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SUMMARY 

i. When succinate or ascorbate plus TMPD is used as substrate, all electron 
carriers from NADH to cytochrome a 3 become more reduced on the transition from 
State 3 (ADP present) to State 4 (ADP consumed). It  is concluded that the third site 
of respiratory control is located between cytochrome a 3 and oxygen. 

2. ]3-Hydroxybutyrate and pyruvate give a crossover point between cyto- 
chromes c and a, and glutamate between cytochromes b and c or between cytochromes 
c and a. A crossover point between a and a 3 was also obtained with all NAD-linked 
substrates. 

3. In the presence of increasing amounts of azide, hydroxylamine or cyanide, 
crossover points between cytochromes c and a, cytochromes b and c, and NADH and 
flavoprotein were found with/~-hydroxybutyrate, and between cytochromes c and a, 
and cytochromes b and c with succinate. These results show that the first site of 
inhibition is located between substrate and flavoprotein and the second between 
succinate and cytochrome c. 

4. It  is concluded that a crossover point does not necessarily identify a site of 
inhibition in State 4. 

INTRODUCTION 

The respiratory rate of isolated mitochondria declines sharply when ADP, 
added to a phosphate-containing suspension medium, is consumed by being phos- 
phorylated to ATP (ref. I). These slowly respiring (State 4) mitochondria are charac- 
terized by a relatively high degree of reduction of respiratory-chain components near 
substrate 1-3. On the addition of ADP, components near substrate become more 
oxidized, and those near oxygen more reduced 1-~. The point between adjacent com- 
ponents where the component on the substrate side becomes more oxidized, and that 
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on the oxygen side more reduced, was named by CHANCE AND WILLIAMS I the cross- 
over point. 

The crossover point  has been reported to be between cytochromes c and a in 
rat-liver mi tochondr ia  oxidizing succinate 4 or f l -hydroxybutyra te< ~, in guinea-pig- 
liver 4 and pigeon-heart mitochondria  6 oxidizing succinate, in rat-heart  mitochondria  
oxidizing succinate 8 and in locust flight-muscle nli tochondria oxidizing glycerol I- 
phosphate  2. A crossover point between cytochromes b and c was obtained with guinea- 
pig-liver mitochondria  oxidizing glutamate  4, and with rat-heart  mitoch()ndria {)xi- 
dizing glutamate  plus  malate a. CHANCI~; AND W1LLIAMS a showed a shift of the crossover 
point  towards substrate on the addition of azide or cyanide. In this way cross{)vers 
were found between cytochromes b and c, and between N A D H  and flavoprotein, with 
rat-liver mitochondria  oxidizing f l -hydroxybutyrate .  

CHANCE AND WILLIAMS 1 proposed that  the three crossover points detected under 
different conditions, i.e. between N A D H  and flavoprotein, cytochromes b and c, and 
cytochromes c and a represent sites at which the respiratory chain is inhibited in 
State 4, i.e. sites of interaction with ADP. On the other hand, SI~A'rEI(; concluded that  
it is not  possible to equate the crossover point  with the inhibition site in a respiratory 
chain with multiple inhibition sites, since the net  change of redox state of a part icular 
carrier is determined by  effects on carriers both before and after it in tile respiratory 
chain. CHAXCE et al. 8, however, s tated tha t  a computer  solution of differential equa- 
tions, derived upon the assumption tha t  the law of mass action applies to the reactions 
of the components  of the respiratory chain, supported the crossover theorem as t)r() - 
posed by  CHANCE AN[) WILI.IAMS 1. 

In  the previous paper 9, it is concluded that  the redox state of an electron 
carrier in State 3, in which the respiratory rate is independent of ADP or Pl concen- 
tration, represents a kinetic s teady state governed by the relative activities of th()se 
portions of the chain responsible for reduction and oxidation of the carrier (of. ref. IO). 
In  State 4, however, the respiratory chain is near thermodynamic  equilibrium with 
ADP, Pi and ATP (cf. refs. 2, 3). According to this view, the transit ion from State 3 
to State 4 is one from a kinetic s teady state to near thermodynamic  equilibrimn. This 
throws a new light on the crossover phenomenon,  and made a further examination of 
the crossover desirable. 

