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SUMMARY 

I. The functional terminal oxidase of the light-anaerobically grown Rhodo- 
pseudomonas spheroides cells was found to be the o-type cytochrome, whereas that of 
the dark-aerobically grown cells was the a-type cytochrome. When the dark-aerobi- 
cally grown cells were further incubated under a semianaerobic condition in the dark, 
the content of the o-type cytochrome was increased in these cells, while the synthesis 
of the a-type cytochrome appeared to be repressed. In Rhodospirillum rubrum cells, 
grown either aerobically in the dark or anaerobically in the light, cytochrome o was 
the sole functional terminal oxidase. 

2. Reactions with the a-type and o-type cytochromes from Rhodopseudomo~as 
spheroides and also with the o-type cytochrome from Rhodospirillum rubrum were 
compared using reduced yeast cytochrome c as substrate. The reaction with the a-tvpe 
cytochrome was far less sensitive to NaN 3 and hydroxylamine than those with the 
o-type cytochromes, whereas all the reactions were inhibited by KCN in apparently 
the same manner. 

INTRODUCTION 

Studies on the terminal oxidase of dark-aerobically grown non-sulphur purple 
bacteria have established that the functioning terminal oxidase in Rhodopseudomonas 
spheroides (Rps. spheroides) is the a-type cytochrome l-a and that in Rhodospirillum 
rubrum (Rsp. rubrum) is the o-type cytochromO. Preparations containing the a-type 
or the o-type cytochrome catalyzed the oxidation of reduced cytochrome c (frmn 
horse heart and baker's yeast) and cytochrome c2, and these reactions were inhibited 
by inhibitors of cytochrome oxidase. On the other hand, little is known about the 
terminal oxidase of the light-anaerobically grown bacteria though they perform 
respiration in aerobic conditions 1. In the previous communication s we suggested the 
occurrence of the o-type cytochrome in light anaerobically grown Rps. spheroidcs on 
the basis of the kinetic data. Further, examination of the spectral properties of the 

Abbreviations: Rps., Rhodopseudomonas ; R@., Rhodospirillum ; DCIP, 2,6-dichlorophenol- 
indophenol. 

* Present address : Department of Pediatrics, Tohoku University School of Medicine, Sendai, 
Japan. 
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particulate preparations from Rps. spheroides cells suggested that  the o-type cyto-  
chrome might  occur even in the dark-aerobical ly  grown Rps. spheroides cells when 
they were harvested after the s ta t ionary phase 3. 

The experiments described in this paper were designed to elucidate the nature  
of terminal oxidases in Rps. spheroides grown under  different conditions. 

MATERIALS AND METHODS 

Preparation of bacteria 
Rps. spheroides and Rsp. rubrum, originally obtained from Dr. Van Niel, were 

grown in Medium S of LASCELLES 5 containing 0.34 % L-glutamate and 0.27 % DL- 
malate  as major  nutrients. Stab cultures of these bacteria were used to inoculate 
starter  culture. For  the preparat ion of dark-aerobical ly grown bacteria, cells were 
inoculated into 14o ml of the medium in a 5oo-ml Sakaguchi flask, and incubated 
with vigorous shaking for 24 h at 28 ° in the dark. The culture was then transferred 
into a 3-1 erlenmyer flask filled with I . I  1 of the medium and incubated at 28 ° for 
16 h on a ro tary  shaker in the dark. Eve ry  batch was tested for cell pur i ty  by  taking 
0.02 ml of the cell suspension and growing the cells on an agar plate aerobically in 
the dark and subsequently in the light to ensure pigmentation. For  the preparat ion 
of l ight-anaerobically grown bacteria, cells were inoculated into 500 ml of the medium 
in a 5oo-ml bottle with a glass stopper, and incubated at 28 ° for 3-4  days under  
illumination. An aliquot of this culture (4 ° m l )  was transferred into a 5-1 bottle filled 
to the neck with the medium and incubated at 28 ° for 4-5 days under  illumination. 

