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Cells of Rhodopseudomonas capsulata were grown in a turbido-stat and adapted to high (1400 W / m  2) or low 
(40 W / m  2) light intensities. In high-light-grown cells the specific BChl content was about 10-times lower, 
the number of intracytoplasmatic membrane vesicles smaller by a factor of about 20, the photosynthetic unit 
smaller by a factor of 1.9 and the reaction center content about 5-times lower than in low-light-grown cells. 
However, the photophosphorylation rate per reaction center under saturating light was higher in 
high-light-grown cells by a factor of 7.7, apparently compensating the lower amount of reaction centers. 
Adaptation of the cells to different irradiances not only seems to comprise a variation of the size and 
composition of the antennae, but also a change in the affinity of the photosynthetic system to light, as 
concluded from saturation curves obtained from the two adaptation stages of cells. 

Introduction 

Cells of Rhodopseudomonas capsulata growing 
photoheterotrophically under high light intensities 
contain lower amounts of pigments (bacteriochlo- 
rophyll and carotenoids) in their light-harvesting 
system compared with cells grown in low light [1]. 
This low level of pigments in high-light-grown 
cells is accompanied by a low amount of intracy- 
toplasmic membranes [2] and a small photosyn- 
thetic unit (total BChl per reaction center). The 
antennae of Rps. capsulata are composed of the 
light-harvesting complexes B870 and B800-850. It 
is assumed that the first one has a fixed ratio to 
the reaction centers, but the latter forms a pool 
with variable size depending on the light offered to 
the cells [3,5]. 

* To whom correspondence should be addressed. 
Abbreviation: BChl, bacteriochlorophyll. 
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At very low irradiances, light as energy source 
becomes growth limiting. Cells adapted to saturat- 
ing irradiances are growing with a maximal growth 
rate [5] and their specific BChl content becomes 
independent of the growth rate [4]. Originally it 
was postulated that the regulation of the pigment 
level maintains the number of light quanta ab- 
sorbed [3]. Later it was shown that the quantum 
yield of growth is not constant, but reaches an 
optimum when the irradiance is just saturating 
and decreases to higher irradiances [4] 

Chromatophores isolated from various species 
of nonsulfur purple bacteria were active in photo- 
phosphorylation [5,6]. The term 'chromatophores' 
was introduced for pigment-bearing membranes 
isolated from low-light grown cells, where intracy- 
toplasmic membranes are predominant. We prefer 
the terms 'high-light membranes' and 'low-light 
membranes' for the membrane fractions isolated 
from cells grown at the respective illuminations. 
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High-light membranes exhibited a 3-15-fold higher 
photophosphorylation rate on the basis of mem- 
brane bacteriochlorophyll and a 1-4-fold higher 
photophosphorylation rate on the basis of protein 
than low-light membranes [5,7]. The rates vary, 
because they depend on growth conditions, isola- 
tion procedures, cytochrome c 2 content of the 
membranes and the phosphate potential used [8,9]. 

In this paper we try to associate pigment levels 
of growing cells with data obtained from isolated 
membranes to elucidate the background of cell 
adaptation. In order to obtain homogeneous cell 
material, a turbidostat was constructed, allowing 
to grow cells under a constant mean irradiance. 
Irradiance conditions were selected to give a maxi- 
mal differentiation of the photosynthetic appara- 
tus but allowing growth without energy limitation. 

M a t e r i a l s  a n d  M e t h o d s  

Organism and culture conditions 
Rps capsulata 37b4 (german collection of micro- 

organisms, GOttingen strain DSM 938) was grown 

r 
1 

i 

I I  I ~S  

Fig.1. Turbidostat for phototroph cultures. The turbidostat 
consists of a culture vessel, f, with cooling tubes, t, and a 
stirring bar, s, a reservoir, re, illumination system, b, pumps, p 
and efflux, e. To maintain a constant cell density, the culture 
was diluted with fresh medium by pump Pl. The density of the 
cell suspension was recorded in a simple photometer, r, which 
also controlled pump Pl. Illumination or low-light culture was 
provided by one central bulb, b 1 (40 W). For high-light condi- 
tions one central bulb, b 1 (200 W), was fixed in the center and 
six reflector bulbs, b 2 (6×300 W Osram concentra), were 
directed to the center of the vessel. 

