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Summary 

Escherichia coli K-12 was grown in batch culture in a medium containing 
succinate as carbon source, supplemented with casein hydrolysate, and with a 
rate of oxygen supply that resulted in dissolved 02 tension falling to 10% of 
saturation in the latter stages of growth. Cytochromes in such cells were quali- 
tatively indistinguishable from those present in cells grown under conditions 
of vigorous aeration where dissolved 02 tension remained greater than 80% 
saturation. Spectra recorded at 77 K and their fourth~rder  finite difference 
analyses revealed the absence of cytochrome b-558 and only low concentra- 
tions of cytochromes al and d(a:) .  At low temperatures, the reaction of cyto- 
chrome o with 02 in intact cells, grown under lowered 02 tension, proceeds 
through the same stages as observed previously in cells grown with vigorous 
aeration (Poole, R.K., Waring, A.J. and Chance, B. (1979) Biochem. J. 184, 
379--389). However, much higher temperatures are required for comparable 
progress of the reaction in cells grown at lowered O: tensions. At --91°C, the 
reaction with O2 involves ligand binding to give intermediate(s) with spectral 
characteristics similar to those of the reduced oxidase-CO complex. Tempera- 
tures of approx. --79°C are required for the observation of biphasic kinetics 
and the attainment of an 'end point' in the reaction, features that are seen at 
temperatures below --98°C in cells from vigorously-aerated cultures. At 
--32.5°C, oxidation of cytochrome o is observed. The energy of activation for 
this reaction at low temperatures is 29.9 k J .  mo1-1. Binding with CO, in 

* T o  w h o m  c o r r e s p o n d e n c e  s h o u l d  b e  a d d r e s s e d .  
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contrast to binding with 02, is characterized by high photolytic reversibility 
and appears to be less affected by the degree of aeration of cells during growth. 

Introduction 

The adaptive nature of the cytochrome system of microorganisms was first 
reported in batch culture as long ago as 1950 [1--3]. However, such changes 
were first quantified with respect to dissolved oxygen concentrations by Moss 
[4,5] who, using continuous culture techniques in conjunction with the rotat- 
ing platinum electrode, showed that in both Escherichia coli and Klebsiella 
aerogenes maximal amounts of cytochrome al and d were synthesized at low 
02 tensions. 

Subsequently, the synthesis of cytochrome d in E. coli and other bacteria 
has been shown to be stimulated when the availability or utilization of 02 is 
restricted [6--9 ]. These results have been confirmed where growth conditions 
and 02 availability have been rigorously controlled in continuous culture 
[10,11 ]. Similarly~levated levels of cytochrome d occur when cells enter the 
stationary phase of  growth [12--14] and it is tempting to speculate that, under 
these poorly<lefined growth conditions, low oxygen availability, rather than 
cessation of  growth per se, leads to the quantitative changes in cytochrome 
content.  In E. coli, the synthesis of cytochrome o, a terminal oxidase, also able 
to support  most of the observed respiration, does not  appear to be so dramat- 
ically regulated and has been described as constitutive [15]. In K. aerogenes 
also, the cytochrome o level is relatively invariant, being independent of the 02 
supply during growth [10]. 

The above studies have been directed to describing quantitative changes in 
the redox carriers under different growth conditions but little attention has 
been paid so far to describing cytochrome function under conditions of low 
aeration. Using low-temperature trapping and flash photolysis techniques, we 
[16,17] have recently studied in detail the reaction of cytochrome o with 02 
and CO in E. coli grown aerobically under conditions of vigorous aeration. 

In the present paper, we describe the growth of E. coli under conditions of 
low aeration, poorly characterized before now. We show that such cells have 
slightly elevated levels of  cytochrome d and contain cytochrome o that  is spec- 
trally indistinguishable from that in vigorously-aerated cells. However, in low- 
temperature kinetic studies of the reaction with O2 of cytochrome o, the tem- 
perature at which formation of an early intermediate occurs and at which 
cytochrome oxidation occurs are shifted by over 20°C to higher temperatures. 
We conclude that  the effects of varying growth conditions are complex, influ- 
encing not  only the stoichiometries of respiratory chain carriers, but also the 
functional characteristics of  individual components.  

