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SUMMARY 

I. The spectral properties of 'oxygenated' cytochrome c oxidase, prepared by 
passing air through the dithionite-reduced enzyme solution, were compared with those 
of the ferric enzyme. 

2. The eircular-dichroism spectra of reduced and oxidized cytoehrome aaa in 
the y-band region were in agreement with the results of URRY AND VAN GELDER and 
in the ~-band region with those of YONG AND KING. The spectrum of the oxygenated 
compound was similar to but not identical with that of the oxidized enzyme. 

3. The EPR spectra of oxidized and oxygenated preparations were the same. 
4- The effects of azide on the spectra of oxidized and oxygenated cytochrome aaa 

were similar, suggesting different sites for azide binding and 'oxygenation'. 
5. A reversible slow spectral change following evacuation of the oxidized enzyme 

preparation is interpreted as evidence for a eonformational change of the protein, 
one of the conformations being stabilized by molecular oxygen. 

6. The position of the 7-band of the oxidized cytochrome aaa is strongly depen- 
dent on the type of detergent present and the incubation time. 

7. At least three different conformations of oxidized cytochrome c oxidase have 
to be distinguished, possibly even four. One of these is the classical 'oxygenated 
compound'. 

INTRODUCTION 

As discovered by OKUNUKI el al. 1, aeration of dithionite-reduced cytochrome c 
oxidase (EC 1.9.3.1 ) produces a compound known as oxygenated eytoehrome c oxi- 
dase, which can be distinguished by its v-band at 428 nm. It was first studied by the 
groups of OKUNUKI ~ 4, MINNAERT 5 and WAINIO 6,7 and later on extensively investi- 
gated by LEMBERG and coworkers 8-a°. As a result of later work, the original idea of 
an enzyme-oxygen complex had to be dropped but the designation 'oxygenated' has 
persisted and is also adopted throughout this paper. 

A characteristic of the oxygenated oxidase is its spontaneous decomposition 

Abbreviations: CD, circular dichroism; EPR, electron paramagnetic resonance. 
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with formation of the ferric enzyme. This property was investigated and has been 
described in a preliminary form 1~. 

A role for the oxygenated form in the enzymic activity, as advocated by LEM- 
BERG and co-workers ~2, ~a, was disputed by GIBSON AND WHARTON 14 and is still contro- 
versial. In this context it is essential to agree about the spectral properties of the 
oxidized enzyme but these are by no means clear. In this paper the existence of 
several conformations of ferric cytochrome c oxidase, depending upon the presence of 
molecular oxygen, is suggested. 

EXPERIMENTAL 

Enzyme 
Cytochrome c oxidase was prepared by the method of FOWLER et al. I~ followed 

by the fractionation of MACLENNAN AND TZAGOLOFF TM. Several steps were simplified 
to allow the large-scale preparation of a high-purity enzyme in a short time. The 
starting material was a modified KEILIN AND I-[ARTREE preparation from beef heart. 
The procedure from fresh hearts to green residue was accomplished on the first day 
and the purification on the second day. The green residue and the purified enzyme 
were stored in liquid N 2. Tile final preparation contained 8-1o #moles haem a per g 
protein. The reducibility parameters were: 7-band (reduced)/y-band (oxidized), 1.3o- 
1.37; A 444 n m  (reduced)/A424 nm (reduced) = 2.20-2.36. 

In a few experiments a YONETAN117 type of preparation was used containing 
7 #moles haem a per g protein and having a ratio of 7-band (reduced)/7-band (oxi- 
dized) of about 1.25. Enzyme concentration is expressed as haem a and calculated 
with the millimolar absorbance coefficient (reduced minus oxidized) at 605 nm of 
I2.O mM -1. cm -1 (ref. 18). 

Spectra 
For spectra and kinetic measurements Cary 14, Cary 15 and Zeiss M4Q spectro- 

photometers were used. Circular dichroism (CD) spectra were measured with a Cary 60 
instrument with a 6002 CD attachment. EPR spectra were measured with a Varian 
E3 instrument. 

Oxygenation procedure 
The standard method consisted of evacuation of the cooled sample for 5 min 

followed by anaerobic addition of a Io-fold e x c e s s  • a 2 S 2 0  4. After 20 rain a stream 
of air was passed through the solution for 15 min by means of a capillary syringe. 

