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The cytochromes of membranes of the cydA mutant Esc/rerSia coli GR19N grown on a proline-amino acid 
medium were examined. Reduced minus oxidized difference spectra (including fourth-order finite difference 
spectra) showed that cytochromes with absorption maxima at 554~555,556-557,564%561.5 and 563.5-564.5 
nm were present. In addition, there were two components with absorption maxima at 548.5 and 551.5 nm 
which made a minor contribution to the o-band absorbance. These were not examined further. Two pools 
within the cytochromes were detected. One pool, which was reduced rapidly by the substrates NADH, 
formate and succinate, consisted of cytochromes of the cytochrome o complex. These cytochromes had 
absorption maxima at 555, 557 and 563.5 mn. In addition, the low-potential cytochrome associated with 
formate dehydrogenase was reduced rapidly by formate, and a component absorbing at 560-561.5 nm was 
also present in this pool. The second pool of cytochromes was reduced more slowly by substrate, although 
the rate was accelerated greatly in the presence of the electron mediator phenazine methosulfate. These 
cytochromes absorbed maximally at about 556.5 nm. A portion of the cytochrome in this pool was reoxidiied 
by fumarate. This cytochrome may be a component of the fumarate reductase pathway, since the membranes 
showed high NADH-fumarate reductase activity. The respiratory chain inhibitor 2-n-heptyl-4-hydroxyquino- 
line N-oxide appeared to act at two sites. One site of inhibition was between the dehydrogenases and the 
cytochromes. A second site of inhibition was located in the cytochrome o complex between cytochrome 
b-564 and oxygen. 

Introduction 

The respiratory chain of aerobically grown 
Escherichia coli has been the subject of many 

Abbreviations: DQH,, duroquinol (2,3,5,6-tetramethyl-p-ben- 

zoquinol); Hepes, 4-(2-hydroxyethyl)-l-piperazineethane- 
sulfonic acid; HOQNO, 2-( n-heptyl)-4-hydroxyquinoline N- 
oxide; P-A, ascorbate in the presence of phenazine methosul- 
fate; PMS, phenazine methosulfate. 
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investigations (reviewed in Refs. l-3). Our under- 
standing of the organization of the respiratory 
chain has become clearer since the successful iso- 
lation of the two terminal respiratory chain 
oxidases [4-71. Both complexes catalyze the reduc- 
tion of oxygen with electrons derived from 
ubiquinol. The cytochrome o complex is respons- 
ible for the absorption maxima at 555 and 562 nm 
seen in reduced minus oxidized difference spectra 
measured at 77 K. Two mol heme/mol complex 
are present, but it is not clear which of the two 
hemes reacts with oxygen. In fact, the absence of 
distinct spectral changes produced by CO in the 
a-band region [3,8] raises some questions about 
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the identification of either b-555 or b-562 as cyto- 
chrome o. Cytochrome o is normally identified as 
the component showing a peak at 415 nm and a 
trough at 430 nm in reduced plus CO minus 
reduced difference spectra measured at 20 °C [9]. 
Under conditions of low aeration, the cytochrome 
d complex composed of cytochromes b-558, b-595 
and d is formed. Cytochrome d appears to be the 
oxygen-reacting centre, since it forms an oxygen- 
ated intermediate [10]. 

Two other cytochromes have been purified from 
membranes of aerobically grown E. coli. Cyto- 
chrome b-556 has been purified as a soluble cyto- 
chrome in the presence of detergent [11]. It has a 
midpoint oxidation-reduction potential of -45  
mV. Recently, its amino-terminal sequence has 
been found to be identical with that predicted 
from the DNA sequence of the sdhC gene of the 
succinate dehydrogenase operon [12]. The second 
cytochrome, cytochrome b-561, has a midpoint 
oxidation-reduction potential of + 20 mV. It is a 
diheme cytochrome normally present at very low 
levels in membranes [13]. Its role, or association 
with a particular enzyme, is not presently known 
although Murakami et al. [12] have found that it 
can be reduced by D-lactate and NADH, and have 
suggested that it functions in transferring elec- 
trons between dehydrogenases and cytochrome o. 
A third cytochrome is found associated with for- 
mate dehydrogenase in cells grown anaerobically 
on nitrate. It has an absorption maximum at 555.5 
nm and a midpoint oxidation-reduction potential 
of about -110 mV [14]. 

The preceding results suggest that the cytochro- 
mes of the aerobic respiratory pathways may be 
organized in two distinct groups. That is, mod- 
erate (+50 mV) to low ( -120  mV) potential 
cytochromes associated with dehydrogenases and 
funneling electrons into the ubiquinone pool from 
which electrons are transferred to the terminal 
electron acceptor by the oxidase complexes. This 
mode of organization would thus be similar to 
that proposed for the formate dehydrogenase- 
nitrate reductase pathway [15,16]. 

This pattern of organization has been derived 
largely from studies of isolated complexes and 
cytochromes. Investigation of the behaviour of the 
cytochromes in situ in the membranes is com- 
plicated by the presence of numerous components, 
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none of which appears to be resolvable by a single 
technique. The studies of Van Wielink [17,18], in 
which spectrum deconvolution is coupled with 
potentiometric analysis of membrane cytochromes 
of aerobically grown cells, have revealed four major 
components with a-band maxima at 555.7, 556.7, 
558.6 and 563.5 nm, and with midpoint oxida- 
tion-reduction potentials of + 46, + 174, -75  and 
+187 mV, respectively. Although these compo- 
nents have not been ascribed to particular cyto- 
chromes, it is likely that the two components with 
the most positive potentials are associated with 
cytochrome o. There is less certainty about the 
identification of the other components. The - 7 5  
mV component could be the cytochrome of the 
formate dehydrogenase complex (Em, -110 mV) 
[14]. Cytochrome b-556 of succinate dehydro- 
genase has a potential of -45  mV in purified 
preparations, but this value may be artifactually 
low due to modification by detergent [11]. Some 
workers have attributed the + 46 mV component 
to cytochrome b-556 [19,20]. 

