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†Division of Molecular and Cellular Biology, Faculty of Biomedical and Life Sciences, University of Glasgow, Glasgow, United Kingdom;
and ‡Experimental Physics IV and Research Center for Bio-Macromolecules, University of Bayreuth, Bayreuth, Germany

ABSTRACT Rhodopseudomonas palustris belongs to the group of purple bacteria that have the ability to produce LH2
complexes with unusual absorption spectra when they are grown at low-light intensity. This ability is often related to the presence
of multiple genes encoding the antenna apoproteins. Here we report, for the first time to our knowledge, direct evidence that
individual low-light LH2 complexes have a heterogeneous ab-apoprotein composition that modulates the site energies of Bchl
a molecules, producing absorption bands at 800, 820, and 850 nm. The arrangement of the Bchl a molecules in the ‘‘tightly
coupled ring’’ can be modeled by nine ab-Bchls dimers, such that the Bchls bound to six ab-pairs have B820-like site energies
and the remaining Bchl a molecules have B850-like site energies. Furthermore, the experimental data can only be satisfactorily
modeled when these six ab-pairs with B820 Bchl a molecules are distributed such that the symmetry of the assembly is reduced
to C3. It is also clear from the measured single-molecule spectra that the energies of the electronically excited states in the mixed
B820/850 ring are mainly influenced by diagonal disorder.
INTRODUCTION

Purple photosynthetic bacteria have evolved an elegant

system of modular units that make up the light-harvesting

apparatus. These modules consist of pairs of hydrophobic,

low-molecular-weight polypeptides, called a and b (usually

50–60 amino acids long), that noncovalently bind a small

number of bacteriochlorophyll (Bchl a) and carotenoid

(Car) molecules. The modules then oligomerize to produce

the native circular, elliptical, or horseshoe complexes (1).

Most purple bacteria have two main types of complexes:

the core complex (RC-LH1) and the peripheral complex

(LH2). In the photosynthetic membranes, LH2 surrounds

the RC-LH1 complexes in a two-dimensional network (2,3).

The LH2 complex from Rhodopseudomonas (Rps.) acid-
ophila is a nonameric complex (nine a/b units) that contains

27 Bchl a and nine carotenoid molecules (4,5). The Bchl

a molecules are arranged in LH2 into two groups. The first

group consists of nine well-separated monomeric Bchl

a molecules, one for each ab-apoprotein pair. The bacterio-

chlorin rings of this group lie flat within the plane of the

membrane. These Bchl a molecules absorb at 800 nm and

are collectively called B800. Each ab-apoprotein apoprotein

pair also binds two other Bchl a molecules, whose central

Mg2þ are complexed via His residues to the ab-apoprotein

helices. These Bchl a molecules form a closely interacting

ring and collectively give rise to the absorption at 850 nm

(B850). It is now well established that the spatial arrange-

ment of the pigments determines, to a large extent, the

Submitted February 13, 2009, and accepted for publication June 24, 2009.

*Correspondence: gbta18@udcf.gla.ac.uk or juergen.koehler@uni-bayreuth.de

Editor: Janos K. Lanyi.

� 2009 by the Biophysical Society

0006-3495/09/09/1491/10 $2.00
spectroscopic features of the complexes, and that in these

systems collective effects (especially in the case of the

B850 Bchls) have to be considered to appropriately describe

their electronically excited states (6–9). This leads to so-called

Frenkel excitons, which arise from the interactions of the tran-

sition-dipole moments of the individual pigments and corre-

spond to delocalized electronically excited states (10,11).

Since the interaction strength between the individual

pigments can be calculated on the basis of the available struc-

tural data, information about the pigment arrangement within

the LH complexes can be obtained via optical spectroscopy.

From this perspective, the LH2 complex from Rps. acidophila
has served as a cornerstone for the development of a detailed

understanding of structure-function relationships in such

antenna systems (12,13).

Of interest, in some species of purple bacteria, such as

Rps. acidophila or Rps. palustris, the exact spectral positions

of the absorption bands can vary depending on the growth

conditions. When grown under low-light (LL) conditions,

the light-harvesting apparatus of Rps. acidophila strains

7050 and 7750 features an additional peripheral LH2

complex that absorbs at 820 nm (14–16). The ability to

change the type of LH2 in response to growth at different

light intensities is related to the presence of multiple ab-

polypeptides, which are (in the case of Rps. acidophila)

encoded by at least four different ab-apoprotein gene pairs

(16,17). To distinguish the two types of peripheral LH2

complexes, they are often referred to as B800–850 and

B800–820 complexes, or LH2 and LH3. The origin of this

spectral variation results from fine-tuning of the electronic

energy levels of the B850 molecules by interaction with

the protein matrix. In the B800–850 complex, the C3-acetyl
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group of the a-bound B850 Bchl a molecule is hydrogen