Methods 

Organism, growth conditions and low temperature kinetic studies 
E. coli K-12 (strain A1002) was grown exactly as described by Poole et al. 

[17], except that  the efficiency of aeration of the culture was decreased by 
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stirring the fermenter contents at 700 rev./min and by passing air only into 
the air space above the culture in the fermenter at 4 1/min rather than sparg- 
ing the medium. For low-temperature kinetic studies, cells were harvested in 
the early stationary phase of growth when A42onm (10 mm light path; 1/10 
dilution) had reached 0.4. Cells from 5 1 (approx. 14 g wet wt.) were harvested, 
resuspended in buffer plus 30% (v/v) ethylene glycol and otherwise treated 
exactly as described previously [17]. 

Difference spectra at 77 K 
Difference spectra [18] were obtained at liquid N2 temperatures using a Pye 

Unicam 8P 1700 spectrophotometer fitted with an accessory constructed at 
Queen Elizabeth College. This consisted of a small Dewar flask of which the 
lower 3 cm was silvered (Day-Impex Ltd., Station Works, Station Road, Earls 
Colne, Essex). A brass cuvette holder, the lower end of which was immersed in 
liquid N2 in the Dewar, held two small (0.5 ml capacity, 2 mm path length) 
cuvettes about 3 cm from the photomultiplier. The cuvettes were individually 
removable from the holder. Cell suspensions were pipetted into the cuvettes 
which were then frozen by immersion in liquid N2 and inserted into the cuvette 
holder. Condensation in the Dewar was eliminated by a rapid stream of air 
blowing over its outer surfaces. Reduction of samples was with succinate and 
oxidation by H202 as described in the legend to Fig. 3. Reduced + CO minus 
reduced spectra were obtained by bubbling a succinate-reduced cell suspension 
with CO for 5 min and recording the spectrum after a further 2 min. Molar 
absorption coefficients used for converting absorbance measurements in such 
spectra to cytochrome concentrations were those collected from several pub- 
lished values and given by Haddock et al. [19]. The concentration of cyto- 
chrome o was estimated from the absorbance at 568--551 nm in reduced + 
CO minus reduced spectra, in which region there was no interference from 
cytochrome d. The absorbance coefficient was that given by Daniel [20] for 
A417-432nm, divided by the ratio of the Soret peak: a peak heights. This value, 
13, was measured from the first spectrum after flash photolysis (e.g. Fig. 6) 
but at --90 ° C, at which temperature rates of CO recombination are negligible. 

Numerical analysis o f  77 K spectra. The analogue output from the spectro- 
photometer to the chart recorder was interrogated by means of a digital volt- 
meter (Solartron LM 1420-2) under the control of a data logger unit (Solartron 
Schlumberger) which transferred absorbance values to a Facit paper tape punch 
(Solartron Schlumberger 3245) at 0.2 nm intervals. To improve the signal-to- 
noise ratio, four successive scans were summed for each spectrum. No baseline 
corrections were made. 

The paper tape was analysed by a Modus Modular One computer (Computer 
Technology Ltd., Hants.) programmed to prepare finite order difference spec- 
tra by using the algorithm of Butler and Hopkins [21]. The fourth-order finite 
difference spectrum was plotted on an X-Y recorder under computer control. 

