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Abstract 

Membranes isolated from light- and dark-grown cells of the recently established new taxon of the purple nonsulfur bacteria, 
Rhodoferax fermentans, gen. nov., sp. nov., have been examined. The results have been interpreted to show that the oxidative electron 
transport chain is branched at the ubiquinone level and does not involve rhodoquinone. Dark-grown membranes contain four b-type and 
three c-type membrane-bound cytochromes with EmT.0 of +371, +315, +76 and - 1 8  mV and +298, +201 and +44 mV, 
respectively. No significant amount of soluble c was found in aerobic cells. Conversely, photosynthetically grown cells contain a soluble 
c-type haem (am~ x at 551 nm, Em7.o = +287 mV), four membrane-bound c-type haems with Era7.0 of +358, +296, +78 and - 1  mV 
and three cytochromes b with Em7.0 of + 320, + 30 and - 5 0  mV. Notably, the absence of cyt b-371 from light-grown membranes 
parallels the very low rate of cyt c oxidase activity catalyzed by this type of membrane. Oxido-reduction kinetics demonstrated that most 
of the c-type haems detected in light-grown membranes are not involved in respiration. These data suggest that the facultative phototroph 
R[. fermentans is endowed with an electron transport system different from that of typical facultative phototrophs, e.g., Rhodobacter and 
Rhodospirillum species, but similar to that of green- and purple-nonsulfur genera such as Chloroflexus, Rhodocyclus and Rhodopseu- 
domonas. 

Keywords: Facultative phototroph; Cytochrome b; Cytochrome c; Respiratory chain; Membrane-bound oxidase; (Rf. fermentans) 

I .  Introduction 

Hiraishi and Kitamura [1] reported the isolation from 
ditchwater and activated sludge of  some strains of  photo- 
trophic purple nonsulfur bacteria that were phenotypically 
similar to Rhodocyclus gelatinosus. Subsequent studies 
have demonstrated that these isolates differed from the 
latter genera in containing rhodoquinones (RQ) but not 
menaquinones (MK) along with their peculiarity to show a 
bicarbonate-stimulated fermentative growth with fumarate 
as a terminal oxidant [2-5]; thus they were tentatively 

Abbreviations: DAD, 3,6-diaminodurene; DCIP, 2,6-dichloroin- 
dophenol, Menaquinone (MQ), 2-polyprenylmethyl-l,4-naphthoquinone; 
Rhodoquinone (RQ), 2-methoxy-3-amino-5-methylpolyprenyl-l,4-benzo- 
quinone. 
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referred to as the 'Rhodocyclus gelatinosus-like (RGL)'  
group. Recently, a more complete taxonomic analysis per- 
mitted the establishment of  the RGL group as a new taxon 
of  the purple nonsulfur bacteria, for which the name 
Rhodoferax fermentans gen. nov., sp. nov. was proposed 
[6]. In contrast to other facultative phototrophs such as 
Rhodobacter and Rhodopseudomonas species, the synthe- 
sis of  bacteriochlorophyll (BChl) a and carotenoids of  the 
spheroidene series in Rf fermentans is not coupled to the 
formation of  an apparent intracytoplasmic membrane sys- 
tem (ICM) [6,7]. Conversely, in a similar way to Rho- 
dospirillum species, both ubiquinone-8 (UQ-8) and 
rhodoquinone-8 (RQ-8) occur as major quinones under 
variable cultural conditions; however, while in cells grown 
anaerobically in the dark or in the light the R Q / U Q  molar 
ratio is between 0.9 and 1.7, the ratio is much lower 
(0.1-0.2) in aerobically grown cells [6]. These features 
suggest that Rf. fermentans, although sharing some of  the 
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Table 1 
Oxidative activities a 
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of membranes from aerobically grown cells of Rf. fermentans 

Electron Electron Activities (% of control activity) 
donors acceptors 

Myxo AA Stig Rot Pier 

1. NADH 02 1.56 (100) 0.65 (42) 1.56 (100) 0.89 (57) 1.50 (96) 0.30 (20) 
2. NADH DCIP 19.3 (100) - - - 17.4 (90) 17.4 (90) 
3. NADH cyt c 2.85 (100) 1.48 (52) 2.10 (74) 1.96 (69) - - 
4. Succinate 02 0.21 (100) 0.10 (50) 0.18 (86) 0.11 (55) - - 
5. Succinate DCIP 1.16 (100) . . . . .  
6. Succinate cyt c 0.91 (100) 0.45 (50) 0.68 (75) 0.02 (2) - - 
7. Asc-DAD 02 6.90 (100) . . . . .  