(H)-bonded to the aTyr44 residue and the C3-acetyl group

of the b-bound B850 Bchl a molecule is H-bonded to the

aTrp45 residue (14). In contrast, in the B800–820 complex,

the respective residues in these positions, i.e., aPhe44 and

aLeu45, are unable to form hydrogen bonds. Instead the

C3-acetyl group of the aB820 Bchl a molecules is H-bonded

to the aTyr41 residue, and this locks the acetyl group into an

out-of-plane position with respect to the bacteriochlorin

plane. Similarly, the b-bound B820 Bchl a molecule, lacking

any H-bonds, has its acetyl tail in an out-of-plane position

with respect to the bacteriochlorin plane. Rotation of the

acetyl group of the Bchl a molecule into an out-of-plane

position reduces the extent of p-conjugation and results in

a blue shift of the BChl a site energies (18). This then is

reflected in the shift of the absorption band from 850 nm

to 820 nm.

A microscopic understanding of the interplay between

pigment organization and its spectral properties requires

high-resolution structural information. Unfortunately, this

information is only available for very few types of peripheral

light-harvesting complexes, two B800–850 complexes (Rps.
acidophila 10050 (4,5) and Rhsp. molischianum (19)), and

one B800–820 complex (Rps. acidophila 7050 (14)). In

each of these cases the LH2 complexes have a well-defined

apoprotein composition. When cells of Rps. palustris are

grown at HL intensity, they synthesize a standard LH2 com-

plex. However, at LL intensities they produce an LH2

complex with a strikingly different absorption spectrum

(20–23), as illustrated in Fig. S1 of the Supporting Material.

The LL LH2 complex has been studied before, and indeed

a low-resolution model based on crystal diffraction data at

7.5 Å resolution has been described (24). This model

suggests that the complex is an ab-octamer and that each

of its ab-apoprotein pairs binds an extra Bchl a relative to

LH2 from Rps. acidophila. It has also been shown that the

Rps. palustris genome contains five ab-apoprotein gene

pairs (25,26). Moreover, preparations of both HL and LL

LH2 complexes from Rps. palustris contain a complex apo-

protein composition, which raises the question as to whether

its LH2 complexes consist of rings that each contain a

mixture of apoprotein types, as opposed to the homogeneous

case of, e.g., Rps. acidophila (22,27). However, it is difficult

experimentally to distinguish between a mixture of LH2

complexes where each ring is homogeneous but there are

various types of rings present, and where each individual

ring has an inhomogeneous apoprotein composition. It is

interesting to consider the possible effect that rings with a

heterogeneous population of apoproteins might induce,

especially since some of the Rps. palustris apoproteins

have sequences that would change the site energies of the

‘‘B850’’ Bchls from the standard HL energies to ones

more reminiscent of the B820 complex from Rps. acido-
phila. How would such an energetic heterogeneity affect

the absorption properties of LH2? And does such heteroge-

Biophysical Journal 97(5) 1491–1500
neity actually exist? One way to address these questions is

to use single-molecule spectroscopy.

The usefulness of single-molecule spectroscopy as a tool

to unravel the spectroscopic complexities of light-harvesting

proteins has been well demonstrated (28–35). (For reviews

of single-molecule studies on bacterial light-harvesting com-

plexes, see Cogdell et al. (36) and Berlin et al. (37).) In this

study we used fluorescence-excitation spectra (i.e., fluores-

cence-detected absorption spectra) to investigate individual

LL LH2 complexes from Rps. palustris. Our idea was to

investigate whether different classes of single complexes

exist, and to establish whether there is any evidence for spec-

tral properties that can only be explained by rings with

a heterogeneous apoprotein composition.

MATERIALS AND METHODS

Materials

Rps. palustris strain 2.1.6. was grown anaerobically in C-succinate media at

15 mW m�1 at 30�C. The cells were harvested after 120 h by centrifugation

(1248 g, 30 min) and resuspended in 2-[N-Morpholino]ethanesulfonic acid

(20 mM, pH 6.8; Sigma-Aldrich, Steinheim, Germany) containing KCl (100

mM). The harvested cells were broken by three passages through a French

press (9500 psi) in the presence of a little DNAase and MgCl2. The broken

membranes were then sedimented by centrifugation at 184,000 g for 2 h. The

pellet was resuspended and homogenized in Tris-HCl (20 mM, pH 8.0;

Fisher Scientific, Leicester, UK) and its concentration was adjusted to yield

an absorption at B850 of 70 cm�1. The membranes were then solubilized by

the addition of 1% v/v lauryldimethylamine N-oxide (LDAO; Fluka, Stein-

heim, Germany). After the mixture was stirred in the dark at room temper-

ature for 30 min, any unsolubilized material was removed by centrifugation

at 16,000 g for 10 min. The supernatant was then layered onto a sucrose step

gradient. The gradient consisted of 0.8, 0.6, 0.4, 0.2 M sucrose prepared in

Tris-HCl (20 mM, pH 8.0) containing LDAO (0.1% v/v). The gradients were

then centrifuged overnight at 149,000 g at 4�C. The upper pigmented band

contained the LH2 complexes, and the lower pigmented band contained the

LH1-RC complexes. The band containing the LH2 complexes was collected

and purified on a DE-52 cellulose column (Whatman, Maidstone, England).

