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Summary 

1. The steady-state oxidation of  fer rocytochrome c by dioxygen catalyzed 
by cytochrome c oxidase, is inhibited non-competit ively towards cytochrome c 
by methanethiol,  ethan.ethiol, 1-propanethiol and 1-butanethiol with Ki values 
of 4.5, 9 1 , 2 0 0  and 330 #M, respectively. 

2. The inhibition constant  Ki of  ethanethiol is found to be constant  between 
pH 5 and 8, which suggests that  only the neutral form of the thiol inhibits the 
enzyme. 

3. The absorption spectrum of oxidized cy tochrome c oxidase in the Soret 
region shows rapid absorbance changes upon addition of  ethanethiol to the 
enzyme. This process is followed by  a very slow reduction of  the enzyme. The 
fast reaction, which represents a binding reaction of  ethanethiol to cy tochrome 
c oxidase, has a kl o f  33 M -I • s -~ and a dissociation constant  Ka of  3.9 raM. 

4. Ethanethiol induces fast spectral changes in the absorption spectrum of 
cy tochrome c, which are followed by  a very slow reduction of the heine. The 
rate constant  for the fast ethanethiol reaction representing a bimolecular 
binding step is 50 M- '  • s-~ and the dissociation constant  is about  2 mM. Addi- 
tion of  up to 25 mM ethanethiol to  fer rocytochrome c does not  cause spectral 
changes. 

5. EPR (electron paramagnetic resonance) spectra of cytochrome c oxidase, 
incubated with methanethiol or ethanethiol in the presence of cytochrome c 
and ascorbate, show the formation of low-spin cytochromea3-mercaptide 
compounds with g values of 2.39, 2.23, 1.93 and of 2.43, 2.24, 1.91, respec- 
tively. 



Introduct ion 

Cytochrome c and cy tochrome c oxidase catalyze the electron transfer in the 
mitochondrial  respiratory chain from the bcl complex to molecular oxygen. 
Several ligands, such as cyanide, sulphide, carbon monoxide  and azide are 
known to bind to cy tochrome c oxidase and to inhibit its catalytic function 
during oxidation of  fer rocytochrome c by dioxygen (for a review, see Ref. 1 ). 
Although these ligands may bind to cy tochrome c, their inhibitory effect  on 
the respiratory chain can be ascribed almost completely to ligand binding to 
cytochrome a3. This conclusion is in agreement with the type  of  inhibition of  
the cy tochrome c oxidase activity, which is non-competit ive towards cyto- 
chrome c. 

Recently,  Vahlkamp et al. [2] reported that  mercaptans affect the oxidative 
metabolism of rat liver and rat brain mitochondria.  They suggested that  inhibi- 
t ion of the terminal part of  the mitochondrial  electron transfer chain by 
mercaptans was related to the mechanism by which energy production in brain 
is depressed during hepatic failure. In this paper the effect of alkylthiols on the 
properties of  cy tochrome c and cytochrome c oxidase are studied. 

Materials and Methods 

Cytochrome c was prepared from horse heart  according to the method of  
Margoliash and Walasek [3],  cy tochrome c oxidase was isolated from beef  
heart according to the methods of  Fowler et  al. [4] and MacLennan and 
Tzagoloff [5],  as modified in our laboratory [6]. Absorption coefficients used 
were for cy tochrome c (reduced minus oxidized) 21.1 mM -I • cm -1 at 550r im 
[7] and for cy tochrome c oxidase (reduced minus oxidized) 24.0 mM -~ • cm -t 
at 605 nm [8].  Stock solutions of  methanethiol  (Merck-Schuchardt), prepared 
by passing the gas for 15 min through a Column (50 × 2 cm) of  0.1 M KOH at 
0 ° C, were stored in liquid N2. 

Stock solutions of  the other  mercaptans (50--100 mM) were prepared 
freshly every day and kept  at 0 ° C. Mercaptan concentrations were determined 
by  the method  of  Ellman [9],  using 5,5'-dithiobis(2-nitrobenzoate).  

