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Kinetic Modeling of Exciton Migration in Photosynthetic Systems. 2.
Simulations of Excitation Dynamics in Two-dimensional Photosystem |
Core Antenna/Reaction Center Complexes'?

Gediminas Trinkunas and Alfred R. Holzwarth
Max-Planck-Institut fur Strahlenchemie, D-4330 Mdlheim a.d. Ruhr, Germany

ABSTRACT Kinetic modeling of the exciton migration in the cyanobacterial photosystem | core complex from Synechococcus
sp. was performed by an exact solution of the Pauli master equation for exciton motion. A square two-dimensional 10 X 10
pigment lattice and a Férster dipole-dipole coupling between chromophores was assumed. We calculated decay-associated
spectra and lifetimes and compared them to the corresponding experimental data from picosecond fluorescence and transient
absorption obtained by global analysis. Seven spectral chlorophyll (Chl) forms, identical in shape but shifted in their absorption
maximums, were used to describe the non-homogeneous broadening of the PS I-100 particle absorption spectrum. The op-
timized Chl lattice arrangement best reproducing the experimental decay-associated spectra as well as the steady-state fluo-
rescence spectrum indicated the long-wavelength-absorbing Chls forming a cluster in the corner of the lattice with the reaction
center (RC) placed apart at a distance of two lattice constants. The variable parameters, i.e., the charge separation rate in the
RC and the lattice constant a, were found to be optimal at kgc = 2.3 ps~! and a = 1.14 nm, respectively. The surprising
conclusions of the simulations is that Chis with absorption maxima as long a 724 nm have to be taken into account to describe
the time-resolved spectra of this PS | particle properly. The dependencies of the exciton decay in the model PS 1 particle on
the excitation wavelength and on the temperature are discussed. We also show that the excited state decay of similar PS |
particles that lack the long-wavelength absorbing Chis is nearly mono-exponential. Various critical factors that limit the general

reliability of the conclusions of such simulations are discussed in detail.

INTRODUCTION

In photosynthetic organisms light energy is captured by an-
tenna pigments. For organisms performing oxygenic photo-
synthesis, the major antenna pigments in the near vicinity of
the reaction centers (RCs) are chlorophyll (Chl) a or Chl b
molecules bound to proteins. The antenna complexes can be
functionally and biochemically grouped into the core com-
plexes, which form the immediate surrounding of the RCs,
and the peripheral complexes, which are more distantly lo-
cated from the RCs (van Grondelle and Amesz, 1986). A
high-resolution x-ray structure has not been determined for
any of the Chl core or peripheral antenna complexes of higher
plants or other oxygenic photosynthetic organisms. The only
high-resolution structure of a Chl antenna system reported is
the so-called Fenna-Mathews-Olson bacterio-Chl, a protein
complex isolated from the baseplates of chlorosomes from
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the green bacterium Prosthecochloris aestuarii (Matthews
and Fenna, 1980). Two-dimensional electron micrography of
the higher plant light-harvesting Chl a/b complex (LHC 2)
has resulted in a structure resolution of about 3.5 A (Kiihl-
brandt and Wang, 1991; Kiihlbrandt and Downing, 1989).
This resolution is not sufficient, however, to locate and iden-
tify all Chls or to precisely define their relative orientation.
More recently, crystals have been obtained for the photo-
system (PS) I core complex of the thermophilic cyanobac-
terium Synechococcus sp. (Rogner et al., 1990; Boekema et
al., 1989; Witt et al., 1988; Krauss et al., 1993). The PS I core
complex is composed of, inter alia, the RC structure of PS
I, the primary and secondary electron acceptors and, inti-
mately coupled to the RC, about 100 protein-bound Chl a
molecules that form the antenna. The reported x-ray data for
this complex have a resolution of about 6 A (Krauss et al.,
1993). Despite showing some interesting detail, this struc-
tural resolution is not yet sufficient to propose any detailed
models as far as energy transfer is concerned.

The theoretical description of energy transfer processes in
photosynthetic antennae is difficult. The first problem is the
either nonexistent or, at best, incomplete information on
structure. However, even having detailed structural infor-
mation would not improve the situation. A key difficulty is
the unsolved problem of chromophore/protein interactions
which modify the spectral features of the Chl chromophores
in an unknown manner and lead to non-homogeneous broad-
ening effects (Lee et al., 1985; Friedrich and Haarer, 1984).
There may be several different reasons for the non-
homogeneous broadening in Chls, but the main reasons prob-
ably lie in the flexibility of the chlorin ring systems and in
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the differential protein interaction with the side chains that
influence the 7-system of the Chls (Gudowska-Nowak et al.,
1993; Hanson and Fajer, 1987). The consequences of such
effects were observed a long time ago, in particular when the
properties of Chl antenna structures from PS I were studied,
and have been traditionally described as spectral heteroge-
neity (Gulyayev and Teten’kin, 1981; Klug et al., 1989;
Kuang et al., 1984; Shiozawa et al. 1974; Thornber et al.,
1979). The origin and function of long-wavelength antenna
(LWA) pigments (pigments that absorb at wavelengths
longer than the corresponding reaction centers) in photo-
synthetic antenna were studied (van Grondelle et al., 1988;
Butler, 1961; Strasser and Butler, 1977). Since these spectral
properties of the pigments are characteristic of the native Chl
protein complex only, procedures that allow one to analyze
the spectral heterogeneity and non-homogeneous broadening
in the intact complexes must be developed. Finally, to de-
scribe the energy migration within antenna complexes, de-
tailed knowledge of the chromophore-chromophore coupling
strengths which determines the actual mechanism of energy
transfer, i.e., coherent versus incoherent transfer or strong
versus weak coupling mechanisms (Knox, 1968, 1975; Ken-
kre and Knox, 1974a,b; Kudzmauskas et al., 1983), is re-
quired. For almost all of the topics mentioned above, the
available information is either incomplete or nonexistent. To
describe the excitation dynamics in photosynthetic antenna
complexes we thus have to rely to a great deal on approxi-
mations. We nevertheless think that from such simulations
relevant information can be obtained that allows us to
achieve a fairly detailed understanding of the various pa-
rameters that govern the excitation dynamics in antenna of
higher plants and bacteria.