anaerobically at 30°C under a high irradiance of 
about 1000 W / m  2 (2 x 300 W Osram concentra) 
in 100 ml screw-cap flasks containing malate 
medium [10]. The turbidostat filled with the same 
medium was warmed to 30°C, gassed with nitro- 
gen (99.99%) and inoculated (Fig. 1). The culture 
was kept 0.5 h in dark to obtain anaerobiosis. 
Phototrophic growth was started with one central 
bulb (200 W Osram, 250 W/m2).  Irradiance val- 
ues were measured with a bolometer (Laboratory 
Data Control, Model 68, Riviera Beach, FL, 
U.S.A.) calibrated against a thermopile. Measuring 
points were chosen behind the layer of the culture 
(3 cm thickness) at the final bacterial density of 
0.25-0.30 mg dry mass per ml. After the culture 
had reached its final density, fresh malate medium, 
gassed with nitrogen, was pumped from a reservoir 
to the fermenter to maintain a constant bacterial 
density. Pumping intervals were recorded to de- 
termine the cell doubling time. After a few hours, 
when a constant pigment level was established, the 
irradiance was changed either to low- (40 W / m  2) 
or to high-light (1400 W / m  2) conditions. At high- 
light conditions the total irradiance was estimated, 
measuring the irradiance passed through the layer 
of bacteria, first on the outside, then on the inside 
of the vessel (Fig. 1). Finally, both values were 
added up. After 4 h of adaptation, the cell suspen- 
sion leaving the fermenter was cooled immediately 
to about 4°C and collected in dark vessels stand- 
ing on ice. The time of this storage was at most 12 
h. 

Membrane isolation 
Harvested cells were washed twice in a Tris- 

buffer (0.05 M, pH 7.6). The cells were resus- 
pended in 50 mM glycylglycine buffer (pH 7.5)/5 
mM MgC12 to an apparent absorbance of 40 (1 
cm, 660 nm). Desoxyribonuclease (1 mg/ml)  was 
added and the ceils were broken in a French 
pressure cell (110 MPa, 4°C). All further isolation 
steps were carried out at 4°C. The crude extract 
was centrifuged at 30000 x g for 20 min. The 
supernatant was sedimented at 200 000 x g for 90 
min. The sediment was resuspended in 100 mM 
glycylglycine buffer (pH 7.5)/10 mM MgC12 and 
mixed with glycerol (55% v / v  final concentration). 
This stock solution of membranes with a protein 
concentration of 3-10 mg per ml was stored at 
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Photophosphorylation 
The photophosphorylation rate was determined 

with luciferin-luciferase [12]. The stock solution of 
membranes was diluted to 4 ~tM BChl with 100 
mM glycylglycine buffer (pH 7.5)/10 mM 
MGC12/100 btM phenylmethylsulfonylfluoride/ 
100 /~M dithioerythritol/1 mM p-aminobenzami- 
dine (solution A). p-Aminobenzamidine was neces- 
sary to avoid the loss of coupling factor in the 
diluted membrane suspension [13]. Solution B con- 
tained 100 mM glycylglycine (pH 7.75), 10 mM 
MgCI 2, 2 mM K2HPO 4, 0.2 mM sodium-suc- 
cinate, 0.1% bovine serum albumin, 25 #M ADP, 
250 /~M AMP, 100 ~M luciferin and 10 ~g /ml  
luciferase (last four reagents from Boehringer, 
Mannheim). To 1.9 ml solution B (25°C, air 
saturated) was added 0.1 ml of solution A in an 
optical cuvette (1 cm). The bioluminescence of this 
assay was measured with a photomultiplier (EMI 
9658) through band-pass filters (NAL 550, SKF 
11, Schott, Mainz) and a short pass filter (550 nm, 
Balzers, Liechtenstein) under continuous stirring. 
During irradiation of the cuvette (~ > 780 nm, 
3 × RG 780, Schott, Mainz), the bioluminescence 
was recorded. Immediately after illumination the 
sensitivity of the luciferase system was calibrated 
by addition of 220 pmol ATP (20 ~1 solution). 
Care was taken to use saturating concentrations of 
luciferin resulting in signals constant in time. Fur- 
thermore, we made sure that the phosphate poten- 
tial was not altered significantly by raising the 
ATP level. For this, illumination times were cho- 
sen as short as possible (10-100 s depending on 
the irradiance) and concentrations of membranes, 
corresponding to 100 nM BChl, were kept low. 
With this precaution the registered ATP level never 
exceeded 500 nM. Dark production of ATP, prob- 
ably due to adenylate kinase activity was sup- 
pressed by the presence of AMP. 