RESULTS 

A scorbate p lus  T M P D  as substrate 
Fig. I shows tha t  the addit ion of A D P  to rat-liver mitoehondria  in the presence 

of ascorbate + TMPD causes an oxidation of both  cytochrome c, measured at 550 mt~ 
m inus  54 ° m / , ,  and aa a, measured at 445 m/, minus  455 m/,. In  order to eliminate the 
possibility tha t  redox changes of cytoehrome b seriously interfere with measurements  
of cytochrome aas with this wavelength pair, 0.06 t~g ant imycin per mg protein was 
added to block the interaction between cytochromes b and c, and 0.06/ ,g  rotenone 
per nag protein to minimize the effect of endogenous substrates. Even under  these 
conditions, where the redox state of cytochrome b does not change, eytochrome aa 3 
becomes more oxidized on adding ADP. Since on the transit ion from State 3 to 4, 
the absorbance increases both  at 445 m/, mi n us  455 m/~, where eytochromes a and 
a a contr ibute to the reduced mi n u s  oxidized spectrum in the ratio of 0.77, and at 
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6o5 m/~ minus 59 ° mff (see Fig. 2), where the relative contr ibut ions are 13 (A. O. 
MUIJSERS, personal  communicat ion) ,  it is clear tha t  bo th  cytochromes  a and a~ be- 
come reduced on this transit ion. Fig. 2 shows tha t ,  in the absence of an t imycin  and 
rotenone,  NAD, Q, cytochromes b, c, a and a 3 all become more  reduced, whereas  
N A D P  is vir tual ly  completely reduced in bo th  Sta te  3 and Sta te  4. In  other  words no 
crossover point,  as defined by  CHANCE AND WILLIAMS 1, is observed. 

Succinate as substrate 
Fig. 3 shows tha t  also with succinate as subst ra te  no crossover is observed. At 

all concentrat ions of succinate used (between i and IO mM) cytochrome aa3 became 
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Fig. I .  Redox changes of cytochromes a 3 + a (445-455 mu),  c (55o-54o ml~ ) and b (43o-41o m/4) 
by addition of ADP (ioo/tM) to mitochondria oxidizing 6 mM ascorbate plus 60/ ,M TMPD in 
the presence of o.06 #g rotenone and 0.o6 #g ant imycin per mg protein. The reaction mixture con- 
tained io mM Pt and 1.9 mg/ml rat-liver mitochoudria. 
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Fig. 2. Redox states of electron carriers in State- 4 and State- 3 mitochondria oxidizing ascorbate 
phts TMPD. In the measurements  of the redox states of the cytochromes, the reaction mixture  
contained o.I mM ADP, IO mM Pt, 6 mM ascorbate, 60/~M TMPD and 1. 3 mg/ml rat-liver mito- 
chondria. States 3 and 4 measured as in Fig. 4. The wavelength pair 605 m/, minus 59o m/~ was 
used for cytochrome a + a 3. In the measurements  of NAD, NADP and Q, the reaction mixture  
contained o (State 4) or I (State 3) mM ADP, IO mM Pt, 6 mM ascorbate, 60 ffM TMPD and 
5.2 mg/ml mitochondria. 0 - - 0 ,  State 4; O - - O ,  State 3. 

