig. ¥ (d) Excitation migration. The
arrows between chlorophylls characterizing the migration are assigned according to the steepest-descent criterion based on mean firstspastage time
reaction centerg¢see text The colors denote increasing mean first passage times from red tadlaed (b) were produced with VMD(Ref. 57.

Melkozernovet al® have recently reported that there is ef- this be explained solely in the context of excitation transfer
ficient energy transfer from the ISiA antenna ring to the PSidynamics or does the reason of trimer formation lie with a
core. different aspect of the light harvesting function? The ques-
The existence of light harvesting systems comprised ofion why PSI forms trimers in cyanobacteria is an exciting
multiple integrally connected protein—pigment complexesand controversial issue and there is a great need for experi-
brings up questions regarding the degree of connectivity bemental evidence concerning the function of the trimerization.
tween individual subunits, as well as the rationale behind thés a first step in answering the questions raised by trimer
formation of multimeric units. The case of peripheral an-formation in PSI, we perform a theoretical study of the ex-
tenna rings surrounding a reaction center core through acitation transfer dynamics in the trimeric form of PSI, spe-
efficient coupling is self-explanatory, as this increases theifically investigating the degree of connectivity between in-
overall absorption cross section. However, it is less obviouslividual monomers.
what advantage is gained by the formation of a trimeric PSI  Excitation transfer dynamics in PSI has been the subject
complex as opposed to having three separate monomers. Cahmuch theoretical and experimental stddy?’ as well as
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reviews?®~3° With the availability of a high resolution may be active with the B-branch being the faster and more
structur@ for PSI an opportunity arises to explore the exci-important branch>=4’ Therefore, the pathway of electrons
tation transfer dynamics at a level of detail hitherto not pos-may differ in green algae and cyanobacteria.
sible. The earliest such studi&s$?concentrated on the nature The question of whether two branches or only one
of the chlorophyll network of PSI, 96 chlorophylls, with no branch is active, is difficult to answer at the present state of
apparent symmetry, providing challenges not seen in the cyknowledge. Since we are working with the structure of a
lindrically symmetrical chlorophyll aggregates of purple cyanobacterium, we will assume below that only one branch,
bacteria®>* The computation of chlorophyll site energies namely the A-branch, is dominant.
proves to be a crucial step in any detailed modelling effort. ~ The next question, which has to be addressed, is which
In the earlier worR? we have discovered a high degree of moleculés) perform the charge separation, i.e., correspond
robustness of PSI light harvesting and examined the degrdge P700. In an earlier stud¥ we have considered a model
of its optimality. The light harvesting function of PSI was with two reaction center chlorophylls contributing to electron
found to be robust against thermal fluctuations of chlorophyltransfer. In this work we will follow an alternative
site energies as well as against the pruning of individuapuggestioff in assuming that the charge separation may start
chlorophylls. This study was based on an effective Hamil-from the chlorophyll a (eC-Al, corresponding to chloro-
tonian model and an application of ister theory. A more phyll number 1; all nomenclature and chlorophyll orderings
recent study by Yangt al,*® in the context of a Redfield refer to Ref. 9 and the associated PDB structure file 1JBO
theory approach, identifies the rate determining steps in exthe A-branch chlorophyll of P700.
citation transfer and discusses the role of individual chloro- ~ With the stated assumptions, a kinetic model of light
phyll groups, such as linker chlorophylls, on the excitationharvesting in trimeric PSI can be established. This will be
migration process. A recent comparison of Redfield andione in the present paper based on the structure revealed in
Forster theories in the context of excitation transfer dynam-Ref. 9. Structure-based models are built on the observed ge-
ics can be found in Ref. 37. Successive kinetic domains iPmetry of the chlorophyll ensemble and anpriori estab-
PSI, along which excitation migration proceeds, have beefished physical properties of chlorophylis, i.e., they have no
discussed in Ref. 38. parameters chosea posteriori permitting one thereby to
Even with the availability of a high resolution structure, test our present understanding of the physics of light harvest-
many questions about the light harvesting function of PSINg. Despite the seeming complexity of structure-based mod-
remain unanswered. One such question regards the nature ®f: €-9-, compared to schematic lattice models as reviewed
the so-called red chlorophyll states observed in the absorpl Ref. 48, one can actually achieve, even for the 288 chlo-
tion spectrum of PSI, corresponding to chlorophylis that apfoPhyll trimeric PSI, through the sojourn expansion a simple
parently absorb light at longer wavelengths than P66t and transparent decomposition of the overall light harvesting
has been argued that the main function of the red chloroProcess in terms of a few intuitive characteristics as will be
phylls is to extend the absorption profile of PSI. The reqdemonstrated below. _
chlorophyll states contribute significantly to the overall light ~ The organization of this paper is as follows: In the next
harvesting capacity of PSI. An attempt to assign red chloroS€ction we discuss the e_ﬁeptlve Hamiltonian formulatlon for
phyll states based on the strength of excitonic couplingdfimeric PSIand the excitation transfer process in terms of a
alone without regard to chlorophyll site energies provedMaster equation. Section lil presents a generalization of the
unsatisfactory? The low temperature absorption spectrum SO/oUrn expansion for a light harvesting system with an ar-
based on a computation of chlorophyll site enerfiesic- bitrary number of reaction centers. In Sec. IV we gpply_the
cessfully reproduces the width of the main absorption pea@*Pansion method developed earlier to the excitation migra-
corresponding to bulk chlorophylis, but not the details of thelion in trimeric PSI. Section V' examines the connectivity

red chlorophyll band. The spatial assignment of the red chloP€tween individual PSI monomers in a trimer. The issues of

rophyll states remains yet to be established. robustness and optimality of the chlorophyll network of PSI

