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INTROl)U("ru)Y 

In their investigations on heart-muscle preparations, KI'.'ILIN .xNt) H.XRrREE ~ discover- 
ed properties of cytochrome a (KF.ILIN 2) that according to them indicated the coexist- 
ence of two components, a and a~. KEILIN AND H.\RTREE based their conclusions on 
direct spectroscopic observations of the response of the cytochrome system to certain 
inhibitors, mainly carbon monoxide and cyanide. It was shown that the component a:~ 
formed spectroscopically visible complexes with CO and CN similar to those that 
W.XRBUR(, had ascribed to his "Atmungsenzym", whereas the component a behaved 
indifferently. Several later investigators3, 4,'~',6 subjected purified preparations from 
heart-muscle homogenates to spectrophotometric analysis. The oxidized and reduced 
spectrum of a + a~ was recorded, but no separation or further characterization of the 
closely allied compounds was achieved. 

In his investigations on the cytochrome system of living roots of cereals, primarily 
wheat, the author showed that in the absence of oxygen the quotient -~'~+~-~c'°m" 6o5-6zo mtt 

attained the value 5.0 (average of seventy spectrograms). This value was maintained 
irrespective of the presence or absence of CO or CN (c/.S), but additional bands ap- 
wared in the region 585-595 m/x. These observations are not incompatible with 
KEH.I.X's conception of a cytochrome a, which is insensitive to CO and CN and cha- 
racterized 1)y a high hand at about 605 mix, and a cytochrome a s, which is charac- 
terized by a high band at about 444 mtt and easily reacts with CO and CN. 

In addition to measurements of the response to the common inhibitors (C(), ('N, 
F, urethane, antimycin A, etc.), recording of the time course of re(tuction and reoxida- 
tion appeared to be a useful tool for analysis of the complex spectrum of the intact 
cytochronw systemS. ,s,7'. Because of the comparatively slow response of the root 
tissue to sudden changes in the oxygen tension, the author's recording st)ectrophoto- 
meter s,9 is very suitat)le for studies of the kinetics of the single cytochromes in these 
objects. Owing to the direct contact between the single cells and the medium, baker's 
yeast reacts more rat)idly. To meet these requirements, a special technique was de- 
velol)ed by means of which the start lags of the single enzymes, including also flavo- 
protein and diphost)hopyridine nucleotide, and their at)parent velocity constants could 
be determined'". These experiments yielded conclusive evidence ~Ls to the separate 
activity of cytochrome a and cytochrome aa. It was shown that the apparent velocity 
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e k,pp ~ reduced enzyme) of cytochrome a s was 4-5 t imes higher than tha t  of 
cytochrome a, whereas the veloci ty of reoxidat ion was about  the same. I t  was assumed 
tha t  cytochromes a and a 3 are present  in equimolar  quanti t ies .  As a consequence of 
the large difference in velocity,  the t ime-courses of reduction of the two enzymes are 
fundamenta l ly  different, a 3 react ing even more rapid ly  than cytochrome c, whereas 
the complete  reduction of cytochrome a was delayed until  cytochromes % b, as, and 
a par t  of the flavoprotein,  combined with cytochrome b, are largely reduced. 

METHOI)S 

Three years ago Prof. KIFSE in Marburg kindly sent a preparation of "cytochrome oxidase". 
A numtmr of spectrograms were immediately recorded from this preparation. The results are 
shown in Figs. l, 2, 4, 5, 7. The spectra are very similar to those published by a number of in- 
vestigatorsa,a. 5& 

The construction of the automatic spectrophotometer and suitable vessels for yeast sus- 
pension are described in previous communicationsS,9.1L The experimental device for continuous 
measurements of the state of oxidation and reduction in baker's yeast was recently describe&. 

5 0 ~  

I . . . .  
400 450 500 550 800 m~. 

Fig. L Oxidized (+ ..... ~-) and reduced (× .... x) spectrum of a heart-muscle preparation (KmsE) 
of cytochromes (a + a3). Direct spectrograms. 

Calcu la t ions / tom spectrophotometric measurements  

Owing to the influence of the  t u rb id i ty  of the yeast  suspension on the spectral  t rans-  
mission, measurements  of the height of the a 3 ;t-band in a 15% suspension have to be 
corrected by  the factor 1.33. The height of this band  was calcula ted as the dis tance 
between the top  of the band and the zero line of the difference spectrum,  viz. 444 
minus 462 my.  The a a -band was calculated as 604 minus 62o m~ (see below). 

