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Combined topographic, spectroscopic, and model
analyses of inhomogeneous energetic coupling of
linear light harvesting complex II aggregates in native
photosynthetic membranes†

Suneth P. Rajapaksha, Yufan He and H. Peter Lu*

Light harvesting by LH1 and LH2 antenna proteins in the photosynthetic membranes of purple bacteria has

been extensively studied in recent years for the fundamental understanding of the energy transfer

dynamics and mechanism. Here we report the inhomogeneous structural organization of the LH2

complexes in photosynthetic membranes, giving evidence for the existence of energetically coupled linear

LH2 aggregates in the native photosynthetic membranes of purple bacteria. Focusing on systematic model

analyses, we combined AFM imaging and spectroscopic analysis with energetic coupling model analysis to

characterize the inhomogeneous linear aggregation of LH2. Our AFM imaging results reveal that the LH2

complexes form linear aggregates with the monomer number varying from one to eight and each

monomer tilted along the aggregated structure in photosynthetic membranes. The spectroscopic results

support the attribution of aggregated LH2 complexes in the photosynthetic membranes, and the model

calculation values for the absorption, emission and lifetime are consistent with the experimentally

determined spectroscopic values, further proving a molecular-level understanding of the energetic coupling

and energy transfer among the LH2 complexes in the photosynthetic membranes.

Introduction

The conversion of light energy to chemical energy in photo-
synthetic bacteria starts at the membrane protein complexes, light
harvesting complexes and reaction centers, activating the entire
photosynthesis pathway.1–4 The photosynthetic membrane of
purple bacteria contains two types of protein complexes involving
in light harvesting: the Light Harvesting Complex I (LH1) and the
Light Harvesting Complex II (LH2).5,6 LH2 complexes are present
in variable amounts, absorbing light energy. The energy received
by LH1 complexes from the LH2 complexes is ultimately trans-
ferred to the reaction centers3,7–9 to initiate the charge separation
and charge transport across the membrane, which complete the
initial photosynthesis process.5,6

In LH1, 32 bacteriochlorophyll (BChl) units are arranged in a
ring or a fragment of a ring structure surrounding the reaction

center, and are responsible for the absorption at 875 nm
wavelength.10 LH2 complexes of most species including
Rhodopseudomonas acidophila contain a symmetric ring of nine
subunits4,6,11,12 and each subunit consists of two transmembrane
helix proteins (a-polypeptide in the inside and b-polypeptide in
the outside of the ring), one carotenoid and three BChls
(Fig. 1A).12 The BChls are arranged to form a tightly packed ring
and a loosely packed ring (Fig. 1B). The tightly packed ring of the
LH2 complexes contains 18 vertically oriented BChls with o1 nm
center-to-center distance between adjacent pigments and is
responsible for intense absorption at around 850 nm.10,12 The
loosely packed ring has 9 BChl pigments which are oriented
parallel to the plane of the membrane and absorbed at 800 nm
wavelength.6,12 The intra-protein arrangement of the BChls of
LH2 and LH1,6,13–16 as well as the ultrafast energy transfer among
intra-BChls and inter-BChls17,18 have been extensively studied; in
contrast, however, the structural arrangement of LH2 complexes
in the native photosynthetic membranes and energetic coupling
between LH2 complexes are yet to be fully analyzed and under-
stood. The aggregation of light capturing antenna protein
complexes in the photosynthetic membrane helps in transfer
of the excitation energy to the reaction center.19–21 The stripe
and circular arrangements of LH2 around LH1 have been

Department of Chemistry and Center for Photochemical Sciences, Bowling Green

State University, Bowling Green, OH 43403, USA. E-mail: hplu@bgsu.edu;

Fax: +1 419-372-1840

† Electronic supplementary information (ESI) available: Experimental details,
sample preparations, and additional AFM images showing linear aggregates of
LH2 proteins in the photosynthetic membranes of different bacterial species. See
DOI: 10.1039/c3cp43582b

Received 10th October 2012,
Accepted 18th February 2013

DOI: 10.1039/c3cp43582b

www.rsc.org/pccp

PCCP

PAPER



This journal is c the Owner Societies 2013 Phys. Chem. Chem. Phys., 2013, 15, 5636--5647 5637

proposed to describe the structural arrangement of LH2
complexes and LH2–LH1 coupling in the photosynthetic
membranes.1,22–25 In recent years, the nanometric spatial
arrangement of LH2 complexes in the photosynthetic mem-
branes has been studied extensively by Atomic Force Micro-
scopy (AFM).5,26–31 We have previously reported: (1) AFM
imaging observations of linear aggregation of the LH2 com-
plexes in the native photosynthetic membranes, (2) spectral red
shift in absorption and emission of LH2 complexes in photo-
synthetic membranes,32 and (3) spectral fluctuations associated
with energy transfer among the LH2 complexes in the photo-
synthetic membranes.33 Nevertheless, the aggregation of LH2 com-
plexes has not been systematically analyzed in order to reveal the
nature of the LH2 energetic interactions prior to this current work.