Chemicals 
Cholic and deoxycholic acid from British Drug Houses were recrystallized from 

aq. ethanol and used as neutralized colourless solutions. 
Tween 80 was from Sigma, the other chemicals from British Drug Houses 

Analar grade. 

RESULTS 

Spectra 
The spectrum of the oxygenated cytochrome aaa, as prepared by passing air 

through the dithionite-reduced enzyme solution, is shown in Fig. i. The Soret peak 
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is at 427.5-428.5 nm, compared with that of the oxidized enzyme at 422-424 nm. 
The absorption of the oxygenated form shows a 7 % increase in intensity of the v-band 
as compared with the oxidized enzyme. In the 0~-band a shift of the peak from 597 
to 600 nm is accompanied by an absorbance increase of 15-2o %. The shoulder at 
340 nm in the spectrum of the oxidized enzyme is a more pronounced small peak in 
the oxygenated form.The difference spectrum oxygenated minus oxidized gives a peak 
at 435 nm and a trough at 41o nm. The 83o-nm band is 3 % higher in the oxygenated 
form as compared with the oxidized cytochrome aa3 (Fig. 2). 
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Fig. i. Absorpt ion spectra of oxidized (ox), reduced (red) and oxygenated (oxy) cytochrome aa 3 
in 5 ° mM potass ium phosphate  (pFI 7.2) and 1% chelate (w/v). Reduct ion with a slight excess 
of Na~S204 added to an evacuated enzyme solution. For  oxygenat ion a s t ream of water -sa tura ted  
air f rom a capillary tube was passed th rough  the reduced enzyme for io min. 

Fig. 2. Absorpt ion spectra of oxidized, reduced and oxygenated cytochrome aa  3 in the near infra- 
red. Conditions as in Fig. I. 

The shift to the red of the v-band on oxygenation is also observed in the CD 
spectrum (Fig. 3A), as is the slightly higher intensity of the band of the oxygenated 
form. In the x-band region (Fig. 3B) the curves for the reduced and oxidized samples 
closely followed those reported by YONG AND KINC 19 although our oxidized cyto- 
chrome aa~ showed a small negative extremum at 620 nm in addition to the 57o-nm 
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Fig. 3- CD spectra of oxidized, reduced and oxygenated cytochrome aa  3. Enzyme containing 
28 (A) or 141 (B) /~M haem a in 5 ° mM potass ium phosphate  (pH 7.2) and i % chelate. Light path ,  
i cm. Temperature ,  27 °. The 7-peak of the oxygenated sample was traced 4 min after oxygenat ion 
so tha t  no more than  about  lO% of the oxygenated compound  had decomposed to give the 
oxidized form. 
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negative peak already observed by YONG AND KING 19. The spectrum of the oxygenated 
eytochrome closely resembles that of the oxidized enzyme but it is not identical. 
The CD spectrum underlines once more that the oxygenated form is not a mixture of 
the oxidized and reduced forms of the enzyme. This is especially clear at 436-439 nm 
since the ellipticity of the reduced form in this wavelength region is smaller and the 
ellipticity of the oxygenated form is more positive than that of the oxidized form. 
Concerning the more conspicuous difference at 43 ° n m  some caution should be exerted 
in view of the detergent-dependent variations observed at this wavelength by MYER 
AND KING 2° (see DISCUSSION). 

No appreciable difference is observed in the EPR spectra (Fig. 4) of the oxy- 
genated and the oxidized forms. However, immediate freezing of the prepared oxy- 
genated sample is necessary, not only to avoid the decomposition of the oxygenated 
form but also because a large g = 6 signal appears on standing. This phenomenon, 
that has also been observed by H. BEINERT (personal communication), is a secondary 
effect and not an essential feature of oxygenated cytochrome aa3. 
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I:ig. 4" F.PR spectra of oxidized aud oxygenated cytochrome aa 3. The oxygenated form was pre- 
pared by reducing the enzyme (7oo/d~l haem) with a small excess of Na~S204, followed by passing 
()~ through the solution. The conditions of E P R  spectroscopy were: microwave power [6o re\V, 
modulat ion ampli tude I6 gauss, microwave frequency 9[31 Gc, scanning rate 3~3 gauss/rain, 
time cons tan t  o. 3 sec. The gain for the low-field par t  of the spectra  was 2o t imes tha t  for the 
high-lield part.  Temperature  7 s-: K. 

