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The spectral analysis of membrane fractions and a fraction enriched in light-harvesting 
(LH) complex I + reaction center (RC) of Roseococcus thiosulfatophilus, RB3 and of the 
membrane fraction and of the isolated LH II and LH I + RC complexes of Erythromicrobium 
ramosum, E5 is reported. Quantum yields of singlet energy transfer between carotenoids 
and bacteriochlorophyll (light-harvesting function) were calculated from comparison of 
absorption and fluorescence excitation spectra of the respective preparations. The results 
indicate that the excess of carotenoids in the membrane does not contribute to the light- 
harvesting function of the LH complexes.

In troduction

Roseococcus thiosulfatophilus, R B 3 (Yurkov 
and G orlenko, 1992) and Erythromicrobium  
ramosum, E 5  (Y urkov et al., 1991, 1992) are obli­
gate aerobic chem otrophic bacteria which can syn­
thesize a photosynthetic apparatus. The contri­
bution of light energy to the form ation of an 
electrochem ical pro ton  gradient across the cyto­
plasmic m em brane in these bacteria is not known, 
but seems to be low (H arashim a et al., 1987; 
Yurkov and van G em erden, 1993). The reasons 
why these bacteria  can not grow photosyn- 
thetically under anaerobic conditions as the photo­
synthetic purple bacteria are unknown.

M any strains of these aerobic, bacteriochloro­
phyll (BChl)-containing bacteria belong taxo- 
nomically to  the a-subclass of Proteobacteria 
(Woese, 1987; H arashim a et al., 1988; Shiba et al., 
1991; Fuerst et al., 1993; Yurkov et al., 1994). R e­
cently it was shown that the D NA sequence of the 
p u f  operon, encoding the genes for the proteins of
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the light-harvesting complex I (LH  I), the reaction 
center (RC) and the tetrahem e subunit of Roseo- 
bacter denitrificans, is very similar to that of Rho- 
dobacter species (L iebetanz et al., 1991).

The organization of photosynthetic RC seems to 
be similar to that of purple bacteria. Two types of 
LH antenna systems are present (H arashim a et al., 
1988). They were nam ed LH  I (B870) and LH II 
(B 800-850) according to  the term inology used for 
purple bacteria although some of them  have 
slightly different absorption bands.

In a previous article we have shown that cells of 
R. thiosulfatophilus and E. ramosum  contain a 
large num ber of unusual and mostly polar caro­
tenoids (Crt) (Yurkov et al., 1993).

The m olar ratio  of Crt to BChl was found to be 
9; 1 in whole cells but in LH  complexes 0.1 to 1; 1. 
B acteriorubixanthinal was the m ajor C rt in the 
pigm ent proteins of the LH and RC  complexes of 
E. ramosum. In addition small am ounts of spiril- 
loxanthin (LH  I + RC) and zeaxanthin (LH II) 
were present. In R. thiosulfatophilus C30-carotene- 
dioate(4 ,4 '-d iapocarotene-4 ,4 '-d ioate) (com pound
A ) and the respective diglucosyl ester (com pound
B) are the m ajor carotene com pounds. The en­
riched LH I + RC fraction contains mainly com ­
pound B (di-(ß-D-glucopyranosyl)-4,4'-diapocaro-

0939-5075/94/0900-0579 $ 06.00 © 1994 Verlag der Zeitschrift für Naturforschung. All rights reserved.

This work has been digitalized and published in 2013 by Verlag Zeitschrift 
für Naturforschung in cooperation with the Max Planck Society for the 
Advancement of Science under a Creative Commons Attribution-NoDerivs 
3.0 Germany License.

On 01.01.2015 it is planned to change the License Conditions (the removal 
of the Creative Commons License condition “no derivative works”). This is 
to allow reuse in the area of future scientific usage.

Dieses Werk wurde im Jahr 2013 vom Verlag Zeitschrift für Naturforschung
in Zusammenarbeit mit der Max-Planck-Gesellschaft zur Förderung der
Wissenschaften e.V. digitalisiert und unter folgender Lizenz veröffentlicht:
Creative Commons Namensnennung-Keine Bearbeitung 3.0 Deutschland
Lizenz.