In the present paper we have used a number of 
techniques to study the cytochromes which were 
present in the membranes of E. coli grown aerobi- 
cally on L-proline. The oxidation-reduction kinet- 
ics of the cytochromes were coupled with low-tem- 
perature difference spectroscopy to identify the 
presence of several kinetically distinguishable 
pools of cytochromes within the membranes. Al- 
though the use of the cydA strain GR19N reduced 
the complexity of the system to some extent by 
removing the contributions due to cytochromes 
b-558, b-595 and d [21], our results have indicated 
that the components of several respiratory chains 
are present together in the membranes. This in- 
creases the degree of complexity of the cyto- 
chrome composition above that recognized previ- 
ously. 

Materials and Methods 

Bacterial strain, growth conditions and prepara- 
tion of membranes. E. coli GR19N (F- thi-1 rha-4 
lacZ82 gal-33 cydA1) [21] was grown to the late 
exponential phase with vigorous aeration on a 
medium containing per liter: 7 g K2HPO4, 3 g 
KH2PO 4, 0.5 g sodium citrate, 0.2 g MgSO 4. 
7H20, 1 g (NH4)2SO4, 5 g L-proline, 1.5 g casein 
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amino acids (Difco), 2.5 mg thiamine, 1 ~tmol 
ammonium molybdate, 1 ~tmol selenous acid and 
12 vLmol ferric citrate. The cells were harvested by 
centrifugation, washed twice with 0.9% (w/v)  
NaC1, and stored at - 20 o C. 

Cells were suspended at 1.7 g / m l  in 50 mM 
H epes -KOH/5  mM magnesium acetate buffer 
(pH 7.4), and disrupted by passage twice through 
a French press at 1400 k g / c m  2. Unbroken cells 
were sedimented from the solution by centrifuga- 
tion at 10000 x g for 20 min. The supernatant 
was centrifuged for 2 h at 252 000 x g in a Beck- 
man 60 Ti rotor. The sedimented membranes were 
washed by resuspension in Hepes/magnesium 
acetate buffer followed by centrifugation as be- 
fore. The washed membranes were suspended for 
use at a protein concentration of 20 m g / m l  in 
Hepes/magnesium acetate buffer. 

Measurement of cytochrome reduction. The 
kinetics of reduction of the b cytochromes at 
room temperature were measured with a Perkin- 
Elmer 356 spectrophotometer operating in the 
dual-wavelength mode. The absorption of the 
sample at 559 nm was compared with the refer- 
ence wavelength at 580 nm. The cuvette contained 
0.5 ml membrane suspension, 1.5 ml Hepes /  
magnesium acetate buffer, 1 ~1 3% H202, and any 
additions as noted in the legends to the figures. 
Reduction was initiated by the addition of sub- 
strate after a 3 min preincubation period. The 
presence of H202, which generated oxygen in the 
presence of endogenous catalase in the membrane 
preparation, ensured that the cytochromes were in 
their oxidized state at the commencement of the 
experiment. 

Difference spectra at room temperature or at 
77 K were measured with an SLM/Aminco  DW2c 
double-beam dual-wavelength spectrophotometer. 
Nine spectra for each sample were collected and 
averaged. A slit width of 2.2 nm was used for the 
range 400-700 nm. For detailed examination of 
the alpha band region spectra were scanned be- 
tween 515 nm and 590 nm using a slit width of 0.8 
nm. Fourth-order finite difference spectra and the 
calculated difference between spectra were ob- 
tained by processing data with the Midan II kinetic 
processor/controller  of the spectrophotometer. 

Spectra at room temperature or 77 K were 
measured using the same buffer system as that 
used for the dual-wavelength kinetics studies. This 
allowed identification of the cytochromes which 
were reduced in the various steady-states observed 
by dual-wavelength spectrophotometry. Steady- 
states were trapped for spectroscopy either by 
removing samples without aeration to a precooled 
cryogenic cuvette or, for short periods of reaction, 
by carrying out the reaction at room temperature 
in the cryogenic cuvette. The reaction was then 
terminated by rapidly freezing the sample to 77 K. 

Redox titration of the membrane cytochromes 
was carried out in 0.1 M potassium phosphate 
(pH 7.0) as described previously [22], except that 
the following mediators were present at a final 
concentration of 2 ~ g / m l :  anthraquinone-2- 
sulfonate; 2-hydroxy-l,4-naphthoquinone; menad- 
ione; duroquinone; phenazine ethosulfate; phena- 
zine methosulfate; 1,2-naphthoquinone; 2,6-di- 
ch lorophenol indophenol ;  hydroquinone;  tri- 
phenanthroline cobalt (III); 1-monocarboxyl fer- 
rocene. These mediators spanned the potential 
range of - 2 2 5  to + 530 mV. 

Cytochrome o. Cytochrome o was purified by 
the method of Kita et al. [5] with the following 
modifications. The cyt0chromes were extracted 
from the membranes with Triton X-114. Chro- 
matography on DEAE-Sepharose 6B was replaced 
by chromatography on DEAE-BioGel A. The 
purified cytochrome o showed two major bands 
(M r, 55 and 32 kDa) and two weakly staining 
bands (M r, 21 and 16 kDa) on sodium dodecyl 
sulfate-polyacrylamide gel electrophoresis fol- 
lowed by staining with 0.05% Coomassie blue in 
10% (v/v)  acetic acid and 25% 2-propanol. These 
bands correspond to those seen by Matsushita et 
al. [7]. A minor fifth band (M r, 31 kDa) was also 
present. 

