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The photosynthetic bacterium Rhodobacter sulfidophilus can grow and synthesize photosynthetic pigments under 
dark-aerobic as well as light-anaerobic growth conditions. Under both growth conditions intracytoplasmic membrane 
vesicles (diameter about 35 nm) are formed. The light-harvesting (LH) pigment-protein complex II, isolated from 
dark-aerobic and light-anaerobic grown cells, consists of two small polypeptides (<  5 kDa)and the pigments 
bacteriochlorophyll and carotenoids. The carotenoid composition of the LHII complex, as shown by absorption 
spectroscopy in the 450 to 550 nm region, changed when the cells were transferred from aerobic-dark to anaerobic-light 
conditions. The absorption maxima in the near infrared regions varied reversibly depending on such factors as salt 
concentration and detergent. These shifts of absorption bands either reflect a change of tertiary structure of the 
polypeptides, which then modify pigment-pigment and/or reflect a direct influence of the ions onto the conjugated 
system of the pigments. 

Introduction 

The nonsulfur purple bacterium Rhodobacter (Rb.) 
sulfidophilus (formerly Rhodopseudomonas sulfidophila ) 
has been described as a new species by Hansen and 
Veldkamp [1]. The cells contain bacteriochlorophyll 
(Bchl) a and carotenoids of the spheroidene type as 
photosynthetic pigments. It is a marine bacterium 
tolerant to high sulfide concentrations and grows photo- 
lithotrophically on hydrogen, hydrogen sulfide and 
thiosulfate as well as heterotrophically on a wide range 
of organic compounds [1]. The bacterium grows and 
synthesizes Bchl under high aeration in the dark, in 
contrast to Rhodobacter sphaeroides [2]. Both dark- 
aerobic and light-anaerobic grown cells of Rb. sulfi- 
dophilus showed two strong absorption bands around 
800 and 850 nm, suggesting the assembly of Bchl into 

Abbreviations: Bchl, bacteriochlorophyll; LDAO, lauryldimethyla- 
mine N-oxide; LH, light-harvesting. 
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membranes as pigment-protein complexes. Oxygen ten- 
sion in the growth medium is the major environmental 
factor which regulates the rate of the biosynthesis of 
Bchl in most purple-sulfur bacteria. The increase in 
oxygen tension above a species-specific threshold value 
results in inhibition of Bchl synthesis [3,4]. Therefore, it 
is interesting to study the formation of Bchl in Rb. 
sulfidophilus under conditions of high aeration. 

The photosynthetic apparatus of most purple sulfur 
and nonsulfur bacteria contains two light-harvesting 
pigment-protein complexes (LHI or B870 and LHII or 
B800-850) which differ in absorption maxima in near 
infrared regions. The structure of these complexes from 
photosynthetic bacteria has recently been reviewed [5]. 
The LHI complexes are usually arranged in membranes 
in a fixed stoichiometry relative to the reaction center, 
while the LHII is present in variable amounts. Under 
different growth conditions the amount and composi- 
tion of intracytoplasmic membrane varied. The marine 
photosynthetic bacterium Erythrobacter sp. OCh 114 
produces a unique pigment-protein complex under high 
aeration, the B806 complex [6], which probably corre- 
sponds to LHII. B806 contains only one polypeptide 
and shows a single strong absorption band at 806 nm. 
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Thus, the spectral form of LHII  complexes reveals a 
great variability in the near infrared region depending 
on the growth conditions a n d / o r  bacterial species. The 
variability of absorption in LHII  complexes has been 
investigated and discussed in relation to their efficiency 
of energy transfer and organization of pigments and 
proteins [7-9]. In this report we describe the ultrastruc- 
ture of cells and the isolation and partial characteriza- 
tion of the LHII complex from dark-aerobic and light- 
anaerobic grown cells of Rb. sulfidophilus. The isolated 
complexes showed reversible spectral changes in Bchl 
and carotenoid absorption, depending on salt a n d / o r  
detergent. 