LH2 antenna proteins are responsible for absorbing light
energy for photosynthesis, and efficient intra- and inter-molecular
energy transfers of LH2 complexes are important for the overall
efficiency of the light harvesting mechanism. Extensive advance-
ments have been made in analysis of the intramolecular energy
transfer ultrafast dynamics in LH1 and LH2 in recent years; whereas,
there is still lack of experimental analysis of intermolecular
energy transfer dynamics, especially among the LH2 molecules in
the photosynthetic membranes. The difficulties are due to the
complexities in the relation of the energy transfer dynamics with
the local environments in the membranes. Therefore, combined
topographic measurements and spectroscopic analyses are helpful
to dissect the structure regulated inter-LH2 energy transfer pro-
cesses in light harvesting photosynthesis membranes. In this article,
we report the existence of energetically coupled, linearly aggregated
LH2 complexes by correlating the AFM topographic imaging and
spectroscopic measurements with aggregate energetic coupling the-
oretical model calculation to characterize the nature of LH2 aggre-
gation in the native photosynthetic membranes.

Experimental section

The details of the bacterial growth, the sample preparation for
the AFM imaging and the spectroscopic measurements were

reported earlier32,33 and are also listed in the ESI† (Fig. S1 and S2).
Briefly, AFM images were recorded in the tapping mode under
ambient conditions. A closed-loop multipurpose AFM scanner
(Agilent 5500 SPM Microscope, Agilent technologies) and an
ultra-sharp AFM tip (Mikromasch) with 0.6 N m�1 spring
constant and B75 kHz resonant frequency were used in the
measurements with the line scanning frequency of 1–2 Hz for a
512 � 512 pixels2 image.

In spectroscopic measurements, the samples were excited
using a 795 nm pulse laser (100 fs pulses at a repetition rate of
76 MHz, Ti:sapphire laser system, Mira 900, Coherent) with an
average incident power of 3–4 mW. The images of single
membrane fragments of LH2 were recorded using an inverted
confocal microscope (Axiovert-200, Zeiss). A dichroic mirror
(815 dclp, Chroma Technology) was used to direct the laser
beam to the sample via a high numerical aperture objective
(1.3 NA, 63�, oil immersion, Zeiss). The sample was spin-
coated, and raster scanned with respect to the laser focus by
using an x–y electropiezo closed-loop scanning stage (H100,
Mad City Lab). The emitted fluorescence was collected by the
same objective before filtering from a long pass filter
(HQ825LP, Chroma Technology). For both imaging and lifetime
measurements, two Si avalanche photodiode single photon
counting modules (APDs) were used as detectors (SPCM-AQR-14,
PerkinElmer, for imaging and SPDM, Micro Photon Devices,
for lifetime measurements). The fluorescence images (100 �
100 pixels2) were acquired by continuous raster scanning of the
sample at a rate of 4 ms per pixel.

The ensemble-averaged absorption spectra were recorded
using a VARIAN Cary 50 Scan UV-Visible Spectrophotometer
and the emission spectra were recorded using a Quantamaster
NIR Fluorometer (Photon Technology International).

The membrane fragments from several photosynthetic
bacterial species, Rhodobacter sphaeroides (strain 2.4.1 and
strain ATCC17025) and Rhodospirillum fulvum, were studied
and the linearly aggregated LH2 complexes in the membrane
were observed in both species (ESI,† Fig. S2–S4). The membrane
fragments of the photosynthetic organelles tend to form folded
particles with curved structures in solutions or on untreated
glass surfaces.2 In our experiments, the fragments are spread
out on a mica surface to have a single layer of membrane LH2
complexes for AFM imaging analysis. To ensure the spreading
of a monolayer on the substrate surface, the membrane fragments
in solution are spread on a freshly cleaved MgCl2 treated mica
surface and rinsed with buffer to remove possible multilayers of
membrane patches (the detailed description of sample preparation
is given in ESI†). Although all the examined bacterial species show
the existence of the linear LH2 aggregates in the photosynthetic
membranes, we focus our study on the membrane fragments from
the wild-type Rhodobacter sphaeroides (strain 2.4.1).

Energetic coupling in LH2 aggregates

The AFM and spectroscopic observations of LH2 in the bacterial
photosynthetic membrane allow us to develop an energetic coupling
model by combining experimental characterization and a simple
dipole–dipole coupling theory related with J type aggregates.

Fig. 1 The structure of the Rhodopseudomonas acidophila LH2 complex
(Protein Data Bank ID 2FKW). (A) The top view of the LH2 complex. The polypeptides
are shown in green. The BChls are shown in red line style with porphyrins in orange
color plates. Carotenoids are shown in purple. (B) The pigment arrangement in the
LH2 complex (protein parts are not shown for clarity). The white color solid line circle
represents the B850 pigment ring and the yellow color dashed line circle represents
the B800 ring. Carotenoids are shown in purple. The molecular graphics are
developed with Visual Molecular Dynamics (VMD).34
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The specific experimental results involving the data analytical
model are (1) the small tilting angle of the aggregated LH2
complexes in the biological membrane measured by our AFM
imaging analysis; (2) the spectral red shifts in the absorption
and emission of the membrane LH2 complexes; and (3) the
distribution of the LH2 protein numbers involving in the linear
aggregates.