The purity of the LH2 complex was determined by calculating the ratio

between the absorption maximum at B800 and the maximum at the protein

absorption (A260). Fractions with a ratio > 3.0 were collected for spectro-

scopic analysis.

For single-molecule spectroscopy, the purified LL LH2 complexes were

diluted to <10�9 M in Tris-HCl buffer (20 mM, pH 8.0) containing 0.1%

LDAO. In the last dilution step, 2% (w/w) polyvinyl alcohol (PVA, mw

30,000–70,000 g mol�1) was added to the LL LH2 and a drop of the solution

was spin-coated onto a quartz substrate for 10 s at 500 rpm and 60 s at 2,500

rpm (model P6700; Specialty Coating System, Indianapolis, IN). This

produced thin, amorphous polymer films of <1 mm thickness in which the

LH2 complexes were embedded. Then the sample was immediately

mounted in a helium-bath cryostat and cooled down to 1.4 K.

Low-temperature microscopy

Fluorescence-excitation spectroscopy was performed with the use of an in-

house-built microscope that could be operated in either wide-field or

confocal mode. The excitation source was a continuous-wave tunable tita-

nium-sapphire laser (3900S; Spectra Physics, Mountain View, CA) pumped

by a frequency-doubled continuous-wave neodynium:yttrium-vanadate

(Nd:YVO4) laser (Millennia Vs; Spectra Physics). Well-defined changes

in the wavelength of the Titanium:Sapphire laser were achieved by rotating
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the intracavity birefringent filter with a motorized micrometer screw. For

calibration purposes, a wavemeter was used, and the accuracy of the laser

frequency and a reproducibility of 1 cm�1 were verified. First, a 50 �
50 mm2 wide-field image of the sample was taken by exciting the sample

at 800 nm and detecting the fluorescence with a back-illuminated CCD

camera (512 SB; Roper Scientific Princeton Instruments, Trenton, NJ) after

the light passed through suitable bandpass filters (BP893/21; Dr. Hugo

Anders, Nabburg, Germany), which blocked the residual laser light. Subse-

quently, a spatially well-isolated complex was selected from the wide-field

image and a fluorescence-excitation spectrum of this complex was obtained.

The setup was switched to the confocal mode and the fluorescence was de-

tected by a single-photon counting avalanche photodiode (APD, SPCM-

AQR-16; EG&G Optoelectronics, Vaudreuil, Canada) while the laser was

scanned repetitively between 784 and 872 nm. The recorded traces were

stored separately in computer memory. With a scan speed of the laser of

3 nm $ s�1 (z50 cm�1 s�1) and an acquisition time of 10 ms per data point,

this yields a nominal resolution of 0.5 cm�1, ensuring that the spectral reso-

lution is limited by the spectral bandwidth of the laser (1 cm�1). To examine

the polarization dependence of the spectra, a l/2-plate was put in the

confocal excitation path and rotated in steps of 3.2� between two successive

scans, changing the angle of polarization of the excitation light by twice that

value. The excitation intensity was ~50 W cm�2.

RESULTS

The fluorescence-excitation spectra of several individual LL

LH2 complexes from Rps. palustris are shown in Fig. 1.

The top trace shows, for comparison, the fluorescence-excita-

tion spectrum taken from an ensemble of LL LH2 complexes

(gray line) together with the spectrum that results from the

summation of the spectra of 31 individual LL LH2 complexes

(black line). The two spectra are in reasonable agreement,

indicating that the selected individual LL LH2 complexes

are a fair statistical representation of the ensemble. The

ensemble spectrum shows two broad bands centered at

11,684 cm�1 (856 nm) and 12,524 cm�1 (798 nm) with

widths (full width at half-maximum (FWHM)) of 353 cm�1

and 174 cm�1, respectively. The peak intensity of the B850

band is about three times lower than that of the B800 band,

which agrees with previously published absorption spectra

obtained both at room temperature and at 77 K (23).