Materials and Methods 

Culture of bacteria and electron microscopical methods 
Rhodobacter sulfidophilus (strain W4) was a gift from 

Dr. Moritoshi Aizaki (The National Institute for En- 
vironmental Studies, Tsukuba). Rb. sulfidophilus was 
grown aerobically in the dark and anaerobically in the 
light in the following medium (g/l): glycerol, 1.84; 
NaC1, 23.5; MgSO4-7H20, 2.0; MgC12-6H20, 10; 
CaC12 • 2 H20, 1.46; KC1, 0.6; Peptone casein, 1.0; 
yeast extract, 1.0; Bacto peptone, 1.0, trace elements, 10 
ml/1 [10], pH 7.7. Photosynthetic cultures were grown 
in screw-cap bottles illuminated on one side with 150 W 
tungsten bulbs. Cells were harvested in early stationary 
phase. Dark-aerobic grown cells were cultured in 500-mi 
Erlenmeyer flasks with baffles filled to 30% capacity on 
a rotatory shaker. 

Electron microscopic preparation and examination of 
thin sections were performed after osmium tetroxide 
fixation and Epon embedding as described [11]. 

Isolation of the light-harvesting complex 
The ceils were harvested in the early exponential 

phase before cultures reached the absorbance of 0.5 at 
660 nm. The cells were washed once in 10 mM Tris-HC1 
buffer (pH 7.8) and resuspended in the same buffer. 
After addition of phenylmethylsulfonyl fluoride (1 mM) 
and DNase (1 mg/ml) ,  cells were disrupted in a French 
pressure cell. Unbroken cells and large debris were 
removed by centrifugation at 12 000 × g for 20 min. The 
supernatant was layered on a discontinuous gradient of 
0.6, 1.0, 1.2 and 1.5 M sucrose in the same buffer. After 
centrifugation for 16 h at 90000 × g in a Beckman Ti 
60 rotor, the major pigmented band was collected, di- 
luted about 4-times with buffer and spun down at 
90000 × g for 4 h. The resultant membrane fraction 
(intracytoplasmic membrane) was resuspended in Tris- 
HC1 buffer at a concentration of 400 /~M Bchl and 
mixed with an equal volume of 1.0% (w/v)  lauryldi- 
methylamine N-oxide (LDAO) in the same buffer. The 
suspension was incubated at room temperature in the 
dark under gentle stirring. After 30 min the mixture was 

layered on a sucrose step gradient (0.3, 0.6 and 1.2 M 
sucrose in Tris-HCl-buffer containing 0.6% LDAO). 
The tubes were centrifuged at 90 000 x g in the rotor Ti 
60 for 16 h at 4°C. 

The solubilized LHII  complex banded between 0.3 
and 0.6 M sucrose. For  further purification the LHII- 
enriched fraction was directly applied to a DEAE- 
Toyopearl column (1.6 X 25 cm) equilibrated with the 
same buffer containing 0.05% LDAO. After washing 
with 200 ml of 20 mM Tris-HC1 (pH 8.0) containing 
100 mM NaC1 and 0.05% LDAO, the fraction was 
eluted with 150 ml of a 100 to 300 mM NaC1 linear- 
gradient in the same buffer containing 0.05% LDAO. 
The purified LHII  complex was eluted at a concentra- 
tion of 210-230 mM NaC1. 

Analytical measurements 
Absorption spectra were measured with a Kontron 

Uvikon spectrophotometer 860 and a Shimadzu UV-260 
spectrophotometer. Bchl and carotenoids were extracted 
with a mixture of ace tone/methanol  (7:2,  v /v )  and 
assayed spectrophotometrically [12,13]. Membrane pro- 
teins were separated by SDS-PAGE on slab gels [14] on 
a 15-25% linear gradient of acrylamide. Gels were 
stained with Coomassie brilliant blue G-250. 

LKB 1860-101 molecular weight markers were used 
for estimation of molecular weight of polypeptides. 
Protein was determined according to the method of 
Lowry et al. [15] using bovine serum albumin as a 
standard. 

