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SUMMARY 

I. The reaction of ferrocytochrome oxidase with molecular oxygen (15/zM) has 
a half-time of about 3 msee. 

2. IOO msec after 2 /~M ferrous oxidase is mixed with 15 /,M oxygen the differ- 
ence spectrum of tile ferrous enzyme minus the mixture shows a minimum in the 
Soret region at 420 m/z. The difference spectrum of the "oxygenated" compound has 
a minimmn at 421-425 m/, while that of the ferric oxidase lies at 411-412 m/z. Thus 
under these conditions a mixture of "oxygenated" and ferric forms is produced with 
the "oxygenated" form predominating. 

3. By observing the absorption changes at the wavelength pair 428-418 in/~ 
(in a stop-flow dual wavelength spectrophotometer) it is possible to distinguish 
between "oxygenated" and ferric oxidase formation in the early stages of tile reaction 
between ferrous oxidase and oxygen. When insufficient oxygen is added so that only 
lO-3O O//o of the ferrous enzyme reacts with oxygen the product is predominantly 
ferric oxidase with, on tile average, about 3o % "oxygenated" compound. The Soret 
band of this mixture has a broad maximum extending from 426 to 418 m/~. Similar 
results were obtained with cytochrome c-deficient electron transport particle. 

4. Vigorous aeration of ferrous oxidase produces "oxygenated" compound 
only, whereas, mixing with insufficient oxygen produces a mixture of ferric and 
"oxygenated" forms. It is suggested that "oxygenated" oxidase is formed by the 
interaction of the primary a a FeO 2 complex with ferrocytochronle a, whereas ferric 
cytochronle oxidase (aa'" + a'") results when the primary complex can interact with 
ferrocytochrome a a as well as with ferrocytochrome a. 

5. On reduction of the ferric enzyme with dithionite the absorption changes at 
428-418 m/z show an initial decreased absorbance followed by the expected increase. 
The initial absorbance decrease is due to the fast reduction of cytochrome a which has 
a Soret band at 426 m/~ in the ferric fornl. This is followed by the slower reduction of 
cytochrome a a with its Soret band at 414 lll/z causing an absorbance increase at 
428-418 m/~. 

* Permanent address: Institute of Medical Research, The Royal North Shore Hospital of 
Sydney, Crows Nest, N.S.W., Australia. 
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INTRODUCTION 

In three preceding papers ~-a it has been shown by LE~BER(; and co-workers 
that the end-product of vigorous and complete aeration of ferrous cytochrome c 
oxidase (EC 1.9.3.1 ) is the "oxygenated" oxidase, first discovered by OkuNuKI 4,a 
and later studied by WAINIO and co-workers~,L It  differs from ferric oxidase by its 
absorption spectrum as well as in other properties, e.g., the kinetics of reduction by 
dithionite a. However, the absorption spectra after slow aeration indicated that  some 
ferric oxidase had been produced in addition to "oxygenated" oxidase. The reaction 
of ferrocytochrome oxidase with molecular oxygen even of low pO 2 is very rapid and 
is complete within tile msec time scale s. Previous studies of "oxygenated" cyto- 
chrome oxidase have all been carried out at times much greater than this. In view of 
the possible importance of the "oxygenated" oxidase in the theory of the enzymic 
mechanism in vivo bv OKUNUKI a and LEMBERG 9 we have investigated whether the 
initial product of the reaction of ferrous oxidase with molecular oxygen is "oxygen- 
ated" or ferric oxidase. In order to distinguish between the two compounds advantage 
was taken of their spectral differences in the Soret band region. These results are 
presented in the present paper. 

METHODS 

Cytochrome c oxidase from beef heart was prepared free from cytochrome c, Cl 
and b as previously described a except that  the oxidase was finally dissolved in o.5 % 
Tween 8o. Four preparations of the enzyme (J-I to J-4) were used. Oxidase concen- 
tration is expressed as molarity of haem a. 

S~¢bmilocho~zdrial particles deficient in cytochronle c were prepared by washing 
beef heart mitochondria 11 with KC1 solution as described by JACOBS a~'D SANADI '2 and 
CHANCE, LEE AXD SCHOENER ~a, followed by sonication. The preparation designated 
('ETPa') contained about equal parts of electron transport  particles and broken 
mitochondria. 

Apparatus (see refs. 14 and 15). 
Co~ztim.~o~fs flow double-beam spectrophotometer. In this apparatus a solution of 

reduced oxidase from a 2oo-ml sample chamber first flows past the observation 
window for the reference light beam, then it is rapidly mixed with air- or O2-saturated 
buffer in the ratio 8o:1. Ioo msec after mixing, the sample flows past the observation 
window for the measuring light beam. During the time (5o sec) required for the 
2oo-ml sample to flow through the observation tubes the spectrophotometer scans the 
designated spectral region (8o m~) and records the difference in absorbance between 
the sample in the nLeasuring and reference beams. The length of the light path is 1 cm. 
The spectra given in the figures have been corrected for deviations of the base line 
fronl linearity. 