By measuring the fluorescence-excitation spectra of the

individual complexes, as shown for three examples in the

lower traces of Fig. 1, we can visualize remarkable features

that are obscured in the ensemble average. Around

12,500 cm�1 (800 nm), the spectra show a distribution of

narrow absorption bands, with linewidths (FWHM) below

10 cm�1, whereas around 11,750 cm�1 (850 nm) a few broad

bands, with linewidths (FWHM) on the order of 160 cm�1,

are present. This observation is reminiscent of the situation

for LH2 from Rps. acidophila. However, in striking contrast

to the single-molecule spectra from LH2 from Rps. acido-
phila, we find that ~90% of the individual LL LH2

complexes from Rps. palustris show an additional broad

band in the B820 spectral region. The peak position of this

band varies between 12,048 cm�1 and 12,288 cm�1 (center

of mass at 12,206 cm�1) and its linewidth covers the range

between 31 cm�1 and 158 cm�1 (average 79 cm�1).
To analyze the spectral bands from the individual LL LH2

complexes in more detail, we recorded the fluorescence-exci-

tation spectra as a function of the polarization of the incident

laser excitation. The excitation spectra were recorded in

rapid succession as the polarization of the excitation light

was rotated by 6.4� between two consecutive scans. An

example of this protocol is shown in the top part of Fig. 2 A
in a two-dimensional representation in which 410 individual

scans are stacked on top of each other. The horizontal axis

corresponds to photon energy, the vertical axis to the indi-

vidual scans (or equivalently to the polarization of the exci-

tation), and the detected fluorescence intensity is coded by

the gray scale. The sum spectrum of these scans is presented

at the bottom of Fig. 2 A. The pattern shown at the top of

Fig. 2 A clearly reveals the polarization dependence of the

FIGURE 1 Low-temperature (1.4 K) fluorescence-excitation spectra of

LH2 complexes from LL Rps. palustris 2.1.6. The top traces show the spec-

trum from an ensemble (gray line) and the spectrum that corresponds to the

sum of 31 spectra from individual LH2 complexes (black line). The lower

three traces display typical fluorescence-excitation spectra from individual

LH2 complexes. The spectra have been averaged over all polarizations of

the incident laser field. The bars indicate the spectral positions of the 800,

820, and 850 nm bands, respectively. The excitation intensity was 50 W

cm�2. The vertical scale is given in counted photons per second (cps).
Biophysical Journal 97(5) 1491–1500
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FIGURE 2 Fluorescence-excitation spectrum from an

individual B800–820/850 LH2 complex from Rps. palust-

ris as a function of the polarization of the excitation light.

(A) (Top) Stack of 410 individual spectra recorded consec-

utively. Between two successive spectra, the polarization

of the incident radiation has been rotated by 6.4�. The hori-

zontal axis corresponds to the photon energy, the vertical

axis corresponds to the scan number (or equivalently to

the polarization angle), and the intensity is coded by the

gray scale. The excitation intensity was 50 W cm�2.

(Bottom) Spectrum that corresponds to the average of the

410 consecutively recorded spectra. (B) (Top) Expanded

view of the fluorescence intensity of the four bands

(B1–B4) marked by the arrows in the lower part as a func-

tion of the polarization of the incident radiation (dots)

together with cos2-type functions (black) fitted to the

data. (Bottom) Two fluorescence-excitation spectra from

the stack that correspond to mutually orthogonal polariza-

tion of the excitation light.
absorptions in the B850 region. This becomes even more

evident in Fig. 2 B. At the bottom of Fig. 2 B, two individual

spectra are shown on an expanded energy scale. The spectra

were obtained for mutually orthogonal polarizations of the

excitation light. For simplicity, we refer in the following to

the absorptions in the B820/850 region as B1, B2, B3, and

B4, in order of increasing photon energy, where B stands

for band. The angle of the polarization that yields the

maximum intensity for the band B1 was set arbitrarily to

0� and provides the reference point. For this particular com-

plex, we find the absorption bands B1, B2, B3, and B4 at the

peak positions of 11,562 cm�1, 11,727 cm�1, 11,874 cm�1,

and 12,150 cm�1, and the linewidths are 174 cm�1,

125 cm�1, 187 cm�1, and 52 cm�1, respectively. The top

part of Fig. 2 B shows the fluorescence intensity of the

four bands as a function of the polarization of the excitation

light (dots). This variation is consistent with a cos2 depen-

dence (black line).

From such experiments, we can determine the energetic

separation (DE) between B1 and the other bands, as well

as the relative angle (Da) between the transition-dipole mo-

ments that are associated with them. The distributions of

these parameters for the full data set of 28 complexes are

shown in histograms (Fig. 3). The energetic separation

between the bands B1 and B2 varies between 62 cm�1 and

342 cm�1 and is centered at ~174 cm�1 (Fig. 3 A). The distri-

bution of the mutual orientation of the transition-dipole

moments that are associated with the B1 and B2 bands

increases to a maximum at ~90� (Fig. 3 D). The energetic

separation between B1 and B3 is distributed between

230 cm�1 and 491 cm�1, with a maximum at ~361 cm�1

(Fig. 3 B). The distribution of relative orientations of the

transition-dipole moments that is associated with B1 and

B3 decreases from a maximum value at ~10� when going
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to larger angles (Fig. 3 E). The distribution of the energetic

separation between B1 and B4 is between 430 cm�1 and

670 cm�1 and is centered at ~550 cm�1, whereas the distri-

bution of the relative orientations of the transition-dipole

moments associated with B1 and B4 shows a slow decrease

from a maximum value at ~20�.