Results 

Cytology and pigment content 
The cells of Rhodobacter sulfidophilus are of rod-like 

to ovoid shape. The intracytoplasmic membrane con- 
sists of vesicle-like structures, which have diameters of 
about 35 nm and are clustered in peripheral and polar 
regions of the cell (Fig. 1). The vesicles are present in 
cells grown heterotrophically under strict aerobic or 
semiaerobic conditions in the dark as well as grown 
photosynthetically under anaerobic conditions. But cells 
kept under high oxygen tension contain less vesicles 
than cells grown photosynthetically (Fig. 1). The pig- 
ment content of cells and membranes varied with growth 
conditions but  not in the same range as in cells of Rb. 
sphaeroides (Table I). Rb. sulfidophilus belongs to the 
group of photosynthetic bacteria which do not respond 
strongly to variations of oxygen partial pressure. The 
absorption spectra of intracytoplasmic membranes, iso- 
lated from Rb. sulfidophilus, grown either under dark- 
aerobic or light-anaerobic conditions are dominated by 
the characteristic absorption bands of the LHII  com- 
plex at 802 and 853 nm (Fig. 2). The absorption ratio of 
853/802 nm was about 1.62 in both types of membrane. 
Around 890 nm a weak shoulder was observed that can 



Fig. 1. Rb. sulfidophilus. Electron micrographs of sections show in- 
tracytoplasmic membrane vesicles bearing the photosynthetic appara- 
tus. The vesicles are grouped and present in aerobically (a) semi- 
aerobically in the dark- (b) and anaerobically in the light- (c) grown 

cells. The bar represents 200 nm. 

be  a t t r ibu ted  to the  L H I  complex.  In  the visible region 
bo th  the Qx t rans i t ion  of  Bchl and  the abso rp t ion  b a n d s  
of  ca ro tenoids  have been  seen. The  di f ference be tween  
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TABLE I 

Pigment content 

Pigment content of cells and membranes in cultures of Rb. sulfidophi- 
/us grown strictly aerobically in the dark (ae) or anaerobically in the 
light (pho) at 30°C or 10°C, respectively. The aerobically grown cells 
were grown in Erlenmeyer flasks with buffels filled 15% of total 
volume and grown to a n  A660nm, l.0c m of 0.4. 

Culture Pigment content (nmol/mg protein) 

conditions bacteriochlorophyll carotenoids 

ae 0.76 0.8 cells 
5.56 3 . 7 3  membranes 

pho 2.03 2.21 cells 
10.15 5 . 9 3  membranes 

pho 10°C 84.04 4 1 . 5 4  membranes 

the two spec t ra  in  the c a r o t e n o i d - b a n d  region is due  to 
the presence  of  d i f ferent  ca ro teno ids  in m e m b r a n e s  
i so la ted  f rom da rk -ae rob i c  or  l igh t -anaerob ic  grown cells 
(Fig.  2). 

Light-harvesting complex H 
L H I I  complexes  were i so la ted  f rom the in t racyto-  

p l a smic  m e m b r a n e s  of  da rk -ae rob ica l ly  and  l ight-  
anae rob ica l ly  g rown cells by  L D A O  t rea tment ,  sucrose 
g rad ien t  cen t r i fuga t ion  and  D E A E  c h r o m a t o g r a p h y  as 
desc r ibed  in Mate r i a l s  and  Methods .  The  po lypep t ide  
compos i t i on  of  i so la ted  L H I I  complexes  was ana lyzed  
b y  S D S - P A G E  (Fig.  3). Both  complexes  consis ted  of  
two p o l y p e p t i d e s  wi th  an  a p p a r e n t  molecu la r  weight  of 
abou t  5000 and  3000. These  po lypep t ide s  were also 
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Fig. 2. Absorption spectra of membranes isolated from cells grown 
aerobically in the dark (broken line) or anaerobically in the light (full 

line). 