Expressed as /xmol of acceptor reduced h -  1 (mg protein) 1. 
Additions and non-standard abbreviations: NADH (0.2 mM); succinate (2 mM); ascorbate-DAD (Asc /DAD,  5 mM/0 .25  mM); DCIP (0.25 mM); cyt c 
(0.05 mM); myxothiazol (Myxo, 5 /.tM); antimycin (AA, 5 ixM); rotenone (Rot, 5 IzM); stigmatellin (Stig, 5 /xM); piericidin (Pier, 5 /xM). 

characteristics of the genera Rhodobacter, Rhodopseudo- 
monas and Rhodospirillum, might be of special interest 
from a biochemical and physiological point of view. 

Here we report the first spectroscopic and thermody- 
namic study of membranes isolated from cells of Rf. 
fermentans grown in the dark (aerobically) and in the light 
(anaerobically). In addition, oxidative activities catalysed 
by these two types of membrane have been examined. The 
results have been interpreted to show that the plasma- 
membrane of Rf. fermentans contain a branched respira- 
tory chain composed only of cytochromes of b- and 
c-type. Significantly, although several c-type haems were 
shown to be involved in oxidative electron transport, sig- 
nificant amounts of a soluble cytochrome c ( a  band 
maximum at 551 nm, Em7.0 = +287 mV) were found in 
phototrophically grown cells only. This latter finding indi- 
cates similarities between the electron transport chain of 
light-grown Rps. viridis and that of Rf. fermentans [8]. 

Preliminary results of the present work have recently 
been presented during the Workshop on Structure-Function 
of Ion-Translocating Complexes (Oct 3-7, 1993, Freiburg, 
Germany). 

2. Materials and methods 

2.1. Organism and cultivation 

Aerobic growth of Rhodoferax fermentans JMC 7819 
(a generous gift of Dr. A. Hiraishi, Konishi Co. Ltd., 
Tokyo) was carried out in the dark at 30°C in MYCA 
medium as described previously [1]. Anaerobic liquid cul- 
tures were made in completely filled screw-capped test- 
tubes or bottles with an incident light intensity of 0.4 W 
c m -  2. 

2.2. Membrane isolation 

Cells were harvested at late logarithmic growth phase 
(0.6-0.7 absorbance at 660 nm). After washing with 3- 
[N-morpholino]propanesulfonic acid, 5 mM MgC12 buffer 
(pH 7.2), membrane fragments were prepared by following 
the French pressure-cell method in the presence of DNase 
I (Fluka) (15.10 3 units (g cells w e t  w t . )  - 1 )  [9]. Super- 
natants were obtained and analyzed as in Prince and 
Daldal [10]. 

Table 2 
Oxidative activities of membranes from phototrophically grown cells of Rf. fermentans 

Electron Electron Activity (% of control) 
donor acceptors Myxo AA Stig Rot Pier 

1. NADH 02 0.47 (100) 0.31 (67) 0.47 (100) 0.28 (60) 0.42 (90) 0.23 (50) 
2. NADH DCIP 27.0 (100) - - - 21.6 (80) 27.0 (100) 
3. NADH cyt c 3.2 (100) 2.65 (83) 2.91 (91) 2.65 (83) - - 
4. Succinate 02 0.1 (100) 0.07 (68) 0.09 (88) 0.07 (70) - - 
5. Succinate DCIP 1.00 (100) . . . . .  
6. Succinate cyt c 1.27 (100) 0.61 (48) 1.01 (80) 0.12 (10) - - 
7. Asc-DAD 02 3.66 (100) . . . . .  
8. Asc-DAD a 02 2.02 (100) 2.42 (120) . . . .  

