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SUMMARY 

I. Tile effect of cvanide 0n the enzymic act ivi ty  of cytochrome aa 3 shows that  
m~le cyanide is t ight ly  bound to ~ mole cytochrome aa a. This is confirmed by the 

isolation of this complex (cyano-cytochrome aa:3 ). 

2. The rate constant  for cyanide binding is z M ~-sec -1 (pH 8.0, o ). From the 
K n  of 7" I ° - r  51 (obtained from equil ibrium dialyses), a dissociation rate constant  
of ~.4" I()-6 sec-~ is calculated. 

3. The time needed for equil ibrat ion of cyanide and cytochrome aa a depends 
on the redox state of the enzyme. 

4 - U n d e r  conditions of reducing preincubat ion with ascorbate and cyto- 
chrome c the inhibi t ion is noncompet i t ive  towards cytochrome c with a K i  of 8. io 4 -  

9" I o  ~ M .  

5. In  the presence of reducing equivalents  cyanide dissociates readily from 
cyano-cytochrome aa  a to form enzymically active cytochrome aa  a. The dissociation 
rate constant  is 2" lO -3 sec -1 (pH 6.o, 25 :). 

t~. I t  is suggested, tha t  the cavi ty  in which the haem of cytochrome aa~ is 
buried is more closed in the oxidized than  in the reduced form and that  the con- 
formation is determined by the redox state of cytochrome a. 

INTR( )I)UCTION 

Th.e effect of cyanide on the spectrum of the cytochrome system led KEILtX 
AND HARTREE 1 a to the discovery of the cyanide sensitive cytochrome a a. In  two 
decades following this discovery several groups a-l~ studied tile effect of cyanide on 
cvt(~chrome oxidase and confirmed the observations of KEILIN AND HARTREE, bu t  
some did not agree on the separate iden t i ty  of components  a and a a. In  the last decade 
the effects of cyanide were studied in more detail ~7-2s and quan t i t a t ive  data  on kinetics 
and inhibi t ion constants  19,2s-2~ were reported. The rate of reaction with oxidized 
cytochrc, me aa a is slow u,~5, equil ihrat ion taking some hours. In  contrast  YONETANI 
AXe) R~W 2a found an almost ins tantaneous  equil ibrat ion on adding a few grains of 
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244 K.J .  tt. VAN BUUREN t'[ eli. 

di th ioni te  to mix tures  of cyanide and cytochrome aaa, agreeing with the observat ion  
of NICHOLLS 27 t ha t  dur ing  s t eady-s ta te  oxidat ion,  equi l ibrat ion between cyanide and 
cytoehrome aa a is ob ta ined  wi thin  a few minutes.  

De te rmina t ions  of the apparen t  K~ for cyanide intl ibi t ion have led to values 
between 2. IO -8 and  IO a M (refs. 6, 7, 25-27). In  addi t ion  ahnost  irreversible binding 
of cyanide to cytochrome aa a was repor ted  by  CAMERINO AND KING 2s who found, also, 
tha t  the  ac t iv i ty  of this cyan ide -cy toeh rome  aa a complex depends on the assay 
sys tem used. 

\~TAINI() AND (~R~EXLEIL.q 26 incuba ted  hear t -muscle  p repara t ion  with cyanide 
under  reducing condit ions and found an apparen t  Ki  of 5" I o *  M, a valm, similar  
to tha t  repor ted  by  A1,Bat:sr c t a l .  6 (2. io  4 M). However, under  such condit ions a 
second K i  of 5"xo 6 M was also found resembling the Ki  ob ta ined  by  incubat ion 
of cyanide with  the oxidized enzyme. Most o ther  Ki  values repor ted  lie between these 
ext remes  anti m a y  depend on the assay me thod  used. 

Such disagreements  concerning the effects of cyanide on the ac t iv i ty  of cvto- 
chrome aa a have led to a re inves t iga t ion  of the effects of s toichiometr ic  amounts  of 
cyanide on the ac t iv i ty  of cy tochrome aaa. 

Some of this work has been repor ted  in a symposiuln  ~-". 

MATERIALS AN]) MJETH()DS 

E ~zzvme p r  cpar  atio~zs 

Cytochrome c and cytochrome aa 3 were isolated fronl beef hear t  b y  modification 
of the nle thods of MARGOLIASH AND \'VALASI?;K a° and FOWLER el al. a~, respect ively,  
as descr ibed in a previous  communica t ion  a2. Fer rocytochrome c (96-99 %) was 
p repared  b y  Sephadex G-25 gel f i l t rat ion as described by  Yox]- rAxl  .\~'D RAv "~ (see 
also ref. 33) 

Cytochrome c and cytochrome aa a concentra t ions  were calcula ted from the 
reduced m i n u s  oxidized spec t rum using a A A  a5o nm of 21 toM-1, cm ~ and a JA60.5 nm 
of 24 mM -1" cm -1, respect ive ly  a4, as. 