Zum 01.01.2015 ist eine Anpassung der Lizenzbedingungen (Entfall der 
Creative Commons Lizenzbedingung „Keine Bearbeitung“) beabsichtigt, 
um eine Nachnutzung auch im Rahmen zukünftiger wissenschaftlicher 
Nutzungsformen zu ermöglichen.



580 V. Yurkov et al. ■ Light-Harvesting Complexes of Aerobic Bacteriochlorophyll-Containing Bacteria

tene-4,4 '-dioate). The C rt’s which are not bound 
to the BChl-protein complexes, were found in the 
cell envelope fraction (cytoplasmic m em brane and 
outer m em brane) (Yurkov et al., 1993). The func­
tion of these carotenoids is unknown. They may 
play a role in scavenging free radicals and/or sin­
glet oxygen, processes which have been observed 
for several C rt’s in organic solvents (Krinsky, 1979, 
1989; Oliveros et al., 1992) or they screen the cells 
from high light intensities.

M aterials and M ethods

Strains, cultivation and membrane isolation

Roseococcus thiosulfatophilus strain, RB3, 
DSM N8511, and Erythromicrobium ramosum, 
E 5, DSM N8510, were cultivated at 30 °C semi- 
aerobically in the dark  in o rder to maximize the 
form ation of the photosynthetic apparatus. The 
bacteria were grown on a yeast ex trac t-p ep to n e  -  
acetate medium (Yurkov et al., 1993) in a 12 1 New 
Brunswick ferm enter (stirring at 200 rpm ) for 
48 h. Cell-harvesting, disruption in a French pres­
sure cell, and fractionation of cell m em branes has 
been described previously (Yurkov et al., 1993).

Isolation o f  pigment-protein complexes

M em brane fractions I and II of R. thiosulfato­
philus and fraction I of E. ramosum, isolated by 
sucrose density gradient centrifugation (Yurkov 
et al., 1993), were used for spectroscopical studies 
and for isolation of pigm ent-protein complexes. 
These m em brane fractions (about 17 pg BChl/ml) 
were resuspended in 20 mM Tris-HCl (pH  7.8) 
buffer and mixed (1 :1 ) with 1.2% of lauryldim eth- 
ylamine N-oxide (LD A O ). The suspension was in­
cubated at room  tem perature  in the dark under 
gentle stirring. A fter 30 min the m ixture was lay­
ered on a sucrose step gradient (0.3, 0.6 and 1.2 m 

sucrose in Tris-HCl buffer of 20 m M , pH 7.8) con­
taining 0.05% LDAO. A fter centrifugation for 
16 h at 90,000x g  in a Beckm an Ti60 ro tor the pig­
m ented protein bands were collected.

For further purification the LH II- and LH I-en- 
riched fractions were directly applied to a D E A E - 
Sepharose column equilibrated with 20 mM N a P 0 4 
buffer (pH 8.0).

The complexes were purified by stepwise elu­
tion with increasing concentrations of NaCl in

20 mM N a P 0 4 buffer (pH 8.0), containing 0.05% 
LDAO.

Analytical methods

BChl and Crt were extracted from whole cells, 
m em brane fractions and pigm ent-protein com ­
plexes with acetone:M eO H  7 :2  (v/v). The total 
am ount of BChl was determ ined according to 
Clayton (1966). The protein content was m easured 
by the m ethod of Lowry et al. (1951). M em brane 
proteins were separated by SDS-PAGE on an
11.5-16.5%  linear gradient of acrylamide. P ro­
teins were stained with Coomassie Brilliant Blue, 
G-250.

Spectroscopic methods

A bsorption spectra at room tem peratures were 
recorded with a Kontron spectrophotom eter 
U V IC O N  860, and plotted by using the com puter 
program  “D iagram m e” (A tari). A bsorption, fluo­
rescence and fluorescence excitation spectra at 
low tem peratures were recorded using a home- 
built spectrom eter, described in detail in Kaiser 
et al. (1981), Kaiser (1982) and A ngerhofer et al.
(1986).