Particulate preparation 
Cells were harvested by  centrifugation and washed once with 0.05 M Tris HC1 

buffer (pH 9.0). The cells were stored as a paste at - 2 0  °. The part iculate preparat ion 
was made by resuspending I portion of cell paste in 5 vol. of the above buffer, and 
the suspension was treated with sonic oscillation with a Io-kcycles Kubota  Sonicator 
for IO min. After centrifugation for IO min at 9400 × g to remove cell debris, the 
supernatant  was centrifuged at 105000 × g for 9 ° rain. The precipitate was resus- 
pended in the above buffer, homogenized with a glass homogenizer and centrifuged 
again. The precipitate was suspended in a small volume of 0.05 M Tris-HC1 buffer 
(pH 7.o), homogenized and centrifuged at 5000 × g for IO rain. The supernatant  
fraction was used as particulate preparation. 

Purification of cytochrome oxidase 
The solubilized oxidase preparation from dark-aerobical ly  grown Rsp. rubrum 

was prepared and purified by  the method described previously 2. For the purification 
of the cytochrome oxidase from dark-aerobical ly  grown Rps. spheroides, the previous 
method 2 was improved. The following is a typical protocol. Unless otherwise stated, 
all buffer solutions were 0.05 M Tris-HC1 (pH 9.0), and all operations were carried out 
at o 4 °. Cells (200 g wet weight) were suspended in a total  of 400 ml of buffer and 
sonicated in 3o-ml batches for IO rain. Triton X- Ioo  (8 ml) was added to the solution 
which was then stirred overnight. The solution was centrifuged at 77ooo x g for 
3 ° rain, and the supernatant  was collected. The precipitate was resuspended in a total  
of 200 ml of buffer containing 4 ml of Triton X-Ioo ,  and was treated as described 
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above.  The supe rna t an t  solut ion was collected and added  to the  previous one. 8o ml 
of (NH4)2SO4, s a tu ra t ed  at  4 ° and ad jus ted  to p H  9.0 with ammonia ,  were added  
to 535 ml of the  above solution, and the mix ture  was s t i r red for I h. The solut ion 
was centr i fuged at  9000 × g for IO rain, and the prec ip i ta te  was discarded.  To the 
supe rna t an t  solution, 182 ml of s a tu ra t ed  (NH4)2SO ~ were added.  Af ter  s tanding  
for I h, the  solut ion was centr i fuged at  9o00 × g for IO rain. A brown layer  which 
appea red  on the top  was collected and dissolved in 8o ml of buffer and  d ia lyzed  
overnight  agains t  3 1 of buffer. Af ter  the  prote in  concentra t ion  of tile solut ion was 
ad jus t ed  to 3 mg/ml  by  buffer, the  solut ion was brought  to 1% (w/v) with sodium 
cholate.  Sa tu ra t ed  (NH4)2SO 4 (320 ml) was added  to 720 ml of the  solution and the 
solution was s t i r red  for 20 min. Af ter  centr i fugat ion at  8ooo × g for IO rain, the  
prec ip i ta te  was discarded.  Sa tu ra t ed  (NH~)2SO4 (50 ml) was added  to the  supe rna t an t  
solution which was then s t i r red  for IO rain and centr i fuged as above. The prec ip i ta te  
was discarded.  To the resul t ing superna tan t ,  another  5o ml of s a tu ra t ed  (NH4)2SO 4 
solut ion were added  and the mix ture  was processed in the  same way. This procedure  
was repea ted  once. To the supe rna tan t  solution ob ta ined  af ter  the  th i rd  add i t ion  of 
50 ml of (NH4)2SO 4 solution, 60 ml of s a tu ra t ed  (NH4)2SO ~ were fur ther  added,  and  
the solut ion was centr i fuged at  8000 × g for IO rain. A brownish-green layer  which 
appeared  on the top  was collected and dissolved in a small  amount  of buffer and  
d ia lyzed  overnight  against  buffer. To the solut ion (45 ml), 0.45 g of sodium cholate  
and 24 ml of s a tu ra t ed  (NH4)2SO4 were added  and the mix tu re  was s t i r red  for 20 rain. 
The solut ion was centr i fuged at  8000 x g for IO rain, and the prec ip i ta te  was dissolved 
in a small  volume of buffer and  d ia lyzed  against  buffer for 12 h. The final p roduc t  
was clear and  dark  green. 