Assays. Protein was measured by the method of 
Lowry et al. [23] using bovine serum albumin as a 
standard. Fumarate reductase activity was deter- 
mined with benzyl viologen as described by Dickie 
and Weiner [24]. Oxidase activities were de- 
termined from the time required to deplete dis- 
solved oxygen as indicated in dual-wavelength 
traces of the kinetics of reduction of the cytochro- 
mes (see above). 



Results 

At 77 K a dithionite-reduced minus oxidized 
difference spectrum of membranes of the cydA 
mutant,  E. coli GR19N grown on a proline-amino 
acid medium showed an alpha-absorption peak at 
556.5 nm with shoulders on the peak at about 
547.5, 560 and 564 nm. There was a large peak at 
428 nm. No absorption bands were present in the 
region 580-700 nm. This is consistent with the 
lack of the cytochrome d complex (cytochrome 
b-558-cytochrome b-595-cytochrome d)  in this 
mutant.  Cytochrome o was shown by a reduced 
plus CO minus reduced difference spectrum mea- 
sured at room temperature. A peak at 415 nm and 
the trough at 430 nm demonstrated the presence 
of cytochrome o [1,9]. A distinct trough at 
557-557.5 nm was present. At 77 K the spectrum 
showed in this region a minimum at 555 nm and a 
maximum at 566 nm. Similar spectra to those 
described above were observed in membranes from 
cells of GR19N grown on a glucose-salts medium. 

Kinetics of reduction of ~Ttochromes by substrate 
Addition of substrate to a suspension of mem- 

branes leads to reduction of cytochromes. This 
was followed using dual-wavelength spectropho- 
tometry by measuring the absorption change at 
559 nm relative to the reference wavelength of 580 
nm. As seen in Fig. 1, after an initial aerobic 
steady-state level of reduction, the major portion 
of the cytochrome became reduced when the dis- 
solved oxygen in the buffer had been utilized. In 
all cases reduction occurred in two main phases - 
a ' fas t '  and a 'slow' phase, each of which was 
clearly not homogeneous. An inflexion between 
the phases was evident with formate, N A D H  and 
ascorbate (with PMS as an electron mediator). 

Under  the conditions of the experiments, for- 
mate, N A D H ,  succinate, ascorbate-PMS and 
duroquinol reduced 95, 86, 67, 55 and 38% of the 
dithionite-reducible cytochrome, respectively. 

Reduced minus oxidized difference spectra with 
different substrates, and at different stages of 
reduction, are shown in Fig. 2. N A D H  (and for- 
mate, results not shown) gave a peak at 556.5 nm 
with shoulders at about 560 and 563.5 nm (curve 
1). Succinate and ascorbate-PMS gave somewhat 
similar spectra, but  with less cytochrome being 
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Fig. 1. Kinetics of reduction of cytochromes in membranes by 
different substrates in the absence and presence of HOQNO. 
Dual-wavelength measurements were carried out as described 
in Materials and Methods. The traces run from right to left. 
The vertical bar indicates absorbance units. Substrate was 
added at the arrow. F, 10 Ixl 1 M sodium formate; N, 50 ixl 80 
mM NADH; S, 10 i.tl 1 M sodium succinate; P-A, 15 p,1 10' 
mM PMS followed by 25 Ixl 0.4 M potassium ascorbate; 
DQH2, 40 ttl 60 mM duroquinol; Q, 25 ill 10 mM HOQNO 
added 1 min before substrate. 

reduced in the peak at 556.5 nm (curves 2 and 7). 
The N A D H  minus ascorbate-PMS difference 
spectrum (curve 3) demonstrated this more clearly, 
and also emphasized the complex nature of the 
peak at 556.5 nm. At least three components with 
absorption maxima at 554.5, 556.5 and 559 nm 
appeared to be present. Similar results were ob- 
tained with a N A D H  minus succinate difference 
spectrum (results not shown). 

The slower kinetics of reduction of the cyto- 
chromes by ascorbate-PMS made it possible to 
investigate further the nature of the cytochromes 
reduced in the ' fas t '  and 'slow' phases. Reduction 
was allowed to proceed for a defined length of 
time in the cryogenic cell before the reaction was 
terminated by freezing to 77 K. As seen in Fig. 2, 
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Fig. 2. Difference spectra of membrane cytochromes reduced 
by different substrates measured at 77 K. 1, NADH-reduced 
(for 15 min) minus H202-oxidized; 2, succinate-reduced (for 
15 rain) minus H202-oxidized; 3, calculated difference between 
spectra 1 and 7; 4, NADH-reduced (for 1 rain) minus H202- 
oxidized; 5, NADH-reduced (for 0.5 min) minus H202- 
oxidized; 6, succinate-reduced (for 1 rain) minus H202- 
oxidized; 7, ascorbate PMS-reduced (P-A reduced) (for 15 
rain) minus H202-oxidized; 8, P-A reduced (for 1.9 rain) minus 
H202-oxidized; 9, P-A reduced (for 1.4 rain) minus H202- 
oxidized; 10, P-A reduced (aerobic steady state) minus H202- 

curves 9 and 8, it was possible to terminate the 
reaction just at or after the end of the ' fast  phase'  
of reaction (1.4 and 1.9 min). Two broad peaks of 
about equal size with maxima at 556 and 562.5 
nm, but clearly showing heterogeneity, were evi- 
dent. The 562.5 nm peak was reduced to a greater 
extent than the 556 nm peak in the sample taken 
at 1.4 min. Further reduction by ascorbate-PMS 
to a steady-state level at 15 min showed that the 
'slow-phase'  cytochrome had a broad absorption 
peak with a maximum at 556 nm (curve 7). The 
cytochromes reduced at the end of the ' fast  phase'  
by N A D H  (curve 5) and by succinate (curve 6) 
had similar absorption spectra to those reduced by 
ascorbate (with PMS) (curves 9 and 8). Samples 
taken at slightly later time periods again showed 
that the increase in absorption was mainly in the 
555-560 nm region (curves 4, 11 and 12). 

