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ABSTRACT The excited state decay kinetics of chromatophores of the purple photosynthetic bacterium Rhodospiriflum rubrum
have been recorded at 77 K using picosecond absorption difference spectroscopy under strict annihilation free conditions. The
kinetics are shown to be strongly detection wavelength dependent. A simultaneous kinetic modeling of these experiments
together with earlier fluorescence kinetics by numerical integration of the appropriate master equation is performed. This model,
which accounts for the spectral inhomogeneity of the core light-harvesting antenna of photosynthetic purple bacteria, reveals
three qualitatively distinct stages of excitation transfer with different time scales. At first a fast transfer to a local energy minimum
takes place (=1 ps). This is followed by a much slower transfer between different energy minima (10-30 ps). The third component
corresponds to the excitation transfer to the reaction center, which depends on its state (60 and 200 ps for open and closed,
respectively) and seems also to be the bottieneck in the overall trapping time.

An acceptable correspondence between theoretical and experimental decay kinetics is achieved at 77 K and at room tem-
perature by assuming that the width of the inhomogeneous broadening is 10—15 nm and the mean residence time of the excitation

in the antenna lattice site is 2-3 ps.

INTRODUCTION

The absorption of a light quantum by the photosynthetic
light-harvesting antenna initiates a sequence of very fast ki-
netic processes. These include the transfer of the singlet elec-
tronic excitation through an array of antenna light-harvesting
pigment protein complexes (LHC) to the reaction center
(RC) pigment-protein complex, where separation of charges
takes place.

The energy transfer processes in antenna systems have
been extensively studied (for reviews see Van Grondelle,
1985; Sundstrém and Van Grondelle, 1991; Holzwarth,
1991). However, different backtransfer reactions and over-
lapping spectra mix the elementary energy transfer steps in
a complex way and consequently a straightforward inter-
pretation of experimental results is in most cases impossible.
Therefore, a number of kinetic models have been developed
on various levels of approximation, each of which has con-
tributed to our increasing understanding of the different as-
pects of energy transfer (Seely, 1973; Shipman, 1980; Pearl-
stein, 1982; Den Hollander et al., 1983; Kudzmauskas et al.,
1983; Fetisova et al., 1985; Killebring and Hansson, 1991).

Unfortunately, for most photosynthetic systems little is
known at the molecular level about the structural organiza-
tion of the antenna pigments. One of the few exceptions is
the bacteriochlorphyll (Bchl) a-protein of Prostechochloris
aestuarii, but even in that case, a more or less satisfactory
calculation of its steady-state spectra has only recently ap-

Received for publication 22 June 1993 and in final form 29 September 1993.

Address reprint requests to Dr. Villy Sundstrém, Department of Physical
Chemistry, University of Ume8, S-901 87 Ume#§, Sweden.

© 1994 by the Biophysical Society
0006-3495/94/01/236/13  $2.00

peared (Pearlstein, 1992a), despite the fact that structural
information has been available for this protein for over 15
years. Thus, even very detailed structural information on a
photosynthetic pigment-protein complex does not neces-
sarily allow a complete picture of the excitation transfer
dynamics.

It is generally accepted that most of the photosynthetic
antennas are spectrally heterogeneous. “Heterogeneity”
means that the absorption spectrum of a particular photo-
synthetic species consists of several bands with different
spectral properties. As a rule spectrally different groups of
LHCs are organized in such a way that an energy gradient
is created that efficiently drives the excitation energy toward
the RC (see, e.g., Duysens, 1986). For example, one of the
simplest photosynthetic organisms, the Bchl a-containing
purple bacterium Rhodospirillum (R.) rubrum, is character-
ized by a single broad absorption band in the near infrared
(termed B88O after its long wavelength Q, absorption peak)
and thus is believed to have only a single membrane-
embedded spectral form of LHC. On the other hand, Rho-
dobacter (Rb.) sphaeroides exhibits a more heterogeneous
absorption spectrum with peaks at 800, 850, and 875 nm. The
former two are ascribed to a peripheral LHC (B800-850),
while the 875 band, which is functionally the same as the
B880 band in R. rubrum, belongs to the core antenna (LH1)
that surrounds the RC.

Besides this heterogeneity, the concept of spectral inho-
mogeneity has been introduced to photosynthetic antennae
(Freiberg et al., 1987, 1989). Heterogeneity is the result of
large scale systematic differences in the chemical surround-
ings of pigment molecules (e.g., due to binding to different
polypeptides or binding to different parts of a polypeptide
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chain), whereas inhomogeneity is caused by stochastic fluc-
tuations (e.g., small differences in the positions and direc-
tions of sidegroups, small fluctuations in the H-bonding pat-
tern) of the surroundings. Thus, heterogeneity has a discrete
nature and the position of the absorption band is correlated
with the spatial location of that particular spectral type of
pigment in the photosynthetic system, while inhomogeneity
implies a continuous distribution of transition energies with-
out any correlation between location and spectrum. This kind
of spectral inhomogeneity seems to be a universal property
of complex biological systems (Ormos et al., 1990).

Recently several models have been developed addressing
the relation between spectral inhomogeneity and energy
transfer dynamics. Valkunas et al. (1992) have presented a
simple kinetic model for R. rubrum, which enables a quali-
tative understanding of the role of spectral inhomogeneity.
Van Mourik et al. (1992) have simulated the 4 K site-selected
emission spectra in terms of energy transfer in a cluster of
weakly coupled pigments. Each individual cluster is sup-
posed to be a random sample from the inhomogeneous dis-
tribution of pigments. Within each cluster fast energy trans-
fer was assumed to take place from the “blue” to the “red”
pigments. Jean et al. (1989) and Beauregard et al. (1991)
presented simulations of excitation transport and trapping on
spectrally disordered lattices with a finite number of spectral
forms based on a numerical solution of the Pauli master equa-
tion. Jia et al. (1992) improved the previous model of Jean
et al. (1989) by including the temperature dependence of the
microscopic transfer step by calculating the absorption and
emission spectra of the individual pigments in the protein
matrix using a model Hamiltonian which includes a phonon
contribution. In this approach the temperature dependence of
the spectra arises from the thermal population of the low
frequency modes, which broaden the absorption/emission
spectra of the spectral components.

