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Pump-Probe Anisotropies of Fenna-Matthews-Olson Protein Trimers from
Chlorobium tepidum: A Diagnostic for Exciton Localization?

Sergei Savikhin, Daniel R. Buck, and Walter S. Struve
Ames Laboratory, U.S. Department of Energy, and Department of Chemistry, lowa State University, Ames, lowa 50011 USA

ABSTRACT Exciton calculations on symmetric and asymmetric Fenna-Matthews-Olson (FMO) trimers, combined with
absorption difference anisotropy measurements on FMO trimers from the green bacterium Chlorobium tepidum, suggest that
real samples exhibit sufficient diagonal energy disorder so that their laser-excited exciton states are noticeably localized. Our
observed anisotropies are clearly inconsistent with 21-pigment exciton simulations based on a threefold-symmetric FMO
protein. They are more consistent with a 7-pigment model that assumes that the laser-prepared states are localized within
a subunit of the trimer. Differential diagonal energy shifts of 50 cm ™' between symmetry-related pigments in different subunits
are large enough to cause sharp localization in the stationary states; these shifts are commensurate with the ~95 cm™’
inhomogeneous linewidth of the lowest exciton levels. Experimental anisotropies (and by implication steady-state linear and
circular dichroism) likely arise from statistical averaging over states with widely contrasting values of these observables, in
consequence of their sensitivity to diagonal energy disorder.

INTRODUCTION

The Fenna-Matthews-Olson bacteriochlorophyll (BChl) a-
protein complex is involved in electronic energy transfers
from peripheral light-harvesting antennas (chlorosomes) to
reaction centers in green photosynthetic bacteria (Olson,
1980a). It has been much studied (Blankenship et al., 1995),
because its three-dimensional structure was the first one
reported for any photosynthetic pigment-protein complex
(Matthews and Fenna, 1980; Tronrud et al., 1986). This
water-soluble protein contains three identical polypeptide
subunits, organized about a threefold proper rotation axis.
Each subunit is a folded B-sheet, the hydrophobic interior of
which encloses seven BChl a pigments with well defined
positions and orientations. The low-temperature Q, absorp-
tion spectrum of Fenna-Matthews-Olson (FMO) trimers
(unlike the featureless Q, spectra of the LH1 and LH2 BChl
a-protein antennnas of purple bacteria; cf. Zuber and Cog-
dell, 1995; Sundstréom and van Grondelle, 1995) exhibits
considerable structure, with band maxima near 825, 815,
and 805 nm as well as several shoulders (Philipson and
Sauer, 1972; Olson et al., 1976). Exciton modeling studies
(Lu and Pearlstein, 1993; Pearlstein, 1992) of the Qy ab-
sorption and circular dichroism (CD) spectra of FMO trim-
ers from the green bacterium Prosthecochloris aestuarii
(Philipson and Sauer, 1972; Olson et al., 1976), together
with spectral hole-burning experiments on the FMO pro-
teins from P. aestuarii and Chlorobium tepidum (Johnson
and Small, 1991; Reddy et al., 1995) indicate the presence
of strong resonance couplings (up to ~200 cm™') between
BChl a pigments within the same protein subunit. The
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couplings between pigments belonging to different subunits
of a trimer are substantially weaker (=16 cm™ 1. Pearlstein,
1992). Owing to this hierarchy between intra- and intersub-
unit couplings, the latter have a relatively minor influence
on the isotropic Q, absorption spectrum. Each of the seven
Q, exciton components arising from pigments within a
single subunit becomes split into a nondegenerate level and
a doubly degenerate pair of levels. These splittings are in the
low tens of cm™'. By contrast, the seven exciton compo-
nents for an isolated FMO subunit are dispersed over some
750 cm™", from ~780 to 825 nm.

Although the intersubunit couplings can be viewed as
perturbations to the isotropic absorption spectrum, they
profoundly affect the CD spectrum. In model calculations
limited to one subunit, parametric searches of the seven
unknown BChl a diagonal energies could not yield simul-
taneous fits to experimental absorption and CD spectra of
FMO trimers from P. aestuarii. However, successful fits to
both spectra were achieved in calculations extending over
the whole trimer (Pearlstein, 1992).