DISCUSSION

When the single-molecule spectra obtained with HL B800–

850 complexes from both Rps. palustris and Rps. acidophila
are compared with those recorded from LL LH2 complexes

from Rps. palustris, both common and strikingly different

features can be observed. In the spectral region around

12,500 cm�1 (800 nm), all three types of complexes show

narrow bands. These narrow bands have been well explained

and arise from essentially monomeric weakly interacting

Bchl molecules (B800 manifold) (32,38–40). The single-

molecule spectra in the region of ~11,600–12,250 cm�1

(815–860 nm) differ greatly between the LL and HL

complexes. The HL complexes show two and sometimes

three broad bands in the 850 nm region. Previous studies

have shown that these broad bands arise from excitonic inter-

actions among the strongly coupled B850 Bchls (7,30,41).

All of the LL complexes studied here show broad bands

not only in the 11,750 cm�1 (850 nm) region, but also in the

12,200 cm�1 (820 nm) region. They appear to have a mixed

composition that gives rise to exciton bands in both the 850

and 820 nm regions. In an effort to explain these differences,

we performed a series of simulations to try to understand the

structural features that are required to accurately reproduce

the experimental data.

The general approach used to describe the electronically

excited states of the B850 LH2 ring is based on a model
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FIGURE 3 (Top) Distributions of the energetic separa-

tions DE observed between (A) B1 and B2, (B) B1 and

B3, and (C) B1 and B4. (Bottom) Distributions of the

mutual angles Da between the transition-dipole moments

that are associated with (D) B1 and B2, (E) B1 and B3,

and (F) B1 and B4.
Hamiltonian using the Heitler-London approximation

(41,42):

H ¼
XN

n¼ 1

ðE0 þ DEnÞjnihnj þ
1

2

XN

n¼ 1

X

msn

Vnmjnihmj; (1)

where N refers to the number of Bchl a molecules; jni and

jmi correspond to excitations localized on molecules n and

m, respectively; and (E0 þ DEn) denotes the site energy of

pigment n. Due to local variations in the protein environment

of the binding site, there is a separation of the individual site

energies into an average, E0, and a deviation from this

average, DEn, which is commonly termed diagonal disorder.

This energetic disorder is usually modeled by a Gaussian

distribution of site energies. As the simplest approach to

evaluate the dependence of the interaction on the distance

and the mutual orientation of the pigments, we used

a dipole-dipole type function (43):

Vnm ¼ V0

knm

r3
nm

; (2)

where knm denotes the usual orientation factor, and rnm is the

distance between pigments n and m. The coupling strength

V0 was set to 135,072 cm�1 Å3 (43). Two limiting cases

for the dipolar interaction can be distinguished: weak cou-

pling jV=DEj << 1, and strong coupling jV=DEj >> 1. In

the case of the B850 Bchls, there is strong coupling due to

much larger interaction energy (Vnm) compared to the differ-

ence in their site energies (DEnm). As a result of this, the

eigenfunctions of the Hamiltonian (Eq. 1) are given by the

combinations of the excited-state wavefunctions of the indi-

vidual pigments.

In the case of both the 9-mers (HL LH2s from Rps. acid-
ophila 10050 and Rps. palustris) and the 8-mer (LH2 from

Rhsp. molischianum), the energy scheme of the excited-state

manifold of the B850 ring was constructed by combining
symmetric or antisymmetric linear combinations of the local-

ized wave functions of the ab-dimers in such a way that they

formed the basis for the irreducible representations of the C9

and C8 pure-rotational point groups, respectively (7). As pre-

viously described for the C9-symmetry case, the symmetric

and antisymmetric manifolds consist of one nondegenerate

(k ¼ 0) and four doubly degenerate (k ¼ 51, 52,., 54)

exciton states (7). The corresponding C8-symmetry case

has the (k¼ 0, 51, 52, 53, 4) exciton states. To determine

which exciton states are involved in giving rise to the meas-

ured bands B1, B2, B3, and B4, we calculated the absorption

spectra by Monte Carlo simulations, treating the diagonal

disorder as a random variable. This simulation was carried

out for both 9-mer and 8-mer possibilities. Typical examples

of the simulated spectra of individual realizations of the

disorder are shown in Fig. 4. The first simulated spectrum

of an LL LH2 complex was obtained by introducing diag-

onal disorder into the circular 9- and 8-mer models

(Fig. 4, A and D). For simplicity, the site energies of B850

Bchl a dimers were set according to the previously deter-

mined site energies of LH2 from Rps. acidophila (E0

(aB850) ¼ 12,300 cm�1 and E0 (bB850) ¼ 12,060 cm�1)