In  calculat ions from difference spectra,  due a t ten t ion  must  be paid  to depressions 
of the background  caused by  negat ive changes of o ther  enzyr0es (c[. Fig. 3). These 
depressions are calcula ted in ° o of the height of the corresponding posit ive band.  The 
depressions border ing on the v-bands of cytochromes c and b correspond to about  4o% 
of the height of the c a-band.  Simultaneous decolorization of f lavoprotein on reduction 
adds  an ex t ra  depression to the region of the a a y-band.  As shown in Fig. 3, the measur-  
ed height of a 3 above the apparen t  isosbestic level (zero line ot the difference spectrum) 
is only about  e --- 0.07 o, whereas the calculated true value amounts  to 0.o70 -b o.o5o 
(== depression by  c Y and b y) + o.o8o (depression by  flavoprotein) = o.20o. 

The s -band  of cytochrome c is prac t ica l ly  free of any  depression caused by  adja-  
cent bands.  The band b a is s l ightly depressed by  influence from c ~, the depression of 
which amounts  to about  30°,o at  575 m~. This depression dis tor ts  the a s -band,  too, in 
par t icu lar  towards  tile lower wavelengths.  Because the depression disappears  towards  
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about  (71o rot< meas tm 'ments  of a shoul(t be made from a base line connect ing j. 58(7 
and ). 620 In/, (see Fig. 3). 

As previously mentioned,  the influence of tu rb id i ty  is negligible in green and red. 
"l'tle calculation of a a.'~t thus gives values 4.4 '5.3, or near ly  the same as in wheat  roots  
(see above) or in prepara t ions  from hear t  muscle a. No unknown tfigments are thus 
interfering with the spectroscopic picture of the bands  of a -~- a a. After  prolonged 
aerat ion,  however, ca la lase  may  be formed lz. 
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Fig. 2. Dilference s p e c t r u m  (reduced minus  
oxidized) of the  Sore t  b a n d  of a h e a r t - m u s c l e  

p r e p a r a t i o n  (c/. Fig. i). 
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Fig. 3. S p e c t r u m  of a 15 % suspens ion  of yeas t  
in w a t e r  (d iamete r  of the  c i rcula t ion  vessel 
x8 mm) .  The  s p e c t r u m  is c o m p u t e d  f rom 
i n e a s u r e m e n t s  of the  single bands ,  recorded by  

m e a n s  of a device for a l t e r n a t i n g  r educ t ion  anti r eox ida t ion  9. I t  s h o w s  the  difference be tween  
yeas t  in N 2 and  ae ra ted  yeast .  × × obse rved  s p e c t r u m .  ® • • ® calcula ted  difference s p e c t r u m  
,ff t l a v o p r o t e i n  - . . . .  ca lcula ted  depress ion  caused  by  the  nega t ive  po r t i ons  of t he  ;J-bands of 

c v t o c h r o m e s  c, b, and  a a and  the  ¢z-bands of c v t o c h r o m e s  c and  b. 

RESUI.'I'S 

('ylochromes a F- aa /rom heart-muscle preparations 

As shown in Fig. I, the bands of cytochromes  a and a a are somewhat  broader than 
those of cytochromes  c and b. The Sorer band of the oxidized,  greenish looking enzyme  
lies at 420 m/z, that of the reduced reddish enzyme  (dithionite) at 444 m/,.  The Soret 
band of the difference spectrum (Fig. 2) is more slender and its peak is moved  toward 
445 m/, .  Isosbestic points appear at 431 and 462-463 mt*. The 6o% depression below 
the zero line a t ta ins  its m a x i m u m  at  414 mix and thus s t rongly  lowers the band of 
cvtochrome c at  418 mt*. 

The a-band of the prepara t ion  is asymmetr ica l .  The enlarged image of the band in 
Fig. 7 shows a slight elevation at about 596 mix, caused by the a-band of a a. Addition 
of CO evokes  an intensification of the elevation,  trot the rest of the band remains 
unchanged (Fig. 4). Subtraction of the bands  results  in the aa. CO-band at  59 ° mtz. 
Cyanide (lmffered at  pH 6.5), on the contrary ,  lowers the e levat ion at 596 m/z, because 

lh'lerences p. re. 
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a 3 is now pa r t l y  t ransferred into a 3" CN, the band  of which does not  comple te ly  cover  
the reduced band  (see below). In  CO the par t ia l  d isappearance  of the reduced as -band  
is noticed as an a s y m m e t r y  of the a 3" CO-band and  a small  depression below zero. 