Alternative methods of preparation 
The oxygenation procedure has also been performed with cytochrome aaa prepa- 

rations purified according to the method of YOYETAYI1L In our hands his method 
gives rise to cytochrome aa3 with a Soret band at 421-422 nm which on oxygenation 
shifts to the same value of 427-428 nm as found with the preparation according to 
FOWLER et al. 15. This is in agreement with the observations of WHARTON AND GIBSON 21 
who found that the rather wide scattering in the position of the ?,-bands of individual 
oxidized preparations was not seen with the corresponding oxygenated samples. 

It  has been demonstrated that in the oxygenation procedure dithionite can be 
replaced as a reducing agent by ferrocytochrome c, ferroeyanide or formamidine 
sulphinic acid 1°. We have obtained the same result when NADH phts a trace of 
phenazine methosulphate were used under anaerobic conditions. We could confirm 
the observation of WILLIAMS et al. 22 that the bubbling of air through the reduced 
preparation could be replaced bv passing the reduced enzyme through a short 
Sephadex G-25 colunm. 
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Effect of azide 
The addition of 4oo #M azide to oxidized cytochrome aas results in a number 

of small spectral changes 2~, the most prominent being a shift of the Sorer peak from 
424 to 421-422 nm. The difference spectrum (oxidized + azide minus oxidized) has 
small peaks at 415, 558 and 678 nm and troughs at 432 and 59 ° n m .  The difference 
spectrum oxygenated + azide minus oxygenated is similar, the 7-band of the oxy- 
genated enzyme being shifted to about 424 nm by reaction with azide. As might be 
expected the spectra of the oxygenated form with azide and of the oxidized form 
with azide become indistinguishable from each other on standing for a number of 
hours. The possibility that only the small percentage of oxidized aa 3 present reacts 
with azide could be excluded and the decomposition of the oxygenated compound 
was not accelerated by azide. Thus the oxygenated enzyme itself is able to react with 
azide in a similar way as the oxidized form. The same conclusion can be drawn from 
analogous experiments where fluoride (IOO raM) was used instead of azide. 

The addition of IOO mM azide or 5oo mM fluoride to oxidized cytochrome aa 3 
gives rise to additional spectral changes, not observed with lower concentrations of 
these chelators. In the region of the s-band (Fig. 5) the difference spectra in the case 
of azide and in the case of fluoride are almost the counterpart of each other. However, 
both show a peak at 6o3 nm and in the case of azide also one at 445 nm. As the peaks 
disappear largely on addition of ferricyanide and have a V/~ ratio of 3, their origin 
must be a partial reduction of cytochrome a. This can be interpreted as a slow electron 
transport from endogenous donors to the haem groups, which in the absence of 
chelators are rapidly reoxidized by 02. In the presence of azide the electron pathway 
is inhibited somewhere between cytochrome a and O 2. The slow O2 uptake predicted 
by this hypothesis was confirmed experimentally by incubating the concentrated en- 
zyme (o.2 #mole cytochrome aaa) without added substrate in a Warburg vessel at 25 o. 
The O 2 consumption was about 1.5/~moles in 4 h and was inhibited for more than 
5 ° % by 9 ° mM azide or IOO mM fluoride. However, since reduction of the enzyme 
without added substrate or chelators is not observed under anaerobic conditions, the 
behaviour of oxidized cytochrome aa~ under aerobic and anaerobic conditions appears 
to be different. 

The elect of anaerobiosis on the spectrum of oxidized cytochrome aa3 
Under anaerobic conditions the s-band shifts 2 nm to the red without change 

in intensity, in contrast to the Soret peak which moves to shorter wavelength and 
has a slightly lowered intensity. The process becomes already visible within a few 
minutes after removal of the 02 and is fully reversible as illustrated in Fig. 6. An 
oxidized sample was made anaerobic in a Thunberg cuvette and then partly trans- 
ferred to a second evacuated cell, connected to the first. After opening and aeration 
of one of the cells the difference spectrum (anaerobic minus aerobic) was recorded at 
different intervals. The millimolar extinction coefficient for the trough at 430 nm is 
about 5, but the decrease in the 422-424 nm v-peak region is much smaller. The inset 
of Fig. 6 depicts the slight shift in peak position from 424 to 421 nm on anaerobiosis 
and its reversal upon subsequent aeration. Qualitatively the observations are quite 
independent of the batch of enzyme preparation and the detergent used in the experi- 
ment but the magnitude of the spectral changes increases when Tween 80 is used 
instead of eholate. The spectral changes described also take place when the anaerobic 
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cuve t t e  is filled wi th  02-free N2, Ar  or H2, ins tead  of being kep t  under  vacuum.  The  
decisive factor  appears  to be only  the  absence of 02 . 