Another issue yet unresolved concerns the directionalit?'® 2ddressed in Sec. VI, especially in regard to the role of
of the electron transfer chain in PSI. Electron transfer Chaingxc'tat'On sharing between monomers. Section VI contains

in reaction center cores have a conserved structural motfur conclusive remarks.
consisting of two bifurcating paths of electron carriers. In

case of purple bacteria, the nature of the charge transfer hdls EFFECTIVE HAMILTONIAN FOR TRIMERIC
been studied in great detdft-**In purple bacteria only one PS| AND MASTER EQUATION FOR EXCITATION

of the two branches is active, whereas in the case of PSI th-lt;.R'A"\lSFER

question of whether one or both of the branches performs  Structural information provided by the 2.5 A resolution
electron transfer is an open question. Evidence has been prstructure of PSlenables one to construct an effective Hamil-
vided for both unidirection4f~**and bi-directiondf*°elec-  tonian for the chlorophyll network using th@,-excited

tron transfer scenarios. It is possible that both branches agates of chlorophylls as a basis set. This effective Hamil-
active with one of them being predominant. The results differtonian is used, following the examples in Refs. 8, 49, 50, 51,
in cyanobacteria and green algae. Whereas the studies on tteedescribe the excitation transfer process through a related
cyanobacterial system suggest the A-branch as the only amaster equation for excitation migration viarster theory or

tive branch’®* there is evidence from the studies on theits generalization. This approach has been outlined also in a
green algae€Chlamydomonas rheinhardtihat both branches previous publicatio?f for monomeric PSI which we follow

Downloaded 31 Aug 2004 to 203.197.196.1. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



11186 J. Chem. Phys., Vol. 120, No. 23, 15 June 2004 Sener et al.

closely below. As discussed in Ref. 32, the approach taken

does not account for the properties of red chloroptififs. Kij=Tji = 6ij| kesdi,cst kdiss+2k Tik | 4
Each monomer of PSI contaifs= 96 chlorophylls. The

chlorophyll ensemble of the trimer is depicted in Fig. 1. ltswherekgss denotes the dissipation rateum of the rates of

effective Hamiltonian is internal conversion and fluorescenessumed to be uniform
across chlorophylls, ank-g denotes the trapping rate at a
€ Hi, - Hiay charge transfer sited; cs is equal to one ifi is a charge
Hyy e - Hom separatlon_ site and zero otherwise; specificdlly;s is equal_
H= U (1) toone forie{1N+1,2N+1} for the present model of tri-
e meric PSI withN=96. A dissipation rate dfg=1 ns ! and
Hani Hano 0 ean a charge separation rate kfs=1 ps ! is assumed through-

out this paper®~® The assumption of a larger dissipation
where the diagonal entries are the chlorophyll site energieate results in a slightly reduced quantum yigttl Eq.(28)].
and the off-diagonal entries are the couplings between chlo- The solution to the master equati¢®) is given by
rophlls. The site energies used in this paper are taken from _ Kt
Ref. 35 after being shifted by 848 ¢rhto reproduce the [p(t))=e"[p(0)), )
observed absorption peak for PSI. The interchlorophyll coufrom which the average excitation lifetime can be derived
plings are computed in the full Coulomb picture as outlinedfollowing Ref. 55. The probability that at timethere is still
in the appendix of Ref. 32. Accordingly, the choicetbdid  an excitation somewhere in the system is
not involve any free parameters, in particular, all
chlorophyll—chlorophyll coupling$;; were determined ac- n(t)=2> (ilp(t))=(Lp(1)), (6)
cording to the available x-ray structure 1JBO. ‘

Once the couplings and the site energies are known, thghere |i)= (6,68, ,...,03n,)sn and |1)=(1,...,1)n. The
excitation transfer between individual chlorophylls arises acprobability that the excitation disappears betweeand t
tually incoherently(for a discussion see, e.g., Ref)%hd,  1dt is given by —(d/dt)n(t)dt. Thus, the expectation
in the present case, rate constants can be computed in tglue of the average excitation lifetime is
context of Foster theory°>~>>The rate of transfer of excita- g
tion from chlorophylli to chlorophyllj is accordingly —— J’O dt t&n(t). %)

T :2h_77|H”|2‘]” i :f SD(E)Sf(E)d E, 2) Integrating by parts and employin§) along with the iden-
tity for a matrix K with negative eigenvalues,

®

where J;; describes the coupling to vibrational degrees of fwdteKt:—K‘l
freedom expressed as the overlap integral between the donor |, '
emission spectrurS,D(E) and the acceptor absorption spec- ) L
trum SJA(E). The functional forms OSD(E) and SJA(E) are yields an exact expression for the average excitation lifetime

given in Ref. 32 and involve a Stokes shift and a spectral 7= —(1|K~1|p(0)). 9)

width chosen uniformly as 160 cm and 240 cm, o - o L
respectively® Otherwise, there are no free parameters to be '€ respective lifetime for an initial conditiop(0)) =|i),
7;, Is also referred to as mean first passage time, if one

selected. Below we consider only the dynamics at room tem- X
perature and use the corresponding line shapes. Low tenf100Ses the charge separation tiaig very large.

perature effects, in particular an emerging role of red chlo-_-iKewise, one can readily determine the quantum yield
rophylls, were discussed in Ref. 32. Q of charge separation in one of the reaction centers. Defin-

