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S U M M A R Y  

1, The reaction of oxidized cytochrome c oxidase with low concentrations 
of azide (1 mM) is biphasic. A fast bimolecular binding reaction measured at 
558 nm, strongly pH-dependent,  is followed by a slow, nearly pH-independent 
first-order reaction measured at 432 nm. 

2, The pH dependence suggests binding of hydrazoic acid. The rate constant 
(k=2.5.106 M -1 .s -1) and the low energy of activation of 1 kcal .mole -~ point 
to a diffusion-controlled but sterically hindered reaction. 

3. The second reaction, with a rate constant (k=0.03 s -1) independent of 
the azide concentration and an energy of activation of 14 kcal .mole-1 is interpreted 
as an azide-induced conformational change in the protein. 

4. Study of the dissociation of the enzyme-azide complex by the pH-jump 
technique indicates that the azide anion is released. In order to explain the kinetics 
a cyclic mechanism is proposed. 

I N T R O D U C T I O N  

In the preceding paper 1 it was shown that purified oxidized cytochrome c 
oxidase (EC 1.9.3,1) reacts with azide and that only one azide molecule is responsible 
for the observed spectral changes and the inhibition of its activity. From the kinetics 
of the progressive inhibition observed when the enzyme was mixed with ferrocyto- 
chrome c and azide in a stopped-flow spectrophotometer  an "on' constant for azide 
binding of 4.6.103 M -  i. s-  1 at pH 7.3 has been calculated. The strong pH dependence 
of both Ki and Kd suggests that hydrazoic acid is the reactive species (but see the pre- 
ceding paper~); in this case the 'on '  constant increases to a value of 1.6.106 M - l - s - l .  
In rat-liver mitochondria Wilson 2 demonstrated that on addition of excess azide in 
the aerobic steady state a pseudo first-order reduction ofcytochrome a occurs. Based 
on hydrazoic acid he calculated a rate constant for binding of 2 ' 1 0 6  M - I - s  -1 

which is in excellent agreement with our value obtained from progressive- 
inhibition kinetics ~. 

This paper will deal with the kinetics of  azide binding to isolated oxidized 
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cytochrome c oxidase, which are found to be similar to those observed with particulate 
enzyme. Some of the results are published in a preliminary form 3-5. 

MATERIALS AND METHODS 

Enzyme preparations 
For a description of enzyme preparations, chemicals and instruments, see 

the preceding paper t. 

RESULTS 

Kinetics of formation of cytochrome c oxidase-azide complex 
As was demonstrated in the preceding paper (cf Fig. 1 of ref. 1) azide affects 

the spectrum of the oxidized enzyme. The formation of the peaks and troughs 
in the Soret region with 1 mM azide at pH 7.3 and 20 °C was complete in about 
3 min, whereas the peaks in the a and fl regions in the difference spectrum (enzyme+ 
azide minus enzyme) were formed at least two orders of magnitude more rapidly. 

The reaction visible at 558 nm is first order with respect to enzyme and 
monophasic as jugded from the semilogarithmic plot of Fig. i. The first-order 
rate constant measured at 558 nm is proportional to the azide concentration (Fig. 2), 
indicating that the reaction is first order with respect to azide. Thus the reaction 
of oxidized cytochrome c oxidase with azide is bimolecular. For an equilibrium 
reaction the measured rate constant (k't) is given by Eqn 1 

k ' l=k t l °+k_ l  (1) 

"c i 

I 

' ~  " ' 2 0  

. . . .  / 
/ 

.;.4 ~, ~.o ~ 

"¶ oc 7 J I ' i . i A A i l 

O 4 C C  8 0 0  ~ 2 0 0  2 0 0  4 C . (  ':,Or-. 

t ( m S ;  A Z  ~Ce { ~.',,4 ; 

Fig. I. Semilogarithmic plot of the transmission changes observed after mixing 930/ tM azide 
with an equal volume of 56 ffM cytochrome c oxidase. The reaction was followed at 558 nm 
using a stopped-flow spectrophotometer; 100 mM potassium phosphate buffer (pH 7.3) and 
1% Tween 80; temperature 20 °C. 

