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Spectroscopy on the B850 Band of Individual Light-Harvesting 2
Complexes of Rhodopseudomonas acidophila |. Experiments and
Monte Carlo Simulations
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ABSTRACT The electronic structure of the circular aggregate of 18 bacteriochlorophyll a (BChl a) molecules responsible for
the B850 absorption band of the light-harvesting 2 (LH2) complex of the photosynthetic purple bacterium Rhodopseudo-
monas acidophila has been studied by measuring fluorescence-excitation spectra of individual complexes at 1.2 K. The
spectra reveal several well-resolved bands that are obscured in the single, broad B850 band observed in conventional
absorption measurements on bulk samples. They are interpreted consistently in terms of the exciton model for the circular
aggregate of BChl a molecules. From the energy separation between the different exciton transitions a reliable value of the
intermolecular interaction is obtained. The spectra of the individual complexes allow for a distinction between the intra- and
the intercomplex disorder. In addition to the random disorder, a regular modulation of the interaction has to be assumed to
account for all the features of the observed spectra. This modulation has a C, symmetry, which strongly suggests a structural

deformation of the ring into an ellipse.

INTRODUCTION

Significant progress has been made in photosynthesis re-
search by resolving the structures of isolated pigment-pro-
tein complexes, especially those that form the building
blocks of the photosynthetic apparatus of purple bacteria.
As more structural data become available, new questions
can be addressed, ranging from details of intermolecular
interactions to the supramolecular organization of the entire
apparatus. In the past few years a significant research effort
was directed toward the investigation of the light-harvesting
2 (LH2) complex of the photosynthetic purple bacterium
Rhodopseudomonas (Rps.) acidophila, stimulated by the
resolution of the three-dimensional structure of this com-
plex (McDermott et al., 1995). The structure was found to
be highly symmetric with C,, ninefold rotational symmetry.

Fundamental aspects of light-harvesting complexes in
general, and of LH2 in particular, are the nature and strength
of the intermolecular interactions and the manifestation of
these interactions in the spectroscopic and functional prop-
erties of the system. From this perspective, LH2 is an
important test case for several reasons. First, reasonable
estimates of the strength of the intermolecular interactions
can be calculated from the structure. Second, there are only
three inequivalent binding sites for bacteriochlorophyll a
(BChl a) molecules, which reduces the ambiguity in the
assignment of site energies and interactions. Last but not
least, phenomena associated with cooperativity of optical
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excitations will be much more pronounced because of the
high symmetry, and thus more easily discernible. As a
matter of fact, the high symmetry of the LH2-type com-
plexes has a dominant effect on the nature and characteris-
tics of the optically excited states (Sauer et al., 1996; Wu
and Small, 1997). For these reasons, the LH2 complex
offers the unique opportunity of directly comparing the-
oretical predictions with experimental spectroscopic
observations.

So far, isolated LH2 complexes have been studied inten-
sively using many different optical techniques; for an ex-
tensive review and discussion, see Sundstrom et al. (1999).
Different methods of steady-state spectroscopy have been
applied to study in detail many aspects of the optical spec-
trum (De Caro et al., 1994; Beekman et al., 1997; Koolhaas
et al., 1997, 1998). In addition, much work was focused on
the excited-state dynamics of LH2 (Hess et al., 1993; Pul-
lerits et al., 1994; Du et al., 1994; Monshouwer et al., 1995;
Joo et al., 1996; Jimenez et al., 1997; Kennis et al., 1997a;
Zhao et al., 1999; Polivka et al., 2000). A recurring theme
in many discussions in the literature is the nature of the
electronically excited states, and in particular the degree of
delocalization of the optical excitation (Monshouwer and
van Grondelle, 1996; Pullerits et al., 1996; Monshouwer et
al., 1997; Chachisvilis et al., 1997; Kennis et al., 1997b;
Novoderezhkin et al., 1999). Despite this considerable ef-
fort, as yet it has proven difficult to analyze this system in
all its detail. This is caused mainly by the pronounced
disorder in these types of systems, which masks details in
the steady-state optical spectra, even at low temperature.
One way to eliminate this complication is to apply the
technique of single-molecule spectroscopy to study individ-
ual LH2 complexes (Bopp et al., 1997; Tietz et al., 1999;
van Oijen et al., 1999a).
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Recently we succeeded in studying individual LH2 com-
plexes at low temperature (van Oijen et al., 1998, 1999a,b,
2000). The spectra observed for the B800 pigment pool of
LH2 provided, for the first time, direct and detailed insight
in the electronic structure of this part of the complex. The
polarization dependence of the narrow lines around 800 nm
indicate a strong localization of the electronically excited
states on the individual BChl a molecules in the B80O ring.
In addition, the spectral heterogeneity could be described as
arising from intracomplex and intercomplex disorder (van
Oijen et al., 2000). On the other hand, the spectra associated
with the B850 pigment pool showed a completely different
behavior. The observed broad spectral lines were interpreted
in terms of an exciton energy level scheme, and the structure
in the B850 band was consistent with the assumption that
the excited states are almost completely delocalized. Fur-
thermore, from the characteristic patterns observed in the
spectra, it was inferred that the LH2 complex in its ground
state is subjected to an elliptical deformation (van Oijen et
al., 1999a).

In a series of two papers, we present a more detailed
analysis of the fluorescence-excitation spectra of the B850
band of single LH2 complexes of Rps. acidophila on the
basis of an exciton model for the excited states of the
circular aggregate of the 18 BChl a pigments. In this paper
we will focus on the experimental observations and how
they relate to the electronic structure. The observed spectral
features can be explained consistently by assuming a ran-
dom disorder of the excitation energy of the individual
pigments and a modulation of the interaction energies with
a C, symmetry caused by a static deformation of the ring
into an elliptical shape. The effect of such an elliptical
deformation on the electronic structure and on the single-
molecule spectra is examined in more detail from a theo-
retical point of view in the accompanying paper (Matsushita
et al., 2001).

THEORY

The basic building block of LH2 is a protein heterodimer,
a3, which binds three BChl @ molecules and one carotenoid
molecule. The LH2 complex of Rps. acidophila consists of
nine of such af3 polypeptide heterodimers. A very pro-
nounced feature of the complex is the fact that, at least in
crystalline form, this complex has a C,, ninefold rotational
symmetry (McDermott et al., 1995). Two BChl a pigment
pools can be distinguished and are labeled B800 and B850,
according to their room temperature absorption maxima in
the near infrared. The B800 ring consists of nine pigments,
which have their molecular plane perpendicular to the sym-
metry axis. The B850 ring consists of nine repeating pairs of
a- and B-bound pigments, which are tightly organized like
the blades of a turbine with their molecular planes parallel
to the symmetry axis (Fig. 1).
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FIGURE 1

Geometrical arrangement of the 27 BChl a pigments of the
LH2 complex of Rps. acidophila. The B800 pigments are depicted in light
gray and the B850 pigments in black. The phytol chains are omitted for
clarity. The complex has a ninefold circular symmetry with the C, sym-
metry axis parallel to the z axis and coinciding with the cylindrical axis of
the complex. Data were obtained from the Brookhaven Protein Data Bank
(1kzu.pdb).