The transfer rates computed frof@) can be used to ing by CS the set of chlorophyll ;ites Whe're c;harge separa-
construct a graphical representation of the network of contion takes place and the respective statej gsj = CS one
nections between chlorophylls as shown in Figh)1The Can write

thickness of the bond between chlorophyléndj is taken to % _
be proportional to the larger of I0§()+c and log{;)+c, Q= JO dt kcsjEECS(Hp(t))- (10
wherec is a small constant. Only the strongest connections
are shown for simplicity. Employing (5) and(8) this becomes
A master equation for excitation migration can be con-
structed from the transfer rat&g given in(2). Let us denote Q=—kes >, (iK™ p(0)). (12)
jecCs

by p;(t) the probability that chlorophyll is electronically

excited at timet. The rate of change of these occupationcomparison of(9) and (11) shows that matrix elements of
probabilities due to excitation transfer, dissipation, or charge —1 define both lifetimes and guantum yields for the system
separatior(if i is a charge separation Sitis described by(3).
A very intuitive picture of the excitation migration can
i Ip(D))=K|p(t)) 3) be constructed from steepest-descent pathways for excitation
dt ' transfer based on mean first passage times to any of the re-
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action centers as depicted in Figd]l Following Ref. 61, let T=To+ Tt T,
MFPT : ; ;
i denote the mean first passage time from chlorophyll .
to a reaction center. Representative excitation migration 70~ —(1x"Hp(0)),
pathways are then constructed by following a path of steep- m1=(1k Ak~ Yp(0)) (16)
est descent along mean first passage times. Accordingly, a ’

path [represented by an arrow in Fig(d}] follows from a == (1 *Ak Ak 1|p(0)).
- - - MFPT
chlorophyll i to that chlorophyllj for which Tj;(r; Comparison with(9) shows that the first termr, can be

-7 is largest. Such pathways are always unidirectionajnierpreted as a first usage time, corresponding to the average
and terminate at a reaction center. As each chlorophyll only,jtation lifetime without any detrapping events. In general,
connects unidirectionally to one other chlorophyll, this dia-ihis will be the mean first passage time to the charge separa-
gram is split naturally into three disjoint sets of chlorophylls. 4o site plus the charge separation time. Each successive
It is noteworthy that these sets do not coincide with the setferm in the serie$16) describes the contribution to the av-
of chlorophylls belonging to PSI monomers as one cany age excitation lifetime by processes involving an increas-
readily discern from Fig. () as well as from Fig. 3 dis- ing number of detrapping events. The convergence of this
cussed below. expansion is proved below.
The various terms in the expansi@b) can be rewritten

using(14). For this purpose, let us first note that the detrap-
IIl. A GENERALIZATION OF THE SOJOURN ping probability from the charge separation gitorrespond-
EXPANSION FOR AN ARBITRARY NUMBER ing to an initial Staté5> is
OF REACTION CENTERS Qs= —WD'J'<].|K71|S>, jecs. 17)

~ In this section we present an expansion for the excitatioRrhe interpretation of a detrapping probability follows from a
migration process in terms of repeated detrapping events. F%mparison with(11). The probability of detrapping from

this purpose we develop a general method for expanding thgte j for an initial condition given byp(0)) att=0 is
average excitation lifetimé9) in terms of excitation migra-

tion, trapping, and repeated detrapping and retrapping (Q)=—Wp (jl«*p(0)), jeCs, (18
events. This method is a generalization of the sojourn expamnd the detrapping probability from sitdfor an initial con-
sion, introduced in Ref. 32 for a single reaction center. dition given by the transient, normalized1{T,)=1) state

Let us consider an antenna complex consisting pig- T is
ments andVl charge transfer sites and let the matikixde- B A i
scribing excitation migration be defined as(#). Following (Qr)jic=—~Wp (] [« T, J.keCS. (19

Ref. 32, we first separate fromd the operatorA that de- |t shall be noted that in the case of a single reaction center
scribes detrapping events from any of the charge separatiqfe corresponding detrapping probabilit@sand Q; are ap-

sites proximately equal, the difference being solely due to the con-
K=xk+A, tribution of dissipation events described kys. In the dis-
(12) sipationless limit, i.e., forkyss—0, all the conditional

" ) detrapping probabilities reduce to a single detrapping prob-
Azgl J.EECS Tik|k><l|- ability given in terms of the ratio of total detrapping and
charge transfer rates. With multiple reaction centers present,
It is useful to introduce the total detrapping ra®p;  (Qq);; (i#]j) will, in general, be significantly smaller than
=3¢_,Tj« from the charge separation site labeledjBnd  (Q;);;, as seen in the case of the PSI trimer in the next
the corresponding transient state section. However, the sun¥; _cs(Q); and=; . ¢ Q) jx be-
1" come identical and equal to the overall detrapping probabil-
IT))= W_k21 Tylk), jeCs, (13) ity in the dissipationless limit. This implies, in particular,
D,j k=
which describes the distribution of occupation probabilities ,ES (Qr)jk<1, VkeCs. (20)
immediately following a detrapping event from the charge
separation sit¢ Thus, the detrapping operator(it2) can be Finally, let us introduce the sojourn timeT{,); for
written charge separation sijalefined as the average lifetime after a
detrapping event at site but not involving any further de-
A= 2 Wo |T)il. (14  trapping events,
jeCS -1 X
(Ts)j=—(1x*[T}), jeCs. (21