Experimental conditions and additions as for Table 1. Activitites as /xmol 0 2 reduced h-1 (mg protein)-1. 
" This activity was measured under aerobic, illuminated, conditions (0.8 W c m - 2 )  after subtraction of the ascorbate-DAD oxidation rate resistant to CN-  
10 ~M and is referred to as light-induced oxygen uptake (see Zannoni et al. [9]) or light-activated quinol oxidase (this work). It quantifies the amount of 
02 consumed when reducing equivalents from exogenously added donors are delivered to oxygen through reversal of the electron flow by the 
photochemical reaction centre (RC), i.e., ascorbate-DAD ~ RC (light) --* QH 2 ~ oxygen. 
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2.3. Analytical procedures 

Optical spectroscopy, polarography, redox potentiome- 
try and oxido-reduction kinetics followed standard meth- 
ods [11]. Estimation of the amounts of cytochromes was 
made by using the following extinction coefficients and 
wavelength pairs: cyt c, 550-540 nm, • =  18.6 mM -1 
cm-1; cyt b, 560-575 nm, • = 21 mM -1 cm -1. Light-in- 
duced oxygen uptake was measured as described previ- 
ously [9]. Protein concentration was determined by the 
Bradford method [12] and bacteriochlorophyll was mea- 
sured after extraction with acetone/methanol (7:2, v / v )  
using an • of 75 mM cm -1 at 775 nm [13]. 

3. Results  
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Fig. 2. Cyanide inhibition of the succinate oxidase activities in mem- 
branes from dark- and light-grown cells. See text for details. 

3.1. Oxidation of fl-NADH, succinate and reduced DAD 

Tables 1 and 2 show that membranes isolated from 
dark- and light-grown cells of Rf. fermentans catalyze 
several respiratory activities. Oxidation of fl-NADH in 
both types of membrane was completely inhibited by 10 
mM CN- (not shown) but insensitive to 5 /~M rotenone 
(row 1). Further experiments indicated that aerobic mem- 
branes readily oxidized deamino-NADH, this analogue 
being indicative of an NDH-1 type enzyme [14]. Accord- 
ingly, oxidation of fl-NADH was inhibited by 5 /zM 
piericidin (80 and 50% inhibition in dark- and light-grown 
membranes, respectively). Conversely, the NADH-DCIP 
oxidoreductase activity, which is operationally taken as 
indicative of the NADH dehydrogenase activity, was 
largely insensitive to rotenone and piericidin in both dark- 
and light- grown cells (row 2, Tables 1 and 2). Respiration 
was also insensitive to antimycin A but inhibited, although 
not completely, by myxothiazol and/or  stigmatellin (5 
/.tM each). The data of Tables 1 and 2 also show that the 
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Fig. 1. Cyanide inhibition of the ascorbate-DAD oxidation activities in 
membranes from dark- and light-grown cells of Rf. fermentans. See text 
for further details. 

cytochrome c oxidase (measured as ascorbate-DAD oxida- 
tion) of light-grown cells was approx 2.5-times lower than 
the analogous activity in dark-grown membranes. 

It is well established that several facultative phototrophs 
are endowed with a branched respiratory chain [15]. To 
test the presence of a branched electron transport system in 
membranes from Rf. fermentans, the respiratory activities 
coupled to oxidation of ascorbate/DAD and/or  succinate 
were measured as a function of variable CN- concentra- 
tions. Fig. 1 shows that 5/. tM CN- fully inhibits the cyt c 
oxidase activities in both dark- and light-grown mem- 
branes (15o~ = 10-6 M). Interestingly, the succinate-de- 
pendent respiration was 50% inhibited by 5 / zM CN- only 
in aerobic membranes whereas light-grown membranes 
were unaffected by this CN- concentration (shown in Fig. 
2, filled and open circles, respectively). This result sug- 
gests that in anaerobically light-grown cells the oxidase 
which is sensitive to low CN- concentrations is not rate- 
limiting when reducing equivalents originate from the 
different dehydrogenases. In both light- and dark-grown 
membranes, however, respiration was completely blocked 
by 10 -2 M CN-. Apparently, the succinate-dependent 
oxidase activity blocked by 10 -5 M CN- corresponds to 
the ascorbate/DAD oxidase of Fig. 1, whereas the oxidase 
activity inhibited by 10 -2 M CN- is likely to be catalyzed 
by a quinol oxidase similar to those observed in other 
purple nonsulfur bacteria [15] (see also below). The 
IS0~KCN of the two oxidases seen in dark-grown cells were 
2.5/xM and 2.5 mM, respectively. 