Saturation curves were obtained by using differ- 
ent irradiances, ~. The data were replotted ~ / P P  
versus • (PP, photophosphorylation rate). The 
data points in this plot could not be fitted in one 
straight line indicating a non-hyperbolic saturation 
curve. For that reason, a fit using two straight 
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lines with different slopes was calculated. The 
half-saturating irradiance was derived from the 
low-irradiance straight line and the maximal pho- 
tophosphorylation was obtained from the high- 
irradiance straight line. 

Reaction center bleaching 
The reaction center content was estimated by 

reversible bleaching using the extinction coeffi- 
cient 113 m M - 1 .  cm-1 [14]. Light-harvesting BChl 
in membranes shows an electrochromic band shift 
responding to a membrane potential which may 
superimpose the bleaching signal [15]. To prevent 
this we added valinomycin to collapse the mem- 
brane potential [16]. Re-reduction of the photo- 
oxidized reaction center was inhibited by blocking 
the cyclic electron flow and poising the ambient 
redox potential at about 400 mV [17]. Membranes 
were diluted to 1-5/~M BChl with 50 mM Tris-HC1 
buffer (pH 7.6) containing 100 mM KC1, 5/~g/ml  
valinomycin and 5/~g/ml antimycin A. The ambi- 
ent redox potential was poised with ferricyanide 
and ferrocyanide (final concentrations approx. 100 
/IM). Bleaching of the reaction centers (AA), re- 
corded at 870 nm in a spectrophotometer, was 
achieved by cross-illumination with monochro- 
matic light (X = 590 nm, NAL 590 Schott, Mainz). 
Bleaching was recorded at irradiances between 0.1 
and 100 W / m  2. Saturation curves were converted 
by plotting ~ / A A  against ~. The resultant plot 
gave a straight line with exception of the low- 
irradiance region. These data points were omitted 
for the straight line fit. The half-maximal bleach- 
ing irradiance and the maximal bleaching value 
were obtained from the fitted line. Reaction center 
concentrations were corrected for chemical pre- 
oxidized reaction centers. 

Morphometric methods 
Electron micrographs of bacteria from different 

culture conditions were examined with a semiauto- 
matic image analysis system ASM (Leitz, Wetzlar, 
F.R.G.) interfaced with a computer [2]. For calcu- 
lation of number and surface area of intracytop- 
lasmic membrane vesicles per cell the same as- 
sumptions were used as in Ref. 2 with exception of 
the vesicle shape in high-light-grown cells, where 
ellipsoidal forms were used. 
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Protein and bacteriochlorophyll determination 
Protein was measured using bovin serum al- 

bumin as s tandard by the method of Lowry et al. 
[18]. BChl was extracted with ace ton /me thano l  
(7 :2 ,  v /v) .  Pigmented precipitate was extracted a 
second time. The extinction was measured at 770 
nm and BChl was calculated using ¢ = 76 m M - t .  
cm - ]  [19]. 