Ascorbic acid (BDH, biochemical grade) was neutralized with KOH. Stock 
solutions of  2.0 M were stored at --20°C. 

Tween 80 was purchased from Sigma, ethanethiol (Analar grade) from BDH, 
other  chemicals were mainly obtained from Merck ('zur Synthese '  quality). 

Steady-state activities of  cytochrome c oxidase at 25°C were measured 
spectrophotometr ical ly according to the method of  Smith and Conrad [10],  
using a modified Durrum stopped-flow apparatus or a Zeiss PMQ II spectro- 
photometer ,  equipped with a log-converter and recorder. The reaction medium 
contained 100 mM potassium phosphate,  1% Tween 80. The pH was 7.0 with 
the except ion of  the experiments related to Fig. 5. 

Oxygen consumption was monitored with a Clark oxygen electrode via an 
appropriate circuit to a recorder. The polarographic assay vessel contained 
1 0 0 m M  potassium phosphate  (pH 7.0), 1% Tween 80, 20 mM ascorbate, 
0.75 mM N~N,N',N'-tetramethyl-p-phenylenediamine, 5--25 I~M cytochrome c 
and 60 nM cytochrome c oxidase. For  spectroscopic determinations a Cary 
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17R recording spect rophotometer  was used. EPR spectra were obtained with a 
Varian E-9 spectrometer.  Temperatures,  magnetic field and microwave 
frequency were measured as described previously [ 11 ]. 

Remits 

Effect of  ethanethiol binding to cytochrome c 
Fig. 1A and B shows the difference spectra of  ferr icytochrome c upon addi- 

tion of  ethanethiol. In the Soret region a maximum at 422 nm and a minimum 
at 405 nm develop rapidly after  addition of  the mercaptan. At this rather high 
ethanethiol  concentrat ion the initial difference spectrum shifts slowly to  the 
spectrum of ferro-minus  ferr icytochrome c (trace 6 in Fig. 1A and B). This 
secondary, reductive process interferes with the direct determination of  the 
dissociation constant  of the rapidly formed complex. It is possible to obtain 
a Hill plot  by  successive additions of  ethanethiol to the same ferr icytochrome c 
solution, though the maximal absorbance change, due to the rapid complex 
formation,  can only be estimated. 

The saturation degree ~ is calculated from zkA422 nm minus AA40s nm. The 
slope of  the Hill plot  (n = 1.1) suggests that  a 1 : 1 complex is formed with a 
dissociation constant  of  about  2 mM. Some deviation from a straight line is 
observed at higher ethanethiol concentrations,  indicating that the reductive 
reaction contr ibutes  to the absorbance change at this stage of  the experiment.  

Using the stopped-flow technique, the dissociation constant  of the initially 
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Fig .  1. Dif ference  spectra o f  f err icy tochrome c plus  e t h a n e t h i o l  m i n u s  f e r r i c y t o c h r o m e  c. (A)  Sorer 
r e g i o n .  (B) Visible  r e g i o n .  S c a n  i n i t i a t ed :  1,  immedia te ly  after m i x i n g ;  2,  a f t e r  2 0  mira; 3,  a f t e r  6 0  r a in :  
4,  a f t e r  1 2 0  r a in :  5,  a f t e r  2 0 0  r a i n :  6,  a f t e r  addi t ion  o f  s o d i u m  dithtonite .  4 ~M f e r r i c y t o c h r o m e  e and 
2 0  m M  e t h a n e t h i o l ,  2 5 ° C .  
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formed complex can be determined kinetically. When the observed reaction 
rate is plot ted against the ethanethiol concentrat ion a straight line is obtained 
(not shown). The rate of  the binding reaction can be calculated from the slope 
of  this line (k, = 50 M- '  • s - ' )  and the dissociation constant  from the intercept 
on the abscissa (Kd = 2.0 mM). This value is in good agreement with the Kd, 
obtained from the Hill plot. 

Upon addition of  dithionite to the ferr icytochrome c-ethanethiol complex 
the spectrum of  reduced cytochrome c is obtained. When ferrocytochrome c 
is incubated for  several hours with 25 mM ethanethiol, no spectral change can 
be detected,  indicating that no reaction occurs between ethanethiol and 
reduced cy tochrome c. 

