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The membrane-bound electron-transfer chain components of both phototrophically and chemotrophically 
grown Chloroflexus aurantiacus have been characterized. Membranes isolated from chemotrophically grown 
Chloroflexus have been shown to contain at least three c-type cytochromes and at least three b-type 
cytochromes. In addition, these cells appear to lack a photochemical reaction center and the high potential 
(Era= +260 mV) cytochrome c-554 that serves as the immediate donor to the reaction center in 
phototrophically grown Chloroflexus. Phototrophically grown cells contain a CO-binding c-type cytochrome, 
apparently absent in the chemotrophically grown cells. However, a different CO-binding component, which 
may function as the terminal oxidase, is present in chemotrophically grown cells. 

Introduction 

Chloroflexus aurantiacus, a thermophilic, photo- 
synthetic gliding green bacterium, is capable of 
both phototrophic and chemotrophic growth [1]. 
Cells grown under phototrophic conditions con- 
tain bacteriochlorophyll a (BChl a), which is 
associated with the cytoplasmic membrane, plus 
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BChl c, which is located in chlorosomes attached 
to the cytoplasmic side of the cell membrane [2,3]. 
It is now accepted that chlorosomes are antenna 
structures, serving to absorb and transfer light 
energy to the reaction center located in the cyto- 
plasmic membrane [3]. During chemotrophic 
growth the number of chlorosomes declines and 
bacteriochlorophyll synthesis is repressed [1]. The 
induction and assembly of the pigment-protein 
polypeptides in phototrophically grown cells has 
recently been investigated and shown to be con- 
trolled by the oxygen tension [4]. The cytochrome 
composition of Chloroflexus has also been shown 
to vary with growth conditions [4-8], as had previ- 
ously been demonstrated for purple non-sulfur 
bacteria [9]. The most dramatic change in heine 
content was a striking increase in the protoheme : 
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heme c ratio observed after a transition of Chloro- 
flexus from phototrophic to chemotrophic growth 
[7,8]. Increased oxygen concentrations have been 
reported to induce also the synthesis of a mem- 
brane-bound heme a-containing terminal oxidase 
[6,7]. As the electron-transfer chain composition 
of Chloroflexus appears to depend critically on the 
O2-concentration during growth [4], we have ex- 
tended the previous studies and utilized a variety 
of techniques to compare the cytochrome and 
iron-sulfur protein contents of phototrophically 
grown cells to those of essentially bacteriochloro- 
phyll-free cells grown in the dark under 02- 
saturated conditions. 

Materials and Methods 

Chloroflexus J-10-fl was grown anaerobically in 
the light as described previously [1]. Fully dark- 
adapted cells were grown chemotrophically as de- 
scribed in Ref. 4. Dissolved oxygen concentrations 
under aerobic growth conditions in the dark were 
monitored with a Clark-type electrode. BChl a 
and c were determined spectrophotometrically, 
after extraction with 7 : 2 (v /v)  acetone/methanol ,  
at 772 nm and 666 nm, respectively [10]. Photo- 
trophically and chemotrophically grown Chloro- 
flexus were disrupted by sonication in 20 mM 
Tris-HC1 buffer (pH 8.0), containing 200 mM 
NaC1 [11]. After centrifugation at 250000 x g for 
2 h, the sedimented membrane fragments were 
resuspended in 20 mM Tris-HC1 buffer. 

Protein concentration was determined accord- 
ing to the method of Bradford [12] using bovine 
serum albumin as a standard. Heme c and proto- 
heme were determined after extraction of pig- 
ments and lipids, followed by extraction of the 
protoheme with acetone/HC1 [13]. Polyacryl- 
amide gel electrophoresis, in the presence of 
sodium dodecyl sulfate was performed on 12% 
slab gels (1.5 mm thickness) prepared according to 
Laemmli [14]. Gels were stained for protein with 
Coomassie Brilliant Blue and for heme with 
3,3',5,5'-tetramethylbenzidine plus hydrogen per- 
oxide [15]. Protein molecular weight standards 
were obtained from Bio-Rad. 

Chloroflexus cytochrome c-554 was solubilized 
and purified as previously described [16]. Cyto- 
chrome c-554 was coupled to a Bio-Rad Affigel 10 
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affinity matrix using 4.65 mg of the cytochrome 
and 1 ml of Affigel 10, following the procedure" 
outlined by the manufacturer [17]. Antiserum to 
cytochrome c-554 was prepared by injecting rab- 
bits with 100 #g of cytochrome c-554 that had 
been purified by gel electrophoresis. The serum 
was chromatographed on CM Affi-Gel Blue (Bio- 
Rad) and subsequently chromatographed on the 
cytochrome c-554 affinity column before being 
utilized to probe Western blots. Antibody against 
cytochrome c I from Rhodobacter sphaeroides 
(formerly called Rhodopseudomonas sphaeroides ) 
was a gift of Professor Chang-An Yu. 