D~ml wavde~zgth spectrophotometers. Three types were used: 
(A) A /3eckmann dual monochromator spectrophotometer with a special 

cuvette holder and attached amplifier and recorder. This instrument has no provision 
for adding oxygen in the dark, which necessitates switching off the high-voltage 
amplification during the periods of aeration. Thus, a few seconds delay occurs before 
tile response can be recorded. This instrument was used in the exploratory stage to 
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test the validity of the method of distinguishing between ferric and "oxygenated" 
oxidase formation. The light path is I era. 

(B) A dual wavelength spectrophotometer with a recording oscilloscope and a 
3o-ml volume stop-flow attachment which is manually operated (B1). A similar in- 
strument with a volume capacity of 7 ml was also used (B2). The reduced enzyme is 
mixed with air- or O2-saturated buffer in the ratio IOO : I. The length of tile light path 
i s  O.I  c n l .  

(C) A dual wavelength spectrophotometer with a recording oscilloscope and an 
8o-ml volume, pneumatically driven stop-flow attachment. This nfixes reduced 
enzyme with air- or O2-saturated buffer in a ratio of 80: I. It has a lightpath of I cm. 
In some experiments this instrument was used without stop-flow attachment. 

Distinction by dual wavelength spectrophotometry between ferric and "oxygenated" 
oxidase formation from ferrous oxidase. In Fig. I (taken from ref. 3, Fig. I) the region 
between the respective maxima (428 and 418 raft) of "oxygenated" and ferric oxidase 
is indicated by solid lines. In this region the decrease in absorption of the ferrous 
enzyme towards shorter wavelengths is ahnost parallel to the decrease in absorption 
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Fig. I.  Absorpt ion curves  of ferric (A), "oxygenated"  (B) and ferrous (C) oxidase  in the  Soret 
band region according to LEMBERG AND G-ILMOUR 3. The parts chosen for differential dual wave-  
length spec trophotometry  are in solid lines. Oxidase  8. 4 ffM. 
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of "oxygenated"  oxidase in the same region, so that  on conversion of one to the other 
there would be no or only a slight change observed for the absorpt ion difference 
428-418 m/z. The absorpt ion of the ferric enzyme, however, increases from 428 to 
418 m/z, and its format ion from ferrous enzyme would therefore be accompanied by a 
substant ia l  decrease of the absorpt ion difference 428-418 m/~, as shown by the 
following sample calculation for which the data  from Fig. I were used. At the wave- 

length pair 42S-418 m/~ the absorbance of ferrous oxidase is o.51 o.42 - -  o.o 9, 
tha t  of ferric oxidase is 0.69 - 0.79 --- o.Io; the change on conversion from ferrous 
to ferric oxidase is thus o.19. For the "oxygena ted"  compound this absorbance is 
o.I5 and the change on conversion from ferrous to "oxygenated"  oxidase is almost 
negligible. TaMe I shows that  the wavelength pair for a nil effect for formation of the 
"oxygenated"  enzyme depends somewhat upon the enzyme preparation,  the gas used 
to oxygenate, and the concentra t ion of di thionite  used to reduce the enzyme before 
oxygenating.  There is no wavelength pair which gives a nil effect for the formation 
of ferric oxidase with a substant ia l  change for the format ion of "oxygenated"  oxidase. 
For nlost experiments we have used the wavelength pair 428-418 mr, and assumed a 
zero value for the format ion of "oxygenated"  oxidase. 

TABLE [ 

OPTIMAL \VAVELENGTH FAIRS FOR DIFFERENTIATION OF TRANSFORMATION OF FERROUS INTO 
"OXYGENATED" OR FERRIC OXIDASE 

Oxidase Dithionite Gas ).max 2]2max* Nil value for 
preparation conch. (/t34) "oxygenated" 

oxidase 

i ioo 0. 2 4zS 43o.5-417 431 418 
I ioo 0. 2 428 431-417 429.5-418 
2 ~o 02 427 429 417 429-418 
i 457 ° 02 426.5 431-417 4z7-4i,'~ 
2 250 Air 426.7 429-4i 7 429 418 
I 54 ° Air 425 429-417 427-418 
I 133 N:2witho. 5% 02 426 427.5-418 428-417 

* In some instances 412 mtt would also be a suitable reference wavelength. 

Where insufficient oxygen was added so that  only a port ion of the ferrous 
oxidase reacted, tile amount  of reacting enzyme was computed by using the wave- 

length pair 444-462 m/~. 444 m/~ is the max imum of the ferrous enzyme and 462 m/~ 
is a convenient  isosbestic point.  The ratio AA428_418mtt/AA444 462mlt was then used 
to deternline ferric or "oxygenated"  oxidase formation.  When ferric oxidase is formed 
from ferrous the value of this ratio is o.27, whereas when "oxygena ted"  oxidase is 
formed this value is assumed to be zero. 

R E S U L T S  

Dithionite reduction of ferric and "oxygenated" oxidase 
The kinetics of the reduction of cytochrome oxidase by  dithionite found by 

LEMBEI~G AND GILMOUR 3 with the Cary recording spectrophotometer  are confirmed 
with the dual wavelength ins t rument  where the reduct ion is observed at the wave- 

Biochim. Biophys. Hcta, W2 (t969) 37-51 



OXYGENATION OF FERROUS CYTOCHROME OXIDASE 41 

length pair 444-462 mff. The reaction for the ferric enzyme, shown in Fig. 2, is 
distinctly biphasic. 