These exper iments  lead to the  concept  of two different forms of the  oxidized 
cy tochrome a a  3. The one with a v -band  at  423-424 nm is s tabi l ized  by  0 2" the  other  
having  a peak  at  lower wavelength  is the  more s table  conformat ion  in the  absence 

of 0 2 . 
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Fig. 5. Difference spectra showing the effect of high concentrations of azide and fluoride on oxi- 
dized cytochrolne a a  3 in the a-band region. Enzyme in 6o mM potassium phosphate (pH 7.3) 
containing o. 7 % (v/v) Tween 80. Upper curve, cytochrome aa  3 + ioo mM azide (after 13 rain 
at 22 °) m i m t s  cytochrome aa3 ;  lower curve, cytochrome a a  3 - -  5oo  mM fluoride (after 3 ° rain 
at  22 °) m i m t s  cytochrome aa s. 

Fig. 6. Reversible shift of the y-band of oxidized cytochrome aa 3 under  anaerobic conditions.  
The enzyme solution containing lO.6 ~tM haem in 5 ° mM potass ium phosphate  (pH 7.3) and 1% 
Tween 80 was made anaerobic in a Thunberg  cuvet te  (P) by repeated evacuation and flushing 
with O2-free N 2 and finally left evacuated.  Some of the solution was transferred to a second 
evacuated Thunberg  cuvette  (Q), connected to the first with a ground-glass joint  and stopcock. 
In this way two anaerobic samples of exactly equal concentrat ion were obtained. A baseline was 
traced, Q m i n u s  P. At zero t ime cell P was opened and aerated. Difference spectra were traced 
of the still anaerobic Q m i n u s  the aerobic P. The numbers  in the figure give the t ime in rain 
(2, 6 and IO) after the opening of cell P. The tempera ture  was 20 °. The absolute peak posi t ions 
of the spectra were recorded at 12 (Q) and 14 (P) rain (inset). After 16 inin the second cell Q was 
also opened and aerated. A difference spectrum was taken at 20 rain. At 22 rain the absolute 
spec t rmn of Q was recorded (see inset) followed by a difference spectrum at 32 rain. 

The effect of detergents and ageing on ~he v-band position 
Ageing of preparations, even at 2°, also causes shifts of the 7-band. The nature 

of the shift is dependent on the temperature, the type of detergent present, and the 
absence or presence of 02. The results presented in Fig. 7 were obtained with good 
enzyme preparations and the shifts of the 7-peak shown in the four plots are less 
than those found with enzyme preparations of lower quality. Generally the peak of 
the freshly prepared oxidized enzyme is at higher wavelength with Tween 80 than 
with cholate as detergent, but the peak slowly shifts 4-5 n m  to lower wavelength 
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(see Fig. 7). At 22 ° this blue shift is followed after 2 days by a movement  back 
towards longer wavelengths. With cholate as detergent, the initial blue shift is less 
marked. When both Tween and cholate are present the spectral changes follow the 
pattern given by Tween alone. The enzyme as prepared always contains traces of 
cholate because the last fractionation with (NH4)2SO4 is carried out in the presence 
of cholate TM. 
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Fig. 7- The effect of age ing  under  va r y ing  cond i t ions  on the pos i t ion  of the  T-band of oxid ized  
cy toch rome  aa a. E n z y m e  con ta in ing  8 pM haem in 8o mM potass ium phosphate  (pH 7.4) con- 
t a i n ing  e i ther  o .8% chola te  ( 0 - - 0 )  or o . 8 %  Tween 8o (A ~k). The two upper  p ic tures  show 
the  effect of ageing under  aerobic condi t ions ,  the  lower in evacua t ed  Thunberg  cuvettes .  The 
l e f t -hand  p lo t s  show ageing a t  2 °, the  r igh t -hand  ones a t  22 °. All 2 ° samples  were equi l ibrated 
5 min  a t  22 ° pr ior  to  t r ac ing  spectra.  The peak  pos i t ion  of a sample  aged aerobica l ly  for i44 h 
a t  22 ° in Tween could no t  be measured,  because of aggregat ion .  