The transition dipole interactions of the energetically
coupled aggregates lead to the excited state energy splitting
that is associated with the energy gap between the ground and
excited states, eventually deciding the direction of the spectral
shift, i.e., red or blue shifts.35 Depending on the spectral
shifting direction, the molecular aggregates can be categorized
into two types: J aggregates with a red spectral shift and H
aggregates with a blue spectral shift.35–39 Using the point dipole
approximation, J and H type aggregates are defined by the
angle between the direction of the transition dipole moment
and the plane of the molecular aggregate.35 When the angle is
less than 54.81, the excitonic coupling becomes negative and the
aggregate behaves as a J type aggregate showing a red spectral
shift for absorption and emission (Fig. 2A1), and when the angle
is higher than 54.81, the aggregate shows a blue spectral shift for
both absorption and emission behaving as a H type aggregate
(Fig. 2A2). These two aggregate types have been extensively
studied over the last several decades using various technical
approaches to characterize the nature of aggregates.40–45

Generally, the inter-LH2 van der Waals interactions of linear
LH2 aggregates are concentrated at the junctions between LH2
complexes making the electronic overlap small (Fig. 2B1) so

that the individual characteristics of each LH2 complex are
preserved. Hence, electronically interacting LH2 complexes can
be treated by neglecting the interactions at interfaces and
focusing only on the interactions of transition dipole–dipole
between the LH2 complexes that are responsible for coherent
delocalization of excitons over the aggregate. There is a major
difference between the intra-LH2 chromophore dipole–dipole
coupling (Fig. 2B2) and the inter-LH2 (between the overall
dipoles of adjacent LH2 proteins) dipole–dipole coupling. The
intra-LH2 transition dipole–transition dipole coupling is strong
and has been widely studied; whereas, the inter-LH2 transition
dipole–dipole coupling is significantly weaker and can be better
studied using our topographic, spectroscopic, and theoretical
modeling study approach (ESI,† S5 and Fig. S1). Furthermore,
the tilted card pack configuration of the LH2 complexes in our
model structural configuration (Fig. 2B3) ensures both the
required angle for resonant dipole–dipole interactions and
the distance between two molecules for necessary strength
of the interactions.46 Dipole interactions have been reported
as the major type of interaction in deciding the coupling
strength and the energy of the excitation band of the J aggre-
gated structures.47 Although the transition dipole–dipole inter-
actions of molecules in the J aggregates delocalize the excitons
over the aggregate, using the typical Förster theory to explain
the rate of energy transfer is not necessarily sufficient, and an
alternative or a modified Förster mechanism for the energy
transfer process has been reported extensively.48–51

To understand the energy transfer coupling among the LH2
proteins in the photosynthetic membrane, we develop an
aggregate energetic coupling model based on experimentally
measured structural configuration associated with the energetic
coupling between LH2 molecules for delocalization of excitons and
long range energy transfer. Fig. 2B3 shows the tilted card pack
model of two LH2 complexes in a linear array and parameters used
for aggregate energetic coupling and spectroscopic calculation.
The tilting angle (y) is the angle between the direction of the
transition dipole moment (the combined transition dipole
moment of all the BChls in a LH2 complex) and the plane of the
LH2 aggregate. Sauer et al. comprehensively explained the details
of the transition dipole moments of nanomeric LH2 structures.52

Briefly, the arrangement of the 9 subunits in a LH2 complex brings
the symmetry of the system to C9 (Fig. 2B). Although the LH2
molecules have 27 excitonic states generated from 27 BChls, the
C9 symmetry of the LH2 complexes has significantly reduced the
complexity of the absorption spectrum. Out of the 27 transitions, 3
are non-degenerate in energy and the other 24 form 12 degenerate
pairs. However, only three of the degenerate pairs show non-zero
dipole strengths. The intensity of the absorption is shared among
three transitions (one non-degenerate and two degenerate). The
degenerate transition moment vectors (25.43 Debye (D) and
18.80 D) are in the plane perpendicular to the C9 axis and the
non-degenerate transition with 3.250 D magnitude positions
along the C9 axis. It has been identified that the dominant
transition dipole moments in the spectral region are aligned
perpendicular to the common axis.52 Therefore, the highest
transition dipole moment (25.43 D) was assigned to the

Fig. 2 Conceptual sketches of the energetic couplings. (A) Two types of mole-
cular aggregations. The plane of the molecular aggregate is shown with a dashed
arrow and the directions of the transition dipole moment are shown with solid
arrows. (A1) Molecular arrangement of J aggregates and (A2) Molecular
arrangement of H aggregates. (B) The interactions of intra and inter LH2
complexes and the model of the aggregated LH2 complexes in the photo-
synthetic membrane. (B1) The interactions at the junctions of neighboring LH2
complexes (red). (B2) The intra-LH2 interactions (B850 ring (blue) and B800 ring
(cyan)). (B3) The model for the arrangement of LH2 complexes in a linear
aggregate. The interaction reported in this work is transition dipole–transition
dipole (m) interaction. The adjacent LH2 complexes in an aggregate are tightly
packed and the distance between the centers of the LH2 complexes (r) is
determined to be 7 nm. The tilted angle (y) of the LH2 complexes from the
plane of the membrane is 4 � 21 according our AFM topographic imaging results.
The transition dipole moment (m) with highest magnitude is tilted by y angle to
the plane of the membrane (the position of the m in the figure is used only for the
illustration purposes).
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absorption peak with the highest intensity at 848 nm. Our AFM
imaging analysis reveals the tight packing of the LH2 com-
plexes in an aggregate, and specifies the distance between the
centers of two neighboring LH2 complexes to be 7 nm and the
tilted angle (y) of the transition dipole (m) along with the LH2
complexes from the plane of the membrane to be 4 � 21,
showing an agreement with the reported values.31,53

Most of the following calculations are essentially based on
the typical aggregate energetic coupling theory.35 The coupling
constant (J) of two molecules (i and j) can be determined by
using the point dipole approximation when the distance
between i and j is sufficiently high.

