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Abstract The molecular structure-function relationship
of the Fenna-Matthews-Ol son light-harvesting complex of
the photosynthetic green bacterium Prosthecochloris aes-
tuarii has been investigated. It has been assumed that the
el ectronic excited statesresponsiblefor thefunction (trans-
fer of electronic excitation energy) result from the dipole-
dipoleinteractions between the bacteriochlorophyll mole-
cules bound to the polypeptide chain of the complex at a
specific three-dimensional geometry. The molecular struc-
ture-electronic excited states relationship has been ad-
dressed on the basis of simultaneous simulations of sev-
eral spectroscopic observations. Current el ectronicexcited
state modelsfor the Fenna-Matthews-Olson complex have
generally been based on obtaining an optimal match be-
tween the information contents of the optical steady-state
spectra and the bacteriochlorophyll organization. Recent
kinetic and spectral information gathered from ultrafast
time-resolved measurements have not yet been used effec-
tively for further refinement of the excited state models
and for quantification of the relation between the excited
states and the energy transfer processes. In this study, we
have searched for amodel that not only can explain the key
features of several steady-state spectrabut also the tempo-
ral and spectral evolution observed in arecent absorption
difference experiment and we have discussed the implica-
tions of this model for equilibration of the electronic exci-
tation energy in systems at low temperatures.
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Introduction

Two primary steps of photosynthesis are the creation and
transfer of excitation energy in the light-harvesting com-
plex (LHC) and the use of this energy for driving electron
transfer processes in the reaction center (RC). A series of
electron transfer processesin the RC leadsto acharge sep-
aration that initiates the photochemistry of photosynthe-
sis. The transfer of energy in the LHC and the subsequent
charge separationinthe RC take placein apicosecond time
scale and are very efficient.

The fundamental questions about these primary steps
are: what are the structures of the LHC/RC complexes and
what are the physical mechanisms of the energy and elec-
tron transfer processes?

Owing to recent advances in ultrafast spectroscopy,
X-ray crystallography, and molecular genetics, these ques-
tions are now yielding answers (for recent reviews see
Fleming and van Grondelle 1994; van Grondelle et al.
1994). A considerable amount of information on these
questions can be obtained by setting the connection be-
tween the structure and spectroscopy through modeling of
the steady-state and time-resolved spectral properties.

In thisstudy the structure-spectroscopy relationship for
aparticular LHC, the bacteriochlorophyll a (BChl) protein
complex of the green bacterium Prosthecochloris aestua-
rii, commonly referred to as the Fenna-Matthews-Olson
(FMO) complex (Fennaand Matthews 1975; Tronrud et al.
1986), will be investigated. Since the first atomic resolu-
tion model of the FM O complex became availablein 1975,
the question of the relationship between the BChl organ-
ization, electronic excited states (EES), and energy trans-
fer processes has been addressed by numerous theoretical
and experimental studies (for comprehensive reviews, see
Pearlstein 1991; Blankenship et al. 1995).
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Fig. 1 A 2-D view of thebacteriochlorophylls(BChls) of the mono-
meric subunit of the trimeric Fenna-Matthews-Olson (FMO) com-
plex of Prosthecochloris aestuarii. BChls are labeled in the Fenna
and Matthews (1975) numbering scheme

EES modelsfor FM O have generally been based on ob-
taining an optimal match between theinformation contents
of the optical steady-state spectraand the molecular organ-
ization (Pearlstein 1991, 1992; Lu and Pearlstein 1993;
Gulen 1996; Iseri and Gilen 1997; Louwe et al. 1997 a).
Recent spectral and kinetic information gathered from
probing the excited state processes through ultraf ast meas-
urements (Savikhin and Struve 1994, 1996; Buck et al.
1996; Freiberg et al. 1997; Savikhin et al. 1997; Vulto et
al. 1997) have not yet been used effectively for further re-
finement of the EES and for quantification of the relation
between the EES and the excited state kinetics.

We have incorporated the temporal and spectral infor-
mation provided by thelow-temperature absorption differ-
ence spectra (ADS) reported recently (Vulto et al. 1997)
into the model calculations on the EES of the FMO in ad-
dition to several steady-state spectra. We have discussed
the implications of the proposed EES for equilibration of
excitation energy in the excited state manifold at low tem-
peratures.

Review

The 3-D structure of the FMO complex of the green bac-
terium P. aestuarii reveals three identical subunitsrelated
by acrystallographicthreefol d axisof symmetry (C5). Each
subunit encloses seven BChl moleculesarrangedin arather
non-symmetric fashion (seeFig. 1). TheBChlsare confined
within an ellipsoid of axial dimensions: 45 A x35 Ax 15 A.
The average center to center distance between BChls is
12 A in the same subunit and the closest BChl—BChl dis-
tance between different subunits is 24 A. At distances
around 10—20 A it is expected that the delocalized states
(excitons) that result from the dipole-dipole interactions
among the BChls are the electronic states responsible for
energy transfer and the optical characteristics are mainly
determined by such excited states.
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Fig. 2 Individual Q, transition dipole moment directions of the
monomeric BChlswith respect to the C; symmetry axis. The dashed
line corresponds to the direction of the macroscopically defined ax-
isin the linear dichroism measurements. The numbers in parenthe-
ses are the values of the angles that the dipole moments make with
the C3 symmetry axis