Reduction of the "oxygenated" compound of cytochrome oxidase is rapid and 
monophasic. This is seen in Fig. 4 (increase of absorption following oxygenation). 

Rate of reaction or ferrous oxidase with o.zvge~z 
Tracing of the absorbance change at the wavelength pair 444-462 mff versus 

time for the reaction of ferrous oxidase with oxygen is shown in Fig. 3. The reaction 
trace shows a decreased absorbance before the end of the plunger movement indicating 
that the reaction is more than 5o 2o complete during the mixing time. The pseudo 
first-order velocity constant is computed from the 4 msec time after mixing and the 
spectrophotometric deflections to be 22o sec -a corresponding to a half-time of 3.1 
msec. The second-order velocity constant is computed to be 1.5' IO v M-a'sec-L In 
similar experiments, GIBSON AXD GI~EENWOOI) 8 obtained a value of 3.IOV-6 . Io  7 
M -1-sec -~ for the second order with low oxygen concentration (less than 5 ffM) and 
an equivalent amount of oxidase. SCHINDI.ER 16 reports a similar value. Cvtochrome c 
is not required for the reaction. 

Ferrous oxidase reacts far more rapidly with oxygen than does dithionite which 
has a first-order velocity constant of 42 sec -1 (ref. 17). This was measured with 
8"IO s-48.IO -s M dithionite and did not depend on oxygen concentration from 

444-462 rn J 
Absorbance increaseJ 

~' -~ 17 sec 

0.0109 A unit 

T 

Fig. 2. Dithionite reduction of ferric oxidase (aa3). Dual wavelength spect rophotometer  (C) with 
I-cm open cuvette  ~444-462 roll. To 0.86 /~'~ ferric oxidase J-2 sa tura ted  with N2, dithionite was  
added at A to a concentrat ion of 5oo/~M. 

starts 
I stops 
i ~ FIowl velocity trace 

444-462 m/z I 19 A unit 
Absorbance decrease 1 

A ~'~ ~ 100 msec 
I 

15#iM 02 

Fig. 3. Oxygenat ion of ferrous oxidase. Dual wavelength spect rophotometer  (C) with s topped 
flow. ~444-462 rnl,. Oxidase J - I  1.o 7 #M, dithionite o. 3 mM. Oxygen to 15 ffM with oxygena ted  
buffer. The ferric oxidase solution was sa tura ted  with N 2 before dithionite was added and 3 ° min 
allowed for reduction. The top trace records the plunger movement .  
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IO" IO-S--48. IO -s  M. In  s tudying  the ox idase -oxygen  react ion the d i th ioni te  effect can 
therefore be ignored except  in the presence of high concent ra t ions  of d i th ioni te  where 
the  react ion becomes complex as shown in Fig. 4. Dur ing  these addi t ions  of oxygen,  
while absorbance  changes were observed,  a v ib ra t ing  oxygen electrode, inser ted into 
the solut ion undernea th  a layer  of l iquid paraffin, did not  detect  the presence of 

433_462rnH.{ I~ ' " !  I . . . . . . . . . . . . . .  r ~ ] ....... 0.0217A unit 
Abs°r'bancedecPease / ~ ~- 

! -~ F',~ 17 sec 
i I 
A B 
C 

Fig. 4. Vigorous oxy ge na t i on  of ferrous oxidase  in the presence of high d i th ion i t e  concent ra t ion .  
l)ual wavelength spectrophotometer (C) with open t-cm cuvette under a layer of liquid paraffin. 
/.443 4t]g nv~. Oxidase J-I I.O 5 i~M, reduced 3 ° rain by 5 mg dithionite (final concn, about 8 mM). 
At A, and C successively aerated with 3-sec bursts of O.,. 

oxygen  (oxygen electrode t race not  shown) which emphasizes the  r ap id i ty  wi th  which 
oxygen is react ing in this  system. The ini t ial  rap id  absorbance  decrease at  443-462 
i~M can be a t t r i bu t ed  to the  react ion of ferrous oxidase with oxygen,  the  subsequent  
slowing down phase represents  a composi te  of this react ion and the react ion of di thio-  
nite with the  ox ida t ion  product(s)  of ferrous oxidase.  Final ly,  when all the  oxygen 
has reacted,  only  the  l a t t e r  react ion occurs re turn ing  the absorbance  to tha t  ()f the 
original  ful ly-reduced level. The monophas ic  charac ter  of this reduct ion  curve 
indicates  tha t  the ox ida t ion  p roduc t  which was formed from ferrous oxidase plus 
oxygen in this  exper iment  is p r edomina te ly  " o x y g e n a t e d "  oxidase.  The observed 
max imal  absorbance  change in Curve B corresponds  to o/ 7 ° 'o of the  theore t ica l  value 
for the fo rmat ion  of " o x y g e n a t e d "  fornl and if this curve is ex t r apo la t ed  to zero 
reduct ion  t ime,  this  would be 9 ° °o. 