The reduced pyr idine hemochromogen of a + a3 (c[. 4) shows an a -band  at  586 - 

588 m/~ (Fig. 5)- I t  was observed,  however, 
t ha t  the format ion of the hemochromogen 
s ta r t s  with a compara t ive ly  low peak at  
583-584 m~ and tha t  this peak then slowly 
moves to 586-588 mt~ s imul taneously  with 
an intensification of the ext inct ion.  The 
observat ion possibly points  to a slight dif- 
ference in the  hemes of the two enzymes. 

O.lO 

0.05 

0 580 z¢'~O0 620 m~ 

Fig. 4. × - -  x a-band of cytochromes (a + as) 
in a heart-muscle preparation, treated with CO 
+ dithionite. ® - - ®  band of the reduced 
preparation without CO. + ' - - "  + calculated 

a 3" CO band. 
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Fig. 5.0.4 ml heart-muscle preparation, treated 
with 5 ml pyridine + 3 drops o . lN NaOH. 
x ---  X spectrum recorded 5 min after the start. 

= - - +  3 ° rain after the start. 

Cytochromes a + a 3 in  baker's yeast 

Observations o/ the time-course o/ reduction. Continued observat ions  at  444 and 6o4 mt~, 
performed by  aid of the device for au tomat ic  a l te rna t ion  between reduct ion and re- 
oxidat ion 7, showed tha t  ht ( =  t ime of 50% reaction,  measured from zero time) of re- 
duct ion of a 3 is 1/5 to 1/7 tha t  of a (see Fig. 6). Because ht is inversely re la ted  to the 
react ion velocity,  this  means tha t  a 3 is much more rap id ly  reduced than  a. Fig. 6 also 
shows ht values of the cytochromes c, Ca, and b. In  eva lua t ing  these curves,  a t ten t ion  
should be paid to the interference by  ad jacent  bands  (see above).  The ht values of 
cytochrome a 3 at  444 mt~ are somewhat  r e t a rded  by  the coincidence with cy tochrome 
c and flavoprotein,  bu t  this still  more accentuates  the ex t r eme ly  rap id  course of the 
reduct ion of cytochrome as. More impor tan t  is the re ta rd ing  influence of cy tochrome a 

Re/erences p. i2. 
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on the a a a-band.  This is l)rolmbly the reason why the hl \'alucs at 5q5 ml~ ( thv a-band 
of aa; see below) are not as low as those, of the a a -/-band at 444 rot*. lh~wv\'vr, th,, 
value at 598 minus that  at ~Jo 4 rot, is signiticant.  Tht, response of the small y-lmml of 
cytochronle  a is complete ly  masked by the ad jacent  s t rong y-bantt  of cvtochromv ua, 
and also by  the slower working flavoprotein.  "['he uniform veloci ty at dit:ferent points 
of an unconq~licated band is i l lustrated by aa, c, and h (Fig. ~). 

x 

Y: 

b a 3 a FP C C C~ D 0 3 a 

V 
, I t I 

600 rap. 

Fig. 6. Measurements of band heights recorded by aid of the device for alternating reducti~m 
and reoxidation 9. ht = half-time ~ time of 5o°0 reduction, in seconds × 1.24. ." points of 

observation. 

The effects o~ CO, CO -" 0~, and CN. Difference spect ra  were recorded with ae ra ted  
yeas t  in disti l led water  as reference. Reduct ion of the  sample  (15  % yeast  suspension in 
dist i l led water) was performed by  bubbl ing through 99.99°0 N 2 (from Aga). The CO 
compounds  were developed by  changing the s t ream of N~ to one of pure CO (from 
Matheson). Par t ia l  oxidat ion  of tile remaining quant i t ies  of reduced oxidase was 
performed by  changing the gas s t ream to a mix ture  of CO and 02. In the exper iments  
with HCN, the. s t ream of air  or N 2 was conducted  through a flask containing KCN : 
HC1. 

The comple te ly  reduced spec t rum shows an a 3 y-band  at 444 m/x, exac t ly  the same 
as in the hear t  muscle prepara t ion .  As ment ioned above,  the peak of the difference 
band is moved toward  445 m/~ (see Fig. z). The top of the a a -band  was measured on a 
series of 34 spectrograms.  The average posit ion was 6o4.05 m/x. I.ike the spec t rum of 
the hear t -muscle  prepara t ion ,  the yeast  spec t rum usual ly  shows an e levat ion  at 
597.--598 m/x (Fig. 7), or, as an average of ro spect rograms,  597.7 m/x. For  convenient  
calculat ion the values are app rox ima ted  at 604 m/~ (a) and 598 m/x (aa) respectively.  
The existence of an aa a -band  was concluded from the response to CO and cyanide.  