The quantum  yield of energy transfer from  C rt’s 
to BChl was calculated from the intensities of their 
respective absorption bands in the absorption and 
fluorescence excitation spectra according to the 
following formula (G oedheer, 1959):

rexc s/ Tabs 
_  1 Crt x  1 BChl
~~ i abs w /exc 1 Crt x  1 BChl

r| is the quantum  yield of the energy transfer 
from the Crt excitation band (7exc is the intensity 
of the excited Crt absorption band in the exci­
tation spectrum, / abs -  the intensity of the same 
band as found in the absorption spectrum ) to the 
fluoresceing first excited singlet state of the BChl 
( / | xchfbs -  are the intensities of the So = >  Si fluo­
rescence excitation and absorption bands of 
BChl). The intensities may be taken just from  the 
peak values of the spectra since differences in line- 
width betw een corresponding peaks in the absorp­
tion and fluorescence excitation spectra were not 
observed. Additionally, we applied a m ulti-G aus- 
sian fit to the spectra and extracted the area under 
the respective excitation bands for the calculation 
of the quantum  yields. Both m ethods gave com pa­
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rable results to within ± 5 %  in all cases. In the 
following the average values gained by both m eth­
ods will be given. Calculation of band intensities 
was done with spectra corrected for the instrum ent 
sensitivities and p lo tted  on a linear photon energy 
scale (i.e. in cm -1).

Results

Roseococcus thiosulfatophilus, RB3, 
pigment-protein complexes

From  detergen t-treated  m em branes of R. thio­
sulfatophilus a B Chl-protein complex was isolated 
(see M ethods) and eluted from D EA E-Sepharose 
columns at 350 mM NaCl. The complex showed a

main absorption band at 856 nm (at room  tem ­
perature; Fig. 1 a). Since the absorption spectrum 
of this complex in the near-infrared (N IR ) region 
was alm ost identical to that of the m em brane 
(Fig. 1 in Yurkov et al., 1993) and little BChl was 
lost during the isolation procedure, m ost if not all 
of the BChl molecules in strain R B 3 seem s to be 
organized in this complex.

The N IR  absorption maximum of the m em ­
brane fraction appearing at 864 nm at 6 K (see 
Fig. 3 a, b-II) is unusual for purple bacteria be­
cause LH I complexes norm ally show maxima be­
tween 870 and 890 nm. The ratio of C rt to BChl 
absorption is relatively high (see Fig. 1 b in Yurkov 
et al., 1993, and Fig. 3 a, b-II). The peaks at 484 nm, 
514 nm, and 557 nm are tentatively assigned to

400 500 600 700 800 900

W avelength [nm ]

Fig. 1. Absorption spectra of isolated pigment-protein 
complexes recorded at room temperature, a) LH I + RC 
complex isolated from Roseococcus thiosulfatophilus; 
b) LH I + RC complex isolated from Erythromicrobium 
ramosum; c) LH II complex isolated from E. ramosum.

a

A B C D

Fig. 2. Protein patterns of membranes or pigment-pro­
tein complexes separated by SDS polyacrylamide gel 
electrophoresis, a) Isolated from Roseococcus thiosulfa­
tophilus, lane A: protein markers in kDa; lane B: mem­
brane fraction from Rhodobacter capsulatus 37 b 4, from 
top to the bottom LH IIy, LH la . LH IIa, LH IIß and 
LH Iß. double band; lane C: membrane fraction I of 
R. thiosulfatophilus; lane D: membrane fraction II of 
R. thiosulfatophilus; lane E; LH I-enriched fraction from 
membranes of R. thiosulfatophilus. b) Erythromicrobium  
ramosum, lane A: membrane fraction; lane B: enriched 
LH I complex; lane C: LH II complex; lane D: molecular 
weight markers in kDa.
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com pound B (see Introduction). They appeared 
with lower intensity in fraction II of the m em brane 
(Fig. 3 b) com pared with fraction I (Fig. 3 a). Frac­
tion II showed a lower Crt/BChl ratio than frac­
tion I (10:1).

The LH I + RC complex showed the same Crt 
absorption maxima as the m em brane but a lower 
Crt/BChl ratio of about 1.4:1.0 (Fig. 3c-II), with 
approxim ately th ree times less C rt’s per BChl 
(m ol:m ol) than m em brane fraction I.

The polypeptide patterns of the isolated LH I 
complex was analyzed by SDS-PAGE (Fig. 2 a). 
Four polypeptides with an apparen t M r of about 
8000 (two upper) and 7000 (two lower) were 
observed. These polypeptides were also present 
in m em brane fractions of R. thiosulfatophilus 
(Fig. 2 a). The complex is nam ed LH I.