Jij ¼
mimj

4pe0er3
ð1� 3 cos2yÞ (1)

Where mi and mj are the transition dipole moments of i and j
molecules in coulomb meters (Cm). e0 is the permittivity of free
space (8.854 � 10�12 C2 N�1 m�2). e is the dielectric constant of
the medium and is considered to be 2.5 for the surrounding
lipid medium of the LH2 complexes.54,55 r is the distance
between the centers i and j in meters. y is the angle between
the transition dipole moment and the plane of the aggregated
structure in degrees.35 Since the mi, mj and y values for identical
monomers are constants with the length of an aggregate that
are in an identical environment, the amplitude of the coupling
constant is determined by the center-to-center distance (r)
between i and j.

The maximum wavelength of the absorption of purified
LH2 complexes is 848 nm and the excitation energy can be
calculated by using the Planck–Einstein relationship.

DEex ¼ hc

l
(2)

DE ex is the excitation energy in Joules (J), h is the Planck
constant (6.626 � 10�34 Js), c is the speed of light in m s�1

and l is the absorption wavelength in meters. The excitation
energy of an aggregate can be obtained by the following
relationship between the excitation energy of the monomers
and the coupling constants of an aggregate.

DE ex
agg ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
DEex2 þ 4DEex

X
jai

Jij

q
� DE ex þ 2

X
jai

Jij (3)

DEex
agg is the excitation energy of an aggregate.
The emitted power, dE=dt

� �
fl

, of a molecule is given from
the equation below.

dE

dt

� �
fl

¼ 1

t

� �
DEem ¼ 2

3

q2

m

4p2n02n̂
4pe0c3

� �
DEem (4)

Where t is the fluorescence lifetime in seconds (s) and DEem is
the emitting energy in Joules (J). The emission wavelength of
the purified LH2 complexes is 866 nm and the emitting energy
can be calculated using eqn (2), q is the charge, m is the mass,
n0 is the frequency, n̂ is the refractive index of the medium (1.46

for lipid medium56,57). (q2/m) and n0 can be set to
q2

m
¼ 2DEex

�h2
m2

and n0 ¼
DEex

h
, where DEex is the excitation energy, m is the

transition dipole moment for excitation, and �h ¼ h=2p. If each
oscillator (each LH2 complex) in the aggregate has the same
oscillating amplitude, then the system of oscillators, N, can be
considered as a single oscillator with mass Nm and charge Nq
with oscillating frequency of nagg. By considering the entire
aggregate as a point dipole, eqn (4) can be rewritten as:

dE

dt

� �agg

fl

¼ 1

tagg

� �
DEem

agg ¼
2

3

ðNqÞ2

Nm

4p2nagg2n̂
4pe0c3

 !
DEem

agg (5)

The emission is always sensitive to the fluorescence quantum
yield, f, and if nagg D n0, the lifetime of the aggregate, tagg is;

tagg ¼ f
1

N
t (6)

The experimentally measured fluorescence quantum yield of
LH2 is 0.14.58,59

To calculate the emission wavelengths of aggregated LH2
complexes in the photosynthesis membrane, the transition
dipole moment for emission needs to be determined. The total
time-averaged radiated power, P, of an oscillating dipole60,61 is
given by,

P ¼ o4mem
2

12pe0c3
(7)

where mem is the transition dipole moment of the emission, o is
the angular frequency and can be replaced by 2pn where n is the
normal frequency. Then eqn (7) becomes,

P ¼ 16p4n4mem2

12pe0c3
(8)

Eqn (4) can be rewritten by using the relationships in eqn (2)
(with the emission terms) and eqn (6) as follow:

dE

dt

� �
fl

¼ fhn
Ntagg

: (9)

The combination of eqn (8) and eqn (9) (both equations
calculate the emitted power of an oscillating dipole) gives a
relationship for the transition dipole moment of the emission.

mem
2 ¼ 3e0c3fh

4p3n3taggN
(10)

The emission wavelength of the aggregated LH2 was calculated
using eqn (3) and eqn (2) after calculating the coupling constant
for the emission using eqn (1).

Results and discussion

In this work, we conduct AFM imaging and spectroscopic
analysis with aggregate energetic coupling theoretical calculations
to confirm the existence and characterize the spatial arrangement
of the LH2 linear aggregates in the photosynthesis membrane.
The linear aggregation of LH2 complexes in photosynthetic
membranes was previously reported by Lu and co-workers.32

Fig. 3A shows an AFM tapping-mode image of the photosynthetic
membrane of Rhodobacter sphaeroides (strain 2.4.1) and the tightly
packed ring-shaped structures, which have been previously
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identified32 and are further verified in this work as linearly
aggregated LH2 complexes. The linear aggregates are formed
with a variable number of LH2 complexes ranging from one
to eight. The population densities of the aggregated LH2
complexes with different lengths are determined by counting
each aggregated LH2 complex in the recorded AFM images of
the native photosynthetic membrane (Fig. 3B). The population
distribution of the aggregates in the membrane reveals that
the aggregates with five LH2 complexes have the highest
occurrence in the photosynthetic membrane. The monomer
(non-aggregated LH2) to the hexamer aggregates are the most
common types while the heptamer and the octamer also exist in
low population densities. By examining the height topographic
profile along an aggregate, we observe that the LH2 complexes
in an aggregate are monotonically tilted by an angle of 4 � 21
(Fig. 3C) to the plane of the membrane, which is generally
identical for most of the aggregates. The edge-to-edge distance
of a LH2 complex along the plane of the membrane is 7 nm
and the interspace distance between two neighboring LH2
complexes is reasonably small and negligible due to the tight
packing of LH2 complexes in an aggregates.