Fig. 2A shows the pseudo first-order rate constant  (k*) of  the reaction 
between ferr icytochrome c and excess ascorbate at different ethanethiol con- 
centrations. The apparent second-order rate constants (k*), obtained from the 
slopes of the lines, are dependent  on the concentration ethanethiol present, 
implying that the mercaptan inhibits the reduction of ferr icytochrome c by 
ascorbate. 

As the above-mentioned experiments suggest, ferr icytochrome c and ethane- 
thiol react readily to form a 1 : 1 complex, 

k, 
cyt .  C 3÷ + C2HsSH h~-i cyt .  c3÷--C2HsSH (1) 

Since both reactions are much faster than the reaction of  ferr icytochrome c 
with ascorbate (cf. Fig. 2A, upper line) 

k2 
cyt. c 3+ + ascorbate -* cyt. c 2+ + dehydroascorbate (2) 

the concentration of non-complexed ferricytochrome c can be represented by: 

[cyt. 3+ ( [C2HsSH ] 1 3+ Cfree ] = 1 + • [cyt .  Ctot~] (3) 
K d / 

with 

K d = k _ l / k  1 . 

The assumption that  the cytochrome c-ethanethiol complex is not  reduced 
by ascorbate predicts a linear relationship between the reciprocal of  the 
apparent second-order rate constant  and the ethanethiol concentration: 

1 1 ( [C2HsSH], 1 

K n I 

k2* can be obtained from Fig. 2A, since k* = k~*[AH2]. When 1/k* 2 is plot ted 
against the ethanethiol concentrat ion (Fig. 2B) the intercept on the abscissa 
corresponds to a dissociation constant  (Kd) of  1.8 raM. The straight line con- 
firms the assumption that the cytochrome c-ethanethiol complex is not  
reducible by  ascorbate. 

Spectral effects o f  ethanethiol binding to cytochrome c oxidase 
As can be seen in Fig. 3A, the spectrum of cy tochrome c oxidase with 
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Fig. 2, (A)  E f f e c t  of  e t h a n e t h i o l  on  the  ra te  of  r e d u c t i o n  of  f e r r i e y t o e h r o m e  c b y  a sco rb • t e .  Th e  a p p a r e n t  
react ion  ra te  (k*)  was  d e t e r m i n e d  f r o m  the e x p o n e n t i a l  increase  of  the  • b s o r b a n e e  • t  550  nm,  The  initial 
f e r r l c y t o e h r o r n e  c c o n c e n t r a t i o n  w u  20 #M. E t h a n e t h i o l  was  a d d e d  b e f o r e  add i t ion  of  u e o r b • t e .  
• -', no  ethanethio l ;  D Q, 0 .5  mM ethanethio l ;  • A, 1 .0  mM ethanethio l ;  o o ,  
2.5  mM ethenethio l ;  • a,  5 mM ethanethio l .  (B) Effect  o f  e thaneth io l  o n  the N c o n d - o r d e r  rate 
cons tant  o f  the reduct ion  of  feDr ley toehrome c b y  aseorba te .  A p p a r e n t  N e o n d - o r d e r  ra te  eonsUmte  were  
determined  from the alope o f  the  line= in Fig. 2 A  (not  all expeHmente  s h o w n ) .  

ethanethiol minus cytochrome e oxidase, recorded immediately after addition 
of  ethanethiol, shows in the Soret region rapid formation of  a minimum at 
415 nm and a maximum at 439 rim, and in the a.band region a maximum at 
595 nm and a minimum at 603 nm (Fig. 3B). This rapid reaction is fol lowed by 
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Fig. 3. D i f f e r e n c e  spectra  o f  c y t o c h r o m e  c ox idase  plus  e t h a n e t h i o l  m i n u s  c y t o c h r o m e  c ox idase .  (A) 
Sore t  region .  (B) Vis ible  region.  D i f f e r e n c e  spectra  w e r e  recorded:  I ,  i m m e d i a t e l y  a f t e r  m i x i n g ;  2, af ter  
20 min ;  3, a f t e r  40  m i n i  4, a f t e r  65  m i n ;  5, a f t e r  95  m l n ;  6, a f t e r  130  ra in ;  7, a f t e r  170  mln .  5 ~tM c y t o -  
c h r o m e  c ox i dase  and 7 mM e t h a n e t h i o l .  