Two essential factors controlling the delocalization
characteristicsof the EESsarethesite energiesand thepro-
tein refractiveindex. For the LHCs, convincingly accurate
determinations of these parameters are not yet possible
starting from first principles. It hasrecently been discussed
that the measurements which can give information about
the dipole moment directions of the electronic transitions
of the FM O complex with respect to the C; symmetry axis
and their subsequent modeling can be particularly useful
in suggesting empirical values for these two key factors
(Gulen 1996; I seri and Gulen 1997; Louweet al. 19973, b),
owing to avery specific dipole moment organization of the
BChls. This specific organization which proved to be very
useful in correlating the spectrawith the structureis shown
in Fig. 2; the directions for the BChls 1, 4, and 7 are ap-
proximately parallel to the C; symmetry axiswhile the di-
rections for the BChis 2, 3, 5, and 6 are very much in the
plane of the trimer.

In the recent EES models (Pearlstein 1992; Lu and
Pearlstein 1993; Giilen 1996; | seri and Gulen 1997; Louwe
et al. 19974) it is agreed that each BChl can experience a
different site energy dueto different protein environments
and different conformational properties. Furthermore, itis
also accepted that one of the BChisisrelatively red-shifted
from the others. However, there exist several contrasting
hypotheses on the identity of the red-most BChl. Best fits
to the absorption (ABS) and circular dichroism (CD) spec-
traof Olson et al. (1976) predict that the red-most pigment
isBChl 7 (Pearlstein 1992; Lu and Pearlstein 1993). Best
fits to the ABS and CD spectra of Phillipson and Sauer
(1972), on the other hand, suggest BChl 3 as the red-most
pigment (Lu and Pearlstein 1993). Best fits to the ABS,
linear dichroism (LD), and singlet-triplet absorption dif-
ference (STAD) spectra of van Mourik et al. (1994) sug-
gest the red-most pigment as BChl 6 (Gulen 1996). On the
basis of the simultaneous simulation of the ABS and LD
spectra, it has been suggested that the red-most pigment
should be either one of BChl 6 or BChl 3 (Iseri and Glilen
1997). Most recently, Louweet al. (1997 a) have suggested



a model in which the red-most pigment is BChl 3 by si-
multaneously simulating their own ABS, linear dichroic-
STAD, and STAD data, the LD spectrum of van Mourik et
al. (1994), and the CD spectrum of Vasmel et al. (1983).

The model by Louwe et al. (1997 a) is based on exciton
calculations with substantially lower dipolar interactions
than used in the other models mentioned above (a factor
of 1.30-1.35 reduction in the dipole moment strengths is
proposed). It has been discussed that the simulations im-
prove substantially at lower dipolar interactions. At lower
dipole moment strengths, the properties of the individual
BChl dipole moments gain growing importancein control -
ling the delocalization characteristics of the EESs.

Except for the model of Louwe et al. (19974a), al the
models mentioned above are obtained using the trimeric
FMO based on the identification of two distinct red-most
transitions (around 825 nm) in a hole-burning study on
P. aestuarii (Johnson and Small 1991). More recently, two
groups have provided convincing evidence that the exci-
tation is localized in one of the subunits. It has been dis-
cussed that the results of the pump-probe anisotropy de-
cay experiments on the FM O complex of Chlorobiumtep-
idum cannot be explained with the trimeric exciton mod-
els. Anisotropy data can be simulated more consistently if
the excitation energy is mainly localized within a subunit
of the trimer (Savikhin et al. 1997). Recent observations
on the character of the triplet state (linear-dichroic absor-
bance-detected magnetic resonance measurements on the
FMO complex of P. aestuarii) have also been discussed to
be consistent if the triplet state associated with the red-
most band is localized within a single subunit and if it is
almost entirely associated with one of the BChls (Louwe
et a. 1997b).

Summarizing, in all the models mentioned above a
match between theinformation contents of the steady-state
spectra and the molecular organization has been sought.
There exists no modeling study which has used the wealth
of temporal and spectral information offered by the ADS
measurements on the FMO complex (Savikhin and Struve
1994, 1996; Buck et a. 1996; Freiberg et al. 1997; Savik-
hin et al. 1997; Vulto et al. 1997) with the purpose of fur-
ther refinement of the EES structure.

Recently, ADS simulations have been reported for two
of the models (Lu and Pearlstein 1993) by Buck et al.
(1996). Important messages communicated in this study
were: simulation of the ADS is another effective source of
information; different modelsthat can be rated equally ac-
ceptable in interpretation of steady-state spectracan yield
broadly dissimilar simulationsof the ADS; therefore, ADS
simulations should be useful in distinguishing between dif-
ferent modelsand should beintegrated asan important el e-
ment of refinement in the further modeling studies. In this
particular study, simulations obtained with P. aestuarii
structure (Tronrud et a 1986) have been compared to the
transient absorption data (ADS) of C. tepidum (Buck et al.
1996). At that time, neither the structural data of C. tep-
idum nor the ADS data of P. aestuarii were available (all
the other ADS studies mentioned above had been on P. aes-
tuarii). Both have been available very recently (Li et al.
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1997; Vulto et al. 1997). Therefore, further refinement is
now plausible by modeling the spectral and temporal char-
acteristics of ADS in addition to the optical steady-state
spectra.

