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ABSTRACT: Excitonic coupling of bacteriochlorophyll (BChl) a in light-
harvesting (LH) proteins of purple photosynthetic bacteria is key for efficient
photon capture and energy transfer. Environmental factors can affect the spectral
features of these BChl a pigments and investigating these effects can provide
insight into the molecular mechanisms underlying the photosynthetic spectral
tuning. The present study analyzes the spectral alterations of the Qy band of B820
BChl a within the LH3 protein in relation to the type and concentration of
detergents in the buffer. Changing the detergent from lauryl dimethylamine N-
oxide (LDAO) to n-dodecyl-β-D-maltoside (DDM) caused a red shift in the B820
Qy band accompanied by hyperchromism; these spectral alterations were completely reversed by exchanging back from DDM to
LDAO. These results reflect the different effects of harsh vs mild detergents on the perturbation of LH3. The B820 Qy band did not
change when LDAO or NaCl concentration was altered, suggesting that electrostatic effects by external components have little
influence on the spectral features of B820 BChl a in LH3.

■ INTRODUCTION
Naturally occurring cyclic tetrapyrroles such as bacteriochlor-
ophyll (BChl) and chlorophyll are crucial for collecting photon
energy in the initial stage of photosynthesis. These compounds
are arranged within light-harvesting (LH) proteins to enable
efficient photon capture and excitation energy transfer to
reaction center proteins. The electronic states of cyclic
tetrapyrroles in LH proteins are optimized by their excitonic
coupling and interactions with polypeptides.1,2

Purple photosynthetic bacteria generally express two LH
proteins, namely, core LH1 and peripheral LH proteins.3,4

While LH2 is a major LH protein in purple photosynthetic
bacteria, some species produce an alternative peripheral LH
antenna termed LH3 under low-light conditions.5−8 Both LH2
and LH3 are formed via symmetric circular oligomerization of
pigment−protein subunits (Figure 1), each containing three
BChl a pigments and one or two carotenoids within a pair of
transmembrane α- and β-polypeptides.9−14 The BChl a
pigments are found in two states in these proteins. One is a
peripherally located monomer within the subunit, termed B800
BChl a because of the red-most absorption band (Qy band) at
ca. 800 nm.15,16 The other is an excitonically coupled dimer
found in the hydrophobic region of the subunit. The Qy band
of the dimeric BChl a (B850) in LH2 absorbs at ca. 850
nm.15,16 In contrast, the Qy band of the dimeric BChl a in LH3
is positioned between 820 and 830 nm and thus termed B820.
The blue shift of the B820 Qy band in LH3 compared with the
B850 Qy band in LH2 is thought to be due to differences in the
hydrogen-bonding patterns of the 3-acetyl group of BChl a
with amino acid residues, as well as in the deformations of the

bacteriochlorin ring in the protein matrix between B820 and
B850.16−23

Environmental factors can affect the spectral features of LH
proteins.24−33 Therefore, understanding their precise effects
could enable us to elucidate the underlying molecular
mechanism of photosynthetic spectral tuning. The present
paper focuses on the effects of buffer conditions on the spectral
properties of peripheral LH proteins from purple photo-
synthetic bacteria. In the case of LH2 proteins, spectral
changes of B850 BChl a were evaluated using LH2 from a
purple nonsulfur bacterium (Rhodobacter sulfidophilus) and
purple sulfur bacteria (Ectothiorhodospira sp. and Thermochro-
matium tepidum); their B850 Qy bands were blue-shifted with
hypochromism at high concentrations of lauryl dimethylamine
N-oxide (LDAO, a detergent) and in low cationic concen-
trations.31−33 There is currently little information available in
the literature relating to the spectral changes of LH3 in
response to buffer conditions.
This study investigates the effects of detergent types and

concentrations, as well as NaCl concentration, on the spectral
features of B820 BChl a in LH3 from a purple bacterium
Rhodoblastus acidophilus DSM137 (formerly known as
Rhodopseudomonas acidophila 7050). The Qy band of B820
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BChl a in LH3 was red-shifted with hyperchromism by
exchanging LDAO for n-dodecyl-β-D-maltoside (DDM), and
the absorption spectrum was completely recovered by reverse
exchange from DDM to LDAO. In contrast to these reversible
spectral changes, the B820 Qy band was insensitive to
detergents or NaCl concentration. The tolerance of the B820
Qy band of LH3 to detergent and NaCl concentration is in
contrast to the previously reported B850 Qy shifts of LH2.

