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ABSTRACT
Interactions between the light-harvesting subunits
and the non-covalently bound photopigments attribute considerably to the spectral properties of photosynthetic bacteria light-harvesting complexes. In our
previous studies, we have constructed a novel Rhodobacter sphaeroides expression system. In the present
study, we focus on the spectral properties of LH2
when heterologously express LH2 with β-subunitGFP fusion protein in Rb. sphaeroides. Near infra-red
spectrum of LH2 remained nearly unchanged as measured by spectroscopy. Fluorescence spectrum suggested that the LH2 with β-subunit-GFP fusion protein complexes still possessed normal activity in energy transfer. However, photopigments contents were
significantly decreased to a very low level in the LH2
with β-subunit-GFP fusion protein complexes compared to that of LH2. FT-IR spectra indicated that
interactions between photopigments and LH2 α/βsubunits appeared not to be changed. It was concluded that the LH2 spectral properties exhibited
very similar even when heterologously expressed LH2
-subunit fusion protein in Rb. sphaeroides. Our present study may supply a new insight into better understand the interactions between light-harvesting
subunits and photopigments and bacterial photosynthesis and promote the development of the novel Rb.
sphaeroides expression system.
Keywords: LH2; Spectral Property; FT-IR;
Photopigment

1. INTRODUCTION
The photosynthetic apparatus of photosynthetic bacteria
such as Rb. sphaeroides commonly composed of three
pigment-protein complexes located in the intracytoplas*
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mic membrane (ICM) system, namely light-harvesting 1
complexes (LH1), LH2 and reaction center (RC) [1]. The
LH1 is usually closely associated with the RC and both
form the so-called LH1-RC core complexes [2], which
are surrounded by closely connected LH2 [3]. The LH1
is present in a fixed stoichiometry to the RC at approximately 15:1, whereas the ratio of LH2 to the LH1-RC
core complexes is variable according to the growth conditions such as light intensity and temperature [4]. The
LH2 absorbs light energy during photosynthesis and subsequently transfers the energy to the RC where charge
separations take place through the LH1.
The LH1 possesses the absorption band at approximately 875 nm, whereas the LH2 absorbs maximally at
approximately 800 nm and 850 nm [5]. LH1 and LH2 are
constructed in a remarkably similar fashion and the primary component is the α/β-subunit. It has been well
characterized that the LH1 is made up of 16 α/β-subunits
[6]. However, the LH2 is comprised of 8 or 9 α/β-subunits depending on bacterial species as revealed by electron microscopy or other techniques [7]. Both LH1 and
LH2 non-covalently bind carotenoids (Crt) and Bacteriochlorophyll (BChl) which play crucial roles in light
absorption, the assembly of the two pigment-proteins and
the process of photosynthesis [8].
LH2 from Rb. sphaeroides is a nonamer [7]. The inner
ring is formed by 9 α-subunits, while the outer ring is
made up of 9 β-subunits. Generally, each α/β heterodimer
non-covalently binds a total of three BChl and one or
two Crt molecules, giving a total of 27 BChl and 9 or 18
Crt molecules in the specific LH2 [9]. BChl serves as the
dominant chromophore taking part in light capture, transition and reaction. The 27 BChl molecules are subdivided into two discrete pools. Eighteen BChl molecules
are arranged near the periplasmic surface of LH2 as a
closely coupled dimer and these molecules have an absorption maximum at 850 nm and are identified as BChl850. The rest 9 BChl molecules lie toward the cytoplasmic side of LH2 and they absorb in the near infra-red at
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800 nm and are thus termed BChl-B800 [10]. Interactions between the BChls and within the protein binding
pocket studies indicate the structural arrangement of the
BChls and the central Mg2+ atoms plays important roles
in the binding of the pigment to α/β-subunits [11]. It has
been proposed that protein environment exerts significant effects on the spectral properties of the BChl molecules of the LH2 [12]. Moreover, protein-induced macrocycle distortion will contribute significantly to spectral
properties of the BChl bound in purple bacterial lightharvesting complex [13]. Interestingly, absorbance appears to be entirely changed in purple bacteria arises
primarily due to growth conditions. Fowler and coworkers have pointed out that the two highly conserved
aromatic residues, α-Tyr-44 and α-Tyr45, in LH2 are
involved in the interactions of BChl and LH2, and
mutagenesis of the two residues give rise to the breakage
of the hydrogen bond and consequent blue shift of the
LH2 absorption [14]. The residue βArg-10 has been
proposed to be involved in an H-bond with the acetyl
carbonyl of the B800-BChl absorbing proved by siteselected mutagenesis [15]. Hydrogen bonding environment largely influences LH2 absorbance [16] and the
H-bonding was also revealed to drive the assembly of
LH2 in Rb. sphaeroides [17,18]. Similarly, the LH1
αTrp43 was proposed to be located near the putative
binding site for BChl molecule [19]. Dissimilar to the
purple non-sulfur bacteria, calcium ions were demonstrated to be involved in the unusual red shift of the LH1
Qy transition of the core complex in Thermochromatium
tepidum [20]. Hydrogen bonds were intensively studied
in the binding of BChl molecules to RC [21]. On the
other hand, Crt molecules exerts an effect on the structure of the BChl binding site in LH2 [22].
In photosynthetic bacteria, Crts appear not be exist
within the cells in a free state. Instead, they are non-covalently attached to the three pigment-proteins. In LH2
and LH1, the non-covalently bound Crts molecules serve
a number of functions. They absorb the visible region
sunlight that is not absorbed by the BChl molecules [23].
In addition, the Crts serve as photo-protecting pigment to
protect light-harvesting complexes against photo-oxidative damage and dissipate excess radiant energy and
which thus is crucial for the survival of the photosynthetic organisms [24]. It appears that the assembly and
stability of LH2 requires the presence of the Crts molecule as the carotenoid-deficient purple non-sulfur bacteria such as Rb. sphaeroides generally is incapable of
forming LH2 [8]. Moreover, blue shifts of light-harvesting complexes will be observed in carotenoid-deficient
strains of purple photosynthetic bacteria [25]. However,
the mode of Crts binding to LH2 subunits is as yet
largely unknown. It is postulated that the two phenylalanine residues, α-Phe12 and β-Phe8, are two key factors
for the binding of Crts molecules to LH2 subunits [26].
Copyright © 2013 SciRes.