Absorbance spectra at ambient temperature 
were obtained using Aminco DW-2a or Perkin- 
Elmer Lambda 5 spectrophotometers. (Reduced + 
CO) minus (reduced) difference spectra of photo- 
trophically grown cells were obtained using an 
Aminco DW-2a spectrophotometer, while those of 
chemotrophically grown cells were recorded on a 
Cary 2300 spectrophotometer controlled by an 
Apple IIe computer. The latter spectra represent 
the computer-subtracted difference between the 
+ C O  and - C O  spectra of the same reduced 
sample. Oxidation-reduction titrations of mem- 
brane-bound components were performed electro- 
chemically [18] in a thin layer cuvette, as de- 
scribed previously [19]. All E m and n values rep- 
resent the average from three titrations and were 
determined using a nonlinear least squares pro- 
gram run on an Apple II + computer. At each 
ambient potential optical spectra were measured 
from 500 to 650 nm. 

Absorbance spectra at liquid nitrogen tempera- 
ture were obtained using a Var ian /Cary  Model 
219 spectrophotometer and a home-built low-tem- 
perature accessory. Membranes were suspended in 
25 mM Mops buffer (pH 7.0) containing 25 mM 
KC1 and 50% glycerol under an Ar atmosphere 
and were adjusted to desired E h values by ad- 
ditions of buffered solutions of sodium dithionite 
or,  potassium ferricyanide. The redox potential 
was measured using Radiometer P101 Pt and K401 
saturated calomel electrodes along with a Coming 
Model 701 digital pH meter. Phenazine methosul- 
fate, phenazine ethosulfate, o-naphthoquinone 
sulfonate and 2-hydroxynaphthoquinone, each at 
10 /~M, were present as redox mediators. When 
the desired E h was obtained, an aliquot was re- 
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moved with a gas-tight syringe, injected into a 3 
mm pathlength cuvette contint~ously flushed with 
Ar and immediately frozen in liquid nitrogen. The 
spectrum prior to illumination was recorded and 
stored on an Apple II computer and the sample 
was illuminated for 1 min with white light from a 
100 W tungsten halogen lamp focused on the 
cuvette. The spectrum of the illuminated sample 
was recorded and stored. Light-induced difference 
spectra were then obtained by computer subtrac- 
tion. As a control, photooxidation of cytochrome 
c-552 was monitored in membranes isolated from 
Rhodopseudomonas viridis (poised at E h values 
between + 25 and - 3 0  mV) at 77 K [20]. 

Electron paramagnetic resonance (EPR) spectra 
were obtained using a Varian E-109 spectrometer 
equipped with an Air Products Helitrans flexible 
helium transfer line and a Var ian/Hewlet t -  
Packard E-935 data acquisition system [21]. Mem- 
branes were washed once in buffer containing 1 
mM EDTA to eliminate signals from Mn-contain- 
ing species prior to EPR analysis. 

Results 

The optical absorbance spectrum of membrane 
preparations from chemotrophically grown Chlo- 
roflexus exhibits a marked decrease in the contri- 
butions from BChl a and c when compared to 
that of phototrophically grown cells [4,11,22]. 
Spectra of the membranes revealed no features 
attributable to either residual BChl a (bands at 
800, 595 and 373 nm) or BChl c (bands at 740 and 
470 nm). However, small amounts of BChl a 
(0.003 nmol per mg of membrane protein) could 
be detected in acetone/methanol  extracts of the 
membranes. No BChl c was detected in the 
acetone/methanol  extract. In phototrophically 
grown cells the BChl a content ranged from 14 to 
16 m m o l / m g  cell protein [10]. 

As a first approach to characterizing the cyto- 
chrome composition of these membranes, a series 
of increasingly stronger chemical reductants were 
added and spectra were recorded in the wave- 
length region characteristic of ct and 13 bands for 
reduced cytochromes. The hydroquinone minus 
ferricyanide difference spectrum, shown in Fig. 1, 
indicates the presence of a hydroquinone-reduci- 
ble cytochrome with et and 13 band maxima at 551 
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Fig. 1. Difference spectra of membrane-bound cytochromes 
from chemotrophically grown Chloroflexus. Membranes (50/~g 
protein/ml) were suspended in 20 mM Tris buffer (pH 7.0). 
Spectral resolution, 1 nm; optical pathlength, 1 cm, Hydro- 
quinone (H2Q), potassium ferricyanide, sodium ascorbate and 
sodium ditlfionite (Dith) were added as small solid aliquots 
until no further absorbance changes were detected. PMS was 
present at a final concentration of 5/LM. 