Fluorescence and quantum yield o f  Car =?> BChl 
singlet energy transfer

The quantum  yield determ ination of excitation 
energy transfer are based on the total C rt’s p resent 
in the respective fractions since we could not ob­
tain highly purified RC and LH I preparations. 
The fluorescence emission spectrum  of m em brane 
fraction I showed one peak at 876 nm, originating 
from the LH I emission (see Fig. 3a-I). The main 
peak of the absorption and fluorescence excitation 
spectra (Fig. 3 a-III) was at 864 nm. In the visible 
region the relative intensities differ considerably. 
The strong Crt absorption bands at 484, 514 and 
557 nm (Fig. 3a-II) contributed only weakly to the 
fluorescence excitation spectrum  499, 571 nm; 
Fig. 3 a-III). These data support the idea that only 
a subpopulation from  the bulk of the C rt’s in the 
m em branes is efficient in energy transfer to LH I. 
The quantum  yield calculated for the total Crt 
content was 7.7%. If we assume a Crt/BChl ratio 
of 1:1 in the LH I complex and neglect energy 
transfer from the m em brane-bound secondary 
C rt’s (Crt/BChl ratio  9 :1 ) for m em brane frac­
tion I), one can estim ate the quantum  yield of 
Crt ==> BChl energy transfer in the native LH I 
complex to 77% , well in the range of values ob ­
served in purple photosynthetic bacteria (Noguchi 
et al., 1990).

The spectral location of the fluorescence em is­
sion and excitation and absorption bands in frac­
tion II are the same as in fraction I (Fig. 3b), but

X [nm]

Fig. 3. Absorption (II), fluorescence emission (I) and 
fluorescence excitation (III) spectra of fractions isolated 
from Roseococcus thiosulfatophilus recorded at 6 K. 
a) Membrane fraction I, b) membrane fraction II, 
c) the LH + RC-enriched fraction. Absorption and fluo­
rescence excitation spectra are displayed normalized to 
equal height of their NIR band. Fluorescence emission 
and fluorescence excitation spectra were corrected to 
the instrumental response function.

the Crt absorption bands are w eaker than  in frac­
tion I. A quantum  yield for energy transfer of
11.2% was derived. This, however, reflects a lower 
concentration of bulk carotenoids (inactive in 
energy transfer to BChl) in this m em brane p rep ­
aration, rather than a higher energy transfer 
efficiency for the protein-bound carotenoids.

The isolated LH I + RC complex of R. thiosulfa­
tophilus displayed the same fluorescence emission 
peak at 876 nm as in m em brane fractions I and II 
(Fig. 3c-I). The fluorescence excitation and ab­
sorption spectra have a N IR  band at 864 nm. A t 
594 nm the Qx band of the BChl is visible in the 
excitation spectrum. The Crt bands appeared  in 
the excitation spectrum at 495, 528 and 569 nm 
which are somewhat red-shifted com pared to the
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peak maxima in the absorption spectrum. From 
the intensities a quantum  efficiency for energy 
transfer of 29% was calculated. The fact that the 
C rt excitation bands were not found at the same 
spectral positions in both spectra may indicate that 
RC and LH complexes have different carotenoids. 
The quantum  efficiency calculated that way was 
then obscured by the RC C rt’s which do not con­
tribute to  the LH  fluorescence.

Erythromicrobium ramosum, E5, pigment-protein 
complexes

From  m em brane fraction I of E. ramosum 
(Yurkov et al., 1993) two subfractions were ob­
tained after trea tm en t with LDAO and sucrose 
density gradient centrifugation. The upper band 
was enriched in LH  II and the lower band in LH I 
+ RC. Both fractions were abundant in C rt’s. The 
bands were separately applied to D EA E-Sepha- 
rose chrom atography. The LH I + RC complex 
was eluted at 225 mM NaCl, the LH II at 100 mM 
NaCl. A t room  tem perature  the purified LH I + 
RC complex showed a main absorption band at 
871 nm and a sm aller one at 801 nm (Fig. lb ) . 
LH  II absorbed at 798 nm and 832 nm (Fig. 1 c). 
A t 6 K absorption maxima at 440 nm, 467 nm and 
497 nm in the C rt absorption region, and at 
589 nm, 797 nm, 838 nm and 878 nm, belonging to 
BChl were observed in the m em brane fractions, 
indicating the presence of two LH complexes 
(Fig. 4 a).