An expansion for the average excitation lifetime given in

(9) can be obtained by noting For a system with only one charge separation site, the so-

journ time is a measure of the time it takes for the excitation
K l=(k+A)"? to leave and to return, i.e., to sojourn, to the reaction center.
e e A e A AR (15 In a system with multiple reactlpn 'center§s(,j)j also in-
cludes processes where the excitation returns to another re-
Combining(9) and(15) yields a series action center.
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TABLE I. Quantities characterizing the sojourn expansion for trimeric PSI. The first usagedidenotes the
average excitation lifetime without any detrapping events. The sojourn figg; (is the average lifetime for a
transient statéT;) immediately following detrapping at the charge transfer isitéthout any further detrapping
events, whereas the corresponding detrapping probabilities are give@)byn(the case of initial condition
|p(0)) and @Qy);j in the case of an initial condition corresponding to the transient 45T§)e‘ollowing detrap-
ping at sitej. The quantity 3Q); is the total detrapping probability for trimeric PSI. Because of the symmetry
of the trimer, coefficients are identical for permuted site lapgd® Eqs(25) and(26)]. q is the quantum yield

of the system. The decomposition of the average excitation lifetime is given in(Ejsand (27).

T To (Tsoi (Q)i (Qn)1u1 (Qn)12 (Qn)1s q
31.9 ps 18.9 ps 7.5 ps 21.0% 56.3% 3.7% 3.7% 0.968

Using Eqgs(18), (19), and(21) one can rewrite the terms The expansion termgl8), (19), and(21) introduced in
of the expansioril6) as the preceding section are invariant under a cyclic permuta-
tion of the indices of the charge transfer sites. Therefore, the

1= Tsof Q. sojourn times and the initial detrapping probabilities are
7= TsopQrQ, (220 identical for all three charge separation sites
73=TsrQF-Q. (Tso)1=(Tso)2= (Tso)s.

The termsT¢,; andQ are vectors of dimensioM, andQy is (Q)1=(Q),=(Q)3. @9

an M XM matrix, whereM is the number of charge separa-
tion sites in the systerti.e., M =3 for trimeric PSI with only .
one electron transfer branch assumed to be active in ea@plities

Furthermore, we have for the subsequent detrapping prob-

r_eaction center_ coje This formulation significantly simpli- (Q1)11=(Q1) 2= (Q7) 33,

fies the expansion, as the terms of the expan&iéhinvolve

products of matrices and vectors of sizé288 for the PSI (Q1)12=(Q7)23= (Q1) 31, (26)
trimer), while those of(22) are of sizeM (3 for the PSI

trimer). (Q1)21=(Q7)32=(Qr) 13-

Convergence of the expansion defined(ii$) and (22) The sojourn expansio(24) for trimeric PSI can be ex-
can be proved by noting that any eigenvaluef Qr satisfies  pressed in terms of the scalar quantities in E25) and(26),
IN<1.1f 2;(Qp)ijx;=\x;, then it follows as well asr,. One obtains

IND Ixil=> x| =70+ 3(Q)1(TsoP1 /(1= (Qr) 11— (Qr) 12— (Qr)1a).  (27)

I |

The scalargtimes and probabilitigsare provided in Table I.

A closer examination of these quantities reveals much about
:Z 2 (QrijX $§i: 2]: [(Qu)ijx;| the excitation migration process.
Comparing7 and 7 in Table | one can conclude that
-y (E © )_’) x|<S Ix (03 Mmore than 40% of the total excitation lifetime stems from
i i TR 4 17 detrapping events. The chance for a first detrapping event to

i occur at any one of the reaction centers after the initial uni-
where we have use(0) and the fact that the matrix ele- ¢orm excitation of the system is given by, =21%. As
ments Qr);; are non-negative. Thug\|<1 and the sojourn  iseiissed in the preceding section, the overall detrapping
expansion converges. _ probability for any initial condition, given, for example, by
Since the sojourn expansion converges, the terni@2n the sums Q)1+ (Q),+(Q)3=63.0% or Qr)y+(Qr)o
can be summed up to yield +(Qr)3;=63.7% are approximately equal and close to
=70+ Tsojr (Iy—Qp *Q, (24) 64.2%, which is the detrapping probability for an excitation
that has already arrived at P700. The overall detrapping
robabilities would be exactly identical in the dissipationless
mit. The sum Q);+(Q),+(Q); is slightly less than
(Q1)1j+(Qr)2+(Qr)3; because it represents a somewhat
longer average migration patfstarting from |p(0)) and
|Tj), respectively, thus experiencing a slightly higher
chance for the excitation to be dissipated during its migra-
tion.
In this section we apply the expansion method developed A comparison of the conditional detrapping probabilities
in the preceding section to trimeric PSI. Due to the symmetry(Qr)1,=56.3% (jump from|1) to |T,) and return td1)) and
of the PSI trimer the expansion can be simplified. Below we(Qr)1,=3.7% (jump from |1) to |T;) and return to|N
will assume a uniform initial conditiofp(0)), where each +1), i.e., to the second reaction centezveals that the tran-
chlorophyll is equally likely to be excited. sient state resulting from a detrapping event at a reaction

wherel,, denotes the identity matrix of dimensidf Equa-
tion (24) is a closed and exact expression for the averag
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
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TABLE Il. Quantities characterizing the sojourn expansion for monomericThis does not imply, however, that there is no significant
PSI. Definitions of the variot_;s terms below are analogous to those in TabIPenergy transfer between individual monomers. We note that
I Thg nuances between this model and the one presented in Ref. 32 a{ﬁe mean lifetimes in Tables | and Il are somewhat larger
explained in the text. . . .
than the experimentally observed trapping times of about
7 7o To o) Qr Gl 20-25 pg-922-26

