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SUMMARY 

Z. We measured  the absorbance  at  56o-575 nm, using a dual  wavelength  
spec t rophotometer ,  of a suspension of ra t  l iver mi tochondr ia  dur ing deplet ion of dis- 
solved oxygen.  The absorbance,  p r edominan t ly  due to the  cytochromes  b and bs, 
underwent  a t rans i t ion  consist ing of two rap id  phases of increase separa ted  in t ime 
b y  a slower phase of increase. 

2. The r e t a rded  phase  of absorbance  increase d i sappeared  when N A D H  was 
added,  and  the to ta l  ampl i tude  of absorbance  increase in the  ae rob ic -anaerob ic  
t rans i t ion  was reduced b y  an amount  corresponding to the  ampl i tude  of the  r e t a rded  
phase of absorbance  increase. This indicates  tha t  the  first r ap id  phase of absorbance  
increase is due to the  reduct ion of cy tochrome b, and  the r e t a rded  phase is due to 
the  reduct ion  of cy tochrome b 5. 

3 - L i q u i d  ni t rogen t empe ra tu r e  difference spec t ra  of two samples  wi th  and 
wi thout  added  N A D H  identif ied the  p igment  undergoing the r e t a rded  reduct ion 
as mi tochondr ia l  cy tochrome b 5. The concent ra t ion  of th is  mi tochondr ia l  cy tochrome 
is o.4 moles per mole of cy tochrome c oxidase.  

4. The r e t a rded  t e rmina t ion  of the s t eady  s ta te  of ox ida t ion  of mi tochondr ia l  
cy tochrom b 5 indicates  the  presence of a pool  of oxidizing equivalents .  

INTROI)UCTION 

When  a suspension of mi tochondr ia  is al lowed to consume dissolved oxygen,  
i t  is usual ly  found tha t  the  absorbance  of the  mi tochondr ia l  cytochromes remains  
cons tan t  over a wide range of oxygen concentrat ions .  Only when the  oxygen tension 
reaches a very  low value does the  absorbance  of the  cytochromes  begin to increase 
monophas ica l ly  to concomi tan t ly  wi th  t ha t  of the reduced cytochromes  1. 

In a s tudy  of the ae rob ic -anae rob ic  t rans i t ion  in ra t  l iver mi tochondr ia ,  using 
a dual  wavelength  spec t rophotometer ,  we found tha t  a t  wavelengths  corresponding to 
absorhance  m a x i m a  of cytochromes a3, a, and c, a monophasic  t rans i t ion  in the  cyto-  
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chrome reduction occurs. However, at 560-575 nm the transition is not monophasic 2. 
When tile transition occurs, the absorbance at first increases rapidly to about one- 
third of its value in the fully reduced state; it then levels off and after several minutes 
an acceleration of the absorbance change takes place. In the present work we have 
investigated this phenomenon. We identify the acceleration in the absorbance change 
with a retarded termination of the steady-state oxidation of cytochroine b a. 

BIAT]'RIALS AND ME'ItIODS 

Rat liver mitochondria were prepared according to the method of PA]tsoxs ctal. a. 
The low-speed-high-speed washes were repeated 5 times when a minimal contamina- 
tion by microsomal cytochrome b 5 was essential. Rat liver microsomes were prepared 
according to the method of RESISTER et al. 4 

The assay medium was o.22 M mannitol, o.o 7 3I sucrose, 2oo ,uM Na,_,-EDTA, 
and 2o mM N-tris(hydroxymethyl)methyl-2-aminoethane sulfonic acid (TES); 
the pH was adjusted to 7.4 with I M KOH. The uncoupler 5-C1,3-t-butyl,2'-C1,4'-NO 2- 
salicylanilide (S-I3)'~, 6 was generously provided by the agricultural division of Mon- 
santo Chemical Co., St. Louis, Mo. TES was obtained from Sigma Chemical Co., 
St. Louis, Mo. 