Determination of cytochrome c oxidase activiO, 
Yeast  cy tochrome c, kind ly  suppl ied  by  Sankyo and Co., Tokyo,  was reduced 

by  the  addi t ion  of sodium di th ioni te  and passed th rough  a column of Sephadex G-25 
to e l iminate  di thioni te .  The ac t i v i t y  of cy tochrome c oxidase was measured  by  the 
decrease of absorbance  at  550 m/~ at  20 ° t raced  by  a Hi tach i  recording spec t rophoto-  
meter ,  Type  EPS-2.  When  inhibi tors  were used, the oxidase p repara t ion  was incuba ted  
for I rain wi th  the  inhibi tor ,  and react ion was s t a r t ed  by  the addi t ion  of reduced 
cy tochrome c. 

Protein determinatiou 
Prote in  was de te rmined  by  the method  of LOWRY et al. 6 using bovine serum 

a lbumin  as s tandard .  

R E S U L T S  

Properties of purified oxidase preparations from dark-aerobically grown cells 
Difference spec t ra  (di thioni te-reduced minus oxidized) of purified oxidase prepa-  

ra t ions  from d a r k - a e r o b i c a l l y  grown Rps. spheroides and Rsp. rubrum cells are shown 
in Fig. I.  As can be seen from the figure, the  p repara t ion  ob ta ined  from Rps. spheroides 
con ta ined  an a - t ype  cy tochrome with an c~-peak at  603 m/~ and a 7-peak at  443 m/~ 
The p repa ra t ion  stil l  conta ined  a c- type cytochrome whose proper t ies  were descr ibed 
previous ly  2, bu t  there  was no absorpt ion  corresponding to a b- type cytochrome.  On 
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the contrary,  the preparat ion obtained from Rsp. rubrum contained no a-type cyto- 
chrome bu t  b- and c-type cytochromes. An appreciable amoun t  of the b-type cyto- 
chrome in the preparat ion was reducible with ascorbate-2,6-dichlorophenolindophenol 
(ascorbate-DCIP) system and this cytochrome was found to react with CO. 
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Fig. i. Reduced-minus-oxidized difference spectra of the purified oxidase preparations from dark- 
aerobically grown Rps. spheroides and Rsp. rubrum cells. Samples in measuring cuvettes were 
reduced with sodium dithionite. , Rps. spheroides; -, Rsp. rubrum. 

Fig. 2. Relationships between the concentrations of inhibitors and the inhibition rates of cyto- 
chrome c oxidation by the purified oxidase preparations. The reaction mixture contained: zoo 
/,moles phosphate buffer (pH 7.o), 75 mumoles yeast cytochrome c, inhibitor and enzyme prepa- 
ration (Rps. spheroides, o.37 mg as protein and Rsp. rubrum, 5.3 mg as protein) in a total volume 
of 3 ml. Activities of lOO% were 37 m/~nloles cytochronle c/min (AA55o mu -- o.34/min) with 
Rps. spheroides and 12 m/~moles cytochrome c/rain (AA55o ma -- o.II2/min) with Rsp. rubrum. 
Open symbols, Rsp. rubrum; closed symbols, Rps. spheroides; 0 O, KCN; A - - A ,  NAN3; 
[ ] - - [ ] ,  hydroxylamine. 