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 f@hlamydomonds—*/%2Recent ex-

center is not as likely to migrate to and detrap from another ™. ) e . .
reaction center. This must be contrasted with the results oqenments revealed species specific differences in the physi-
al chemical, e.g. spectroscopic, properties of P°70ie

the next section, however, which indicate significant energf

transfer between monomers. Charge separation probability g?searchers studied the influence of nonconserved amino acid

a remote reaction center as averaged over a whole monomr“:’rjsrfgfjs ?'%sltjeif_“fdel:grﬁtzeei ggéae?\?:gsif dic():farestlhgtmt]:nimgi-ffer-
is a better measure of the integral connectivity betwee

monomers than the detrapping probability across differenfc€S N the amino acid sequences b_et\(veen Cyanobact_erla
. and green algae induce a significant shift in the site energies
reaction centers. of the chlorophylls inChlamydomonas
The guantum yield for the system is the probability In additior; %/o the mode)I/ described above, we have also
that an excitation will cause charge separation at a reaction ’

center as opposed to being dissipated. It can be shown that ﬁ)nsidered the possibility of the charge separation sFarting
a model with a uniform dissipation constaj. (as in the oM the P700 B-branch chlorophyleC-B1, corresponding

present cagethe quantum yieldy is related to the average to chlorophyll number Ror the_accessory chlorophyll on the
excitation lifetime? B-branch(eC-A2, corresponding to chlorophyll number. 4

The latter scenario was taken into account, because of the
q=1—KgiseT- (28)  evidence provided in the recent work of Mar et al®? that
charge separation may be initiated by the accessory chloro-
phyll on the B-branch.
transfer timescaleé~0.1 ps, cf. Ref. 3pand partly to the The results Qescribed ab_ove do not change significaptly
lower site energy of charge separation sites. when the model is altered to !nclude two charge transfer sites

(eC-Al and eC-Bl per reaction center core as opposed to

In Ref. 32 we have reported a similar analysis of the h itation lifeti d th
excitation migration in the context of the sojourn expansion°"¢ (eC-Al). The average excitation lifetime and the quan-

for the case of monomeric PSI. Before a comparison of thos&M y|gld b(re]cor(jr!fef 27.9 psband 0'97% respectwely% n ISUCh a
results with the ones for the PSI trimer presented here jgeenario. The imerence etween the two sets o values 1s
performed, however, differences between the two modelLelatively small since the effect of eC-B1 as an additional
need to be noted. A discussion of how our current model id/@P 1S small compared to the overall excitation migration
chosen is given in the introduction. In Ref. 32 both branchedMe scale. o

of the reaction center core were assumed to be active in Much larger effects on the average excitation lifetime
charge separation. In order to simplify the formulation of the2Nd quantum yield are observed when either eC-B1 or eC-A2

excitation migration in the context of the sojourn expansion,

32.1 ps 19.1 ps 7.5 ps 63.0% 63.7% 0.968

The high quantum yield for the trimer of 0.968 is due partly
to the separation of the dissipatigh ng and excitation

is assumed to be the sole site where charge separation starts.
P700 was treated as a single unit, where thermal equilibra?! the case of éC-B1 a quantum yield of 0.874 and a lifetime

tion of excitation between two chlorophylls was assumed.Of 127 ps is observed, while the case of eC-A2 results in a

Furthermore, a charge separation time of 1.5 ps was assumg_ya,mum yield of 0.829 and a lifetime ,Of 171 ps. These large
lifetimes and the corresponding low yields are partly a con-

in Ref. 32 as opposed to 1 ps in the present study. - ) X
To provide a comparison between the monomeric anfeduence of the relatively high site energfesf these two

trimeric excitation migration time scales we have performeoChlé)rOphy”S' These two values for tg? I|rf](_et|rr]ne| fo(;_eC-Bl
a new analysis of the sojourn expansion in monomeric PS NG eC-A2 scenarios are una_ccepta y high, leading us to
As shown in Ref. 32 the expansion yields believe, based on the assumption of the accuracy of the cor-

o _ responding site energies, that they do not present feasible
~T=70+TSOJQ/ (1-Qy) (29 alternatives to a model in which eC-Aly itself or together
which, as expected. is analogous to expres for the with eC-BJ) is a charge separation site. This might indicate
P g pres¢ éhat the differences between cyanobacteria &tdamy-

trimeric case. The quantities occurring in this expression ard Id extend to th t f th tive b h
provided in Table Il. The slight differences between the re- omonascould extend o the nature ot the active branches.

sults in Table Il and those reported in Ref. 32 reflect the
aforementioned nuances between the two models. A com? HE DEGREE OF CONNECTIVITY BETWEEN
. L S| MONOMERS
parison between the entries in Tables | and Il reveals, not
surprisingly, that the values of=31.9 ps? for the trimer In this section we consider the question of how inte-
and7=32.1ps ! for the monomer are very close to each grally connected each PSI monomer is with its neighbors.
other. The connection between the monomers have little eoes trimeric PSI function largely as three separate mono-
fect on the average excitation lifetime or the quantum yieldmers or is there substantial excitation transfer between indi-

Downloaded 31 Aug 2004 to 203.197.196.1. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



11190 J. Chem. Phys., Vol. 120, No. 23, 15 June 2004 Sener et al.

[} TABLE Ill. Chlorophylls with the highest transfer rates to neighboring
M1 monomers. Chlorophyll ID refers to the labels given in Ref. 9. Chlorophyll
4r I _.,II 1 number refers to the ordering of chlorophylls in the corresponding PDB file