Fig. 8. The effect of ageing under  v a r y i n g  cond i t ions  on the reducibi l i ty  of cy toch rome  aa:~ (ex- 
pressed as ratio 7-band  (red)/7-band (ox)). E n z y m e  con ta in ing  8 ~ ' I  haem in 8o mM po ta s s ium 
phospha t e  (pH 7"4) con ta in ing  e i ther  0.8 ° o chola te  or o.8 % Tween 80. The lef t -hand p a r t  (A) 
gives the  results of ageing under  aerobic cond i t ions  and  the r igh t -hand  p a r t  (B) of anaerob ic  
condi t ions .  O - - O ,  chola te  a t  2°; O-- -C) ,  chola te  a t  22°; ~k--~k,  Tween at  a° ;  G - - - G ,  Tween 
a t  22 °. The samples  i ncuba ted  a t  2 ° were equil ibrated 5 min  at  22 ° before record ing  of spect ra .  
The absorp t ion  of reduced samples  was de t e rmined  3 ° min  af ter  add i t i on  of a few grains  of solid 
Na~S~O 4. After  i44 h incuba t ion  at  2z ° in the presence of Tween under  aerobic condi t ions ,  the 
turbid i ty  of the sample  made  accura te  measurements  impossible.  

With some preparations the initial peak wavelength in the presence of Tween 
was lower than observed with cholate. These preparations may be considered already 
partially aged because their initial behaviour parallels that of other preparations after 
a short period of incubation. 

The changes proceed faster under anaerobic conditions. Since the spectra were 
first measured 6 h after anaerobiosis, the changes recorded in Fig. 7 include the rapid 
changes shown in Fig. 6. 

The reducibility of the preparations after incubation has been determined, ex- 
pressed as the ratio of the absorbances of the reduced and oxidized preparations at 
their respective maxima in the Soret region (Fig. 8). There is a general decline of the 
values on standing without much difference between cholate and Tween. However,  
with enzyme preparations of lower quality (in terms of activity, spectral purity and 
reducibility) better reduction values are always obtained when Tween is used as 
detergent. 
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The spectral shifts on ageing could be due to confornlat ional  changes in the 
protein or to the formation of aggregates of enzyme molecules. Autoreduct ion of the 
aged enzyme may  also contr ibute  to the later red shift observed at 22 ° . 

DISCUSSION 

The spectral properties of the oxygenated compound are in agreement with 
those reported by other investigators 9,10, ~2, 21. The spectrum is similar to tha t  of ferric 
cytochrome aaa-cyanide which also possesses a y-peak at 427 nm. The agreement 
between the difference spectrum oxidized cytochrome a a a - C N  m i m t s  oxidized cyto- 
chrome aaa (K. J. H. VAN BUURI~X, unpubl ished observations) and that  of oxygenated 
cvtochrome aa a m i m e s  oxidized cytochrome aaa is especially striking. This may  indi- 
cate tha t  the oxygenated form like the cyanide complex has a more low-spin haem 
character  than  the oxidized enzyme. The s imilar i ty  between the 83o-nm band  of 
oxidized and oxygenated cvtochrome aa a as found by GILMOUR 24 was confirmed, 
al though a closer look at the spectrum in this region revealed a slightly increased 
absorbance and a blue shift of the broad band  after oxygenation.  

The CD spectra of the oxidized and reduced cytochrome in the Soret region are 
similar to those reported by URRY AND VAN GELDER 25. MYER AND KING 2° emphasize 
the difference between the spectrum taken in the presence of 0.25 % Emasol - r I3o  
and with 2 % deoxycholate, and warn against  the use of ionic detergents. However, 
our CD spectra of oxidized cytochronm aaa, in the presence of 1% ehotate, are identical  
to the 'Emasol  spectra'  of K lxg  and co-workers 19, 20, both being characterized by the 
rather  swnmetr ical  y -band  and dist inct  negative peak at 57 ° n m  (Table I). Our spectra 
of reduced cytochrome aa a show both the small negative ex t remum at 43 ° n ln  seen 
in KIXG'S 'deoxycholate spectrum'  and the high molar ell ipticity of the a -band  in the 
'Emasol  spectrunY (see Table I). The CD spectrum of the oxygenated compound in 
the y-band region has no common isosbestic points with the curves of the reduced 
and oxidized forms, thus establishing its separate identi ty.  