The concentration of mitochondria was determined on tlle basis of their 
cytochrome c oxidase contentL Cytochrome bs concentration was determined by using 
the difference (reduced mimes oxidized) mmolar extinction coefficient / 557-575 \~nl.~l--Z CS[--i ) o f  
20 .0  s. 

No preincubations beyond the time required to add all components were 
carried out. The start of the optical trace marks the last addition to the suspension. 

500,~M NADH 

--~'1 I~ Z5min 

Fig. I. R e t a r d e d  cy tochrome  b 5 reduc t ion .  Mi tochondr ia  were suspended  in aerobic  m a n n i t o l -  
s u c r o s e - E D T A - T E S  medium,  p H  7.4, a t  a c o n c e n t r a t i o n  of o.26 gM cy toch rome  c ox idase  in 
the  presence of ~o nrM sod ium g lu t ama te ,  io  mM sod ium ma la t e  and  1.8 moles of S-I3 per  mole ot 
cy toch rome  c oxidase .  The absorbance  was measured  a t  56o-575 nm. I t  increases  t owards  the 
bo t t om.  Time runs  from left  to  r ight .  A and  B are iden t i ca l  expe r imen t s  excep t  for the  a d d i t i o n  
of N A I ) H  in B. 

RESULTS 

No,>monophasic absorbance cha~ge associated with the aerobic-a~merobic tra~zsition 
Mitochondria were suspended in aerobic mannitol-sucrose-EDTA-TES 

medium in the presence of glutamate, malate and S-I 3. Fig. IA shows the absorbance 
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trace at 56o-575 nm. A sudden large increase occurs in the absorbance during the 
aerobic-anaerobic transition. This change is primarily due to the reduction of mito- 
chondrial cytochrome b. Then the rate of change of the absorbance trace decreases 
significantly. However after several minutes the rate of absorbance change increases 
again before it levels off to zero. The absorbance which contributes to the slow 
cllanges is about I5-2o % of the total absorbance change which occurs at 56o-575 nnl 
with these carefully washed and uncoupled mitochondria. The amplitude of the retarded 
phase of reduction is the same in coupled and uncoupled mitochondria. Thus, its 
relative contribution to the total change at 560-575 nm is larger with coupled 
mitochondria where tile cytoehrome b stead',' state oxidation is smaller 9. 

The effect of exogenous I\L4DH on the retarded absorbance change 
When we add NADH during the steady oxidation state (Fig. IB), there is a 

sudden increase of absorbance, and the retarded absorbance change after the aerobic- 
anaerobic transition does not occur. The sudden absorbance change which occurs 
upon the addition of NADH to the aerobic mitochondria is of about the same 
magnitude as the retarded absorbance change which occurs in the absence of exogenous 
NADH. Figs. IA and B also show that exogenous NADH does not increase the res- 
piration rate of the mitochondria in suspension because in both experiments it takes the 
same time before the dissolved oxygen is consumed. These experiments suggest that 
cytochrome b 5 is the slowly reduced cytochrome, since it is known that cytochrome b 5 
is readily reduced with NADH even under aerobic conditions 1°, due to its slow rate 
of auto-oxidation n. 
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Fig. 2. L iqu id  n i t rogen  t e m p e r a t u r e  difference spec t ra  of mi tochondr i a l  and  mic rosomal  cy to -  
ch rome  b 5. Bo th  spec t ra  were recorded w i t h  2 m m  l ight  p a t h  cuve t tes .  A, Mi tochondr ia  (2. 5 t ,M 
cy toch rome  c oxidase) were su spended  in o x y g e n a t e d  m a n n i t o l - s u c r o s e - E D T A - T E S  m e d i u m  in 
t he  presence of io m M  s o d i u m  g l u t ama t e ,  io m M  s o d i u m  mala te ,  and  2 moles  of S-I 3 per  mole  
of c y t o c h r o m e  c oxidase.  The  sample  c u v e t t e  con ta ined  also 3oo /~M N A D H .  B, Microsomes  
(1.6 t,-X'I cy toch rome  bs) were su spended  in m a n n i t o l - s u c r o s e - E D T A - T E S  mediunl .  The  sample  
cuve t t e  con ta ined  also 5oo / , ) I  N A D H .  