nm and 523 nm, respectively. This hydroquinone 
minus ferricyanide difference spectrum differs sig- 
nificantly from that observed with membranes 
derived from phototrophically grown cells (data 
not shown), which shows a prominent alpha band 
maximum at 554-555 nm due to the presence of 
cytochrome c-554 ( E m =  +260 mV; Ref. 8). The 
sodium ascorba te /PMS minus hydroquinone dif: 
ference spectrum, which resembles the hydro- 
quinone minus ferricyanide difference spectrum, is 
smaller in amplitude (Fig. 1). In membranes iso- 
lated from phototrophically grown cells, cyto- 
chrome c-554, which is only partially reduced by 
hydroquinone, becomes fully reduced upon ad- 
dition of ascorba te /PMS (data not shown). Fig. 1 
also shows the sodium dithionite minus ascor- 
b a t e / P M S  difference spectrum of the membranes. 
This difference spectrum, which is similar to that 
reported by Pierson [7], shows a broad absorbance 
band (centered between 557 and 561 nm), prob- 
ably arising from the presence of multiple compo- 
nents. The presence of a maximum near 557 nm 
plus the asymmetry of the band at shorter wave- 
lengths indicates the presence of b- and possibly 
c- type c y t o c h r o m e  c o m p o n e n t s  that  are 
dithionite-reducible but not reduced by ascor- 
ba t e /PMS.  The dithionite minus ascorbate /PMS 
difference spectrum also appears to be somewhat 
asymmetric at wavelengths longer than the 557 nm 



maxima ,  wi th  a poss ib le  shoulder  present  at  
565-566  nm. This  spec t rum differs  cons iderab ly  
f rom that  ob t a ined  with  membranes  i sola ted  f rom 
pho to t roph i ca l l y  grown cells [7,8], which ind ica ted  
no  evidence for the  presence  of  b- type cytochro-  
mes  (however,  see Ref. 5). N o  evidence for cy to-  
chromes  a or  d was de tec ted  in any of  the dif- 
ference spectra.  

The  results  of  a series of  analyses  of  Chloro- 
f lexus membranes  for  p ro toheme,  heme a and  
heme  c indica te  average heme c contents  of  1.2 
and  8.9 /~mol per  mg of  m e m b r a n e  p ro te in  for 
chemot roph i ca l l y  and  pho to t roph i ca l l y  grown 
cells, respect ively (Table  I). Analys i s  for p ro to -  
heme  showed an average p ro toheme  conten t  of  
0.44 / tmol  pe r  mg of  m e m b r a n e  p ro te in  for 
chemot roph ica l ly  grown cells, as c o m p a r e d  to 0.31 
t tmol  per  mg of  m e m b r a n e  p ro te in  for pho to -  
t rophica l ly  grown cells. N o  heme a (less than 0.02 
/ z m o l / m g  pro te in)  was found  in the pho to t roph i -  
cal ly  grown cells. H e m e  a (0.08 / ~ m o l / m g  pro-  
tein) was found  in only  one out  of  three samples  
of  chemot roph ica l ly  grown cells assayed,  while the 
o the r  two samples  con ta ined  no de tec tab le  heme a 
(less than  0 . 0 2 / ~ m o l / m g  prote in)  N o  heme d was 
de tec ted  in extracts  f rom either pho to t roph ica l ly  
or  chemot roph ica l ly  grown cells. 

The  results  of  a typical  e lect rochemical  oxida-  
t ion - reduc t ion  t i t ra t ion  (carr ied out  at p H  7.0) of  
m e m b r a n e s  i sola ted  f rom chemot roph ica l ly  grown 
cells of  Chloroflexus are shown in Fig. 2. These 
measu remen t s  were carr ied  out  at  two wavelength  
pairs ,  552-540  nm and 562-574  nm, in an a t t empt  
to maximize  the con t r ibu t ion  f rom either c- or  

TABLE I 

HEME CONTENT IN CHLOROFLEXUS A URANTIA CUS 

(/~ mol heme/mg protein) 

Phototrophically Chemotrophically 
grown cells grown cells 

Heme c 8.9 1.2 
Protoheme 0.31 0.44 
Heme a < 0.02 ~< 0.08 a 
Heine c/protoheme 28 2.8 

a All values are the average of three determinations, except 
that for heme a in chemotrophically grown cells. In this 
case, one sample contained 0.08 #g/mg protein, while the 
other two contained no detectable heme a. 
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Fig. 2. Oxidation-reduction titrations of membranes from 
chemotrophically grown Chloroflexus. The titrations were con- 
ducted as described in Materials and Methods using a reaction 
mixture containing membranes (5 mg protein/ml) suspended 
in 20 mM Tris buffer (pH 7.0). The following oxidation-reduc- 
tion mediators were also present: 20/.tM ferricyanide; 50/~M 
hydroquinone; 50 /tM diaminodurene; 50 #M 1,2-naph- 
thoquinone; 100 /zM duroquinone; 25 #M PMS; 25 /~M 
phenazine ethosulfate and 25 #M anthroquinone disulfonate. 
The titration was conducted at 20 o C. Spectral resolution, 1 
nm; optical pathlength, 0.3 ram. 