a much slower process, which causes further changes in the difference spec- 
trum. The position of  the maximum in the difference spectrum shifts from 
439 to 444 nm and slowly to 442 nm; the minimum at 414 nm shifts to 418 
nm and very slowly returns to its original position at 414 nm (Fig. 3A). The 
slow changes may be attr ibuted to the reduction of cytochrome c oxidase by 
ethanethiol,  although it is remarkable that  the two extremes do not  shift 
simultaneously. Due to these slow processes, a Hill plot of the first rapid com- 
plex formation shows a t ime-dependent curvature. 

To determine the dissociation constant  kinetically the rate of formation of 
the initial cytochrome c oxidase-ethanethiol complex was monitored at 439 nm 
with a stopped-flow apparatus. When the observed rate constant was plotted 
against the ethanethiol  concentration a straight line was obtained which sug- 
gests a simple bimolecular reaction. From the slope of  the line the value of the 
rate of  complex formation is calculated (33 M -1 • s-l), and from the intercept 
on the ordinate a dissociation rate constant  of  0.13 s -1 is obtained; from these 
values a dissociation constant  of  3.9 mM can be calculated. 

The effect o f  mercaptans on the steady-state activity of  cytochrome c oxidase 
The effect of  increasing concentrations of  several mercaptans on the enzymic 

activity of  cytochrome c oxidase is measured spectrophotometrically at various 
fe r rocy tochromec  concentrations. In the absence of  the mercaptans an 
exponential  decrease of  the ferrocytochrome c concentration is found after 
addition of cytochrome c oxidase, as has been reported frequently.  When 
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mercaptans are present, this decrease is still exponential except  for the first 
5--20 s. From the second part of  the curve, which represents over 90% of the 
total reaction, the molecular activity of  cy tochrome c oxidase is calculated in 
the usual manner. The Lineweaver-Burk plot of  Fig. 4A shows that for all 
1-propanethiol concentrations used, a linear relationship is obtained between 
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Fig. 4. (A)  L i n e w e a v e r - B u r k  p lo t  of  the  e n z y m i c  ox ida t i o n  of  f e r r o e y t o e h r o m e  c a t  var ious  1-proPane-  
th io l  c o n c e n t r a t i o n s .  Moleeu la r  ac t iv i ty  (MA)  wa s  ca lcu la ted  as the  n u m b e r  of  f e r r o e y t o e h r o m e  c mole -  
cules  ox id i zed / s  pez m o l e c u l e  e y t o c h r o m e  c ox ldase  and  was  detelm~ined f~om the  e x p o n e n t i a l  decrease  of  
the  &bsorbanee a t  550  n m .  The  e n z y m i c  r e a c t i o n  was  s t a r t ed  b y  the  add i t i on  of  e y t o e h r o m e  e oxidase  to  
a f inal  c o n c e n ~ a t i o n  of  16  n M . •  " ,  no  1 -p ropane th io l ;  i s ,  67 pM 1-p ropane th io l ;  o o0 
133 #M; • - ' ,  200  ~M; Q---------~, 267 #M; ~ ~ ,  4 0 0  ~M. (B) D ix o n  p lo t  of  t h e  inh ib i t ion  of  
e y t o e h r o m e  c oxidase  ac t iv i ty  b y  1 -p ropane th io l .  Molecular  act ivi t ies  were  d e t e r m i n e d  a t  the  fo l lowing 
f e r r o e y t o e h r o m e  e conc e n t r a t i ons .  • e ,  4 ~tM; [] D, 5 #M; o - - - - - - - -~ ,  7.5 ~M~ ~ v ,  
10  ~M; • e ,  20  #M. 
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the reciprocal molecular activity and the reciprocal fer rocytochrome c con- 
centration and furthermore that  an increase of  1-propanethiol concentration 
results in an increase of  the slope of  the line. At these 1-propanethiol con- 
centrations the lines coincide at the abscissa, corresponding to an apparent 
Km value of  12 pM. It is clear from these results that  1-propranethiol inhibits 
the enzymic activity of  cy tochrome c oxidase non-competit ively towards cyto- 
chrome c. The data from Fig. 4A are replotted in a Dixon plot (Fig. 4B). From 
the common intercept on the abscissa an inhibition constant  Ki of  200 pM for 
1-propanethiol is obtained. 