In this paper we concentrate on simulating the excitation
dynamics of a cyanobacterial PS I antenna/reaction center
complex on a molecular level by taking into account all pair-
wise energy transfer steps between chromophores. The aim
of this work was to simulate as closely as possible the sub-
stantial amount of spectroscopic information, both steady
state and time-resolved, that has been recently gathered on
this antenna complex using both kinetic fluorescence as well
as transient absorption spectroscopy in the picosecond time
range (Holzwarth et al., 1990, 1993; Turconi et al., 1993a).
We expected to gather information on a large number of
hidden, i.e., not directly experimentally accessible, structural
and spectroscopic parameters (Suter et al., 1987) that are
important for understanding the antenna energy transfer and
charge separation kinetics in the PS I particle. Based on these
results, we then tried to predict the excitation wavelength and
temperature dependence of the excited state Kinetics in PS 1
particles. In addition, we also hoped to achieve a better gen-
eral understanding of antenna energy migration and its re-
lationship to structural parameters in photosynthetic anten-
nae. The principal approximation in our approach consisted
of the assumption of a completely incoherent hopping
mechanism for energy transfer. This also involved the as-
sumption of weak coupling between chromophores. Recent
theoretical work has, in fact, supported such a general weak

Volume 66 February 1994

coupling mechanism for photosynthetic energy transfer in
many antenna systems (Knox, 1968, 1975; Kudzmauskas et
al., 1983; Pearlstein, 1982b, 1984). The simulation procedure
applied in this work involves an exact solution of the Pauli
master equation for excited state dynamics previously de-
scribed (Suter and Holzwarth, 1987; Beauregard et al., 1991).
Basically, the same procedure was used in simulations by
Fleming and co-workers (Jean et al., 1989; Jia et al., 1992),
although the way in which results were presented and com-
pared with experimental data was quite different from ours.

MODEL ASSUMPTIONS

All simulations carried out in this study, unless mentioned
otherwise, refer to PS I particles from the thermophilic cya-
nobacterium Synechococcus sp. The relevant experimental
data from steady state and time-resolved transient absorption
and fluorescence measurements and from temperature de-
pendence of the fluorescence spectra have been reported by
us recently (Holzwarth et al., 1990, 1993; Turconi et al.,
1993a). For this reason, the experimental basis of the simu-
lations in this paper are not repeated here in detail; we refer
the reader to these publications. The kinetic data on PS I
particles reported here are the first in which an antenna
equilibration component has been kinetically resolved at
higher temperature.

We used the same principal method and program for simu-
lation as described in part 1 (Beauregard et al., 1991; see also
Suter and Holzwarth, 1987). We give here only a brief de-
scription of the method and concentrate on those parts which
differ from part 1. The kinetic simulation requires as input
parameters the absorption and emission spectrum of each
pigment, the number of pigments of each type, the spatial
pigment distribution, and the pair-wise energy transfer rates
between individual chromophores. To resolve the non-
homogeneous spectral broadening due to chromophore-
protein interaction (both static and dynamic) we have de-
composed the absorption spectrum of the isolated PS 1
particles into a variety of what we assume to be “homoge-
neously broadened” spectral Chl a forms, which are identical
in spectral shape but differ in the position of their absorption
maxima. Shipman et al. (1976) have decomposed the Chl a
solution absorption spectrum into five Gaussian components.
We have used a similar spectral shape as the homogeneously
broadened basis function in our decomposition of the non-
homogeneously broadened PS I absorption spectrum. How-
ever, we have assumed 10% narrower half-widths of the con-
stituting Gaussians than given by Shipman et al., because
these narrowed Chl a bands generally lead to an improved fit
of the non-homogeneously broadened (experimental) PS I
absorption spectrum. This (narrowed) solution Chl a basis
function should be a much more realistic and meaningful
representation of the homogeneously broadened Chl a spec-
tra than the usually employed decomposition into Gaussian
components (Bassi et al., 1987; Brown and Schoch, 1981).
Such a non-Gaussian spectral decomposition was used re-
cently by Trissl et al. (1993). The fitting was performed using
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nonlinear least squares fitting procedures based on the IMSL
tools library on a VAX computer. For calculating the cor-
responding fluorescence spectrum for each basis function
(homogeneously broadened spectrum), the mirror image re-
lationship (Strickler and Berg, 1962) was used, applying a
Stokes shift of 110 [cm]~! (Shipman et al., 1976) relative to
the maximum of each homogeneously broadened spectral
form. This means that the reflection wavelengths had the
same non-homogeneous distribution as the maxima of the
homogeneously broadened spectral forms. This procedure is
consistent with the assumption of diagonal disorder only.
Amplitude and position of the homogeneously broadened
spectral forms were generally free-running parameters. The
assumed antenna size was N = 100 Chl corresponding to the
experimental Chl/P700 ratio of 100 * 10. A total of seven
basis functions (one function was fixed in its maximum at
700 nm because of RC (P700) absorption) gave a good fit to
the experimental spectrum (see Fig. 1). The relative spectral
content (amplitudes) was then normalized to a total of 100
Chl a pigments, and the amplitude of each pool was rounded
to the nearest integer. The results of the decomposition are
shown in Table 1. This procedure can produce a maximal
deviation of *+ 0.5 in the number of Chls belonging to each
particular pool from the best fit result. The detailed procedure
for this kind of analysis will be given elsewhere (Trissl and
Holzwarth, manuscript in preparation).

The RC P700 pigment is assumed to be a (monomeric) Chl
species with an absorption maximum of 700 nm unless noted
otherwise. It was assumed to have the same extinction co-
efficient and spectral shape in absorption and fluorescence as
an antenna Chl.

The pair-wise rates of energy transfer k; were calculated
on the basis of the Forster coupling approximation for very
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FIGURE 1 Decomposition of the absorption spectrum of the PS I par-
ticles from Synechococcus sp. in terms of absorption spectrum of Chl a in
solution.
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weak dipole-dipole-interaction (Forster, 1949, 1965). A
regular square lattice (coordination number 4) with one chro-
mophore each sitting on a lattice point was assumed for the
arrangement of antenna Chls and reaction center. Alterna-
tively a triangular lattice with coordination number 6 could
have been used. Such a lattice would provide, assuming the
same Chl-Chl distances, a faster energy migration. However,
our results show clearly that the energy transfer times in a
square lattice, at very reasonable Chl-Chl distances, are 1)
very fast (judged with respect to a trap-limited kinetics) and
2) are in good agreement with recent experimental data (Du
et al., 1993). We thus are convinced that the choice of two-
dimensional lattice type does not represent a decisive factor
for the kinetic behavior of the system (see below for com-
ments on two- vs. three-dimensional lattices).