In ten exper iments  the height of the a a -band  amoun ted  to e o.o65 in N 2 and 
o.o6x in tmre CO. The small  difference (6%) may  be expla ined from a slight depression 
of the a a -band  caused by  the par t ia l  d isappearance  of a a in CO (see below). The shape 
of the slope of the band in the direction of the longer wavelengths  is identical  in N~ 
and in CO, owing to the complete  indifference of cy tochrome a to CO. 

The only signiticant difference between the N.,-spectrum and the CO-spectrum in 
green and red is an elevation at  the shorter  wavelengths  side of the combined bands  
of cytochromes a and a a (Fig. 8), caused by  the formation of a 3- CO. The band of this  

Re/erem'e., p. *-. 
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Fig. 7. 
Fig. 7- a-Bands of a heart-muscle preparation and 
of yeast. × - - ×  and + - - +  observed difference 
spectrum (reduced minus oxidized). ®--® calcu- 
lated a-band of cytochrome a. A - - - A  calculated 

a-band of cytochrome a 3. 

Fig. 8. Difference spectrum (reduced minus oxidi- 
zed) of yeast in N 2 ( × - -  × ) and in pureCO( +- - -  +). 
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compound  appears  from a subt rac t ion  of the N, - spec t rum from the CO-spectrum 
(Fig. 9)- The top  of the  band  is at  59o.5-591 m/z. Because a corresponding q u a n t i t y  of 
reduced a 3 d isappears  s imul taneously  with the format ion of a 3. CO, a depression may  
be expected  at  598 mtz. I t  is sometimes observed as a slender negat ive band,  but  is 
mos t ly  res t r ic ted to a slight a s y m m e t r y  of the a 3. CO band (Fig. 9). 

The negat ive band caused by  the d isappearance  of reduced cytochrome a a is more 
easily recognizable in the CN-spectrum (Fig IO). a3.CN is character ized by  a broad  
band  which m a y  appear  split  up in two, because of this effect of the  d isappearance  of 
reduced cytochrome a 3. The compound as .CO dissociates only very  slowly when O,  
is in t roduced.  The reoxidat ion of uncombined cytochrome a 3 is fur thermore  slowed 
down owing to the re la t ive ly  enhanced effect of the  reducing systems.  The difference 
curve e(CO 4- 0 , )  - -e (CO) consequent ly  gives a purer  negat ive spec t rum of cytochrome 
a, than  is given by  simple reoxidat ion from N 2. The result ing negat ive band,  mainly  
cy tochrome a, is narrower  because its short  wavelength  side is more excava ted  than 
ob ta ined  by  reoxidat ion  from N,  (see Fig. 7). This "pur i f ied"  a a -band  is convenient  
for calculat ion of the shape of the a 3 a-band.  As shown in Fig. 7, the subt rac t ion  of the 
"purif ied" a a -band  from the combined band of a + a 3 (reduction in N ,  or dithionite)  
results  in the a 3 a -band  with i ts peak  at  598 mtz. I t  was observed tha t  in yeas t  the 
height of the a 3 a -band  is about  20% tha t  of the a a, but  in the hear t  muscle this rat io is 
about  28 %. However,  in view of the possible errors of calculat ion and imperfect  puri-  
fication of prepara t ions ,  this difference is not significant. 

The quan t i t y  of reduced a 3 which is conver ted  into a 3- CO m a y  be calcula ted from 
the height of the negative band of a 3 y appear ing  in the difference spect rum e(CO) - -  
~.(N,) (Fig. i i ) .  At  room tempera tu re  about  44% of reduced a s is t ransformed into 
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Fig. 9. Difference spectrum (reduced m i ~ u s  oxidized) of 
yeast, ~' (('O 4- eo 0 o O.a) i.-{N,), showing partial oxidation 
<ff cytochrome a and l'ormation of aa. CO at  the expense 