Pullerits and Freiberg (1991, 1992) and Freiberg and Pul-
lerits (1990) developed a model addressing the experimen-
tally observed detection wavelength dependence of the fluo-
rescence kinetics in the inhomogeneously broadened antenna
of R. rubrum (Freiberg et al., 1987; Timpmann et al., 1991).
A number of computer “experiments” have been carried out
and a reasonably good agreement between theoretical and
experimental kinetics has been demonstrated both at 77 K
and at ambient temperatures assuming a rather large hopping
time, defined as the average time of excitation transfer be-
tween two antenna molecules. This slow hopping is in con-
tradiction to the room temperature hopping time that was
extracted from singlet-singlet annihilation measurements
(Bakker et al., 1983; Vos et al., 1986; Deinum et al., 1989);
it is also inconsistent with the fast (<10 ps) and efficient
depolarization of the antenna excited states observed in pi-
cosecond absorption anisotropy measurements (Sundstrom
etal., 1986; Van Grondelle et al., 1987). However, in a recent
paper Van Mourik et al. (1993) pointed out that energy trans-
fer in a large spectrally inhomogeneous system occurs on two
time scales: a fast hopping toward a local minimum followed
by a slow transfer between local minima. For a small pho-
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tosynthetic unit (PSU) that is not representative of the total
inhomogeneous distribution the second process is not ob-
served. Consequently, the “slow” decay measured in the
fluorescence was possibly confused with the initial local-
ization process, leading to an overestimation of the hopping
times.

In this article we have further investigated this problem
by application of the model of Pullerits and Freiberg
(1992) simultaneously to new absorption and earlier fluo-
rescence kinetics data. We have extended the previous
model by assuming that the unit cell in the calculation is
an assembly containing several PSUs. This new aspect has
enabled us to overcome the above-mentioned controversy
and resulted in a good correspondence between the com-
puter model fits and both pump-probe and time-resolved
fluorescence experiments.

MATERIALS AND METHODS
Experimental

Previous one-color pump-probe measurements on R. rubrum at 77 K (Van
Grondelle et al., 1987) have clearly shown that upon exciting and probing
in the blue wing of the LH1 absorption spectrum, fast (=10 ps) decay
components are observed. Red-edge excitation and probing resulted in close
to monoexponential decay. The fast component was interpreted as fast en-
ergy transfer from blue-absorbing to red-absorbing pigments: B880 — B896
energy transfer within the two-state model of the LH1 antenna. In the present
measurements we use independently tunable pump and probe wavelengths,
which enables us to excite pigments in the blue part of the LH1 absorption
spectrum and monitor the excited state decay (i.e., ground state bleaching)
of the red-absorbing pigments. This was done by exciting the LH1 antenna
at 870 nm and probing the decay and formation of excited states at several
wavelengths in the range of 887 to 900 nm.

All measurements were performed on chromatophores of R. rubrum at
77 K with photochemically inactive reaction centers P*IQ (P is the pri-
mary electron donor, a Behl a dimer; I is the intermediate electron accep-
tor, a bacteriopheophytin; and Q is the primary quinone acceptor). This
redox state of the RC is maintained by the high pulse repetition rate of
the laser, when no artificial electron donors are added to the sample. P*
is known to efficiently quench the antenna excitation energy with a time
constant of 200-250 ps (Sundstrom et al., 1986; Freiberg et al., 1989).
Two trains of independently tunable picosecond pulses were generated by
pumping in parallel two dye lasers with a mode-locked and frequency-
doubled continuous wave Nd**-YAG laser operating at 80 MHz. The
pulse repetition rates of the two dye lasers were reduced to 80 kHz by
cavity dumping, and the two pulse trains were synchronized by using one
of the cavity dumper drivers as master oscillator for the other one. In this
way a timing jitter between the two pulse trains of less than 2 ps was ac-
complished, and a cross-correlation pulse of ~12 ps was obtained. With
the dye Styryl 9 both dye lasers could be independently tuned over the
wavelength interval 790-920 nm. The low repetition rate and the reduced
peak power were sufficient to avoid singlet-singlet and singlet-triplet an-
nihilation in these experiments. The chromatophores used in the absorp-
tion measurements were prepared as previously described from wild type
R. rubrum.

The details of the fluorescence experiment were published elsewhere
(Timpmann et al., 1991).

Model

Here we shall present the essentials of the model; the interested reader is
referred to the original paper (Pullerits and Freiberg, 1992) where all details
are given.
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The Forster-type incoherent energy transfer is assumed to take place in
a two-dimensional antenna lattice and is described by the Master equation:
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Here p; is the probability that an excitation is at antenna site i; py denotes
the radical pair P*1- state and p, is the RC special pair excited state.
N - 1 is the number of LHCs in a PSU, 7, is the time of excitation decay
due to all losses in the antenna except quenching by RC, §; is the Kro-
necker delta. 7gc is the primary charge separation time in the RC. 15 is
the time required for the process P*I- — P*IQ- and f = exp(—AExc/kT),
where AEgc is the free energy difference between the states P* and P*1-,
k is the Boltzmann constant, and T is the absolute temperature. Wj; is the
rate of excitation transfer from site i to site j. The quenching by closed
RCs is simulated by the irreversible excitation transfer from antenna to
P* (we let Trc — 0).