These preparat ions catalyzed the oxidation of reduced yeast cytochrome c, and  
the reaction was inhibi ted by  inhibitors of cytochrome oxidase such as KCN, NaN 3 
and hydroxylamine.  The effects of inhibitors upon oxidation of yeast cytochrome c 
by  these preparat ions are depicted in Fig. 2. The relationships between the per cent  
inhibi t ion of the reaction and the concentrat ions of inhibitors were always found to 
follow Hill 's  equat ion where n = I. Of part icular  interest  is the effect of NaN 3 and 
hydroxylamine.  These two substances were more effective on the oxidase preparat ion 
from Rsp. rubrum than  on that  from Rps. spheroides, whereas KCN affected both the 
preparat ions to the same degree. K, values (concentrations of inhibitors for 50 % 
inhibit ion) calculated from the several experiments were as follows. (I) For  the oxidase 
preparat ion from Rps. spheroides: KCN, i #M; NAN3, 50 #M; and hydroxylamine,  
400/~M. (2) For the oxidase preparat ion from Rsp. rubrum: KCN, 1.5 #M; NaN3, 
I/~M and hydroxylamine,  2.5 #M. The effect of pH on the act ivi ty  of yeast cyto- 
chrome c oxidation was also different in these two preparations,  the opt imal  pH's  
being 6.8 for Rps. spheroides and 5.6 for Rsp. rubrum. The observed differences in 
sensitivities to the inhibitors and H + concentrat ion between Rps. spheroides and  
Rsp. rubrum are due to the difference in na ture  of their terminal  oxidases. Hence it 
may  be concluded tha t  the a- type cytochrome in Rps. spheroides is less sensitive to 
NaN 3 and hydroxylamine  than  the o-type cytochrome in Rsp. rubrum. The terminal  
oxidase of dark aerobically grown Rsp. rubrum has been reported to be cytochrome o 
by  TANIGUCHI AND KAMEN 4. The same K, values for these inhibitors as obta ined with 
the purified preparat ion from Rsp. rubrum in the oxidation of yeast cytochrome c 
were also obtained with crude part iculate preparat ions from dark-aerobical ly  grown 
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Rsp. rubrum cells, indicating that Rsp. rubrum may have only one species of terminal 
oxidase, cytochrome o. 

Properties of particulate preparations obtained from light anaerobically grown cells 
Particulate preparations obtained from light-anaerobically grown cells of either 

Rps. spheroides or Rsp. rubrum catalyzed the oxidation of yeast cytochrome c. To 
determine the species of cytochrome responsible for the oxidase activity in these light- 
anaerobically grown cells, inhibition studies were performed. With the particulate 
preparations from either Rps. spheroides or Rsp. rubrum cells, the relationships be- 
tween the concentrations of inhibitors and the inhibition rates were again found to 
follow Hill's equation where n = I, but with these preparations practically no differ- 
ence could be observed in sensitivities toward NaN 8 and hydroxylamine between 
Rps. spheroides and Rsp. rubrum. The K, values for all inhibitors were found to be 
in the range of I to 2/zM, and these values are in good agreement with the values 
obtained with the purified oxidase preparation from dark aerobically grown Rsp. 
rubrum. These results strongly suggest that the terminal oxidase in each of the light 
anaerobically grown Rps. spheroides and Rsp. rubrum cells is the o-type cytochrome. 

Replacement of the a-type cytochrome by the o-type cvtochrome in dark-aerobically grown 
Rps. spheroides cells resulting from a semi-anaerobic incubation 

When cytochrome c oxidase activity was examined in particulate preparations 
obtained from several different batches of dark-aerobically grown Rps. spheroides, 
it was noticed that the curves indicating the relationships between the inhibition 
rates and the concentrations of NaN 3 and hydroxylamine did not always follow Hill's 
equation where n = I, and the t,2, values for these inhibitors sometimes appeared to 
be reduced. The aspects of the curves suggested the possibility of the existence of 
two kinds of oxidase in dark-aerobically grown Rps. spheroides. As described previ- 
ously 3, the existence of the o-type cytochrome in addition to the a-type cytochrome 
in lightly pigmented cells was suggested by the spectral properties of the particulate 
preparation obtained from those cells. Since the terminal oxidase of dark aerobically 
grown Rps. spheroides was shown to be the a-type cytochrome whereas that of the 
light-anaerobically grown cells appeared to be the o-type cytochrome, it seems pos- 
sible that the relative contents of the a-type and o-type cytochromes in the cells are 
dependent on the aerobiosis of the growth condition. 

To confirm this idea, the dark-aerobically grown Rps. spheroides cells were 
further incubated under a relatively low 02 tension, that is, a relatively heavy sus- 
pension of the cells was further incubated for 3 h in air in the dark with gentle shaking 
as described by HIGUCHI et al.L A particulate preparation from these cells was made 
as described in MATERIALS AND METHODS, and the spectral properties as well as the 
sensitivities to KCN, NaN a and hydroxylamine of the oxidase activity in the particu- 
late preparation were examined. 