3.2. Quinol oxidation 

Previous studies have demonstrated that, in membranes 
from several species of facultative phototrophs, a good rate 
of oxygen consumption can be driven by light when 
reducing equivalents from exogenously added donors are 
delivered to 02 through reversal of the electron flow by 
the photochemical reaction centre (RC), i.e., reduced-DAD 
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RC ~ QH 2 ~ oxidase [9,16]. This light - driven respi- 
ration, which is resistant to CN- concentrations inhibiting 
the cyt c oxidase activity, is referred to as "light-induced 
oxygen uptake" or "light-activated quinol oxidase". Ex- 
periments 8 and 1 of Tables 2 and 3, respectively, show 
that Rf. fermentans photosynthetic membranes can reduce 
oxygen in the light (0.8 W cm -2) under experimental 
conditions in which the cyt c oxidase is blocked by 10 
/~M CN-. This result, along with those of Tables 1 and 2, 
indicates that Rf. fermentans is endowed with a branched 
electron transport chain in which reducing equivalents 
from ascorbate-DAD (in the light), or succinate and NADH 
(in the dark), are delivered to a quinol oxidase containing 
pathway. To test the possible role of rhodoquinone (E' o = 
- 3 0  mV, Ref. [30]) in catalyzing the quinol oxidase 
activity of Rf. fermentans light-grown membranes 
(RQ/UQ ratio between 0.9 and 1.7), the light-induced 
oxygen uptake was measured in the presence of exoge- 
nously added quinones having different redox potentials 
(Table 3). Apparently, the photoactivated quinol oxidase 
activity was drastically stimulated (223%) by the short- 
chain quinone Q2 (Em = + 112 mV) and partially inhib- 
ited (37%) by Q0 (Era = + 162 mV). No significant stimu- 
lation was observed with 1,4-naphthoquinone (E m = + 65 
mV), duroquinone (Em = +35 mV) and the most elec- 
tronegative quinone, menadione (E m = -  1 mV). These 
results were supported by further experiments in which 
photosynthetic membranes were tested for respiration with 
the quinols listed in Table 3 as electron donors. The 
quinols were generated from the corresponding quinones 
by reduction with NADH in the presence of D,T-di- 
aphorase [18] and the CN--sensitive respiration detected 
by a Clark oxygen electrode. Similarly to the results of 
Table 3, the efficiency of the quinols in catalyzing electron 

Table 3 
Light-activated quinol oxidase activities a by photosynthetic membranes 
from Rf. fermentans in the presence of different exogenously added 
quinones 

Quinones E' o (mV) Activity % of control 

1. - - 0.200 100 
2. Menadione - 1 a 0.208 104 
3. Duroquinone + 35 a 0.200 100 
4. 1,4-Naphthoquinone + 64 a 0.208 104 
5. Decylubiquinone + 112 b 0.446 223 
6. Qo + 162 a 0.126 63 