Although, several independent explanations have been
put forward to explain the mechanisms how the two important photopigments BChl and Crt bound by pigmentproteins and consequently influence the spectral properties of light harvesting complexes through mutagenesis
and other effective techniques, the relationships between
two pigments and the spectral properties of light-harvesting complexes are still a matter of debate. Furthermore,
literatures on whether the LH2 spectral properties will be
changed when heterologously express LH2 -subunit
fusion protein in Rb. sphaeroides have not been reported.
In our previous study, we constructed a novel Rb.
sphaeroides expression system which could be employed
to evaluate heterologous protein expression levels in
real-time using LH2 characteristic absorption at near
infra-red regions [27-29]. In the present study, we lie
emphasis on the spectral properties of LH2 when heterologously express LH2 with -subunit fusion protein in
Rb. sphaeroides and the interactions between photopigments and light-harvesting subunits. Our present study
may supply a new insight into better understand the close
interactions between light-harvesting subunits and photopigments and bacterial photosynthesis and promote the
development of the novel Rb. sphaeroides expression
system.

2. MATERIALS AND METHODS
2.1. Bacterial Strains Growth Conditions
Rb. sphaeroides CQU68 mutant strains (genomic deletions of pufBALMX, puc1BA and puc2BA, could be
formed the photosynthetic apparatus including LH2, LH1
and RC) were grown at 34˚C in M22+ medium supplemented with 0.1% casamino acids for growth in liquid
culture [29,30]. Antibiotics were added to the growth
media at the following concentrations: 1 μg/ml tetracycline, 20 μg/ml neomycin, 5 μg/ml streptomycin, and 30
μg/ml gentamycin.