The original Forster formula (Forster, 1965) and formulae derived from
it (Jean et al., 1989; Beauregard et al., 1991; Pullerits and Freiberg, 1991)
contain a number of uncertain parameters. Problems with the Forster radius
and the natural lifetime (transition dipole strength) of the pigments have
been discussed by Pullerits and Freiberg (1992). The refractive index occurs
in the fourth power and even the applicability of this macroscopic constant
on a microscopic level is not obvious. To avoid these problems the distance
between pigments is commonly adjusted to get the correct transfer rate. Of
course, such a “determination” of the lattice constant should be made with
caution and makes sense only if independent and reliable structural infor-
mation is available, as for the chlorophyll a/b complex (Kiihlbrandt and
Wang, 1991) or the core antenna of photosystem I (PSI) (Krauss et al., 1993).

Pullerits and Freiberg (1992) have included all above-mentioned un-
certain parameters into the so-called resonant pairwise transfer time 7
which is one of the model parameters estimated from the comparison
with experiment. Following this self-consistent empirical approach we
have:
= 2 ZM (2)
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The distance between lattice sites i and j, ry can be written as the lattice
constant ¢ multiplied by a constant determined by the mutual position of
sites ¢ and j and the structure of the lattice. 8,(v;, T) is the spectral over-
lap between donor and acceptor with energy gap v;; at temperature T rela-
tive to the resonant (v; = 0) overlap at temperature To. v; is determined
as a difference between 0-0 transition positions of sites i and j.

X = cos & — 3 cos By cos v, 3

a; is the angle between the transition dipole moments of the donor i and
the acceptor j; B; and v, are the angles between each dipole and the vec-
tor connecting them.

In the case of multiphonon transitions (at temperatures above or around
the Debye temperature, for organic molecular systems =100 K), the ho-
mogeneous spectra are well approximated by Gaussian shapes (Rebane,
1970), and we get:

_aXT,) 1{(v, — S, s2
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where o}(T)* = oT)* + a}(TY, S; = (S: + S;)/2. The temperature-
dependent full width of the homogeneous spectra of site i at half-maximum
intensity (FWHM) is derived as AXT) = \/2In2 /(7). S, is the ho-
mogeneous Stokes shift.

Note that S; cannot be measured directly from the antenna spectra as the
difference between the fluorescence and the absorption maximum because,
due to the energy transfer, the maximum of the fluorescence spectrum is
shifted to the red, and this may lead to remarkable mistakes. It should rather
be calculated using the expression given by Pullerits and Freiberg (1991)
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from the temperature-dependent experimentally observable FWHM of an
inhomogeneously broadened absorption band, which is a convolution of the
homogeneous absorption spectrum of site i with the distribution function of
electronic transition energies of the sites (the inhomogeneous distribution
function (IDF)). In that way we have estimated S; = 10 nm (110 cm™?) for
the antenna.

The temperature dependence of homogeneous bandwidths in the case of
multiphonon spectra is given by (Osad’ko, 1979):

oH(T) = aH0) + 24TS,, )

in which the temperature-independent constant o%(0) < k7S, if T > 0.

We assume that all sites 0*(T) and S;, which belong to a single inho-
mogeneous spectral type of LHC (e.g., B880 in R. rubrum), have the same
values, but different from those of the RCsite. In the case of a heterogeneous
antenna (e.g., B800-850 and B875 of Rb. sphaeroides), these parameters
may be different for the various antenna spectral forms as well.

Most of the model parameters can be fixed thanks to the availability of
independent and reliable experimental data. All these have been system-
atically presented and discussed by Pullerits and Freiberg (1992) and we are
not going to repeat them here. The only three parameters left, which one has
to estimate from a comparison with the experiment assuming a specific PSU
structure, are the resonant pairwise transfer times between neighboring an-
tenna sites 75 and from antenna site to RC 75 and the FWHM of the antenna
IDF, A,.

The Master equation (Eq. 1) is solved by using the Green function
method, which gives the excitation dynamics as a sum of exponents. After
averaging over possible spectral conformations we write it in a more gen-
eralized way (Pullerits and Freiberg, 1992):

p(Aex’ Al’e(:’ t) = f p(xex’ '\rec’ T)exp( - t/‘r) dT’ (6)
0

where p(Aex, Arec, £) and p(Aex, Arec, T) are the absorption/fluorescence ki-
netics and a distribution of amplitudes of decay constantants, respectively,
recorded at A in the case of excitation at wavelength A,.

This approach enables us to calculate the dependence of the distributions
of decay constants on the exciting and recording wavelength for both tran-
sient absorption and fluorescence measurements.

SIMULATIONS AND COMPARISON WITH
EXPERIMENT

Cyclic boundary conditions

In most of the photosynthetic organisms, the photosynthetic
apparatus is embedded into a flat cytoplasmic membrane
where energy transport takes place mainly in two dimen-
sions. Moreover, excitation annihilation experiments have
shown that the excitation may visit several (=10) PSUs be-
fore being lost or trapped (Bakker et al., 1983; Van Gron-
delle, 1985). Thus, the system can be considered as a large
array of PSUs. If all PSUs are equivalent, the energy transfer
in this system can be found by applying periodic boundary
conditions to a single PSU, and performing the calculations
for one PSU, as has been done by Pullerits and Freiberg
(1992).

However, in our case PSUs are actually not identical since
each of them represents a random sample from IDF. The
applicability of periodic boundary conditions in that case
depends on how well a single PSU represents the whole dis-
tribution. To investigate this point we made simulations in
which the unit cell was chosen to consist of two, three, and
four PSUs put together, the periodic boundary conditions
were applied to these larger units, and the results are shown
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in Figs. 1 and 2. For the unit cells consisting of more than
one PSU a new feature appears in the lifetime distribution
that represents a decay process with a lifetime approximately
1 order of magnitude longer than the mean residence time of
the excitation on the antenna lattice site 7, defined as 7
divided by the number of the nearest neighbors (“mean” de-
notes here the statistical nature of the excitation localization
time on a molecule, not the average over the spectral inho-
mogeneity). For instance, for 7, = 2 ps, the new decay com-
ponent has a maximum around 30 ps with some amplitude
up to 100 ps (see Figs. 1 and 2). A 2-fold increase (decrease)
in 7, increases (decreases) also the position of the maximum
of this slower process by approximately the same factor. We
stress here that this feature is present only if calculations are
done for a unit cell containing several coupled PSUs. The
shape (maximum, width) of the lifetime distribution is quite
insensitive to the number of PSUs, but the amplitude in-
creases rapidly with the number of PSUs for unit cells con-
taining up to three PSUs. The differences between calcula-
tions with three and four PSUs as the elementary unit were
negligible at 77 K, and all the following calculations were
done with three PSUs.