Noise levels in the method were estimated by computing a fourth-order 
finite difference spectrum of two cuvettes containing fully-reduced cell suspen- 
sions. The peak-to-peak noise levels are indicated in Figs. 2B and 3B by vertical 
bars at either end of the finite difference spectra. Wavelengths are quoted to the 
nearest 0.5 nm to indicate reproducibility but a precision of 1 nm is a more 
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realistic estimate of that obtainable with this instrumentation. 
Analytical methods. Cell numbers and volumes were determined using a 

Coulter Counter Model Zm and Channelyzer C1000 [22]. 
Respiration rates of culture samples (used either undiluted or diluted with 

fresh growth medium) were made in a Clark-type 02 electrode (Rank Brothers, 
Bottisham, U.K.) at 37°C. Cyanide was added (final conc. 150/~M) to cell sus- 
pensions adjusted by dilution to respire at 14 to 29 nmol 02" rain -1 • m1-1. The 
progress of inhibition was analysed by plotting the logarithm of respiration 
rate against time [14] and expressing inhibition as the time required for 50% 
inhibition of the initial rate. 

Oxygen tension in the growth vessel was continuously monitored using an 
ethylene oxide-sterilized Mackereth electrode (silver cathode, lead anode; 
EIL, Hanworth Lane, Chertsey, Surrey) inserted in the culture. 

The rate of oxygen transfer to the medium was measured in the absence of 
biomass using sodium sulphite with cupric ions as catalyst. The principle of 
this method is that the rate of oxidation of the sulphite is limited only by the 
rate of oxygen transfer (K L a) from gas to liquid [23]. Residual sulphite in 
samples removed at 5 to 30 min intervals from the vessel was determined by 
iodometric titrations with thiosulphate [24]. 

The concentration of succinate in the growth medium was assayed enzymic- 
ally [25] after removal Of the cells by centrifugation of a culture sample for 
5 min at room temperature in a bench centrifuge. The pH of the same super- 
natants were measured using a long-reach combination electrode (Activion 
Glass Ltd., Fife, U.K.). 

Results 

Comparison of growth of E. coli under conditions of lowered oxygen tension 
and of vigorous aeration 

Fig. 1 shows the growth of E. coli in batch culture with 40 mM sodium 
succinate as carbon source and with an oxygen transfer rate of 12.3 mmol • 1-1 • 
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Fig. 1. Growth of E. coU in succina~e-containing medium under  c o n d i t i o n s  o f  l o w e r e d  02 tension. The  
variables s h o w n  are: absorbance  at  4 2 0  n m ,  a f ter  d i lut ion  o f  culture 1 : 10 (e -~); inhibition of 02 
uptake b y  1 5 0  #M KCN, expressed as the time required (in min) for 50% inhibition o f  respirat ion rate  
(o o); pH o f  the  cul ture  su p e r n atan t  (~ ! ); dissolved 0 2 tension ( ). 
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h -I, obtained by stirring at 700 rev./min. Dissolved oxygen tension drops from 
100% saturation at the time of inoculation to about 85% in the first 4 h of 
growth and then decreases more rapidly to reach a minimum value of 10% 
saturation after 9 h. During this period, culture turbidity (A420nm) increases in 
a biphasic fashion. The mean doubling time is 60 min between 1.5 and 5.5 h 
after inoculation and increases to 105 min before the onset of the stationary 
phase. Cell numbers (not shown) closely follow the increase in turbidity: a 
gradual decrease in mean cell volume (not shown) occurs between 5.5 and 9 h 
after inoculation. The rate of O2 uptake increases continuously during growth 
and reaches a maximum as growth of the culture ceases. This respiration 
becomes progressively more resistant to inhibition by 150 #M KCN. The 
identity of the growth-limiting nutrient or environmental condition that 
prevents further growth is not known; at the onset of the stationary phase, the 
succinate concentration is in excess of 12.5 mM (results not shown). In the 
absence of pH control, the rapid rise in culture pH that starts after 5 h growth 
may contribute to inhibition of further growth. These growth conditions are 
referred to as conditions of 'lowered O2 tension'. Cells used in subsequent 
experiments were harvested after 9 to 11 h in the early stationary phase of 
growth when the cell population had reached 3 to 4 .109  bacteria per ml. 
When the O2 transfer rate is increased to 54.2 mmol • 1-1 • h -1 by increasing the 
stirring speed to 1100 rev./min and other culture parameters held constant, the 
growth of the culture is indistinguishable from that shown in Fig. 1 except for 
two variables. Under these conditions, O2 tension remains above 80% saturation 
throughout the period of growth, falling gradually to this level during the first 
9 h of growth and then rising to 90% as the stationary phase is reached. The 
increase in resistance of respiration to inhibition by 150 #M CN- occurs earlier 
and faster than when the O2 tension is allowed to fall more rapidly (Fig. 1). 
These growth conditions are those used in our previous work [16,17] and are 
referred to subsequently as conditions of 'vigorous aeration'. 