of reduced cvtochrome a:r 

Fig. Io. Dilference spectrum (reduced m z n u s  ox id ized)o f  
yeast m N~ (®) and in H ( ' N - L a i r  (~ < 1 .  l- T , ~  
i t l ( 'N "~-air) .... ,- (N2),showing the apparen t  doubling of 
t he  aa . ( 'N-band  owing t o  the  disappearance of reduced 

cvtochromc a, I. 
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a a. CO. The y-hand of this compound has a peak at  431 m/,  (Fig. I I) .  The CO-band thus 
coincides with the y-band of reduced cytochrome b, result ing in an apparen t  increa~se 
of this band  in the direct  spec t rum ( c / . q .  The a a. CO-band may  be determine(t  as the  
difference between the negative band shown in Fig. Iz and the calculated band of the 
amount  of reduced a a, consumed dur ing the formation of a a.CO. The la t te r  m a y  be 
ca lcula ted  from the decrease in (e 444 mp. minus e 402 m/~) on going from N z to CO. 
As shown in Fig. i r, the observed negat ive band of a _- a a is considerahlv narrower  
than the same hand appear ing  from simple reduct ion {Fig. t). This is just the effect of 
the combinat ion  with the posit ive hand of aa 'CO,  as shown in Fig. i i. The to t) of the 
observed negative, band is moved to 446-447 m/, and it is marked ly  asymmetr ica l .  

"['he fact tha t  440o of cy tochrome a a is conver ted into a a. CO (in t)ure CO), whereas 
the amount  of cvtochrome a remains at  its original value results  in a corresponding 
rise of the percentage of cy tochromc a in the st)ectrum of reduced (a ' aa). The 
negative y-I)and will show a cav i ty  on that  side where a y has its position, as ac tual ly  
shown in [gig. I I. The cav i ty  on the left side of the negat ive  band correstxmds to the 
posit ive a a y-band,  the height of which correst)onds to 44° ,  of the total  quan t i t y  of ttw 
enzwne. The a y-band has its top ~tt 453.7 mt*. The relat ive surt)lus of cytochrome a, as  

compared  with reduction in N2, may  also appear  as a peak or elevation on the combin- 
ed (a : aa) y -band  (see Fig. z2). 

Besides the main bands at 43z and 59 ° m/,, the CO-stwctrum of baker ' s  yeas t  
f requent ly  shows a hand at ahout  42o mix (see Fig. Iz) and sometimes elevat ions at 
about  46o-47 o, 54 ° and 58o m/,. These bands  are prot)ably related to a hemoglobin- 
like p igment  (c/. ~a). Hemoglobin  shows absorpt ion  bands  at 4~8, 538 54 o, and 568-57 z 

int, I'1. A hemoglobin would possibly serve as an oxygen t)uffer and  ext)lain the fact tha t  
reduct ion does not ins tantaneous ly  s tar t  with removal  of oxygen from the surround- 
ings of the cells. However,  this t)ossibility is not sut)t)orted l)y o ther  observat ions  (see 
below). Yeast contains peroxidase an(l sometimes catalase (c/. v, ia). Calculat ions from 

l¢,'/ere~*¢es p.  z2 .  
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t h e  C N - s p e c t r u m  (el. 9) yie ld  a p e r o x i d a s e  c o n c e n t r a t i o n  w h i c h  is of a s imi la r ,  or  s l i gh t ly  

h i g h e r  m a g n i t u d e ,  t h a n  t h a t  of c y t o c h r o m e  c. 

I f  y e a s t  is t r a n s f e r r e d  f r o m  a n  a t m o s p h e r e  of pu re  CO to 80°//o CO ~- 2 0 %  0 , ,  t h e  

c y t o c h r o m e  s y s t e m  is o n l y  p a r t l y  r eox id i zed  (all t h e s e  e x p e r i m e n t s  re fe r  to  s t a r v i n g  

yeas t ) .  C o m p a r e d  w i t h  t h e  p r e d o m i n a n t l y  ox id i zed  s y s t e m  in 8 0 %  N ,  + 2 0 %  0 2 (air), 

c y t o c h r o m e s  c, el, a n d  b a re  o n l y  a b o u t  ha l f  ox id i zed  ( 5 0 - 5 9 % ) .  C y t o c h r o m e s  a a n d  a 3 

a re  e v e n  less o x i d i z e d  (see T a b l e  I), t h e  l a t t e r  as a ru le  m o r e  r e d u c e d  t h a n  a n v  o t h e r  

c y t o c h r o m e .  