Theory

The file containing the atomic coordinates (Tronrud et al.
1986) of the FMO complex of P. aestuarii has been im-
ported from the Protein Data Bank, Brookhaven.

The dipole-dipole interaction between a pair of BChls
has been cal culated in the point dipole approximation. For
each BChl, the direction of the transition dipole moment
associated with the singly excited Q, transition has been
taken to be parallel to the axis passing through the Ng-Np
nitrogen atoms in the nomenclature of the Protein Data
Bank file (i.e., corresponding to N, and N5 according to
IUPAC nomenclature).

ABS, LD, and STAD spectra have been simulated as
described by Pearlstein (1991) on the basis of one-exci-
ton states. ADS has been simulated as described by Buck
et al. (1996) on the basis of two-exciton states. The time
evolution of the ADS is found using the Pauli master
equation formalism (Knox 1975). The rate of energy
transfer between a pair of BChls has been calculated us-
ing an approximation (Jean et al. 1988) to the Forster for-
mula (Forster 1965). The effective energy transfer rate
between two non-extensively delocalized one-exciton
states is approximated as a linear combination of the
Forster rates between the BChl pairs dominating the Q,
occupancies of such states. Details of the cal culations can
be found in Iseri (1998).

The4 K experimental ABS, LD, and STAD spectra(see
Figs. 3or 4) havebeentaken formvan Mourik et al. (1994)
The time-resolved ADS data (10 K) shown in Fig. 5 have
been taken from Vulto et al. (1997).

Results and discussion
Steady-state spectra simulations

In our previous work (Gllen 1996; Iseri and Glilen 1997)
we have already discussed the problems associated with
the models suggested by Lu and Pearlstein 1993) which
offered optimal fits to the ABS and CD spectra of Olson
et al. (1976) and Phillipson and Sauer (1972). It has been
noted that none of these models can give acceptablefitsto
the LD and STAD data of van Mourik et a. (1994). It has
also been noted that some of the linewidths used in these
simulations (185—350 cm™) are far broader than inferred
by hole-burning measurements (70—80 cm™) (Johnson
and Small 1991). It was therefore clear that, if the site en-
ergy sets of these modelsare used to simulate ABSand CD
with a common linewidth around 80 cm2, substantial de-
viations from the experimental data occur.
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Fig. 3 Comparison of the simulated absorption (ABS; a), linear
dichroism (LD; b), and singlet triplet absorption difference (STAD; ¢)
spectra (solid lines) to the experimental data (open dots) for the BChl 3
model. Simulations are carried out at the three different absorption
strengths (in D?) indicated. Simulated ABS and LD spectra are nor-
malized to the peak absorbing at 813 nm, and the simulated STAD
spectra are normalized to the peak at 825 nm
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Fig. 4 Comparison of the ssmulated ABS (a), LD (b), and STAD
(c) spectra (solid lines) to the experimental data (open dots) for the
BChl 6 model. Simulations are carried out at the three different ab-
sorption strengths (in D?) indicated. Simulated ABS and LD spectra
arenormalized to the peak absorbing at 813 nm, and simulated STAD
spectra are normalized to the peak at 825 nm
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Fig.5 Low-temperature (10 K) absorption difference spectra(ADS)
of P. aestuarii at specific timedelaysfor excitation at 806 nm report-
ed by Vulto et al. (1997). The delays between the pump and probe
pulses are: 0.1 (open dots), 0.5 (triangles), 1.7 (squares), 5.5 (dots),
and 25 (stars) ps

We have also provided examples demonstrating that it
is adequate to associate one of BChls 2, 3, 5, and 6 with
the red-most (825 nm) band while the BChls 1, 4, and 7
should be associated with the transition(s) around 815 nm
in order to explain the key features of the LD spectrainthe
Qy region. Furthermore, based on the optimal fits to the
ABS and LD data of van Mourik et al. (1994), we have
concluded that the models in which either BChl 3 or
BChl 6 is the red-most pigment are more likely to repro-
duce the steady-state absorption characteristics, while the
modelsinwhich BChl 2 or BChl 5isthe red-most pigment
have been disfavored (Iseri and Gilen 1997). On the other
hand, based on the optimal fits of ABS, LD, and STAD
spectra, we have suggested amodel in which BChl 6isthe
red-most pigment (Gulen 1996). In our previous models,
simulations have been carried out for the trimeric FMO.
Theabsorption strength of each BChl was54.5 D? and each
one-exciton transition was dressed with asymmetric Gaus-
sian of linewidth 80 cm™.,

Followingtherecent devel opments, we havereanalyzed
the optical steady-state spectra mentioned above. The ma-
jor assumptions used for modeling the steady-state spec-
traare listed below.