For the calculation of the Forster rates we used the ab-
sorption and emission spectra as described above and an
average k* value of 5/4 for the orientation factor, which cor-
responds to a random orientation of chromophores in two
dimensions (Beauregard et al., 1991). Using this averaging
procedure for the orientation factor, we clearly introduce
some arbitrary element into the simulation. However, in view
of the absence of any reliable experimental data on the actual
orientation factor between Chls in the PS I antenna, we still
consider this the most reasonable procedure at the present
level of knowledge. Any other assumption would be even
more artificial. We note, however, that any difference in the
actual orientation factors from the one used here could, in the
present simulation, be easily compensated (on average) by a
slight adjustment in the Chl-Chl distances. Since the latter is
also a fitting parameter, we think that the effect of our as-
sumption of an average orientation factor on the final result
will not be severe. In any case, the calculated pair-wise trans-
fer rates (based on this approximation) are in agreement with
recent estimates from experimental data (Du et al., 1993).

Only nearest neighbor interactions were considered for the
calculation, but it was noted that taking into account non-
nearest neighbor interactions does not change the results sig-
nificantly. To ensure that the system relaxes to thermal equi-
librium in the absence of fast excited state decay processes
except energy transfer, only the downhill rate was calculated
from the Forster formula, while the corresponding uphill rate
constant (transfer from donors of lower energy to acceptors
of higher energy) was calculated from the detailed balance
relationship k; = kyexp(-AE/T), where AE is the energy
difference between spectral types i and j in units of tem-
perature and T is a temperature. The energy transfer rates
used are shown in Table 2.

Initial excitation conditions were chosen according to the
extinction coefficients of the various Chl spectral types
and/or the RC at the chosen excitation wavelength. For cal-
culations of the temperature dependence of the excitation
kinetics it was assumed that the spectra, and thus the cal-
culated pair-wise downhill energy transfer rates, did not de-
pend on temperature but only the uphill transfer rates did.
Charge separation in the reaction center was explicitly taken
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TABLE 1 Spectral content of Synechococcus sp. PSI particle model

Chl spectral type 1 2 3
Absorption maximum (nm) 654.1 667.3 678.3
Number of Chls S 23 38

4 5 6 (RC) 7 8
686.7 700 700 7122 724
2 6 1 4 1

TABLE 2 Energy transfer rates k.., In ps-! between the Chis
of spectral types jand /

ifj 1 2 3 4 5/6 7 8

1 11.6 2.61 0.35 0.09 0.03 0.01 0.00
2 12.3 12.6 4.32 1.07 0.12 0.04 0.01
3 5.76 151 13.5 6.81 0.86 0.12 0.04
4 3.79 9.44 17.2 14.3 3.86 0.52 0.10
5
7

=

6 4.74 4.25 9.04 16.0 15.5 524 0.86
6.15 471 4.54 7.65 18.4 16.7 6.28
5.72 6.39 4.94 4.57 9.78 203 18.0

The downhill energy rates were calculated according to the Forster formula
(see text), uphill rates were calculated from the detailed balance relationship.
Parameters used: orientational factor k® = 1.25, refractive index n = 1.3,
radiative lifetime 7, = 20 ns, lattice constant &« = 1.0 nm, T = 280 K.

into account by providing an additional decay channel spe-
cific for the RC only (rate constant kgc for charge separa-
tion), which leads to the formation of a radical pair. No
charge recombination process was taken into account in our
calculations, since so far there exists no evidence that the
primary radical pair in PS I recombines back to the excited
state to any significant extent (Holzwarth et al., 1993; Tur-
coni et al., 1993a), as is the case, for example, for PS II
(Schatz et al., 1987, 1988). The rates of decay without ra-
diation from excited antenna pigments and the RC to the
ground state were assumed to be 0.2 ns~1.

RESULTS AND DISCUSSION

Procedures and parameter space for
the simulations

Apart from the input parameters that were identical for all the
simulations (“constant parameters,” i.e., those described
above under Model Assumptions), we have a set of “variable
parameters” whose values should be optimized by comparing
the results of the simulations with the experimental data.
These variable parameters then contain all the information
that can be obtained from the simulations. They are the fol-
lowing: 1) the spatial distribution of the different Chl spectral
forms across the regular lattice; 2) the lattice constant a (dis-
tance between pigments); 3) the position of the RC in the
lattice; and 4) the rate constant kgc for charge separation
from the RC.

For a system of N = 100 pigments (1 RC and 99 antenna
Chls) plus a radical pair state in the RC, the solution of the
Pauli master equation is represented by a sum of N + 1
exponentials (Beauregard et al., 1991). Their lifetimes are
given by the inverse eigenvalues of the Pauli master equation
and the amplitudes are given by a bilinear form of the eig-
envector components weighted by the initial conditions (see
Beauregard et al., 1991, for further details). This is a con-
venient property of these simulations since in principle both

the eigenvalues and the amplitudes (often represented as
decay-associated spectra (DAS), i.e., amplitudes as a func-
tion of emission wavelength) are experimentally accessible
quantities in lifetime measurements (Suter and Holzwarth,
1987; Holzwarth et al., 1987; Roelofs et al., 1992). In prac-
tice, limitations exist and only a limited number of eigen-
values and DAS can be resolved experimentally. First of all,
most of the DAS from the simulations have very small mag-
nitude, which means that they are of no practical interest.
Thus when comparing the simulations to experimental data
only the largest DAS are relevant. Likewise, we are most
interested in those DAS that have the smallest eigenvalues,
e.g., those with lifetimes above a certain value (for our pur-
poses, the lower limit is about 0.2 ps). Even with these re-
strictions, however, the number of predicted eigenvalues
from the simulations is generally still too large for a direct
comparison with the available experimental data. Further-
more, we need to consider aspects of the principal practical
experimental resolvability of multi-exponential component
kinetics. Thus, to further reduce the number of simulated
lifetime components to a reasonably small number, we per-
formed a remapping of the calculated exact solution of ei-
genvalues and DAS to a smaller set: close-lying eigenvalues
were averaged to form groups with average value €,, to cover
a range €,, = 30%. For the eigenvalues falling into such a
range, the corresponding DAS were also averaged. The re-
sults presented thus are generally averaged eigenvalues and
DAS, which should be close to what is actually measured in
a lifetime experiment. We did not apply this averaging to the
two or three smallest eigenvalues, which are almost always
presented in their pure non-averaged form with their pure
corresponding DAS. In some cases, the resulting averaged
eigenvalues might still be too closely spaced to be resolved
experimentally. However, this is a more practical experi-
mental problem rather than a fundamental one. Its solution
in each case depends on the details of the measurement, i.e.,
its signal/noise ratio, the detection method and data analysis
used, etc. Generally speaking, for the results presented here
(in comparison with available experimental data) no sub-
stantial problems arise in this respect. The problems will
become more severe, however, if higher time resolution is to
be achieved in the future, since more components with close-
lying lifetimes (eigenvalues) will arise. We are convinced,
however, that the approach chosen here is useful and more
informative than a reanalysis of convoluted simulated life-
time data as performed in the work of Jia et al. (1992).