The possibility of missing some details of the transfer ki-
netics using periodic boundary conditions was recently dis-
cussed by Van Mourik et al. (1993) based on the papers of
Ries et al. (1988), which have shown that strong inhomo-
geneity causes a separation of the time scales of the energy
transfer process into two categories. The initial transfer is
very fast, since it concerns mainly downhill transfer among
neighboring pigments until a local energy minimum is
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FIGURE 1 Distributions of amplitudes of absorption decay constants
P(Aexs Arecs T) (see Eq. 6) at three different recording wavelengths in case
of closed RCs at 77 K. The negative amplitude appears as a rising component
in the decay curves. Excitation into blue edge of the absorption band. Ax.
= 870 nm. 7 = 15 ps, which corresponds to a mean residence time on an
antenna lattice site of about 3 ps, Ag = 10 nm (120 cm™"), T = 30 ps.
Calculations are performed with three PSUs. The band around 30 ps dis-
appears if calculations are performed with one PSU as an elementary unit.
The longest decay component around 200 ps corresponds to the trapping by
closed RCs. The lattice structure number one (see Fig. 5) is used.
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FIGURE 2 The same as Fig. 1 but now for the fluorescence.

reached. After this first initial phase, the further rate of dif-
fusion of the excitation is strongly reduced.

Pullerits and Freiberg (1992) checked this point also, com-
paring “correct” kinetic traces from Monte Carlo random
walk calculations with traces from Master equation simula-
tions (for one PSU as a unit cell and with periodic boundary
conditions). The differences were found to be of the order of
the noise in Monte Carlo calculations. The reason for this is
most likely the fundamental fallacy in comparing noisy de-
cay curves with the sum of exponentials (James et al., 1985).

Structure

In contrast to the bacterial RC, x-ray diffraction data with
high resolution of antenna complexes of purple bacteria are
not available so far, and most information about their or-
ganisation is gathered from biochemical and spectroscopic
studies. It is estimated that in the PSU of R. rubrum there are
~24 Bchl a antenna molecules per RC (Chang et al., 1990).
It has been found that the R. rubrum B880 LHCs could be
reversibly dissociated into the so-called B820 subunit form
(Miller et al., 1987). Spectroscopic measurements on the
B820 subunit (Van Mourik et al.,, 1991; Visschers et al.,
1991; Visschers, 1993) have given a strong indication that
the basic building block of the antenna is a strongly coupled
dimer of Bchl a. A study of reassociation of these subunits
(Van Mourik, 1993) suggests the reaction scheme 2 B820 —
B873, the latter having very similar properties to the in vivo
LH1. At the same time neither triplet minus singlet spectra
(Van Mourik et al., 1993) nor the circular dichroism spec-
tra (Kramer et al., 1984a) of the LH1 antenna indicate a
significant increase in the exciton splitting, which shows
that most of the dimeric character of the B820 is main-
tained in the LH1. Consequently, even if the structural unit
of the (re)associated LH1 is an oligomer of four pigments
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(Meckenstock et al., 1992a), it is likely to be a weakly
coupled aggregate of two dimers of strongly coupled Bchl
a molecules (Van Mourik, 1993).

On the other hand, Gingras and Picorel (1990) have es-
timated from radiation inactivation and electron paramag-
netic resonance studies of R. rubrum core antenna complexes
that the hexameric aggregates of protein a,B-polypeptide
pairs, binding 12 Bchl a molecules, form close assemblies.
At the same time these authors showed further evidence for
the dimeric nature of B880 (Picorel et al., 1986). Recently
also Boonstra et al. (1993) have concluded from the electron
microscopy studies of core antenna of Rb. sphaeroides that
the B875 complexes have a diameter of 52 A and are most
likely to have a 6-fold symmetry consisting of six a,3-pairs
forming a ring-like structure. The inner diameter of the ring
seems not sufficient to contain the RC.

All these studies were done with RC-less objects. We
have no evidence whether or not the RC has an organizing
influence on the R. rubrum LH1 structure. In another bac-
terium, Rhodopseudomonas (Rps.) marina, electron micro-
scopic studies (Meckenstock et al., 1992b) revealed cyclic
structures with a diameter of 102 A for both membranes
with RCs and RC-less B880 antenna complexes. In mem-
branes the RCs are situated at the centers of the rings. A
similar structure was reported earlier for Rhodopseudomo-
nas viridis by several groups (Miller, 1982; Welte and
Kreutz, 1982; Stark et al., 1984; Ghosh and Bachofen,
1989). In conclusion, ring-like structures seem to be fa-
vored for the LH1-RC core, but other aggregation forms
cannot be excluded.