1. Itisassumed that each BChl can experience adifferent
site energy due to different protein environments and
different conformational properties but dynamical dis-
order isneglected. One of theBChls 2, 3,5, and 6isas-
sumed to be the red-most pigment.

2. Simulations are carried out for the monomeric subunit
of the C; trimer.

3. The absorption strength of each BChl, assumed equal
for al BChls, islet as afree parameter and is varied be-
tween 25 and 55 D? following the values in the litera-
ture.

4. A common symmetric Gaussian of linewidth 80 cmis
used for dressing each one-exciton transition.

In the recent model by Louwe et al. (1997a) a similar
set of assumptions has already been used. We, however,
havereconsidered the simulationsfor several reasons. First
of al, the data used in their model display an overall red
shift (around 2—3 nm) in the positions of the absorption
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bands compared to all other low-temperature data existing
intheliterature. Moreover, weintend to search for amodel
that not only can explain steady-state spectrabut also time-
resolved data. It was therefore rational to regard the ab-
sorption strength and the site energies as free parameters
yet to be adjusted, instead of accepting avery specific set
of values reported by Louwe et al. (19974). Furthermore,
we also would like to note that if the CD is excluded it is
rather difficult to distinguish between the BChl 3 and the
BChl 6 models using the simulations provided in this par-
ticular study. In addition, CD simulations are very sensi-
tiveto minor changesin the atomic structure (Gulen 1996),
to the dynamical disorder in site energies (Buck et al.
1997), and currently available CD data (Phillipson and
Sauer 1972; Olson et al. 1976; Vasmel et al. 1983) display
sizable differences.

Thegeneral strategy followed for selection of asuitable
initial set of BChl site energies has already been discussed
in detail (Gulen 1996; Iseri and Gulen 1997). We briefly
summarize several pointsthat have been critical in thisre-
Spect.

— Unless at least one of the BChisisrelatively red shifted
fromthe others, the absorption band around 825 nm can-
not bereproduced (e.g. see Fig. 3a). It hasan integrated
absorption strength of around 1 BChl per monomer. It
can therefore be assumed that the 825 nm band is dom-
inated by one of the BChls.

— The LD spectrum (e.g. see Fig. 3b) has the following
distinctive features: apositive LD band around 825 nm,
astrongly negative LD band around 815 nm, a positive
LD signal around 805 nm, and almost vanishing LD ac-
tivity on the blue-most side of the spectrum. The pre-
vailing contribution to the strongly negative 815-nm LD
band should be from the BChls whose dipole moments
aremoreor less parallel to the C; symmetry axis (or per-
pendicular to the macroscopic alignment axis, i.e.,
BChis 1, 4, and 7). One of BChls 2, 3, 5, and 6 whose
dipole moment directions are amost perpendicular to
the C; symmetry axis should predominantly account for
the 825-nm positive LD signal. Once one of BChis 2, 3,
5, or 6 isfixed to be the red-most pigment, the remain-
ing three BChls should be contributing mostly to the
bands around 800—805 nm.

— Further initial fine tuning of the site energies can be
achieved by taking into account the shift tendencies
(blue or red) of the important pairwise interactions in
the Hamiltonian. In the Hamiltonian the strongest inter-
actions are between the nearest neighbors (BChl 1-BChl
2, BChl 2-BChl 3, etc.). The BChl 4-BChl 7 interaction
is the only exception.

New initial site energy sets are created at several different
absorption strengths in the 25—55 D? range following the
strategy described above. Further adjustment is done
around these setsmanually in aninteractivefit routine[e.g.
see Louwe et al. (1997 4) for the problems associated with
the automatic search routines).

We have first asked which of the BChls 2, 3,5, and 6 is
most likely to be the red-most pigment based on simulta-
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neous fits of the ABS and LD data. The same conclusion
has again been arrived at: either BChl 3 or BChl 6 should
be the red-most pigment; BChl 2 and BChl 5 cannot ex-
plain the prominent spectral signatures of the ABSand LD
simultaneously. We do not show any simulations for the
BChl 2 and BChl 5 models and we refer to Figs. 3 and 4
for the BChl 3 and BChl 6 models, respectively. Briefly,
the main problems encountered for these cases in the ab-
sorption strength range given above were: in the optimal
BChl 2 ABS+LD fits, the red-most LD signal could only
be generated with almost vanishing positiveintensity; and
similarly in the optimal ABS+LD fits for BChl 5, the
805 nm band could not gain enough absorption strength.
Therefore, from this point on, the discussion is restricted
to the BChl 3 and BChl 6 models.