We have carefully confirmed that the linear aggregation
feature of LH2 in the membrane is not due to the sample
preparations and AFM imaging artifacts, but the intrinsic
spatial arrangement within the membranes. This attribution

is based on the following evidence: (1) the lower density (LD)
membrane samples obtained from the strong light preparation
show significantly diluted protein distribution density in the
membranes; however, the LH2 proteins in the LD membranes
still show linear aggregation, although more spatial separation
among the linear aggregates is observed.32 The evidence that
both high density (HD) and LD membranes show similar linear
aggregation suggests that the aggregation is not due to spatial
congestion of the individual LH2 proteins in the membranes.
(2) The random orientations of the linear aggregates (Fig. 3A)
indicate that the aggregation is not due to rinsing of the sample
by the buffer solution. (3) Our previous and present observation
of spectroscopic red shift in adsorption and emission and
shorter lifetime components indicate the presence of coupling
between LH2 molecules. Based on the evidence, we conclude
that the linear aggregation is an intrinsic property of the LH2
proteins in the membranes, at least for the studied species, and
the aggregation due to the protein–protein interaction is
important for an efficient energy transfer process in the photo-
synthetic membranes.

We have conducted spectroscopic studies of LH2 complexes
to identify the existence of aggregated LH2 in the photo-
synthetic membrane (Fig. 4) by obtaining and analyzing the
absorption and the fluorescence spectra of purified LH2 and
membrane fragments of wild-type Rhodobacter sphaeroides

Fig. 3 Atomic Force Microscopic (AFM) analysis of the fragments of the membrane obtained from Rhodobacter sphaeroides (strain 2.4.1). (A) An AFM tapping mode
image of the photosynthetic membrane. The circular structures are identified as the LH2 complexes and the linear aggregation is clearly observable. (B) Population
distribution of LH2 aggregates in the photosynthetic membrane. The distribution is obtained from counting the numbers of the LH2 involved in each aggregate from
the AFM image in A. (C) Height amplitude variation of the monotonically tilted LH2 complexes in an aggregate.
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(strain 2.4.1). The wavelength at the maximum of the absorp-
tion profile of purified LH2 is 848 nm. Whereas, in the
membrane LH2, the maximum is 2.0 � 0.2 nm red shifted
than that of the purified LH2 (Fig. 4A). The fluorescence
maximum of membrane LH2 peaks at 895 nm, about 30 nm
red shift from the fluorescence maximum of purified LH2
(866 nm) (Fig. 4A). The fluorescence spectrum of the membrane
LH2 shows a small shoulder at 866 nm indicating the presence
of non-aggregated LH2 complexes in the membrane in addition
to the aggregated complexes. The 30 nm red shift of the
emission maximum implies that the energetic coupling of the
LH2 complexes in the photosynthetic membrane, which lowers
the transition energy by delocalizing the electronic interaction
among the whole aggregated structure, is a typical consequence
of aggregation associated energetic interaction.

The fluorescence lifetimes measured from the membrane
fragments also suggest the existence of energetically coupled
aggregated LH2 complexes in the photosynthetic membranes.
Fluorescence confocal images (Fig. 4B) are recorded in order to
measure the lifetime of single fragments of photosynthetic
membranes. The lifetime is measured on each bright spot and
each spot represents a single membrane nanoscale fragment.

The recorded lifetime decay curves (Fig. 4C) show bi-exponential
decays for all of the recorded membrane fragments, which
suggest the presence of at least two different structures of LH2
complexes in the photosynthetic membrane. The histograms of
magnitudes of the fast and slow components of the bi-exponential
decays are shown in Fig. 4D and E4. The Gaussian fitting of each
histogram gives the maxima at 71� 2 ps and 303� 5 ps for the fast
and slow decay components, respectively. The slow component is
in the same time scale with the lifetimes of the purified LH2
complexes and the reported values,62,63 and the fast component
can be attributed to the aggregated LH2 in the membrane.

We have calculated the absorption, emission and lifetime of
each aggregated state of the LH2 complexes by using our
aggregation energetic coupling model analysis discussed in
the above calculation section. The experimentally recorded
absorption and emission wavelengths of the purified LH2
complexes are assumed to be similar to the non-aggregated
LH2 complexes in the membrane. The energy of the transition is
calculated using eqn (2). After calculating the coupling constant
(Jij) of each aggregated state from eqn (1), the energy of the
transition for each aggregated state is calculated using eqn (3)
and is converted to wavelength from eqn (2). The following

Fig. 4 Steady-state spectroscopic analysis of the membrane LH2 complexes. (A) Absorption of the purified LH2 (black solid line), absorption of the membrane LH2
(black dashed line), fluorescence spectra of purified LH2 (green line) and fluorescence spectra of membrane LH2 (red line). (B) Fluorescence image (15 mm � 15 mm) of
the membrane LH2. Each bright spot represents a single membrane fragment with aggregated and/or non-aggregated LH2 complexes. (C) Fluorescence lifetime trace
measured from a single membrane fragment (grey squares) and the bi-exponential fitting of the decay (black line). (D) Distribution of the fast component of the
lifetime and (E) distribution of the slow component of the lifetime. Gaussian fittings of the distributions are shown with the black solid line.
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equation is derived from eqn (4) to calculate the fluorescence
lifetime of the non-aggregated LH2 complexes in the membrane.

t ¼ 3h4e0c3f

16p3ðDEexÞ3m2n̂
(11)

Then the calculated lifetime is used in eqn (6) in order to
calculate the lifetimes of aggregated structures. The transition
dipole moment for emission is determined from eqn (10) before
calculating the emission transition energies for the aggregated
LH2 complexes.