To describe the spectroscopic properties of the B850 ring,
two parameters are important: the site energies of the indi-
vidual B850 pigments and their intermolecular interactions.
With the term “site energy” we indicate the Q, transition
energy of the individual pigments in zero order, i.e., in the
absence of interactions between the pigments. The intermo-
lecular interactions between the B850 pigments can be
calculated from the structure parameters of the C, symmet-
ric ring. The simplest approach is to use the point-dipole
approximation to describe the transition-dipole interaction.
Since the closest distance between the pigments is rather
small, the validity of this approximation may be questioned;
therefore, other approaches have been taken as well. For
example, a point-monopole treatment (Sauer et al., 1996)
and the transition density cube method (Krueger et al.,
1998) were applied to include a spatial distribution of the
transition dipole, whereas quantum-theoretical calculations
were able to take exchange interactions into account (Alden
et al., 1997; Scholes et al., 1999).

The spectroscopic properties of the B850 ring are deter-
mined by its electronic structure. This structure can be
described using the following Hamiltonian for a single
excited Frenkel exciton:

18
H: E (EO,n + AE‘n)|n<n|

n=1

18

+ 2 (Vo + AV)[nyn + 1] + Hoe.]

n=1

18

+ D (Wou + AW [|n)n + 2| + He] (1)

n=1

where E, , denotes the site energies of the individual pig-
ments and V;, and W, are the nearest- and second-neigh-
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bor interactions, respectively. In the present work the interpig-
ment interactions are taken into account up to the second
neighbors. Static disorder gives rise to local variations in the
protein environment of the binding sites, causing a shift AE, of
the site energies for each pigment. Usually, a Gaussian distri-
bution of site energies is used to model this type of diagonal
disorder. Any structural disorder or deformation in the ring will
cause deviations from the perfect C, symmetry and results in a
variation of the interactions, represented by AV, and AW, . This
disorder is referred to as off-diagonal disorder.

In Eq. 1 it is assumed that the different participating
pigments are characterized by only a single electronic tran-
sition. The interactions of the B850 with the B800 pigments
are ignored. This is justified by the fact that the interactions
with the B800 pigments are much smaller owing to the
larger center-to-center distance. In addition, the energy dif-
ference between the respective Q, transitions greatly re-
duces the influence of the B80O ring on the excited states of
the B850 absorption (Sauer et al., 1996). Electron-phonon
coupling is also neglected, i.e., we assume that the optical
spectra are dominated by the 0—0 transition of the O, band
of the B850 pigments. This assumption is not unreasonable
in view of the weak electron-phonon coupling of the B800
pigment, as observed in the fluorescence-excitation spectra
of individual complexes (van Oijen et al., 1999b). Other
BChl a-containing complexes, most notably the FMO com-
plex, also exhibit weak electron-phonon coupling (Vulto et
al., 1999a). Time-dependent exciton localization is not im-
portant at 1.2 K, because the (thermal) phonon population
required for this effect is negligible. Linear electron-phonon
coupling at 1.2 K does play a role in downward transitions
between exciton states, as demonstrated in the case of the
FMO complex (Vulto et al., 1999a). This relaxation process
occurs at a very short, subpicosecond timescale, so that it
may be assumed that the fluorescence originates from the
lowest energy state in the exciton manifold.

In order to take into account the dimerization in the ring,
different site energies and interactions for the a- and B-bound
pigments must be introduced. As a dimer we choose the o3
unit with the tail-tail configuration of the Q, transition-dipole
moments (Sauer et al., 1996) (Fig. 2, top). V; and V, are the
intra- and interdimer nearest-neighbor interactions, and /¥, and
W g are second-neighbor interactions between, respectively, the
a- and B-bound pigments. Due to the slightly different local
environments of the a- and B-bound pigments, the transition
energies for these pigments are very likely to be different. Such
a difference has been pointed out to be important for the
simulation of the circular dichroism spectrum. It was con-
cluded that the a-bound pigments have a higher site energy
than the B-bound pigments, where the difference is about the
same as the average nearest-neighbor interaction (Koolhaas et
al., 1997).

When we include the dimerization in the Hamiltonian of
Eq. 1 and neglect the diagonal (AE,)) and off-diagonal (AV,,
AW,) disorder, the energies of the excited states of the
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FIGURE 2 The upper part of the figure displays schematically the ori-
entation of the transition-dipole moments of the individual BChl a mole-
cules and their mutual interactions. For the unperturbed ring, the following
parameters have been used: £, = 240 cm™ ', Eg;=0cm™ ', /; =250 cm ™,
V.=230cm™ ', W, = Wz = —30cm . All energy scales are in units of
Vave With Vo = (Vi + V,)/2. (a) Simulation of the excited state energies
with different amounts of random diagonal disorder. The site energies are
distributed according to a Gaussian distribution defined by a full width at
half maximum (I') and centered on £, and Eg. Energy values are averaged
over 10,000 iterations. In the lower part of the figure the splittings for the
k = =1 (solid line), k = *2 (dashed line), and k = =3 (dotted line) pairs
are shown. (b) Simulation of the excited-state energies for different am-
plitudes of a cos(2¢) modulation of the interactions between the pigments.
The amplitude of the modulation is V,, 4 for the nearest-neighbor and W, 4
for the second-neighbor interactions, where W4 = —Viod/S- The lower
part of the figure depicts the splitting of the £ = =1, £2, and *3 pairs.

unperturbed aggregate are given by (see Matsushita et al.,
2001):

Ef =E + 2W cos(kd)

+ \[Eopl2 + Wog cos(k®)F + V2 + V2 + 2ViV, cos(kd),
(2)
with
E=(E,+ Ep/2, E.=(E,— Ep),

3)

W= (Wa + WB)/Q, WD‘B = (WD[ - WB)’
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where 6 = 27/9 and k the quantum number ranging from
0, £1,..., *4. E, and Eg are the excitation energies of the
a- and B-bound pigments, respectively. Due to the second-
neighbor interaction, the overall manifold is asymmetric
around E.