a Activities, expressed as /xmol 02 reduced h -1 (mg protein) -1, were 
measured as described in Table 2 with succinate as substrate. The 
dark-control activity (succinate oxidation plus 10 /~M C N - )  was 0.06 
/xmol O 2 reduced h -1 (mg protein) -1 . Each quinone was added to the 
final concentration of 150 /.LM. 
Abbreviations used: Menadione, 2-methyl-l,4-benzoquinone; Duro- 
quinone, tetramethyl-l ,4-benzoquinone; Decylubiquinone, 2,3-di- 
methoxy-5-methyl-6-decyl-l,4-benzoquinone; Q0, 2,3-dimethoxy-5- 
methyl- 1,4-benzoquinone. 
b Values taken from Lemma et al. [18]. 
c Value taken from Clark [19]. 
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Fig. 3. Reduced minus oxidized difference spectra (recorded at 25 ° C) of 
whole-cell extracts and membrane fragments from Rf. fermentans. Sam- 
ples suspended at 1.3 mg of proteins ml-1 in 50 mM Mops (pH 7.2) 
were oxidized with a few crystals of K -  ferricyanide and reduced with a 
few crystals of sodium dithionite (a,a' and b,b') and ascorbate plus 10 
/zM DAD (c,c'). The interrupted traces represent the difference between 
the sodium dithionite- and ascorbate/DAD-reduced minus oxidized spec- 
tra. 

transport through the quinol oxidase pathway was the 
following: Q2H2 >> 1,4-naphthoquinol > duroquinol >>> 
QoH2 (data not shown). Assuming that the exogenously 
added quinols interact with the redox chain as a function 
of their thermodynamic features (see Ref. [17,18]), it is 
apparent that in light-grown membranes, the excess of a 
low-potential quinone such as rhodoquinone (Em = - 3 0  
mV, RQ/UQ -=- 0.9-1.7) does not seem to affect the effi- 
ciency of quinols with similar redox potentials in catalyz- 
ing the oxygen consumption. 

3.3. Optical spectroscopy 

Fig. 3 shows the spectra under different reducing condi- 
tions of the cytochromes detected in membranes and 
whole-cell extracts from light- and dark-grown cells. Traces 
a,b and a',b' (whole-cell extracts and membrane fragments, 
respectively) show peaks at 552 nm and 561 nm (a  bands) 
which are indicative of c- and b-type cytochromes, respec- 
tively (see, however, Refs. [20] and [25]). Notably, a slight 
difference was seen between the amount of dithionite-re- 
ducible c-type cytochromes in whole-cell extracts (spec- 
trum in a') and membrane fragments (spectrum in b') of 
light-grown cells with c / b  molar ratios of 2.3 and 2.0, 
respectively. This suggests that a certain amount of 
periplasmic soluble c is lost during the isolation procedure 
of light-grown membranes. This conclusion was confirmed 
by the spectra of the soluble fractions (180 000 × g), indi- 
cating that approx 15 _ 1% and 1 + 0.3% (mean of five 
preparations) of the total c-type cytochromes seen in 
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whole-cell extracts were released during fractionation of 
light- and dark-grown cells, respectively (not shown). No- 
tably, the amount of soluble cytochrome c of light-grown 
Rf. fermentans (4.6 /~mol of c-type haem (kg wet wt.) -1) 
was similar to that observed in phototrophically grown 
Rps. viridis [21]. 

Spectra in c and c' of Fig. 3 were recorded with 
ascorbate-DAD as reducing system. In aerobic membranes 
(c), the amount of c-type haem(s) reduced was 94% of that 
reducible with dithionite (trace b), whereas only 68% was 
reduced by ascorbate/DAD in light-grown membranes (c') 
(see also the difference spectra, b - c = d and b' - c' = d' 
[dotted traces]). This finding suggests that, although the 
cytochromes a and /3 bands of l ight-and dark-grown 
cells show similar values, their c-type content is likely to 
be qualitatively (besides quantitatively) different (see be- 
low). 

The dark-potentiometric titration of the soluble fraction 
(180 000 X g) is shown in Fig. 4. The data at 550-540 nm 
(pH 7.0) show the presence of one component (n = 1) with 
E m of + 287 mV. 