Measurements of the enzymic activity of  cy tochrome c oxidase in the 
presence of  other  mercaptans show the same type  of  non-competit ive inhibi- 
tion towards cytochrome c. The inhibition constants of  these mercaptans are 
presdnted in Table I. It is obvious that the inhibiting capability of  the 
mercaptans decreases when the alkyl chain gets more bulky. Also shown in 
Table I are the Ki values of  secondary thiols (2-propanethiol and 2-butanethiol) 
which are much higher than those of  their primary isomers. 

The effect  of  ethanethiol on the enzymic activity of  cy tochrome c oxidase 
was also determined polarographically. In this assay almost all cy tochrome c is 
reduced [13] and not  able to form a complex with ethanethiol. Again a non- 
competit ive inhibition with Ki = 90 pM is found, so that the inhibitory action 
of  the mercaptan may be completely at tr ibuted to its effect on cytochrome c 
oxidase. 

In order to determine whether  the protonated,  uncharged mercaptan (RSH) 
or the unprotonated  mercaptide (RS-)  is the inhibitory form, the inhibition 
constant  Ki of  ethanethiol (pKa = 10.6 [14] ) was determined in the pH range 
5--8. If the mercaptide species would be responsible for the inhibition of  
cy tochrome c oxidase activity, a decrease in Ki by a factor 103 may be 
expected over the pH range investigated. However, neither the non-competit ive 
character of  the inhibition is altered, nor a significant change in the value of  the 
inhibition constant  is observed in this pH range (Fig. 5). Assuming that the 

T A B L E  I 

I N H I B I T I O N  O F  C Y T O C H R O M E  c O X I D A S E  A C T I V I T Y  BY V A R I O U S  T H I O - C O M P O U N D S  ( R S H )  

Compound R - S H  K i 

Hydrogen sulphide H- ~ 0 . 1  /~M * 
Methanethio l  C H  3- 4 .5 /~M * * 
Ethanethiol  C H 3 - C H  2- 91 /~M 
l -Propanethiol  C H 3 - C H 2 - C H  2- 2 0 0  ~M 
2 - P r o p a n e t h i o l  C H  3 1 5 0 0  #M 

H- 

C H 3  
1-Butanethiol  C H 3 - C H 2 - C H 2 - C H 2 -  3 3 0  /~M 
2-Butanethiol  C H 3 ~  .H 2 6 .0  ~M 

~ C H -  
C H 3  

Cysteamine NH2 -CH2 -CH2 - ~ 5 0  m M  
ThioglycoHc acid C O O H - C H  2 - ~ 5 0  m M  

* Ref .  12 .  
** Determined at IOoC.  
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Fig.  5.  E f f e c t  o f  p H  o n  t h e  i n h i b i t i o n  c o n s t a n t  o f  ethanethio l .  The inhib i t ion  cons tant  (K i) was  de t e r -  
m i n e d  ~ o m  at least three exper iments ,  umlng e thaneth io l  concent~ t t ions  ranging from 33 to  2 6 7  ~M. The 
non-compet i t ive  character o f  the  inhib i t ion  was  conf i rmed  at pI-I 5 .5  a n d  7 .0 .  Exper imenta l  condit ions:  
2 0  n M  c y t o e h r o m e  c o x i d a s e ;  2 5  ~M c y t o c h r o m e  c;  1 0 0  m M  p o t a s s i u m  p h o s p h a t e ,  1% T w e e n  80 ,  2 5 ° C .  

heme-thiolate binding site is in pB equilibrium with the solvent, it may be con- 
cluded that the uncharged mercaptan inhibits cytochrome c oxidase. It is 
interesting to note that charged mercaptans like thioglycolic acid or cyste- 
amine are unable to inhibit cytochrome c oxidase (Table I), although the size 
of these ligands is comparable to the size of propane- or butanethiol. 