The Q, transition-dipole moments of the monomers are
oriented nearly in the plane of the ring structure resulting for
the B850 assembly in a large in-plane component of the
transition-dipole moment, which is concentrated exclu-
sively in the £ = =1 degenerate pairs. The out-of-plane
components of the monomer transition moments give rise to
a small oscillator strength in the nondegenerate £ = 0 level
(Sauer et al., 1996; Alden et al., 1997). Since in the dimer
unit both O, transitions are oriented essentially anti-parallel,
the optical transition to the lower dimer state is strongly
allowed and that to the upper state is almost forbidden (see,
e.g., Cantor and Schimmel, 1980). Consequently, nearly all
the strength is concentrated in the £k = =1 states of the
lower exciton manifold (Sauer et al., 1996; Alden et al.,
1997). The two transition-dipole moment vectors within this
degenerate pair are oriented perpendicular with respect to
each other (Alden et al., 1997).

Random diagonal disorder, caused by stochastic varia-
tions in the protein environment, introduces the term AE, in
Eq. 1, and this has several effects on the exciton manifold
(Dracheva et al., 1996; Monshouwer et al., 1997; Alden et
al., 1997; Hu et al., 1997; Wu and Small, 1998; Freiberg et
al., 1999). First, it causes mixing of the different exciton
levels and redistributes oscillator strength to nearby states,
including the £ = 0 state. Therefore, despite the small
oscillator strength of the & = 0 state, fluorescence of LH2 is
readily observed (Monshouwer et al., 1997). Second, it
modifies the spacing between the exciton levels and re-
moves their pair-wise degeneracy. The latter effect is illus-
trated in Fig. 2 a, where a simulation is shown of the relative
energies of the exciton states as a function of I'/V,,. Here,
I" is the full width at half maximum (FWHM) of an assumed
Gaussian distribution of site energies of the individual B850
molecules and V,,, is the average nearest-neighbor interac-
tion, (V; + V,)/2. This simulation is based on a Monte Carlo
calculation averaged over 10,000 iterations, each with a
random choice of site energies from the Gaussian distribu-
tion. As can be seen in the top part of the figure, diagonal
disorder modifies the exciton level spacing, and changes the
relative energy of all exciton levels. Each degenerate pair is
split with the same value 6F and this splitting increases
linearly for small values of diagonal disorder and nonlin-
early for larger values. This is illustrated in the lower panel
of Fig. 2 a, where oF is plotted for the three lowest degen-
erate pairs of energy states (k = *1, *£2, and =3) as a
function of T'. Other authors reported similar results
(Dracheva et al., 1996; Hu et al., 1997; Freiberg et al.,
1999). When the ratio I'/V,,, is much larger than unity, the
excitation will be localized on an individual pigment. In this
regime, which applies, for instance, to the B800 pigment
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pool, the transition energies are distributed according to a
Gaussian distribution with a FWHM of I'. The transition
from the delocalized exciton to the localized excitation is
implicit in Fig. 2 a.

The random off-diagonal disorder described by the terms
AV, and AW, in Eq. | is caused by the variations in the
dipolar coupling between the BChl a pigments and origi-
nates from irregularities in the orientations and positions of
the individual transition dipoles. Fidder et al. (1991) de-
scribed this kind of disorder by a Gaussian distribution of
the interaction strengths, in the case of J-aggregates. The
effects on the exciton manifold are indistinguishable from
the effects of random diagonal disorder. In our calculations
we limit ourselves, therefore, to random diagonal disorder.

Several experimental observations (Bopp et al., 1999; van
Oijen et al., 1999a) suggest that in the LH2 aggregate a
regular modulation is present in the intermolecular interac-
tions due to a deformation of the ring. Wu and colleagues
(Wu et al., 1997; Wu and Small, 1997, 1998) have analyzed
the effects of such regular modulations on the electronic
structure of LH2. They showed that an arbitrary disorder
could be expressed as a superposition of basis defect pat-
terns, each transforming according to an irreducible repre-
sentation of the C, point group. The four non-totally sym-
metric irreducible representations of the C, point group
correspond to a modulation of the interaction with a peri-
odicity determined by the quantum number &k = 1, 2, 3, and
4. The selection rule for the matrix element of a k = n type
modulation between different & states is Ak = *n, =(9-n).
Thus, the basic modulation that splits the £ = *1 states has
k = 2. Such a modulation can be expressed as a cos(26)
modulation of both the nearest- and second-neighbor inter-
action energies, where 6 corresponds to the angular position
of the pigment in the ring. We thus have

18

H= Z (EO,n + AEH)|I’l><}’l’

n=1

18

+ 2 {Von + Vinoa cos[2¢(n + )1}

X [|n)n + 1] + H.c.]

18

+ E {WO,n + Wmod COS[2¢)(I’Z + 1)]}

n=1

X [|n)(n + 2| + H.c.] 3)

where ¢ = 27/18. V.4 and W, 4 are the amplitudes of the
modulation of, respectively, the nearest- and second-neigh-
bor interactions.

The cos(20), or C,-type of perturbation couples only
exciton states that have a difference of their quantum num-
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ber of Ak = *=2. The dominant effect of this perturbation is
the coupling between the degenerate k = =1 states. Their
degeneracy is lifted and in first approximation the energy
splitting of the low k = =1 pairs is equal to 2(V, .04 T Winod)
(Matsushita et al., 2001). The positions of the £ = *1 states
is further affected by their interactions with the respective
k = =3 levels. However, this effect is much smaller than
the former one due to the energy difference between the £ =
*1 and & = =3 states. This also applies to all the other
interactions between the different £ levels.

In Fig. 2 b, the effect of a C,-type modulation of the
interaction energy on the exciton manifold is depicted as a
function of the amplitude of this modulation. The amplitude
W04 1 taken to be 12% of V.4 based on the assumption
that V.4 and W, 4 scale similarly to V, ,, and W, .. As can
be seen in the top part of the figure, the C,-type modulation
modifies the exciton level spacing in a completely different
manner than the random diagonal disorder (Fig. 2 a). As
expected, the size of the splitting, oF, is largest for k = *=1
and is much smaller for the £k = *£2 and £ = =3 levels (Fig.
2 b, lower panel).

The C,-type modulation also leads to a redistribution of
the oscillator strength among the exciton states. Owing to
the selection rule Ak = *£2, only the low energy k = *£3
states gain significant oscillator strength by their interaction
with the £ = =1 states. Note that a C,-type modulation
alone does not give rise to an extra oscillator strength of the
k = 0 state.

MATERIALS AND METHODS

The LH2 complexes of Rps. acidophila (strain 10050) were prepared as
described elsewhere (Kennis et al., 1997b). Hydrolyzed polyvinyl alcohol
(PVA) (BDH British Drug House, Poole, England; Mw = 125,000) was
purified over a mixed resin in order to remove ionic impurities (Losche et
al., 1987). A polymer-LH2 solution was prepared by adding 1% (wt/wt)
purified PVA to a solution of 5 X 10~'" M LH2 in buffer (10 mM Tris,
0.1% Lauryldimethylamine N-oxide, | mM EDTA, pH 8.0). A drop of this
solution was spin-coated on a LiF substrate by spinning it for 15 s at 500
rpm and 60 s at 2000 rpm, producing high quality films with a thickness of
<1 wm. The samples were mounted in a cryostat and cooled to 1.2 K.