b- type  cytochromes,  respectively.  Three  dis t inct  
features,  co r re spond ing  to one-e lec t ron  t ransfer  
c ompone n t s  with E m values of  + 3 1 0  mV (n = 
0.85), + 1 2 0  mV (n = 0.92) and  0 V (n = 0.93), 
were de tec ted  in redox t i t ra t ions  mon i to r ed  at 
552-540  n m  (Fig.  2). N o  fur ther  abso rbance  
changes at  this wavelength  pa i r  were de tec ted  if 
the  E h value were increased  f rom + 400 to + 450 
mV or  lowered f rom - 150 to - 200 mV (da ta  no t  
shown).  Comple t e  opt ica l  spectra,  in the 500-600  
nm region, of  each of these componen t s  showed 
abso rbance  m a x i m a  at 551-552  nm for each com-  
ponen t  (da ta  not  shown),  s imilar  to features  ob-  
served in the chemical  difference spec t ra  of  Fig.  1. 
As  the absorbance  m a x i m a  of c- type cy tochromes  
are  in this wavelength  region,  these features  are 
l ikely to indica te  the presence of  at  least  three 
m e m b r a n e - b o u n d  c- type cytochromes.  Based on 
the magni tudes  of  the abso rbance  increases associ- 
a ted  with the reduc t ion  of  the + 3 1 0  and  0 V 
componen t s ,  it  would  appea r  tha t  these two com-  
ponen t s  are in (2 -3 ) - fo ld  excess c o m p a r e d  to the 
+ 1 2 0  mV componen t ,  assuming similar  mola r  
ex t inc t ion  coeff icients  for  each componen t .  In  ad-  
d i t ion  to these c- type cytochromes,  Fig. 2 also 
demons t ra t e s  the presence of  three c ompone n t s  
with E m = + 2 6 0  mV (n = 0.92), E m =  + 6 0  mV 
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(n = 0.89) and E m = - 6 0  mV (n = 0.91), respec- 
tively, that  contr ibute to the absorbance at 
562-574 nm, but  not  at 552-540 nm. N o  ad- 
ditional A A 5 6 2 _ 5 7 4  w a s  observed at E h values 
between + 4 0 0  and + 4 5 0  mV or between - 1 5 0  
and - 2 5 0  mV. All three components  exhibited 
absorbance maxima close to 560 nm. These results 
are consistent with the presence of at least three 
membrane-bound,  b-type cytochromes.  All titra- 
tions gave E m values that were reproducible to 
within + 5 mV, n values that were reproducible to 
within + 10% and were fully reversible. The E m 
and n values obtained for all six components  were 
independent  of  media tor  concentrat ions over a 
10-fold range (10-100/~M).  

Apparent  molecular weights for the membrane-  
bound,  c-type cytochromes of Chloroflexus were 
determined by SDS-polyacrylamide gel electro- 
phoresis followed by staining the gels for heme 
[15]. Two prominent  heme-containing peptides 
were detected in the membranes  of chemotrophi-  
cally grown cells and four different heme-contain-  
ing peptides were found in the membranes  of 
phototrophical ly  grown cells (Fig. 3). The ap- 
parent  molecular weights are 36 and 24 kDa  in the 
case of  chemotrophical ly  grown cells, while those 
f rom phototrophical ly  grown cells are 43-45,  36, 
24 and 19 kDa.  The 43-45  k D a  heme-containing 
peptide, present in phototrophical ly  grown Chloro- 
flexus cell membranes,  corresponds to cy tochrome 
c-554 [16]. The highest molecular-weight band  is a 
dimer of  cy tochrome c-554 [4]. In agreement with 
earlier findings [4], no 43-45  k D a  heme c-contain- 
ing componen t  was detectable in membranes  iso- 
lated from chemotrophical ly  grown cells, even in 
experiments utilizing larger amounts  of  membrane  
protein. These data, as well as the difference spec- 
t rum of Fig. 1, indicate that  the cy tochrome c-554 
is not  present in chemotrophical ly  grown Chloro- 
flexus. Further  evidence for this conclusion comes 
f rom the immunoblo t t ing  experiments also shown 
in Fig. 3. While an affinity-purified ant ibody 
against cy tochrome c-554 reacts specifically with 
cy tochrome c-554 present in membranes  isolated 
f rom phototrophical ly  grown cells, membranes  
isolated f rom chemotrophical ly  grown cells showed 
no immunochemical  reactivity with anti-cyto- 
chrome c-554. These results strongly suggest that 
the cy tochrome c-554 peptide is absent in mem- 
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Fig. 3. Left-hand panel: the heme c-containing, membrane- 
bound polypeptides of chemotrophically and phototrophically 
grown Chloroflexus. Membranes equivalent to 100 #g protein 
in 30/tl volume were applied to the gels and stained for heme 
as described in Methods. Horse heart cytochrome c (c-550, 
M r = 12500) was used as a standard (Std). D and L represent 
membranes isolated from dark- and light-grown cells, respec- 
tively. Right-hand panel: the immunological identification of 
cytochrome c-554 in whole cell homogenates of dark- (D) and 
light- (L) grown cells. Purified cytochrome c-554 was present 
in the standard lane. Membranes equivalent to 100 ~tg protein 
in 30 /~g volume were applied to the gel, which was subse- 
quently electroblotted to nitrocellulose paper and probed with 
the affinity-purified antibody against cytochrome c-554. Anti- 
sera reactions were visualized with 125I-protein A and auto- 
radiography. 