After switch over to high-light conditions, the 
BChl concentrat ion in the culture decreased im- 
mediately to reach a lower level after about  4 h 
(Fig. 2B). For  about  1 h growth apparently 
stopped, al though a change in pigment content  
might have influenced cell density recording dur- 
ing this time. Cell doubling time was about 170 
min between 4 and 16 h. 

Results and Discussion 

Turbidostat culture 
BChl concentrations,  specific BChl content  and 

cell doubling time were recorded in two different 
experiments to follow the adaptat ion to low light 
and to high light conditions (Fig. 2A and B). 

After switch over to low irradiance, two phases 
of  adaptat ion were observed. The first 4 h were 
characterized by a fast increase of cellular BChl 
content  and an initial increase of  doubling time 
for cell mass (Fig. 2A). During the second phase 
the BChl content  increased slowly until the end of  
the experiment. The cell doubling time between 4 
and 16 h was about  150 min. 
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Reaction-center bleaching 
In order to study energy transfer in the photo- 

synthetic apparatus  membranes  were isolated from 
high-light- and low-light-grown cells. Reaction- 
center bleaching was recorded as a function of  
irradiance (Fig. 3A). The values of maximal 
bleaching, derived from Fig. 3B and C, were used 
to calculate the size of  the photosynthet ic  unit 
using the specific BChl content  of  the membranes  
(Table I). High-light membranes  had a photosyn-  
thetic unit of  40 compared with 74 of low-light 
membranes.  Moreover,  the plots in Fig. 3B and C 
revealed a remarkable difference in the affinity of 
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Fig. 2. BChl concentration in the culture (I), specific BChl of the cells (D) and cell doubling time (©) of high-light and low-light 
adapting cultures. Cells collected between 4 and 17 h were used for membrane isolation. (A) Switch over from 250 to 40 W/m 2 
(low-light conditions). Mean values for adapted cells between 4 and 16 h: 2.0 ( + 7%) nmol BChl/ml, 17.5 ( + 19%) nmol BChi/mg cell 
protein, 154 (+ 11%) rain cell doubling time; (B) Change from 250 to 1400 W/m 2 (high-light conditions). Mean values for adapted 
cells between 4 and 16 h: 0.24 (+ 11%) nmol BChl/ml, 1.9 (+ 7%) nmol BChl/mg cell protein, 173 (+ 13%) min cell doubling time. 
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Fig. 3. Reaction-center bleaching in dependence on the irradi- 
ance. The sample was subjected to continuous illumination and 
bleaching signals were measured after a steady state had been 
reached. (A) Absorbance change, AA, of high-light membranes  
(O)  and low-light membranes  ( x )  recorded at 870 nm in 
dependence on the irradiance ~. Plot of ~ . ( A A x 1 0 3 )  -1 
against ~ from (A); (B) low-light membranes:  data for • > 3 
W / m  2 were used for the straight-line fit ( r  = 0.999); (C) High- 
light membranes,  data for ~ > 1 0  W / m  2 were used for 
straight-line fit (r  = 0.991). ~m, half-saturation irradiance. 

both samples to light. High-light membranes 
needed an irradiance about 3-times higher than 
did low light membranes to bleach half of their 
reaction centers. 

Most probably the antenna system, altered in 
size and composition, is responsible for the change 
in affinity (Tables I and II). But also differences in 
the re-reduction rate of reaction centers must be 
considered to explain the observed change. 

Photophosphorylation 
High-light and low-light membranes showed 

striking differences in their dependence of photo- 
phosphorylation on irradiance (Fig. 4A and B). 
High-light membranes yielded a saturation type 
curve, but low-light membranes showed a decrease 
of photophosphorylation rate at irradiances above 
180 W / m  2 (Fig. 4A). Under saturating illumina- 

tion, high-light membranes exhibited higher pho- 
tophosphorylation rates per BChl, per membrane 
protein and per reaction center than did low-light 
membranes (Table I, Fig. 4C and D). The photo- 
phosphorylation rate per reaction center, a mea- 
sure of the productivity of the photosynthetic sys- 
tem, is higher in high-light membranes by a factor 
of about 8. 