To perform fluorescence microscopy and fluorescence-excitation spec-
troscopy, the samples were illuminated with a continuous-wave tunable
Ti:Sapphire laser. A fluorescence-excitation spectrum of an individual LH2
complex was obtained in two steps. First, a wide-field image was taken of
the sample by exciting at 800 nm and detecting fluorescence at 890 nm
with a CCD camera. From this image a spatially well-isolated complex was
selected. Next, a fluorescence-excitation spectrum of this complex was
obtained by switching to the confocal mode of the setup and scanning the
excitation wavelength, while detecting fluorescence at 890 nm with an
avalanche photodiode. The detection bandwidth was 20 nm.

Since light-induced fluctuations of the fluorescence intensity on a time
scale of seconds were observed (van Oijen et al., 1999a, 2000), the spectra
were obtained by rapidly scanning the whole spectral range and storing the
different traces separately. With a scan speed of the laser of 3 nm/s and an
acquisition time of 10 ms per data point, this yields a nominal resolution of
0.5 cm ™', ensuring that the spectral resolution is limited by the spectral
bandwidth of the laser (1 cm™"). For most spectra about 70 scans were
added. For more experimental details, see van Oijen et al. (1999b).
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To examine the polarization dependence of the spectra, a /4 A plate was
put in the confocal excitation path. For each individual complex six spectra
were obtained at polarization intervals of 30°. A total of 19 complexes was
studied.

The atomic coordinates of LH2 of Rps. acidophila were taken from the
Brookhaven Protein Data Bank (1kzu.pdb). The electronic structure of the
B850 ring of LH2 was approximated using only the lowest (Q,) excited
states of the individual BChl molecules. These Q, transition dipoles were
assumed to be oriented along the axis running through the N;-Ny;; nitrogen
atoms of the BChl. Note that these are the N-Np, nitrogen atoms according
to the crystallographic nomenclature.

To account for the deviation, AE,, of every BChl molecule from the
average transition energy E, the site energies were randomly chosen from
a Gaussian distribution defined by the center energy and a width I’
(FWHM). From experimental studies of the B800 transition energies of
individual LH2 complexes (van Oijen et al., 2000), as well as time-resolved
pump-probe absorption difference spectra of the B850 band (Freiberg et
al., 1999), it appears that we may consider two contributions to the
distribution of site energies for the individual BChl @ molecules. First,
within each complex the 18 BChl a molecules will show variations of their
site energy with respect to the spectral mean for this particular complex
(intracomplex heterogeneity). Second, also the spectral mean for different
complexes will be a distributed parameter (intercomplex heterogeneity). In
order to take this into account, two Gaussian distributions were introduced
defined by their FWHM: I, ., and I . Each complex had its own
spectral mean chosen from the intercomplex distribution, and each BChl its
own site energy from the intracomplex distribution, which was located
around the respective center energy of the intercomplex distribution.

Monte Carlo simulations were performed, using 10,000 iterations to
simulate the behavior of an ensemble of individual LH2 complexes.

RESULTS

In Fig. 3, the fluorescence-excitation spectra of several
individual LH2 complexes are compared. The upper trace
shows the corresponding spectrum taken from a bulk sam-
ple (dashed line) together with the spectrum that results
from the summation of all the spectra measured for indi-
vidual complexes (solid line). The two spectra are in excel-
lent agreement and both feature two broad structureless
bands around 800 nm and 860 nm, corresponding to the
absorptions of the B800 and B850 pigments of the complex.
By measuring the fluorescence-excitation spectra of the
individual complexes, remarkable features become visible
which are otherwise buried under the ensemble average. In
particular, a striking difference between the B800 and B850
bands becomes evident. The spectra around 800 nm show a
wide distribution of narrow absorption bands, whereas in
the B850 spectral region 2 to 3 broad bands are present. The
analysis of the polarization dependence of the intensity of
the B80O lines indicated that the excitations in this manifold
are mainly localized on individual BChl a molecules. A
detailed description of these results can be found elsewhere
(van Oijen et al., 1999b, 2000). In all spectra of the B850
band, two broad absorption lines around 860 nm are ob-
served. For 40% of the complexes these two lines are
accompanied by a weaker transition at higher energy (Fig.
3). By exciting the complexes with linearly polarized light
at different polarization angles, the relative orientation of
the transition-dipole moments associated with the two
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FIGURE 3 Fluorescence-excitation spectra of LH2 complexes of Rps.
acidophila. The top traces show the comparison between an ensemble
spectrum (dashed line) and the sum of 19 spectra recorded from individual
complexes (solid line). For each complex, six individual spectra were
summed that were obtained at different excitation polarizations. The lower
five traces display spectra from single LH2 complexes. All spectra were
measured at 1.2 K at 20 W/em? with LH2 dissolved in a PVA-buffer
solution. The individual spectra were taken from van Oijen et al. (1999a).

prominent absorptions around 860 nm was determined. For
all the complexes studied we found that these transition-
dipole moments were mutually orthogonal (Fig. 4 a). The
high-energy absorption band (Fig. 4 a, complex 3) appears
to be homogeneous, and shows only a slight dependence of
its total intensity on the polarization of the incoming beam.

Fig. 4 b depicts the distributions of the spectral positions
of the three observed transitions. For the red absorption the
distribution is centered at 864 nm. For the transition per-
pendicular to this one, the distribution is centered around
856 nm. The high-energy absorption present in some of the
spectra is distributed around 841 nm, as can be seen in the
lower panel of Fig. 4 b. The corresponding bands in the
single-molecule spectra will be referred to as the 864, 856,
and 841 nm bands, respectively. The average energy sepa-
ration between this last transition and the spectral mean of
the two mutually perpendicularly polarized transitions is
285 * 35 cm™ ', The linewidths of the 864 and 856 nm
absorption bands in the individual spectra range from 50 to
250 cm ™', with an average value of 120 cm™'. This corre-
sponds to a value for the total dephasing time between 100
and 20 fs, in agreement with the ensemble averaged values
reported for the B850 band at low temperature (Vulto et al.,
1999b; Sundstrém et al., 1999).

Biophysical Journal 80(3) 1591-1603

Ketelaars et al.

200

100 |-

8‘3

o

fluorescence (cps)

g
R

300 -

wa | A0

1 L
860 880 820 840 860 880
wavelength (nm)

0. I L
820 840
wavelength (nm)

FIGURE 4 (a) Fluorescence-excitation spectra of the B850 spectral re-
gion of three individual LH2 complexes. For each complex, two spectra
with mutually orthogonal polarization (arrows) of the excitation are shown.
(b) Distribution of the spectral positions for 19 complexes of the three
observed bands. The experimental conditions are the same as in Fig. 3.