We recently reported an optical pump-probe study of
exciton level relaxation in FMO trimers from Cb. tepidum at
19 K (Buck et al, 1997). At this temperature, the absorption
difference spectra (like the steady-state absorption spec-
trum) are highly structured and undergo complex spectral
evolution. Global analysis of AA spectra obtained by excit-
ing the trimers at 789 nm (near the blue edge of the Q,
spectrum) yielded a kinetic model for interlevel relaxation,
with lifetimes ranging from 170 fs to 11 ps. (The corre-
sponding spectral equilibration becomes greatly accelerated
at higher temperature. It is essentially complete within sev-
eral hundred femtoseconds at 300 K (Savikhin et al., 1994a;
Savikhin and Struve, 1994).) These absorption difference
spectra were compared with AA spectral simulations, which
included contributions from photobleaching (PB) of ground
—> one-exciton transitions, stimulated emission (SE), and
excited state absorption (ESA) arising from one-exciton —



Savikhin et al.

two-exciton transitions. These simulations incorporated
BChl a-BChl a resonance interactions computed by Pearl-
stein (1992) using the point monopole method with BChl a
Q, transition charge distribution from Weiss (1972). The
BChl a diagonal energies were derived by Lu and Pearlstein
(1993) from best fits of their simulated absorption and CD
spectra to the spectra of Olson et al. (1976; hereafter called
OKT) or the spectra of Philipson and Sauer (1972; hereafter
called PS). By combining our global analysis with single-
level AA spectra computed from the OKT diagonal energies,
we were able to qualitatively reproduce the main features of
the experimental AA spectral evolution. Considerably less
satisfactory agreement was achieved in simulations using
the PS diagonal energies. We briefly addressed whether our
isotropic AA spectra could be used to differentiate between
excitations that remained delocalized over the entire trimer
during the time window of 0—11 ps at 19 K and excitations
that had become confined to one subunit. The differences
between isotropic AA spectra simulated using the 7- and
21-pigment exciton models proved to be subtle (and smaller
than experimental uncertainty). This outcome was traceable
to the order-of-magnitude disparity between the dominant
intersubunit interactions on the one hand and the intra-
subunit interactions plus site energy differences between
BChl pigments within a subunit on the other.

Optical anisotropies are apt to be far more sensitive to
localization in FMO trimers. Although the transition mo-
ments for the seven exciton components for an isolated
(asymmetric) subunit of an FMO trimer have irregular ori-
entations, by symmetry, each of the 21 transitions to one-
exciton levels in the trimer is either z polarized (nondegen-
erate) or xy polarized (doubly degenerate). The z axis is
defined as the C; proper rotation axis. Hence, anisotropies
(unlike isotropic AA spectra) may be drastically influenced
by the extent of exciton localization. This expectation is
borne out in this paper by anisotropy simulations for FMO
trimers at various pump-probe wavelength combinations
and exciton domain sizes. These simulations are compared
with experimental one- and two-color anisotropies for FMO
trimers from Cb. tepidum at 19 K.

MATERIALS AND METHODS

FMO trimers were isolated from Cb. tepidum according to the method of
Olson (1980b), with the modifications described by Savikhin et al. (1994a).
The room temperature absorption spectrum, which resembles that of FMO
trimers isolated from other green photosynthetic bacteria (Blankenship et
al., 1993), exhibits maxima at 809, 602, 371, and 262 nm. The present
experiments were performed at 19 K, to resolve features in the Q, spectrum
arising from well defined groups of exciton transitions. The self-mode-
locked Ti:sapphire laser and pump-probe optics have been described else-
where (Savikhin et al., 1994b). In our radiofrequency (RF) multiple mod-
ulation system, the probe beam-detecting photodiode was incorporated into
an RLC input loop tuned to the RF detection frequency (Savikhin, 1995).
Samples were housed between quartz and sapphire optical flats in thermal
contact with the end of a Cu cold finger in an Air Products (Allentown, PA)
DE202 closed-cycle He expander module. The sapphire window provided
thermal conductivity for cooling, whereas the polarized light beams tra-
versed the low-birefringence quartz window before entering the sample.
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Anisotropies r(f) were computed from the polarized absorption difference
profiles AA(f), AA , (1) via

r(t) = [AA)(?) — AA (DJ[AA|(D) + 244, (] (D)