Fig. 2. Rate constant observed at 558 nm, for the reaction of cytochrome c oxidase with azide 
as a function of the azide concentration; 100 mM potassium phosphate buffer (pH 7.3) and 1% 
Tween 80; 28 tLM cytochrome c oxidase; temperature 20 °C. 
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where I ° is the initial azide concentration and k~ and k_  ~ are the rate constants for the 
forward and backward reaction, respectively. The slope in Fig. 2 gives a value 
o f  6.5.103 M -t  .s -~ for the rate constant k~ at pH 7.3. Based on frec hydrazoic 
acid (pK~=4.76)  a value of  2.5.106 M - ~ . s  -~ is obtained. The rate constant k_~ 
o f  the back reaction calculated from the intercept on the ordinate is 0.15 s -  

Fig. 3 shows that the slow reaction as measured at 395, 415. 432, 590 and 
678 nm is first order with respect to enzyme with a value for the rate constant of  
0.03 s -  ~. Furthermore, the rate constant is independent  of  the azide concentration 
(not shown). In this context it should be ment ioned that at 678 nm there is also 
a contribution of  the fast reaction to the difference spectrum (see later)• It is l ikely 
that the slow reaction represents a conformational  change o f  the protein induced 
by the binding of  the ligand. These findings can be summarized by the fol lowing 

scheme:  

kl  k2 
E +  I ~ E!  55s ~ E/432's58 (2) 

k - I  

where E1558 represents the rapidly formed enzyme-azide  complex and E155s'432 

results from the subsequent conformational  change.  The fol lowing expression 
for the observed rate constant (k'2) can be obtained 6 from Eqn 2 

k 2  
k ' 2 = k _  2 + - -  (3) 
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Fig. 3. Semilogarithmic plot of the absorbance difference at five different wavelengths as a function 
of time. The reaction was started by the addition of 400 #M azide to cytochrome c oxidase; 
1 .0~ Tween 80, 100 mM potassium phosphate buffer (pH 7.1); temperature 20 °C. Enzyme 
concentration for measurements in Soret region, 24 /~M, other wavelengths, 145 /tM. o---.~_;, 
--dA4:32; 0---0,  AA415; A--A,  AA39~; r-J---E], - dA s ~o;  H ,  AA6?s nm. 

Fig. 4. Logarithm of the rate constant of the reaction of cytochrome c oxidase with azide, 
measured at 558 and 432 nm, as a function of pH; temperature 20 °C; I ~ Tween 80; 100 mM 
potassium phosphate buffer or, above pH 7.9, 100 mM Tris-suiphate buffer, o - - o ,  at 558 nm, 
enzyme 25-50 /~M, azide 0 .05-1 raM; 0 - - 0 ,  at 432 nm, enzyme 10-20 #M, azide 1 raM; 
,~.--.Z, values obtained from Table I of ref. 2. 
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As the rate constant of the slow reaction is independent of the azide concentration, 
at least from 0.1 to 1 mM (not shown), it is required that: I ° >> k_i /k l .  Substi- 
tution of the observed k~ and k_ 1 values shows that this condition is satisfied with 
the azide concentrations used. 

pH and temperature dependence of the reactions of azide with cytochrome c oxidase 
Because the spectroscopic dissociation constant and the inhibition constant 

in the catalytic activity measurements are pH dependent, the fast and the slow 
reaction were studied in more detail at different pH values. The rate constant of 
the fast reaction is extremely pH dependent. When the logarithm of the observed 
rate constant is plotted as a function of pH a linear relationship is obtained (Fig. 4), 
which obeys the expression: 

logk'  l = 9 . 0 - 0 . 7  pH (4) 

In Fig. 4 the points (A--±) found by Wilson 2 for rat-liver mitochondria are also 
given, showing agreement between isolated and particulate enzyme in the reaction 
with azide. The pH dependence can be explained by a preferential binding of the 
hydrazoic acid to the cytochrome. The deviation of the slope of the line (0.7) f rom 
unity may be due to a relatively increasing contribution of k_ 1 to the total measured 
rate constant at high pH values. In contrast to the fast reaction, the rate constant 
of  the slow reaction (o--o) in Fig. 4 is nearly independent of the pH in the range 
studied (pH 6.2-7.8). 

The fast bimolecular reaction is only slightly dependent on temperature 
(Q to= l . 05 ;  energy of activation 1.0 kcal-mole-1). The slow reaction, however, 
has a Qlo of 2.5, corresponding to an energy of activation of 14 kcal .mole -~. 