The dark potentiometric titrations of the cytochromes 
contained in membrane fragments of Rf. fermentans are 
shown in Fig. 5. Data obtained at 550 nm with 540 nm as 
reference (at pH 7.0) could be resolved into 4 and 3 
components in light- and dark-grown membranes, respec- 
tively. The 4 haems of the photosynthetic membranes 
(1.2-1.3 nmol (mg protein) -1) had midpoint potentials of 
+358, +296, +78  and - 1  mV ( n =  1) with relative 
contributions to the total absorbance signal of approx 
23-25% for each component. Conversely, the 3 cy- 
tochromes c of aerobic membranes (0.8-0.9 nmol (mg 
protein)-1) presented E m values of + 298, + 201 and 
+ 44 mV with relative contributions of 47, 30 and 23% for 
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Fig. 4. Dark-equilibrium potentiometric titrations at 550-540 nm (pH 
7.0) of the soluble-fraction (180000 x g) obtained from light-grown cells 
(see Materials and Methods). This fraction was 10-times concentrated by 
the use of an Amicon PM10 ultrafiltration membrane. 
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Fig. 5. Dark-equilibrium potentiometric titrations at 550-540 nm (pH 
7.0) of light- (panel A) and dark-grown (panel B) membranes. See text 
for further details. 

c-298, c-201 and c-44, respectively. These data indicate 
that: (i) the c-type content in light grown cells is = 30% 
higher than aerobic grown cells on a molar/protein ratio 
(see also spectra of Fig. 2) and also (ii) there is no clear 
correlation between the E m values of the c-type species of 
aerobic and photosynthetic membranes. 

The dark-redox titrations of Fig. 6 show the n = 1 
theoretical Nerst curves of the b-type haems detected at 
560-575 nm in photosynthetic and aerobic membranes 
(curves A and B, respectively). The results of curve B 
could be fitted into a 4 components plot, to which were 
assigned E m values of +371, +315, +76  and - 1 8  mV. 
Conversely, the results of curve A show that while the 
midpoint potential part of the redox titration remains simi- 
lar to its counterpart in B, the high-potential part is drasti- 
cally changed, cytochrome b at + 371 mV being absent. A 
second difference between curve A and B is that the two 
mid-low potentials cyt b ' s  at + 76 and - 18 mV of curve 
B are shifted to lower potentials in curve A (E  m of + 30 
and - 5 0  mV). These data, when compared with those of 
Tables 1, 2 and 3, suggest that cyt b-371 might be 
involved in cyt c oxidase activity because it is absent from 
light-grown membranes in which the cyt c oxidase is 
barely detectable. 



78 A. Hochkoeppler et al. / Biochimica et Biophysica Acta 1229 (1995) 73-80 

0 . 6  , , , , , , 

0 

& o.5 

E 0.4 

o 0.3 
E 

0 . 2  

~ 0.1 

o 
0 . 0  

A 

, X 
1 .2  

0 

~. 1.0 

~' 0 . 8  

~ 0 . 6  
& 

0 . 4  

~ =  0 . 2  

o 
0 . 0  

F i , r 

-200  0 200 4.00 
E. (mV) 

Fig. 6. Dark-equilibrium potentiometric titrations at 560-575 nm (pH 
7.0) of light- (panel A) and dark-grown (panel B) membranes. See text 
for further details. 

steady-state respiratory conditions. However, while in 
light-grown membranes the addition of 10 /xM CN- does 
not affect significantly the cyt c-reduction level (4% in- 
crease), the inhibition of the cyt c oxidase activity by CN- 
in aerobic membranes raises the reduction level to 93%; 
this suggests that most of the c-type haems seen in aerobic 
membranes are in rapid equilibrium with the respiratory 
electron flow. Another significant difference between the 
two types of membrane, confirming the spectral data of 
Fig. 3, was that 37% of the cyts. c of light-grown mem- 
branes can only be reduced by dithionite (trace C). In 
addition, while 10 txM CN- has no effect on the succi- 
nate-dependent steady-state reduction level of photo- 
synthetic membranes (trace D), the same CN- concentra- 
tion had a strong effect on c-type reduction of aerobic 
membranes (traces A and B). Notably, the bc I inhibitor 
stigmatellin (see broken traces in B and D) slightly de- 
creased (5%) the reduction level of the cyts. c in photo- 
synthetic membranes (dashed trace in D), whereas it drasti- 
cally lowered (from 21 to 2-5%) that of aerobic mem- 
branes (dashed trace in B). These data indicate that a very 
small fraction (10%) of the total amount of substrate 
reducible c-haems in photosynthetic membranes is in- 
volved in respiratory electron transport, whereas at least 
50% of the cytochromes c seen at 550-540 nm in aerobic 
membranes (possibly cyt c-201 and cyt c-298) are rapidly 
oxidized by the cyt c oxidase. 