The anaerobic state spectrum with duroquinol 
as reductant (curve 13) was similar to, but more 
clearly resolved than, that of the ' fast-phase'  cyto- 
chrome reduced by ascorbate-PMS, N A D H  and 
succinate (curves 5, 6, 8 and 9). The alpha-absorp- 
tion peak showed absorption maxima at 555, 557, 
560.5 and 564 nm (Fig. 2, curve 13). With the 
exception of the peak at 560.5 nm, this spectrum 
is similar to that of purified cytochrome o (Fig. 3). 
The greater height of the absorption peak at 
555-557 nm seen with membranes may be due to 
partial reduction of other cytochromes having ab- 
sorption peaks at these wavelengths. 

The alpha-absorption band in the reduced 
minus oxidized difference spectra appeared to be 
composed of at least four overlapping peaks. Sup- 
port  for this hypothesis was obtained by measur- 
ing fourth-order finite difference spectra of mem- 
branes reduced by different substrates (Fig. 4). 
Distinct separation of the peaks was not obtained 
in all derivative spectra although absorption max- 
ima at 554-555, 556-557.5, 560-561.5 and 
563.5-564.5 nm were seen. These corresponded to 
the peaks previously identified in the spectra 
shown in Fig. 2. There is some degree of variation 
in the positions of the maxima. This may be due 

oxidized; 11, calculated difference between spectra 7 and 8; 12, 
succinate-reduced (for 15 rain) minus P-A reduced (for 1.9 
rain); 13, duroquinol-reduced (for 6 min) minus H202. The 
vertical bar indicates absorbance units. 
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Fig. 3. Dithionite-reduced minus H202-oxidized difference 
spectra of purified cytochrome o complex measured at 77 K. 
The vertical bar indicates absorbance units. The lower curve is 
the fourth-order finite difference spectrum calculated from the 
upper curve. 

to i ncomple t e  resolu t ion  of  these peaks  or  poss ib ly  
because  more  than  one c o m p o n e n t  con t r ibu ted  to 
a pa r t i cu la r  max imum.  This  will be  discussed be- 
low. In  addi t ion ,  two peaks  at  548.5 and  551.5 n m  
were present  in the der ivat ive spectra.  These corre-  
s p o n d  to the shoulders  seen on  the shor t -wave-  
length  side of the  a lpha  peak  in the  or iginal  spec- 
t rum. These  peaks  were absent  f rom the cyto-  
ch rome  o p repa ra t ion ,  which showed m a x i m a  in 
the  four th  o rde r  spec t ra  at  554, 557.5 and 563.5 
n m  (Fig.  3). 

Potentiometric titration of cytochromes in mem- 
branes 

The  m i d p o i n t  ox ida t ion - reduc t ion  poten t ia l s  of 
the c omponen t s  cons t i tu t ing  the a lpha -band  ab-  
so rbance  in the di f ference spec t rum were de- 
t e rmined  b y  chemical  t i t ra t ion  in the presence of  
media to r s  as descr ibed  in Mater ia l s  and  Methods .  
The  da t a  were ana lyzed  by  a non- l inear  least-  
squares  f i t t ing p r o g r a m  [22]. The m i n i m u m  num-  
ber  of  componen t s  giving a sa t i s fac tory  fit to the 
da t a -po in t s  was four. The  m i d p o i n t  po ten t ia l s  of 
these componen t s ,  and  their  percen tage  cont r ibu-  
t ion to the abso rbance  (in parenthesis) ,  were - 105 
m V  (13%), + 8  mV (58%), + 1 3 2  mV (15%) and  
+ 248 mV (14%) (Fig.  5). I t  is l ikely tha t  some of  
these values represent  the averaged poten t ia l s  of  
more  than  one c o m p o n e n t  ra ther  than  the value of  
a single cy tochrome.  
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Fig. 4. Fourth-order finite difference spectra of membrane 
cytochromes reduced by different substrates measured at 77 K. 
1, NADH-reduced (for 11 min) minus H202-oxidized; 2, suc- 
cinate-reduced (for 12 min) minus H202-oxidized; 3, formate- 
reduced (for 3 min) minus H202-oxidized; 4, ascorbate-PMS- 
reduced (for 10 rain) minus H202-oxidized; 5, duroquinol-re- 
duced (for 6 rain) minus H20:-oxidized. 
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Fig. 5. Redox titration of cytochromes of membranes. The 
percentage reduction of the cytoehromes is plotted against the 
applied oxidation-reduction potential (E h ). The line represents 
the theoretical curve drawn for four components with midpoint 
potentials of -105, +8, +132, and +248 mV and constitut- 
ing 13, 58, 15 and 14% of the total absorbance, respectively. 
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Fig. 6. Effect of PMS on the kinetics of reduction of the 
membrane cytochromes. Dual-wavelength measurements  were 
carried out as described in Materials and Methods. The traces 
run from right to left. The vertical bar indicates absorbance 
units. Substrates were added where indicated. F, 10 p.1 1 M 
sodium formate; P, 15 ~l 10 m M  PMS; S, 10 p.l 1 M sodium 
succinate; A, 25 ~tl 0.4 M potassium aseorbate. 
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Fig. 8. Effect of KCN on formate (1) and NADH oxidase (2) 
activities and on the rate of reduction of the additional mem- 
brane cytochrome reduced by ascorbate-PMS in the presence 
of KCN (3). Oxidase activities and the rate of cytochrome 
reduction were determined from dual-wavleength traces as 
described in Materials and Methods. Oxidase activity is ex- 
pressed as a percentage of the activity obtained in the absence 
of KCN. Rate is expressed as a percentage of the maximum 
rate obtained at the highest concentration of KCN. 