Dissociation reactions 
In order to test the reaction scheme given in Eqn 2, the dissociation was 

investigated by means of the pH-jump technique as described in detail in the legend 
of Fig. 5. Because the KD and K i are strongly pH dependent and the azide reactions 
are reversible it is possible to study the kinetics of the dissociation reaction by 
suddenly raising the pH of  a solution containing the enzyme-azide complex. 

The dissociation reaction as measured at 558 nm by the pH-jump technique 
(pH 6.8--->8.0) is ten times faster than that measured at 432 nm. Both reactions are 
first order and monophasic (not shown). 

Fig. 5 shows that the inverse values of the apparent dissociation rate constant 
as measured at 558 nm and the sum of the free enzyme and N 3- concentration are 
linearly dependent. This result suggests a dissociation of the azide anion instead 
of hydrazoic acid. To account for the observed relaxation kinetics (see refs 6 and 7), 
an additional intermediate, undetectable at 558 nm, but having the azide bound, 
must be incorporated into the reaction scheme 

E1558'432 ~ EI432 ~- E432+ N3 - (5) 

In order to determine the kinetic parameters of the reaction at 432 nm the following 
experiment was carried out: The enzyme-azide complex was first formed at pH 
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6.7, af ter  which it was dissocia ted by adding  a lkal ine  T r i s - su lpha t e  buffer (pH 10.0) 
to a final p H  of  9.0. The reversibi l i ty o f  the react ion was checked  by lowering the 
pH again to its or iginal  value (6.6) by the addi t ion  of  acidic phosphate .  In both 
cases the rate  constants  o f  the monophas ic  ' on '  and 'off '  react ions  are equal  
(0.03 s -  ;) and independen t  o f  the azide concentra t ion .  

0 .- 

o 

o .c., 

o . -  

% "  

'~- 0 4 , ^ ,  

; • ', 

O 0  - - -  ~,.,~ 

,c 2 ~k.,' 

I 
1 i i i i i I i i i i 

" O a ,  ~ 'e.~> C ~ 5 0  ,65C ' h 3  

Fig. 5. Reciprocal value (l/k) of the dissociation rate constant measured at 558 nm, as a function 
of the reciprocal sum of the equilibrium values of the initial free enzyme (L') and N~- (1) 
concentration. Dissociation of the enzyme-azide complex was brought about by mixing in a 
stopped-flow spectrophotometer a solution of 20 mM potassium phosphate buffer (pH 6.8), 
containing variable amounts of the enzyme-azide comples (30-126 t~M in enzyme) with equal 
volumes of 200 mM Tris-sulphate buffer (pH 8.0), having the same concentration of azide 
(16-300 t~M) as in the other syringe. All solutions contained 1% Tween 80. Final pH 7.8, 
temperature 20 °C. Free enzyme and azide concentration at pH 6.8 were calculated from the 
dissociation constant at pH 6.8. 
Fig. 6. Calculated contribution of the enzyme-azide complexes E1 s:'s and E155s,~3" to the 
absorbance changes in the difference spectrum enzyme+azide minus enzyme; azide 100 it M; 
100 mM potassium phosphate buffer (pH 7.2); 10°/o Tween 80; temperature 20 >C. Dotted 
line, spectral changes due to formation of the first complex (ElSSS). Solid line, spectral change 
caused by the formation of the second complex (ElSSS.432). Spectra were calculated as described 
in Results. 

We propose  the fol lowing cyclic mechanism,  based on the exper imenta l  
results  for  the associa t ion (Eqn 2) and dissociat ion (Eqn 5) react ions :  

E + H N  3 ~ E155s 

/2 % 
E ¢ 3 2 + N  3 -  ~ E1432 ~ E155s,432 (6) 

It is assumed that  E is the main  enzyme cons t i tuent  in the absence of  azide. Start ing 
with E the main pa thway  o f  the associat ion react ion goes clockwise via EI  ss8 to 
ElSSs'432and the dissociat ion react ion mainly  via the componen t  E/"432 and E 432 

back  to E. 

Difference spectra o f  the two azide complexes 
The large difference in rate be tween  the b inding react ion and the conformat iona l  

change permi t ted  us to calculate the cont r ibut ions  o f  both  azide complexes  to 
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the final difference spectrum. After addition of azide, spectra were taken at regular 
intervals with known scanning speed. Using the first-order rate constant (0.03 s - l )  
and extrapolation to zero time, the spectral changes due to the slow reaction were 
calculated. Subtracting this from the total spectral change yielded the contribution 
of the rapid reaction. Fig. 6 shows that the bands in the difference spectrum 
contain elements of both reactions with a notable exception between 542 and 558 nm, 
where only the rapid, and at 590 nm where only the slow reaction contributes. 