Cytochromes detectable in difference spectra recorded at 77 K 
The succinate-reduced minus oxidized difference spectrum (a and ~ regions) 

of intact cells harvested after growth under conditions of lowered 02 tension is 
shown in Fig. 2A. Absorption bands in the a region due to cytochrome al (590 
nm) and cytochrome d (628 nm) were visible but are not shown in Fig. 2. 
These cells also contain a small component absorbing at about 503 nm [26] 
that has been tentatively identified as coprotetrahydroporphyrin [27]. The 
only peaks clearly resolved are at 528 and 556 nm representing the ~ and a 
bands, respectively, of b and c-type cytochromes. The shape of the spectrum 
suggests considerable heterogeneity, the complexity of which is revealed by 
fouth-order finite difference analysis (Fig. 2B). In the a region, major peaks are 
observed at 542 nm (not labelled), 545.5 to 548,553.5,  555.5 and 563 nm. 
Peaks at these or very similar wavelengths have also been reported by Shipp 
[13] who, in addition, described a major component at 560 nm. A minor peak 
present in our spectra (Fig. 2B) may correspond to this. The ~ band is resolved 
into major components at 520.5,528,535 and 537 nm (not labelled). 

The bands observed in the a region have not been rigorously identified 
although several workers [13,28,29] have proposed that three b-type cyto- 
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Fig. 2. R e d u c e d  m i n u s  ox id ized  d i f f e rence  s p e c t r u m  (A)  of  E. coli  g ro wn  a t  l o w e r e d  o x y g e n  tens ions  a n d  
its n u m e r i c a l  analysis  (B). The  s p e c t r u m  in A is the  s u m  of  fou r  spectza ,  each  o b t a i n e d  b y  oxid iz ing  the  
c o n t e n t s  of  t he  r e f e r e nc e  c u v e t t e  w i th  H 2 0 2  a nd  r e d u c i n g  t h a t  of  the  s ample  cu v e t t e  w i th  2.5 m M  
succ ina te  fo r  2 min ,  b e f o r e  f reez ing  the  cuvc t t e s  a n d  r e c o r d i n g  the  s p e c t r u m  a t  77 K. Th e  f o u r t h - o r d e r  
f ini te  d i f f e rence  s p e c t r u m  (B) was  c o m p u t e d  using d i f f e renc ing  in tervals  of  1 .8 ,  1 .4 ,  1 .2 a n d  1.0 n m .  
Spectra were  s canned  a t  0 .2  n m  • s - I  a t  a spec t ra l  b a n d w i d t h  of  1.0 n m .  Th e  cell suspens ion  c o n t a i n e d  
45  m g  to t a l  p ro t e i n  • m l  - I  . 

chromes contribute to this region. The important  point  is that  numerical anal- 
ysis of spectra of cells grown under lowered 02 tension does not  reveal cyto- 
chrome b-558, which has been regarded as characteristic of an 'anaerobic-type' 
respiratory chain [7,15] and which is clearly resolved in numerical analysis of 
spectra of succinate~rown cells maintained anaerobically in the absence of an 
alternative electron acceptor (Scott, R.I. and Poole, R.K., unpublished data). 

Higher derivative analysis of the Soret absorption bands (Fig. 3A) of E. coli 
have not  been reported previously. Fig. 3B shows the presence of several com- 
ponents with absorption maxima at 418, 425 and 430.5 nm and a broad band 
extending from 438, through 441 to about 443 nm. The latter band is indica- 
tive of a-type cytochromes, and is perhaps composed of  contributions from 
cytochromes al and d. The latter, however, has little absorption in the Soret 
region ([12], Poole, R.K. and Chance, B., unpublished data). 