branes isolated f rom chemotrophical ly  grown 
Chloroflexus [4]. 

The (reduced plus CO) minus reduced dif- 
ference spectrum of membranes  isolated f rom 
chemotrophical ly  grown cells, shown in Fig. 4, 
shows that CO-binding to a heme componen t  
(difference maxima at 427, 556 and 587 nm) oc- 
curs in membranes  reduced with ascorbate plus 
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Fig. 4. CO difference spectrum of membranes from chem- 
otrophically grown Chloroflexus cells. Membranes (20 #g pro- 
tein/ml)  were suspended in 20 mM "Iris buffer (pH 7.0). The 
difference spectrum was recorded following exposure to CO 
for 10 min. Spectral resolution, 1 nm; pathlength, 1 cm. 
Ascorbate was added as small solid aliquots. PMS was present 
at a final concentration of 10 #M. 

PMS. Similar results were obtained using hydro- 
quinone or dithionite, instead of ascorbate plus 
PMS, as the reductant. The CO difference spec- 
trum obtained with membranes isolated from pho- 
totrophically grown cells and reduced with di- 
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Fig. 5. CO difference spectrum of membranes from photo- 
trophically grown Chloroflexus. Membranes (25 ~ g protein/ml)  
were suspended in 20 mM Tris buffer (pH 7.0). The difference 
spectrum was recorded following exposure to CO for 10 rain. 
Spectral resolution, 1 nm; pathlength, 1 cm. Ascorbate or 
dithionite were added as small solid aliquots. PMS was present 
at a final concentration of 10 ~M. The solid line represents the 
dithiortite-reduced sample and the dashed line the ascorbate/  
PMS-reduced sample. 
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thionite (Fig. 5) is quite different. No absorbance 
changes were observed when CO was equilibrated 
with membranes from phototrophically grown cells 
that had been reduced with either ascorbate plus 
PMS or hydroquinone instead of dithionite. The 
CO-difference spectrum of membranes isolated 
from phototrophically grown cells is characteristic 
of Co-binding by a c-type cytochrome [23], as has 
been previously reported [5,7], while the CO dif- 
ference spectrum of membranes isolated from 
chemotrophically grown cells resembles that re- 
ported for the so-called cytochrome a 1 [23]. 

As low potential, CO-binding cytochromes c in 
the membranes of several other phototrophic 
bacteria are capable of undergoing photooxidation 
at cryogenic temperatures [20,24], an attempt was 
made to demonstrate cytochrome c photooxida- 
tion at 77 K in membranes isolated from photo- 
trophically grown Chloroflexus. No photooxida- 
tion was observed in samples frozen at E h values 
between + 25 and -45  mV (data not shown). In 
control experiments using Rps. viridis membranes 
poised between + 25 and -30  mV, photooxida- 
tion of cytochrome c-552 [20] at 77 K could 
readily be observed. 

The EPR spectrum of membranes isolated from 
phototrophically grown Chloroflexus and frozen 
without addition of reductant is shown in Fig. 6. 
This spectrum contains a broad feature at g = 1.89, 
a value suggesting the presence of a reduced Rieske 

jT 
g = 4.33 

9=6.11 

A 
g=3.39 g=3.00 g~2. 

g : 2.81 

100 600 11100 1600 21'00 26J00 31'00 ,] 3600 4100 4600 51J00 
Magnetic Field, Gauss 