In one-color experiments, the laser pulse spectrum was shaped using an
intracavity birefringence filter, yielding output pulses with ~10-nm full
width at half maximum (fwhm) and ~150-fs autocorrelation function
width. For two-color experiments, the full Ti:laser output bandwidth was
used (up to ~40 nm), corresponding to a ~70-fs autocorrelation width.
The pump and probe spectra were then selected using bandpass interfer-
ence filters (CVI Corp., Albuquerque, NM); the transmitted bandwidth was
typically ~7 nm. The instrument function in two-color experiments
showed ~200-fs cross-correlation, due to dispersion in the interference
filters. The laser spectra incident at the sample were measured during
experiments using a Czerny-Turner monochromator (7.9 nm/mm disper-
sion), with its output imaged onto the linear CCD array of a Unidata
BP2048 beam profiler.

According to OKT simulations of the absorption and CD spectra for
FMO trimers from P. aestuarii, the three lowest-energy exciton transitions
prepare states near 825 nm (dominated by excitations on pigments 6 and 7
in the numbering scheme of Matthews and Fenna, 1980). The next six
transitions excite two groups of three levels each, clustered near 815 nm.
These levels are dominated by excitations on pigments 3—6 (Pearlstein,
1992; Lu and Pearlstein, 1993; Buck et al., 1997). The corresponding
long-wavelength absorption bands for FMO trimers from Cb. tepidum
occur at essentially the same wavelengths as those for P. aestuarii but with
different intensities. The differences likely arise from minor variations in
the pigment positions and orientations between the two species, as their
FMO proteins are 78% homologous and all of the pigment-coordinating
residues are conserved (Daurrat-Larroque et al., 1986). The pump and
probe pulse spectra for the present experiments and simulations were each
centered near one of these groups of transitions (i.e., near 815 or 825 nm),
without significantly overlapping the other group. This avoids the appear-
ance of strong oscillations in r(r), which occur at low temperatures in FMO
trimers from Cb. tepidum when the pump and probe spectra straddle both
groups of transitions (S. Savikhin, D. R. Buck, and W. S. Struve, submitted
for publication). These oscillations (which are dominated by a component
with a ~220-fs period) do not arise from coherent nuclear motion but from
quantum beating between contrastingly polarized transitions to the respec-
tive level groups. The origin of these oscillations are being treated in depth
in a separate paper, and they are not considered here.

THEORY

The anisotropy calculations are a straightforward extension
of the theory for isotropic absorption difference spectra in
FMO trimers, which has recently been described (Buck et
al., 1997). An antenna containing N strongly coupled pig-
ments exhibits N one-exciton states |{{"), which may be
expanded in terms of the basis functions |x{") that localize

Q, excitation on pigments j (j = 1, ..., N) as
N
i) = 2 cllx" )

i=1

The one-exciton level energies E{" and expansion coeffi-
cients cjl are obtained by diagonalizing the Hamiltonian in
this basis and are necessary for evaluating the contributions
of PB and SE to the absorption difference spectrum. The
NN — 1)/2 two-exciton states

i) = 2 dPIxP) 3
i
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can be expanded in terms of the N(N — 1)/2 doubly excited
basis functions | Xi(jz)), which describe Q, excitations of
pigment pairs (ij). The two-exciton levels E{® and expan-
sion coefficients d{?’ are generated by diagonalizing the
Hamiltonian in the doubly excited basis. They influence the
ESA spectrum that arises from one-exciton — two-exciton
transitions. The contribution to the AA signal arising from
photobleaching of the transition to one-exciton state |){"),
after laser excitation of one-exciton state |{"), is propor-

tional to
PB = —|E,(Ay) * Ol {")PIE, (Agi)) - (W[ |O)? @

= —| 2 cjEu() - Ol Z hEAor) - (x{PIRlO)?
i i

Here |0) is the N-pigment electronic ground state, Eu()tm),
E (M) are the pump and probe electric fields at the tran-
sition wavelengths Ay, Ag, and u is the electric dipole
moment operator. According to Eq. 4, excitation of any
one-exciton level bleaches the entire one-exciton spectrum
uniformly. The corresponding probability of stimulated
emission from one-exciton state |s{"’) depends on the frac-
tional population P; in that level,