Spectra corresponding to those in Figs. 2 and 3 but obtained with cells 
grown with vigorous aeration are not  presented, being qualitatively identical to 
those shown. Concentrations of all cytochromes were somewhat higher in cells 
grown under lowered 02 tension, the values, expressed as nmol per mg of total 
cell protein, being 0.041 (d), 0.253 ( ' b / ) a n d  0.014 (o). Corresponding values 
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Fig. 3. Reduced minus oxidized difference spectrum (A) of E. col i  grown at  l o w e r e d  o x y g e n  t ens io n  and 
its numerical analysis (B). Th e  c o n d i t i o n s  w e r e  t h o s e  descr ibed  in  the  l e g e n d  t o  Fig. 3 e x c e p t  tha t  the  
Sorer  band w as  s c a n n e d  and th e  d i f f erenc ing  intervals  used  w e r e  3.0, 2.6, 2.4 and 2.2 nm. 

for cells grown with vigorous aeration were 0.019, 0.157 and 0.010. Cyto- 
chrome al Was detectable in both cell types but at a concentration too low 
to quantitate. 

Dual-wavelength scanning spectroscopy 
Succinate-reduced cells in 30% (v/v) ethylene glycol were bubbled with CO 

for 5 min and after a further 5 min cooled to --25°C, at which temperature 
02 was stirred in to give a concentration of about 360 pM [30]. Thereafter, the 
cuvette was immediately placed in a freezing mixture at --78°C and, after 
equilibration, transferred to the sample chamber of the dual-wavelength spec- 
trophotometer and maintained at the temperature of observation. The spec- 
trum of the reduced oxidase-CO complex was recorded (reference wavelength 
575 nm), stored in the digital memory of the instrument and effectively sub- 
tracted from all subsequent scans. Thus, a second scan of the spectrum (before 
flash photolysis) gave a baseline (the CO-reduced minus CO-reduced difference 
spectrum) shown by the dashed line in Fig. 4. The reaction with oxygen was 
initiated by photolysis of the sample using a 200-J flash lamp. In Fig. 4, the 
reaction progress at --91°C is shown. The first scan after photolysis approxi- 
mates to the reduced minus CO-reduced difference spectrum and shows a peak 
at 432 nm and troughs at 415 and 567 nm. The ~ band (trough at about 431 
nm) is not shown. Successive scans at about 90-s intervals reveal decreases in 
the intensities of bands at 415 and 432 nm and a deepening of the trough at 
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Fig .  4 .  R e p e t i t i v e  w a v e l e n g t h  s c a l m i n g  o f  t h e  r e a c t i o n  o f  e y t o c h r o m e  o w i t h  o x y g e n  a t  ~ 9 1 ° C .  T h e  spec-  
t r u m  o f  a s u s p e n s i o n  o f  C O - l l g a n d e d  r e d u c e d  cells  w a s  s c a n n e d  a n d  s t o r e d  in  t h e  diBital  m e m o r y  o f  a 
d u a l - w a v e l e n g t h  s p e e t r o p h o t o m e t e r .  T h e  r e f e r e n c e  w a v e l e n g t h  w a s  5 7 5  n m .  S u b s e q u e n t  s c a n s  a re  
d i f f e r e n c e  s p e c t r a  w i t h  t h e  s t o r e d  s p e c t r u m  s u b t r a c t e d .  B e f o r e  p h o t o l y s i s ,  a s c a n  y i e l d e d  t h e  base l ine ,  
i n d i c a t e d  b y  t h e  d a s h e d  l ines .  T h e  r e a c t i o n  w i t h  o x y g e n  w a s  i n i t i a t e d  b y  f lash  p h o t o l y s i s ;  n u m b e r i n g  o f  
t h e  success ive  s c a n s  ( o n l y  a l t e r n a t e  o n e s  b e i n g  s h o w n )  is w i t h  r e f e r e n c e  t o  t h e  f i rs t  s c a n  a f t e r  t h e  f lash.  
S c a n n i n g  p r o c e e d s  f r o m  r i g h t  t o  l e f t  a t  a b o u t  3 . 5  n m •  s - I  . A b s o r b a n c e  i n c r e m e n t s  a n d  t h e  w a v e l e n g t h s  
( in n m )  o f  d i s t i nc t i ve  f e a t u r e s  o f  t h e  s p e c t r a  a re  s h o w n .  