31−33

■ MATERIALS AND METHODS
Materials. Rhodoblastus acidophilus DSM137 was cultivated

at 28 °C under low-light (5 μmol s−1 m−2) and high-light
conditions (c.a. 100 μmol s−1 m−2) to obtain LH3 and LH2,
respectively. Grown cells (Figure S1) were disrupted using a
Stansted pressure cell homogenizer FPG12800 operated at ca.
125 MPa, and LH proteins were solubilized from the collected
photosynthetic membranes (Figure S2) using 0.35% LDAO.
Proteins were purified by sucrose gradient ultracentrifugation
and anion-exchange column chromatography using a DEAE
Sephacel resin (GE Healthcare, Little Chalfont, U.K.)
according to previous reports.34,35 We used LDAO in the
LH purification process because LDAO has been generally
used for purification of LH proteins.5,6,8,29,31,33 LDAO and
DDM were purchased from FUJIFILM Wako Chemical
Industries (Osaka, Japan) and Dojindo Laboratories (Kuma-
moto, Japan), respectively, and used without further
purification.

Detergent Exchange. Purified LH proteins in 20 mM Tris
buffer containing 0.1% LDAO (pH 8.0) were adsorbed onto a
DEAE Sephacel resin, and more than six column volumes of 20
mM Tris buffer containing 0.02% DDM (pH 8.0) were eluted.
Then, LH proteins were eluted using a 20 mM Tris buffer
containing 0.02% DDM and 150 mM NaCl (pH 8.0).
Detergent exchange from DDM to LDAO was carried out
by adsorbing the LH proteins onto a DEAE Sephacel resin,
eluting more than six column volumes of 20 mM Tris buffer

containing 0.1% LDAO (pH 8.0), and collecting LH proteins
with 20 mM Tris buffer containing 0.1% LDAO and 100 mM
NaCl (pH 8.0).

Evaluation of the Effect of Detergent Concentration.
To adjust the LDAO concentration, a solution of LH3 in 20
mM Tris buffer containing LDAO (pH 8.0) was diluted with
20 mM Tris buffer (pH 8.0). To adjust the DDM
concentration, a solution of LH3 protein in 20 mM Tris
buffer containing DDM and 150 mM NaCl (pH 8.0) was
diluted with 20 mM Tris buffer containing 150 mM NaCl (pH
8.0). The final solutions were incubated for 30 min at 25 °C in
the dark prior to spectral measurements.

Evaluation of the Effect of NaCl Concentration. A 3
mL solution of LH3 in 20 mM Tris buffer containing either
0.1% LDAO or 0.02% DDM (pH 8.0) was mixed with a 1 mL
solution of 20 mM Tris buffer containing the same detergent
and NaCl (pH 8.0) to adjust the NaCl concentration. The
solutions were incubated for 30 min at room temperature in
the dark prior to spectral measurements.

■ RESULTS
Solubilized LH3 protein in a buffer containing 0.1% LDAO
showed two Qy absorption bands at 805 and 823 nm (black
curve in Figure 2A), which are assigned to B800 BChl a and