—Py|E,(Agp) * Ol ") E(Aoi) - (| {0)2 )
—Pi|2 AEAa) ORI D cEEor) - OGP0
j i’

SE

This implicitly assumes that the Stokes shifts between PB
and SE are negligible; significant Stckes shifts (relative to
the exciton component bandwidths, see below) have not
been detected in fluorescence studies of FMO trimers and
are not expected for BChl a pigments in the hydrophobic
protein interior. The ESA signal arising from the one-
exciton — two-exciton transition |y — |¢P) after exci-
tation of state |y{V) is

ESA = P,|E,(Ay) * Ol " PIE i) - Pl ialga)? ©

= Pi| 2 GEo) - QXM Z cfdhaEhi) - PRI
i i

In each of Eqs. 4—6, the parallel and perpendicular compo-
nents of the absorption difference signal are computed using
E.| E, and E, L E,, respectively. The signals are averaged
over the random orientations of FMO trimers, over the laser
pump and probe spectra, and over the finite spectral widths
of the exciton components. Lu and Pearlstein (1993) simu-
lated the OKT absorption and CD spectra of FMO trimers
from P. aestuarii by assigning 95-342 cm™' widths to
symmetric Gaussian one-exciton components; in this work,
we arbitrarily use 150 cm ™! fwhm symmetric Gaussians for
each of the ground — one-exciton and one-exciton —
two-exciton transitions (Buck et al., 1997). The anisotropies
are then computed from Eq. 1, using AAy ) = ESAy., +
PBy.y + SEy.y
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Fig. 1 shows one-color FMO anisotropies for wave-
lengths between 770 and 830 nm, simulated for 150 cm™!
(~10 nm) bandwidth laser pulses. These are prompt
anisotropies, evaluated under the assumption that negligible
level relaxation has occurred before probing. Our calcula-
tions do not include optical coherences, which would need
to be considered during the time regime of pump-probe
overlap (Chachisvilis and Sundstrém, 1996). The curves
labeled trimer and monomer are anisotropies simulated us-
ing 21- and 7-pigment exciton models, respectively. The
latter model is generated by limiting the basis sets to exci-
tations on pigments 1-7 and excluding those from pigments
8-21. The resonance couplings are taken from Pearlstein
(1992), and the diagonal energies are the ones obtained from
fits (Lu and Pearlstein, 1993) to the OKT absorption and CD
spectra. For most wavelengths, the monomer and trimer
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FIGURE 1 Simulated one-color anisotropies for FMO trimers from P.

aestuarii versus pump-probe wavelength (fop panel) and simulated parallel
and perpendicular absorption difference signals for trimer and monomer
models (center and bottom panels). Symbols | and L denote parallel and
perpendicular absorption difference signals. Laser pulses are 10 nm fwhm.
Trimer and monomer curves are computed from 21- and 7-pigment exciton
models, respectively. In Figs. 1-4, positive and negative AA values cor-
respond to ESA and PB/SE.
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models yield contrasting anisotropies; however, these one-
color anisotropies are always bounded between 0 and 0.4.

Fig. 2 shows prompt two-color anisotropies, simulated
for the pump wavelengths 815 and 825 nm as functions of
the probe wavelength. The pump and probe spectral widths
are 7 nm. As before, the monomer and trimer models often
yield widely divergent anisotropies. A new feature here is
the occurrence (for some probe wavelengths considerably
removed from the pump wavelength) of “exotic” anisotro-
pies with negative values as well as values >0.4. Such
anisotropies occur for probe wavelengths where ESA tran-
sitions (with polarizations strongly skewed from those of
the pumped transitions) contribute significantly to the total
signal. They do not occur in the one-color anisotropies (Fig.
1), where the signal generally has large contributions from
PB and SE transitions polarized parallel to the pumped tran-
sitions.