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Fig .  5.  T h e  r e a c t i o n  o f  c y t o c h r o m e  o w i t h  o x y g e n  a t  - - 7 9 ° C .  In  A ,  t h e  r epe t i t i ve  w a v e l e n g t h  s c a n n i n g  
e x p e r i m e n t  w a s  p e r f o r m e d  e x a c t l y  as d e s c r i b e d  f o r  Fig .  4 b u t  t h e  t e m p e r a t u r e  w a s  - - 7 0 ° C .  B s h o w s  t h e  
a b s o r b a n c e  c h a n g e s  p l o t t e d  as  a f u n c t i o n  o f  t i m e  ( p l o t t e d  o n  a l o g a r i t h m i c  sca le )  m e a s u r e d  a t  4 1 5 - - 4 4 5  
n m  (m a ) ,  4 3 2 - - 4 4 5  n m  (o o)  a n d  4 2 8 - - 4 4 5  n m  (e - ') .  T h e  r e a c t i o n  w a s  i n i t i a t e d  b y  
f lash  p h o t o l y s i s  a t  t h e  t i m e  s h o w n .  
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567 nm with the formation of a shoulder at 560 nm. These spectral changes 
appear to be identical with those observed at temperatures b e t w e e n - 1 0 5 ° C  
and --110°C in cells from vigorously-aerated cultures [16,17]. Similarly, at 
--79°C (Fig. 5A), the reaction progress is similar to that  seen at --98°C in cells 
from vigorously-aerated cultures. Semi-logarithmic analysis of the reaction 
measured at three appropriate wavelength pairs shows the reaction with O2 to 
be biphasic (Fig. 5B). The slower phase (5--16 min) leads to the formation of 
a compound whose spectrum remains for about 1 h indistinguishable from 
spectrum 10 in Fig. 5A. A similar phenomenon is observed at --98°C in 
cells from vigorously-aerated cultures (see Figs. 5 and 7 in Ref. 17). 

Photolysis of samples that  were trapped at --78°C when anoxic allowed the 
recombination of  the reduced oxidase with CO, rather than with O2, to be 
studied. The reaction with CO shown in Fig. 6 is at --79°C and is thus directly 
comparable with the data of Fig. 5. In contrast to previous results [17], the 
rate of  CO binding (half-time measured from semi-logarithmic plot in Fig. 
6B; 10.5 min) is not  markedly different from that of the faster phase of the 
O2 react ion (half-time measured at 415--444 nm from Fig. 5B; 9.8 min). In 
agreement with previous results, however, the absorbance changes at 415-- 
444 nm and 432--444 nm are symmetrical with respect to the baseline and 
are thus distinguished from the reaction with O2 (Figs. 4 and 5). Furthermore, 
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Fig .  6.  T h e  r e a c t i o n  o f  e y t o c h r o m e  o w i t h  C O  a t  - - 7 9 ° C .  In  A ,  t h e  r e p e t i t i v e  w a v e l e n g t h  s c a n n i n g  expe r i -  
m e n t  w a s  p e r f o r m e d  e x a c t l y  as  d e s c r i b e d  f o r  F ig .  5 b u t  t h e  t e m p e r e t u r e  w a s  - - 7 9 ° C  a n d  n o  0 2  w a s  s t i r r ed  
i n t o  t h e  C O - I / g a n d e d  cel l  s u s p e n s i o n  b e f o r e  f r eez ing .  B s h o w s  t h e  a b s o r b a n e e  c h a n g e s  p l o t t e d  as  a f u n c -  
t i o n  o f  t i m e  ( p l o t t e d  o n  a l o g a r i t h m i c  sca le )  m e a s u r e d  a t  4 1 5 - - 4 4 7  n m  (o D) a n d  4 3 2 - - 4 4 7  n m  
(o o) .  T h e  r e a c t i o n  w a s  i n i t i a t e d  b y  f l a sh  p h o t o l y s / s  a t  t h e  t i m e  s h o w n  b y  t h e  f i r s t  f lash .  B e t w e e n  
t h e  1 0 t h  a n d  1 1 t h  s c a n s  ( l abe l l ed ,  a n d  s h o w n  b y  a d o t t e d  l ine  in  A) ,  a s e c o n d  ~ $ h  w a s  given.  
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the reaction with CO is readily reversible by light. In Fig. 6, the reaction was 
initiated by six flashes of a 200-J lamp before the first scan. A further six 
flashes after the 10th scan resulted in the appearance of a spectrum in scan 
11 that was qualitatively (Fig. 6A) and quantitatively (Fig. 6B) similar to the 
first. 