Simulations for temperature 280 K and excitation
wavelength Ag,. = 670 nm

The most extensive set of experimental data for this PS I
particle is available for a temperature of 6°C and an exci-
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tation wavelength of 670 nm. For this reason, we performed
most simulations first for that temperature and excitation
wavelength. The PS I particie from Synechococcus sp. has an
antenna size of about 100 Chl/P700 (Turconi et al., 1993a).
We thus for all simulations chose a regular two-dimensional
10 X 10 square lattice as the principal spatial arrangement
of antenna Chls and RC. As the direct results of the simu-
lations, we obtain the steady-state fluorescence spectrum, the
lifetimes and corresponding decay-associated spectra of each
lifetime component, the charge separation yield, and the time
dependence of the population of each species for each chosen
spatial arrangement of antenna chromophores and RC. These
output data can be compared with experimental results,
which provides a feedback for changes in the adaptable pa-
rameters of the model. The experimental data from the PS I
particle from Synechococcus sp. that we tried to reproduce
by these simulations are the following (Holzwarth et al.,
1990, 1993; Turconi et al., 1993a):

1) An energy equilibration time of ~12 ps between the
main pool of antenna pigments and some LWA pigments
with absorption and emission maxima ~710-725 nm.

2) The correct shape of the corresponding DAS to the
12-ps component which shows a positive amplitude maxi-
mum around 690 nm and a negative amplitude maximum
(rise term) at ~720 nm with a zero-crossing wavelength at
711 nm.

3) The overall charge separation time of ~35 ps and its
DAS with a pronounced shoulder at 690 nm and a maximum
at 720 nm.

4) The steady-state emission spectrum of the PS I particle
with a shoulder at 690 nm and a maximum at 720 nm.

5) We also tried to reproduce an ultrafast equilibration
component with a lifetime of ~1-2 ps, which seems to cor-
respond to equilibration of main pool pigments (absorbing
around 675 nm) and pigments absorbing around 700 nm
(Holzwarth et al., 1993).

From previous model simulations, we expect that in par-
ticular the components with negative amplitudes (rise terms)
are sensitive indicators of the pigment structural arrangement
in the antenna (Beauregard et al., 1991).

The simulations to be performed in principle represent a
nonlinear fitting problem to a set of experimental data. How-
ever, several important difficulties arise. First, the problem
is under-determined by the insufficiently resolved experi-
mental data. Thus no exact and/or unique solution exists. It
will thus be the aim of the simulations to search as large a
parameter space as possible and to choose such solutions that
best reproduce the available experimental data. A second
problem arises in that the pigment distribution over the lattice
represents a noncontinuous (discrete) set of variables. How-
ever, for a total lattice size of 100 pigments consisting of 8
(7 spectral types and 1 RC) types, the parameter space is huge
and we can never expect to sample all the possibilities. For
all these reasons, conventional nonlinear fitting techniques
are unsuitable to find a solution. However, after some ex-
perience with the simulations, one realizes that the actual
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number of parameters on which the results do react sensi-
tively are relatively few. The critical parameters are the ab-
solute and the relative location of the RC and the LWA pig-
ments on the lattice, the rate constant kgc, and the lattice
constant a (the pigment spacing). After a series of initial test
runs we thus chose the following strategy to find the desired
parameters. We started off with six fundamentally different
pigment distributions in the lattice: 1) monomeric (M), char-
acterized by avoiding as much as possible the neighborhood
of pigments of the same spectral type; 2) dimeric (D), con-
taining dimers, i.e., two pigments of the same type next to
each other but surrounded by pairs of another spectral type;
3) trimeric (T), containing trimer arrangements according to
the same rules as for dimeric; 4) tetrameric (Q), arrangement
of identical pigments; 5) random (R), arrangements gener-
ated by a random number generator; 6) funnel (F), arrange-
ment with pigments arranged such that the longest-
wavelength absorbing pigments are closest to the RC and
excited state energy increases with increasing distance from
the RC. See Fig. 2, where lattice patterns obtained after op-
timization are presented, for the basic features of these ar-
rangements.

For all these arrangements the initial RC location was near
the center of the 10 X 10 square lattice (position 5,5). Within
these fundamental patterns we varied the pigment locations,
in particular the position of the LWA pigments to each other
and to the RC, in a systematic manner. The main search
criterion during this stage was the shape and the relative
magnitude of the DAS of the two or three smallest eigen-
values. This procedure was carried out until these DAS re-
produced the experimental DAS well, even if their lifetimes
(inverse eigenvalues) were substantially in error. Once a
good pigment arrangement was found according to these cri-
teria, we rescaled the lattice constant a and the rate constant
kgc from their starting values. This rescaling is based on the
following observations and relationships. Since rescaling the
lattice constant a rescales all pair-wise energy transfer rates,
basically all eigenvalues rescale accordingly. Keeping the
pigment distribution constant in this way, the eigenvalues
(mainly the second and third smallest eigenvalues were con-
sidered) representing energy transfer were scaled to fit the
experimental values well. This scaling procedure did not sig-
nificantly change the corresponding DAS. Second, we re-
scaled krc which, as actually expected, affects almost ex-
clusively the smallest eigenvalue, which in all cases is rep-
resentative of the overall charge separation rate constant.
Thus the calculated overall charge separation rate was
brought to coincide with the corresponding experimental
lifetime, which has been shown to be due to charge sepa-
ration (Holzwarth et al., 1993; Turconi et al., 1993a). The
lifetimes 7, before the rescaling procedure are given in Table
3. After further adjustment of pigment distributions and rate
constants in a second or third round analogous to the pro-
cedure described above, the simulation was stopped. First
passage times were calculated in each case by choosing for
the charge separation rate constant krc a high value (103
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FIGURE 2 Pigment lattice arrangements as described in the text. Capital letters indicate the original pigment distribution. Numbers indicate the spectral

type of Chl molecule (see Table 1).