238 

O 
O 
tO 

C 
0 

0 

.13 

IIIII 

A 

B 

IIIII 

5" 

Direct ion of migration 
Fig. 3. Comparison of polypeptides from the purified membranes and 
the isolated complexes on a SDS-PAGE (15-25% polyacrylamide 
gradient): (A) LHII complex from dark-grown cells; (B) LHII com- 
plex from light-grown cells; (C) purified membranes from dark-grown 
cells; (D) purified membranes from light-grown ceils. Markers are 

indicated as bars on the top of figures. 

detected in membrane fractions under non-denaturing 
conditions, the LHII complex migrated as a pigmented 
band with an apparent molecular weight of greater than 
100000 and retained the original absorption spectrum. 
The carotenoid composition of the complexes was 
analyzed spectrophotometrically after separation of 
components by a cellulose gel thin-layer plate. The 

major components were spheroidenone (over 95%) and 
neurosporene (4%) in dark-complex, and OH-spheroi- 
dene (46%), spheroidene (25%), neurosporene (24%) and 
spheroidenone (4%) in the light-complex. Some minor 
component (less than 1%) was observed on the TLC 
plates in both complexes. 

Fig. 4 shows the absorption spectra of isolated LHII 
complexes measured in 20 mM Tris-HC1 buffer (pH 
8.0) containing 0.05% LDAO. Both complexes have 
absorption bands due to Bchl in the near infrared 
regions and carotenoid bands in the 450-550 nm re- 
gions. 

The influence of salt and detergent on the absorption 
bands of the LHII  complex 

The addition of 200 mM NaC1 to the reaction mix- 
ture caused a lowering of the 803 nm absorption and a 
shift of the 827 nm peak in the LHII complex from 
dark grown cells and the 834 nm band in the LHII 
complex from light-grown cells to 850 and 852 nm, 
respectively, and a red shift of Qx and Soret bands. In 
addition to these absorption changes due to Bchl, the 
addition of salt resulted in a red shift of carotenoid 
bands in the complex isolated from light-grown ceils. 
The red shift of the carotenoid band in the complex 
isolated from photosynthetically grown cells is clearly 
demonstrated by the difference spectrum induced by 
the addition of NaC1 (Fig. 5) giving absorption changes 
with positive peaks at 463, 493 and 526 nm and negative 
peaks at 447, 480 and 510 nm. The extent of these 
absorption changes was dependent on the concentration 
of NaC1 added. The complex from dark-grown cells 
showed small and rather nonspecific absorption changes 
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Fig. 4. Absorption spectra of light-harvesting pigment-protein complexes isolated from fight- (A) and dark-grown (B) cells of Rb. sulfidophilus. The 
complexes (about 50 ~g protein/m1) were suspended in 10 mM Tris-HC1 containing 0.05% LDAO either in the presence ( ) or absence of 

200 mM NaC1 ( - -  - -  --).  
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in carotenoid band regions. Besides NaC1, KC1, MgC12, 
ammonium sulfate and sodium phosphate were also 
effective. The influence of salts, their ionic radii and 
concentration will be described in a further paper. The 
absorption spectra of 'high-salt forms' of both com- 
plexes were similar to those of intracytoplasmic mem- 
branes, suggesting that the complexes are assembled 
into membranes as 'high-salt form'. The conversion 
between 'high-salt form' and 'low-salt form' in isolated 
complexes occurred instantly and was completely re- 
versible. It remains to be clarified how these complexes 
are fixed as 'high-salt form' in vivo. No spectral change 
depending on NaCI was observed in vivo unless the 
complexes were solubilized from membranes. Analo- 
gous complexes which showed similar spectral changes 
were prepared with the aid of Triton X-100 or Nonidet 
P-40 as detergents for solubilization instead of LDAO. 