Under the assumption that the turnover of reac- 
tion centers and the ATP synthesis are coupled at 
the same degree in both samples, different rates of 
the cyclic electron transport may explain the find- 
ing. Otherwise and altered H + / e -  ratio or a varia- 
tion in number and /o r  activity of the coupling 
factor could be not excluded. 

The higher productivity of high-light reaction 
centers is also reflected by the about 4-times higher 
level of light intensity for half-saturation of photo- 
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TABLE I 

BACTERIOCHLOROPHYLL AND REACTION-CENTER CONTENT OF MEMBRANES, PHOTOSYNTHETIC UNIT AND 
PHOTOPHOSPHORYLATION 

A B A/R 
Low-light High-light factor 
membranes membranes 

Bacteriochlorophyll 
(nmol BChl /  
mg membrane protein) 20.0 4.7 4.3 
Photosynthetic unit 
(mol BChl/mol RC) 74 (+  1.5%) 40 (+  1.0%) 1.85 (+  1.8%) 
Reaction center 
content (pmol R C /  
mg protein) 270 118 2.3 
Irradiance required 
for half-saturation of 
bleaching ( W / m  2 ) 2.8 ( _+ 19%) 8.6 ( _+ 6%) 1/3.1 ( _+ 20%) 

Photophosphorylation 
mol ATP/mol  BChl x h 150 (_+ 7.4%) 2130 ( _+ 6.4%) 1/14.2 ( _+ 10%) 
p, mol A T P /  
mg protein × h 3.0 10.0 1/3.3 
nmol A T P /  
pmol RC × h 11.1 ( +_ 7.5%) 85.2 ( + 6.5%) 1/7.7 ( _+ 10%) 
lrradiance required 
for half-saturation 
of photophosphory- 
lation ( W / m / )  25 ( _+ 7%) 93 ( _+ 8%) 1/3.7 ( + 11%) 

RC, reaction center 

TABLE 1I 

MORPHOLOGY OF HIGH-LIGHT- AND LOW-LIGHT-GROWN CELLS 

Cells were obtained from cultures adapted to high-light- and low-light-conditions for 18 h. Surface area of intracytoplasmic 
membranes from low-light-grown cells was calculated assuming spherical vesicles (diameter 51 nm). In high-light-grown cells, 
ellipsoid-shaped vesicles were found (half axes: a = 32 nm, b = 28 nm, c = 17 nm) and used for calculation of the surface area. The 
number of vesicles per cell was obtained after the method described in Ref. 2. The surface of the protoplast was calculated assuming a 
cylinder with two hemispheres on the ends. 

A B A / B  
Low-light- High-light- factor 
-grown cells -grown cells 

Number of 
vesicles per 
cell 624 ( + 30%) 32 ( + 100%) 19.5 ( + 104%) 
Intracytoplas- 
matic membrane 
area (/~ m 2 ) per cell 5.1 0.26 19.5 
Protoplast 
surface 
area (/~m 2) per cell 3.1 3.5 0.9 
Total membrane 
surface area 
(~ m 2 ) per cell 8.2 3.8 2.2 
Specific bacterio- 
chlorophyll content 
(nmol BChl /mg protein) 33 2.5 13.2 
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Fig. 4. Photophosphorylation in dependence on the irradiance. Membrane concentrations corresponding to 100 nM BChl. Photophos- 
phorylation (PP) against irradiance (~): (A) low-light membranes; (B) high-light membranes. Plot of ~ /PP against ~; (C) Low-light 
membranes: straight lines fitted to data at 0-180 W/m 2 (r = 0.999) and 180-390 W/m 2 (r = 0.989); (D) high-light membranes, 
straight lines fitted to data at 0-300 W/m 2 (r = 0.995) and 300-1500 W/m 2 (r = 0.993). ~m, half saturation irradiance. 

phospho ry l a t i on  ca lcula ted  f rom Fig. 4C and D 
(Table  I). This  f inding is in good  agreement  with 
the results of  reac t ion-center  bleaching,  which also 
revealed a lower aff ini ty  to l ight in high-l ight  
membranes .  