1JBO (see also Figs. 2 and)3and resid is the residue ID of the same
chlorophyll in the aforementioned structure file. The total transfer rate from
chlorophylli to a neighboring monomer is given &;T;;, jell or lIl.
Percent rate indicates the percentage of the total transfer rate from the given

total transfer rate to IT (1/ps)

2t 1 chlorophyll to a monomer among all other chlorophylls.
. Chl. ID Chl. no. resid Total rate Percent rate
1 B8 1
Transfer rates to monomer ||
M1 94 1601 4.7 pst 59.9%
o | e——————— Ve e -
0 20 40 50 80 B8 54 1208 1.4 ps' 17.3%
_~ Chloro.phyll number Transfer rates to monomer il
& 1.5l A30 A30 36 1130 1.6 ps 34.3%
5 I III PL1 96 1801 0.72p¢ 15.5%
=125 - A21 27 1121 0.41ps 8.8%
= L1 91 1501 0.31pst 6.8%
£ 1y
2 PLI1
So0.75 °
=
& o5} A21 L1 A21, and L1 have the highest contributions to excitation
é . P transfer 111, In fact, functionally M1 is essentially a part
£0.25 ° L° °, of the neighboring monomer. The total transfer rate from M1
g o - i ele & esmr—————"w | in monomer | to monomer Il is 4.7 p$, while the corre-
8

0 20 80 sponding rate to its own monomer is only 0.2 psThis is

also apparent from the connectivity network portrayed in
FIG. 2. Total rates of transfer from a given chlorophyll to a neighboring Fig- 3.
monomer. The monomers are labeled clockwise as I, II, and Ill with respect  In this respect, it is also worth mentioning that PsaM
to the orientation given in Fig. 1. The chlorophylls with the highest transfer(the protein subunit of PSI Containing the boundary chloro-
rates are highlighte¢see also Table Ill and Fig.)3 . . -
phyll M1) is one of the two subunits that are specific to
cyanobacter¥ and is not present in plant P8iwhich has
_ not been observed to form trimers. The function of PsaM
vidual monomers? The most natural measure of the connegnay therefore be to provide additional protein-protein and
tivity between different monomers would be given by the protein-cofactor contacts between the monomers. It is aston-
probability of an excitation initially located at one monomer ishing that a chlorophyll that is coordinated by PsaM of one
to be trapped by another monomer. Another, perhaps simplefonomer functionally belongs to the neighboring monomer
measure is given by the total rate of transfer to neighboringind shows tight hydrophobic interactions with the chloro-
monomers for chlorophylls along the intermonomer boundphylls and carotenoids of that monomer; PsaM may be a

ary. We will first examine these strongest connection pointsnajor factor in the stabilization of the trimer as a whole.
between monomers. In the latter half of this section we

present an analysis of cross-monomer excitation trappin
probabilities.

40 60
chlorophyll number

%. Cross-monomer excitation trapping probabilities

The likelihood of an excitation initially at one monomer
to be trapped eventually by its neighboring monomer pro-
The total rates of transfer from a chlorophyk |, in  vides a natural measure of the connectivity between two
monomer |, to either of the two neighboring monomers aremonomers. The trapping probability at reaction centef RC
given by>; _, T;; andX; _ Tj; , respectively. In the follow-  for an initial stateli) localized at chlorophyll € {1,...,3N},
ing we will adopt a labelling of the individual monomers as is given by[cf. Eq. (10)]
given in Fig. 1 in a clockwise manner. Figure 2 presents total _q:
transfer rates to neighboring monomers across all 96 chloro- _kC5<RCJ'|K ). (30
phylls of a given monomer. Naturally, only chlorophylls The sum of these trapping probabilities over all reaction cen-
close to the boundary contribute significantly to intermono-ters is equal to the quantum yield corresponding to an initial
mer excitation transfer. As a point of comparison, the averstate|i).
age rate of transfer from a given chlorophyll to its own The trapping probabilities as given by E@O) are de-
monomer is 14.1 pg, while thetotal (not averagetransfer  picted in Fig. 4 as well as in Fig.(d). Not surprisingly, an
rates from one monomer to another are 7.9'der I—lland  excitation is more likely to be trapped in the monomer it has
4.6 pst for I—lll. started from, with the exception of chlorophyll M1 as dis-
Chlorophylls with the highest transfer rates to neighbor-cussed above. However, there is a substantial chance of
ing monomers are listed in Table Ill and their relative posi-about 40%(19.7% for I—I and 20.0% for Il respec-
tions are depicted in Fig. 3. The chlorophylls M1 and B8 aretively) that the excitation will be trapped by one of the two
most prevalent in excitation transfer1l, while A30, PL1,  neighboring monomers. There is a slight asymmetry between

A. Intermonomer excitation transfer rates
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FIG. 4. Connectivity between PSI monomers. A measure of connectivity is

given by the probability, calculated according to E80), of charge separa-

tion at the reaction center of another monomer for an initial state localized at
1 given chlorophyli(a) Probabilities for charge separation at reaction center
as a function of chlorophyll number. The ordering used is identical to the

one in the PDB file 1JBO containing the structdRef. 9. Monomers |, II,

Gand Il are at the bottom, left, and right, respectively. Chlorophylls 1, 97,

to the chlorophylls of the neighboring monomer than to those of its ownand 193 are th_e correspo_n_ding charge S(_eparation sites. The average of the
monomer, being functionally part of the neighboring monomer. Figure IC)ro_charge separation probability at the reaction center of monomer | is 57.2%
duced with VMD (Ref. 57. over mc_Jn_omer 1, 19.7% over m(_)nomer 1, a}nd 20.0% over monor_ne(rbbll.
Probabilities for charge separation at reaction center | 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
migration probabilities to the left and the right neighbors.also given in(a) [see Fig. 1c) for a red—green—blue overlay of these prob-