(42). The random diagonal disorder is taken from a Gaussian

distribution with a width of Gintra ¼ 160 cm�1, where Gintra

stands for intracomplex heterogeneity (41). Within each

complex, the 18 or 16 Bchl a molecules will show variations

of their site energies with respect to their spectral means. In

the case of a 9-mer ring, this simulation produces a sharp

band from the k ¼ 0 state, broad bands from the k ¼ 52

states, and broad bands from the k ¼ 51 states, which are

split in energy and feature mutually orthogonal transition-

dipole moments (Fig. 4 A). In the 8-mer ring, only a sharp

k ¼ 0 band and the two orthogonally polarized k ¼ 51

bands are present (Fig. 4 D). In Fig. 4, B and E, this simula-

tion was extended by inserting the expression

DEn ¼ DE
ð0Þ
n þ Emodcos½2fðnþ 1=2Þ� for the site energies.

Biophysical Journal 97(5) 1491–1500



1496 Brotosudarmo et al.
A D

B E

FC

FIGURE 4 Examples for simulated absorption spectra

for an individual LH2 complex (solid line). The spectra

correspond to a single realization of the disorder. The

calculated energies of the exciton states have been dressed

by a Lorentzian with a width of 5 cm�1 for the k ¼ 0 state

and a width of 130 cm�1 for all other exciton states (dashed

lines). Simulations A–C (left) are based on a nonamaric

structure, and simulations D–F (right) are based on an

octameric structure. The simulations vary with respect to

the type of diagonal disorder: (A and D) random diagonal

disorder taken from a Gaussian distribution of width

160 cm�1 (FWHM); (B and E) random diagonal disorder

as in A and D, with an additionally correlated diagonal

disorder; (C and F) like B and E, additionally using B820-

like-pair (E0(aB820)¼ 12,860 cm�1, DE¼ 260 cm�1) and

B850-like-pair (E0(aB850) ¼ 12,300 cm�1, DE ¼
240 cm�1) randomly distributed site energies across the

ring assembly. For more details see text.
Here DE
ð0Þ
n refers to the random diagonal disorder chosen

from the Gaussian distribution described above, and

Emodcos½2fðnþ 1=2Þ� introduces an additional correlated

modulation of C2-type symmetry into the site energies of

the pigments, where f ¼ 2p=N and N refers to the number

of the pigments in the ring (42). When this modulation is

taken into account, the 9-mer model shows a sharp k ¼ 0

band, broad orthogonally polarized k ¼ 51 bands, and

broad k ¼ 52 bands. Furthermore, although the k ¼ 53

states gain significant oscillator strength, but they have no

observable splitting. Though the k ¼ 52 bands do con-

tribute, it is apparent that the overall spectrum of the 9-mer

model is dominated by the contributions of the k ¼ 0,

k ¼51, and k ¼53 states. In the case of the 8-mer model,

a sharp k ¼ 0 band, broad orthogonally polarized k ¼ 51

bands, broad k ¼ 52 bands, and k ¼ 53 bands are also

present. The splitting of the k ¼ 53 bands is clear in the

8-mer model. The overall spectrum of the 8-mer model is

dominated by the k ¼ 0, k ¼ 51, and k ¼ 53 states.

There is strong evidence from mass spectroscopic analysis

of LL LH2 polypeptides from Rps. palustris that this LL

complex contains multiple types of ab-polypeptides (T. H. P.

Brotosudarmo, A. Gall, V. Moulisova, A. T. Gardiner, and

R. J. Cogdell, unpublished results). The sequence of some of

these polypeptides features changes for key amino acids

shown to be involved in H-bonding to the Bchl a macro-

cycles of the strongly coupled ring of Bchls in LH2. This

heterogeneity raises the possibility that some of these Bchl

a molecules may have quite different site energies. In other

words, some may have site energies characteristic of B850

and some may have ones characteristic of B820. Therefore,

the simulation was extended to introduce two different site

energies—E0 (aB850) ¼ 12,300 cm�1, E0 (bB850) ¼
12,060 cm�1 (B850-pair) (42); and E0 (aB820) ¼ 12,860

cm�1, E0 (bB820) ¼ 12,600 cm�1) (B820-pair) (44)—for

the Bchl a-pairs in which the B850- and B820-pairs of
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Bchl a are randomly distributed in the ring (Fig. 4, C and

F). In this case the 9-mer model shows the gain of the oscil-

lator strength of all of the exciton states (Fig. 4 C). The bands

at 11500 cm�1 (870 nm) and 11700 cm�1 (855 nm) are due

to the k ¼ þ1 and k ¼ �1 states, respectively. The k ¼52

bands are obscured under the k ¼ �1 band. Although the

splitting of the k ¼ 53 and k ¼ 54 states are seen, the

k ¼ þ3 and k ¼ þ4 bands are the most intense. The overall

features of the simulated spectrum (solid line) from the

9-mer model are dominated by the k ¼ 0, 51, þ3 and þ4

states (dashed lines) and is blue-shifted compared to the

case shown in Fig. 4 B. In the case of the 8-mer model,

the simulated spectrum is identical to that of the 9-mer

(Fig. 4 F).