To record difference spectra, the particulate preparation was incubated with 
3 % Triton X-Ioo at 3 °o for IO min to obtain well-dispersed material, and the sample 
was then reduced with either dithionite or the ascorbate-DCIP system. In Fig. 3 are 
shown the difference spectra (with and without the reducing system) of particulate 
preparations obtained from the cells before and after the incubation. The amount of 
the a-type cytochrome, as judged from the A603 m/~, was lessened after incubation, 
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while the amount of a b-type cytochrome reducible with the ascorbate-DCIP system 
was increased. The CO difference spectrum of the particulate preparation from the 
incubated cells is depicted in Fig. 4- There are absorption maxima at about 415, 54 ° 
and 57 ° m# and troughs at about 43o and 56o m/2. These spectral properties are in 
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Fig. 3. Difference spectra (reduced minus oxidized) of the respective part iculate preparat ions  ob- 
tained from dark-aerobical ly grown Rps. spheroides cells before and after the fur ther  incubat ion 
under a dark-semianaerobic  condition. A, before the semianaerobic incubation;  B, after the semi- 
anaerobic incubation.  - - ,  reduced with aseorba te -DCIP  (ascorbate 3 ° /*moles  and DCIP  
3 m/*moles in 3 ml) ; ........ , reduced with sodium dithionite. 

Fig. 4- CO difference spectrmax of the part iculate preparat ion obtained from Rps. spheroides cells 
grown aerobically in the dark and further  incubated semianaerobically in the dark. 

accord with the CO difference spectra obtained from the membrane fragment of dark-  
aerobically grown Rsp. rubrum 4. The amount of the o-type cytochrome in the dark-  
aerobically grown Rps. spheroides cells increased during the semianaerobic incubation. 

The effects of inhibitors on the oxidation of yeast cytochrome c catalyzed by 
the particulate preparations are compared in Fig. 5. Although the behaviour of KCN 
inhibition did not change after the semianaerobic incubation of the cells, the curves 
indicating the relationships between the inhibition rates and the concentrations of 
NaN 3 and hydroxylamine became more biphasic after the cell incubation, and the 
Ki values were reduced as shown in Fig. 5- These findings would establish the above 

10 . , 

c 
10-7 10-6 10- 5 1(3- 4 10- 3 10- 2 

Inhibitor (M) 

Fig. 5- Relationships between the concentrat ions of inhibitors and the inhibition rates of cyto- 
chrome c oxidation by the respective part iculate prepara t ions  from dark-aerobical ly grown Rps. 
spheroides cells before and after the further  incubation in a dark-semianaerobic  condition. The 
composit ion of the reaction mixture  was the same as for Fig. 2 except for the amoun t  of enzyme 
preparat ion (enzyme preparat ion from cells before the semianaerobic incubation,  0.56 mg as 
protein and that  after the semianaerobic incubation,  0. 3 mg as protein), ioo % activities were 
49 m/*moles/min (AA55o nv~ -- o-45/min) with the enzyme preparat ion before the incubation,  
and 54 m/*moles/min (AA55om ~ - - o . 5 I / m i n  ) with tha t  after the incubation. Open symbols,  
before the semianaerobic incubation;  closed symbols,  after the semianaerobic incubation.  
0 O, KCN; &--:~, NAN3; ~ - - ~ ,  hydroxylamine.  
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T A B L E  I 

Y E A S T  C Y T O C H R O M E  C O X I D A T I O N  B Y  P A R T I C U L A T E  P R E P A R A T I O N S  

Each  reac t ion  m i x t u r e  con ta ined  7 ° mM phospha t e  buffer (pH 7.o), app rop r i a t e  a m o u n t s  of 
reduced y e a s t  cy tochrome  c and  pa r t i cu l a t e  p repara t ion .  