Kinetics of reduction of the cytochromes in the pres- 
ence of a mediator 

Addition of PMS to the suspension of mem- 
branes before the substrate greatly increased the 
rate of reduction of the 'slow-phase' cytochromes 
(Fig. 6). The final level of reduction achieved (84% 
for NADH and formate, 63% for succinate) was 
similar to that in the absence of mediator. Pre- 
sumably PMS, reduced directly by NADH or via 
the dehydrogenases of formate or succinate, trans- 
fers electrons directly to the 'slow-phase' cyto- 
chromes. 

Addition of KCN to the cuvette in which the 
membrane cytochromes had been reduced to their 
anaerobic state level by ascorbate-PMS resulted in 
rapid reduction of further cytochrome (Fig. 7). 

Fig. 7. Effect of KCN on the kinetics of reduction of the 
membrane  cytochromes. Dual-wavelength measurements  were 
carried out as described in Materials and Methods. The traces 
run from right to left. The vertical bar indicates absorbance 
units. Substrates and inhibitors were added where indicated. S, 
10 ~tl 1 M sodium succinate; A, 25 #l 0.4 M potassium 
ascorbate; P, 15 ixl 10 mM PMS; DQH2,  40 ~tl 60 m M  
duroquinol; KCN, 20 ~tl 0.2 M KCN; D, dithionite. 



This cytochrome absorbed at 556.5 nm. There was 

no  absorpt ion  at 560-565 nm. Addi t ion  of K C N  
in the anaerobic  state or at the end of the ' fast-  
phase '  of reduct ion with succinate or duroquinol  
(or with N A D H  and  formate, not  shown) did not  

increase the rate or extent of reduct ion (Fig. 7). 

This  suggests that at least part  of the 's low-phase '  
cytochrome made accessible to reduct ion by 

ascorbate in the presence of PMS was readily 

oxidized via a cyanide-sensit ive oxidase by oxygen 

diffusing into the cuvette. Presumably,  the rate of 

transfer of electrons from ascorbate to this cyto- 
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chrome was inadequate  to balance the rate of 
reoxidat ion unless the oxidase was inhibi ted by 
KCN.  The relative sensitivities of N A D H  and  

formate oxidases to inhibi t ion  by  K C N  were com- 
pared with the effect of cyanide concent ra t ion  on 
the rate of reduct ion of the extra cytochrome by 

ascorbate (with PMS) (Fig. 8). A significant in- 
crease in the rate at which extra cytochrome was 
reduced occurred only after the respiratory chain 

oxidase (cytochrome o) had been largely in-  
hibited. 

2pl 10 plF.e 2 pl Fu 
F u  
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,,- 
~ 1  20pl Fu x 
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] To.o, / I..121 

, * 
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H2p2 
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Fig. 9. Kinetics of oxidation and reduction of membrane cytochromes in the presence of fumarate and ferricyanide. Dual-wavelength 
measurements were carried out as described in Materials and Methods except that H202 was omitted from the buffer. The traces run 
from right to left. The vertical bar indicates absorbance units. Substrates were added at the arrows. F, 10 I~1 1 M sodium formate; S, 
10 pl 1 M sodium succinate; N, 50 ILl 80 mM NADH except in trace 1 where 10 }tl 80 mM NADH was added; H202, 3 i~1 3% H202; 
NO], 5 ILl 1 M NaNO2; NOj-, 5 ~1 1 M KNO 3. The volumes of M sodium fumarate (Fu) and 0.1 M potassium ferricyanide (Fe) 
added are shown on the traces, a, steady state level of reduction of cytochromes in the presence of excess fumarate followed by 
further oxidation of cytochromes when the substrate NADH was exhausted. 
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Characterization of "slow-phase" cytochromes 
Addition of small amounts of NADH (or for- 

mate) to a cuvette in which the cytochromes had 
been reduced by succinate to an anaerobic state 
either did not result in further reduction of the 
cytochrome to a higher anaerobic state level or the 
cytochrome was reduced only after a lag period 
(Fig. 9, trace 1). One possible explanation of this 
phenomenon was that oxidation of succinate had 
led to the formation of fumarate which had to be 
reduced by NADH or formate before further re- 
duction of the cytochrome could occur. That both 
N A D H  and formate could reduce added fumarate 
is shown in Fig. 9, traces 2 and 5. Addition of 
fumarate, but not of NO 3 or NO~-, oxidized a 
portion of the cytochromes which was then re-re- 
duced when the fumarate had been reduced. The 
rate of reduction of fumarate by NADH (0.10 
~tmol/min per mg protein) was 5-fold greater 
than with formate (0.018 ~tmol/min per mg pro- 
tein) although the oxidase activities were similar 
(NADH oxidase, 0.45 ~tg atom O reduced/min  
per mg protein; formate oxidase, 0.54 ~tg atom O 
r e d u c e d / m  in per mg protein). Fumarate re- 
ductase activity measured with benzyl viologen 
was 0.72 ~mol reduced /min  per mg protein. 

Approx. 30-40% of the cytochrome was 
oxidized by excess fumarate with NADH and 
formate as substrates. Another 30-35% was read- 
ily oxidized if K3Fe(CN)6 was now added (Fig. 9, 
traces 4 and 6). If excess K3Fe(CN) 6 was added 
without fumarate, then about 65% of the cyto- 
chrome was oxidized. H202, which generated 
oxygen in the presence of endogenous catalase, 
oxidized the remainder of the cytochrome to its 
aerobic state level. The cytochrome oxidized by 
fumarate is that which is reduced in the 'slow 
phase'. Thus, addition of fumarate at the end of 
the 'fast phase', with either NADH or formate, 
oxidized little cytochrome (Fig. 9, trace 3). Cyto- 
chrome was oxidized if fumarate was added mid- 
way through the 'slow phase' (Fig. 9, trace 4). 