Naturally, the lowest probabilities for charge separation agvilities for the three separate reaction cerjters
reaction center [7.8% correspond to the case of the exci-

tation initially starting from one of the two other reaction . .
centers. transfer, and photoprotectidi,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
Robustness of a system is a measure of its ability to copthe light harvesting function.

with change. This is typically manifested in the form of a A simple, if somewhat restricted, measure for judging
parameter insensitivity, as well as a tendency for gracefuthe robustness and optimality of a light harvesting system is
degradation. Optimality, on the other hand, is a measure dhe efficiency of the excitation migration process as given by
efficiency under a given set of constraints. For a typical lightthe quantum yield evaluated according to E2B). An earlier
harvesting system, the fitness landscape over which the raavestigation within this context has been presented for the
bustness and optimality should be judged is enormouslghlorophyll network of monomeric PSf.A form of param-
complex and includes aspects of excitation migration, chargeter 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 chl
rophylls with the highest rates of transfer to neighboring monomers, a
listed in Fig. 2 and Table Ill, are highlighted in color from blue to red in
order of increasing transfer rate. Chlorophyll M1 is more strongly connecte

VI. ROBUSTNESS AND OPTIMALITY OF PSI
CHLOROPHYLL NETWORK
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FIG. 6. Role of boundary chlorophylls in cross-monomer excitation migra-
FIG. 5. Optimality of the chlorophyll network in trimeric PSI. Histograms tion. (a) Effect of pruning of the boundary chlorophylls, M1, B8, A30, PL1,
of quantum yields, evaluated according to E8), over an ensemble of A21, and L1, on cross-monomer trapping probabilities. Open circles repre-
chlorophyll arrangements obtained by random rotations of the original chlosent the probabilities of charge separation at reaction center | for a given
rophyll orientations are showfa) for an ensemble where all chlorophylls, chlorophyll in a trimer without the aforementioned chlorophylls. For com-
including the reaction center chlorophylls are randomly rotd#iD con-  parison they are overlayed with the original probabilitipsinty as shown
figurations; (b) for an ensemble where the six reaction center chlorophylisin Fig. 4(a). (b) Effect of random reorientation of boundary chlorophylls on
are kept fixed within each monomer followir&ef. 36 (800 configura-  cross-monomer trapping probabilities. The histogram displays| thé
tions). The long tail in(a) representing suboptimal configurations is largely cross-monomer trapping probabilities over an ensemble of 600 trimeric PSI-
due to the fluctuations of the reaction center chlorophylls. 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-
tions of chlorophyll site energies have little effect on thetion, all other couplings are computed in the full Coulomb picture. The

guantum yield at room temperature. This is a consequence efrow indicates the probability corresponding to the original geonistg

the broadness of chlorophyll absorption line shapes and ngfPtion of Fig. 4.

longer remains true at cryogenic temperatures, where the

guantum yield drops significantly and becomes wavelength

dependent. A sign of graceful degradation of the chlorophylloptimality of peripheral chlorophyll configurations are not as
network was realized by noting that the pruning of individual strongly pronounced as that of the central chlorophylls. It
chlorophylls from the network has little effect on the overall must be noted that the persistently large quantum yields re-
qguantum yield beyond the loss of the corresponding crosported in these studies are largely due to the separation of the
section. The construction of an ensemble of PSI-like chlorodissipation and trapping time scaldsns versus 1 ps, respec-
phyll networks corresponding to random reorientations ofively). Clearly, excitation migration does not contribute
chlorophyll molecules revealed, on the one hand, that thenuch to loss for the whole light harvesting process.

overall quantum yield changes only by a few percent across The existence of the trimeric form raises additional ques-
a wide ensemble, and on the other hand within that narrowions regarding the role and significance of individual chlo-
distribution the original chlorophyll arrangement of PSI is rophylls in PSI, especially of the boundary chlorophylls dis-
near optimal. However, repeating random ensemble calculazussed in the preceding section. The pruning of the six
tions by constraining the ensemble to one in which the siboundary chlorophylls, M1, B8, A30, PL1, A21, and L1, has
reaction center chlorophylls are held fixed in each monomea noticeable effect on cross-monomer trapping probabilities
indicates that the apparent optimality is largely due to theas shown in Fig. @). The probability of an excitation that
orientations of the reaction center chlorophyfisDistribu-  started in monomer | to be trapped at monomers |, Il, and IlI,
tion of quantum vyields for trimeric PSI for ensembles with shift to 67.2%, 14.6%, and 15.1%, from 57.2%, 19.7%, and
both constrained and unconstrained reaction center chlor@0.0%, respectively, as a result of the pruning. Thus, the total
phylls are presented in Fig. 5. The results are found to beross-monomer trapping probability drops from 39.7% to
similar to the case of monomeric PSI. It is seen that the29.7%. However, the orientations of the aforementioned six
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boundary chlorophylls seem not to be optimized for facilitat-transfer, while other scenarios were also discussed. For a
ing a maximal transfer between monomers as illustrated byidirectional model the computed average excitation lifetime
the histogram in Fig. ®). becomes 27.9 ps.