TAHIA g [ 
( ' 1 )  I ) A R A M E T I ' ; R S  O F  C Y T O C I q P . O M E  e O X I D A S E  

,~lalc I?@ ])~ terg~mt CD e.vtremztm 
present 

2 IO 
(rim) 

: io a ). I0~ .'< zo--a 
(degrees.era 2. (rim) (degrees.era*. 
dmoh' 1 kaem) dmole 1 kaem) 

( )xidized 

( )xygenated 

le.educed 

rg, 2o F.nlasol 427 r23 57 ° 4 
1)eoxycholate 427 t23 indistinct 

25 Cholate 428-429 r t 4 
This paper Cholate 427-428 ~zo 57 ° 4.6 

620 

This paper Cholate 43 ° i32 57 ° 5.2 
626 

19, 20 F.masol 445 I97 608 Ot i 22 
l)eoxvcholate 44.5 227 608 17 

25 Cholate 445-446 22.5 
This paper Cholate 446 244 608 609 2 r 

* Not determined. 
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No difference was found between the EPR spectra of oxidized and oxygenated 
cytochrome aaa ,  either in the haem signals or in the copper region. This is not sur- 
prising since spectral changes in the ultraviolet (haem groups) and near infrared 
(copper) caused by the oxygenation are only slight. 

Low concentrations of azide (4oo #M) cause small spectral changes that are 
quite similar for oxidized and oxygenated preparations. This suggests different sites 
on the enzyme molecule for oxygenation and reaction with azide. However, since the 
primary point of attack by azide is unknown, this does not help in locating the 
oxygenation site. 

A disagreement exists about the possible role of the oxygenated compound in 
the normal cytochrome c oxidase reaction. In their most recent papers LEMBERG and 
co_workersta, 26 emphasize the importance of the oxygenated form, whereas W H A R T O N  

ANt) GIBSON 21 place it on a slow sidepath. The matter is complicated by the uncer- 
tainty about the spectral properties of the oxidized enzyme. The intensity of the Soret 
peak of our oxygenated preparations exceeds that of the oxidized form, in agreement 
with \VHARTON AND GIBSON 21. In other papers the peak of the oxygenated form is 
equally TM or even less intense2,7, 9 than that of the oxidized enzyme. In a few cases 
oxygenation is clearly incomplete. Where incomplete oxygenation can be excluded 
the difference may be caused by the values for the oxidized enzyme rather than for 
the oxygenated, as illustrated in Table II. The argument can also be reversed. The 
reasoning then becomes that the peak value for the oxidized enzyme does not vary, 
and the most reducible preparation, with the highest value for the reduced y-band, 
shows the highest conversion to the oxygenated form. In any case, a clear correlation 
exists between the extinction coefficients for the y-bands of the reduced and oxy- 
genated forms. 

T A B L E  I [  

RELATIVE INTENSITIES OF ~ - P E A K S  AS P E R C E N T A G E  OF THE ABSORBANCE OF THE R E D U C E D  E N Z Y M E  

. 4u th , r , ;  Reduced" Oxygenated Oxidized Oxidized 
?,-band 

LEMBEP, G AND GILMOUR TM IOO 79 79 418  
~7HARTON AND GIBSON 21 IOO 79 72 4 1 9 " *  
T h i s  p a p e r  i o o  78 73.5 423 

* R e d u c i n g  a g e n t  N a 2 S e O  4. 

*" T h e  T r i s - H C l  b u f f e r  u s e d  c o n t a i n s  60 m M  c h l o r i d e .  C h l o r i d e  l ike  f l u o r i d e  t e n d s  t o  s h i f t  
t h e  ; , - p e a k  t o  t h e  b lue .  