EPR spectra of cytochrome c oxidase also demonstrate that thiois form 
complexes with cytochrome c oxidase. When the enzyme is incubated (1 rain) 
with ethanethiol (50 raM) the low-spin heine signal at g = 3 and the signal at 
g = 2 originating from low-spin cytochrome a and copper, respectively, decrease 
in intensity. This shows that ethanethiol reduces the enzyme in line with the 
optical experiments. At the same time two minor low-spin heine signals appear 
at g = 2.43, 2.24 and 1.91 and at 2.36, 2.24 and 1.94, respectively. Prolonged 
incubation of the enzyme with ethanethiol had no further effect on the spec- 
trum. Since most cytochrome a3-1igand complexes become clearly visible only 
in the partially reduced enzyme, ascorbate and a catalytic amount of cyto- 
chrome c were added. Fig. 6 (A and B) shows that after 1 rain incubation the 
new low-spin resonances intensify while both the copper signal and the low-spin 
cytochrome a signal decrease in intensity. Upon prolonged incubation (Fig. 6, 
trace C) the latter signals have disappeared nearly completely and the low-spin 
heme signal at g = 2.43, 2.24 and 1.91 shows a further intensification. The 
g values of these ethanethiol-induced species correspond to those reported for 
other mercaptide-hemoprotein complexes [15]. Experiments similar to those 
shown in Fig. 6 were carried out with methanethiol instead of ethanethiol. The 
EPR spectrum of cytochrome c oxidase incubated with this ligand and sub- 
sequently reduced with ascorbate and cytochrome c shows again formation of 
a typical low-spin heme-mercaptide compound with gz,y,x = 2.39, 2.23 and 
1.93. 
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Fig. 6. The  e f f ec t  of  e t h a n e t h i n l  on  the  EPR s p e c t r u m  of  c y t o c h r o m e  c oxidase .  (A)  0 .27  m M  cy to -  
c h r o m e  c in 50 m M  p o t a s s i u m  p h o s p h a t e  ( pH  7 .0) ,  0 .5% T w e e n  80.  (B) A f t e r  add i t ion  o f  50  m M  e thane -  
th io l  and  i n c u b a t i o n  (1 m i n )  a t  r o o m  t e m p e r a t u r e ,  20 #M e y t o c h r o m e  c and  40 m M  ascorba te  were  added 
and  i n c u b a t e d  for  1 rain a t  r o o m  t e m p e r a t u r e .  (C) A f t e r  i n c u b a t i o n  of  (B) a t  r o o m  t e m p e r a t u r e  for  
4 m i n .  Cond i t ions  of  EPR s p e c t r o s c o p y  were :  f r e q u e n c y :  9 . 3 1 2  GHz;  m i c r o w a v e  p o w e r ,  2 roW; m o d u l a -  
t ion  a m p l i t u d e ,  10  G; scanning  ra te ,  500  G -  m i n - l ;  t i m e  c o n s t a n t  1 s; t e m p e r a t u r e  14  K. Th e  c o p p e r  
s~gnal in (A)  and  (B) was  r e c o r d e d  a t  a 5-fold l owe r  rece iver  gain,  wh e rea s  t ha t  in (C) was  r e c o r d e d  a t  a 
2-fold l ow er  gain. 

Discussion 

The results obtained in this s tudy show that ethanethiol reacts with oxidized 
cy tochrome c to form a spectroscopically distinct compound  which is not  
reducible by ascorbate, whereas no compound  is formed with reduced cyto- 
chrome c. The dissociation constant  of  the ferr icytochrome c-ethanethiol 
complex (Kd = 2 mM) is much larger than the inhibition constant  of  the cyto- 
chrome c oxidase activity by ethanethiol ( K  i = 91 ~uM). This demonstrates that  
inhibition of  the respiratory chain by this mercaptan is primarily due to reac- 
tion with cy tochrome c oxidase. Similarly, azide and cyanide have been 
reported [ 16] to react with oxidized cytochrome c with a dissociation constant  
which is large compared to the respective inhibition constants of the cyto- 
chrome c oxidase activity. 