Experimental anisotropies

Fig. 3 shows polarized absorption difference signals and
anisotropies for FMO trimers from Cb. tepidum excited at
19 K with 815-nm laser pulses and probed at either 815 or
825 nm. A dominant decay pathway from the six 815-nm
levels populates the 825-nm level group with ~2.5 ps
kinetics at this temperature (Buck et al., 1997). This time
constant corresponds to the major PB/SE decay feature
observed in the 815 — 815 nm profiles, and for most of the
PB/SE rise behavior in the 815 — 825 nm profiles. The 815

815 nm excitation 825 nm excitation

& 04 0.4 v
e / r /t{imer// ///L\
P £ _ A _ ~
S oF = 4 o P~ {/
3= C trimer ‘ / [ monomer
< 04l / . I
-0. -0.4

TN BRI TR BN NS T T N 1/| T
8 L
g 0 trim; =
O r 1 /
8 -1 \._/‘\./
172} L
—D b—
2‘ 27 I

PN I R I T\

8 L L
§ °C = o
£ _0.5 {—monomer \\J_ / - monomer \\/\\
) r < -0.5 —
@ -]+ L
<<l I -
<5 1T I
< e My P NN B RO VR

770 790 810 830 770 790 810 830
Wavelength, nm

FIGURE 2 Simulated two-color anisotropies and polarized absorption
difference spectra for FMO trimers from P. aestuarii as functions of probe
wavelength, for pump wavelengths 815 nm (leff) and 825 nm (right).
Anisotropies are shown in top panels; absorption difference spectra for
trimer and monomer models are shown in center and bottom panels,
respectively. Laser pulses are 7 nm fwhm.

Pump-Probe Anisotropies of FMO Trimers 2093

815 > 825 nm

815 - 815 nm

Absorbance

AA (au.)

TTTT
|
(=]
TTTTT

=
=0 02
i 04N
P9 72 5 N B S R ISP P PR B
o 1 2 3 4 o 1 2 3 4
Time, ps

FIGURE 3 Experimental absorption difference profiles (center) and
anisotropies (bottom) for FMO trimers from Cb. tepidum excited by
815-nm pulses at 19 K. The experiments are 815 — 815 nm (left) and 815
—> 825 nm (right). Pump and probe pulse spectra (dashed and solid curves,
respectively) are superimposed on the steady-state Q, absorption spectrum
in top panels. Dashed curves in the bottom panels are laser auto- or
cross-correlations.

nm one-color anisotropy stabilizes between 0.30 and 0.35
after pulse overlap and rises slightly during the next 2 ps.
The 815 — 825 nm two-color anisotropy remains essen-
tially constant at ~—0.12.

Fig. 4 shows the corresponding anisotropies obtained by
exciting FMO trimers at 825 instead of 815 nm. The 825 —
815 nm anisotropy levels off near —0.30 shortly after pulse
overlap. An anomaly in the parallel signal AA; for these
wavelengths is a large, nominal PB/SE component with
decay kinetics on a time scale commensurate with (but not
identical to) the trailing edge of the pulse autocorrelation.
There is no corresponding fast component in the perpendic-
ular signal AA . This may be a pseudo-two-color optical
coherence of the type described by Chachisvilis and Sund-
strom (1996). The 825 — 825 nm anisotropy appears to be
~0.25; the signal to noise is limited here by the small
signals obtained in experiments at the red edge of the FMO
Q, spectrum, where the optical densities are low.