Recently it has been pointed out that a so-called mono-
coordinate model (Zhang et al., 1992; Pearlstein, 1992b)
may be a good description of the antenna-RC contact in
Rps. viridis. In that case the transfer to the RC takes place
mainly from the single antenna site, which is closest to the
RC (distance is equal to the lattice constant). Some support
for this idea originates from the orientational factor x2,
which occurs in the Forster formula (Eq. 2). We have per-
formed Monte Carlo simulations to calculate the probabil-
ity density P(x?) of all possible x? values from 0 to 4 if the
donor and acceptor transition dipole moments are assumed
to be oriented randomly in either three or two dimensions.
P(x*)dx? gives the probability that x> occurs in the infini-
tesimal interval between x” and x> + dx2. The correspond-
ing density curves are given in Fig. 3 A. It is remarkable
that in the case of randomly oriented dipoles in space half
of the possible conformations have an orientation factor
<0.4, which means 1 order of magnitude less than the
maximum possible value 4. Both the RC special pair
(Breton, 1985) and LH1 antenna (Kramer et al., 1984b)
transition dipole moments are oriented parallel to the
membrane plane. It is clear from Fig. 3 A that keeping
transition dipole moments oriented in a plane avoids a
large number of possible unfavorable conformations with
X° < 1. We also point to the peculiarities of the curves at
x> = 1, the origin of which can be understood with the
help of Fig. 3 B. For the least favorable case (a pigment
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FIGURE 3 Probability density P of the orientational factor x2. P(x?)dx?
gives the probability that 2 occurs in the interval between X2 and x2 + dx>.
(A) Two transition dipole moments are random in space or on a plane. The
same curves are with 10 times different scalings. Long arrows indicate the
mean values of orientational factors (the first moments); short arrows give
the corresponding centers of the probabilities. (B) Transition dipoles are on
a plane. The solid curve is a reference from A with both dipoles random on
a plane. The other two curves give the case if one molecule has a random
dipole-moment orientation and the dipole-moment of another molecule is
fixed either in the direction parallel to the line connecting two molecules
(dashed curve) or fixed in the direction perpendicular to that line (dotted
curve). Arrows give the mean values of the orientational factors of corre-
sponding distributions.

with a random dipole-moment orientation situated in the
way that the line which connects the molecules is perpen-
dicular to the dipole-moment of the fixed molecule; see
also the caption to Fig. 3), x* has values from 0 to 1 (dot-
ted curve). On the other hand, in the most favorable case
(the line which connects the molecules is parallel to the
dipole-moment of the fixed molecule; dashed curve) x?
extends up to 4. Now one can think about the two-
dimensional x* probability curve of Fig. 3 A as a weighted
average of all possibilities from the above-mentioned least
favorable to the most favorable case, and this is the origin
of the maximum of the two-dimensional x? probability
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FIGURE 4 The distribution of the hopping time in a distorted lattice rela-
tive to the hopping time in the perfect lattice. We are using the hopping times
in the sense of the reciprocal of the transfer rate, thus omitting its statistical
nature even in the case of the perfectly ordered lattice. The coordinates of
the distorted lattice sites have been left to fluctuate randomly according to
Gaussian distribution around the ideal lattice site with different deviations
of the distribution—1, 2, 5, and 10% of the lattice constant.

density at x> = 1. Analogously, in the three-dimensional
case we get a shoulder at that point. Finally, it can be seen
from Fig. 3 B that the excitation transfer rate for pigments
positioned in the direction of dipole moment (dashed den-
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sity curve) is on the average 4 times larger in comparison
to the transfer rate from the pigments that are positioned in
a direction perpendicular to the special pair dipole orienta-
tion (dotted curve). Such an enhancement of the transfer
rate for some selected antenna molecules is analogous to
the above-mentioned monocoordinate model.

Another justification for this approach is that the photo-
synthetic antennae are unlikely to have a perfectly ordered
structure. In Fig. 4 we have given the distribution of hopping
times relative to the hopping in the perfect lattice, if the site
coordinates can fluctuate randomly around the ideal lattice
site with deviations given by a Gaussian distribution. A mod-
erate fluctuation (2—-5%) can result in a remarkable reduction
or increase in the hopping time. Thus, it is possible that some
sites just “happen” to be closer to the RC and because of the
sixth power dependence of transfer rate on the distance, dis-
play a strongly enhanced transfer rate.

In order to meet different structural assumptions we have
carried out simulations with four different structures given in
Fig. 5. It turns out that the model parameters, which deter-
mine the excitation transfer kinetics in the antenna (77 and
Ag), do not depend significantly on the different structural
assumptions because the transfer and consequently also
equilibration is very fast anyway. The third model param-
eters, 75", which determines the overall trapping time of
the excitation, varies quite a lot from structure to structure
in order to satisfy the experimentally measured lifetimes
(Table 1).
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TABLE 1 Values of the model parameter 7i° for four model
structures in Fig. 5, which give experimentally observable
lifetimes of antenna excitation—60 and 200 ps for open and
closed RCs, respectively

RC state 1 2 3 4
Open (ps) 5 30 20 50
Closed (ps) 30 200 130 280

* 'r‘,}c is the transfer time from the antenna sites which are the closest
to the RC.

Structures in which a number of RCs are situated
closely side-by-side have also been proposed in the litera-
ture (Joliot et al., 1989). We will not address these possi-
bilities here. We only note that our main conclusions about
excitation transfer dynamics in inhomogeneous antenna
would not be different for these structures, apart from the
value extracted for 75°.

The inner structure of the lattice site (B820, e.g.), which
is not considered here, would further complicate the model,
but this analysis must wait more detailed and reliable struc-
tural information.

Comparison with the experiment

In transient absorption experiments, the blue edge of the ab-
sorption band was excited (870 nm), and the kinetics were
analyzed at several wavelengths (near the isosbestic point
with a wavelength interval of 0.5 nm, otherwise 3-5 nm) over
the whole band.

The traces at the blue side were dominated by the decay
of induced absorption, whereas the simulations predict the
existence of an initial fast bleaching component on the order
of the 7, due to the directly excited pigments. Only after
downhill energy transfer has taken place, can the induced
absorption due to the pigments situated more to the red rela-
tive to the originally excited pigments be observed in the blue
part of the spectrum. The absence of this component in the
experimental traces implies that the initial downhill transfer
must be fast enough to be entirely washed out by the con-
volution with the apparatus response, and this sets a higher
limit to the 7, of about 3 ps.