At this stage our intention is not to obtain the best fits,
but to observethe systematic changesoccurring inthe spec-
tral features as afunction of the absorption strength in or-
der to decide the absorption strength range which islikely
to explain the key features of the steady-state spectra. It
should be emphasized that exciton calculations contain a
number of approximations and simplifications. Among
those, we have uncertainties in the interactions between
the molecules. Use of more precise BChl wavefunctionsis
necessary for abetter evaluation of the interactions (Pearl-
stein 1991). Very recent ab initio calculations of Coulom-
bic interactions between the transition densities of several
BChl pairsin the LH2 complex of purple bacteria (Rho-
dopseudomonas acidophila) suggest that the Q transitions
of BChl molecules are reasonably well described by the
point dipole approximation for separations greater than
15 A and deviations are significant at separations around
9-9.5 A (Krueger et al. 1998). In the FMO complex there
are no BChl pairs closer than 11 A. Most of the leading
interactions are due to BChls at separations greater than
13 A. Several pairwise interactions (1-2, 3—4, and 5—-6)
are most likely to be subjected changes. In the LH2 com-
plex there are no pairs at comparable distances (11-13 A)
and the extent of deviations from the point dipole approx-
imation remainsto beinvestigated. Furthermore, the effect
of dynamical disorder in the protein environment is ne-
glected (Buck et al. 1997). However, we believe that in-
clusion of disorder is only necessary for additional fine
tuning. Preliminary calculations (Louwe et al. 1997a) in-
dicate that for a single subunit of the FMO complex, in-
clusion of disorder does not noticeably change the results
of a particular simulation of the optical spectra. In view of
these approximations and simplifications, we have re-
stricted the calculations to a minimal set of free parame-
ters and our objective has been simultaneous reproduction
of only the prominent spectral signatures.

ABS, LD, and STAD simulationsfor three different ab-
sorption strengths are compared to the experimental data
in Figs. 3 and 4. The corresponding site energy sets are
listed in Table 1. Examination of the simulationsindicates
that optimal ABS+LD fitsyield little basis for differenti-
ation between the BChl 3 and BChl 6 models. (In the fig-
ures presented we have simultaneously simulated ABS+
LD +STAD spectra. If only ABS+LD are simulated, bet-

Tablel BChl site energies (in nm) used in the simulations of Figs. 3
and 4

BChl BChl 3 model BChl 6 model
Absorption strength (D?) Absorption strength (D?)
29.5 36 54.5 29.5 36 545
1 809.4 808.0 805.2 806.8 806.2 801.0
2 805.2 8021 790.8 805.7 801.0 802.1
3 8234 8228 820.6 803.1 803.1 805.2
4 810.5 809.4 804.7 808.3 807.8 806.8
5 7979 7959 < 799.5 806.8 804.2 801.0
6 801.0 800.5 789.8 8245 8212 8174
7 803.1 804.2 804.2 804.2 804.2 805.2

ter fits can be obtained in the absorption strength range
studied.)

For the BChl 3 model, considerably better agreement
between the simulations and the experimental datais ob-
tained at lower absorption strengths. Two major discrep-
ancies, the large negative STAD signal at 795 nm and the
overall disagreement withtheL D spectrumontheblueside
of the spectrum, tend to disappear asthe strength of the ex-
citonic interactions are reduced. At lower absorption
strengths, ABS and LD fits are better. In the STAD simu-
lations, the relative strengths of the 805 nm and 812 nm
bands do not agree with the experiment.

For the BChl 6 (u?=54.5 D?) model, except the posi-
tive 795 nm STAD signal, thekey featuresof all three spec-
traaremainly reproduced. The agreement between thesim-
ulations and the experimentsis considerably |ess satisfac-
tory at lower absorption strengths.

Summarizing, through simultaneous simulations of
ABS, LD, and STAD in the absorption strength range
25-55 D?, we have concluded that the BChl 3 modelswith
1?030—-40 D? and BChl 6 modelswith u?[145-55 D? can
satisfactorily explain the key features of all three optical
spectra.

Absorption difference spectra simulations

At acertain probe pulse delay (t), the absorption difference
spectrum contains contributions from the photobleaching
(PB) of the ground state (transitions from the ground state
to one-exciton states=EESS), stimulated emission (SE)
from the one-exciton states, and absorption from the one-
exciton states to two-exciton states (excited state absorp-
tion, ESA). Refer to van Amerongen and van Grondelle
(1995) for adetailed account of the experimental technique
and to Buck et al. (1996) for adetailed description of theo-
retical calculations.

The PB spectrum isindependent of the excitation wave-
length becauseall one-excitontransitionsarisefromacom-
mon ground state, i.e., the entire one-exciton spectrum is
uniformly bleached at any excitation wavelength. How-
ever, the prompt ESA and SE occur only from the laser-
popul ated one-exciton states. Theintegrated spectrafor BP
and SE between a pair of ground and excited electronic



states are equal. Under the technical conditions of the cur-
rent ADS measurements the PB spectrum is considered
constant in time. Therefore, the time evolution of ADS at
acertainwavelength (A) at times much shorter than the ex-
cited state lifetime (around nanoseconds for BChl) is gov-
erned by the changing contributions of SE and ESA spec-
trato the ADSin the course of relaxation of electronic en-
ergy intheexcited statemanifold: ADS(A, t)=ESA (A, t) —
PB(A,t)-SE(A,1).