/ 7 ~  0.15 . . . .  
' ' ~z 

+ 0 ' 0 5 1 ~ - ~ i ,  ' 

I / ' 1 ° 7  
,' r ,  ', t l  

+ ,  _ 
0.00 i i ' ~ . - -  ~ L i . - - - O 0 ~ -  . . . . .  

% o .o~  - -  Q 

-0.05 . . . . . . . . .  
) 

___u__~___, .... 0 
400 450 rn~ 410 zaSO m/z 4~0 

Fig. I 1. -t----1- Difference spectrum e (CO) - -  e Fig. [2. Soret band of cytochrome a 3 of yeast 
(N2) in yeast, showing the interference between in N~ ( × - -  x ) and CO ( +-- -  +), showing the 
the positive a s- CO band and the corresponding relative increase of a y. 
negative band of reduced cytochrome a s . 
@--@ calculated negative band of reduced cytochrome a s. × - - - ×  calculated band of aa. CO. 

• = • calculated band of cytochrome a. 

TABI.E I 

REOXIDATION OF THE CYTOCHROMES OF BAKER'S YEAST IN THE PRESENCE OF C O  

Extinction of reduced bands. In brackets the percentage oxidation. 

I".xtiPtction in Nt  CO CO + 50/0 O, CO t. 1o% 01 CO t- 2o% ¢)t 

c~s0 o.I32 o. I42 o. x27 (15%) o. lo6 ('5 %) 0.058 (59%) 
ct .5s4 0"057 0.059 0.050 ( I5%) 0.038 (35%) 0.028 (53%) 
b~62 0.073 0.073 0.057 (24 %) 0.038 (48 %) 0.036 (5 ° %) 
a6o¢ 0.068 0.067 0.058 (t 4 %) 0.046 (31 o~) 0.040 (400/0) 
as 444 0.19I 0. I08 0.098 (9%) 0.090 (I7°o) 0"070 (35%) 

N.B. The percentage oxidized refers to tha t  fraction of a a (about 56%) tha t  does not combine 
with CO. 

Re/erences p. x2. 
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The spectrmn of aa-( 'N is less distinct than that of aa.C(). Ill II( 'N X.,, about 
57"- of a a is c~mverted into the cyanide coml~oUnd , in H('N J aiz ,mh" 35",- 

If ine/ics o/cvlochro. tcs  a amt a a as regulators . /  lhc rcsptra t i . .  

It has been shown a.~ that pret~arations of cvtochromc (a . ,ra) oxi~lize reduced cvto- 
chrome c. Observations have also been made of the oxidation -reduction potential states 
of the combined enzymes", but owing to tilt, obvious remarkabh, difference in the 
velocity of reduction of a and aa:, no conclusions can N. drawn from such group 
observations as to the 1)ehaviour of the single enzymes. The large difference, in thv 
at)parent velocity constants  point to individual  reactions ()f a and a a. The obvious 
similari ty in the reactions of a a and cvtochrome c point to a clos{, liaison between 
th('se two enzvmes. 

I{.EII.IN AND H.\R1Rt-I -] put forward the idea that a a is identical with the cyto- 
chrome t: oxidasv, and no facts brought together by later investigators speak against it. 
The al)parent vt'locitv constants,  computed from rapid recording of reduction and 
reoxidation (see al>ovc andS), show that  cvtochrome a a is reduced a litth, rnorc rapidly 
than cvtochronw c. This means that cvtochrome a a is reduced by cvtochrome c. The 
very nmch slower reduction of a shows that this enzyme is probably not reduced by 
cvlochrome c. The fact that the respiration is heavily inhibited by ('() and HCN, in 
spite of the inertness - f  cvtochromes a, c, c, and b and the ch'hydrogunases to these 
compounds,  obviously rules out cytochrome ,t from any apl)reciable abil i ty as an 
oxidase. 

I n  t h e  absence of o x y g e n ,  v i a .  w h e n  electron transfer from c v t o c h r o m e  c oxidase 
to oxygen is blocked, the reduction of the oxidase obviously runs faster than the re- 
duct ion of any  other cytochrome, because it receives electrons from the whole system, 
in this case via cvtochrome c.The function of the oxidase as an exquisite "suct ion pump 
for electrons" delays its reoxidation, if the on-reaction, ~iz. the uptake of electrons 
from the rest of tile coml)letely reduced system, runs faster than the off-reaction, via. 
the delivery of electrons to oxygen (see the scheme below). This is in fact the case in 