An attempt was made to identify those cyto- 
chromes oxidized by fumarate and by ferricyanide 
in the experiments described above. A difference 
spectrum between the cytochromes reduced in the 
presence of formate (or NADH) and those re- 
duced in the presence of formate (or NADH) 
following the addition of excess fumarate showed 

5 4 5  5 5 5  5 6 5  
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Fig. 10. Difference spectra at 77 K of membrane  cytochromes 
oxidized by fumarate and by ferricyanide, and of the cytochro- 
mes remaining reduced in the presence of both oxidants. The 
vertical bar indicates absorbance units. 1, formate-reduced (for 
15 min) minus H:O2-oxidized; 2, formate-reduced minus  for- 
mate-reduced to which 20 ixl M sodium fumarate was added; 
3, formate-reduced to which sodium fumarate was added minus 
an identical sample to which 20 ~l 0.1 M potassium fer- 
ricyanide was also added; 4, formate-reduced to which both 
sodium fumarate and potassium ferricyanide were added minus 

H 202-oxidized. 

that cytochromes contributing to the broad peak 
at 556.5 nm were oxidized by fumarate (Fig. 10). 
Ferricyartide added after fumarate oxidized cyto- 
chromes with a spectrum similar to those oxidized 
by fumarate. The cytochromes remaining reduced 
in the presence of both fumarate and ferricyanide 
gave two almost equal-sized peaks at 556.5 and 
562.5 nm which strongly resembled the spectra of 
the cytochromes reduced in the 'fast phase' by 
ascorbate-PMS, succinate and N A D H  (Fig. 2). 

Effect of HOQNO on cytochrome reduction 
HOQNO inhibits substrate oxidation in mem- 

branes of E. coli. Its site of action is still not 
defined [1-3,8]. The effect of HOQNO on the 
oxidation of NADH,  formate and succinate and 



on the aerobic and anaerobic steady-state level of 
reduction of the cytochromes is shown in Fig. 11. 
Inhibition of oxidase activity was not accompa- 
nied by any marked decrease in the anaerobic 
state level of reduction of the cytochromes. The 
rate of reduction of cytochrome by these sub- 
strates was diminished in the presence of inhibi- 
tor. This was most obvious for the 'slow-phase' 
cytochromes (Fig. 1). By contrast, although 
HOQNO inhibited oxidation of ascorbate-PMS as 
shown by the increased time required to deplete 
dissolved oxygen in the membrane suspension (Fig. 
1), this was accompanied by an increase in the 
rate of reduction of the 'fast-phase' cytochromes. 
The rate of reduction of the 'slow-phase' cyto- 
chromes was diminished. 

The response of the aerobic steady-state level 
of reduction of the cytochromes in the presence of 
HOQNO depended on the substrate (Fig. 11). 
With NADH the aerobic steady-state level of 
reduction was decreased by increasing concentra- 
tions of the inhibitor. This is consistent with the 

N 

~soI- 

1001 

o 

o,O 50 °~o 1 

2 
1OO 200 

~ 2 

--,,e 3 

I I 
100 200 

H O Q N O  - pM 

o2 f F  

I I 
100 200 

Fig. 11. Effect of HOQNO on the oxidase activity (1), aerobic 
steady-state (2) and anaerobic state (3) levels of reduction of 
the membrane cytochromes. Values were calculated from the 
traces of dual-wavelength kinetic experiments following ad- 
dition of the substrates N A D H  (N), sodium formate (F) and 
sodium succinate (S). Oxidase activity was calculated from the 
time required to deplete dissolved oxygen in the cuvette as 
shown by the initiation of cytochrome reduction on anaerobio- 
sis. 
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Fig. 12. Difference spectra at 77 K of membrane cytochromes 
reduced in the presence and absence of 0.1 mM HOQNO. The 
phase of reduction being measured can be determined by 
reference to the kinetic traces in Fig. 1. The vertical bar 
represents an absorbance of 0.01 units for traces 1-6 and 0.005 
units for traces 7 and 8. 1, succinate-reduced (for 1 min) minus 
H202-oxidized; 2, succinate with HOQNO-reduced (for 2 rain) 
minus H 202-oxidized; 3, calculated difference between spectra 
1 and 2; 4, ascorbate-PMS (P-A)-reduced (for 0.75 rain) minus 
H202-oxidized; 5, P-A reduced (for 2 rain) minus H202 
oxidized; 6, calculated difference between spectra 4 and 5; 7, 
formate-reduced (aerobic steady state) minus H202-oxidized; 
8, formate with HOQNO-reduced (aerobic steady state) minus 
H 202-oxidized. 

inhibitory effect of HOQNO on the rate of reduc- 
tion of the cytochromes. By contrast, the aerobic 
steady-state level of reduction with succinate was 
not much affected by HOQNO. Increasing con- 
centrations of HOQNO increased the aerobic 
steady-state level of reduction of cytochrome by 
formate. 
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Fig. 13. Cytochrome pools of E. coil membranes. Electrons are 
transferred from the substrates succinate and formate into the 
ubiquinone (UQ) pool via the cytochromes associated with 
their dehydrogenases sdh fdh (b556, b555). Ubiquinol is oxidized by 
cytochrome o, which can also be reduced by duroquinol 
(DQH2). These cytochromes constitute the 'fast-phase' cy- 
tochromes. The 'slow-phase' cytochromes b fern (oxidized by 
ferricyanide, but not by fumarate) and b fr (oxidized by 
fumarate) are reduced through their connection with the 'fast- 
phase' cytochromes, although NADH can also reduce b fr di- 
rectly, probably via menaquinone (MK). See text for further 
discussion. 