When the absorption spectra of the simulations are

compared with the experimental spectrum of the LL LH2

(Fig. 2), it can be seen that the traces in Fig. 4, A, B, and

D, are not consistent with the experimental data. The simu-

lations presented in Fig. 4, C, E, and F, however, all are in

reasonable agreement with the experimental spectrum.

Simulations with a 9-mer model can only account for the

experimental spectrum if two different site energies for

Bchl a-pairs are considered (Fig. 4 C). If this model

describes the situation properly, then the experimentally

measured bands B1, B2, B3, and B4 can be assigned to

the k¼þ1,�1,þ3, andþ4 states, respectively. Simulations

with an 8-mer model produce agreement with the experi-

mental data both when different site energies for the pairs

of Bchl a molecules are taken into account and when they

are not. If the model in Fig. 4 E provides a proper description

of the experimentally determined situation, then the B1, B2,

B3, and B4 bands in the experimental data can be assigned to

the k ¼ þ1, �1, �3, and þ 3 states, respectively. If, on the

other hand, the model that corresponds to the simulation

shown in Fig. 4 F is appropriate, then the B1, B2, B3, and

B4 bands can be assigned to the k¼þ1,�1,þ3 and 4 states,
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FIGURE 5 Comparison of the energetic separations of

bands B1–B4 with the separations of the respective exciton

states (left) and the mutual orientation of the associated

transition-dipole moments (right) as predicted from Monte

Carlo simulations for 2000 realizations of the disorder for

the models shown in Fig. 4 E (open circles), Fig. 4 F

(open triangles), and Fig. 4 C (solid squares).
respectively. Therefore, it is unclear at this stage which of the

underlying models that led to the simulations presented in

Fig. 4 represents a realistic approximation for describing

the structure of the LL LH2.

To distinguish among the three different options presented

in Fig. 4, C, E, and F, we considered the extra experimental

spectroscopic information that is available (see Fig. 3), i.e.,

the energetic separation of the spectral bands and the mutual

orientation of their transition-dipole moments. Therefore, we

compared the experimental histograms with the parameters

calculated from the respective simulations for 2000 realiza-

tions of the energetic disorder (Fig. 5, circles, triangles,

and black squares). Using the 8-mer model represented by

Fig. 4 E, it can be seen that the simulated distributions of

DE and the mutual angle between the transition-dipole

moments of the k ¼51 states can be reproduced; however,

the simulated distributions of the energetic separations

between k ¼ þ1 and k ¼ �3, as well as between k ¼ þ1

and k ¼ þ3, with maxima around 200 cm�1 and 400 cm�1

are not (Fig. 5). Moreover, the simulated distribution for

the mutual angle between the transition-dipole moments of

the k ¼ þ1 and k ¼ �3 states is even worse, with a broad

maximum covering the range from 40� to 60�. Simulations

based on the 8-mer model represented by Fig. 4 F are able

to satisfactorily account for the distribution of the simulated

mutual angles between the transition-dipole moments of the

k ¼ 51 states (Fig. 5). However, these simulations also

do not satisfactorily reproduce the distributions of the angles

between the transition-dipole moments of the k ¼ þ1

and k ¼ 4 states. Simulations based on the 9-mer model rep-

resented by Fig. 4 C show quite good agreement with the

distribution of all three mutual angles (Fig. 5). However,

there is a significant though smaller (compared to the

two 8-mer models) mismatch between this simulation and

the distribution of energetic separations, DE (k ¼ þ1 and

k ¼ þ3) and DE (k ¼ þ1 and k ¼ þ4).
At this stage, it appears that the 9-mer model is able to

more closely account for the experimental data. The LL

LH2 complexes from Rps. palustris have at least four types

of a-polypeptides (T. H. P. Brotosudarmo, A. Gall, V. Mou-

lisova, A. T. Gardiner, and R. J. Cogdell, unpublished

results). One, the ad-polypeptide, has phenylalanine and

methionine residues at positions 44 and 45 (25,45). The other

polypeptides have tyrosine and tryptophan residues at these

positions. The presence of H-bonding residues at positions

44 and 45, such as tyrosine and tryptophan, correlates with

B850-type site energies, whereas if non-H-bonding residues,

such as phenylalanine and methionine, are present, it corre-

lates with B820-like site energies. Shifting in the site energy

of one a-bound Bchl a will also affect the nearest-neighbor

b-bound Bchl a. Therefore, we extended the simulations

using this additional information. The parameters of the

coordinate arrangement of the Bchls for this simulation were

taken from the crystal structures of the B800–850 and B800–

820 LH2 complexes (see Table S1 and Fig. S2). The site

energies of the a-bound-B820-like Bchl a molecules E0

(aB820) was set to be 12,640 cm�1, whereas the b-bound-

B820-like Bchl a molecule E0 (bB820) was 12,400 cm�1.