All the calculated values of the absorption and emission
wavelengths and lifetime for the aggregated LH2 complexes in
the photosynthetic membrane are summarized in the Table 1,
and the relationship of these data sets are presented in Fig. 5.

The calculated result of the fluorescence lifetime using
aggregate energetic coupling theory35 supports the attribution
of the existence of the aggregated LH2 complexes in the
photosynthetic membrane. The calculated non-aggregated
LH2 lifetime is 288.30 ps (Table 1) which is close to the

experimentally determined value of the slow decay component,
303 � 5 ps. Since the AFM images show the tetramers and the
pentamers as the highest populated aggregates in the
membrane (Fig. 3B), the aggregate energetic coupling model
predicts that the fast component of the lifetime decays is about
72.07–57.66 ps. Supporting this prediction, the experimentally
measured lifetime for the fast component is 71� 2 ps indicating
that the model of the aggregation of LH2 complexes is close to
the native structural arrangement of the LH2 complexes in the
photosynthetic membrane.

We have also calculated the absorption and emission
spectral maxima of the aggregated LH2 complexes using the
aggregate theoretical model. The experimentally observed
absorption (848 nm) and emission (866 nm) maximum values
of the purified (non-aggregated) LH2 are used as the starting
parameters to calculate the absorption and the emission peak
wavelengths of the aggregated LH2 complexes. The experi-
mental absorption maximum of the membrane LH2 is
850 nm while the calculated absorptions for the aggregated
LH2 complexes are ranging from 849.09 nm to 856.80 nm
(dimer to octamer). The population distribution of the aggre-
gated LH2 complexes in the membrane suggests that the
maximum absorption of the photosynthetic membrane appears
around the tetramer and pentamer absorptions since they have
the highest occurrence in the photosynthetic membrane.

In calculating the absorption spectrum of the membrane
LH2 by using the aggregate theoretical model, we only focus on
fitting the 850 nm absorption band, omitting the analysis of the
800 nm absorption band. The absorption band with the highest
intensity in the near infrared region maximizes at 848 nm for
purified LH2 and can be fitted with Gaussian function (Fig. 6A).
We have assumed that the shape and the full width of half
maximum (FWHM) of this band in the aggregated LH2 complexes
remained the same as those of the absorption band of the purified
(non-aggregated) LH2 complexes. The fitted Gaussian curve of the
purified LH2 absorption (Fig. 6A) is shifted to each calculated
absorption peak value (Table 1) as the maximum of the fitted
curve to be the calculated peak value. Then the population
weight factor of each aggregated LH2 is included to generate
the absorption spectrum of each aggregated LH2 complex
(Fig. 6B). These calculated spectral bands are combined to
generate the calculated absorption band for the membrane
LH2 with the contribution of all the non-aggregated and
aggregated LH2 absorptions.

The calculated and experimentally recorded absorption
spectra of membrane LH2 complexes are shown in Fig. 6C. A
zoom-in view of the peak region of the calculated and experi-
mental absorption spectra is shown in the inset of Fig. 6C. The
calculated spectrum closely agrees with the experimental
absorption spectrum of membrane LH2 complexes (Fig. 6C).
The maximum wavelength of the experimental absorption of
membrane LH2 is at 850 nm while the maximum of the
calculated absorption is at 850.85 nm. The calculated and
experimental values are consistent with our AFM topographic
imaging results, which supports our attribution of the existence
of the energetically coupled linear aggregate LH2 complexes in

Table 1 The calculated absorption, emission wavelengths and lifetimes for LH2
complexes

Number of LH2 com-
plexes in an aggregate

Absorption
wavelength (nm)

Emission
wavelength (nm)

Lifetime
(ps)

1 848 866 288.3
2 849.09 873.09 144.2
3 850.31 881.21 96.10
4 851.58 889.75 72.07
5 852.87 898.58 57.66
6 854.17 907.65 48.05
7 855.48 916.93 41.19
8 856.80 926.44 36.03

Fig. 5 The relationship of the calculated values of the absorption, emission and
lifetime of the LH2 aggregates. The experimentally measured absorption and
emission wavelengths of purified LH2 are used for non-aggregated LH2 com-
plexes (monomers). The number in the circle indicates the number of LH2
complexes in the aggregate.
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the photosynthesis membrane. The shape and the FWHM of
the calculated spectrum essentially fit the experimental absorp-
tion spectrum except for the shoulder at 875 nm typically
arising from the absorption of LH1 complexes. Nevertheless,
we note that our theoretical model results do not necessarily fit
the broad line shape of the 850 nm band (Fig. 6C) as we did not
include the contribution of the inhomogeneous broadening of
the absorption spectra and the possible existence of the longer
J aggregated LH2 complexes with 8 or more LH2 proteins.