The progress of the reaction with O2 at --51°C (not shown) is similar to that 
observed at --79°C in cells from vigorously-aerated cultures [17]. Raising the 
temperature to --32.5°C is required for formation of the 428 nm and 561 nm 
troughs (characteristic of the oxidized minus CO-reduced difference spectrum) 
within the first scan (results not shown). It is of interest that, in these cells, but 
not in cells from vigorously~aerated cultures, the formation of an additional 
distinct trough at 503 nm is seen. 

Dependence o f  the oxygen reactions on temperature 
An Arrhenius plot (not shown) for the observed absorbance changes at 

415--445 nm during the reaction of cytochrome o with O2 at --99°C to --79°C 
gave an apparent energy of activation of 23.1 kJ/mol (correlation coefficient, 
r = 0.995). The Arrhenius plot for this reaction in cells from vigorously-aerated 
cultures, observed at 432--444 nm and at 427--460 nm [17], and at 415--444 
nm (Poole, R.K., unpublished data), gives an apparent energy of activation of 
29.9 kJ/mol. Both values are large and thus may represent the sum of more 
than one reaction. 

Discussion 

When E. coli is grown under conditions of vigorous aeration in the presence 
of a non-fermentable c~bon source like succinate, the membrane-bound redox 
carriers include ubiquinone-8 and cytochromes o, b-556 and b-562 [15,31,32]. 
The absorption maxima given refer to spectra at 77 K, the 562 nm component 
being usually observed as a shoulder. Our previous studies of the low tempera- 
ture reactions of cytochrome o with 02 and CO were performed with such 
cells. 

A major alteration to the aerobic electron transport chain involves the addi- 
tional synthesis of cytochrome b-558 and d. Co-ordinate synthesis of these two 
components has been observed under the following growth conditions: during 
the late exponential or stationary phases of aerobic batch cultures growing on 
non-fermentable carbon sources [ 13,14 ], during aerobic growth on succinate in 
the presence of low concentrations of CN- [7] and during sulphate-limited 
growth in continuous culture [34]. Although the growth conditions used here 
have some features in common with the above (growth to stationary phase, 
limited availability of oxygen), we have found no evidence for cytochrome 
b-558 in these cells. Thus, the cytochrome o, the kinetics of which are 
presented in Figs. 4, 5 and 6, is a component of a respiratory chain bearing 
more resemblance to the 'aerobic type'  [15] rather than to the chain found 
anaerobically or under the associated conditions described above. The results 
of the present work, therefore, demonstrate that growth conditions greatly 
modify not only the qualitative and quantitative cytochrome content of the 
respiratory chain, as has been amply demonstrated before [4--11,35--37], but 
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also the functional and kinetic properties of these components, in this instance 
cytochrome o. While the effects described here were observed under conditions 
of lowered aeration, a more detailed study in a chemostat poised at different 
dissolved oxygen tensions is required to identify oxygen as the causal factor 
[10,11]. We have not measured the redox potentials of the growing cultures 
[10]. Recently, the b-type cytochromes present in E. coli grown aerobically 
or anaerobically have been shown to be potentiometrically distinct [29]. 