The two prominent absorptions around 864 nm and 856
nm (Fig. 4 b) are assigned to the low energy k = *1 exciton
states, which agrees with their mutual orthogonal transition-
dipole moments lying in the plane of the ring. The absorp-
tion around 841 nm (Fig. 4 b) is attributed to higher exciton
states. The splitting of the £ = =1 states, as well as the
appreciable oscillator strength of the higher exciton states, is
ascribed to static energetic disorder in the individual LH2
complexes.

For all complexes we studied so far, it was possible to
find a polarization of the incident excitation light such that
either the 864 or the 856 band could be exclusively ob-
served. Consequently, we conclude that the LH2 complexes
are oriented within the PVA matrix with their C, axis
perpendicular to the plane of the substrate at which the
sample is deposited. This might result from the spin-coating
procedure, which introduces a shear force in the film, in
combination with the thickness of the film (<1 wm) after
evaporation of most of the solvent. PVA layers that were
prepared by simply spreading a drop of the LH2/PVA
solution onto the substrate did not show a high degree of
orientation.

A crucial check for the applicability of the exciton model
to the B850 system would be observation of the £ = 0
exciton state. The fluorescence lifetime of LH2 from Rps.
acidophila is about 1 ns and corresponds to the decay time
of the £ = 0 level. Consequently, a relatively narrow ab-
sorption line is expected for this state. For three out of 19
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complexes, we have indeed been able to observe such a line
on the low energy side of the £k = =1 transitions. Rapid
spectral diffusion smears out this line and hinders its exper-
imental observability. Therefore, we modified the data ac-
quisition in a way similar to that reported earlier (van Oijen
et al., 2000). Repetitive scans of the B850 spectral region
were recorded at a high scan rate (3 nm/s) and stored
separately in computer memory. For each of these scans, the
narrow line was fitted with a Lorentzian by which the peak
position could be determined with reasonable accuracy.
Subsequently, all data scans were spectrally shifted such
that the peak positions coincided and were then added
together. The resulting spectra, shown in Fig. 5, bring out
the £ = 0 transition very prominently because of this cor-
rection for the spectral diffusion effects, although other
parts of the spectra now become mixed up. Given the scan
speed of the laser, only spectral diffusion on a time scale
>200 ms is suppressed. The spectroscopic parameters as-
sociated with the & = 0 transition in these three complexes
are listed in Table 1. The relative oscillator strength of the
transition has been calculated by dividing its intensity by the
total intensity observed in the B850 spectral region. The
energy separation between the average spectral position of
the £ = 0 transition and that of the £k = *1 transitions is
denoted by 8E, and is given for each complex. Despite the
poor statistics, the data in Table 1 suggest that the transition-
dipole moment of the £ = 0 state becomes stronger when
the energy separation, 6E,,, to the k£ = *1 exciton states
increases. This is in qualitative agreement with model cal-
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FIGURE 5 Fluorescence-excitation spectra of the long wavelength part
of the B850 band of three different complexes (1-3), featuring a very
narrow transition at the red wing of the £ = =1 absorptions. The spectra
are obtained by a summation of repetitively scanned spectra at a high scan
rate, where the £ = 0 transitions are aligned before summation to correct
for spectral diffusion (see text). Spectroscopic details are given in Table 1.
The experimental conditions are the same as in Fig. 3.
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TABLE 1 Spectroscopic details of the k = 0 transitions of
the three complexes depicted in Fig. 5

Complex  Spectral position FWHM?* Relative oscillator ~ 8E,
(see Fig. 5) (nm) (cm™ ") strength® (%) (cm™")

1 862.5 10 2 58

859.3 13 9 93

3 864.2 12 10 102

*Transition corrected for spectral diffusion.
fOscillator strength relative to total oscillator strength of the B850 band.

culations on this system (Monshouwer et al., 1997; Alden et
al., 1997; Wu et al., 1997; Freiberg et al., 1999). The limited
statistical information about the £ = 0 state precludes any
further conclusions, although in principle the intensity of
this state provides an independent check of the intracomplex
disorder (Mostovoy and Knoester, 2000).

For the energy separation between the £ = *1 states,
8E. ,, we obtain a distribution centered at 110 cm™'. In
order to ascertain that this splitting is not a matrix-induced
effect, we performed additional experiments with LH2 dis-
solved in glycerol. For this matrix we observed a similar
separation in energy for the two mutually orthogonal ab-
sorptions. Therefore, we conclude that the degeneracy of the
k = *1 exciton states is lifted by an intrinsic effect of the
BChl a assembly.

DISCUSSION

The gross features of the observations can be explained very
well in terms of the exciton model for a circular aggregate
of nine dimers as described above in the Theory section.
The two prominent absorptions at 864 nm and 856 nm (Fig.
4 b) are assigned to the low energy £ = *1 exciton states.
An important basis for this assignment is the observation
that their transition-dipole moments are orthogonal and lie
in the plane of the ring. Further support is found in the
observation of the relatively narrow absorption line at the
low energy side of the kK = =1 bands, which is assigned to
the &£ = 0 exciton level. The absorption around 841 nm (Fig.
4 b) is attributed to higher exciton states. The lifting of the
degeneracy of the £ = =1 states and the appreciable oscil-
lator strength of the higher exciton states are ascribed to a
perturbation of the circular symmetry of the LH2 com-
plexes, which affects the site energies of and the intermo-
lecular interactions between the individual BChl molecules.

To analyze our observations in more detail, we first
consider the effect of random diagonal disorder on the
properties of the exciton levels of the unperturbed ring of
BChl a molecules. Random diagonal disorder in the site
energies of the B850 pigments (Monshouwer et al., 1997;
Alden et al., 1997; Hu et al., 1997; Wu and Small, 1998;
Freiberg et al., 1999) leads to a redistribution of oscillator
strength from the £ = =1 states preferentially to the adja-
cent exciton states, i.e., k = 0 and £ = £2 (Dracheva et al.,
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1996). Consequently, we might assign the absorption
around 841 nm to the k = *2 exciton states. From the
energy separation of 285 cm™ ' between the k = =1 and the
k = =2 states, we can determine the interaction strength
between the pigments using Eq. 2. If we assume that the
second-neighbor interactions are all equal (W, = W = w),
W = —V,./8,and E, = Eg, we obtain a value of 585 =* 35
cm™ ! for the average interaction strength (Vavg)- This value
is much larger than the interactions calculated theoretically
which are found to be in the range of 200 to 400 cm ™'
(Sauer et al., 1996; Alden et al., 1997; Sundstrom et al.,
1999; Freiberg et al., 1999; Scholes and Fleming, 2000). It
appears that these values are relatively insensitive to the
level of sophistication of the calculations. Although there is
some spread in the calculated interaction energies, we con-
clude that assignment of the 841 nm band to the k£ = *2
exciton states leads to a discrepancy between the experi-
mentally determined interaction energy and the calculated
values. In addition to this discrepancy, several other obser-
vations cannot be explained on the basis of purely random
diagonal disorder. First, with the value for the interaction
strength as derived above (V,,, = 585 cm '), a random
disorder of I' ~ 750 cm ™! is needed to explain an average
splitting of 110 cm ™! for the k£ = *+1 states (Fig. 2 a, lower
part). Such a large disorder will lead to a strong broadening
of the exciton manifold (Fig. 2 a, top part), and, as a result,
the spectral width of the simulated ensemble spectrum
would be significantly larger than that of the experimentally
observed absorption spectrum. Secondly, random diagonal
disorder affects all degenerate pairs of the exciton manifold
in the same way (Fig. 2 a). In other words, a diagonal
disorder sufficient to explain the splitting of the £ = *1
states also causes a splitting of 110 cm™ ' for the k = *2,
which is clearly not observed. Therefore, we conclude
that the 841 nm band cannot be assigned to the k = *=2
exciton states and that an alternative explanation for the
observed features of the electronic structure of LH2 must
be considered.