Furthermore, we have analyzed the emission peak positions
of the aggregated LH2 complexes using the theoretical aggre-
gate model. The transition dipole moment of the emission of
the LH2 complexes is calculated to be 63.45 D using eqn (10),
approximately 2.5 times higher than the excitation transition
dipole moment. The calculated emission wavelengths of the
aggregated LH2 complexes are listed in Table 1. The emission
wavelength of the octamer has a red shift at about 60 nm from
the emission wavelength of purified LH2 of 866 nm. The
population distribution histogram of the aggregated and non-
aggregated LH2 complexes in the photosynthetic membrane
(Fig. 3B) indicates the maximum of emission to be positioned
close to the tetramer and pentamer emissions, at 889.75 nm
and 898.75 nm. Similar to the calculation of the absorption
spectrum of membrane LH2, we have assumed that the shape
and the FWHM of the aggregated LH2 emission spectra remain
the same as those of the purified LH2. The emission of purified
LH2 complexes is fitted with Asymmetric Double Sigmoidal
(ADS) function64–66 and the experimental emission spectrum of

purified LH2 complexes (red circle) and ADS fit (blue line) are
shown in Fig. 7A. Fig. 7B shows the emission spectra of non-
aggregated LH2 complexes and the aggregated LH2 complexes
with the contribution of population of each component in the
native photosynthetic membrane. The peak positions of the
spectra are identified according to the maxima of the emission
peak wavelengths calculated using aggregate theory (Table 1).
All the spectra in Fig. 7B are added to generate the emission
spectrum of membrane LH2 complexes. Fig. 7C presents the
calculated emission spectrum of membrane LH2 as a solid
black line and the experimental emission spectrum as a dashed
black line. The calculated spectrum peaks at 891 nm, a 4 nm
deviation (Dl in Fig. 7C) from the experimentally recorded
emission spectrum of the membrane LH2 complexes which
gives the maximum at 895 nm. The calculated spectrum maintains
the shape approximately similar to that of the experimentally
recorded spectrum and the difference in FWHM of the two
emission spectra is o1.5 nm. The experimentally measured
FWHM of the membrane LH2 complexes is 63.01 nm and for
the calculated spectrum, the FWHM is 61.60 nm. These values of
the calculated and experimental emission spectra of membrane
LH2 complexes support our observation of the linearly aggregated
LH2 complexes in the membrane.

Generally, solvents, detergents, lipid components, local
molecular interactions can perturb LH2 spectroscopy properties.
For example, multi-exponential lifetime decays, red-shifted absorp-
tion, and red-shifted emission for LH2 in the membrane compared
to those for LH2 in the detergent have been reported previously.

Fig. 6 Calculated and experimental absorption spectra. (A) The absorption spectrum of purified LH2 (red circle) and the Gaussian fit (blue line) for the 848 nm band.
(B) Absorption of each LH2 aggregate with the contribution of the population in the membrane (red-monomer, blue-dimer, green-trimer, purple-tetramer, pink-
pentamer, black-hexamer, cyan-heptamer and orange-octamer). (C) Calculated absorption spectrum (solid black line) and experimental absorption spectrum of
(dashed black line) membrane LH2. The inset shows a zoom-in view of the peak region.
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Intriguingly, this shifting was proved to be due to clustering of
the LH2 complexes in the membrane but not due to the
interference of detergents.67,68 This result is consistent with
our result that there is a 2 nm spectral red shift between LH2 in
the membrane and purified LH2 in buffer with detergents.
Nevertheless, our results, by a combined spectroscopic and
AFM topographic imaging, for the first time demonstrate the
detailed configuration and distribution of the LH2 aggregation
from a monomer to a multimer of up to 8 LH2 molecules within
an aggregate. The detailed configuration topographic results
provide the linear configuration of the aggregates and the titled
angles of the monomer LH2 within an aggregate. Based on the
topographic configuration, geometry, and the distribution of
aggregates in native photosynthetic membranes, we have used
the aggregate model analysis based on the exciton coupling
modeling to calculate the population-weight averaged absorption,
emission, and fluorescence lifetime decays, demonstrating a good
fit to our experimental spectroscopic results. Overall, we were able
to show that the small B2 nm red-shift absorption and large
B30 nm red-shift emission are due to a distribution-averaged
spectroscopic response that originated from linear aggregate
formation in various degrees in the membranes. The close
agreement between the experimental and calculated values
implies the validity of our attribution of the linear LH2 aggre-
gates in the native photosynthetic membranes.

We note that the model itself has limitations due to its
dependence on assumptions to calculate the experimentally

observed parameters. The major assumptions we used are: (1)
the direction of the transition dipole moment of the emission;
and (2) the shape and the FWHM of the calculated spectra for
both absorption and emission. We consider that the angle of
the transition dipole moment of emission is the same as that of
the transition dipole moment of absorption, however, the exact
angle is yet to be identified. An experimentally determined
angle for the transition dipole moment of emission, although
beyond the scope of this work, will further enhance the
accuracy of the calculation. Furthermore, we consider that the
shape and FWHM do not change in aggregated LH2 complexes
since the number of LH2 complexes in an aggregate is significantly
small to generate a major deviation. Although the membrane
fragments with only one type of aggregated LH2 complex (all the
aggregates with the same number of LH2 complexes) are currently
impossible to produce, such membrane fragments will help to
determine the exact position of the absorption and emission
spectra of aggregated LH2 complexes. Also, the thermal
broadening of the spectra of membrane fragments makes it
difficult to separate and analyze the individual contribution of
each aggregated state of the membrane LH2 complexes under
physiologically relevant conditions while such separation can
be expected at low temperature analysis. Therefore, further
experimental approaches are needed to characterize the aggregation
of membrane LH2 complexes. In addition to the abovementioned
approaches, using tip-enhanced AFM or near-field spectroscopic
imaging analysis for individual aggregates simultaneously by

Fig. 7 Calculated and experimental fluorescence spectra. (A) Emission spectrum of purified LH2 (red circle) and asymmetric double sigmoidal fit (blue line). (B)
Emission of each LH2 aggregate with the contribution of the population (red-monomer, blue-dimer, green-trimer, purple-tetramer, pink-pentamer, black-hexamer,
cyan-heptamer and orange-octamer). (C) The calculated emission spectrum of LH2 according to the population distribution of LH2 complexes in the membrane (solid
black line) and the experimental emission spectrum of membrane LH2 (dashed black line).
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topographic and spectroscopic nanoscale analysis will be highly
informative and powerful, which is ongoing in our laboratory.