B820 BChl a, respectively. The relative ratio of the Qy
absorbance of B820 to that of B800 (B820/B800 ratio) was
0.93. This spectral feature was analogous to that of LH3
reported previously.5−8 When the detergent was exchanged
with 0.02% DDM, the Qy band of B820 BChl a was red-shifted
to 826 nm, and the B820/B800 ratio increased to 1.01 (red
curve in Figure 2A). The peak positions and relative
absorbance of the B800 Qy band, Qx and Soret bands of
BChl a, and carotenoid absorption were unaffected by
detergent exchange (Figure S3A). The Qy band of B820
BChl a was completely recovered by reverse exchange from
0.02% DDM to 0.1% LDAO, namely, the B820 Qy peak
position was blue-shifted to 823 nm and the B820/B800 ratio
decreased to 0.92 (blue curve in Figures 2B and S3B). These
results indicate that the spectral features of the Qy band of
B820 BChl a in LH3 depend on detergent types and that
spectral changes induced by the detergent exchange are
reversible.
The effects of detergent exchanges on LH2 from the same

species were also investigated. LH2 solubilized with 0.1%

Figure 1. Top view structures of LH3 from Rhodoblastus acidophilus
(Protein Data Bank entry 1IJD). B800 and B820 BChl a are colored
magenta and green, respectively, and the carotenoids are omitted.

Figure 2. (A) Electronic absorption spectra of B800 and B820 BChl a
in LH3 that was solubilized with 0.1% LDAO (black curve) and after
exchange from 0.1% LDAO to 0.02% DDM (red curve) in 20 mM
Tris buffer (pH = 8.0). (B) Electronic absorption spectra of LH3 that
was solubilized with 0.02% DDM (red curve) and after exchange from
0.02% DDM to 0.1% LDAO (blue curve) in 20 mM Tris buffer (pH =
8.0). Spectra are normalized by absorbance at 528 nm (see Figure
S3).
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LDAO showed the Qy bands of B800 and B850 BChl a at 803
and 855 nm, respectively (black curve in Figure 3A).

Exchanging the detergent from 0.1% LDAO to 0.02% DDM
did not affect the peak positions of both the B800 and B850 Qy
bands as well as the B850/B800 absorbance ratio (red curve in
Figure 3A). The other absorption bands of BChl a and
carotenoid in LH2 were also unaffected by the detergent
exchange (Figure S4A). The spectral features of LH2 were
unaffected by reverse exchange of the detergent from 0.02%
DDM to 0.1% LDAO (Figures 3B and S4B).
The Qy bands of B800 and B820 BChl a in LH3 did not

change when LDAO concentration was changed from 0.025 to
0.1% (Figure 4A). The insensitivity of LH3 toward LDAO

concentration is in sharp contrast to LH2 from three purple
bacteria Rhodobacter sulfidophilus, Ectothiorhodospira sp., and
Thermochromatium tepidum.31−33 The spectral features of the
two Qy bands in LH3 were not also changed when DDM
concentration was changed (Figure 4B). The lack of change in
the LH3 B820 Qy band in response to changing DDM
concentration is in line with previous results for LH2 from
Thermochromatium tepidum.33

There were no changes in the peak positions and relative
absorbance of LH3 B800 and B820 BChl a in a buffer
containing LDAO or DDM when NaCl concentration was

changed from 0 to 500 mM (Figure 5). These results conflict
with previous studies on LH2,31−33 which reported that
increased NaCl concentration induced a red shift in the Qy
position for B850 BChl a.

■ DISCUSSION
The spectral features of excitonically coupled BChl a in
circularly arranged LH proteins from purple photosynthetic
bacteria are majorly tuned by interactions among BChl a
pigments and between BChl a and polypeptides. Furthermore,
external components such as detergents and salts affect the
spectral features of the BChl a pigments. For example, the peak
positions and relative absorbance of the B850 Qy band of LH2
isolated from some species of purple bacteria have been
reported to vary in response to the concentration of the
detergent and salts in the buffer.31−33

The present study demonstrates that the Qy band of B820
BChl a in LH3 changes reversibly in response to detergent
type, while spectral features of the B800 Qy band are
unchanged. The inclusion of LDAO in the buffer induced a
blue shift with hypochromism of the B820 Qy band, whereas
DDM had an opposite effect. These responses cannot be
explained by electrostatic effects alone since the B820 Qy band
was insensitive to LDAO, a cationic detergent, and sodium ion
concentration. Because LDAO has been reported to be a
harsher detergent for membrane proteins compared with
DDM,36 it could be expected that LDAO destabilizes the
structure of LH3, including the microenvironment around
B820 BChl a in the hydrophobic domain. In addition to this
nonspecific perturbation, specific interactions of detergents
with the vicinity of B820 BChl a in LH3 could affect spectral
features. Indeed, the adsorption of n-octyl-β-D-glucoside (OG),
which is used in crystallization, onto the outside hydrophobic
surface close to B820 BChl a of LH3 has been confirmed from
the crystal structure (Figure S5).14 It is possible that DDM and
LDAO interact specifically in this position and perturb the
local structure of B820 BChl a in LH3.
In contrast to the response of B820 in LH3 to detergent