In order to explain the splitting of the £ = %1 exciton
states, we introduce a C,-type modulation of the interaction
between adjacent B850 pigments in LH2, which couples
specifically exciton states that differ by Ak = *2. In addi-
tion to lifting the degeneracy of the k£ = =1 states, it leads
to a transfer of oscillator strength from the £ = =1 to the
k = =3 states. Based on this conjecture, we assign the 841
nm absorption band to the £ = *3 exciton states. From this
assignment we find for the average interaction strength a
value of V., = 240 + 35 cm™ ' which gives V; = 254 + 35
cm ! for the intradimer and ¥, = 225 = 35 cm™ ' for the
interdimer interaction if the ratio V./V; is calculated using
the point-dipole approximation. These values are within the
range of what is currently accepted (Sundstrom et al., 1999).

The C,-type modulation of the interaction lifts the degen-
eracy of the £ = =3 states only in higher order. In view of
the width of the lines and the signal-to-noise ratio of our
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spectra, we are not able to resolve the resulting small
splitting of the £ = %3 band. However, as shown in Fig. 4
a, we do observe a slight polarization dependence of the
intensity of this band.

Another indication for the presence of a C, modulation of
the interaction is provided by the intensity ratio of the 856
nm and 864 nm bands. With purely random disorder, the
average of this intensity ratio would be 1. We observe for
most of the complexes that the intensity of the 864 nm band
is larger than the intensity of the 856 nm band (Fig. 4 a).
This result can be reproduced by assuming a structural
deformation which leads to a C,-type modulation of the
interactions (see Matsushita et al., 2001).

To relate the C,-type modulation of the interactions to the
geometry of the transition moments, we introduce a struc-
tural deformation of the B850 ring. Since the leading term
of the deformation of a circle into an ellipse has the same
cos(26) dependence as the C,-type modulation, we restrict
ourselves to an elliptical deformation in the plane of the
ring. Different arrangements of the 18 pigments on an
ellipse are possible. In the companion paper, three different
arrangements of the 18 pigments on an ellipse are consid-
ered and compared to the experimental observations (Mat-
sushita et al., 2001). It turned out that only one model could
consistently describe the experimental observations. In this
model (Model C in Matsushita et al., 2001), the interpig-
ment distance on the ellipse is modulated in such a way that
it is the longest at the long axis of the ellipse. This arrange-
ment is generated by displacing each pigment along the line
connecting the center of the ring and the position of the
pigment in the unperturbed circle, retaining its geometrical
angle 6. To accommodate the deformation of the ring, the
pigments were reoriented in such a way that the O, transi-
tion moments preserved their angle with the local tangent of
the ellipse. The interpigment interactions were approxi-
mated by a point-dipole interaction.

The effect of the deformation on the exciton states re-
sembles that in Fig. 2 b, indicating that the deformation
predominantly induces a C,-type modulation in Vj, and
Wo.n- The most pronounced effect of the deformation is the
energy splitting of the £k = =1 states which exceeds that of
the k = *£2 and =3 states. To explain a k = *1 splitting of
110 cm ™' a deformation amplitude &7/r, = 7% is required,
where 7, is the radius of the unperturbed ring and the long
and short axes of the ellipse deviate from r, by & (Matsus-
hita et al., 2001). The deformation causes a modulation in
the center-to-center distance between nearest-neighbor pig-
ments with an amplitude of ~0.66 A (=7%). This results in
a modulation of the nearest-neighbor interaction energies
with an amplitude of ~56 cm™' (=22%). To retain the
angle with the overall structure the transition moments had
to be rotated in the xy plane of the complex by up to 7°. A
value of &r/r, = 8% is needed to get an intensity ratio 0.7
between the 856 nm and 864 nm bands (Matsushita et al.,
2001). The mutual orthogonality of the transition-dipole
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moments of the £ = *1 states is not significantly affected
by this deformation, consistent with the experimental re-
sults. Thus, an elliptical deformation of 6r/r, = 7%—8% in
a simple point-dipole approximation explains the major
features of the single-molecule spectra, i.e., 6E., = 110
cm ! for the average k = *1 splitting, the average intensity
ratio of 0.7 between the 856 nm and 864 nm bands and their
mutually orthogonal polarization.

Now we consider the effects of random disorder in addi-
tion to an elliptical deformation. It is seen from the histo-
grams of Fig. 6, @ and b, that the splitting 6E.., and the
intensity ratio of the 856 and 864 nm bands vary from one
complex to the other. Since the C,-type modulation of the
interactions alone would result in the same splitting of the
k = =1 states and of the intensity ratio of the 864 and 856
nm bands for all the complexes, these variations clearly
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FIGURE 6 Comparison between the experimental distributions (%isto-
grams) and numerical simulations (solid squares). The experimental data
refer to the left vertical scale and have been obtained at the same experi-
mental conditions as given in Fig. 3. The numerical simulations refer to the
right vertical scale and are based on the following parameters: £, = 240
em L Eg=0cm ', V;=254cm ', V,=226cm ', W, = —35cm ',
Wg= =25 cm !, amplitude of the elliptical deformation &r/r, = 8.5%. For
more details see text. (a) Energy separation of the two £k = *1 transitions.
(b) Intensity ratio 864/856 of the two k = *1 transitions. (¢) Mutual angle
between the £ = =1 transition-dipole moments. (d) The shape of the B850
ring, with the orientations of the molecular transition moments, with an
elliptical deformation of 6r/r, = 8.5%.
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indicate heterogeneity among the B850 pigments. Such
heterogeneity is caused by random disorder that can exist in
both the site energies of the pigments (random diagonal
disorder) and/or their interactions (random off-diagonal dis-
order). Because 8E .., and the intensity ratio of the k = *1
exciton states are determined by the disorder within one
complex, these disorders should be considered as intracom-
plex disorder. Similarly, it can be expected that the ampli-
tude of the elliptical deformation will be subjected to a
distribution, which should be considered as intercomplex
disorder. Since it is difficult to separate all the different
types of heterogeneity we approximate the description of
the heterogeneity in the B850 band by a two-step procedure.
Firstly, we consider the character of the excited states of the
individual complexes, which we assume to be determined
by intracomplex disorder. In the second step we investigate
the consequences that result for the ensemble of complexes
when intercomplex disorder is taken into account.