Recently, a number of reported studies on similar light
harvesting photosynthetic systems observed similar red-shifted
emission spectra and provided insightful model analyses.70–94

For example, the red-shifted emission spectra observed for the
photosystem I of T. elongates and A. platensis were attributed to
the formation of the trimer out of the monomer photosystem I
proteins.69–71 Also, an exciton self-trapping model72–87 associated
with electron–phonon coupling has been developed and suggested
to understand the red-shift emission spectra of the single-molecule
LH2 proteins72–74,88–92 as well as the ensemble-averaged
emission spectra of the photosynthetic membrane at low
temperature.73,74,76,82 Nevertheless, it is likely that the self-trapping
effect can be significantly weakened at room temperature and
in solution. Furthermore, the LH2 aggregation related emission
spectral changes and fluorescence lifetime changes have also been
systematically studied in aqueous solutions.93

The biological implication and relevance of the LH2 linear
aggregation in photosynthetic membranes at room tempera-
ture are significant for light harvesting functions. Besides that
the linear aggregates of LH2 facilitate efficient long distance
energy transfer, the finite aggregate length architecture of the
LH2 linear aggregates ensures the redundancy of avoiding that
LH2 energetic coupling defects sink the energy transfer in the
photosynthetic membranes. Recently, a membrane texture analysis
suggested that the texture of photosynthetic membrane patches
changes from rigid to flexible when the LH2 proteins are removed
from the membrane by mutation,94 which is consistent with the
existence of the linear aggregates of LH2 that enhance the
mechanic strength of the membranes. Nevertheless, our works,
this work on model analysis of the LH2 energy coupling
in aggregates, and our previous work on spectroscopic and
topographic analyses of LH2 linear aggregation32 so far only
provide a partial understanding of the complex light harvesting
protein systems, and further characterization and comprehension
of the energy transfer and coupling mechanisms and dynamics
are definitely needed. Ultimately, the perspective that the LH2
aggregate may significantly impact the light harvesting efficiency
in the photosynthetic membrane relies on the direct measure-
ments of the LH2–LH1 energy transfer, which is beyond the scope
of this work. Although we have observed in our AFM imaging
analysis that the LH1 can be closely localized with the LH2
aggregates, we have not focused on studying the energy transfer
between the LH2 and LH1 proteins because the primary samples
we used are LH1 knocked out membranes for our specific focus
on studying intermolecular energy transfer among the LH2
proteins. A more complete molecular-level understanding will
most likely arise from a combined analysis involving spectro-
scopic, topographic, and theoretical modeling characterizations
of the photosynthetic membranes at both ensemble-averaged and
single-molecule levels in both temporal and frequency domains at
room temperature. Our work reported here on LH2 aggregate
energy coupling model analysis based on the AFM imaging and
spectroscopic characterization provides a step forward in the
investigation of the intermolecular LH2 spectral dynamics and

mechanism by using such combined experimental and theoretical
approaches.

Conclusion

We have characterized the existence of the inhomogeneous linear
aggregated LH2 complexes in the photosynthetic membrane of
purple bacteria by using AFM, spectroscopy analysis and aggregate
energetic coupling theoretical calculations. The tilted angle of the
LH2 monomers in the aggregated complexes to the plane of the
membrane and the population distribution of LH2 aggregates in
the photosynthetic membranes are determined from the AFM
image analysis. The maxima of the absorption and emission of
non-aggregated LH2 complexes are determined by using the
purified LH2 complexes. We have developed and used the aggre-
gate model analysis to calculate the lifetimes, absorption and
emission wavelengths of each aggregated state of LH2 complexes.
The calculated absorption spectrum of the native membrane LH2
in the presence of all the non-aggregated and aggregated LH2
complexes agrees with the experimentally recorded absorption
spectrum (o1 nm), and the calculated emission spectral max-
imum of the membrane LH2 is close to the experimental emission
wavelength by 4 nm. Not only the maximum of the calculated
emission wavelength is in the same scale as the experimentally
observed emission wavelength, but also the shape and the FWHM
of the emission spectrum show an agreement, proving the
contribution of all the non-aggregated (monomer) and aggre-
gated (dimer to octamer) states of membrane LH2 complexes to
the emission spectrum. Furthermore, the close agreement
between the experimental and calculated values of the lifetimes,
absorption and emission wavelengths confirms the co-existence
of non-aggregated and linearly aggregated LH2 complexes in the
photosynthetic membrane. We conclude that the major contri-
bution to the fast component of the lifetime comes from the
highly populated aggregates in the membrane. The critical and
overarching picture is that the configuration and the distribu-
tion of the LH2 molecules are highly inhomogeneous rather than
homogeneous in a native photosynthetic membrane, so that any
in-depth exploration of the physical nature of the averaged
spectroscopic characteristics has to come from an analysis
involving the characteristics of the spatial and configuration
distribution inhomogeneity. Our work provides a novel approach
and a consistent aggregation model for analyzing such complex
biological systems. The revealing of the existence of the energe-
tically coupled aggregates of LH2 in photosynthetic membranes
provides a fundamental knowledge of the light harvesting
mechanism in Nature, specifically, of a long distance and
high efficient intermolecular energy transfer process in light
harvesting processes in photosynthetic membranes.
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