The isolated LH  II complex (Fig. 4b) showed 
BChl maxima at 796 and 840 nm (BChl) and Crt 
maxima at 503 nm and 535 nm indicating a change 
in the C rt com position com pared with the whole 
mem branes. Für LH  I + RC fraction showed a 
LH  I maximum at 884 nm (Fig. 4 c) and a very 
weak Crt band around 500 nm.

B oth LH II and LH  I + RC fractions contained 
bacteriorubixanthinal as the main Crt compound 
and additionally zeaxanthin in the LH II fraction 
and spirilloxanthin in the LH I + RC fraction 
(Yurkov et al., 1993).

The LH I com plex contained two polypeptides 
with an apparen t m olecular weight of about 8000 
and 6000 and the LH II preparation three poly­
peptides of about 16,000, 9000 and 8000 Mr. The 
RC bands have not been identified.

X [nm]
Fig. 4. Absorption (II), fluorescence emission (I) and 
fluorescence excitation (III) spectra of fraction isolated 
from Erythromicrobium ramosum recorded at 6 K. 
a) Membrane fraction; b) light-harvesting complex II 
(L h  II); c) LH I + RC fraction. Absorption and fluores­
cence excitation spectra are displayed normalized to 
equal height of their NIR band. The respective fluores­
cence spectra appear normalized to the height of this 
band. Fluorescence and fluorescence excitation spectra 
were corrected to the instrumental response function.

Fluorescence and quantum yield o f  Car = >  BChl 
singlet energy transfer

The fluorescence emission bands of the m em ­
brane fraction of E. ramosum  (Fig. 4a-I) at 896 nm 
and a w eaker one at 859 nm, at 6 K, are indicative 
of LH I and LH II fluorescence, respectively. The 
fluorescence excitation spectrum  taken at a detec­
tion wavelength of 897 nm showed the same spec­
tral features as the absorption spectrum . Both 
spectra were norm alized to the same intensity of 
the N IR  band at 878 nm of the LH I complex. The 
two bands at 797 nm and 838 nm belong to the 
LH II complex. The intensity of these bands was 
about 30% lower than in the corresponding ab­
sorption spectrum , indicating that energy from
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LH II to LH I was transferred at a low rate. This 
also explains why a LH II fluorescence emission 
band at 859 nm was observed. In the visible region 
the BChl Qx band was visible at 589 nm and the 
Crt absorption bands at 440, 467, 497 nm and a 
shoulder at 532 nm.

For analysis of the quantum  yield of energy 
transfer in the m em brane fraction of E. ramosum  
the 538 nm and the 497 nm bands of the C rt's were 
selected which gave yields of 25.5% and 33.0%, 
respectively. This difference may be explained by 
differences in Crt pigment com position of the 
LH I and LH II complexes and the Crt pool not 
associated with the photosystem . It also indicated 
that the C rt’s not associated with the LH proteins 
are inactive in energy transfer to the BChl bound 
to these proteins.

The fluorescence emission spectrum  of the 
LH II complex showed only one band with its 
maximum at 867 nm (Fig. 4b). The absorption and 
fluorescence excitation spectra revealed peaks at 
503, 535, 586, 796, and 840 nm. The quantum  yield 
of Crt to BChl energy transfer was calculated to 
be 94%. The fluorescence emission spectrum  of 
the LH I + RC preparation (Fig. 4 c) was charac­
terized by one main peak at 915 nm, and two weak 
peaks at 861 nm and 790 nm. The main band was 
ascribed to the LH I emission. The w eaker m ax­
ima at shorter wavelengths were probably due to 
residual LH II emission and free BChl. The fluo­
rescence excitation and absorption spectra were 
again very similar with respect to the position of 
their peaks. They differ in intensity only in those 
bands which must be ascribed to the RC. The main 
band in the N IR  appeared at 884 nm with a small 
shoulder at 838 nm, probably due to the residual 
LH II complex. The bands at 763 and 796 nm, be­
longing to the RC, were w eaker by at least 50% 
in the fluorescence excitation spectrum . These re­
sults indicate some energy transfer from R C ’s to 
the LH I pool. In the visible region the BChl Qx 
band at 590 nm and weak Crt bands at 498 nm and 
533 nm were observed. From their intensities a 
quantum  yield of 60% was calculated.