The effect of HOQNO on the reduction of 
specific b cytochromes was examined by dif- 
ference spectroscopy (Fig. 12). Spectra measured 
at the end of the 'fast phase' showed that HOQNO 
increased the extent of reduction at about 564 nm 
by ascorbate-PMS and decreased that between 
555-560 nm. This was particularly evident in the 
difference spectrum between samples recorded 
with and without the addition of the inhibitor. A 
trough at 564 nm was evident in these spectra. 
Similar results were obtained with succinate. Mea- 
surement of the spectrum of the cytochromes 
reduced in the aerobic steady state was difficult 
because of the rapidity with which formate oxida- 
tion depleted the dissolved oxygen in the mem- 
brane suspension. However, the spectrum shown 
in Fig. 12, trace 7 is typical of those obtained. It 
shows that cytochromes absorbing at 556 nm were 
more reduced than those at 564 nm. The presence 
of HOQNO increased the aerobic steady-state level 
of reduction of the cytochromes absorbing at 564 
nm as well as for those obsorbing between 554 
and 560 nm. Thus, the effect was similar to that 
seen with ascorbate-PMS and with succinate, but 
with the addition of an increased reduction of 
those cytochromes absorbing at about 556 nm. 

Discussion 

The cydA mutant GR19N lacks the compo- 
nents of the cytochrome d complex, that is, cyto- 
chromes b-558, b-595 and d [21]. In spite of this, 
the results presented in this paper indicate that 
membranes of cells of this strain grown aerobi- 
cally on a proline-amino acid medium have a 
complex content of cytochromes. Kinetic studies 
using dual-wavelength spectrophotometry showed 
that the cytochromes could be grouped into two 
groups, those rapidly reduced and those slowly 
reduced by the substrates NADH, formate, suc- 
cinate and ascorbate-PMS (Fig. 13). The cytochro- 
mes reduced in the 'slow phase' gave a broad peak 
at about 556.6 nm, whereas those reduced in the 
'fast phase' showed two broad peaks centered at 
556.5 and 562.5 nm in substrate-reduced minus 
oxidized difference spectra. The latter peaks were 
composed of several incompletely separated com- 
ponents having absorption maxima (at 77 K) at 
554-555, 556-557.5, 560-561.5 and 563.5-564.5 
nm. In addition, the small shoulder on the short- 
wavelength side of the major absorption band 
appeared to be composed of two overlapping peaks 
at 548.5 and 551.5 nm. These were not examined 
further. There was some variation in the positions 
of the absorption maxima which may be due to 
overlapping of the absorption peaks. 

Three of the peaks reduced in the 'fast phase' 
can be attributed to cytochrome o. Purified cyto- 
chrome o in dithionite- or duroquinol-reduced 
minus oxidized difference spectra gave an alpha- 
band composed of fused peaks with maxima at 
555, 557 and 563.5 nm (Fig. 3) which could be 
resolved into peaks at 554.5, 557.5 and 563.5 nm 
in fourth-order finite difference spectra. Kita et al. 
[5], Hackett and Bragg [22] and Kranz and Gennis 
[25] have presented spectra of purified cytochrome 
o measured at 77 K which showed absorption 
peaks at 555 and 562 nm. The presence of three 
peaks in the present preparation was probably due 
to the improved resolution obtained by the use of 
a narrow band width and by averaging of spectra. 

The small peak at 560-561.5 nm seen with 
membranes may be the cytochrome b-561 (mid- 
point oxidation-reduction potential ( E m ) ,  -t-20 
mV) purified by Murakami et al. [13]. This cyto- 
chrome is present in low amounts in the mem- 
branes from normal strains, and would be ex- 
pected to be reduced by duroquinol (Em,  0 mV) ,  



as was observed in our experiments. 
Two other cytochromes probably contributed 

to the difference spectra of cytochromes reduced 
in the 'fast phase' but their presence would not be 
obvious because of overlapping with the 554.5 and 
557.5 nm peaks of cytochrome o. The appreciable 
succinate oxidase activity of the membranes would 
be consistent with the presence of cytochrome 
b-556, a cytochrome recently found to be coded by 
the sdh operon and having a midpoint oxidation- 
reduction potential of - 4 5  mV in purified deter- 
gent-solubilized preparations [12,11]. 

The high formate oxidase activity of the mem- 
branes suggested that the cytochrome associated 
with formate dehydrogenase was also present. This 
cytochrome has an absorption maximum at 555.5 
nm (77 K) and an oxidation-reduction potential of 
about -110  mV [14-16]. Consistent with the 
presence of this cytochrome was the higher aerobic 
steady-state level of reduction, observed at 556 
nm, by formate than by NADH, in spite of their 
similar oxidase activities. 

The cytochromes reduced in the 'slow phase' 
have maxima which overlap the broad peak at 
about 556.5 nm of cytochrome o and thus could 
not be separated from it spectroscopically. The 
slowness of reduction of the cytochromes in this 
group was due to the slowness at which electrons 
were delivered to the cytochromes, probably from 
the quinone pool (Fig. 13). The rate or extent of 
reduction of these cytochromes by NADH and 
formate was not increased if the reaction was 
carried out under oxygen-free nitrogen or in the 
presence of KCN to block the terminal oxidase. 
However, with ascorbate, which was not able to 
provide electrons to PMS at a rate sufficient to 
reduce the 'slow-phase' cytochromes fully in the 
presence of oxygen diffusing into the sample, in- 
hibition of cytochrome o with cyanide [26] re- 
sulted in the rapid reduction of the previously 
reduced 'slow phase' cytochromes. Electrons from 
the 'slow-phase' cytochromes must therefore be 
transferable to cytochrome o as proposed in Fig. 
13. 