Fig. 3. Redox states of electron carriers in State- 4 and State-3 mitochondria oxidizing succinate. 
In the measurement  of redox states of the cytochromes, the reaction mixture  contained o. 3 mM 
ADP, io mM PI, io mM succinate and 1. 7 mg/ml rat-liver mitochondria. State 3 and State 4 
measured as in Fig. 4. The wavelength pair 605-590 m/4 was used for cytochromes a + a s. In  
the measurements  of NAD, NADP and Q, the reaction medium contained o (State 4) or I (State 3) 
mM ADP, io mM Pt, io mM succinate and 6.6 mg/ml mitochondria. 0 - - 0 ,  State 4; O - - O ,  
State 3. 
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more reduced on the t rans i t ion  from Sta te  3 to S ta te  4 (Fig. 4), but  this  was more 
easi ly observable  wi th  the  lower concent ra t ions  since, under  these condit ions,  cyto-  
chrome a a  a is more oxidized in the  kinet ic  s t eady  s ta te  (State  3)- 

The resp i ra to ry  carriers  were less reduced  in S ta te  4 wi th  NAD- l inked  sub- 
s t ra tes ,  and  crossover points  were observed.  These were between cytochromes  c and a,  

and  a and a a wi th  f i - hyd roxybu ty ra t e  (Fig. 5) and  p y r u v a t e  (Fig. 6), and  between 
cytochromes  b and  c, and cy tochromes  a and aa wi th  g l u t a m a t e  (Fig. 7). In  other  ex- 
per iments ,  a crossover between cytochromes  c and a was also found with g lu tamate .  O0 

8o 
4 4 5 - 4 5 5  m/J  .~ 6 0  

Pi 10 mM ~ 2 0  
A D P  2 0 0  / J M  j ~ ~ -  0 , , _ i 

s u c c i n a t e  

Fig. 4. Effect of succinate concentrat ion on redox state of cytochromes a a d a in Stat~ State-3 and 
State- 4 mitochondria.  Succinate added in State 2 yielded first State 3 and then State 4. Concen- 
t ra t ions  of succinate (raM) are indicated, o.i ffg/ml rotenone was present.  1. 7 mg/ml ra tq iver  
mitochondria.  

Fig. 5. Redox states  of electron carriers in State- 4 and State-3 mitochondria  oxidizing/3-hydroxy- 
butyrate ,  io mM /3-hydroxybutyrate.  i . i  mg/ml  mitochondria  for the assay of cytochromes;  
4.4 mg/ml mi tochondr ia  for the assay of NAD, N A D P  and Q. Other  conditions as in Fig. 2. • - - • ,  
State 4; O - - - O ,  State 3. 

100 

8O 

.o_ c 60 
~6 

~o  

20 

1 o c  

8 0  

c 6 c  o 

4o 

20' 

0 

Fig. 6. Redox states  of electron carriers in State- 4 and State-3 mitochondria  oxidizing pyruvatc .  
IO mM pyruvate .  1.8 mg/ml  mitochondria  for the assay of cytochromes;  7.2 mg/ml  mitochondria  
for the assay of NAD, N A D P  and Q. Other  conditions as in Fig. 2. O - - O ,  State 4; O - - O ,  
State 3. 

Fig. 7. Redox states  of electron carriers in State- 4 and State-3 mi tochondr ia  oxidizing glutamate.  
io  mM glutamate.  1.3 mg/ml  mitochondria  for the assay of cytochromes;  5.2 mg/ml mi tochondr ia  
for the assay of NAD, N A D P  and Q. Other  conditions as in Fig. 2. Q - - S ,  State 4 ; O- O ,  S t a t e  3. 

Effect of azide, hydroxylamine and cyanide 
The effect of varying azide concentrations on the redox states with fl-hydroxy- 

butyrate as substrate is shown in Fig. 8. In agreement with the previous paper", azide 
has scarcely any effect in State 4, but in State 3 flavoprotein, cytochrome b, cyto- 
chrome c and cytochrome a become increasingly reduced with increasing concentra- 
tions of azide (cf. ref. IO). Thus, the crossover point lying between cytochromes c and 
a in the absence of azide shifts to between cytochromes b and c with o.I mM azide and 
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to between NADH and flavoprotein with 0.2 mM azide. The crossover point between 
cytochromes a and a s disappears with 0.2 mM azide. Cytochrome a s is more highly 
oxidized than cytochrome a in State 3 in the presence of azide 11-18. 
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Fig. 8. Effect of azide concentrat ion on redox states of electron carriers in State- 4 and State-3 
mitochondria  oxidizing f l -hydroxybutyrate .  Reaction mixture  contained o.2 mM ADP, IO mM Pi, 
IO mM f l -hydroxybutyra te  and 1.2 mg/ml  rat-l iver mitochondria.  No correction was made  for the 
effect of azide on the absorpt ion spect rum of ferrocytochrome a (refs. I I and i2). O - - O ,  S t a t e  4;  
O - - O ,  State 3- 