Summar iz ing  the results f rom light sa tura t ion  
measurements  we conclude  that  high-l ight  and  
low-l ight  membranes  show a different  organiza t ion  
of  their  pho tosyn the t i c  appara tus .  As known be- 
fore, high-l ight  membranes  conta in  smaller  anten-  
nae with a lower po r t i on  of  B800-850  than low 
light membranes  [3,7]. These var ia t ions  seem to 

inf luence the aff ini ty  of  the pho tosys tem versus 
light,  as seen in react ion center  b leaching and 
pho tophosphory la t ion .  

The  highly increased pho tophospho ry l a t i on  
rates  per  reac t ion  center  in high-l ight  membranes  
could  be expla ined  by  an addi t iona l  adap t a t i on  
mechan i sm p r o b a b l y  inf luencing the electron 
t r anspor t  ra te  in steps fol lowing the p r imary  pho-  
tochemistry .  

Morphometric measurements 
The amoun t  and  form of  in t racy top lasmic  
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membrane vesicles were studied in cells grown at 
high and low light for 18 h. Low-light-grown cells 
contained spherical vesicles of 51 nm diameter; 
high-light-grown cells, however, formed ellipsoidal 
vesicles of about the same length. The latter were 
similar to the tubular intracytoplasmic membranes 
observed in aerobically-grown cells [20]. The num- 
ber of intracytoplasmic membrane vesicles and 
their total surface area were both 19.5-times larger 
in low-light- than in high-light-grown cells (Table 
II). But in low-light-grown cells the total area of 
cytoplasmic plus intracytoplasmic membranes was 
only 2.2-times larger. This can be compared with 
the specific BChl content, which was 13-times 
higher in high-light- than in low-light-grown cells. 
The increase of BChl per cell protein correlates 
better with the increase of the total membrane 
area. These data support the hypothesis that the 
photosynthetic system is localized mainly in the 
intracytoplasmic membrane system [21]. 

Photophosphorylation capacities of cells 
The photophosphorylation capacities of cells 

were calculated according to the formula given in 
the footnote of Table III, assuming that BChl 
found in the whole cells is totally membrane bound 
and also present in isolated membranes. The 
calculated rates of photophosphorylation on the 
basis of cell protein represent in vitro rates, but a 
comparison of the values is believed to reflect the 
relationship in vivo. The photophosphorylation 
rates on cellular basis have the same order of 
magnitude for the high-light- as for the low-light- 
grown cells (Table III). In high-light-grown cells 
the reaction-center content per cell protein was 
about 5-times lower than in low-light-grown cells. 
Nevertheless, a similar photophosphorylation rate 
per cell protein could be calculated in both low- 
light- and high-light-grown cells, because the latter 
are able to use higher irradiances producing ATP, 
probably with higher turnover rates of their reac- 
tion centers. 

Assuming that, during the isolation of the mem- 
branes, the photophosphorylation activity is 
maintained or at least reduced at the same degree 
in both membrane types, we conclude that, in 
response to variations of the irradiance, the cells 
regulate pigment content, amount of intracytop- 
lasmic membranes and size and composition of the 

TABLE III 

PHOTOPHOSPHORYLATION 

The rates are based on cell protein as: /~mol ATP/mg  cell 
protein x h = {/Lmol ATP/t~mol BChl x h} x { #mol BChl/mg 
cell protein}. Results are based on measurements in vitro under 
saturating illumination. The isolation of membranes possibly 
includes loss of cytochrome c 2 and other factors needed for 
photophosphorylation, but comparison of the data is possible 
under the assumption that the loss of photophosphorylation 
activity during the isolation procedure is the same for high-light 
and low-light membranes. Specific reaction-center content is 
based on cell protein as: pmol R C / m g  cell protein = (pmol 
BChl /mg cell protein)/(pmol BChl/pmol RC) 

A B A/B 
Low-light- High-light- Factor 
grown cells grown cells 

Photophosphorylation 
(/~ mol ATP 
/ m g  cell pro- 
tein x h 

Specific reaction 
center content 
(pmol reaction 
center /mg cell 
protein 

2.6 (_+20%) 4.0 (_+9.5%)1/1.5 (_+22%) 

236(__+19%) 48(_+7%) 4.9(_+20%) 

photosynthetic system in order to maintain their 
photophosphorylation capacity. 