Dlffere~zce speclrum or ferrous oxidase minus ferrous oxidase plus oxygen zoo msec after 
mixi~g 

The difference spect ra  calcula ted from Vig. I for ferrous mimts ferric and ferrous 
minus " o x y g e n a t e d "  oxidase are given in l:ig. 5 (Curves A and  B, respect ively) .  I t s  
ferrous minus ferric min inmm was at  412 m~, i ts  ferrous mimts " o x y g e n a t e d "  mini-  
nmn] was at  421 m/~. 

The " o x y g e n a t e d "  compound  was unusual ly  labile;  this  was p r o b a b l y  due to 
the  ra ther  high t empera tu re  (about  3 °° ) to which the enzyme solu t ion  was exposed 
in the  cell c o m p a r t m e n t  of the  spec t ropho tomete r .  In  30 rain the  421 min imum tlad 
moved  to 414 in/x; this  m a y  explain  the  difference from its ca lcula ted  pos i t ion  at  

425 mr*. 
The Soret  min inmm represent ing the ox ida t ion  p roduc t  of the  reac t ion  was 

found at  420 nl/~ in two exper iments ,  one with oxygen-sa tu ra ted ,  one with  air-  
s a tu r a t ed  buffer. The m i n i m u m  is thus  closer to  tha t  expected  for " o x y g e n a t e d "  t han  
for ferric oxidase.  Assuming a l inear  shift of the m i n i m u m  in mix tures  of "oxygen-  
a t e d "  and ferric oxidase,  the  ferric oxidase conten t  of the produc t  for the  react ion 
observed  can be compu ted  to  be lO-3O %. 
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In experiments in which reduction was carried out by ascorbate and tetra- 
methyl-p-phenylenediamine in the presence of small amounts of cytochrome c (one 
fourth to one half of the amount equivalent to the heme a of the oxidase), the mini- 
mum of the end-product was 418 raft. The spectrum was scanned 5o msec after 
mixing (unpublished experiments of Dr. M. GILMOUR). 
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Fig. 5- Ferrous minus oxygenated oxidase spectra ioo msec after  oxygenation.  Curve A, ferrous 
~ninus ferric oxidase spectrum. Curve B, ferrous minus "oxygena ted"  difference spect rum calcu- 
lated from Fig. i. Curve C, ferrous minus ferric oxidase spectrunl. Curve D, ferrous minus "oxygen-  
a ted"  oxidase spect rum recorded in the continuous-flow ins t rument .  Oxidase J-4 8.4 ffM. Oxygen- 
ation as for Fig. I. Curve E, ferrous minus ferrous oxidase plus oxygen ioo msec after mixing 
in the continuous-flow a t tachment .  A 2/~M ferric oxidase solution was sa tura ted with N 2 and 
reduced 3o min in the larger chamber  of the ins t rument ,  then mixed with oxygen-satura ted  
phospha te  buffer in the ratio 8o: I ;  final oxygen concentrat ion 15 ffM. i -cm euvette. 

Distinction between "oxygenated" and ferric oxidase b v A428-418 mff 

Exploratory steadies with the Beckmam~ dual wavelength spectrophotometer 
These studies done on a comparatively long time-scale test the validity of using 

the 428-418 mff wavelength pair to distinguish between "oxygenated" and ferric 
oxidase. The instrument used has been described under MET~IODS (Section A). 

These experiments (cf. also Fig. 5 of ref. 30) show the applicability of tile method 
and confirm that the product of vigorous aeration by short bursts of air of a few 
seconds duration is "oxygenated",  not ferric oxidase. This is slowly transformed into 
ferric oxidase on standing for about 2 h. 

Rapid stop-flow studies observed at 428-418 mff 
Dual wavelength spectrophotometers with stop-flow at tachment  were used for 

the study of rapid partial oxygenation. The results are collected in Table II.  The 
reactions were observed approx. 4 msec after mixing in the pneumatically driven 
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TABLE II 

PRODUCT OF RAPID PARTIAL OXYGENATION 

Speclro- Oxidase Dithionite Oxygenation O~ Oxygenation ZIA428-418 mlt* Ferric 
photo- (#M) (tiM) by buffer (ttM) (%) AA444-462ml~ oxidase 
meter (%) 

132 1.85 3°°° Aerated i + i oo 3 8 o. 16 60 
B 2 1.85 3000 Aerated I --~ ioo 3 To-r i o.18 66 
C 1.o 7 300 Oxygenated I -+ 8o 15 lO. 5 o.21 83 
B 1 8.0 800 Oxygenated i --~ ioo 13 i i  o-165"" 59 
B 1 8.0 5 0 0 0  Oxygenated i-+ ioo 13 13 o.218"** 84 
t31 8.o 5ooo Aerated I -+ IOO 2.6 6. 5 o.2o 74 
]~1 8.0 IOOO ()xygenated i -% 1oo 13 33 0.228 80 

Average o. 196 7 ° (56-84) 

See for spectrophotometers, METHODS. The ferric oxidase solution was saturated with N., and 
reduced for 3 ° min by dithionite in the large syringe of the apparatus. The small syringe contained 
air- or oxygen-saturated water. 