The position of the B820-like pairs was randomly distributed

(Fig. 6). The simulation based on this model, though not

perfect, shows closer agreement with the experimental distri-

bution of energetic separations DE (k ¼ þ1 and k ¼ þ3).

Again, the match to the distributions of the mutual angles

of the respective transition-dipole moments between (k¼þ1

and k¼þ3) and (k¼þ1 and k¼þ4) is good. We extended

this simulation further by systematically setting fewer B820-

like site energy pairs. However, none of these simulations

yielded an improved reproduction of the experimental data

(data not shown).

Next, the effect of a symmetrical arrangement of these

B820-like site energies was tested. Six B820-like site ener-

gies were distributed symmetrically with respect to the
Biophysical Journal 97(5) 1491–1500
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FIGURE 6 Extended simulations based on the model

shown in Fig. 4 C, i.e., a nonameric structure with random

and correlated diagonal disorder and multipolypeptide com-

position. The B820-like-pair site energies of E0(aB820) ¼
12,640 cm�1 with DE ¼ 250 cm�1 and the B850-pair site

energy of E0(aB850)¼ 12,300 cm�1 with DE¼ 240 cm�1.

The positions of the B820-like pairs are randomly distributed.
threefold axis in the ring. The other 12 Bchl a molecules

were given B850-site energies. This simulation yielded the

best agreement between the simulations and the experi-

mental data that we found (Fig. 7), but only when we

introduced a rather high intracomplex heterogeneity, Gintra,
at 320 cm�1. This value is significant higher than that previ-

ously reported for the B800–850 LH2 of Rps. acidophila
(Gintra ¼ 250 cm�1) (41,42). This may be a consequence

of having individual rings with a heterogeneous polypeptide

composition.
FIGURE 7 (Top) Model structure featuring six 820-like-

pair Bchl a molecules (dashed lines) distributed in C3

symmetry around the ring. (Bottom) Comparison of the

experimental data with the results from Monte Carlo simu-

lations (2000 realizations) for the nonameric structure as

shown in the top part, taking random and correlated diag-

onal disorder into account (black squares). The site ener-

gies of the pigments were chosen as detailed in Fig. 6.

The intracomplex heterogeneity (Gintra) is 320 cm�1. The

full and dashed lines in the top part of the figure indicate

the B820-like (dashed) and B850 (full) site energies.

Biophysical Journal 97(5) 1491–1500
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It has been suggested that some species of purple bacteria

may contain LH2 complexes in which rings of multiple sizes

coexist (3). To test whether various mixtures of rings of

different sizes could satisfactorily account for our experi-

mental data, we added together simulations for the best

8-mer, 9-mer, and 10-mer models in a number of different

combinations. None of these ‘‘addition’’ simulations pro-

duced satisfactory agreement with the experimental data

(data not shown). Though it is not possible to claim that

our simulations can provide definitive proof of the structure

of the LL LH2 complex from Rps. palustris, they do strongly

favor both a nonameric model and one in which the assembly

has multiple apoprotein types within a single LH ring. It is

also worth pointing out that the absorption spectrum of the

native LL LH2 complex from Rps. palustris studied in this

work is not the same as that of the B800-only LH2 complex

used in the structural studies mentioned above (46). We do

not understand why this is so, but we have never been able

to isolate an LL LH2 complex from Rps. palustris that has

the spectrum described by Hartigan et al. (24). Photosyn-

thetic bacteria such as Rps. palustris have a very complicated

set of control mechanisms that can modify which of the

multigene family of LH2 ab-gene pairs are expressed

(25,26,45). These differences, therefore, may reflect varia-

tions in the growth conditions and laboratories in which

the bacteria were cultured.

CONCLUSIONS

The single-molecule spectra reported here can only be satis-

factorily explained by assuming that the individual LL LH2

complexes from Rps. palustris contain a heterogeneous poly-

peptide composition. Multiple types of ab apoproteins

coexist in the same individual complex, producing individual

rings, with Bchl molecules having both B820-like and B850-

site energies. The simulations described above strongly rein-

force this conclusion. The experimental data can best be

modeled by taking an arrangement of the Bchl a molecules

in the mixed B820/850 ring of nine ab Bchls dimers, where

in six ab-pairs the Bchl a molecules have B820-like site

energies and are distributed around the ring in such a way

that the symmetry of the nonameric assembly is reduced to

C3. The high intracomplex disorder reflects the heterogeneity

in the polypeptide composition.
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