The dependency on NaC1 concentration of NaCl-in- 
duced spectral shifts in the near infrared region was 
investigated (Fig. 6). Increasing of NaC1 concentration 
in the reaction mixture caused a large red-shift of 
absorption peak of the long wavelength band in both 
complexes with different dependency on NaC1 con- 
centration. The 834 nm band in the complex from 
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Fig. 5. Difference absorption spectra of carotenoid(s) induced by the 
addition of NaC1 in the isolated complexes. (a) Base line; (b) LHII 
complex from light-grown cells; (c) LHII complex from dark-grown 

cells, Other conditions were the same as in Fig. 4. 
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Fig. 6. Dependence of band shift in near infrared regions on NaC1 
concentrations. Absorption spectra were measured at 25 °C with a 
Shimadzu UV 260 spectrophotometer. The complexes were suspended 
(20 /Lg protein/ml) in 10 mM Tris-HC1 (pH 8) containing 0.05% 
LDAO. O, Complex from dark-gown cells; o,  complex from light- 

grown cells. 

fight-grown cells shifted up to 852 nm and the 827 nm 
band in the complex from dark-grown cells shifted up 
to 850 nm upon increasing NaC1 concentration. A fur- 
ther shift of these bands to longer wavelength was not 
observed. The position of the 803 nm band was essen- 
tially unaffected by the addition of NaC1 up to 1 M in 
both complexes, the minor shift of less than 1 nm being 
probably due to the changes of long-wavelength bands. 
The lowering of absorption at 803 nm by the addition 
of NaC1 might be due to reduction of spectral overlap 
with the long wavelength band (Fig. 4). The ratio of 
absorption of the shorter to the longer infrared wave- 
length band increased from 0.72 to 1.26 and from 0.76 
to 1.21 depending on increasing NaC1 concentration, 
respectively, in complexes from light- and dark-grown 
cells. All intermediate spectral forms of both complexes 
were fairly stable over 24 h at 0°C in the dark. 

Similar spectral changes of Bchl were observed in 
both complexes, depending on the concentration of 
LDAO (Fig. 7). Lowering of LDAO concentration in 
the reaction mixture resulted in a red-shift of  the long 
wavelength band. At a concentration of less than 2. 
10-4% LDAO, the 834 nm band in the LH complex 
from light-grown cells shifted to 851 nm and the 827 
nm band in the complex from dark-grown cells to 839 



240 

8 . ' 5 0  - -  - 

8 4 0  - 

830- 

t -  

QJ 

I lJ  
> 

810  - 

B 0 0  - -  

I 
1 0  - 4  1 0  - 3  

w i i  

1 I I 
10-2 10 -1 10 o 

L D A O  ( * / .  w / v )  

m 

Fig. 7. Dependence of band shift in near infrared regions on LDAO 
concentrations. The complexes (20 #g protein/ml) were suspended in 
10 mM Tris-HC1 (pH 8). O, LHII complex from dark-grown cells; o,  

LHII complex from fight-grown cells. 

nm. The peak position of short-wavelength band at 803 
nm did not change in either complex in the concentra- 
tion ranges of LDAO used. The absorption ratio at 851 
to 803 nm was 1.29 in the complex from light-grown 
cells, and 0.86 at 839 to 803 nm in the complex from 
dark-grown cells. The spectral shift induced by decreas- 
ing of LDAO concentration in the LHII complex from 
dark-grown cells was incomplete compared with the 
LHII from light-grown cells. Prolonged dialysis with 
detergent-free buffer caused aggregation of complexes. 

D i s c u s s i o n  

The light-harvesting complex II was isolated from 
Rhodobacter sulfidophilus grown either chemotrophically 
or phototrophically. The carotenoid composition 
changed under the two growth conditions as known 
from other purple n0nsulfur bacteria. The LHII com- 
plex isolated from cells grown at one of the described 
conditions consisted of two polypeptides having ap- 
parent molecular weights of about 5000 and 3000. These 
values, especially the low one, were smaller than those 
reported for LHI! complexes isolated from other purple 
photosynthetic bacteria [7]. The amino acid sequence 
analysis which is in progress will result in the precise 
determination of molecular weight. 