Two pools of cytochromes were detected within 
the 'slow-phase' cytochromes. Excess fumarate 
oxidized about one-third of the total cytochromes. 
Addition of excess ferricyanide after fumarate 
oxidized another one-third. Approximately one- 
third of the total cytochrome constituted the 
'fast-phase' cytochrome pool. These results sug- 
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gested that about one-half of the 'slow-phase' 
cytochromes was closely associated with the 
fumarate reductase system. The fumarate re- 
ductase activity of the membranes was high. The 
involvement of b cytochrome in the fumarate re- 
ductase pathway is controversial. Although the 
experiments of Singh and Bragg showed that elec- 
tron transfer between substrate and fumarate could 
occur in the absence of cytochrome, substrate- 
fumarate reductase activities were much higher if 
cytochrome was present [27]. Kr~Sger has dem- 
onstrated that there is a specific b-cytochrome in 
the fumarate reductase system of Wolinella suc- 
cinogenes [28]. However, Weiner and his co- 
workers [29], who have extensively studied the 
purified fumarate reductase of E. coli, found that 
the reductase could be reduced directly in the 
absence of cytochrome by the quinone analog 
2,3-dimethyl-l,4-naphthoquinone. 

Fumarate was reduced less readily by formate 
than by NADH, although NADH and formate 
oxidase activities were similar. This may be ex- 
plained if formate dehydrogenase reduces ubiqui- 
none only whereas NADH dehydrogenase reduces 
both ubiquinone and menaquinone (Fig. 13). 
Menaquinone has been shown to be associated 
with the fumarate reductase pathway in E. coli 
[27]. 

No function has been associated with that cyto- 
chrome which was oxidized by ferricyanide follow- 
ing prior oxidation of part of the 'slow phase' 
cytochromes by fumarate. Ferricyanide could also 
oxidize the fumarate-oxidizable cytochrome. Its 
apparent inability to oxidize the 'fast-phase' cyto- 
chromes was due to the rapid rate at which these 
were reduced by substrate. Thus, the limit of 
oxidation by ferricyanide was the steady-state level 
maintained by the relative rates of reduction and 
oxidation. 

HOQNO inhibited substrate oxidation through 
the respiratory chain. Several effects on cyto- 
chrome reduction were observed. Formate nor- 
mally maintained a higher aerobic steady-state 
level of reduction of the cytochromes than NADH. 
The extent of reduction of cytochromes absorbing 
at about 556 nm was increased by HOQNO in the 
formate maintained aerobic steady-state. It is likely 
that this cytochrome was the low-potential cy- 
tochrome specifically associated with formate de- 
hydrogenase [16]. Enoch and Lester [15] and 
Shnchez Crispin et al. [30] have shown previously 
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that  H O Q N O  blocked  e lec t ron t ransfer  f rom this 
cy tochrome to the remain ing  cy tochrome in the 
fo rmate -n i t ra te  reduc tase  p a t h w a y  of  E. coli. 
H O Q N O  decreased  the ra te  of  reduc t ion  by  for- 
mate,  N A D H  and  succinate of  the b- type  cy- 
tochromes  in the ' f as t  phase ' .  However ,  its most  
no t iceable  effect was to decrease  the ra te  of  reduc-  
t ion of the cy tochromes  of  the ' s low phase ' .  These 
results  suggest tha t  H O Q N O  inhib i ted  electron 
t ransfer  f rom the ub iqu inone  poo l  to the cytochro-  
mes. This  is consis tent  with the decreased aerobic  
s teady  s tate  level of  reduc t ion  of  the cy tochromes  
by  N A D H  in the presence of the inh ib i to r  (Fig.  
11). I t  was suppor t ed  also by  the inh ib i to ry  effect 
of  H O Q N O  on the reduc t ion  of  the cy tochromes  

by  duroquinol ,  a ub iquinol  analog.  
H O Q N O  increased the level of reduc t ion  of  the 

cy tochrome  absorb ing  at 564 n m  at the end of the 
' f as t  phase '  of  reduct ion.  This is consis tent  with a 
second site of  ac t ion  of  H O Q N O  between this 
cy tochrome and oxygen.  By cont ras t  with the o ther  
substrates ,  H O Q N O  increased  the rate  of  cy- 
tochrome  reduc t ion  with  ascorba te -PMS.  A n  in- 
creased extent  of reduc t ion  of  cy tochrome  b-564 
was also observed  with this substrate.  Thus,  PMS 
mus t  in t roduce  electrons into the resp i ra tory  chain  
pr io r  to cy tochrome b-564 bu t  af ter  the inh ib i t ion  
site affect ing e lec t ron t ransfer  f rom the qu inone  
pool  to the cytochromes.  Cy toch rome  b-564 is a 
c o m p o n e n t  of  the cy tochrome o complex.  The  
pa t hway  of  e lect rons  and  the oxygen-reac t ing  
species within this complex  are unknown (see In-  

t roduct ion) .  
The  results  descr ibed  above  suggest that  there 

are  two sites in the resp i ra tory  chain at which 
H O Q N O  can in teract  - one at  the level of  the 
ub iqu inone  pool  and  a second site in the cy- 
tochrome o complex.  Al ternat ive ly ,  a single site of  
ac t ion  of  H O Q N O  is poss ible  if a Q-cycle mecha-  
nism or  b cycle mechan i sm for the organ iza t ion  of 
the b cy tochromes  and  ub iqu inone  is present  

[1,2,81. 
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