types, the spectral features of B850 BChl a in LH2 from the
same species were unaffected by detergent types. These results
suggest that the effect of detergent types on the B820 Qy band
is not characteristic of both the peripheral LH proteins from
this bacterium but originates from an inherent property of
LH3. It would be also possible that the difference in the

Figure 3. (A) Electronic absorption spectra of B800 and B850 BChl a
in LH2 that was solubilized with 0.1% LDAO (black curve) and after
exchange from 0.1% LDAO to 0.02% DDM (red curve) in 20 mM
Tris buffer (pH = 8.0). (B) Electronic absorption spectra of LH2 that
was solubilized with 0.02% DDM (red curve) and after exchange from
0.02% DDM to 0.1% LDAO (blue curve) in 20 mM Tris buffer (pH =
8.0). Spectra are normalized by absorbance at 524 nm (see Figure
S4).

Figure 4. Effects of detergent concentration on electronic absorption
spectra of LH3 in 20 mM Tris buffer (pH = 8.0) containing LDAO
(A) and DDM (B). In panel (A), the LDAO concentrations were
0.1% (black), 0.075% (red), 0.05% (blue), 0.033% (purple), and
0.025% (green). In panel (B), the DDM concentrations were 0.05%
(black), 0.038% (red), and 0.025% (blue). Spectra are normalized by
absorbance at 524 nm. Insets show overlapped spectra.

Figure 5. Effects of NaCl concentration on electronic absorption
spectra of LH3 in 20 mM Tris buffer (pH = 8.0) containing 0.1%
LDAO (A) and 0.02% DDM (B). The NaCl concentrations were 0
mM (black), 10 mM (red), 20 mM (blue), 50 mM (sky blue), 100
mM (purple), 250 mM (green), and 500 mM (yellow). Insets show
overlapped spectra.
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adsorption position of detergents to the LH proteins induces
different perturbations to excitonically coupled BChl a (B820
or B850), since OG used in crystallization can be found on the
inner surface of LH2, which differs from the adsorption
position of OG in LH3, in the crystal structure of LH2 from
Rhodoblastus acidophilus DSM145 (formerly known as
Rhodopseudomonas acidophila 10050).11

The difference in response of the LH3 B820 Qy band from
the LH2 B850 Qy band

31−33 in relation to LDAO/NaCl
concentration is ascribed to the structural robustness of the
peripheral LH proteins from Rhodoblastus acidophilus com-
pared with those from Rhodobacter sulfidophilus, Ectothiorho-
dospira sp., and Thermochromatium tepidum, although the
molecular origin of this robustness is unclear.

■ CONCLUSIONS
This study indicates that the exchange between LDAO and
DDM reversibly alters the Qy absorption band of B820 BChl a
in LH3. In contrast, the spectral features of B820 BChl a are
not influenced by changing detergent concentration. In
addition, NaCl concentration did not influence the spectral
features of B820 BChl a. The lack of response to changing
detergent and sodium ion concentration sharply contrasts with
the spectral changes of the Qy band of B850 BChl a observed
for LH2 from some purple photosynthetic bacteria. Our results
suggest that harsh detergents such as LDAO can cause
destabilization of the LH3 structure, including the micro-
environment of B820 BChl a, and/or perturbations due to
specific interactions of detergent molecules with the hydro-
phobic surface of the cylindrical structure of LH3. Our results
will deepen the current understanding of the spectral tuning
mechanisms of excitonically coupled BChl a in circular
arrangements of LH proteins from purple photosynthetic
bacteria.
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