To model the individual complexes, we fixed the ampli-
tude of the elliptical deformation to a particular value and
only random diagonal intracomplex disorder was included
in the simulations. The result of these simulations are also
presented in Fig. 6 and compared with the experimental
data. The solid black squares in Fig. 6 a represent the result
of a Monte Carlo simulation of the distribution of 8£.. ;. The
deformation amplitude is ér/r, = 8.5% and the intracom-
plex diagonal disorder (I';,,,) has a FWHM of 250 cm ™', It
appears that the simulation fits the experimental distribution
very well. The center of the distribution is largely deter-
mined by the amplitude of the elliptical deformation, but it
is also influenced by the random disorder. The random
disorder mixes the £ = 0 state with the lower component of
the k = =1 states, by which oscillator strength is transferred
to the £ = O state. At the same time, the lower component
of the k = =1 states shifts to higher energy, making the
separation between the £ = =1 states smaller. Thus, the
center of the 6E., distribution will be shifted to a smaller
value than in the absence of random disorder. Accordingly,
the deformation amplitude derived from the simulation,
which includes random disorder, is slightly larger than the
previously mentioned 7%.

The width of the 6E .., distribution in Fig. 6 a is deter-
mined mainly by the random diagonal disorder. The value
of 250 cm™! sets an upper value for the random diagonal
disorder, because the experimentally observed distribution
includes contributions from other types of heterogeneity,
which are neglected in the simulation. The results of the
simulation of the distribution of the intensity ratio between
the 856 and 864 nm bands is shown by the solid black
squares in Fig. 6 b. In the simulation the intensity of the k =
0 state is included in that of the 864 nm band, since in most
of the complexes the narrow £ = 0 band is hidden under the
broad 864 nm band, and is not distinguishable due to its
rapid spectral diffusion. The simulation gives reasonable
agreement with the experimental distribution. Fig. 6 ¢
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shows the simulated distribution of the angle between the
two transition-dipoles of the £ = =1 states. The geometry of
the 18 Q, transition dipoles in an elliptically deformed ring
with 8r/r, = 8.5% is shown in Fig. 6 d.

The 250 cm™' random diagonal intracomplex disorder
will not only split the £ = =1 degenerate states, but also all
other pairs of degenerate levels. When introducing both
random diagonal intracomplex disorder and a fixed ellipti-
cal deformation, the simulations predict a distribution of
splittings of the k = +3 states centered on 40 cm ™' (results
not shown). These splittings are caused by both the higher
order terms of the elliptical deformation as well as the C;
symmetric component of the random diagonal disorder. In
our experimental data we did not find clear evidence for
such a large splitting. This could have two reasons. First, the
random diagonal disorder is <250 cm ™', since it is very
likely that the LH2 complexes also show a distribution of
amplitudes of the elliptical deformation that will contribute
to the width of the distribution of Fig. 6 a. As a result, the
splitting of the k = +3 states may be <40 cm™'. Second,
the signal-to-noise ratio of the kK = =3 bands in most of the
spectra was relatively poor, making it very difficult to
observe a splitting.

The value of 250 cm™ ' FWHM for the random diagonal
disorder in the B850 band of LH2 in a PVA film is smaller
than the values reported by other authors (Sundstrom et al.,
1999). With this value for the diagonal disorder, some
structure remains in the simulation of the experimentally
observed B850 band of a bulk sample. In Fig. 7, the calcu-
lated and the observed spectra are shown, and it is seen that
the splitting between the two components of the £k = *1
states, induced by the elliptical deformation and random
disorder, is still visible in the simulated curve (dashed line)
in contrast to the observed spectrum. The reason for this
apparent discrepancy is that the value of 250 cm ™' for the
heterogeneity obtained from the &k = 1 splitting reflects
only the heterogeneity within individual complexes (intra-
complex disorder). In order to describe the ensemble spec-
trum, the sample heterogeneity or intercomplex disorder
should also be included (Freiberg et al., 1999; van Oijen et
al., 2000). Such heterogeneity originates from the slightly
different environments of the different LH2 complexes in
the host matrix.

From the distribution of the spectral lines observed in the
B850 band (Fig. 4 b) it is not possible to find an accurate
value for the intercomplex diagonal disorder, since the
spectral positions depend not only on the site energies of the
pigments, but also on their interactions. For the B800 band
this is not the case, since the interactions are relatively weak
compared to the diagonal disorder (van Oijen et al., 1998).
Therefore, a good estimate for the intercomplex diagonal
disorder of the B850 pigments is obtained from the variation
in spectral mean in the B800 band of each LH2 complex.
For the B800 band, a value of 120 cm~ ! FWHM was found
(van Oijen et al., 2000). Taking the same value for the
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FIGURE 7 Comparison between the experimental, low-temperature en-
semble spectrum of LH2 (solid line) and two simulated spectra. The
experimental ensemble spectrum lacks the long-wavelength tail, because of
overlap with the fluorescence detection window. For both simulated spec-
tra the deformation amplitude &7/r, = 8.5%. Dashed line: only intracom-
plex heterogeneity is taken into account. Dotted line: both, intra- and
intercomplex heterogeneity, are included in the simulation, with Iy, =
250 cm ™! and [y, = 120 cm ™', The individual transitions have homo-

inter

geneous Lorentzian line shapes with a width (FWHM) of 100 cm ™' (k #
0) and 10 cm ™' (k = 0). The parameters used for the unperturbed B850
ring are E, = 12,300 cm ™', Eg = 12,060 cm™ ', V; = 254 cm ™', V, = 226
em ', W, = —35cm™ !, Wg = =25 cm .
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intercomplex diagonal disorder of the B850 band, we per-
formed the Monte Carlo simulation of the ensemble spec-
trum. The result is shown in Fig. 7 (dotted line). The
simulation nicely reproduces the experimentally measured
ensemble spectrum, which indicates that both inter- and
intracomplex disorder are relevant.