Fig. 9 shows the effect of varying azide concentrations with succinate as sub- 
strate. With 50 ffM azide, the pattern changes to that observed with NAD-linked 
substrates in the absence of azide, namely crossover points between cytochromes c 
and a, and a and a 3. With 0.2 mM azide, a single crossover between cytochromes b 
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Fig. 9. Effect of azide concentrat ion on redox states of electron carriers in State- 4 and State- 3 
mitochondria  oxidizing succinate, io  mM succinate. 1.3 mg/ml  rat-liver mitochondria.  Other  con- 
ditions as in Fig. 8. O - - O ,  State 4; O - - O ,  State 3- 

Fig. io. Effect of hydroxylamine  concentrat ion on redox states of electron carriers in State- 4 and 
State-3 mitochondria  oxidizing succinate. 1. 3 mg/ml  rat-liver mitochondria.  Reaction mixture  
contained 0.2 mM ADP, io mM PI, io mM succinate and 1.3 mg/ml  rat-l iver mitochondria.  0 - - 0 ,  
State 4; O - - O ,  State 3- 
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and  c appears .  Cyanide behaved  s imilar ly  to azide. Hydroxy lamine ,  recen t ly  s tud ied  
by WIKSTR6M 14, also behaved  ra the r  s imilar ly  to azide, crossover points  appear ing  
between cy tochromes  c and  a, and  a and  a a (Fig. Io). 

D I S C U S S I O N  

Five different crossover phenomena  have been identif ied in this invest igat i(m, 
name ly :  

(I) no crossover was observed with  succinate  or TMPD as subs t ra te ,  in the ab- 
sence of r e sp i ra to ry  inh ib i tor ;  

(2) a crossover was observed between cytochromes  a and  a a wi th  NAD- l inked  
subs t ra tes  in the  absence of inhibi tor ,  and  with  succinate  in the  presence of 5o ~M 
azide or I mM hydroxy lamine ;  

(3) a crossover was observed between cy tochromes  c and  a wi th  NAD- l inked  
subs t ra tes  in the absence of inhibi tor ,  and  wi th  succinate  in the presence of 5o ~3I 
azide or o.5 mM h y d r o x y l a m i n e ;  

(4) a crossover was observed between cytochromes  b and c wi th  g lu t ama te  in 
the  absence of inhibi tor ,  and  wi th  succinate  a n d / 3 - h y d r o x y b u t y r a t e  in the presence 
of o.2 and o.I mM azide, respect ive ly ;  

(5) a crossover was observed between N A D H  and f lavoprote in  wi th /3 -hydroxy-  
b u t y r a t e  in the presence of o.2 mM azide. 

Three of the  five phenomena  have been identif ied earlierl-6,H, la. The obser- 
va t ion  t ha t  all components  of the resp i ra to ry  chain,  including cytoehromes  a and 
aa, become reduced  on the t rans i t ion  from Sta te  3 to S ta te  4 of mi tochondr ia  oxidizing 
succinate  or TMPD is new. A crossover between cy tochromes  a and a3, in the absence 
of inhibi tor ,  has also not  been observed earlier. 

Fo r  a discussion of the  crossover phenomenon the following resp i ra to ry  chain 
will be assumed.  

S H  2 --> N A D  + .÷  fp  -~ ()  ~ b -~ c I ---> c - +  • -~ a a ~ (1)~ 

t 
s u c c i n a t e  T M P D  

a s c o r b a t c  

SH 2 represents  NAD- l inked  subs t ra te ,  fp the  two f lavoprote ins  15 involved in the  oxi- 
da t ion  of N A D H ,  b, q ,  c, a and aa the  corresponding cytochromes.  