* o.27 for ferric oxidase; o for "oxygenated" oxidase formation. 
** Six measurements at 444 462 in/,, two at 428 418 m/*. 

*** Four measurements at 444-462 m u, four at 428-418 m[t. 

s top-flow apparatus,  with the oscilloscope sweep speed set at xoo msec or 17 sec/cm. 

Each  reading at 428-418 m/~ was accompanied by a reading at 444-462 m/, in order 
to  determine the amount  of enzyme reacting. In these experiments  oxygenat ion  was 

on ly  6-33 % complete.  The results are expressed as tile ratio dA42S-alS m/t / / lA444-462 m/t 

from wlfich the ferric and " o x y g e n a t e d "  oxidase content  of the react ion product  can 

be determined.  As described under .~mTHODS, this ratio is o.27 for ferric oxidase 

formation,  but  close to zero for " o x y g e n a t e d "  oxidase formation.  The ratio varied 

from o.15 to o.23, indicat ing tha t  the final product  consisted of 56-82 °o ferric plus 
4 4 - I 8  °o " o x y g e n a t e d "  oxidase. 

The spect rum of this nfixture showed a broad Sorer band extending from 

418 m/,  (or below) to 426 m/,. This spect rum was obtained using the same experi- 

men ta l  set-up as above but recording the absorbance change on oxygenat ion  at 2-m,, 

wave leng th  intervals  from 43o to 418 m/, all misus the 462-1n/, isosbestic point.  The 
results are presented in Table I I I .  A comparison of this spectrum (Column 4) with tha t  

(Colunm 5) of ferric oxidase in which A418-462 m H has been arbi t rar i ly  put  to I, shows 

tha t  there appear  to be two maxima,  a larger one at 418 m/, (perhaps < 418 m/~) and 

a second weaker one at 428-426 in/,. The flat n lax inmm is therefore probably  composed 

of  two maxima,  those of the ferric and of the "oxygenated" enzylne. 

A comparison of the responses at 6o5-632 m/, with those at 444-462 m/, showed 
t h a t  the A7/c~ ratio (@ ref. 19) was 5.9 ° ± o.18 in four experinlents;  tha t  of the 
ferrous minus ferric oxidase was 5.78, tha t  of the ferrous miuus " o x y g e n a t e d "  oxidase 

6.62. These results again indicate the product  to be a mixture.  

Experiments with cvtochrome c-deficient submitochondrial particles 
The prepara t ion of these particles has been described above. In the experiments  

the  ratio AA42s-418 ml,/dA444-462 m/~ was not  measured directly, but  was obta ined 

by subtract ion from JA428-462 mlt/,~A444-462 mja and AJA4ts_462 m/~/AA444-462 m/~. These 
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T A B L E  I I I  

SORET BAND MAXIMUM OF THE PRODUCT OF RAPID PARTIAL OXYGENATION 

AZ Number of AAav. AA AA 
(ml,) measurements AA418-462 m~* z[A418-462 m~ 

found for ferric 
oxidase 

Difference between 
product and ferric 
oxidase 

418-462 2 o.oo57 I I o 
42o-462 3 o.oo46 o.8o7 o.947 --o.14 
422-462 I 0.0047 0.825 0.85 --0.025 
424-462 I 0.0046 0.807 0.752 0.055 
426-462 I 0.0046 0.807 0.645 o.162 
428-462 5 0.0039 0.65 0.475 °.175 
43o-462 I o.oo21 o.368 0.360 0.008 
445-462 5 0.0088 -- -- --  

parameters as well as the ratio AA428-462 m/~/dA418-462 m/~ are given in Table IV. In 
most experiments oxygenation was more complete by replacing oxygenation with 
aerated buffer by oxygenation with catalase (hydrogen-peroxide:hydrogen-peroxide 
oxidoreductase, EC 1.11.1.6). To approx. I mM H,,O 2 in the small syringe 0.5 /~M 
catalase was added immediately before addition to the ferrous oxidase. Thus in 
Expt.  131 the degree of oxygenation achieved was 2.6 times that  achieved by aerated 
buffer (Expt. 127). The percentages of ferric oxidase given in the table can only be 
considered as rough estimates. Most of the parameters, however, lie between those 
calculated for the fomlation of ferric and the formation of "oxygenated" oxidase. 
Expt.  134 shows no difference between AA424 462 m# and AA418-462 m/~ indicating 
again a broad Soret maximunl from 418 to 424 mt z. 

If IO mM succinate was used as reduetant (Expt. 132) the product contained a 
greater percentage of ferric oxidase than when the reductant was dithionite. In 
Expt.  127 carried out with a less pure preparation ( 'ETPa') and addition of air- 
saturated buffer instead of H20 2 plus catalase, only ferric oxidase was found while in 
a similar experiment with pure electron transport  particles and H.,O,, plus catalase 
(Expt. 132 ) some "oxygenated" oxidase was present. 