Spectral properties of mitoehondrial and microsomal cytoehrome b 5. 
In order to identify spectroscopically the pigment undergoing the retarded 

reduction, we took spectra at liquid nitrogen temperature of carefully washed mito- 
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chondria in the steady oxidation state minus mitochondria in the steady oxidation state 
in the presence of exogenous NADH. Two ~-bands at 55o and 556.5 nm and a Soret 
band at 422 nm were found (Fig. 2A). The separation of the ~-bands is 6.5 nm. 
Spectra of rat liver microsomes under identical conditions show ~-bands at 552 and 
557.5 nm and a Soret band at 422.5 nm (Fig. 2B). While the absolute accuracy of 
the speetrophotometer is within ± o.5 nm, the accuracy with which one can determine 
the separation of two spectral peaks within a single spectrum is much higher. It  is 
of interest to note that the ~-band of the mitochondrial cytochrome is more split than 
that of the microsomal cytochrome b 5. This fact, together with the position of the 
Sorer bands, agrees qualitatively with the liquid nitrogen spectra of outer- 
mitochondrial membrane cytochrome b 5 and microsomal eytochrome b a reported by 
Pa~soxs et al. a. Differences between the positions of the ~-bands of mitochondrial 
eytochrome b 5 in their preparation (55I and 558 nm) and ours (55o and 556.5 ran) 
may be due to differences in the animal species or to the fact that they solubilized 
their preparation with sodium chelate and reduced it with dithionite. 

I t  is very probable that the carefully washed mitochondria still contain some 
microsomal cytoehrome b 5. The superposition of the microsomal cytochrome b 5 
spectrum over that of the mitochondrial cytochrome b 5 will result in a smaller splitting 
of the ~-bands. Thus, the highly purified outer mitochondrial membranes of PARSOXS 
et al. 3 may indeed have contained less microsomal cytochrome b 5 contamination 
than our preparation of intact mitochondria. 

\Ve calculated the concentration of mitochondrial cytochrolne b 5 from the low 
temperature spectra by assuming that the extinction coefficient, as well as the low 
temperature amplification factor 12, is the same as that for microsomal cytochrome b 5. 
This yields a concentration of o.4 moles of cytochrome b 5 per mole of cytochrome c 
oxidase. 

Zero 5OOp.M Zero 5OO/zM 
NADH NADH NADH NADH 

_ ~  ± ~_ 
~"l ["-5min -~ l~-5min 

Absorbance Increase l 
560-575nm 

Fig. 3. Cytochrome b 5 reduc t ion  in coupled and  uncoup led  mi tochondr ia .  Mi tochondr ia  (0.35 /~M 
cy toch rome  c oxidase) were suspended  in ae ra ted  m a n n i t o l - s u c r o s e - E D T A - T E S  m e d i u m  in the 
presence of io  m~[ sod imn  g I u t a m a t e  and  io  mM s o d i u m  mala te .  No uncoup le r  was p resen t  in the  
two expe r imen t s  on the left, whi le  o. 7 mole of S-I 3 per  mole of cy toch rome  c ox idase  was p resen t  
in the  o the r  exper imen t s .  Absorbance  changes  were measu red  a t  56o-575 nm. 