CHANCE AND WILLIAMS 1 in t roduced  the i m p o r t a n t  concept  tha t ,  in S ta te  4, the 
r e sp i r a to ry  chain is inh ib i ted  b y  the lack of A D P  requi red  for the  phosphory la t ing  
react ions  of the r e sp i ra to ry  chain.  When  there  is only  one site of in terac t ion  with  
ADP,  as wi th  TMPD as subs t ra te  in the  presence of an t imyc in  and rotenone,  the 
i n t e rp re t a t i on  of the crossover phenomenon  is s t ra igh t forward .  The observa t ion  tha t  
all componen t s  of the  r e sp i ra to ry  chain become more reduced on the t rans i t ion  from 
S ta te  3 to  S ta te  4 localizes the  react ion be tween fer rocytochrome a3 and  oxygen as 

the  site of inhibi t ion.  
Where  there  is more than  one site of in terac t ion  wi th  ADP,  the in t e rp re t a t ion  is 

more  difficult. The observa t ion  t ha t  all components  of the  r e sp i ra to ry  chain become 
more  reduced on the t rans i t ion  from Sta te  3 to S ta te  4, also wi th  succinate  as subs t ra te ,  
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leads to the same conclusion as with TMPD. Similarly, the finding that ,  in mitochon- 
dria oxidiz ing/3-hydroxybutyra te  in the presence of 0.2 mM azide, flavoprotein be- 
comes more oxidized on the transit ion from State 3 to State 4 shows tha t  the reaction 
between substrate and flavoprotein is a site of inhibition. However,  in our view (see 
ref. 7) crossovers within the span between flavoprotein and cytochrome a 3, observed 
under various conditions with NAD-linked substrates, cannot  be identified with in- 
hibi tory sites. For  example, the redox state of cytochrome c depends upon the activi- 
ties of the segments of the chain responsible for the reduction of ferricytochrome c 
by  substrate,  and for the oxidation of ferrocytochrome c by  oxygen. We have just 
concluded tha t  both  segments are inhibited on the transit ion from State 3 to State 4, 
Whether  cytochrome c will become more oxidized or reduced will depend upon which 
of the two influences it is subjected to dominates. In  rat-liver mitochondria  oxidizing 
/~-hydroxybutyrate in the absence of inhibitor, it appears tha t  inhibition of the oxi- 
dation of cytochrome c has the more impor tant  influence since the cytochrome be- 
comes more reduced on the transition from State 3 to State 4 (Fig. 5)- When, however, 
the oxidat ion step is slowed with azide, the cytochrome c becomes more susceptible 
to inhibition of the reduction of cytochrome c, and the cytochrome becomes more 
oxidized on the transit ion (Fig. 8). The experiment illustrated in Fig. i i  is part icularly 
instructive in this respect. Wi th  TMPD as substrate, the transit ion from State 3 to 
State 4 leads to reduction of cytochrome c both in the presence and absence of azide, 
because only the span cytochrome c to oxygen becomes inhibited as the A D P  is ex- 
hausted. With  succinate as substrate, under otherwise identical conditions, cyto- 
chrome c becomes more oxidized on the transition from State 3 to State 4 in the pres- 
ence of 0.2 mM azide, because the redox state of cytochrome c becomes more sus- 
ceptible to the inhibitory effect on its reduction. This is a clear demonstra t ion that  
with succinate as substrate an interaction with ADP takes place that  is not  observed 
with TMPD. However,  the crossover between cytochromes a and a 3 observed under 
these conditions (see Fig. 9) does not locate the inhibition site between cytochromes a 
and a 3. In  our view, the only conclusion to be drawn is tha t  inhibition occurs between 
substrate and cytochrome a 3. Similarly, the only conclusion to be drawn from the 