These experimental anisotropies all confirm the predic-
tion in Figs. 1 and 2 that the one-color anisotropies of FMO
trimers are bounded between 0 and 0.4, whereas two-color
anisotropies can assume values outside this range. However,
the measured anisotropies in Figs. 3 and 4 do not generally
resemble the anisotropies simulated using the 21-pigment
model. The prompt anisotropies computed using the 21-
pigment model (Figs. 1 and 2) for the 815 — 815 and 825
—> 815-nm experiments are +0.05 and +0.25, respectively.
The corresponding empirical values (Figs. 3 and 4) are
+0.35 and —0.30. Considerably better agreement is ob-
tained using anisotropies computed from the 7-pigment
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model (+0.37 and —0.40, respectively). The theoretical
anisotropies for the 815 — 825 and 825 — 825 nm exper-
iments yield little basis for differentiating between the two
models. The probe wavelength variation of ~(0) for FMO
trimers excited at 815 nm exhibits a singularity near 825 nm
in both the 7- and 21-pigment models (Fig. 2), so that
comparisons of the simulations with the 815 — 825 nm
experiment are considerably less meaningful than for the
other pump-probe wavelength combinations. (For that mat-
ter, neither model predicts that both AAj and AA, will be
dominated by PB/SE in this experiment, as is observed (Fig.
3). The total absorption difference signals are small in this
region, and the neglect of BChl a monomer ESA (Becker et
al., 1991) in the simulation may contribute disproportion-
ately to the error at these wavelengths.) Both models predict
similar 7(0) in the 825 — 825 nm experiment (0.40 and
0.35); the experimental value is 0.25. Although more wave-
length combinations could have been investigated, our
pump-probe experiments were limited to the long-wave-
length 815 and 825 nm level groups, the decay kinetics of
which are equal to or slower than 2.5 ps at 19 K (Buck et al.,
1997). In this way, contributions of known level-to-level
relaxation processes to experimental anisotropies were min-
imized during the subpicosecond time window.

DISCUSSION

The interpretation of our FMO anisotropy measurements is
model dependent, because its reliability rests on a host of
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FIGURE 4 Experimental absorption difference profiles (center) and
anisotropies (bottom) for FMO trimers from Cb. tepidum excited by
825-nm pulses at 19 K. The experiments are 825 — 815 nm (lef) and 825
—> 825 nm (righf). Pump and probe pulse spectra (dashed and solid curves,
respectively) are superimposed on the steady-state Q, absorption spectrum
in top panels. Dashed curves in the bottom panels are laser auto- or
cross-correlations.
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assumptions about the BChl resonance couplings and diag-
onal energies. The resonance couplings were derived from
approximate pi electron wave functions for chlorophylls
(Weiss, 1972), whereas the diagonal energies were obtained
from parametric fits of theoretical absorption and CD spec-
tra to experimental spectra (Pearlstein, 1992; Lu and Pearl-
stein, 1993). In our view, more accurate BChl resonance
energies are needed, based on more realistic electronic wave
functions, combined with analysis of medium effects on the
couplings. Additional experimental constraints would better
define the possible sets of BChl diagonal energies. Giilen
(1996) has suggested that FMO linear dichroism and sing-
let-triplet absorption difference spectra would provide more
incisive criteria for exciton modeling than absorption and
CD spectra. Optimized fits to such spectra for FMO trimers
from P. aestuarii were obtained when BChl 6 was assigned
the lowest diagonal energy (Giilen, 1996); the lowest site
energy belongs to BChl 7 in the OKT fits (Lu and Pearl-
stein, 1993). We have recently suggested that low-temper-
ature time-resolved isotropic absorption difference spectra
can furnish yet another criterion for exciton modeling (Buck
et al.,, 1997). OKT simulations reproduce many of the fea-
tures observed in AA spectra of FMO trimers from Cb.
tepidum excited at 789 nm. Simulations based on the PS
diagonal energies cannot (Buck et al., 1997), nor can sim-
ulations using Giilen’s diagonal energies combined with the
Pearlstein’s (1992) resonance couplings (D. R. Buck, S.
Savikhin, and W. S. Struve, unpublished work). In our
experience, only the OKT simulations have consistently
yielded reasonable fits to the absorption, CD, and absorp-
tion difference spectra. The resonance couplings used in all
simulations to date have been computed from the crystal
structure of FMO trimers from P. aestuarii, whereas our
time-resolved AA and anisotropy experiments were done on
FMO trimers from Cb. tepidum.