Species Growing condition Specific activity Km for 
(mt, moles/min cytochrome c 
per mg protein) (t~M) 

Rps. spheroides L i g h t - a n a e r o b i c  49 13 
D a r k - a e r o b i c  162 6.6 
Da rk - semianae rob i c*  238 6.6 io.o 

Rsp. rubrum L i g h t - a n a e r o b i c  5 4 ° 
D a rk - a e r ob i c  16 40 

* D a r k - a e r o b i c a l l y  grown cells were t ransfer red  to a semianaerobic  condi t ion  and i ncuba t ed  
fur ther  for 3 h in the  dark.  

notion. Michaelis constants in the oxidation of yeast cytochrome c with the particulate 
preparations obtained from cells grown under different conditions are shown in 
Table I. When the dark grown Rps. spheroides cells were further incubated semi- 
anaerobically, the Km value obtained with the particulate preparation from the dark 
grown ceils became close to that found for the light-anaerobically grown Rps. sphe- 
roides cells. With respect to Rsp. rubrum, however, apparently the same Km value 
was obtained with either dark-aerobically grown or light anaerobically grown cells. 
These findings also appear to support the above idea. 

DISCUSSION 

Tile data presented here confirm the existence of the a-type cytochrome in Rps. 
spheroides grown aerobically in the dark and the o-type cytochrome in Rsp. rubrum 
grown under the same condition. Both kinds of cytochrome were found to catalyze 
the oxidation of reduced yeast cytochrome c though the o-type was less active than 
the a-type. The cytochrome c oxidation by either type of eytochrome was inhibited 
by inhibitors for cytochrome oxidase. SEKUZU et al. s reported that NaN a and hydroxyl- 
amine were less effective than KCN in inhibiting cytochrome c oxidation by cyto- 
chrome a obtained from Saccharomyces oviformis. This was also so for the a-type cyto- 
chrome from Rps. spheroides. On the contrary, NaN a and hydroxylamine were as 
effective as KCN in the cytochrome c oxidation catalyzed by the o-type cytochrome 
from Rsp. rubrum. This distinct difference in inhibition facilitated the discovery that 
the terminal oxidase in light anaerobically grown Rps. spheroides was the o-type cyto- 
chrome. It was further demonstrated that the o-type eytoehrome was increased in 
dark grown Rps. spheroides cells when they were transferred from highly aerohic to 
semianaerobic incubation conditions. The appearance of the o-type cytochrome in 
these cells was confirmed by reduction of the cytochrome with the ascorbate DCIP 
system (cf. ref. 9) and by the CO difference spectrum. However, there seems to be 
some difference between the o-type cytochromes in Rsp. rubrum and Rps. spheroides 
as judged from the Km values for yeast cytochrome c (cf. Table I), but this point was 
not studied in detail. 
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Both the a-type and o-type cytochromes can function as the terminal oxidase 
in Rps. spheroides. The change of the functional terminal oxidase in Rps. spheroides 
evidently results from variation in the 03 tension in the culture medium. It is un- 
known, however, whether the o-type cytochrome is a precursor of the a-type cyto- 
chrome in Rps. spheroides. 

We may imagine from the results of this study that the a-type cytoehrome is 
the terminal oxidase for organisms phylogenically well-adapted to aerobic condition, 
whereas the o-type cytochrome is that for the microorganisms poorly adapted to 
aerobic conditions. Rsp. rubrum, whose terminal oxidase is always the o-type cyto- 
chrome, may be one of the bacteria that are poorly adapted to aerobic conditions. 
Rps. spheroides may be the bacterium that has adapted fairly well but not completely 
to the aerobic condition, so that when the surrounding environment becomes an- 
aerobic, the synthesis of the a-type cytochrome may be repressed and instead the 
o-type cytochrome may be synthesized. In this connection it is interesting to note 
the observations by MOK el al. 1° and SCHOLES AND SMITH 11. MOK et al. 1° reported 
that cytochrome o existed in addition to cytochromes a + a 3 in Saccharomyces cere- 
visiae and Candida utilis, and the amount of cytochrome o seemed to increase in 
conditions where respiratory activity of the yeast was lowered. SCHOLES AND SMITH 11 
observed that cytochrome o was detected besides cytochrome a + a 3 in anaerobically 
grown Micrococcus denitrificans and the content of the a-type eytochrome was lower 
in cells grown anaerobically than in cells grown aerobically. It will be of special 
interest to study the relations between cytochromes of the a-type and the o-type in 
relation to the biochemical evolution of the respiratory system. 
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