2.2. Expression and Purification of LH2 and
LH2 with β-Subunit-GFP Fusion Protein
Complexes
Plasmid DNA constructed to express LH2 subunits and
LH2 with β-subunit-GFP fusion protein complexes were
constructed as revealed in Figure 1 and transferred into
Rb. sphaeroides CQU68 as described in our previous
study [29]. Rb. sphaeroides CQU68 cell cultures expressing LH2 or LH2 with the β-subunit-GFP fusion
protein complexes were shifted from aerobic conditions
to semi-aerobic conditions at an OD600 of 0.5 - 1.0, and
continuously incubated for about 8 hours after adding the
isopropyl β-D-1-thiogalactopyranoside (IPTG) to a final
concentration of 1.0 mM [27]. LH2 and LH2 with the
β-subunit-GFP fusion protein complexes were one-step
OPEN ACCESS
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Figure 1. Construction of the LH2 and LH2 with β-subunit-GFP fusion protein expression vector containing pucP-lacIq-lacO hybrid promoter based on pRK415 vector. puc1B, puc1A and pucC encoded the LH2 β-subunit, α-subunit and PucC protein, respectively. LH2 β-subunit and GFP protein formed the fusion protein.

purified as described in our previous literatures, respectively [28,29]. Rb. sphaeroides cells were harvested and
resuspended with resuspension buffer (20 mM Tris-HCl,
pH 8.0, 100 mM NaCl). DNase I and RNase A were
added to the suspension to final concentrations of 50
μg/ml and 10 μg/ml, respectively. The cells were subsequently broken through high-pressure homogenizer. Cell
debris were removed by centrifugation at 17.000 g and
membranes were pelleted by ultra-centrifugation at
160.000 g. The membrane pellets were resuspended with
resuspension buffer and further solubilized with 1% (v/v)
lauryldimethylamine N-oxide along with phenyl methyl
sulfonyl fluoride at 1 mM. LH2 and LH2 with β-subunit-GFP fusion protein complexes were purified from
the solubilized solution by Ni-IDA resin. For Western
blot analysis, proteins were separated on 15% - 20%
SDS-PAGE gradient gel and transferred to PVDF membrane. Anti-His antibody was used as primary antibody.
Immunoblots were visualized using D-AB and recorded
on a GS-800 Calibrated Densitometer (Bio-Rad).

2.3. Spectroscopy
Near infra-red and fluorescence spectral of cell cultures
were recorded on a PerkinElmer lambda 900 UV/VIS
Spectrometer (USA) and PerkinElmer lambda 900 Fluorescence Spectrometer (USA), respectively. FT-IR spectra were recorded on a FT-IR Spectrometer (Nicolet,
5DX/550II, USA). A suitable blank of growth medium or
buffer was used in each case.

2.4. Photopigments Quantification
Photopigments were extracted with acetone-methanol
(7:2, v/v) from purified membranes. The BChl and Crts
were calculated by using extinction coefficients of 76
mM−1·cm−1 at 770 nm and 128 mM−1·cm−1 at 484 nm, respectively [31].

3. RESULTS
3.1. Near Infra-Red Spectral Properties of LH2
and LH2 with β-Subunit-GFP Fusion
Protein Complexes
The LH2 and LH2 with β-subunit-GFP fusion protein
complexes were subsequently extracted from cell culCopyright © 2013 SciRes.

tures after correct expression, respectively. The two spectral peaks of LH2 were observed at 846.59 nm and
799.92 nm (solid line), as revealed in Figure 2. On the
other hand, the LH2 with β-subunit-GFP fusion protein
complexes possessed its absorption at 845.53 nm and
799.89 nm under the same conditions (dot line). Apparently, the two complexes exhibited very similar spectral
properties, just slight differences were observed at the
second spectral peak position. Moreover, the LH2 exhibited higher spectral peaks compared to that of the LH2
with β-subunit-GFP fusion protein complexes under the
same protein (LH2 β-subunit) concentrations. For further
demonstration, Western blotting analysis was performed,
as shown in Figure 3. The LH2 β-subunit (~8 KDa) and
LH2 with β-subunit-GFP (~34 KDa) bands were expectedly observed in the related lanes, which demonstrated
the expression of LH2 with β-subunit-GFP fusion protein.