Fig. 6. EPR spectrum of membranes from phototrophJcally 
grown Chloroflexus. Membranes (10 mg protein/ml)  were sus- 
p e n d ~  in 10 mM Tris buffer (pH 7.0). Conditions of EPR 
spectroscopy: microwave frequency, 9.150 GHz; microwave 
power, 3 roW; modulation amplitude, 8 G; modulation 
frequency, 100 kHz and temperature, 15 K. 
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iron-sulfur protein [25-27] The relatively great 
width of this signal is likely to be due to overlap- 
ping signals from other membrane-bound species. 
No increase in the amplitude of the g = 1.89 fea- 
ture was observed when dithionite was added, 
suggesting that the Rieske iron-sulfur protein was 
largely reduced in the isolated membranes. In 
addition to the EPR signal arising from the Rieske 
protein, a signal at g = 2.0, presumably arising 
from one or more free radicals, is present. Mem- 
branes isolated from phototrophically grown cells 
also exhibited unassigned EPR signals with g- 
values of 3.39, 3.00 and 2.81 probably due to 
oxidized low spin cytochromes, a g = 4.33 signal, 
presumably arising from non-specifically bound 
iron, and a feature at g = 6.11, presumably arising 
from an oxidized high-spin heme. A similar signal 
at g = 6.11 was also seen in membranes isolated 
from chemotrophically grown cells. 
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Fig. 7. EPR spectra of oxidized (A) and ascorbate /PMS- 
reduced (B) membranes  from chemotrophically grown Chloro- 
flexus. Membranes  (equivalent to 5 mg pro te in /ml)  were sus- 
pended in 20 m M  "Iris buffer (pH 7.0). Ascorbate was added as 
a solid. PMS was present at a concentration of 5 #M. Condi- 
tions of EPR spectroscopy were as in Fig. 6, except that the 
temperature was 10 K. 

Fig. 7 shows EPR spectra of membranes iso- 
lated from chemotrophically grown Chloroflexus 
Fig. 7A shows the spectrum obtained prior to any 
addition and has prominent features at g = 2.12 
and 2.01. Fig. 7B was obtained by the addition of 
ascorbate and PMS to the sample of Fig. 7A, and 
displays resonance at g = 2.07, 2.02, 1.96 and 1.87. 
An essentially identical set of resonances was ob- 
served if succinate replaced ascorbate /PMS as the 
added reductant (data not shown). Similar EPR 
signals have also been observed in phototrophi- 
cally grown Chloroflexus [5]. EPR signals with 
g-values of 2.05 and 1.94 were observed in 
NADH-reduced membranes from chemotrophi- 
cally grown cells (data not shown). No EPR sig- 
nals characteristic of a reduced Rieske iron-sulfur 
protein could be detected in membranes isolated 
from chemotrophically grown cells. At this time it 
is not possible to make definite assignments of the 
other resonances of Figs. 6 and 7. Certainly these 
resonances, by virtue of their g-values and their 
appearance upon addition of different reductants, 
must arise from a variety of iron-sulfur proteins. 
Assignments of these resonances to individual 
components of electron-transfer complexes such 
as succinate dehydrogenase or N A D H  dehydro- 
genase [29,30] will require further experimentation 
which is beyond the scope of the current investiga- 
tion. 

Discussion 

Oxidation-reduction titrations, shown above, 
suggest that membranes of chemotrophically 
grown Chloroflexus contain at least three c-type 
cytochromes with et band maxima at 551-552 nm. 
No component with an absorbance maximum at 
554-555 nm was detected. The absence, in chemo- 
trophically grown cells, of any heme-containing 
peptide with M r = 43 000 and of any cross reac- 
tion with antibody directed against cytochrome 
c-554 (Fig. 3) indicate that cytochrome c-554, 
present in phototrophically grown Chloroflexus, is 
not present in membranes of chemotrophically 
grown cells. In phototrophically grown cells of 
Chloroflexus, cytochrome c-554 functions in cyclic 
electron flow as the immediate donor to P-865 
[16,31]. Since cyclic electron flow cannot function 
in membranes isolated from chemotrophically 
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grown cells due to the absence of the reaction 
center [11], the lack of cytochrome c-554 is not 
surprising. The high potential c-type cytochrome 
cytochrome ( E m =  +310 mV; et band maximum 
at 551-552 nm), detected by oxidation-reduction 
titrations of membranes from chemotrophically 
grown cells (Fig. 2), apparently represents a c-type 
cytochrome, different from cytochrome c-554, 
which has not been observed previously in chemo- 
trophically or phototrophically grown Chloro- 
flexus. The function of this cytochrome is not 
known at this time. It is interesting to note that a 
similar situation occurs in the photosynthetic pur- 
ple sulfur bacterium Chromatium vinosum, where 
the high potential ( E  m = + 340 mV) cytochrome 
c-555 that serves as an immediate donor to the 
reaction center in phototrophically grown cells is 
absent in chemotrophically grown cells, while a 
different high potential c-type cytochrome (E  m = 
+ 330 mV) is present in chemotrophically grown 
cells [21]. 