The direct insight into both the inter- and intracomplex
disorder of an ensemble of single LH2 complex has impor-
tant implications for the discussion on the delocalization
length in these type of systems. Bakalis and Knoester (2000)
discussed the determination of the delocalization length
from the width of the ensemble-averaged absorption spec-
trum. Since the intercomplex disorder does not affect the
delocalization length, whereas it does contribute to the
width of the ensemble-averaged spectrum, this will lead to
an underestimation of the delocalization length through this
method. A similar reasoning applies to the value for the
delocalization length as determined by transient absorption
spectroscopy (Bakalis and Knoester, 1999). In a recent
paper, Mostovoy and Knoester (2000) point out that the
existence of intercomplex disorder gives rise to an under-
estimation of the delocalization length, and they stress the
potential power of single-aggregate experiments to deter-
mine this parameter.

Because the sum of the spectra from the individual com-
plexes and the fluorescence-detected ensemble spectrum are
in very good agreement (Fig. 3, top trace), the individual
complexes studied so far are representative of the com-



Spectroscopy of Individual LH2 Complexes

plexes as studied by bulk fluorescence measurements. The
question arises whether fluorescence detection is selective
for complexes that have a large £ = *1 splitting, i.e., have
a large C,-symmetric component in their overall disorder.

Clearly, the detection method is most sensitive to com-
plexes that have a relatively strong transition-dipole mo-
ment in the k£ = 0 exciton state from which the fluorescence
is emitted. As was already mentioned in the theory section,
the k£ = 0 state gains oscillator strength due to mixing with
the £ = =1 states. Such a mixing is invoked by random
disorder in the system. As was pointed out by Wu and Small
(1997), it is only the C,-symmetric component of this dis-
order that causes the mixing. The splitting of the £ = *1
states is not affected by this component, since these states
can only be split by a C,-type of disorder. 4 priori there is
no correlation between the amplitudes of the C, and C,
components of random disorder. Therefore, no correlation
between the oscillator strength of the £ = 0 state and the
splitting of the &k = =1 states is expected. This is in
agreement with our model calculations, where diagonal
disorder is introduced in the range of 0 < I'/V = 4 (result
not shown). Hence, we rule out the possibility that the
fluorescence detection of single complexes is selective for
those which have a large £ = *1 splitting.

CONCLUSIONS

The results presented in this paper show that single-mole-
cule spectroscopic techniques at cryogenic temperatures can
be applied successfully to elucidate the electronic structure
of photosynthetic pigment-protein complexes. The advan-
tage of the method is that effects of ensemble averaging,
which are typical for conventional forms of spectroscopy,
are eliminated. We conclude that the B850 assembly of
BChl a pigments in LH2 represents a strongly coupled
system, and that the electronic properties are appropriately
described as Frenkel excitons. The observations are consis-
tent with alternating nearest neighbor interaction energies of
254 + 35 cm~ ' and 225 + 35 cm™ !, respectively, with a
distribution of site energies (diagonal disorder) given by a
FWHM of 250 cm '. These parameters imply that the
optical excitations are largely delocalized over the ring of
BChl a pigments (Mostovoy and Knoester, 2000). In addi-
tion to the random diagonal disorder, a C,-type modulation
of the intermolecular interaction must be assumed to ac-
count for the relative intensities and the spectral positions of
the exciton transitions. This modulation is most probably
caused by a structural deformation of the LH2 complex,
which transforms the B850 ring from a circular to an ellip-
tical geometry.

It is not surprising that our experimental results cannot be
interpreted on the basis of an exciton model for a perfect
circular aggregate of nine dimers. Already the ensemble
measurements (Sundstrom et al., 1999) and single-molecule
experiments (Bopp et al., 1997; Tietz et al., 1999; van Oijen
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et al., 1999a) on the spectroscopy of LH2 indicate the
presence of disorder in this system. It is generally believed
that the origin of such disorder is the random variation in the
site energies of the pigments involved (Sundstrém et al.,
1999). However, also random differences in the coupling
between the pigments have been suggested (Sturgis and
Robert, 1997). The randomness of such disorder has very
specific implications for the exciton manifold, but this alone
is not sufficient to describe our experimental observations
consistently. Based on the additional assumption of a C,-
type modulation of the interactions, we suggest that the
B850 ring is transformed from a perfect in-plane isotropic
absorber and emitter into an elliptic one. Other groups have
also found evidence for this anisotropic emitting behavior of
single LH2 complexes at room temperature and low tem-
perature, using either mica plates or polymer films to im-
mobilize the complexes (Tietz et al., 1999; Bopp et al.,
1999). The modulation of the interaction between the pig-
ments most probably is related to a geometrical distortion of
the LH2 ring. Bopp et al. (1999) showed that the anisotropic
behavior of single LH2 complexes at room temperature
could be explained very well by an elliptical deformation of
the LH2 ring, which varies in time. Such a temporal varia-
tion of the ellipticity cannot be observed at 1.2 K, where the
complexes presumably are trapped in local minima of the
potential energy surface, each corresponding to a distinct
orientation of the elliptical deformation.

The reduced symmetry of the isolated LH2 complexes at
low temperature and at room temperature is at odds with the
ninefold symmetry of LH2 in crystalline form. It might be
that the dense packing of LH2 complexes in the crystal
provides a stabilizing force that is absent in the isolated
complexes, as already suggested by van Oijen et al. (1999a).
The question of whether or not the static deformation is
representative for the structure of LH2 in detergent solution
or in membranes remains to be answered. Experiments are
in progress to study this aspect in more detail. Nevertheless,
this does not significantly affect our conclusions about
(static) disorder, the strength of the intermolecular interac-
tions, and the delocalization of optical excitations over the
ring. Static disorder is a result of the variation of site
energies, and this variation depends on very local confor-
mation parameters. The interaction strength is determined
by intermolecular distances and the average of the modu-
lated interactions in our model correspond to that of a fully
symmetric LH2 ring. Delocalization at low temperature (1.2
K) is determined by the degree of static disorder with
respect to the interaction strength. At higher temperatures
thermally induced effects will dominate, and dynamic elec-
tron-phonon coupling will lead to a fast hopping-type mo-
tion of localized excitations. From the present experiments
we have derived a basic framework for the electronic struc-
ture of LH2, and the parameters that we have obtained
should be considered in describing the properties of LH2 at
room temperature in detergent solution as well as in vivo.
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Note: We have recently learned that the results of our numerical simula-
tions of the single LH2 spectra are confirmed by an analysis of the data by
Mostovoy and Knoester (2000). If we translate the parameters used by
these authors to our notation, they find a best fit for an elliptical deforma-
tion of &r/ry ~ 7.5% and T, = 235 cm™'. They also conclude that a
consistent interpretation of the spectra is possible only if intercomplex
disorder is included ([jye, = 150 cm™"). These numbers agree very well
with our numerical simulations. In addition, they estimated the oscillator
strength of the £ = 0 state to be 3.5 to 10% of the total oscillator strength
of the B850 band, which is consistent with our observations.
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