Observations on the reduction of ferric oxidase at 428-418 mtz 
Reduction of ferric oxidase by dithionite at 428-418 m/z initially causes a 

rapid decrease of absorbance which is followed by a larger slow increase (Fig. 6). 
B 

428-41Sm ] 2 - L ~ T  

l .--17see 
A 

Fig. 6. Reduc t ion  of ferric ox idase  (aaa) a t  428-418 mtt. Dua l  w a v e l e n g t h  spec t ropho tome te r  
wi th  1-cm open cuve t t e s  unde r  l iqu id  paraffin, o.86 #M oxidase  J-2. i 3 success ive  traces.  A, 
add i t i on  of d i th ion i t e  to  o.5 mM concen t ra t ion .  Absorbance  decrease (upward  deflection) is 2.8 
divis ions.  B, beg inn ing  of absorbance  increase,  not  fu l ly  shown;  t o t a l  increase 7.3 d iv is ions ;  a 
s imi l a r  change  of 7.5 d iv is ions  is ca lcu la ted  from the  d a t a  in  Fig. I (0.27 × AA444-462 m/~). 
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OXYGENATION OF FERROUS CYTOCHROME OXIDASE 47 

This phenomenon is not observed at 444-462 m/~ or with some other wavelength 
pairs. The initial absorbanee decrease is somewhat variable. Fig. 7 shows that the 
absorbanee at both 428 and 418 m~ immediately decreases on reduction but this 
decrease is initially faster at 428 m~ than at 418 m/~; then it slows down to a rate 
below that of the 418 nl~ decrease. The maximal difference is reached after 30 sec and 
bo th  have become equal  af ter  13o sec. Final ly ,  the  decrease at  418 m/~ exceeds tha t  
a t  428 m/~ so tha t  the  /1A428_418 m/~ now gives an increase in absorbance.  In  another  
exper imen t  the spec t rum of tile Soret  region was scanned at  in tervals  during the first 
IO see af ter  d i th ioni te  add i t ion  and the ini t ia l  absorbance  decrease was also observed.  

It 
- O .01F~  

u , ' 

c - O . 0 2 r  

0 

i 
/ 

- 0 0 4 . "  

© I I I 

100 200 300 4 0 0  5 0 0  6OO 
T i m e  (sec )  

Fig. 7. Reduction of ferric oxidase. - - ,  418-462 raft; . . . . .  , 428-462 m/i. Dual wavelength 
spectrophotometer with i-cm cuvettes. 0.86 /~M oxidase J-2 reduced in both experiments by 
o. 5 mM dithionite. 

This  phenomenon  can also be deduced from Fig. 16 (Curves I and  2) of LEMBERG AND 
MANSLEY 18. The results  can be in te rp re ted  as due to  differences between ferr icyto-  
cl l rome a and a a in thei r  ra te  of reduc t ion  b y  d i th ioni te  and  in thei r  ferric spec t rum 
with  the  ini t ia l  reduc t ion  of fe r r icy tochrome a causing the ini t ia l  absorbanee  de- 
creaselg,2a. I t s  Soret  absorp t ion  m a x i m u m  for the  difference spec t rum is a t  426 ml~ 
whereas t ha t  for fe r r iey tochrome a 3 is 412 m/~ (ref. 2o). This is for spec t ra  recorded 
a t  low tempera tu re ,  bu t  difference spec t ra  ca lcula ted  from room t empera tu re  absolute  
spec t ra  gave sinfilar results  21. The presence of " o x y g e n a t e d "  oxidase fornled by  
residual  oxygen in the  solut ion cannot  explain the  observed phenomenon  for as has 
been shown above,  AA428_418 m/, is p rac t ica l ly  nil for i ts fo rmat ion  from ferrous 
oxidase.  Also the  418 m/~ Soret  m a x i m u m  for our ferric enzyme p repa ra t ion  indica tes  
tha t  i t  does not  conta in  a significant amoun t  of " o x y g e n a t e d "  compound.  

DISCUSSION 

Previous  exper iments  of LEMBERG and  co-workers  1-a have  shown tha t  the  
p roduc t  of the  react ion of ferrous cy tochrome oxidase wi th  an excess of molecular  
oxygen  is the  " o x y g e n a t e d "  oxidase of OKUNUKI, bu t  t ha t  under  condi t ions  of slow 
or  incomple te  oxygena t ion  the  p roduc t  con ta ined  some ferric oxidase,  ind ica ted  b y  a 
Sore t  m a x i m u m  at  shor ter  wavelengths  t han  428 m/,. Recent ly ,  WITTENBERG et al. 28 
have  shown tha t  r ap id  and comple te  oxygena t ion  of horse radish  fer roperoxidase  
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4~'~ M.V. GILMOUR, M. R. LEMBER(;, B. CHANCE 

yields an "oxyperoxidase" which in m a n y  of its proper t ies  resembles "oxygenated" 
oxidase,  whereas slow oxygena t ion  yie lded ferric peroxidase.  

In  the present  paper ,  the produc t  of the  very  rapid  (reset) but  incomplete  
(5-3 ° %) oxygena t ion  formed from ferrous cytochrome c oxidase with small con- 
cen t ra t ions  (3- I5 / ,M)  of oxygen in the  presence of o.; -5 mM di th ioni te  is invest igated.  
I t  is found to be a mix ture  of ferric and  "oxygenated" oxidase,  conta in ing vary ing  
amounts  (IO-8O %), of the  ferric enzvme.~ I t  appears  tha t  the  less complete  the oxygen-  
at ion,  the more ferric ra ther  than  " o x y g e n a t e d "  oxidase is formed. 