The c-type cytochrome with E m = + 120 mV 
may be identical to that with E m = +180 mV 
observed in chemotrophically grown cells by Zan- 
noni [6] and may possibly be related to the cy- 
tochrome c~. Recent studies of phototrophically 
and chemotrophically grown Chloroflexus [5,6] 
suggest the presence of a cytochrome bc 1 complex 
in cells under both conditions of growth. One 
would thus expect to detect a cytochrome with 
spectral properties, molecular weight and mid- 
point potential similar to cytochrome c 1. If this 
E m = +120 mV cytochrome were in fact cy- 
tochrome c 1, it would have an atypically low E m 

value, as most cytochromes c I have E m values 
near + 270 mV [27]. However, cytochromes cl are 
usually approximately isopotential with the Rieske 
proteins in a given organism [27] and phototrophi- 
cally grown Chloroflexus has been shown [5] to 
contain an unusually low potential Rieske iron- 
sulfur protein (Em = + 100 mV). Thus, a E m value 
of + 120 mV may not be inappropriate for cyto- 
chrome c~ in this bacterium. Cytochromes c I gen- 
erally have molecular weights of approx. 30 kDa 
[27]. Thus one would have expected that a peptide 
at M r = 30000 to be detected on gels stained for 
heme. No heme-staining band near this molecular 
weight was detected in SDS-polyacrylamide gel 
electrophoresis gels of membranes isolated from 

either phototrophically or chemotrophically grown 
cells (Fig. 3). The heme-staining bands closest to 
M r = 30000 are the 24 and the 36 kDa bands. 
These heme-proteins appear to be constitutive 
components of Chloroflexus, since they are present 
in membranes from both phototrophically and 
chemotrophically grown cells. It is also possible 
that some of the heme-containing peptides de- 
tected by SDS-polyacrylamide gel electrophoresis 
represent proteolytic degradation products, since 
no protease inhibitors were added in these experi- 
ments. No peptides were found in either mem- 
branes isolated from chemotrophically or photo- 
trophically grown Chloroflexus that reacted with 
antibodies raised against cytochrome c I from Rb. 
sphaeroides. Thus, definitive proof for the pres- 
ence of cytochrome c I in Chloroflexus remains to 
be obtained. 

The low potential c-type cytochrome observed 
in chemotrophically grown cells in this work has a 
midpoint potential ( E  m = 0 V )  similar to those 
previously determined for a spectrally similar cy- 
tochrome in chemotrophically (Era= +10 mV, 
Ref. 6) and phototrophically grown ( E  m = + 20 
mV, Ref. 5) Chloroflexus. A low-potential, c-type 
cytochrome is almost certainly the component re- 
sponsible for CO-binding in phototrophically 
grown cells (Fig. 5), as the difference spectrum 
resembles that expected for a c-type cytochrome 
[5,7,23] and CO-binding occurs in dithionite-re- 
duced samples but not in hydroquinone or ascor- 
ba te /PMS-reduced samples. In the presence of 
ascorbate/PMS, the ambient potential is ap- 
proximately +100 mV, a value low enough to 
completely reduce the E m = + 310 mV component 
and partially reduce the + 120 mV component but 
not the E m = 0 V component. However, dithionite 
is a sufficiently strong reductant to also reduce the 
E m = 0 V component. No spectral changes attribu- 
table to CO-binding by a c-type cytochrome could 
be observed in membranes isolated from chemo- 
trophically grown cells (also see Ref. 6), raising 
the possibility that this cytochrome is absent in 
chemotrophically grown cells and that different 
low potential (0 mV ~< E m ~< - 2 0  mV) cytochro- 
rues are present under the two conditions of 
growth. Our results with phototrophically grown 
cells are consistent with earlier reports [5,7] of a 
CO-binding cytochrome c and extend the earlier 
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work by providing evidence that the lowest poten- 
tial cytochrome c present in phototrophically 
grown cells is the only one that binds CO. Fur- 
thermore, we have demonstrated that this cyto- 
chrome c differs from low potential c-type cyto- 
chromes in bacteria such as Rps. viridis and C. 
oinosum in being unable to undergo photooxida- 
tion at cryogenic temperatures. 

Optical spectra (Fig. 1), protoheme analysis 
(Table I) and electrochemical titrations (Fig. 2) 
indicate the presence of b-type cytochromes in the 
membranes of chemotrophically grown Chloro- 
flexus. This is in dramatic contrast to the very 
small amounts of b-type cytochrome(s) present in 
phototrophically grown Chloroflexus (Table I; also 
see Refs. 7 and 8; however, see Ref. 5). Definitive 
evidence for two b-type cytochromes came from 
the electrochemical titrations (Fig. 2) which 
showed two major components (Em= +60 and 
- 60 mV). The additional component (E m = + 260 
mV), detected in titrations at 562-574 nm is pre- 
sent in considerably lower amounts than the + 60 
and - 6 0  mV components and may represent an 
'o'-type cytochrome [6]. Similar b-cytochrome 
titrations have been obtained by Zannoni [6]. One 
puzzling observation is the relatively large size of 
the total AA562_574 compared to the AA552_540 
(Fig. 2) in view of the heme c/protoheme ratio 
(Table I) of the chemotrophically grown cells. One 
possible explanation for this apparent discrepancy 
may be that one of the components seen at 
562-574 is a c-type cytochrome with a a-band 
maximum at an unusually long wavelength. How- 
ever, additional data will be required to settle this 
question. 