Figure 5 shows time-resolved ADS of the FMO com-
plex from P. aestuarii (Vulto et al. 1997). Data have been
taken with excitation at 806 nm (pulse width =100 fs) at
low temperature (10 K). Low-temperature ADS at differ-
ent time delays are highly structured and a complex evo-
[ution in spectral intensities is observed. Shortly after ex-
citation (at 0.1 ps), ADS exhibits two main features: an
ESA band on the blue side of the spectrum (peaking around
792 nm) and a strong PB/SE band around 806 nm. At later
times, two effects are dominant. First of al, the intensity
of the 792 nm ESA band decreases gradually and at the
same time its peak is shifted toward longer wavelengths.
It almost vanishes after 5.5 ps. Secondly, the strong 806 nm
PB/SE signal progressively loses strength in favor of the
815 nm and 825 nm bands. This redistribution indicates
ultrafast loss of the initial excited state population and a
simultaneous population gain of the lower energy levels.
Population gain in all the lower energy bands (810 nm,
815 nm, and 825 nm) is apparent as early as 0.5 ps. At
1.7 psdelay, the absorption intensity around 806 nmisre-
duced to less than half of its initial value, while the
810—815nm and 825 nm bands are bleached further.
Around 5.5 ps, bleaching of the 825 nm band is maximal
while the bleaching around 815 nm has decreased consid-
erably. After 5.5 ps, the only process detected is the decay
of 825 nm band. Full spectral equilibration is observed to
take place in about 40 ps.

We have simulated the PB, SE, and ESA contributions
to the absorption difference using theformalism described
by Buck et al. (1996). To facilitate a comparison with the
experimentally observed time evolution of the ADS, we
have first generated the ADS corresponding to each EES.
In generating the ADS of each EES, a symmetric Gaus-
sian of linewidth 140 cm™ (note that thisisdifferent from
the 80 cm™ width used in steady-state spectrasimulations
— in pump-probe experiments bandwidths are usually
broader dueto experimental artifacts) isused to dresseach
spectral component in the ground to one-exciton PB tran-
sitions, inthe one-exciton to two-exciton ESA transitions,
and in the SE transitions. The positions of the SE and PB
bands are assumed equal [we have neglected the Stokes
shifts — for the FMO believed to be small at around 40
cm™ — e.g., see van Amerongen and Struve (1991)] and
the ESA of the monomeric BChl isneglected. Then, ADSs
at different time delays of the probe pulse have been sim-
ulated by using the ADS of each EES in a relaxation
scheme consistent with the experimentally observed ki-
netics. For comparisons with the datashownin Fig. 5, the
initial state has been taken asthe prompt (unrelaxed) ADS
at 806 nm.
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Fig. 6 Prompt ADS simulations at 825 nm excitation for the BChl 3
and the BChl 6 modelsat three different absorption strengths. In both
panelsthe absorption strengthsare: 54.5 D? (dots), 36 D? (triangles),
and 29.5 D? (squares). At 825 nm excitation the lowest electronic
excited state (EES) is almost selectively excited

As discussed above, in P. aestuarii at 10 K, downhill
excitation relaxation to the lowest EES isalmost complete
within 5-10 ps (at 10 K the uphill transfer can be ne-
glected). Therefore, the prompt ADS simulated with exci-
tation pulses centered around the lowest EES (=825 nm)
should, to a large extent, resemble the experimental ADS
at delay times of around 5—-10 ps.

Prompt ADS simulations at 825 nm excitation obtained
using the parameter sets for the BChl 3 and BChl 6 mod-
els(see Table 1) are shownin Fig. 6. Simulations areto be
compared to the experimental ADS at t=5.5 psdelay, pre-
sented in Fig. 5.

For the BChl 6 model, prompt ADS simulations in the
absorption strength range that is found to 2give satisfactory
fitsto the steady state spectra ((045—55 D<) display signif-
icant discrepancies with the experiment. In thisrange, rel-
ative PB/SE contributions of the 805 nm and 825 nm bands
are in apparent disagreement with the experiment. More-
over, the simulated ADS have a strong ESA band on the
blue side of the spectrum. In the absorption strength range
30-40 D?, the resemblance between the simul ated and ob-
served ADS s closer. However, in thisrange, steady-state
spectra cannot be simulated satisfactorily (see Fig. 4).

Similarly, for thehigher absorption strength (045—55 D?)
BChl 3 simulations, therelative contributions of the 805 nm
and 825 nm PB/SE signals are inconsistent with the ADS
data. In addition, the ESA contribution around 810 nmis
absent in the experiments. In the absorption strength range
(030—40 D?) in which steady-state spectra can be satisfac-
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Fig. 7 ABS(a), LD (b), and STAD (c) simulations at 4?=32.6 D?
in comparison with the experimental data. Simulations (solid lines)
and experimental data (open dots). The site energies (in nm) are:
BChl 1(808.87), BChl 2(805.19), BChl 3(823.37), BChl 4 (810.45),
BChl 5 (796.91), BChl 6 (802.06), BChl 7 (803.10). The EESs are
(in nm) at: 791.47, 799.63, 801.52, 805.85, 812.78, 814.07, and
825.04. Simulated ABS and LD spectra are normalized to the peak
absorbing at 813 nm and simulated STAD spectra are normalized to
the peak at 825 nm

torily reproduced (see Fig. 3), all prominent ADS features
over the entire Q, band are generated as well. In particu-
lar, the PB/SE behavior at wavelengths longer than
800 nmisreproduced and the ESA on the blue vanishes as
observed in the pump-probe experiments.