4. D i s c u s s i o n  a n d  c o n c l u s i o n s  

3.4. Oxido-reduction kinetics of cytochromes c 

Traces of Fig. 7 represent the oxido-reduction kinetics 
of the c-type haems (550-540 nm) in aerobic- and photo- 
synthetic membranes. It is apparent that in both types of 
membrane a large fraction (55-67%) of the total dithionite 
reducible c-haems is reduced by ascorbate-DAD under 

Membranes from cells of the recently established new 
species of the facultative phototrophs, Rhodoferax fermen- 
tans, have been examined. It is concluded that Rf. fermen- 
tans is endowed with a respiratory chain composed by 
cytochromes of c- and b-type only. The present study also 
demonstrates that aerobically dark-grown Rfi fermentans 
does not contain soluble cytochromes of c-type. In addi- 
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crystals; stigmatellin, 5 /.LM. In ( - - - - )  stigmatellin was added upon the onset of  the steady-state reduction level with succinate, whereas in ( -  - - )  
stigmatellin was present before addition of succinate. 
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tion, several important features of the electron transport 
chain(s) of this facultative phototroph have been estab- 
lished, namely: (a) the respiratory system is branched 
because two oxidative pathways can be distinguished by 
their CN- sensitivities (shown in Fig. 1); (b) the branch 
must occur before the myxothiazol and/or  stigmatellin 
sensitive sites because the NADH- and succinate-depen- 
dent respiration is only 50% blocked by these inhibitors, 
(c) the cytochrome c oxidase activity of phototrophically 
grown cells is poorly involved in respiratory electron 
transport because most of the oxygen consumption is 
catalyzed by the CN-resistant, i.e., quinol oxidase, path- 
way (I50~ = 2.5 mM); (d) the quinol oxidase containing 
pathway is the one involved in light-dependent respiration 
because this activity is stimulated by inhibitors of the bc  1 

complex (Table 2); (e) rhodoquinone, although present, is 
not involved in quinol oxidase activity because exoge- 
nously added quinones with Era7.0 _< +64 mV do not 
stimulate the light-dependent respiration (shown in Table 
3). 

The thermodynamic analysis of membrane fragments 
from Rf. fermentans revealed a cytochrome c-type compo- 
sition similar to that observed in species such as 
Rhodopseudomonas viridis and Chloroflexus aurantiacus 
[8] but quite different from Rhodobacter capsulatus, 
Rhodospirillum rubrum and Rb. sphaeroides [21-24]. In- 
deed, membranes from light-grown cells contain 4 cy- 
tochromes of c-type with E m values of +358, +296, 
+78 and - 1  mV which are present in a 1:1:1:1 
(molar/protein) ratio. Although the thermodynamic data 
presented are not easily interpretable (see however [25]), 
some correlation between the tetrahaem c-type cytochrome 
of Rps. viridis and the c-type content of Rf. fermentans is 
clearly seen [26,27]. In addition, the soluble c-type compo- 
nent with area x at 551 nm and Era7.0 of +287 mV isolated 
from the soluble-fraction of light grown cells suggest that 
the c-type haem arrangement of Rf fermentans might be 
analogous to that found in Rps. viridis [28] along with the 
fact that also the Em7.0 of the RC of Rf. fermentans, + 471 
mV, is similar to that of Rps. viridis (see [25]). In line 
with the general observation that in facultative phototrophs 
the amounts of both the RC and of its primary electron 
donor [c-type haem(s)] are reduced in parallel by increas- 
ing the light-intensity and/or  the oxygen tension [7], the 
cyt c /cy t  b ratio (on a molar/protein basis) of Rf. 
fermentans decreases from 2.2 in light-grown membranes 
to 1.2 in dark-grown membranes, this variation being due 
to changes in the amounts of high-potential cyts b and c 
plus low-potential cyts c (compare Figs. 6 and 7). 