Effects of substrata and uncoupler on the retardation of the cytochrome b~ reduction. 
The acceleration in the 56o-575 nm absorbance trace was completely absent 

when well-coupled mitoehondria were allowed to reach anaerobiosis in the presence 
of glutamate and malate. The absorbance change associated with the aerobic- 
anaerobic transition was monophasic (Fig. 3)- Exogenous NADH decreased the extent 
of the monophasic absorbance change (Fig. 3). This demonstrates that cytochrome b 5 

Biochim. Biophys. Hcta, 256 (I972) 216--222 



220 E. WOHLRAB, H. DEGN 

in this type of experiment  is reduced as rapidly as cytochrome b. Sometimes, however, 
we did observe a slight re tardat ion in the cytochrome b a reduct ion even in the presence 
of g lu tamate  and malate, suggesting that  other factors besides good energy coupling 
may be involved. 

Coupled mitochondria  tha t  became anaerobic in the presence of succinate or 
pyruva te  and malate always showed a re tardat ion in the cytochrome b 5 reduction 
(Fig. 4). The only correlation between the degree of uncoupl ing of a mitochondrial  
suspension and the re tardat ion in the cytochrome b 5 reduction was that ,  for any  given 
substrate,  the re tardat ion in the presence of uncoupler  was larger than  in its absence. 

Zero 500t'LM NADH NADH 

560-575nmT% ~ ~ ~-Z5min 

Fig. 4. Retardation of cytochrome b 5 reduction in the presence of succinate. Mitochondria (o. 3 ffM 
cytochrome c oxidase) were suspended in aerated mannitol-sucrose-EDTA-TES medium in the 
presence of I mole of S-I 3 per mole of cytochrome c oxidase and io mM sodium succinate. 

Fig. 5. [ncrease in the retardation of the cytochrome b 5 reduction by increasing the initial oxygen 
concentration of the medium. NIitochondria (o.52 ffM cytochrome c oxidase) were suspended in 
aerated (A) and oxygenated (B) mannitol-sucrose-EDTA-TES medium in the presence of io mM 
sodium glutamate, io mM sodium malate and 3 moles of S-I 3 per mole of cytochrome c oxidase. 
The absorbance was measured at 56o-575 nm and increases towards the bottom. 

The re tardat ion of the cytochrome b 5 reduction was extended farther in the 
presence of any of the above substrates  by allowing uncoupled mitochondr ia  to reach 
anaerobiosis in oxygenated buffer instead of aerated buffer (Figs. 5A and B). This 
means tha t  the mitochondria  have to respire at least five t imes as much to reach 
anaerobiosis. Absorbance changes at 34o-38o nm (reflecting the redox state of NADH 
and NADPH) showed tha t  when the re tardat ion was longer, the half-time for pyridine 
nucleotide reduction after the aerobic-anaerobic  t rans i t ion  was longer. This suggests 
an inverse correlat ion between the concentrat ion of endogenous NADH or N A D P H  
and the extent  of retardat ion.  

Titration of the retardation of cytochrome b 5 reduction with ?v\4DH. 
The final question tha t  we a t t empted  to answer was, why is there an acceleration 

in the cytochrome b 5 absorbance increase? Since cytochrome b 5 has a very low autoxi- 
dat ion rate and since the acceleration occurs in the anaerobic suspension, we con- 
cluded tha t  it mus t  be a direct reflection of the avai labi l i ty  of NADH to the oxidized 
cytochrome bs. We repeated most of the above ment ioned experiments in a 9 ° ~ light 
scattering spectrophotometer.  Cytochrome a (605-630 rim) was monitored,  while 
the light scattering changes were detected at 9 °° with a photomult ipl ier  tha t  was 
masked with a number  92 Kodak Wra t t en  filter (Eas tman Kodak Company). All the 
light scattering changes which occurred after the aerobic--anaerobic t ransi t ion were 
monophasic. There was no detectable sudden change in the light scat ter ing which 
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could be interpreted as an NADH-releasing structural change of the mitochondria. 
We then titrated the aerobic-anaerobic transition with exogenous NADH. 