The affinity of  ethanethiol towards oxidized cy tochrome c oxidase is even 
lower than towards cy tochrome c. However, as is observed with cyanide [ i 7 ] ,  
the affinity for cy tochrome c oxidase increases when the enzyme is under 
turnover conditions. Preliminary experiments show that in the presence of  
cy tochrome c, ascorbate and oxygen the inhibited c y t o c h r o m e c  oxidase- 
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thiol complex is formed during turnover with a second-order rate constant 
of 50 M -1 • s -1 and a dissociation rate constant of  4.5 • 10 -3 s -1. From these 
rate constants an inhibition constant  (Ki = 90 pM) can be calculated which is 
the same as that  obtained directly from inhibition studies analogous to those 
shown in Fig. 4. These results suggest that  in partially reduced enzyme the 
ligand-binding site becomes more exposed, in line with a proposal by Van 
Buuren et al. [18].  

Our inhibition studies of  c y t o c h r o m e c  oxidase activity by various 
mercaptans (Table I) demonstrate  that  the inhibitory action of  the SH group is 
strongly affected by size and shape of  the alkyl chain. Thus, steric hindrance 
by  this chain might preclude the mercaptans from approaching the vicinity of  
the inhibitory site on cy tochrome c oxidase. Furthermore,  only neutral 
mercaptans are able to inhibit cy tochrome c oxidase. This finding is in agree- 
ment  with previous observations [16,19] on the inhibition of  cy tochrome c 
oxidase by cyanide and azide, which also demonstrates that  the uncharged 
ligand inhibits cy tochrome c oxidase. These observations may suggest that the 
site of  inhibition, presumably the heme iron of  cy tochrome a3, is situated in 
a hydrophobic  environment or is only accessible via a hydrophobic  region. 
Charged molecules are therefore unable to penetrate to the ligand-binding 
site. This hypothesis is supported by the infrared studies on carboxycyto-  
chrome c oxidase, which demonstrate  that  the CO molecule bound to cyto- 
chrome a3 resides in a hydrophobic  environment [20] . ,  

The EPR spectra of  cy tochrome c oxidase, partially reduced in the presence 
of  e thane-or  methanethiol,  demonstrate  that  these thiols form low-spin com- 
plexes with cytochrome a3. This was also concluded by Nicholls and Hilde- 
brandt  [21] from their s tudy of  the effect  of alkyl thiols on the optical spec- 
t rum of partially reduced enzyme. The g values of  these compounds  are very 
close to those reported for other heme-thiol complexes [15] and this suggests 
that  the sulphur a tom is ligated to the heme iron of  cy tochrome a3. Chevion 
et al. [15] have made a crystal-field analysis of  several thiol compounds  and 
were able to assign a domain in the ' t ruth '  diagram [22],  which corresponds 
to a ligand field of  the heme iron in which the counter  ligand to sulphur was 
imidazole. A similar analysis carried out  for the thiol complexes of  cyto- 
chrome c oxidase shows that  the crystal-field parameters, calculated according 
to Taylor [23] ,  of  the signals observed in the ethanethiol-treated enzyme and 
that of  the methanethiol-treated enzyme fall in this region. This suggests that  
in cy tochrome c oxidase one of  the axial ligands in cy tochrome a3 is a nitrogen 
from imidazole. This suggestion is in line with the observations of Blokzijl- 
Homan and Van Gelder [24] on NO-treated cytochrome c oxidase. This 
NO-bound form shows a nitrogen hyperfine pattern, which is consistent with 
imidazole as the axial ligand trans to the NO. In addition the low-spin azide, 
cyanide and sulphide forms of  cy tochrome a3 have also EPR properties [25] 
which are very similar to those of the corresponding derivatives of  myoglobin 
in which the axial ligand is imidazole. 
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