An interesting, but still unexplained, result of this study 
concerns the 30-40 mV difference between the E m values 
of the two mid-low potentials b-type haems titrated in both 
light-grown (E m of +30 and - 5 0  mV) and dark-grown 
(E m of + 76 and - 1 8  mV) cells. By analogy with mito- 
chondrial and bacterial electron transport chains, these two 
b-type haems are likely to be the protohaems (b H and b L) 

of complex Ill (bc 1) (see [8]). In this respect, thermody- 
namic considerations on the equilibrium between the 
quinone pool and the bc 1 complex [29] suggest the follow- 
ing correlation: Em(opoo 0 = 1/2[Em~Fe_s) + Em(bL)]. This 
equation, when applied to the redox components titrated in 
Rf. fermentans, contains two unknown entities, namely: the 
E m of the Q pool and that of the Rieske iron-sulfur centre 
(Fe-S). However, since aerobic membranes contain mainly 
UQ [6], assuming E m values of +90 mV [29] and - 1 8  
mV (this work) for the UQpool and cyt b L, respectively, 
the predicted E m of the Rieske would be + 198 mV. Since 
it is well established that cyt c I is in quasi-equilibrium 
with the Rieske centre [8], it is apparent that the cyt c 
titrated at + 201 mV (see Fig. 5) is a good candidate for 
the role of cyt c 1 in Rf. fermentans. 

Dark-grown membranes contain 3 c-type (EmT0 of 
+ 298, + 201 and +44 mV) and 4 b-type cytochromes 
(EmT0 of +371, +315, +76 and - 1 8  mV). Since cyt 
b-371 is lacking from light-grown membranes which also 
catalyze a negligible cyt c oxidase activity, it has been 
concluded that cyt b-371 is involved in this latter activity, 
although its physiological electron donor is not known. 
Indeed, the soluble fraction of aerobically grown cells does 
not contain significant amounts of soluble c-type haem 
(<  1% of the membrane-bound c-type collection); thus, a 
membrane-bound c (c-298?) is likely to reduce cyt b-371 
in line with fact that a large fraction of the total substrate 
reducible c-haems is in rapid equilibrium with the respira- 
tory electron flow (shown in Fig. 7). 

The presence of high amounts of rhodoquinone 
(RQ/UQ ~ 2) in light-grown Rf fermentans is puzzling 
(see also Ref. [25]). We have recently established that the 
E m of the primary quinone acceptor, Qa, in this bacterial 
species is at + 13 mV [20,25]. This suggests that Qa is 
likely to be a ubiquinone molecule because the E m of the 
RQ pool has been titrated at - 3 0  mV [30]. It is therefore 
interesting to notice that an early study on a RQ-deficient 
mutant of Rsp. rubrum demonstrated that RQ was neces- 
sary for both photosynthetic growth and NADH-fumarate 
oxidoreductase activity [31,32]. This suggests that RQ 
might be required in maintaining the redox balance during 
photosynthetic growth of RQ-containing species such as 
Rf. fermentans and Rsp. rubrum through the use of a 
membrane-bound fumarate reductase. This activity, which 
is present in Rf. fermentans [4], would also involve the 
NADH dehydrogenase. These considerations might be rel- 
evant in explaining why piericidin, an inhibitor of complex 
I, is less effective in inhibiting NADH respiration of 
light-grown membranes than aerobic membranes. As a 
working hypothesis, one may indeed suggest that mem- 
branes of Rf. fermentans contain either two NADH dehy- 
drogenases with different affinities for RQ and UQ or, by 
analogy with plant and yeast mitochondrial NADH dehy- 
drogenases [33,34], one NADH dehydrogenase with two 
quinone interacting sites [35]. It is evident that further 
studies are necessary to discriminate between these work- 
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ing hypotheses and possibly clarify the role of 
rhodoquinone in anaerobically grown cells (dark and/or 
light) of Rf. fermentans. 
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