We have therefore considered only the BChl 3 model
for further simulations including the time evolution of
ADS. Optimization of ABS, LD, STAD, and ADS at five
different time delays is sought in the absorption strength
range 30-40 D?. As discussed above, it is difficult to fa-
vor a particular absorption strength value in this range on
the basis of simultaneous ABS, LD, and STAD simula-
tions. Similarly, a satisfactory time evolution can be ob-
tained within the minor variations of the proposed kinetic
scheme(s) in this absorption strength range. For illustra-
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Fig. 8 ADS for each EES at u?=32.6 D2. All the ADS curves are
drawn on the same absol ute scale. Thetransition energy of each EES
isindicated (in nm)
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Fig. 9 Kinetic models [model a and model b (with the rates in pa-
renthesis)] used in describing the time evolution of the ADS. In both
models the lowest EES decays with a time constant of around 40 ps

1.67 ps

1.67 ps

tive purposes, we havearbitrarily selected y?=32.6 D?and
have presented the typical results for this case. The opti-
mized ABS, LD, and STAD simulations are given in
Fig. 7. The ADS corresponding to each EES areillustrated
in Fig. 8. Typical schemes representing the type of kinetic
models that are decided to produce an optimal match with
the experimental ADS is given in Fig. 9. Simulated ADS
for thedelay timesof 0.1, 0.5, 1.7, 5.5, and 25 psare shown
in Fig. 10.

At 806 nm, the 801 nm, 806 nm, and 812 nm bands are
excited with the respective probabilities of 27%, 57%, and
10%. Downhill energy transfers show a multiexponential
character. Relaxation between the 801 and 806 levels is
ultrafast (200 fs). The 806 nm level relaxesinto 812, 814,
and 825 nm levels with 1.54, 5, and 1.67 ps kinetics, re-
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Fig. 10 Comparison of the experimental (open dots) and the simu-
lated (solid lines) ADS of P. aestuarii at five different delay times
upon excitation at 806 nm for the BChl 3 model with y?=32.6 D?
for model a of Fig. 9

spectively (model a of Fig. 9). The 825 nm level is aso
populated by the 812 nm and 814 nm levels with respec-
tivekineticsof 1.67 psand 2.0 ps(model aof Fig. 9). Life-
time of the 825 nm level is around 40 ps. In the second
scheme(model bof Fig. 9), whichyieldsADSamost iden-
tical to those presented in Fig. 10, excitation relaxes
through the same channels, but the relaxation rates in the
806 nm - 814 nm - 825 nm transfer pathway are both
faster (814 nm - 825 nm transfer is 0.67 ps and 806 hm
- 825 nm is 2.0 ps). In the selected absorption strength
range, the time evolution can be reproduced using slightly
different versions of these kinetic schemes with minor
changesin the rates.

Upon examination of the ADS corresponding to each
EES shown in Fig. 8, it is already clear that the evolution
of the four major spectral bands can be understood by the
downhill (806 nm - 812—-815 nm - 825 nm) relaxation
of the electronic excitation energy. The multi-exponential
kinetic models offer further fine tuning of the evolution of
the ADS. Both the spectral and the time evolution of the
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blue ESA band is reproduced. Although the fits are not
perfect, they are satisfactory. The EESs at 806, 812, and
815 nm are the main contributorsto this ESA signal. Upon
806 nm excitation, the progressive red shift in the peak po-
sition and the accompanying decay is due to the downhill
relaxation of the energy to the lower EESs. Except the
791 nm state, for all the EESs the PB/SE contributions
overcome the ESA contributions at wavelengths longer
than 800—805 nm. The ADS corresponding to the 825 nm
level has a predominant PB/SE contribution on the red
edge; however, a weak PB/SE signal around 805 nm still
persists. Thisweak PB/SE signal isthe origin of the slight
discrepancy between the simulations and the experiments
at delay times longer than several picoseconds.

To get aclear physical interpretation of the observed ki-
netics, independent theoretical estimates of the relaxation
ratesare essential. Two limiting behaviors—very weak and
strong coupling limits — are usually identified by the rela-
tive magnitudes of a number of energies. These energies
are: the interaction energy, the absorption linewidth (ho-
mogeneous broadening), and the dispersion in the site en-
ergies (inhomogeneous broadening). When the magnitude
of the interaction energy is overpowered by the homoge-
neous and inhomogeneous broadenings, the very weak
coupling limit applies; the EESs are localized and excita-
tion transfer is described by the Forster transfers between
the pairs of molecules. In the strong coupling limit, exci-
tation transfer is described by the relaxations between the
eigenstates of the system whose degrees of delocalization
aremainly decided by themagnitude of theel ectronicinter-
action energy (Forster 1965).

For the FMO complex, all three energies are of com-
parable magnitude and, generally speaking, the system is
in the “intermediate” coupling regime. The site energy
shifts (estimated to correspond to a distribution of about
80—100 cm™ halfwidth) are comparable with the absorp-
tion linewidths of the EESs in the steady-state absorption
spectrum (80 cm™). Similarly, themagnitudeof thedipole-
dipole interactions between several leading BChl pairs
(around 65—110 cm* for u?=30-40 D?) is comparable
with the widths of the other two.