Within a narrow region (=5 nm) around the isosbestic
point of absorbance changes related to the ~200 ps
quenching time of closed RC (Fig. 6), a fast component is
clearly resolved in the experimental transient absorption
changes. A straightforward comparison with the simula-
tions shows that if the inhomogeneous distribution func-
tion is chosen to be too broad, this region becomes too
wide to fit to the experiment. This yields an upper limit for
the FWHM of IDF of 10-15 nm. The third model param-
eter, the transfer time from the antenna to the RC, does not
depend significantly on the previous two and can be esti-
mated from the overall trapping time. In summary, for the
absorption experiment a good fit is possible if 7, is short
(=1 ps) and IDF is narrow (=10 nm).

On the other hand, it was found to be difficult to fit the
rising component of the fluorescence kinetics in the red wing
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FIGURE 6 Comparison of theoretical absorption kinetics (solid line)
with the experiment (dots) at 77 K. RCs are in the closed (P photooxidized)
state. The same model parameters as in Figs. 1 and 2 are used.

of the emission spectrum (A = 920 nm) assuming too fast
hopping times and too narrow IDF.

After an extensive search of a simultaneous best fit for
both absorption and fluorescence kinetics over the whole
absorption and fluorescence bands, we achieved a satisfac-
tory result for the following values of the adjustable param-
eters: 7 = 15 ps, which gives for the residence time on an
antenna lattice site ~3 ps; Ag = 10 nm (120 cm™'), which
gives for the FWHM of the homogeneous spectrum 22 nm
(260 cm™) at 77 K and 38 nm (470 cm™') at room tem-
perature; 7° values for different structures and RC states are
given in Table 1. It can be seen that 7€ is directly related to
the proportion of antenna molecules which are the nearest
neighbors to the RC.

Figs. 6 and 7 represent 77 K experimental absorption and
fluorescence decay curves together with the model ones that
are convoluted with the experimental instrument response
function in the case of closed RCs. We have used structure
1, which does not mean that we prefer this model over the
other possible structures.

DISCUSSION

The calculated hopping time in this work is still considerably
larger than that extracted from the annihilation data (Bakker
et al., 1983; Van Grondelle, 1985). However, the analysis of
those experiments does not take into account the fundamental
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77 K
RCs closed

930 nm

Fluorescence intensity (a. u.)

FIGURE 7 The same as Fig. 3 except for fluorescence. Excitation at 800
nm excites RC and antenna with equal probabilities. All antenna LHCs are
initially equally excited.

inhomogeneity of antenna spectra, which should affect the
conclusions, in particular at low temperature. To quantita-
tively evaluate and compare the interpretations of these dif-
ferent experimental approaches, one has to start from the
same basic model assumptions. In our case this means a
model in which specific assumptions have been made about
the spectral inhomogeneity and antenna structure. The first
step in that direction was made by Valkunas et al. (1992)
using a macroscopic three-level approach that enables the
qualitative description of the problem. A more thorough
quantitative analysis on the microscopic level remains to be
done.

Anyway, we can conclude that the hopping time in the
antenna is on the order of a picosecond. It can be shown that
neither the hopping time nor the charge separation rate in the
RC can considerably improve the efficiency of the primary
photosynthesis. Qur results indicate that neither the migra-
tion in the antenna nor the trapping by the RC is the limiting
factor and the true bottleneck of the process seems to be the
transfer of excitation energy from the antenna to the RC,
thereby supporting the earlier suggestion of Van Grondelle
et al. (1988). This was measured for the first time by Berg-
strom et al. (1989). More direct information on this point was
obtained recently from measurements of the energy detrap-
ping yield from the reaction center (K. Timpmann, F. G.
Zhang, A. Freiberg, and V. Sundstrém. Detrapping of ex-
citation energy from the reaction centre in the photosynthetic
purple bacterium Rhodospirillum rubrum. Biochim. Biophys.
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Acta. submitted). Upon direct excitation of the photochemi-
cally active RC, 25 * 5% of the excitation is transferred back
to the LH antenna. A numerical simulation of the trapping
dynamics compared with the measured kinetics and detrap-
ping yield shows that energy transfer from the antenna to the
reaction center is slow. It should be noted that this point was
investigated in earlier work (Visscher et al., 1989) using the
concept of the minor antenna form of the LH1. The antenna
excited state lifetime of 3040 ps measured after excitation
of the red-most antenna pigments at 77 K was interpreted as
the pairwise trapping time. This conclusion relies on the as-
sumption that all the red-most antenna pigments are neigh-
bors of the RC. In the concept of spectral inhomogeneity the
red-most pigments may be everywhere in the antenna array
and consequently also the pairwise trapping time cannot be
directly deduced from the overall trapping time without
knowing the antenna organization as can be seen from the
Table 1. Furthermore, the possible distributions of the ori-
entation factor x2, hopping time (see Figs. 3 and 4), and both
antenna and RC transition energies (IDF), which all con-
tribute to the pairwise trapping rate (Eq. 2), make the situ-
ation even more complicated, and the real pairwise trapping
rate is likely to have a broad distribution.

The spectral position of the RC special pair of purple bac-
teria relative to that of the core antenna spectrum has been
confusing for a long time. One has to note here that if the
donor and acceptor are different species with different spec-
tral properties (FWHM, Stokes shift), then the energy gap
between them should not be calculated as the difference be-
tween the absorption maxima, but instead as the difference
between the 0-0 transition positions. The latter may be found
from the spectra, assuming that absorption and fluorescence
bands show mirror symmetry relative to the 0-0 transition.
This is not only a matter of definition but also a natural way
of including these energy differences into the description,
because in that case the detailed balance condition is satisfied
for the back and forward transfer processes. One can easily
check this by including the temperature dependence of the
bandwidth (Eq. 5) explicitly into Eq. 4.

With this description of the energy gap, the above-
mentioned problem can be solved. For example, in the case
of R. rubrum the antenna and RC maxima at room tempera-
ture are 880 and 870 nm, respectively. The Stokes shifts are
approximately 10 and 50 nm, which indicates that on average
the RC has a 10 nm (110 cm™) lower energy than antenna
despite the fact that its absorption maximum occurs at 10 nm
higher energy. In reality the situation is probably even better
because there is evidence that the RC absorbs at longer wave-
lengths in membranes than in isolated RCs (Kleinherenbrink
et al., 1992).