The isolated LHII complexes showed characteristic 
spectral shifts of the long-wavelength band in the near- 

infrared region, which represents dimeric Bchl. The shift 
of this band is probably due to change of excitonic 
interactions between two Bchl molecules. In fact, the 
monomeric Bchl band at 803 nm was not affected by 
salt and detergent. Reversibility of the shift reflects 
specific changes in complexes. According to structural 
models [5,16,17], Bchl molecules are bound to poly- 
peptides by histidine-residues and other conservative 
amino acids. Reconstitution experiments have shown 
that the spectral feature of a pigment-protein complex 
depends from the interaction of Bchl and polypeptides 
[18]. One possible explanation for changing of interac- 
tions between Bchls is a change of tertiary structure of 
polypeptides which bind Bchls. 

Conformational changes of polypeptides could mod- 
ify the excitonic interactions between Bchls by changing 
the distance and/or  relative orientation between them. 
Salt and detergent may change ionic and hydrophobic 
interactions between polypeptides in isolated com- 
plexes, respectively. Specific effects of salt and deter- 
gent on the interactions between Bchl-Bchl or Bchl- 
polypeptide are not excluded at present. The different 
dependence of band-shifts on salt and detergent con- 
centration suggests different organization of" Bchl and 
polypeptides between dark and light complexes. 

In addition to changes of absorption due to Bchl, a 
carotenoid band shift was observed in the complex from 
light-grown cells. The different absorption changes in- 
duced by NaC1 are similar to the electrochromic band 
shift of carotenoids found in membranes and whole 
cells of photosyntetic bacteria [19]. This shift reflects 
the change of absorption of special carotenoid mole- 
cules responding to a local-field change. Salt-induced 
spectral-changes of carotenoids in the complex from 
light-grown cells is particularly interesting for such 
carotenoids which bind to the LHII complex in vivo 
[20,21]. Although carotenoids are not essential for the 
assembly of the LHII [22], carotenoids seem to be 
bound to the complex in a specific way which makes 
possible an effective energy transfer between the pig- 
ment molecules [8,23]. The carotenoid band shift 
accompanied by the absorption change of Bchl supports 
close interaction of these pigments in the LHII com- 
plex. 

There are some variations in the spectral form of the 
LHII complex isolated from purple photosynthetic 
bacteria [23-29]. The absorption spectra of B800-850 
complexes, which have been well characterized in Rb. 
sphaeroides, Rb. capsulatus and Rhodocyclus gelatinosus, 
are similar to that of the 'high-salt' form of LHII 
isolated from Rb. sulfidophilus. The ratio of Ass0/800 is 
typically in the range from 1.2 to 1.5. On the other 
hand, another type of LHII presented by the B800-820 
complex in Chromatium vinosum and Rhodopseu- 
domonas acidophila, which has a high absorption at 800 
nm and low at 820 nm resembled the 'low-salt' form. 



The  pos i t ion  of the long-wavelength  b a n d  is ra ther  
var iable  a m o n g  the complexes  i so la ted  f rom di f ferent  
bacter ia .  Recent ly ,  Brunisholz  and  Z u b e r  [9] suggested 
the different  spectra l  forms of Bchl to be  the resul t  of  
complexes  with spec i f i c ' apopro te ins  and  the i m p o r t a n t  
role of  a romat ic  amino  acid  residues loca ted  in the 
C- te rmina l  po r t ions  of  the  complexes .  As  descr ibed  
here, the convers ion  among  dif ferent  spect ra l  forms of  
p igments  occurred  also by  rea r rangements  due  to po ly-  
pep t ide  confo rma t iona l  changes.  The  i so la ted  L H I I  
complex  of  Rb. sulfidophilus is, therefore,  in teres t ing  
and  useful  as m o d e l  to e luc ida te  the  re la t ionsh ip  be-  
tween spectral  forms and p igment  o rgan iza t ion  in com- 
plexes in this connect ion.  
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