TABLE 3 Optimized values of lattice constant a and RC trapping rate k¢ for the pigment arrangement

patterns presented in Fig. 2

FPT (ps)

krc (ps7") 71 (ps) 72 (ps)

a (nm)
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The lifetimes 7, and 7, before rescaling as well as the first passage time FPT are also given in the last three columns (initial values of the lattice constant

0.3 ps!), for details see text. The two lifetimes appearing in the column 7, represent the lifetimes of the DAS that

a = 1.0 nm (a = 1.5 nm)t and kgc =

were summed up.

ably represents an upper limit of the true lattice distance. Still
larger values would give rise to excessively long average

ps™!). The average rise time of the radical pair in this case

represents the first passage time (Beauregard et al., 1991).

migration times to the RC (first passage times). The former

Simulations were performed starting with the lattice dis-
tances a of 1.0 nm or 1.5 nm. The latter value was estimated
from PS I particle volume (Boettcher et al., 1992) and prob-

value of a is typical of average pigment distances found re-
cently in the crystal structures of both LHC 2 from higher
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plants (Kihlbrandt and Wang, 1991) and for PS I particles
from Synechococcus sp. (Krauss et al., 1993). Initial values
for the trapping rate constant from the RC were kgc = 0.3
ps™! as suggested by Owens et al. (1987).

In the course of the simulations starting with a = 1.5 nm
we found that the DAS and lifetimes are highly sensitive to
the pigment arrangement. For all of the basic lattice arrange-
ments mentioned above it was found that the most sensitive
factor was the mutual arrangement of the LWA pigments
relative to each other and to the RC. Spreading the LWA
pigments more or less homogeneously across the lattice, we
obtained very long (up to 200 ps) 7, values before rescaling
(lifetime values will be arranged by decreasing lifetime; in
general, the 7, lifetime represents the overall charge sepa-
ration, while 7, to 7, represent energy transfer components
within the antenna). The longest energy transfer component
T, had rather large values as compared to the experimental
one (about 12 ps), and the corresponding DAS was much too
small in amplitude. For the M"™ and R” pigment arrange-
ments (c.f. Fig. 2) the DAS obtained after final rescaling are
presented in Fig. 3. The DAS of the T, component of both
patterns has too high a shoulder at 690 nm, and the crossing
point of the DAS of the 7, component is not located at the
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FIGURE 3 DAS obtained after final lifetime rescaling. (4) M™", (B) R*
pigment arrangements, respectively. The initial value of the lattice constant
a = 1.5 nm.
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proper wavelength. The positive 7, amplitudes are too low
as compared with the experimental ones. More reasonable
DAS were obtained only after the LWA pigments were col-
lected into one pool (“red aggregate,” RA) and positioned
close to the RC. However, only three pigment arrangements
were found to be reasonable in reproducing the experimental
DAS (c.f. the optimized patterns M", Q" and F~ in Fig. 2 with
the optimized a and krc values in Table 3). Among these
lattice patterns one can see two distinct types of RA orga-
nization. In the pattern M", which represents a more or less
homogeneous distribution of spectral forms, lattice type 8
Chl is placed on the edge of the lattice and type 5 as well as
type 7 Chls form the channel for the fast energy transfer from
the type 8 Chl to the RC. In the other two patterns actually
showing highly “aggregated” LWA Chils, red pigments were
placed around the RC with type 8 Chl being either the nearest
(Q") or the next to nearest neighbor (F").

For all the different patterns, a lattice constant of 1.5 nm
gave rise to excessively long energy transfer and overall
charge separation lifetimes, and the excited state distribu-
tions reached Boltzmann equilibrium only at very long times
(>100 ps). This was evidenced also in the calculated steady-
state fluorescence spectra (Fig. 4), which were far from the
experimental ones and also far from the theoretically cal-
culated Boltzmann-equilibrated spectrum. No improvement
in the situation was possible by choosing different pigment
arrangements.

Further calculations were carried out with a lattice con-
stant of 1.0 nm. For LWA pigments spread over the whole
lattice, the DAS looked quite similar to those obtained for
lattice constant 1.5 nm; however, in many cases, the lifetimes
were much improved. For pigment arrangement R*", no rea-
sonable values were obtained. The first-passage time of 38
ps, as well as the lifetimes and the shapes of the DAS (Fig.
5), indicated that this kind of pigment distribution can be
excluded when compared with the experimental data (Holz-
warth et al., 1993). Again the LWA pigments were grouped
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FIGURE 4 Steady-state fluorescence spectra for the lattice arrangements
M’, Q°, and F* optimized upon starting with a = 1.5 nm. Dashed curve:
experimental fluorescence spectrum.
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FIGURE 5 DAS obtained after final lifetimes rescaling for the pigment
arrangement R™". The initial value a = 1.0 nm.

into a RA complex, which improved the situation substan-
tially. Results even closer to the experimental data were ob-
tained when the RA was moved to the corner of the lattice
and the RC was placed nearby the RA complex, i.e., off the
center of the lattice, but not in direct contact with the RA
complex (see arrangement M in Fig. 2). With increasing
RC-RA distance the charge separation lifetime 7, was con-
stantly growing. The 7, lifetime depended strongly on the RA
local environment. The pigments surrounding the RA com-
plex form an energy funnel for the exciton flow from the
main pool to the RA complex. Properly choosing the ener-
getic slope and structure of this funnel proved essential to
obtain the proper T, lifetimes and DAS. Surrounding pig-
ments with a less steep funnel than the optimal one led to too
small a lifetime 7, and a low positive amplitude of the cor-
responding DAS. Too large an energetic slope of the funnel
resulted in too high a positive amplitude of the 7, DAS. The
local environment of the RC had to be chosen such that the
RC provided a shallow trap to its immediate surrounding
pigments (ratio of detrapping to trapping rate ~0.45, taking
into account all four neighbors). This general local environ-
ment as well as the relative RA-RC arrangement was found
to be best for all six basic pigment distributions. For all ar-
rangements a few (up to 10) short lifetime components in the
range of 0.5-5 ps with substantial magnitude of their DAS
were obtained. Their exact shape and lifetimes depended
strongly on the exact details of the pigment arrangement.
This indicates that experimental data for higher time reso-
lution than those are available now would contain much more
structural information.