If the retardation is a reflection of a pool of oxidizing equivalents, then small amounts 
of exogenous NADH should shorten the retardation without changing the amplitude 
of the retarded absorbance change. This is indeed what we observed when smaller 
than ,aM amounts of NADH were added (Fig. 6), In this experiment an NADH con- 
centration of only about Io times that of the cytochrome b 5 concentration is sufficient 
to eliminate the retarded b 5 reduction. 

NADH 

~ &A560-575nm 

OO03AA 1 

2min~ ~- ~ 

Fig .  6. T i t r a t i o n  of t h e  r e t a r d e d  c y t o c t l r o m e  b 5 r e d u c t i o n  w i t h  e x o g e n o u s  N A D H .  E x p e r i m e n t a l  
c o n d i t i o n s  as  in  Fig.  5 A, e x c e p t  t h a t  t h e  c o n c e n t r a t i o n  of c y t o c h r o m e  c o x i d a s e  was  o.36 /~M. 
The  f o l l o w i n g  a m o u n t s  of N A D H  w e r e  a d d e d :  n o n e  ( - - - - - - ) ;  o . 2 / , 3 I  ( . . . . .  ); o. 4 / tM ( . . . . . .  ) 
a n d  4.o t,,M ( @ @ @ ) .  

CONCLUSION 

When mitochondria reach anaerobiosis and their absorbance is monitored at 
560-575 nm, we observe an initial monophasic increase in absorbance which levels 
off and is followed several minutes later by an acceleration in the absorbance increase. 
This behavior is contrary to the generally accepted monophasic absorbance increase 
associated with the aerobic-anaerobic transition of mitochondria 1. The fact that the 
retarded reduction disappears when NADH is added indicates that cytochrome b 5 
is responsible. The liquid nitrogen temperature difference spectrum of two samples 
with and without added NADH identifies the pigment as cytochrome b 5 of the outer 
mitochondrial membrane. 

There is a general inverse correlation between the endogenous NADH or 
NADPH concentration and the retardation in the cytochrome b 5 reduction. This inverse 
correlation is supported most clearly by the observation that the retardation in the 
cytochrome b 5 reduction is ahvays larger with uncoupled than with coupled mito- 
ch.ondria, provided the same substrate is used. 

An inverse correlation exists also between the degree of energization of the 
mitochondria and the retardation of the cytochrome b~ reduction. It  has been demon- 
strated recently that cytochrome oxidase shows an energy-linked retarded reduction 
after the aerobic-anaerobic transition in the presence of glutamate-malate but not 
in the presence of succinate. This retarded reduction of cytochrome oxidase does 
not occur in the presence of an uncoupler ~a. In our present experiments we observe 
essentially no retarded cytochrome b 5 reduction in the presence of glutamate and 
malate while a significant retardation occurs with succinate with coupled mitochon- 
dria. Both anaerobic systems have essentially completely reduced pools of NADH 
and XADPH. The higher degree of energization of the anaerobic mitochondria thus 
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makes reducing equivalents more readily available for the reduction of cytochrome b 5. 
The acceleration in the absorbance change is due to the termination of a steady 

oxidation state of cytochrome b 5. An NADH concentration of about IO times the 
concentration of cytohcrome b 5 present eliminates the retardation in cytochrome b 5 
reduction (Fig. 6). I t  appears as if this retardation can be an extremely sensitive 
indicator of leakage of NADH or other reducing equivalents out of the inner mito- 
chondrial membrane vesicle. 

I t  is important to mention that the cytochrome b 5 reduction is not always 
retarded. In the case of coupled mitochondria with glutamate and malate (Fig. 3) 
it is not possible to distinguish between cytochrome b and b 5 on the basis of their 
reduction rates. The addition of NADH during the aerobic steady state, however, 
yields an absorbance change during the aerobic-anaerobic transition which is not due 
to cytochrome b 5. 

Our observations should be useful in the study of the function of cytochrome b 5 
and its relation to the energy-conserving processes in the mitochondria. 
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