To give an idea about the del ocalization characteristics
of the EESs in the absorption strength range selected
1?030—-40 D?), the contributions of each BChI to the oc-
cupation probability of each EESfor u? =32.6 D?arelisted
in Table 2. In each EES at least about 50% of the excita-
tionislocalized on a particular BChl following the trends

Table2 Contributions of

each BChI to the occupation Site energy EES Occupation probability on BChi
robability of each EES at (nm) energy

22=32.6 %2 (nm) 1 2 3 4 5 6 7
796.9 (BChl 5) 791.47 0001 0003 0.001 0073 0616 0272 0035
805.2 (BChl 2) 799.63 0319 0520 0.003 0000 0051 0016 0.091
803.1 (BChl 7) 801.52 0.037 0093 0001 0090 0.093 0.002 0.683
802.6 (BChl 6) 805.85 0001 0028 0.018 0132 0140 0.667 0013
810.5 (BChl 4) 812.78 0090 0052 0.094 049 0091 0042 0.141
808.9 (BChl 1) 814.07 0547 028 0.000 0126 0007 0.000 0.034
823.4 (BChl 3) 825.04 0005 0019 0882 0088 0.002 0001 0.002
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Fig. 11 Kinetic model resulting from the effective transfer rate es-
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Fig. 12 Comparison of the experimental (open dots) and the simu-
lated (solid lines) ADS of P. aestuarii at five different delay times
upon excitation at 806 nm for the BChl 3 model with y?=32.6 D?
for the kinetic model of Fig. 11

inthe site energy shiftsand the shift tendencies of the lead-
ing electronic interactions. The lowest energy state is al-
most localized on BChl 3. All the other states are non-ex-
tensively delocalized: excitationiseffectively localized on
two or three BChls.

Inanintermediately coupled system, downhill rates are
expected toinclude contributionsfrom both the Forster and
the exciton relaxation rates (Knox and Gulen 1993). Nev-
ertheless, to get a preliminary view on the connection be-
tween the EES structure and the excited state dynamics,
we have provided zero-order estimates of the rates for the
energy transfer pathways resulting from the EES model.
We have cal culated the effective transfer rates between two
non-extensively delocalized EESs as alinear combination
of the Forster rates between the BChls dominating the oc-
cupation probabilities of such states. The estimated effec-

tive rates are indicated in the kinetic scheme of Fig. 11.
There is a good agreement between the values of the esti-
mated ratesand theempirical ratesfound by fitting thetime
evolution of the ADS as long as the time scales are con-
cerned. The biggest inconsistency is in the depopulation
of the 806 nm level. It can therefore be said that most of
the essential spectral and temporal featuresin the time ev-
olution of the ADS are described by the estimated effec-
tiverateswhich arefound by using the Forster formula. To
furnish a more direct judgement we have illustrated (see
Fig. 12) the time evolution of the ADS simulated by using
the effective transfer rates of Fig. 11 instead of the rates
provided in Fig. 9.

We stress that the actual physical description of the ex-
citation dynamics can only be provided by following the
dynamicsusing atransport tool appropriateintheinterme-
diate coupling limit (Kenkre and Knox 1974; Knox and
Gulen 1993; Struve 1995; Leegwater et al. 1997). To gain
moreinsight into the nature of energy transfer inthe FMO
complex, analysisof thetime evolution of further isotropic
and anisotropi ¢ pump-probe experiments using such trans-
port tools are necessary.

We also would like to comment on the portability of our
resultsto the FM O complex of C. tepidum. A recent struc-
tural model of C. tepidum (Li et al. 1997) shows that the
overall structures of the two FMO complexes (C. tepidum
and P. aestuarii) arevery similar. The two complexeshave
been compared in detail in terms of several different struc-
tural properties that may cause differences in the BChl
interactions and BChl site energies, such asthe protein en-
vironments, the ligand bindings, the H-bondings, and the
conformations of thetetrapyrroles and phyty! chains of the
BChls (Li et a. 1997). The most significant differences
are observed in the planarity of several BChls and it has
been noted that the BChls 2 and 6 are most different. It has
long been known that the low-temperature ABS and CD
spectra of the FMO complexes from these two different
species show differences in the wavelength positions and
relative amplitudes of the spectral bands (Olson et al.
1976). Very recently the low-temperature LD spectrum of
C. tepidum has been available (Melkozernov et al. 1998)
and it has become apparent that the overall shape of the
low-temperature LD of the two complexesisvery similar.
Based on our discussion on the correlation between the or-
ientations of the BChl dipole moments and the shape of the
LD spectrum, it is highly probable that the trends in the
positions of the BChl site energies are conserved to alarge
extent. Itisinteresting to note that the most different BChls
are involved in the pairwise interactions (BChl 1-BChl 2
and BChl 5-BChl 6) which are most likely to deviate from
the point dipole approximation. It can be speculated that
the differences in the spectra of the two species may stem
primarily from the modifications on the interactions and
thesiteenergiesof theseparticular BChls. Mutantsof FMO
complexes may be used to probe this speculation.
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