The cells grown under conditions of lowered O2 tension described here con- 
tain significant amounts of cytochrome d. Its concentration is increased 2.2- 
fold over that found in vigorously-aerated cells, whilst the concentration of 
'cytochrome b~' ( t h e  ~ bands of b and c-type cytochromes) is increased 
1.5-fold and cytochrome o 1.4-fold. However, we cannot comment on the 
reactions of cytochrome d in the two cell types, since we have been unable to 
detect in the absence of O2 dissociation of its CO complex by the intensities 
of lights used in either cell type [16,17]. This relative insensitivity to photolytic 
dissociation was noted by Castor and Chance [12] although d-CO complexes 
are photodissociable and flash photolysis has been used to study the binding of 
CO to Pseudomonas cytochrome oxidase [ 38 ]. The sequence of spectral changes 
observed during the reaction of reduced cytochrome o with O2 is similar to that 
observed previously in vigorously-aerated cells and will not be further discussed 
here. Further evidence for one or more functional intermediates in the reaction 
of bacterial cytochrome o with O2 comes from studies of cytochrome o from 
the myxobacterium Vitreoscilla [39], the early work on Acetobacter by Iwasaki 
[40] and, most recently, the studies of Yang and Jurtschuk on Azotobacter 
[41]. 

The outstanding feature of the reactions of cytochrome o in cells grown at 
lowered oxygen tension is the higher temperature ranges required for the 
sequential stages of its reaction with 02. In general, temperatures approx. 20°C 
higher are required than those used for cells grown under conditions of vigor- 
ous aearation [16,17]. In contrast, the characteristics of CO binding appear to 
be altered little (Table I). It is possible that the cytochrome(s) o synthesized 
under the two growth condition studies are separate haemoproteins with 
similar spectral properties but different ligand-binding properties. Interestingly, 
evidence for two forms of cytochrome o in Acetobacter was obtained also by 

T A B L E  I 

R A T E S  O F  L I G A N D  B I N D I N G  BY C Y T O C H R O M E  o IN E. C O L I  

R e a c t i o n  o f  c y t o c h r o m e  o in  i n t a c t  cells  w i t h  e i t h e r  C O  or added 0 2  ( 3 6 0 / ~ M )  was init iated by  f l a sh  
p h o t o l y s i s .  Rates  o f  binding,  expressed  as h a l f - t i m e s  in  m i n  were  o b t a i n e d  f r o m  s e m i - l o g a r t h m i c  analyses  
o f  the absorbance  change a t  4 1 5  n m  re la t ive  t o  4 4 4  n m  a t  - - 9 1 ° C .  

L i g a n d  b i n d i n g  Cells grown under  cond i t i ons  o f  

Vigorous  aerat ion L o w e r e d  0 2  tens ion  

0 2  7 .9 ,  1 5 . 2  * 26 .9  
C O  1 7 . 4 ,  2 9 . 2  3 4 . 0  

* L o g a r i t h m i c  a n a l y s i s  o f  absorbance  changes  a t  t h i s  w a v e l e n g t h  revea l  b i p h a s i e  k i n e t i c s  [ 1 7 ] .  B iphas i c  
k i n e t i c s  in  cells  g r o w n  a t  l o w e r e d  0 2  t ens ion  were observed on ly  at higher temperatttres ( - - 7 9 ° C ) ,  
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Daniel [20] ,  who identified two species of  o (absorbing at 558 and 565 nm 
CO difference spectra at 77 K) with O2 affinities differing 10-fold but C 
affinities differing only 2-fold. 
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