Given all of these caveats, our interpretations must be
viewed as tentative rather than definitive. Several idealized
scenarios can be envisaged for exciton state evolution dur-
ing the first few hundred femtoseconds at 19 K.

First, the laser-prepared one-exciton levels are well de-
scribed as threefold-symmetric, delocalized 21-pigment
states, which can be modeled using suitable BChl site en-
ergies and resonance couplings (e.g., in the OKT simula-
tion). This delocalization is fully maintained during the
observation time window.

Second, FMO trimers in the low-temperature glass are
distorted from C; symmetry to such an extent that the site
energies for the corresponding pigments (e.g., BChls 7, 14,
and 21) in different subunits are significantly dispersed (i.e.,
diagonal disorder). The laser-prepared states themselves
may be well described by states similar to the ones consid-
ered in our 7-pigment anisotropy simulations; protein mo-
tions may cause farther localization.

Third, the laser excites 21-pigment states as in the first
scenario, but random protein motions cause localization to
smaller domain sizes during the time window, as is ob-
served in J-aggregates (de Boer and Wiersma, 1990) and in
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the LH2 antenna of purple photosynthetic bacteria (Pullerits
and Sundstrém, 1996). A typical domain may comprise the
seven BChl pigments within one subunit, but it may be
larger or smaller. The domain size would likely depend on
temperature (de Boer and Wiersma, 1990). The second and
third scenarios differ in that the respective sources of exci-
ton localization are static (diagonal disorder) and dynamic
(protein motions). Combinations of these two scenarios are
of course possible.

Our 21-pigment OKT simulations of the 815 — 815 and
825 — 815 nm anisotropies differ grossly from the mea-
sured anisotropies, and thus appear to rule out the first
scenario. Indirect evidence already suggests that FMO ex-
citations at measurable times are not delocalized over the
entire trimer, because FMO trimers from Cb. tepidum at 300
K exhibit a 1.7-2 ps anisotropy component that appears to
have no major counterpart in the one- or two-color isotropic
absorption difference profiles. This component was as-
signed to equilibration among the lowest-energy Q, states in
the respective protein subunits. Similarly, the anisotropy
decay components found at 19 K, which are considerably
decelerated from those at 300 K (Savikhin and Struve,
1996), do not coincide with major isotropic decay-associated
spectral components at that temperature (Buck et al., 1997).

The second scenario appears to be qualitatively consistent
with our anisotropy data. The question arises as to whether
a physically reasonable amount of energy disorder (which is
bounded by the inhomogeneous broadening of the lowest-
energy exciton components of FMO trimers) can cause
significant localization in the laser-prepared stationary
states. We investigated the sensitivity of the one-exciton
wave functions to Hamiltonian symmetry-breaking, by al-
tering the BChl diagonal energies in selected subunits with-
out changing the resonance interactions. In the absence of
symmetry breaking, the lowest-energy nondegenerate exci-
ton component at 824 nm (in which the excitations are
dominated by pigments 6 and 7 in the first subunit and by
the equivalent pigments in the other subunits) exhibits one-
third of the total excitation density (as computed from the
sum of squares of expansion coefficients) in each of the
three subunits. In the degenerate pair of states at 827 nm, the
excitation density in each subunit (summed over those two
states) is likewise one-third of the total. The excitations are
thus fully delocalized among the subunits under C; symmetry.