3.2. Fluorescence Spectral Properties of LH2 and
LH2 with β-Subunit-GFP Fusion Protein
Complexes
The fluorescence spectrum suggested that energy transfer
activity of LH2 appeared to be not significantly influenced by the heterologously expressed GFP protein, as
shown in Figure 4, which showed the ability of the 800
nm-absorbing pigments to transfer energy to the 850 nm
pigments, from which fluorescence is detected at 900 nm,
indicating the LH2 with β-subunit-GFP fusion protein
complexes was still functional and efficient in energy
transfer. Obviously, energy transfer in LH2 (solid line)
was somewhat more efficient than that in LH2 with
β-subunit-GFP fusion protein complexes (dot line), indicating the introduction of GFP protein exerted effects on
the energy transfer from 800 nm-absorbing pigments to
the 850 nm pigments. However, the LH2 and LH2 with
β-subunit-GFP fusion protein complexes possessed similar fluorescence spectrum.

3.3. Photopigments Contents in the LH2 and
LH2 with β-Subunit-GFP Fusion Protein
Complexes
As differences of the spectral peaks of LH2 and LH2
OPEN ACCESS
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Figure 2. Near infra-red spectra of LH2 and LH2 with β-subunit-GFP fusion protein complexes. The spectral bands of LH2
were 846.59 nm and 799.92 nm (solid line). Whereas, the spectral bands of LH2 with β-subunit-GFP fusion protein complex
were 845.53 nm and 799.89 (dot line).

Figure 4. Fluorescence spectrum of LH2 (solid line) and LH2
with β-subunit-GFP fusion protein complex (dash line). Energy
transfer in LH2 was slightly more efficient than that in LH2
with β-subunit-GFP fusion protein complexes.

fied LH2 and LH2 with β-subunit-GFP fusion protein
complexes, as shown in Figure 5. Clearly, BChl and Crt
extracted from LH2 was considerably more than that of
BChl and Crt extracted from LH2 with β-subunit-GFP
fusion protein complexes. BChl extracted from LH2 with
the concentration of 0.0952 mM was great more than that
of Crt with the concentration of 0.0353 mM extracted
from LH2, at nearly a ratio of 3:1. However, different
results were observed in their contents in LH2 with βsubunit-GFP fusion protein complexes. 0.0130 mM BChl
and 0.0141 mM Crt were extracted from LH2 with βsubunit-GFP fusion protein complexes. It could be concluded based on the above experimental results that the
introduction of the GFP protein caused much lower photopigments bound in LH2 α/β-subunits and which may
thus slightly change the near infra-red spectrum and fluorescence spectrum.

3.4. FT-IR Spectral Analysis

Figure 3. Identification of LH2 and LH2
with β-subunit-GFP fusion protein complex by Western blotting analysis. The
LH2 β-subunit band and the LH2 with βsubunit-GFP were observed at ~8 KDa
and ~34 KDa. Extraction from Rb. sphaeroides CQU68 mutant strain was used as
control.

with β-subunit-GFP fusion protein complexes were occurred and the energy transfer from 800 nm-absorbing
pigments to the 850 nm pigments was slightly influenced,
BChl and Crt were consequently extracted from the puriCopyright © 2013 SciRes.

It has been well studied that BChl molecules bound by
LH2 play crucial roles in the determination of LH2 spectral properties. To further elucidate the differences of
photopigments contents in LH2 and LH2 with β-subunitGFP fusion protein complexes, FT-IR spectroscopy was
employed to analyze the LH2 and LH2 with β-subunitGFP fusion protein complexes, respectively, as can been
seen in Figure 6. The FT-IR spectrum of LH2 with
β-subunit-GFP fusion protein complexes (dash line) was
similar to the spectrum of LH2 (dot line), bands where
observed in LH2 spectra also appeared in LH2 with
β-subunit-GFP fusion protein complexes. However, the
most significant difference was that spectral peaks in
LH2 were much higher than that in LH2 with β-subunitGFP fusion protein complexes. It has been suggested that
OPEN ACCESS
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The differences of photopigments contents in LH2 and
LH2 with β-subunit-GFP fusion protein complexes could
result from changed interactions between BChl and LH2
as we found in the present study.

4. DISCUSSION

Figure 5. BChl and Crt contents analysis in purified LH2 and
LH2 with β-subunit-GFP fusion protein complexes. The pigments content exhibited in LH2 complexes were much higher
than that in LH2 with β-subunit-GFP fusion protein complexes.