The bands at 432, 415 and 395 nm are formed slowly (not shown). No contri- 
bution of the fast reaction could be detected in this region. If this reaction is present 
its contribution to the absorbance must be less than 5% of the final spectral effect. 

DISCUSSION 

The binding reaction and the conformational change 
Wilson 2 calculated from the rate of reduction of cytochrome a, observed 

after mixing azide with rat-liver mitochondria, an "on' constant for the binding 
of  hydrazoic acid of 2. l06 M -1 's -1. This value corresponds well with that found 
from azide-induced spectral changes. Because the 'on' constant for the formation 
of  the inhibitory oxidase-azide complex as determined by us I from transient-inhibition 
kinetics, is equal to the 'on' constant determined from the first visible spectral 
change at 558 nm, the primary inhibitory complex is the E1558 component. The 
conformation induced by azide (E/558"432) is as effective in the inhibition as the 
E155s component, since no biphasic inhibition kinetics are observed. 

The rate constant of 2.5.106 M - I . s  -1 for the diffusion-controlled azide 
binding is rather low compared to the rate constant of a reaction between two 
small molecules (k=  109-101° M -1 .s -I ,  see ref. 8). However, Schmitz and Schurr 9 
pointed out that moderate angular constraints imposed on an enzyme and a reactant 
drastically decrease the diffusion-controlled rate constant. In cytochrome c oxidase 
an angular constraint of this nature might be caused by a sterically hindered entry 
of  the HN 3 molecule into a cavity of the enzyme. A low energy of activation for 
the enzyme-ligand reaction similar to that observed for the azide binding reaction 
(! kcal.mole-1) has been reported recently by Erecifiska and Chance 1° for the reac- 
tion between reduced cytochrome a 3 and 0 2 (4 kcal .mole -1) or CO (3 kcai .mole -~) 
in intact pigeon-heart mitochondria. A sterically hindered entry of azide has also 
been observed in methemoglobin, where the azide ion lies deeply buried in the 
haem pocket. Perutz and Mathews 1~ conclude from their X-ray model that before 
the azide ion is bound, one of the side chains blocking the entrance of the ligand 
site must swing out in order to admit it. 

Our proposal that azide induces a conformational change is supported by 
the observation of Van Buuren et al. 12 and Wilson et aL 13 that the enzyme-azide 
complex reacts more rapidly with cyanide than the free oxidized cytochrome c 
oxidase. 

The mechanism o f  the reactions and the site o f  action 
Although the proposed cyclic mechanism is rather tentative it gives a satis- 

factory explanation for all observations. 
Support for a cyclic mechanism is provided by the observation that on disso- 
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ciation the reaction at 558 nm is monophasic.  I f  the reaction pathway for association 
and dissociation were the same (compare Eqn 2), two reactions would be observed 
at 558 nm on dissociation o f  the complex. However,  the possibility can not be 
ruled out that the absorbance at 432 nm of  the E 558'432 component  is large and 
the amount  present is very small compared  to the amount  o f  E1558, thus masking 
the detection of  a biphasic dissociation reaction. 

It has been demonstra ted ~ that one HN 3 molecule is responsible for the 
induced spectral changes. Because the rate of  binding of  azide to isolated oxidized 
cytochrome c oxidase equals the rate of  formation of  the inhibitory complex either 
for the enzyme in s i tu  2 or the isolated enzyme ~, we conclude that in all cases a 
binding occurs to the oxidized form of  the enzyme. 

A recent detailed investigation by Wilson and coworkers ~4 of  the effect o f  
azide on the redox potentials of  the two heme groups showed that the oxidized 
low-potential heme (cytochrome a) binds azide. A discrepancy still exists between 
the value of  dissociation constant determined from potentiometric studies ~4 
(250 pM at pH 7.2), and those reported ~'2'15- 17 for the inhibition and dissociation 
constants (20-60 # M  at pH 7.2). 

Unfortunately there is no direct evidence available concerning the actual 
binding site o f  azide. It can only be said that azide binds to partially reduced t8 
and oxidized cytochrome c oxidase and that it affects the ligand field of  the heme. 
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