The E~ values, +60 and - 6 0  mV, of the 
major cytochrome b components are similar to 
those reported for cytochrome b-562 and b-566, 
respectively, of the cytochrome bc 1 complexes of 
mitochondria and photosynthetic purple non- 
sulfur bacteria [27,33]. The observations that elec- 
tron flow in both phototrophically [5] and chemo- 
trophically [6] grown Chloroflexus is sensitive to 
antimycin A and myxothiazol, two specific inhibi- 
tors of electron flow through cytochrome bc~ com- 
plexes [32], suggest the presence of such a complex 
in this bacterium. This conclusion was supported 
by the observation by Zannoni and Ingledew [5], 
of an EPR signal attributable to a Rieske iron- 

sulfur protein with E m = + 100 mV in membranes 
isolated from phototrophically grown Chloro- 
flexus. We have also observed a Rieske protein 
(see Fig. 6 above and Ref. 33) in membranes 
isolated from phototrophically-grown ceils but 
have been unable to detect a g = 1.90 EPR signal 
characteristic of the reduced Rieske protein in 
membranes isolated from chemotrophically grown 
cells of Chloroflexus. This could, in principle, be 
due to the presence of considerably smaller 
amounts of this protein in the chemotrophically 
grown cells membranes or because the g = 1.90 
feature was obscured by other signals. If the former 
explanation were correct, then one would expect 
that the amounts of the E m = + 60 and - 6 0  mV 
b-cytochromes would also be considerably lower 
in chemotrophically grown cells than in photo- 
trophically-grown cells, since the Rieske iron-sulfur 
protein and each of the two b-hemes of cyto- 
chrome bc 1 complexes are generally present in a 
1 : 1 : 1  ratio [27]. However, the reverse is true. 
Additional investigations to resolve this problem 
are currently underway in our laboratories. 

A question of considerable interest is the iden- 
tity of the terminal oxidase(s) in chemotrophically 
grown Chloroflexus. As reduced oxidases generally 
bind CO [23,34], it seemed reasonable to use CO 
difference spectra in identifying the terminal 
oxidase of chemotrophic Chloroflexus. The ascor- 
bate/PMS-reduced CO difference spectrum (Fig. 
4) indicates the presence of a CO-binding, heme- 
containing component in membranes isolated from 
chemotrophically grown cells. This spectrum is 
similar to those reported for so-called cytochrome 
a a oxidases [23,34] in having well-defined maxima 
in the absorbance difference spectra at 587 nm 
and 556 nm. However, the Soret band differences 
maximum, 427 nm, is at a somewhat shorter wave- 
length than the 435-445 nm region usually ob- 
served for 'cytochrome a~'. Nevertheless, the dif- 
ference spectrum of Fig. 4 corresponds consider- 
ably better to that reported for 'cytochrome a~' 
than to that reported for cytochrome o [23,34]. As 
this CO difference spectrum was also observed 
with membranes that had been reduced with the 
weak reductant hydroquinone, ( E "  = + 290 mV), 
the CO-binding component responsible for the 
absorbance changes must be of relatively high 
potential  ( E  m/> + 250 mV). The absence of sig- 



nificant amounts of heme a (Table I) does not 
rule out the presence of an a 1 oxidase, as recent 
studies with Escherichia coli have identified the 
component designated as cytochrome al to be an 
unusual high-spin, protoheme-containing species 
free of heme a [35,36]. 

Considerable evidence has been obtained in 
other laboratories for the presence of a cyto- 
chrome aa 3 oxidase in chemotrophically grown 
Chlorofiexus [6,7]. However, we detected no heme 
a and could find neither optical absorbance 
changes characteristic of cytochrome aa 3 nor a 
Cu 2÷ EPR signal of the type found in Cu2+-con - 
taining cytochrome aa 3 oxidases [37,38] in the 
membranes used in this study. The differences 
between the results obtained in this study and 
those from other laboratories may arise from the 
different growth conditions used for chemotrophic 
growth in these studies. In particular, the strictly 
dark, aerobic conditions for cell growth [4] used in 
this work resulted in cells free of cytochrome 
c-554 and virually free of BChl c and a, while 
those used by Zannoni [6] contained residual BChl 
and cytochrome c-554 (Zannoni, D., personal 
communication). It is known, for example, that in 
E. coli [39] and Rb. sphaeroides [40] the nature of 
the terminal oxidase is controlled by the 02 con- 
centration during growth. A similar situation ap- 
pears to be the case in Chloroflexus. 
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