At room temperature the primary electron donor of Rps.
viridis RC in membranes is reported to have an absorption
maximum at 980 nm (Kleinherenbrink et al., 1992), while
that of the antenna is observed at 1015 nm. From the Stokes
shift we calculate that the primary donor is at 15 nm (150
cm™!, 200 K) higher energy than the antenna. Thus, at am-
bient temperatures where the real photosynthetic process
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works, one would still expect an efficient energy transfer
from antenna to the RC. Below 200 K, where the energy gap
starts to exceed kT, the trapping efficiency should decrease
rapidly. This is well in line with the observed temperature
dependence of the integrated yield of fluorescence, which
has a plateau at a higher temperature and starts to increase
below 150 K (Deinum et al., 1992). However, this cannot
explain the almost 50% quantum yield of charge separation
at 6 K. It seems that in reality the primary electron donor in
the membrane absorbs even more to the red than reported by
Kleinherenbrink et al. (1992), and the low temperature
bleaching band of the special pair measured in that work is
possibly distorted by electrochromic shifts in the core an-
tenna absorption upon charge separation.

There exists sufficient experimental evidence that a certain
amount of static inhomogeneous broadening of optical spec-
tra is a universal property, not only of low temperature solid
solutions of relatively simple molecules (Avarmaa and Re-
bane, 1985) but also of complex biological systems (Reddy
et al., 1992a). Whether or not there is in addition heteroge-
neity in the R. rubrum antenna, for instance the minor form
proposed in earlier studies (Razjivin et al., 1982; Kramer
et al., 1984a), is not clear. Jia et al. (1992) simulated the
photosynthesis system I core antenna by deconvolving the
whole broad spectrum into five to seven different spectral
types (heterogeneity) of LHCs, each with an inhomogeneous
spectral width of 200 cm™'. They conclude that models in
which the different spectral types are placed randomly and
a single low energy species is placed close to the photo-
chemical trap are consistent with experimental data on PSI.
Some support for this approach comes from the molecular
orbital calculations by Gudowska-Nowak et al. (1990),
where large shifts in transition energies as a result of pigment
conformation and pigment-protein interactions are calcu-
lated for BChl a.

We cannot exclude such a possible heterogeneity in the
case of R. rubrum. We only note that all experimental data
known to us are well described by the concept of inhomo-
geneous broadening. At the same time we were also able to
obtain a reasonable fit to experimental data assuming that the
pigment connecting the antenna and the RC is the red-most
(heterogeneity), whereas the other pigments were randomly
distributed over the IDF (inhomogeneity). In that case only
the transfer time from antenna to RC had to be increased
considerably. Also the dissociation of B880 into the B820
subunit form indirectly supports the idea that there exists
only inhomogeneity, because otherwise one would expect
the dissociation into several forms with different spectral
properties, which is not observed experimentally (Chang
et al., 1990, Van Mourik et al., 1991; Visschers et al., 1991).

In their hole-burning study of Rb. sphaeroides, Reddy et
al. (1992b) burned narrow permanent zero-phonon holes in
the red edge of the LH1 absorption band. In addition to the
zero-phonon hole, a broad hole roughly corresponding to the
width of the absorption band appears. The authors favor the
interpretation that the zero-phonon hole is due to the lowest
energy level of the B875 exciton band, very similar to their
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interpretation of the hole-burning spectrum of the Bchl
a-protein from Prosthecochloris aestuarii (Johnson and
Small, 1991). Uncorrelated coupling to the higher excitonic
states combined with lifetime broadening of these upper ex-
citon states is proposed to be the origin of the accompanying
broad hole. Also in our case one could interpret the fast
lifetime as the relaxation from the higher excitonic states to
the lower ones. Nevertheless, we note that the excitonic
model is not consistent with site-selected emission experi-
ments (Van Mourik et al., 1992), which give a broad fluo-
rescence band even exciting into the very red edge of the
absorption band. In the excitonic model one would expect a
significant line narrowing in that case. We propose here an-
other possible interpretation that is consistent with both the
hole-burning data of Reddy et al. (1992b) and the kinetic
analysis presented in this paper.

The electron-phonon coupling of the protein-chlorophyil
complexes in antenna systems is generally assumed to be
weak. On the other hand for the RC special pair (a Bchl
dimer), a strong electron-phonon coupling (Huang-Rhys fac-
tor § ~ 3) is estimated (for review see Reddy et al., 1992a).
The elementary unit of LH1 is also a Bchl a dimer (Van
Mourik et al., 1991), and we note that the hole-burning spec-
tra of LH1 and RC special pair are remarkably similar. There-
fore, we do not see a reason not to consider the possibility
of significant electron-phonon coupling also in case of LH1.
For the RC special pair the structure of the broad phonon
sideband hole allowed a distinction between the low fre-
quency internal vibration of the special pair and the protein
phonons (Klevanik et al., 1988; Johnson et al., 1989). The
former is assigned to a so-called “marker” mode, reflecting
a mutual vibrational motion of the two special pair Bchl a
molecules. Neither hole-burning (Reddy et al., 1992b) nor
fluorescence site-selected spectra (Van Mourik et al., 1992)
have revealed any specific feature that would confirm the
existence of the marker mode in LH1. However, the recent
site-selected fluorescence study of the B820 subunit (Vissch-
ers et al., 1993) have revealed that the anti-Stokes emission
of B820 deviates significantly from the Urbach rule in the
case of red-wing excitation. That may indicate the coupling
to a 50-60 cm™! vibration analogous to the RC marker mode.