As a further point of comparison between the mono-  Of great interest is the interconnectivity between indi-
meric and trimeric forms, we have also examined the effectidual monomers of a PSI trimer. As a first step in probing
of massive pruning of chlorophyli®f up to 30% of the total the interconnectivity, we have provided a framework for
number at the same timen the quantum yield. It was seen modelling the excitation migration in multireaction center,
that even this pruning to a high degree does not particularlynulticomponent light-harvesting systems. In particular, we
favor the trimeric or the monomeric forms in terms of the have applied the sojourn expansion for the average excitation
overall quantum yield, as long as each individual monometifetime, which is based on expressing the excitation migra-
was assumed to contain a functioning reaction center. tion process in terms of detrapping and subsequent retrap-

We finally investigated the effect of a selective loss of ping events. Our analysis revealed that detrapping and sub-
reaction center function. The trimeric form, as opposed tGsequent retrapping events contribute about 41% to the
separated monomers, has a chance to redirect excitation &verage excitation lifetime. The probability of a detrapped
another reaction center if one or two are dysfunctional. Howstate to migrate to another reaction center is found to be
ever, as long as a dysfunctional reaction center traps an exauch lower than the probability to migrate to the same re-
citation, no net quantum yield is gained by a trimeric ar-gction center.
rangement. If the charge trapping ability is also lost,  As a further measure of the interconnectivity between
however, then quantum yields of 0.942 and 0.871 are mainmonomers, we have identified the chlorophylls with the larg-
tained (with corresponding lifetimes of 58 ps and 129),ps est transfer rates to neighboring monomers. The chlorophyll
with the loss of one reaction center and two reaction centergy1 (cf., Fig. 3 is seen to be functionally a part of the next
respectively, as opposed to loosing 1/3 and 2/3 of the totahonomer. The transfer rates between monomers of 7.9 ps
quantum yield outright in case of separated monomers.  and 4.6 ps* are small but nonnegligible with respect to the

average detrapping rate of 14.1 psrom a chlorophyll to its
VIl. DISCUSSION own monomer.

The rationale for the formation of trimeric PSI, as op- A more substantial measure of interconnectivity between

posed to maintaining three separate monomers, is not imm&onomers is the probability of an excitation initially at one
diately obvious. It may be explicable within the context of monomer to be trapped at one of the two other monomers.
excitation migration, trapping, and subsequent charge trande found this transfer of excitation from one monomer to
fer; trimeric PSI may have arisen because of better fault tolanother to be a frequent event. A substantial probability of
erance compared with the fault tolerance of individual mono-2bout 40% is found for an excitation to be trapped by the two
mers; trimer formation may also be an essential step in &eighboring monomers. The pruning of the most influential
further molecular assembly process. We have presente&ix boundary chlorophylls is seen to reduce this cross-
above an analysis of the excitation migration and trappingnonomer trapping probability to about 30%.
processes in the trimeric form of PSI to seek an explanation In this regard, it is surprising that a comparison of the
why cyanobacteria use trimeric PSI. quantum vyields reveals that no significant advantage is
The total number of pigments per reaction center is idengained by the formation of trimeric PSI instead of maintain-
tical in the trimeric and monomeric forms of PSI with the ing three separate monomers. However, it is plausible that a
same subunit composition. As such, unlike in the case of themall advantage for the trimer can yield a larger advantage in
formation of iron stress-induced supercomplexes that adéhe race of the survival of the fittest under light-limiting con-
satellite proteins to a trimeric core, no obvious advantage iglitions. Examples where competitive advantage are dis-
gained in terms of the absorption cross section per reactioplayed even without any pronounced phenotypical differ-
center by going from three monomers to a trimer. A compari-ences have been observed in growth competition
son of the bulk properties of excitation migration, such asexperiment§®°’
guantum yield and average excitation lifetime, reveals simi- It is of interest to note that PSI is stabilized by trimer
lar results for monomeric and trimeric forms of PSI. Com-formation. PSI monomers, isolated from cyanobacteria are
putations revealed an average excitation lifetime of 31.9 psonstable and the peripheral subuiiRsaL, Psal, PsaM, and
and a corresponding quantum yield of about 97%, changingsak as well as several chlorophylls and carotenoids are
only slightly between the monomeric and trimeric PSI forms.easily lost. The stabilization of the antenna system may also
Parameter sensitivity of the presented model must bée an important function of the trimeric organization. How-
considered before any conclusions can be drawn in earnestver, these effects alone may be insufficient to explain the
We note that the computed value of an excitation lifetime ofadvantage of the trimerization. Further factors have to be
31.9 ps reported here, as well as the slightly different valuetaken into account, for example, the changes that cells un-
reported in Ref. 32, are longer than the experimentally redergo when shifted from medium to low light intensity. In
ported values of about 20—25 ps. The quantitative details othis case, the cells rest for two to three days perforntag
the reported model depend on the site energies and coupling®vo synthesis of PSI. Whereas the majority of PSI is mo-
for the central chlorophylls as well as on the charge separaaomeric at medium light intensity, the newly synthesized PSI
tion time scale; other parameters have a smaller effect on this trimeric. The ratio of PSI to PSIl increases also from 1.5 to
model properties. We have assumed unidirectional charg®.l® Furthermore, the cells increase the amount of phycobilli-

Downloaded 31 Aug 2004 to 203.197.196.1. Redistribution subject to AIP license or copyright, see http://jcp.aip.org/jcp/copyright.jsp



11194 J. Chem. Phys., Vol. 120, No. 23, 15 June 2004 Sener et al.

somes, acting as peripheral antenna. After this transition thestra, S. Berry, K.-P. Michel, E. K. Pistorius, and J. Kruip, Natfirendon
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