( I n  ( ) l I  

D e l l v d r o g e n a s e s  e ,. 
- t ' y t , n ' h r o l t l l . s  11, l ' l  ( I .  I " ( l [ {  "= ( ) 2  

most objects (yeast, roots v-n):  the apparent  velocity constant  of oxidation is lower for 
cytochrome a s than for cytochromes c and a 7. That  there is a slight preponderance of 
the on-reaction, as compared with the off-reaction appears from the fact, too, tha t  the 
normal oxidation-reduction state of the cytochrome system of a respiring object com- 
prises about 80°0 oxidation of cytochrome b and only 5o-6o% of cytochrome oxid- 
as&, ~. This fact throws light upon an important physiological question, namely the 
controlling effect of the oxygen tension on the intensity of the aerobic respiration. 
Because this question is intimately linked to the effect of CO and HCN on respiration, 
a series of experiments was performed with the Warburg apparatus, simultaneously 
with observations on the state of oxidation-reduction of the cytochromes. 

The experiments yielded a marked difference in the response of washed, starved 
yeast (in distilled water) and of yeast in 1% glucose. The aerobic respiration runs 44)  
times faster in glucose than in distilled water. Starved yeast is only little influenced by 
variations in the oxygen tension. The respiration in 2°,{, oxygen ( +  98°0 N2) amounts 
to 75°0 of the value." in air (20% O~) and IOO°/o Oo has no further accelerating effect. 

Re/evences p. z2.  
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This result obviously depends upon the slow working dehydrogenation of the starved 
yea.st, caused by lack of fuel (glucose). The off-reaction (see above) of a3 is consequently 
strongly dominating and the whole cytochrome system is accordingly nearly IOO°o 

oxidized. 
Yeast  in  1 %  glucose is considerably more affected by variations in the oxygen 

tension. The aerobic respiration rises to 14o in pure oxygen against IOO in air, and goes 
down to 32 in 2% 0 3 + 98% N~. The intensity of the respiration varies with the 
logarithm of the oxygen tension (Fig. 13). The spectroscopic picture of aerated yeast 
in 1% glucose shows a dominating reduction of the cytochrome system, caused by the 
intensively working dehydrogenation of glucose. The respiration is now controlled by 
the off-reaction of a 3, viz. the velocity of oxidation, and Fig. I3 shows that this reac- 
tion closely follows a first order equation. I t  was previously shown that the over-all 
reoxidation of the complex system is of first order n. 

% 

/ 1 
D 2 5 I0 20 100% 

log c (O2) 

Fig. x3. The relat ion between oxygen tension 
(O2/(O ~ + N 2) x 1oo) and respiration (measured 
as Oz-consumption in Warburg flasks) of 5 % 

yeast in 1% glucose solution. 

% 
100 

i°° 
2C 

g 17.5 35 % 
=- Log (%ox) 

Fig. 14. The relation between thc percentage of 
oxidized a 3 and the respiration (as O 2 con- 

sumption) of 5 % yeast in 1% glucose. 

The experiments in O 2 + Ng_ throw light upon the results of experiments with 
HCN, NAN3, and CO + O v As mentioned above, CO and HCN only combine with 
about 40-60% of cytochrome a 3 (these figures refer to starved yeast, o.ooI-o.oo2M 
KCN and 8o- ioo% CO in the atmosphere). About 50% of the cytochrome c oxidase 
is consequently still available for oxidation work. The experiments in Table II  now 
show that this quantity is apparently sufficient for an approximately undisturbed 
respiration of starved yeast in o .ooI ' l l  KCN. Even at the high concentration o .o ioM 
KCN or NaN 3 about 30% of the respiration of starved yeast is still going on. This 
result agrees with the above-mentioned experiments with N 2 + O~ and with the con- 
clusion that in starved yeast the on-reaction, viz. the production of electrons by the 
dehydrogenases, serves as the pacemaker. 