These findings show tha t  nei ther  of the  two main  theories of the  react ion 
mechanism of cy tochrome c oxidase is sufficient to explain  all the facts. In the elassieal 
theory ,  based on Keil in 's  original d is t inc t ion  of cvt()chromes a:~ and a, ferrocyto-  
chrome c is oxidized by  fer r iey tochrome a, and ferr()cvtochrome a in turn t)3: ferri- 
cv tochrome a a which is formed by  au tox ida t ion  of ferrocvt<)chrome a a in a n(m- 
specified manner ,  the scheme being:  e lectron donors  - c > a -> a a .* O 2. This theory  
does not  t ake  account of the format ion  of "oxygenated" oxidase by  au tox ida t ion  ()f 
the ferrous enzyme. Al though it is readi ly  formed from ferrous (but not  from ferric 
oxidase) with H20., , it  is also formed by  the act ion of molecular  oxygen on ferrous 
oxidase under  condi t ions  under  which the reduc tan t  does not  form He(), ., with oxygen,  
e.g. with formalnidinosulphinic  acid 2, ',,,a0, fe r rocytochrome c z, a~ and po tass ium ferro- 
cyanide  a. The classical theory  has also no sa t i s fac tory  explana t ion  for the fact t ha t  
the  reduct ion of fer r icytochrome a a by  ferrocytochr<)me a is a slow react ion in the  
purified, cy tochrome c-free, oxidase p repa ra t ion  ((f. refs. I8, z9). 

The exper iments  presented  in this  paper  show tha t  our p repara t ion ,  like tha t  
()f GIBSO~X aNl) GREE.NWOOD 8, is able to react  rap id ly  with molecular  oxygen in the  
absence of cytochr(nne c. Purified oxidase does not  apt)ear to (lifter from the enzwne 
present  in the cell by  a decreased ac t iv i ty  of its copper,  a poss ib i l i ty  discussed by  
(IH~SON 2a. The work of (hLMOUR ~2 has shown tha t  the  copper  is highly reactive.  

The theory  of OKUNtrKI 5 pos tu la tes  tha t  cv tochronm c is an integral  par t  of the 
oxidase,  not  only  as electron donor,  but  as a cons t i tuent  which has an al losteric  effect 
on cy tochrome "a", no dis t inc t ion  being made  in this t heo ry  between cy tochrome a 
and a a. In this theory,  " o x y g e n a t e d "  oxidase is assumed to be the  c(mlt)ound rap id ly  
reac t ing  with  cy tochrome c in the  t e rna ry  complex.  His scheme is (ref. 5, P- 243): 

[a~021 

The present  exper iments  cannot  be expla ined on this basis alone. The inter-  
ac t ion of ferrous oxidase wi th  molecular  oxygen does not  require  cv tochrome c. 
" O x y g e n a t e d "  oxidase,  once formed, is compara t ive ly  s table  in the absence of cy to-  
cl~rome c. Yet  in the  rapid  (msec) and  incomple te  oxygena t ion  in the  presence of 
excess d i th ioni te  ferric, not  "oxygenated" oxidase is the  main p roduc t  of the react ion 
with oxygen.  Wi thou t  pos tu la t ing  cy tochromes  a and aa, this  could only be expla ined 
by  assuming a very  rapid  in te rac t ion  between ferrous and "oxygenated" oxidase,  to 
form ferric oxidase.  However ,  we have occasional ly  found ferrous and " o x y g e n a t e d "  
oxidase to coexist  for per iods  of t ime cons iderably  longer than  the mill iseconds of 
the  fo rmat ion  of ferric oxidase in the  pa r t i a l  rap id  oxygena t ion  described in this paper  
(cf. ref. ~, e.g. Fig. 4 and ref. 2, p. 5). 
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The following hypothesis appears to be able to explain these results. It is 
postulated that the original Fe2+-02 complex of cytochrome aa, too reactive to be 
observable spectrophotometrically, can interact with ferrocytochrome a a as well as 
with ferrocytochrome a. On vigorous aeration, ferrocytochrome a a disappears rapidly 
and only ferrocytochrome a is left to react with the oxygen complex of cytochrome aa, 
forming "oxygenated" oxidase, whereas in partial oxygenation ferrocvtochromes a a 
and a can both interact with the oxygenated complex of cytochrome <3. In the 
following scheme "oxygenated" oxidase is abbreviated a 3 0 , a  indicating that both 
cytochromes a and a 3 have participated in its formation, without postulating a specific 
structure for the compound. It may, e.g. consist of mixtures of a3 ~+ with a a+ or a 4 ' .  