(A) ascorbate *TMPD 550-540 rn/J 

azide 2 ~  ~&[' 

o 2 o ~ _  o~ 
4~ 

substr'ate 

(B) succinale ~ 

~ o  ~ < o~ 
¢ 

substrate 

Fig. I I .  Dependence of  crossover po in t  on substrate.  Measurements  a t  55 ° mt~ m'inus 54o raft, 
1.6 ing /ml  r a t - l i ve r  mi tochondr ia .  Addi t ions  of i o  rnM succinate ,  or 5 inM ascorba te  plus o. 15 mM 
TMPD, and of A D P  (0.2 mM wi th  succinate ,  o . i  mM wi th  TMPD) as shown. 
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second crossover between cytochromes c and a is tha t  there is an inhibition site be- 
tween cytochrome c and oxygen. 

Thus, the fact tha t  five crossover sites have been identified under different con- 
ditions does not necessarily mean that  there are five sites of inhibition in State- 4 mito- 
chondria. 

A crossover point on the substrate side of cytochrome c was observed with suc- 
cinate in the presence of o.2 mM azide. This identifies a crossover between succinate 
and cyrochrome c. No crossover below cy tochrome c was ever observed with TMPD 
as substrate,  or below ubiquinone with succinate. 

Thus, the observed crossover phenomena are consistent with the idea that  the 
three sites of respiratory-chain phosphorylat ion lie between (i) NAD-linked substrate 
and flavoprotein, (ii) the point at which reducing equivalents from succinate enter 
the respiratory chain and cytochrome c, and (iii) eytochrome a a and oxygen. This is 
the first direct evidence identifying the latter region of the chain as a phosphorylat ing 
site, a l though this was already very likely on theoretical grounds la. Moreover, 
RA.mREZ ~6 reported a crossover beyond eytochrome aa on initiation of muscle act ivi ty  
in intact  toad, frog or lobster heart  muscle. 

The nature of the inhibitory reaction in State 4 has not  been specified in the 
above discussion. In  the previous paper 9, it was concluded that  in State 4 tim respira- 
to ry  chain is near thermodynamic  equilibrium with ADP, ATP and PI. The respiratory 
chain in State 4 should, then, be writ ten 

1 I t  I l l  

S H , , ~ _ N A D + , ~ _ f p ~ Q ~ b ~ - - q ~ c ~ - a  ~ ~ O , ,  

I ;  I ;  
succinate TMPD 

% 
ascorbate 

The Roman  numerals indicate the regions of the interaction with one molecule of 
A D P  and Pi per two electrons. When A D P  is added, the position of equilibrium of 
those reactions in which there is interaction with ADP is driven so far to the right 
tha t  the rmodynamic  equilibrium is not reached, and the redox state of each carrier is 
governed by  a kinetic s teady state. 

EXPERIMENTAL 

Tile method of preparing the mitochondria  and tile composition of the reaction 
mixture are given in the previous paper 9. 

The redox state of nicotinamide nucleotides (NAD q- NADP),  flavoprotein and 
the cytochromes was measured as described by  CHANCE AND WILLIAMS 4, using an 
Aminco-Chance dual-wavelength spectrophotometer.  The following wavelength pairs 
were used: nicotinamide nucleotides, 35o m/, minus 375 m/,;  flaw)protein, 465 111/, 
minus 5IO m/~; cytochrome b, 43o mt* minus 41o m/z; cy tochrome c, 55o m/, minus 
54 ° m / , ;  cytochrome a -t- aa, 6o5 m/~ minus 59 ° m/~, or 6o5 m/, minus 63o m/,;  cyto-  
chrome a a ÷ a, 445 mt* minus 455 m/~. The absorbance at these wavelengths was 
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measured during the sequence States 2 -+ 3 -+ 4 -~ 5, using the terminology of CHANCE 
AND WILLIAMS 1. State 2 was induced by adding to the mitochondria, suspended in 
the reaction mixture, IO mM PI and an appropriate amount of ADP (0.2-0.3 mM for 
succinate and NAD-linked substrates, o.I mM for ascorbate and TMPD). State 3 was 
then induced by adding substrate. This was followed by State 4 when the ADP was 
consumed. State 5 (anaerobic) was induced by adding Na2Sz04, except when nico- 
tinamide nucleotides were measured. In this case, the suspension was allowed to go 
anaerobic by consumption of substrate. In calculating the percentage reduction, 
it was assumed that the carriers in State 2 were completely oxidized, and in State 5 
completely reduced. When a respiratory inhibitor was present in the reaction mixture, 
the State-2 level was measured by adding o. 1-o.2 mM dicoumarol to the mitochondria 
in State 4. 