At the high speed of respiration in yeast fed with glucose, the decrease of the actual 
concentration of free cytochrome a 3 by formation of inhibitor complexes, slows the 
oif-reaction to a level which strongly retards the oxidation as compared with the 
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.4 /¢ 
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( ' o n t r o ]  1 O0 100 
:- O.OOl .1l K ( ' N  xoo "7  
• o .oo3 .11  K ( ' N  .15 Io  
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Control 1 oo l oo 

-~ o.ooi .11 N a N  a Ioo 3 
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N . B .  B e c a u s e  n o  c o m p e n s a t i o n  w a s  m a d e  f o r  H ( ' N  a b s o r b e d  in  t h e  c e n t r a l  w e l l  o f  t h e  f l a s k s  
t h e  l o w e r  c o n c e n t r a t i o n s  - f  K ( ' N  y i e l d  t o o  h i g h  v a l u e s .  T h e y  r e f l e c t ,  h o w e v e r ,  t h e  d i f f e r e n c e  
b e t w e e n  : \  a n t i  B .  

control. The relation between intensity of respiration and actual oxidation of cyto- 
chrome a a (see Table I) was determined in a series of Warburg experiments in CO -: 
varying amounts  of 0 2. Fig. 14 shows a first order relation between the quantities of 
oxidized a a and the observed respiration of baker 's  yeast• The experiments clearly 
prove the ability of the non-combined a a to carry on respiration, in spite of the pres- 
ence of high concentrations of CO. Because hemoglobin is completely inactivated in 
80-95 % CO the result also speaks against the hypothesis a that yeast hemoglobin would 
participate in the respiration (see above). 

A comparison between A and B in Table II  shows a 2-5 times higher retarding 
effect of CN- and Na- upon the respiration of that  system which is fed with glucose, as 
compared with yeast in distilled water. This observation points to an additional effect 
of the inhibitors CN- and N:,- on the system fed with glucose, probably related to 
phosphorylations. 

Speclrophol~metric properties o~ o,tochromes a and a a 

The peculiar spectral picture of cytochrome a, viz. a very low Soret band, a_s compared 
with other known cytochromes, has been frequently stressed in the literature. Our 
assumption of equimolar amounts  of cytochromes a anti a s in baker 's  yeast is a tenta- 
tive one. It  shouki be noticed that  the relative values of the apparent  reaction velocity 
of cytochromes a and aa, given in a previous communication 2, are based on the as- 
sumption of equimolarity. Other molar relations will result in other values, but they 
will most probably not alter the conclusions about  the considerably slower reduction 
of cytochrome a as compared with a a. 

The measured band relations of the two enzymes are shown in Table I I I .  The 
figures refer to difference spectra. The relation aa-~//a-a - 4.4--5.0 is also valid for 
wheat roots (see above) and heart-muscle preparations, a fact supporting the idea of a 
commonly fixed molar relation between cytochromes a and a 3. This is the main reason 
why the observed difference in the height of the calculated a:cband between heart 
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muscle and yeast (Fig. 7) should not be stressed too far. The calculation of a a a is 
exposed to greater errors than any other band. 

TABLE I I I  

MEASURED BANDS OF a AND a 3 IN BAKER'S YEAST 

The heights are given in direct extinction of i 3-o,.:0 yeast  in tubes of 18 mm diameter. 

A. Band heights 

/Ja~nd$ a,o , a ist aa s** aa 4.* at • CO~jo as • COzI t * 

Gas medium N ,  Na N ,  N t CO CO 

e, absolute o.o65 o.o65 o.ox 3 o.27o o.o24"* o.282 
e, relative 5 5 I 2 i t .8 22 

B. Band relations 

a-;,  as-`~ as-~/ at "C0-$: a~ .CO-a a-el a t - ,  / 
Bands - - -  

a-a aa-¢* a--a a~-'/ a~-u at-~l a- y 

Relation I.O 20.8 4.4 I.O 1.85"* 5.0 4.2 

* Calculated on the total quan t i ty  of a 3. Actually only 44 % is converted into a 3. CO. 
"* This value is only approximative,  owing to the difficulty of measuring the height of a a" CO. 

SUMMARY 

The properties of the cytochromes a and a 3 were studied in suspensions of baker 's  yeast  and 
compared with spect rograms of a heart-muscle preparation.  The results corroborate  the original 
findings of KEILIN AND HARTREE on the coexistence of two enzymes and show the identity of 
cytochrome a 3 with cytochrome c oxidase. The individual spectra of the two enzymes were calcu- 
lated according to the method of optical subtraction,  applied to spectrograms from yeast  treated 
with O 2, Nz, CO, HCN and various mixtures  of these gases. Observat ions of the kinetics of cyto- 
chromes a and a 3 were made with the aid of al ternat ing reduction and reoxidation, with cont inuous 
recording of the band heights. Complete spectrograms were recorded in the automat ic  spectro- 
photometer .  The role of cytochrome a s in the aerobic respiration was studied by parallel obser- 
vat ions of the oxidat ion-reduct ion state and the intensity of oxygen consumption.  
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