Schemically this can be represented as: 

~/ @ C/2+ 

a3()2(t \~ 2~ 
e l e c t r o n  d o n o r s  ---> c ,"  aaO,, -+ 0,, 

a 3+ @ (~3~/7' 
a ~,t + a .~+ 

t ~ a 2+ 

This scheme (@ ref. 31) is nearer to that of YAKUSHIJI AND OKUNUKI 2G 

e l e c t r o n  d o n o r s  - -+  c t ---~ c - ->  a a - +  02  
~L 
a 

than to the more recent scheme of OKUNUKI shown above, although it does not in- 
clude the "oxygenated" oxidase. There are some possible relations of our present 
scheme to that of NICHOLLS (ref. 27, Scheme I) in so far as it also postulates two sites 
for the interaction of oxidase with cytochrome c. 

In two recent papers published after the completion of our experimental 
studies, CrREENWOOD AND G I B S O N  1° and WHARTON AND G I B S O N  29 have investigated 
the extremely rapid oxygenation of ferrous oxidase liberated by flash photolysis from 
its CO-compound. The results of these two papers somewhat differ. In the first, the 
initial reaction of oxygenation (A maximum 425 mt*, isosbestic point 434 nat*) is inter- 
preted as formation of aa 3+ from a32+ tile later reaction as formation of a a+ from a ~+ 
while a still later increase at 434 rot* is ascribed to the formation of oxygenated 
oxidase. Table V shows that these observations of GREENWOOD AND GIBSON ~° may be 
better interpreted by the assumption that the primary product is "oxygenated" 
oxidase, followed by its conversion to ferric oxidase (aa a+ + a3+). The authors 
assume that the "dynamic" isosbestic points would differ from the "static" ones, but 
there is no real reason why this should be so. The isosbestie points and A maxima 
listed in Table V for cytochromes a and aa are based on many experiments of ourselves 
and others 21 and take account of autoxidizibility, reactivity with CO and cyanide, 
7/c, ratios and rates of reduction by dithionite. It has, for example, been confirmed 
by GIBSON" and co-workers 23, z~ that ferricytochrome a is reduced more rapidly than 
ferricytochrome a a by dithionite. In fact, these "static" spectra are also difference 
spectra which would not be affected e.g. by the presence of non-reducible altered 
oxidase, nor does cytochrome a react with CO. 

In the later paper, WHARTON AND GIBSON 29 find after 1.5 msec of oxygenation 
a flat A maximum at 416 mt* and the isosbestic point at 432 nit*, alterations closer 
to those expected for the formation of ferric oxidase from ferrous, and in substantial 
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T A B L E  V 

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

O X I D A S E  A C C O R D I N G  T O  G R E E N X V O O D  A N D  G I B S O N  10 

, identification suggested by GREENWOOD AND GIBSO:¢;  . . . .  , more likely identification 
suggested by authors of this paper. 

]..r)~h¢~/.;i [JIpllt/ 

P r i m a r y  p r o d u c t  , r e L  b,, T a b l e  I)  

S ( , c / l i l d a r y  lH 'odut : t  ( l ' (q .  g.  T a b h !  I)  

t ~11 p ) 

434 \ - - .  : ' 
\ 

\ ~  , ¢ 2  _ , /  ' 

4230~ " l .  , / ,  - - 

( 111/1 / 

423  ( r e f ,  18)  

436  ( r e f .  1~ ,  

~¢ . , ; !  t~xyg. 433  ( r e f s .  4 , 5 ,  435  ! r u t .  3!  

, - u , . : ,  o x y g .  425  426  { re l  3 

J maxima 

P l ' i n l : t l ' y  [) l 'odu( ' [  ' l '~d  6 "F~t[)[~ I~ 

S e c ' o u d a r y  p r o d u c t  I r e f .  3. T a b l ( I )  

4 2 5 \  - -  ~ /F  - - 

4 1 0 ~  Iq , ~/ ;' - , , ,  ,,,:;j o x y g .  

~lel ~ , , ;  ox j (~ ,  - ' ;/  } /1 ;):; 

421 I r e f s .  2 0 , 2 1 ,  

425  ( r e f s .  20,21~ 

425  ( r e f .  3) 

405  415  ( r e f .  3 ,  F i ~ . l ~  

agreement with our experimental  results on very  incomplete  oxygenat ion  reported 
in this paper. Later, in a few secs "oxygenated" oxidase is formed. They  conclude 
from these experiments  that ferric oxidase is the precursor of "oxygenated" oxidase.  
However ,  ferric oxidase is known to be quite stable and cannot be transformed into 
"oxygenated" without  preceding reduction. The authors indeed ment ion  that re- 
ductants  m a y  play a role in the formation of "oxygenated" oxidase.  Thus ferric 
oxidase can hardly be considered as precursor of oxygenated,  and the reaction is more  

l ikely to be ferrous / "oxygenated" than ferrous + ferric -~ "oxygenated".  Further 
ferric 

experiments  are required to establish the nature of "oxygenated" oxidase and its role 
in the enzymic  mechanism.  There m a y  be another form of oxidized oxidase different 
from stable ferric oxidase and spectroscopical ly  differing from it by the flat Soret band. 
However ,  the results of our paper rather support the assumption that the flatness of 
this band, in contrast  to the sharper band of ferric oxidase,  is due to admixture  of 
"oxygenated" to ferric oxidase.  
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