The calculated steady-state fluorescence spectra for all of
the various optimized lattice patterns (see patterns M, D, T,
Q, R, and F in Fig. 2 and the optimal rescaled parameters a
and kg in Table 3) were more or less deformed at the blue
side of the spectrum, which indicates relatively slow thermal
equilibration between the RA and the main pigment pool (see
Fig. 6 and Discussion below). The best results of all six basic
arrangements were obtained starting from the monomeric

Wavelength, nm

FIGURE 6 Steady-state fluorescence spectra for M, D, T, Q, R, and F
lattice arrangements obtained starting with a = 1.0 nm. Thin line: the ex-
perimental fluorescence spectrum. For the final parameter values of a and
krc, see Table 3.
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FIGURE 7 DAS for the lattice arrangement M obtained starting with
a=10nmat T = 280 K.

pigment distribution M (Fig. 2). The calculated DAS for 7,
and 7, and their corresponding lifetimes (c.f. Fig. 7) and the
steady-state fluorescence spectrum (Fig. 8) reproduced the
experimental data well. Furthermore, the predicted 0.8-ps
component (7¢) and its DAS show features quite consistent
with the preliminary transient absorption data at time ¢ = 0
after the excitation pulse as well (Holzwarth et al., 1993).
Thus the results of the optimized simulations on pigment
arrangement M (Fig. 2) are well suited to explain the ex-
perimental findings. The main pigment pool consists of pig-
ment types 1 to 4 and a small number of longer wavelength
pigments (type 5) embedded in that pool, which serve as local
exciton traps. Excitation equilibration within this main pool
is very rapid and gives rise mostly to lifetimes up to about
2 or 3 ps. In the lattice arrangement M, the lifetime 7, is
almost exclusively related to the transfer of excitation from
the main pool to the RA of LWA pigments. This follows from
Fig. 9A, which shows the time dependence of the populations
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FIGURE 8 Comparison of the calculated 7, DAS, the thermally equili-
brated fluorescence spectrum, and the experimental and the calculated
steady-state fluorescence spectra.

of the different pigment types. It follows from that figure that
basically all pigment types except for the RA pigments (types
7 and 8) reach a concentration close to Boltzmann equilib-
rium in only a few picoseconds. It is interesting that, at long
times, the RA pigments reach an excited state concentration
that is above the Boltzmann concentration. A detailed analy-
sis of the DAS and eigenvalues reveals that this is explained
by the fact that the return rate from the RA pool to the main
pool or to the RC is slower than the decay of the main pool
due to charge separation. This is also indicated by Fig. 9 B,
which shows the time dependence of excited state concen-
trations when initially only type 8 Chl was excited (A¢. =
725 nm). Under such conditions the main pigment pool (ex-
cept for type S Chls) is equilibrated again within a few pi-
coseconds, while equilibration with type 5 as well as RA pool
pigments takes up to 40 ps (about 3 times 7). This means
that the RA pool in our simulations is not in full equilibrium
with the main pigment pool at long times during the process
of exciton trapping by the RC. This is also shown by the
calculated steady-state fluorescence spectrum for lattice ar-
rangement M (see Fig. 8). We have tried to improve this
situation in the simulations by choosing a more favorable
arrangement of pigments to funnel energy more quickly be-
tween the main pool and the RA pool and vice versa. All such
attempts led to a considerable change in the positive ampli-
tudes of the 7, DAS component, such that deviations from
the experimental ones were quite pronounced. We could not
find a pigment arrangement that would afford a more com-
plete equilibration of RA pool with the main pool. Thus,
within the chosen model, some deviation from Boltzmann
equilibrium for the RA pool remains. It is difficult to judge
at the present level of experimental data available whether
this is true for the real PS I system as well. It might be an
interesting finding from these simulations to understand the
reasons for possible incomplete equilibration. It might well
be, however, that our model predicts the wrong kinetics in
this respect. Failure of our model might have a number of
different reasons. First, we could have missed the proper
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FIGURE 9 Time dependence of the decays of the total excited state oc-
cupations of the spectral type Chls molecules (c.f. Table 1) normalized to
the total excited state concentration. (A) Acxc = 670 nm; (B) Aoy = 725 nm.
The arrows indicate corresponding occupations as predicted by Boltzmann
distribution (thin lines). The occupations of spectral type 1 are not shown
because of their very low values.

pigment arrangement that gives rise to more complete equili-
bration. This possibility cannot be excluded in view of the
very large number of possible arrangements. Nevertheless,
this possibility is considered to be unlikely, in view of the
many arrangements we tested. It is more likely, in our view,
that some of the basic assumptions in our model could be
inappropriate for a real photosystem. In principle, any of the
model assumptions could be wrong. However, in view of the
otherwise encouraging results, we think that at the present
level of approximation, one severe limitation of our model
is the restriction to a two-dimensional system. In a three-
dimensional lattice, equilibration could occur considerably
faster (Montroll, 1969). Recent x ray data indicate clearly
that the real pigment arrangement is three-dimensional rather
than two-dimensional, although some structural restrictions
that may cause the topography for energy transfer of the PS
I system to become quasi-two-dimensional (Krauss et al.,
1993; Boettcher et al., 1992) may apply. Therefore, for the
next level of simulation we will have to use a three-
dimensional lattice for the pigment arrangement.

Overall the data indicate a hierarchy of several energy
transfer processes in PS 1. A very fast exchange among small



424 Biophysical Journal

groups of short-wavelength-absorbing pigments gives rise to
a variety of very fast lifetime components (ranging from 0.1
ps to ~0.7 ps). Such sub-picosecond lifetimes have been
reported recently by Du et al. (1993). This is accompanied
by a slower energy transfer process of about 0.8 ps, which
equilibrates larger groups of pigments (donor type 5 and
acceptor types 2, 3, and 4). This latter process probably gives
rise to the rapid (1-2 ps) excited state redistribution seen in
our transient absorption data (Holzwarth et al., 1993) as well
as in the work of Causgrove et al. (1988). On a significantly
slower time scale (7, = 12 ps), the main pool transfers energy
to the pigments of the RA complex. This latter step gives rise
to the characteristic positive/negative going DAS found in all
of our kinetic fluorescence measurements (Holzwarth et al.,
1993; Turconi et al., 1993b).

Charge separation rate krc

The optimized parameter sets in our simulation require that
we increase the charge separation rate krc from the initial
starting value of 0.3 ps~! to a value of ~2.3 ps7}, i.e., by
nearly an order of magnitude. We consider this to be too high
a value for the primary charge separation rate. If the value
were correct, kgc for PS I would be much faster than the
corresponding values known from bacterial RCs (2.8 ps)
(Parson, 1991) and PS II (~3 ps) (Wasielewski et al., 1989;
Schatz et al., 1988; Roelofs et al., 1991). Further consider-
ation reveals that calculations of the first passage time carried
out in the way as described above indicate that it contributes
~50% to the overall charge separation time 7, under our
conditions (Table 3). This means that energy transfer in our
model is probably still too slow. If energy transfer were much
faster, this would allow the rate constant kg to be decreased
by maximally a factor of 2, still substantially higher than
known values for RCs. However, the problem cannot be
solved by decreasing the lattice constant a, since then we
would lose the proper values of other lifetimes in particular
the equilibration component. One resolution of this problem
might be to choose two different lattice constants, i.c., one
for the LWA pigments and another smaller one for the main
pool pigments and the RC. We have not tested such models
in detail, since we think that other factors play a more es-
sential role and should be optimized first. The two most im-
portant ones are the following. First, there are indications
(Golbeck, 1993) that the primary donor of PS I may be a Chl
dimer, as in the other known RC complexes. If this is the
case, it could possibly increase the overall charge separation
rate due to a larger exciton capture cross-section (one could,
for example, simulate this within our model by distributing
the RC over two lattice sites). Furthermore, if charge sepa-
ration could be allowed to occur from both sites occupied by
the RC, then one could reduce the rate constant kg by about
a factor of 2 without changing the energy transfer lifetimes.
The second important factor is the topography of the PS I
antenna, which we assume to be two-dimensional. Choosing
a three-dimensional pigment arrangement would reduce the
first-passage time in the antenna array (Montroll, 1969;
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Pearlstein, 1982a) without increasing the pair-wise transfer
rates. The rate constant kgc could again be decreased. Fur-
thermore, a refinement of the spectral properties of P700,
which are not well known, could result in increased pair-wise
energy transfer rates to the RC and thus could add also in the
same direction resulting in a final decrease in krc. All of
these effects could be large enough to finally allow kg to be
=1 ps~!, which would be a more reasonable range.