Discussion

The species described in this article are not 
closely related to Rhodobacter ccipsulatus or Rho- 
dobacter sphaeroides (Yurkov et al., 1994). The LH

complexes of these bacteria differ from those of 
many purple bacteria. The m ajor N IR  absorption 
band of the LH I + RC-enriched fraction of 
R. thiosulfatophilus was found at 856 nm (room  
tem perature; 864 nm at 6 K). This and the poly­
peptide pattern (Fig. 2 a) indicate an uncom m on 
protein environm ent of BChl.

Unusual spectral properties were also observed 
for the LH II complex of E. ramosum. Besides the 
798 nm peak the major N IR  peak was at 832 nm 
(room  tem perature) and 840 nm (at 6 K), respec­
tively. It has to be studied w hether E. ramosum  is 
able to express variable LH II complexes depend­
ent from tem perature or light intensity as Rhodo- 
pseudomonas acidophila and R. palustris (Bissig 
et a l, 1990; Evans et a l, 1990; G ardiner et a l, 1992; 
Tadros et a l, 1993). The isolated LH II complex 
contained three proteins like R. capsulatus.

In previous studies a RC-B865 com plex from 
Erythrobacter longus, O C hlO l, and RC -B 870 and 
B806 complexes from Roseobacter denitrificans, 
O C h ll4  were isolated and described (Shim ada 
et a l, 1985). The isolation of new types of LH  com ­
plexes, described in this article, underlines that 
these aerobic bacteria are heterogenous in their 
physiology, taxonomic position and com position of 
the photosynthetic apparatus.

The emission and excitation spectra of the m em ­
brane fractions of both R. thiosulfatophilus and 
E. ramosum  dem onstrate that most of the mem- 
brane-bound C rt’s are not associated with the LH 
or RC complexes, and that these separately lo­
calized C rt’s do not transfer excitation energy to 
the RC. The quantum  yields for excitation energy 
transfer are thus only lower estim ates to the true 
quantum  yields in the LH complexes. This is also 
true for the isolated LH I + RC complexes of 
R. thiosulfatophilus and E. ramosus since the C rt’s 
of the RC do not transfer their excitation energy 
to the LH I complex. The quantum  yields of 29% 
and 60% , respectively, are thus only lower bounds 
of the true quantum  yields in these LH I 
complexes.

The quantum  yield of energy transfer was m ore 
exactly determ ined for the LH II com plex of 
E. ramosum. A quantum  yield of 94% is com par­
able to what has been observed for the B 8 0 0 - 
850 complex of the purple bacterium  Rhodobacter 
sphaeroides strain 2.4.1 (Cogdell et a l, 1981; van 
G rondelle et a l, 1982; Hayashi et a l, 1987; Nogu-
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chi et al., 1990), bu t higher than the yields ob­
served for the LH  II complexes of other purple 
bacteria (A ngerhofer et al., 1986; Noguchi et al., 
1990; Cogdell et al., 1992).

High concentrations of C rt’s not active in photo­
synthetic energy transfer have been observed in 
m em branes of Erythrobacter longus, OCh 101 (N o­
guchi et al., 1992). The main Crt was (3 S, 2 'R ,3 'R )- 
3,2',3'-trihydroxy-ß,ß-carotene-4-one-3-sulphate 
(erythroxanthin sulphate), a highly polar molecule 
(Takaichi et al., 1991). It was suggested that its 
possible function is photoprotection by quenching 
harm ful singlet oxygen (Noguchi et al., 1992). High 
concentrations of “extrinsic” carotenoids have 
also been observed in algae. It has recently been 
suggested that high extrachloroplastic concen­

trations of astaxanthin ester-containing lipid glob­
ules function as a sunscreen to minimize photo­
damage during periods of exposure to intense 
solar radiation of snow algae (e.g. Chlamydo- 
monas nivalis; Bidigara et al., 1993). In addition to 
the “sunscreen” effect these secondary C rt’s may 
act as inhibitors of photodynam ically induced 
damage as indicated by a recent study of Hagen 
et al. (1993) on Haematococcus lacustris.
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