The measurements at 465 m~ minus 51o m~ probably refer largely to the flavin 
moiety of NADH dehydrogenase, but the extent to which non-haem iron (of. ref. 17) 
and other flavoproteins contribute is uncertain. The/tem~ of cytochrome c 1 at 550 mff 
minus 54 ° m~ in the difference spectrum reduced minus oxidized is 41% of that of 
cytochrome c (T. A. _BERDEN, personal communication). Since mitochondria contain 
less cytochrome c 1 than cytochrome c, the absorbance changes with this wavelength 
pair can largely be ascribed to cytochrome c. The relative contributions of cytochromes 
a and as to the measurements with the wavelength pairs 605 m=ff minus 59 ° m~, 
and 445 mff minus 455 mff have already been discussed. With the wavelength pair 
605 minus 630 m/~, cytochrome a contributes about 3 times as much as cytochrome 
a 3 (A. O. MUIJSERS, p e r s o n a l  c o m m u n i c a t i o n ) .  

The measurement of cytochrome a was especially difficult. CHANCE AND WIL- 
LIAMS have used both 59 ° mff (ref. I) and 630 m/~ (ref. 4) as the reference wavelength. 
In Fig. 12, measurements at these wavelengths are compared, using a low concen- 
tration (i raM) of succinate as substrate. Qualitatively, the same results were ob- 
tained with both wavelength pairs, viz. an increase of absorbance on transition from 
State 3 to State 4 and a decrease on the addition of ADP. However, there are quanti- 
tative differences which were found, moreover, to depend upon the age of the prepa- 
ration. With aged preparations, the addition of ADP sometimes caused an increased 

(A) 605-590 m~ 

ADP 200~JM S 
Pi lOm~ 

¢ 4 
Succ.1 mM ADP 200~M 

<S 
O { 

(B) 605-630 m/a 

S ' , _ ~ ~  

f <S 
ADP <l 00. t 

¢ 30 sec 
suet, --~ ~<-- 
ImM 

Fig. 12. Redox changes of cytochromes a + a 3 determined at 605 m/z minus 590 m/,  or at 605 m/~ 
minus 63 ° m/,  on t ransi t ion from State 3 to State 4 of rat-liver mitochondria  oxidizing succinate 
(succ). Reaction medium contained io mM Pt and o.i /zg/ml rotenone. 1, 4 mg/ml  rat-liver mifo- 
chondria. 
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absorbance at 605 minus 630 m/~. Since the changes of light absorption at this wave- 
length are very small, it is probable that light-scattering changes ~s interfere, even 
with measurements with the dual-wavelength spectrophotometer. Contraction of the 
mitochondria would cause a decreased value of A6osmt, minus A59o m,~, thereby reinfor- 
cing the absorbance change on the addition of ADP, and an increased value of A605 m/~ 
minus A6a0m/*, thereby nullifying the absorbance change. The effect of these light- 
scattering changes is very largely eliminated by measuring the average of the effects at 
the two wavelength pairs. In any case, it can safely be concluded from Fig. I2 that 
cytochrome a becomes more reduced on the transition from State 3 to State 4. 

The degree of reduction of NAD and NADP was measured by the methods of 
KLINGENBERG 19,2°, aS described by VAN Da.~.f 't. The redox state of ubiquinone was 
measured by the extraction procedure of KR(~(;ER ANI) KLINGENt~ER(;"". 
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