Symmetry breaking was introduced by applying the di-
agonal energy shifts +50 cm™! to each of the seven pig-
ments in the first subunit, 0 cm™! to the pigments in the
second subunit, and —50 cm ™! to the pigments in the third.
The twofold degeneracy in the 827-nm pair became lifted,
yielding nondegenerate levels at 823, 827, and 830 nm. The
corresponding one-exciton wave functions concentrated 86,
87, and 93% of their excitation densities in the first, second,
and third subunits, respectively (principally on pigments 7,
14, and 21). Such strong localization in the stationary states
is not surprising, as the largest interaction between pigments
in neighboring subunits is only 16 cm™'. These diagonal
energy shifts of *50 cm™' are commensurate with the
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spectral widths of the lowest three exciton components in
the steady-state absorption spectrum, which Lu and Pearl-
stein (1993) modeled using 95 cm™' symmetric Gaussian
functions. These spectral widths are dominated by inhomo-
geneous broadening; the higher-energy exciton components
exhibit considerable lifetime broadening as well (Johnson
and Small, 1991). Excitation of such states in the distorted
FMO trimer will produce anisotropies resembling the ones
simulated above using the 7-pigment model. Realistically
speaking, FMO trimers in a glass will exhibit a distribution
of diagonal energy shifts between subunits and between
pigments within a subunit. In the presence of this disorder,
our calculations suggest that an experiment under 825-nm
excitation will excite a distribution of physically distinct
exciton states, ranging from highly symmetric states for
trimers with essentially threefold symmetry to strongly lo-
calized states for diagonal energy shifts comparable to the
inhomogeneous broadening profile fwhm. If the diagonal
energies of pigments belonging to different subunits are
uncorrelated, the statistics will be dominated by asymmetric
trimers.

The localization was still pronounced when the site en-
ergies in the first and third subunits were shifted by +30
and —30 cm™!; in this case, the resulting exciton compo-
nents at 824, 827, and 829 nm concentrated 76, 74, and 87%
of the excitation density in the first, second, and third
subunits, respectively. Reducing the site energy shifts to
+10 cm™! yielded 825, 827, and 828 nm levels that con-
centrated 50, 48, and 74% of the excitation density in the
respective subunits. Even for 10 cm™' inhomogeneous
broadening, the effects of localization are difficult to ignore.

Such symmetry breaking has major consequences for
exciton simulations of FMO electronic structure. Diagonal
disorder of only a few tens of cm™' exerts a large pertur-
bation on absorption difference anisotropies (cf. the 7- and
21-pigment models discussed above), and it will certainly
influence the steady-state LD and CD spectra as well. Re-
alistic exciton models will clearly require explicit averaging
over inhomogeneous diagonal energy distributions. The
current disagreement between the assignments of BChl di-
agonal energies based on fits to absorption and CD spectra
(Lu and Pearlstein, 1992) and absorption, LD, and singlet-
triplet absorption difference spectra (Giilen, 1996) may
stem in part from the sensitivity of anisotropic spectral
properties to diagonal disorder in the FMO protein.

In separate anisotropy simulations, we considered the
third scenario, where laser-prepared states exhibiting C,
symmetry evolve into 7-pigment states before the probe
pulse ~200 fs after excitation. The computed one- and
two-color anisotropies were numerically small (typically |r|
< 0.1 for the pump-probe wavelengths used) and did not
resemble the ones observed. This comparison is unaffected
by whether optical pump-probe coherence at early times
masks fast (<100 fs) localization from 21- to 7-pigment
states. Such coherence would not alter the initial state prep-
aration (delocalized over 21 pigments) or its influence on
the anisotropy at measurable times.
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SUMMARY

Exciton calculations on symmetric and asymmetric FMO
trimers, combined with absorption difference anisotropy
measurements, suggest that the diagonal energy disorder in
real samples at 19 K is sufficient to cause extensive local-
ization in the laser-excited one-exciton states. Experimental
anisotropies of FMO trimers from Cb. tepidum are incon-
sistent with 21-pigment exciton simulations based on a
threefold-symmetric FMO protein. However, they qualita-
tively agree with a 7-pigment model that assumes that the
laser-prepared states are localized within a subunit of the
trimer. Differential diagonal energy shifts of 50 cm™! be-
tween symmetry-related pigments in different subunits
cause sharp localization in the stationary states. These shifts
are commensurate with the ~95 cm™! inhomogeneous lin-
ewidth of the lowest exciton levels. Experimental anisotro-
pies (and by implication steady-state linear and circular
dichroism) of FMO trimers likely arise from statistical
averaging over widely contrasting values of these observables,
in consequence of their sensitivity to diagonal energy disorder.
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