Simulations of excitation wavelength dependence
of the kinetics

Calculations of the excitation wavelength dependence were
carried out using the optimized pigment arrangement, lattice
constant and charge separation rate values, etc. for lattice M
that best reproduced the experimental data within our model
(Fig. 7). Note that the eigenvalues of the system will be
independent of the excitation wavelength and only the DAS
will respond to a change in excitation wavelength. The re-
sults of four additional excitation wavelengths are shown in
Fig. 10.

The data obtained indicate the existence of characteristic
time scales of the excitation energy exchange among the
pigments of different spectrum. Excitation at 685 nm (Fig.
10 A) has no significant influence on the DAS except some
negligible reduction of all the amplitudes due to direct ex-
citation to a small extent of type 5 as well as RA pigments.
Excitation at 695 nm (Fig. 10 B), i.e., close to the wavelength
at which the 75 (~0.8 ps) DAS changes sign, resulted in
significantly reduced 7 DAS amplitudes. This means that
the excited state population of the main lattice pool as well
as the type 5 pigments just after the excitation were close to
equilibrium. The 7¢ DAS after excitation at 705 nm (Fig. 10
(), i.e., exciting mostly type 5 pigments, inverted its sign,
thus indicating reverse excitation energy flow from type 5
pigments to the main pigment pool. (Note the negative DAS
amplitude below 700 nm and the fact that the 2.53-ps com-
ponent vanished). The same effect has been observed in the
72 DAS when the excitation wavelength was increased to 715
nm (Fig. 10 D). In this case, the main pigment pool was
supplied with excitation energy from the RA. When exci-
tation of about 710 nm wavelength is applied, the 7, DAS
vanishes, indicating approximate equilibrium energy distri-
bution between the RA and the main pool pigments after
excitation. We conclude from these data that experimental
excitation wavelength studies will contain a substantial
amount of information about the spectral heterogeneity and
pigment organization.

Prediction of temperature dependence

For simulation of temperature dependence, we again used the
optimized pigment distribution pattern M as described above
(Fig. 2). The spectra of the pigments were assumed to be
temperature-independent. This means that also the pair-wise
downhill energy transfer rates were temperature-indepen-
dent. Because of the detailed balance relation condition for
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FIGURE 10 Calculated DAS dependence on the excitation wavelength
Aexe = (A) 685 nm; (B)- 695 nm; (C) 705 nm; (D) 715 nm.

uphill transfer, however, the pair-wise uphill transfer rate
constant was temperature-dependent. Calculations were car-
ried out for an excitation wavelength of 670 nm. Figs. 11 and
12 show the temperature dependence of the three longest
lifetimes as well as the ~0.8-ps component and their cor-
responding DAS amplitudes (values taken at their respective
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shorter lifetimes (the latter being ~0.8 ps with significant amplitude at 280
K; see Fig. 7).
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FIGURE 12 Temperature dependence of the minima/maxima of the DAS
amplitudes for the first four lifetimes. The wavelengths of the amplitude
maxima/minima are indicated by the numbers near the points (these are the
same for the points to the left).

maximum wavelengths). Fig. 13 shows the calculated
steady-state fluorescence spectra for a range of temperatures
from 280 to 80 K. Comparison of these simulated data with
experimental steady-state and time-resolved data (c.f. Tur-
coni et al., 1993a, and unpublished observations) indicates
that, in general, the simulations predict reasonable kinetics
and spectra down to a temperature of about 150 K within a
factor of 2 in lifetimes. The two longest lifetimes are too long
as compared with experimental ones. Below ~120 K, a
steady-state emission band at ~705 nm starts to rise strongly
and becomes the dominant emission peak at 80 K. This does
not agree with the experimental findings (Turconi and Holz-
warth, unpublished observations). It can be seen from the
simulations that this strong deviation from the experimental
spectrum at low temperatures arises, to a large degree, from
local trapping on the four type 5 pigments, which are dis-
tributed within the main pigment pool, in the arrangement M.

There are several reasons why simulated and experimental
data at lower temperatures might deviate. First, it is possible
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FIGURE 13 The predicted steady-state fluorescence spectra at various
temperatures. Spectra at 80, 100, and 120 K are reduced by a factor of 10.

that we have not chosen the location of these pigments prop-
erly at 280 K. However, this possibility is unlikely, since the
necessary changes in the pigment distribution were very lim-
ited at 280 K in order to describe the experimental high tem-
perature data well. One way to solve this problem would be
to decompose the spectrum into more than 7 spectral types,
such that the energy difference between the Chl spectral
types would become smaller. The relatively large energy gap,
even between some of the energetically neighboring pigment
types, leads to a steep decrease in transfer rates with de-
creasing temperature and thus to fairly long first passage
times at low temperatures. Taking into account next to
nearest-neighbor interactions might also help to some extent.
Second, we cannot ignore entirely the temperature depen-
dence of absorption spectra and also the possible change of
non-homogeneous broadening with temperature. Recent cal-
culations of the Chl absorption spectral shapes as a function
of temperature indicated only a modest temperature depen-
dence (Jia et al., 1992), which nevertheless could lead to
changes in pair-wise rate constants in the order of a factor of
5. However, even such changes in rate constants are not suf-
ficient to reverse the large deviations in our low temperature
simulations. A third factor that could lead to an incorrect
prediction of the temperature dependence is again the two-
dimensional nature of our lattice. Switching to a three-
dimensional lattice might help to overcome this problem. In
the following we will thus only discuss data for temperatures
above 150 K.