Two different viewpoints also exist concerning the wavelength of the y-band of 
the oxidized enzyme. LEMBERG and co-workers 12,27 and KIXG 28 consider 418-42o nm 
as the true position. Both groups report a shift to 424 nm on ageing or repeated 
freezing and thawing. On the other hand, the maximum absorption in our fresh 
preparations is at 423-424 nm, in agreement with the original observations of GRIV- 
F I T H S  AND W H A R T O N  29, F O W L E R  et al.  15, O K U N U K I  el al.  3° and Y O N E T A N 1 1 7 ,  and this 
always shifts on standing to lower wavelength, the shift being more pronounced with 
Tween 80 than with cholate as a detergent. The initial blue shift is slowly followed 
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by a change in the opposite direction. WHARTON AND GIBSON m take an intermediate 
position. They usually observed the peak at 418 nm but occasionally found it at 
424 nm and stated that sometimes 424-nm preparations resulted from fresh mito- 
chondria and also 418-nm preparations from aged mitochondria. 

A possible resolution of the disagreement is provided by the results described 
in Fig. 7. After a few days incubation of our preparation in the presence of Tween So 
or tile Emasol used by the groups of LEMBERG and KI>'c the spectral properties 
become similar to those reported by the above mentioned authors. The Soret band 
lies at 42o nm or lower and gradually shifts to the red on further ageing. However, 
it is difficult to see why freshly prepared samples of others should be considered 'aged' 
as compared with our preparations. Tile word 'aged' must not be interpreted in this 
case as necessarily meaning 'inferior'. From Figs. 7 and 8 it can be seen that a prepa- 
ration incubated for 6 days at 2 ° in the presence of Tween 8o showed a y-band shift 
from 424 to 419 nm while the reducibility parameter changed only from 1.33 to 1.29. 
The remarkable preservation of reducibility under anaerobic conditions even at 22 ° 
may be explained by the impossibility of (phospho)lipid peroxidation (cf. ref. 3I). 

Although the rather big changes in peak position must reflect some structural 
difference it must not be forgotten that both types of preparation show about equal 
specific activities and identical spectra on reduction and oxygenation. Nevertheless 
tile oxygenated form reverts to the original preparation on decomposition. In other 
words: the different oxygenated preparations with identical y-band positions still 
contain the difference reflected in the wavelength variation of their oxidized precur- 
sors and products. 

In the opinion of LEMBERG 26 the 424-nm preparations are partly oxygenated. 
However, the very fast and kinetically homogeneous reduction of our oxidized prepa- 
ration by NADH plus  phenazine methosulphate under anaerobic conditions and the 
absence of the normal decomposition reaction of the presumed oxygenated complex 
on standing are compelling evidence against this view. As described in another paper H 
the oxygenated cytochrome aa a is not reduced at all by NADH and phenazine metho- 
sulphate. 

The rapid y-band shift observed under anaerobic conditions provides evidence 
for the existence of different conformations of the oxidized enzyme, one of these being 
stabilized by the presence of O~. This is not to be interpreted as O2 occupying the 
sixth ligand position of the a a haem iron. In the first place the observed spectral 
changes are too small and, secondly, they are slow as compared with the rapid removal 
of O 9 upon evacuation. According to our view the absence of O 9 induces a small con- 
formational change somewhere in the protein that only slightly affects the region of 
the haem groups. A binding of 02 analogous to the xenon binding of hemoglobin or 
myoglobin a2 seems possible. 

The relation between the 'anaerobic oxidized form' with its 419-42o nm peak 
and LEMBERG'S '418-nm ferric form' is uncertain. They may not be identical since 
LEMBERG "6 observed a difference spectrum of the 424-nm compound minus  the 418-nm 
enzyme essentially the same as his spectrum oxygenated mimes oxidized. This is not 
true for the difference spectrum of our anaerobic minus  aerobic sample, as shown 
in Fig. 6. 

Summarizing it is possible to distinguish at least three different forms of the 
ferric cytochrome aaa: (I) The oxidized form with a y-peak at 424 nm and stabilized 
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by 0 2. (2) The 42o-nm form, stable in the absence of 02. (3) The conformation with 
a peak at 428 nm, decomposing spontaneously and not reducible by NADH and 
phenazine methosulphate. This form is known as 'oxygenated compound'.  Maybe 
the 'normal oxidized form or ferric oxidase' with the 418-nm peak as defined by 
LEMBERG 27 and KING 28 should be regarded as a separate fourth conformation. 

A possible method for detecting conformational changes in proteins is analysis 
of ~-helix and/5-structure content by means of CD spectroscopy in the 2oo-nm region. 
However, as a preliminary experiment showed, denaturation of a small amount of the 
enzyme during the oxygenation might have a more profound effect than a confor- 
mational change induced by oxygenation. 
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