Figure 6. FT-IR spectrum of LH2 (dot line) and LH2 with
β-subunit-GFP fusion protein complexes (dash line). The two
spectrum displayed similar properties and the interactions between photopigments and LH2 subunits changed.

signals between 1620 and 1700 cm−1 arise from the
stretching modes of either the 2-acetyl or 9-keto carbonyl
substituents found in the dihydrophorbin macrocycles of
the BChl pigments in LH2. The similarity in the FT-IR
spectrum indicated that the introduction of the GFP protein exerted slight effects on the organization of LH2 and
interactions between α/β-subunit and their bound pigments. The lower peaks revealed in LH2 with β-subunitGFP fusion protein complexes probably implied the interactions between BChl and α/β-subunit were changed.
Copyright © 2013 SciRes.

In the present study, we reported that the Rb. sphaeroides
LH2 spectral properties remained unchanged when heterologously expressed LH2 β-subunit-GFP fusion protein.
Photopigments bound by LH2 were decreased to very
low levels because of the introduction of foreign protein.
Furthermore, interactions between BChl and LH2 α/βsubunits could not be significantly influenced by the GFP
protein, as indicated by the FT-IR spectrum.
Functions of photopigments bound by LH2 have been
well defined [4]. The type and number of BChl molecules non-covalently bound by LH2 α/β-subunits attribute greatly to the LH2 spectrum. In the purple photosynthetic bacterium Rb. sphaeroides, three BChl and one
or two Crt(s) molecules are non-covalently bound by
each α/β-subunit [9]. In this study, BChl and Crt were
extracted from LH2 and LH2 with β-subunit-GFP fusion
protein complexes and quantified, respectively (Figure
5). It is already well known that LH2 α/β-subunits are the
predominant and primary acceptors of BChl and Crt, thus
it is necessary and correct to measure the photopigments
under the same LH2 β-subunit or LH2 α-subunit concentrations. On the other hand, GFP should not be considered as the acceptor of the photopigments. As can be
seen in Figure 5, photopigments were considerably decreased to very low levels in LH2 with β-subunit-GFP
fusion protein complexes compared to that extracted
from LH2, which could be the main reasons caused low
spectral peaks in LH2 with β-subunit-GFP fusion protein
complexes. In addition, the introduction of GFP in LH2
appeared not exert effects on the organization of LH2,
since the two separate complexes are still functional in
energy transfer, as observed in Figure 4. It has been
demonstrated that Crt is involved in the assembly of LH2
and play important roles in the protection of LH2 against
photo-oxidative damage and dissipating excess radiant
energy [24,32]. Consequently, the considerable decrease
of Crt in LH2 with β-subunit-GFP fusion protein complexes may influence the stability of the complex and
thus lead to the minor changes of the near infra-red spectral properties.
It is worth of being figured out that interactions between photopigments and LH2 α/β-subunits predominantly determines the spectral properties, which could be
the primary approaches to elucidate changes of spectrum
of light harvesting complexes. On the other hand, major
advances have been made to better understand the factors
that determine membrane protein folding and assembly
in recent years [33]. Hydrogen bond exerts effects on the
OPEN ACCESS
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electronic structures of LH1 and also is applicable for
LH2 and LH3, it may change the disorder of the environment of the BChl [34]. Hydrogen bonding interactions have been proposed to be closely related to the stability of membrane protein and intermolecular hydrogen
bonding probably be involved in the assembly of transmembrane helices in detergent and biological membranes
[35]. As we described in Figure 6, no significant differences has been observed in the FT-IR spectrum of LH2
and LH2 with β-subunit-GFP fusion protein complexes,
suggesting the interactions between BChl and LH2 α/βsubunit could not be greatly influenced by the introduction of GFP protein. However, their interactions probably
might be changed, as the spectral peaks are lowered in
the spectrum of LH2 with β-subunit-GFP fusion protein
complexes. However, experimental findings in our present study may help to better understand the interactions
between photopigments and LH2 α/β-subunits and provide a novel aspect to elucidate bacterial photosynthesis.
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