The simulations correctly predict a strong increase in fluo-
rescence around 730 nm when lowering the temperature be-
low 280 K. The band at 690 nm almost disappears at low
temperature, concomitant with the appearance of a shoulder
near 705 nm. This event has been reported experimentally
(Turconi et al., 1993a). The four lifetimes under consider-
ation increase more or less in parallel and monotonically with
decreasing temperature to give rise to a 7, lifetime of 130 ps
at ~180 K, which should be compared with an experimental
value of 72 ps (Turconi et al., 1993a). These changes are
paralleled by a modest increase in the amplitude of the long-
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est lifetime component 7, at long wavelengths and a decrease
at short wavelengths. This behavior was actually expected
from the detailed analysis of the simulation data at 280 K.
Substantial changes occur in the shape of the T, component
DAS. Its zero crossing wavelength moves to longer wave-
lengths with decreasing temperature. Changes in the ampli-
tudes of the other lifetime components are predicted to be less
pronounced. Temperature decrease is accompanied with a
pronounced increase in the first passage time of the pigment
array. Thus the tendency to a more diffusion-limited kinetics
at low temperature is indicated, which is not unexpected.

Calculations with reduced numbers
of LWA pigments

The likely location of the RA at the corner of the lattice might
lead to loss of the LWA pigments during biochemical iso-
lation procedures, depending on detergent. Evidence for such
LWA loss is found in the literature (Werst et al., 1992). To
simulate the effect of the loss of the LWA pigments on the
exciton decay kinetics, we performed calculations for the
optimized pigment arrangement M with fixed scaling pa-
rameters but removing from the lattice successively 1) type
8 Chl, 2) two type 7 Chls, and 3) all the RA pigments.

The lifetimes as well as their DAS obtained in case 1 are
shown in Fig. 14 A. The loss of the single type 8 Chl resulted
in our simulations in the reduction of the two longest life-
times 7; and 7, by about 30%. The amplitudes of the T, DAS
were reduced by 30-50%, while the steady-state fluores-
cence spectrum showed minor effects only of the RA content
change. The 7, DAS maximum as well as minimum were
blue-shifted by about 5 nm. Dramatic changes were obtained
when removing in addition two type 7 Chls. As one can see
in Fig. 14 B for all the wavelengths below 710 nm, the exciton
decay is nearly single-exponential with a lifetime of 21 ps
(not taking into account the unchanged ~0.8 ps component).
The 7y DAS maximum gets blue-shifted further by 10 nm,
while the 7, DAS minimum wavelength remained the same
as in case 1. The shape of the steady-state fluorescence spec-
trum now became similar to the T, DAS. As was expected,
when all the RA pigments were removed, the exciton decay
kinetics lost the component 7, (Fig. 14 C). The 7; DAS and
the steady-state fluorescence spectrum narrowed and showed
a broad maximum in the range of 690—705 nm. The lowering
of the temperature had no strong influence on the decay time
as was observed for pattern M (c.f. Fig. 11). Lowering the
temperature from room temperature to 183 K, 7; increased
from 18.8 ps to 30 ps (compare with the corresponding
change from 34 ps to 132 ps for pattern M) and the effect was
apparent even if type 5 Chls were near the RC instead of
being spread over the lattice.

Our data on the lattices with reduced LWA pigments are
in line with the kinetic data of the mutant strain of Chlam-
ydomonas reinhardtii Ad4d (Jia et al., 1992; Werst et al.,
1992), which showed no rising kinetic components and only
small lifetime changes upon temperature variation. Our
simulations seem to indicate that the PS I of the mutant whole
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FIGURE 14 DAS calculated for the optimal lattice pigment arrangement
M and optimized parameters but missing the LWA Chls. (4) minus type 8
Chl; (B) minus type 8 and two type 7 Chls; (C) missing all LWA pigment
types 7 and 8.

cells as well as the PS I core particles used in the work of
Werst et al. (1992) were probably lacking most of the LWA
pigments. This would explain the lack of pronounced rising
components in the fluorescence decay and the small tem-
perature dependence of the lifetimes. Under these conditions,
our simulations indicate that the exciton decay is effectively
trap-limited.

CONCLUSIONS

The simulations of the excitation energy migration and trap-
ping in PS I particle with non-homogeneously broadened
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pigment pools have indicated that the experimental data can
be obtained only if LWA pigments are collected to a cluster
(RA) located close to the RC but not in direct contact. This
is different from the findings of Jia et al. (1992) and Werst
et al. (1992), who placed the red pigments next to the RC.
It should be pointed out, however, that in their simulations
they did not use the very low energy pigments that we found
necessary to include for the description of the PS I core par-
ticles from Synechococcus sp. Our data also support the con-
clusion by Werst et al. (1992) that a funnel model does not
explain the experimental data.

The calculated spectra are very sensitive to the RA-RC
environment, while the main pigment pool arrangement is
not critical for obtaining the longest two lifetimes and their
DAS. However, if type 5 pigments are spread in the lattice
as, for example, in pattern M, this main pigment pool ar-
rangement gives rise to an ~0.8-ps lifetime with positive/
negative going DAS that are in line with transient absorption
evidence. It is worth noting here the importance of the
steady-state fluorescence spectrum as a sensitive parameter
for finding the proper lattice arrangement. We have found
several different lattice arrangements which quite reasonably
described the experimental DAS. However, all except one
could be rejected because of the pronounced shoulder that
was predicted on the blue side of the steady-state fluores-
cence spectrum that is not observed experimentally.

Our simulations, which are based on a large body of ex-
perimental data from a well-defined PS I preparation, give
detailed insight into the excitation equilibration and trapping
processes in PS I core particles. Most of our conclusions are
in line with recent experimental findings of several other
groups with regard to the very rapid excitation equilibration
of a few picoseconds in the main pigment pool (Jia et al.,
1992; Owens et al., 1988; Causgrove et al., 1989; Klug et al.,
1989; Evans et al., 1990; Lin et al., 1992; Holzwarth et al.,
1990, 1993). The simulations with varying numbers of LWA
pigments clearly indicate the importance of the energetic
distribution of pigments as compared with the total antenna
size for the overall trapping time. This point has not been
examined in previous work that studied the relationship be-
tween the trapping time and the antenna size in PS I particles
(Owens et al., 1987, 1988). Despite some success in describ-
ing experimental data, a number of problems and peculiari-
ties in these simulations remain to be studied. Among those
problems, in particular, the very high charge separation rate
constant kg that was necessary in our simulations deserves
particular attention. Furthermore, the proper dimensionality
of the energy transfer topography remains to be clarified.
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