Acknowledgements 

We thank Mrs. Johanna N~ihrig for preparing 
the figures and Mrs. Marion Grest for typing the 
manuscript. H.R. gratefully acknowledges the ex- 
perimental advices and generous hospitality of 
Prof. Bruno A. Melandri and the fruitful discus- 
sions with Prof. Jtirgen Oelze. The work was sup- 
ported by the Deutsche Forschungsgemeinschaft 
and Fonds der chemische Industrie. 

References 

1 Cohen-Bazire, G. and Sistrom, W.R. (1966) in The Chloro- 
phylls (Vernon L.P. and Seely G.R., eds.), pp. 313-341, 
Academic Press, New York 

2 Golecki, J.R., Schumacher, A. and Drews, G. (1980) Eur. J. 
Cell Biol. 23, 1-5 

3 Aagaard, J. and Sistrom, W.R. (1972) Photochem. Photo- 
biol. 15, 209-225 

4 Goebel, F. (1978) in The Photosynthetic Bacteria (Clayton 



463 

R.K. and Sistrom W.R., eds.), pp. 907-924, Plenum Press, 
New York 

5 Lien, S., Gest, H. and San Pietro, A. (1973) J. Bioenerg. 4, 
423-434 

6 Cohen-Bazire, G. and Kunisawa, R. (1960) Proc. Natl. 
Acad. Sci. U.S.. 46, 1543-1553 

7 Schumacher, A. and Drews, G. (1979) Biochim. Biophys. 
Acta 547, 417-428 

8 Smith, W.R., Sybesma, C., Lichtfield, W.J. and Dus, K. 
(1973) Biochemistry 12, 2665-2671 

9 Melandri, B.A., Venturoli, G., De Santis, A. and Baccarini- 
Melandri, A. (1980) Biochim. Biophys. Acta 592, 38-52 

10 Drews, G. (1965) Zentralbl. Bakteriol. Parasitenkd., Infekt. 
Krankh., Hyg. I., Suppl. 1,170-178 

11 Melandri, B.A., Baccarini-Melandri, A. and Fabri, E. (1972) 
Biochim. Biophys. Acta 275, 383-394 

12 Lundin, A. and Baltscheffsky, M. (1978) Methods Enzymol. 
57, 50-56 

13 Cox, G.B., Dowmie, J.A., Fayle, R.H., Gibson, F. and 
Radik, J. (1978) J. Bacteriol. 133, 287-292 

14 Straley, S.C., Parson, W.W., Mauzerall, D.C. and Clayton, 
R.K. (1973) Biochim. Biophys. Acta 305, 597-609 

15 Bowyer, J.R. and Crofts, A.R. (1981) Arch. Biochem. Bio- 
phys. 207, 416-426 

16 Bowyer, J.R., Tierney, G.V. and Crofts, A.R. (1979) FEBS 
Lett. 101,207-212 

17 Evans, E.H. and Crofts, A.R. (1974) Biochim. Biophys. 
Acta 357, 89-102 

18 Lowry, O.H., Rosebrough, N.J., Farr, A.L. and Randall, 
R.J. (1951) J. Biol. Chem. 193, 265-275 

19 Clayton, R.K. (1966) Photochem. Photobiol. 5, 669-677 
20 Drews. G., Lampe, H.H. and Ladwig, R. (1969) Arch. 

Mikrobiol. 65, 12-28 
21 Lampe, H.H. and Drews, G. (1972) Arch. Mikrobiol. 84, 

1-19 