By using the model by Johnson et al. (1991), we have
simulated the homogeneous spectra at 0 K in the case of the
linear Frank-Condon coupling of the electronic state to both
the protein phonons and a local vibration. In that case the
absorption profile of a single site with a 0-0 transition fre-
quency of v can be written as

> Sie~S )
LQ-v)=3 — e S0 — v - jw,)
jo I’
>SS
+ E i' e{(ﬂ i iwph - jwv):I’ (7)
=1

where i and j run over the Franck-Condon progressions of
phonons and a vibration, respectively. If j = 0, £, represents
the sharp Lorentzian zero phonon line and €; can be found
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by convoluting €;_; with a one-phonon profile. Analogously
¢! can be found by convoluting €/~! with a one-vibration
profile. S and S, are the so-called Huang-Rhys factors for
phonons and a vibration, respectively. w,, and w, give the
mean frequencies of the phonons and a vibration. The gen-
eralization of this equation to more than one vibration is
straightforward.

In Fig. 8 we have given the most characteristic results of
simulations. It can be shown that if the width of the one-
vibration profile is comparable to the frequency of the vi-
bration, then it will not show up as a distinct feature in the
spectrum, and we can get spectra very similar to those ob-
served experimentally. If this width is too narrow, we will get
a vibronic Franck-Condon progression of quite narrow zero-
phonon lines, which would have been seen in the experiment.
The width of the one-vibration profile has two different
physical meanings. First of all, it is the uncertainty broad-
ening due to the fast vibrational relaxation: 100 fs relaxation
time would correspond to the width of 50 cm™. Also the
possible (inhomogeneous) distribution of vibrational fre-
quencies of different antenna sites may contribute to the
width. It should be noted that in the case of the RC the later
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FIGURE 8 Homogeneous electron-phonon spectra. The sharp zero-
phonon line has a Lorentzian shape. The one-phonon profile is described by
the asymmetric profile with a Gaussian and a Lorentzian shape for the low
and high energy halves of the profile, respectively. The one-vibration profile
is taken as a Gaussian shape. In each case the four first profiles of the most
significant Franck-Condon progression are presented together with the over-
all absorption. Parameters: for the one phonon profile the Gaussian and
Lorentzian half-widths are 15 and 25 cm™!, respectively, which gives the
total width of 40 cm™?; phonon and vibration frequencies are 30 and 60 cm™?,
respectively; the total electron phonon coupling factor S is 2. (A) S is 0.5
and 1.5 for phonons and vibration, respectively; the width of the one-
vibration profile is 50 cm™1. (B) S for phonons is 2, not any coupling to the
local vibration. (C) The same as A, but the width of the one-vibration profile
is 10 cm™.
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contribution seems to be negligible because as it was shown
by Reddy et al. (1993) that inhomogeneous broadening origi-
nates in the RC special pair primarily from statistical fluc-
tuations in protein structure around the special pair rather
than from a distribution of structures for the special pair
itself.

Van Mourik et al. (1992) simulated the fluorescence po-
larization and site-selected emission spectra using a twice as
large inhomogeneous distribution width (20 nm) as estimated
here to obtain good agreement with the experiment. It can be
shown that a good fit to these experimental results may be
gained also by assuming a narrower IDF in combination with
broader homogeneous spectra, such as used by Avarmaa
et al. (1986) and proposed by us above to interpret the hole-
burning results. In that case one can also easily reproduce the
broad emission spectrum observed upon excitation into the
red wing of the absorption spectrum.

It should also be noted that for the Forster mechanism to
be valid, vibrational relaxation within the excited state would
have to be faster than the single-step transfer time—in our
case on the order of 1 ps. The damping time for low fre-
quency protein phonons, which are coupled to the electronic
transition of the pigments and play the major role in our case,
is not well established yet but may be of the same order or
even longer. In that case more sophisticated quantum me-
chanical approaches should be applied (e.g., Jean et al,,
1991, 1992). However, these methods (e.g., the multilevel
Redfield theory) are far too crude yet to enable direct com-
parison with experiment. We also note that we have not
seen any oscillatory behavior in our observables, which
would have directly indicated the presence of the above-
mentioned problem.

In earlier work Pullerits and Freiberg (1992) concluded
that the broad homogeneous spectrum of the special pair may
be important in making the energy transfer from the antenna
to the RC sufficiently efficient also in the case of a significant
spectral disorder (inhomogeneity). That conclusion and the
discussion above about the possible strong electron-phonon
coupling in LH1 can shed some light on why the elementary
unit of the core antenna is a dimer. The dimeric nature seems
to increase the electron-phonon coupling significantly,
which broadens the spectrum and makes the excitation en-
ergy transfer independent of the inevitable spectral inhomo-
geneity of pigment-protein complexes. In the case of B80O,
there is no need for excitation transfer within the spectral
band and the elementary unit is a monomer (Kramer et al.,
1984b) with weak electron-phonon coupling (Reddy et al.,
1992a). In LH1, where excitation transfer takes place within
the inhomogeneously broadened band, the dimeric nature
guarantees sufficient spectral overlap and efficient transfer
even from the redmost pigments.

In the analysis of the “optimization factors” of photosyn-
thesis (Fetisova et al., 1985) mainly the strategy of choosing
the most favorable possibilities is considered. It seems that
the other case—the strategy of avoiding the least favorable
possibilities—is also widespread in photosynthesis. In this
article we have pointed out two of these possibilities: keeping
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the transition dipole moments in the membrane plane avoids
a major amount of possible conformations with very small
orientational factors (see Fig. 3), and the possible enhanced
electron-phonon coupling in LH1 prevents the excitation
from being trapped by the red molecules of the antenna in-
homogeneous distribution.

CONCLUSIONS

We have presented a simultaneous modeling of picosecond
absorption and fluorescence kinetics. Our empirical ap-
proach has resulted in a good fit to the experimental data. One
of the major conclusions is that owing to spectral inhomo-
geneity three distinct features arise in the kinetics of exci-
tation trapping: (1) fast local equilibration with time con-
stants of T, ~ 2-3 ps; (2) excitation transfer between local
minima with time constants ~ 30 ps; and (3) transfer to the
RC followed by charge separation. Some of the details of the
modeling results are still obscured by the limited resolution
of the experiments and have to be verified in the future.
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