Prote in  concentra t ion  was de te rmined  according to the method  of G(~I~XAJ~L 
cl al. a6 as modified b y  YONETAN117. In  the  presence of cyanide  or a t  low enzx'me 
concentra t ion the cytochrome aa a concentra t ion  was de te rmined  from Aes0mn, 
which was s t andard ized  against  AA605nm. The A2s0 nm of a par t icu la r  p repara t ion  
does not  change upon addi t ion  of cyanide.  

l ) e t e r m i n a t i o u  o f  c y a m d e  co~zce~ztration 

Cyanide solutions were s t andard ized  according to the method  of M6L~.I.:~ AXD 
ST~,VA~'SSOX 3~ using as reference wavelength  47 ° nm. [ t  is possible to de termine  
accura te ly  5o nmoles of cyanide by  this method.  

Cyanide concentrat ions  in the presence of prote in  or a t  concentra t ions  below 
50 ,uM were measured  with  tile l iquid scint i l la t ion method,  using K~4CN. o . I - I  ml 
samples  were mixed  with  6. 7 ml toluene, 2. 4 ml ethanol ,  3.4 ml Tr i ton X-Ioo,  2~).~) mg 
2,5-diphenyloxazole,  o.66 mg L4-di-2-(5-phenyloxazolyl) -benzene (cf. ref. 38). Radio- 
ac t iv i ty  was measured  in a Nuclear  Chicago, Mark f or Unilux, Type  II ,  scinti l lat ion 
counter.  
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EJzzvmc act iv i ty  

The enzymic activity of cvtochrome aaa preparations was measured spectro- 
photometrically at 25'  according to a modification of the method of SMITH ~XD 
C~xR.xI) a'~. The reaction medium contained, in a total volume of 2. 5 ml, 16o/~moles 
potassimn phosphate, zoo /~g Asolectin, 12.5 /al Tween 8o, 2.5 /,moles EDTA, 12.5 
pmoles sucrose, I5 - Ioo  nmoles ferrocytochrome c and o-25 nmoles cyanide (cyanide 
concentration equal to that in the incubation mixture). The pH was 6.o. The reaction 
was started with 1-15 pmoles cytochrome aa a. The enzyme was diluted in an ice-cold 
mixture of o.25 M sucrose, 2 mg/ml Asoleetin, o.5 % Tween 8o and IO mM phosphate 
(pH 7)- Rate is expressed as #M ferrocytochrome c oxidized per sec and activity as 
molecular activity (MA), which is rate per/~M cytochrome aaa. 

( ;d  j i l l ra t ion  

Varying amounts of cyanide and cytochrome aa a were incubated in a mixture 
of 5o mM Tris sulphate, o.5 % Tween 8o and o.5 % potassium cholate at pH 8.o. 
After incubation the excess of cyanide was removed by gel filtration through a Sepha- 
dex (;-25 colunm (IOO cm high, o.9 cm diameter), eluting with the incubation mixture. 
The eluate was collected in z-e-inl samples and the volmne was determined by weight. 
Elution times, varying from o.5 to 6 h, are indicated in the legends. All experiments 
were carried out at 2 - 5 .  

(:hemicals  

1,2~4CN was obtained from New England Nuclear Corp. The specific activity, 
calculated from the cyanide concentration measured spectrophotometrically and the 
radioactivity by liquid scintillation, was 7.2 = o.3 C/mole, in agreement with the 
value given by the manufacturer (7.22). 

Asolectin (Associated Concentrated, In('., New YoIk) sols were made according 
to the method of \ V H A R T O N  AXI) G R I F F I T H S  40. Stock solutions of 5 ° mg/ml were 
stored at o-5 and discarded after 5 days. Tween 8o was obtained from Koch Light. 
All other chemicals were of Analar grade, obtained mainly from British Drug Houses. 

RE S U.!_'I'S 

Effcc!  o f  cyanide  on the ac t iv i ty  o f  cvlochrome aa 3 

The effect of cyanide on the oxidation of ferrocytochronle c by cytochrome aa 3 

is shown in Fig. z. In the absence of cyanide straight lines are obtained in a first-order 
plot, but in the presence of cyanide the lines are convex to the time axis, indicating 
increasing inhibition. A straight line is obtained after a few rain. Incubation of cyto- 
chrome aa 3 with cyanide for 2 h has no effect on the shape of this curve, whereas 
pretreatment of cytochrome aa a and cyanide in the presence of ascorbate and cyto- 
chrome c for this period abolishes the lag time. These observations indicate that the 
equilibriunl between cyanide and cytochrome aa a can be reached more rapidly during 
active turnover of the enzyme. Activities measured after the lag period and after 
~-h incubation in the presence of air and electron donor are equal, and suggest that 
the same equilibrium state is reached. More quantitative data of the rate of inhi- 
biti(m by cyanide will be given in a separate paper. As the presence of electron donor 
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during the incubation of enzyme with cyanide and air shortens the equilibration 
time needed, this pretreatment is the one used in the following experiments. 

From a Lineweaver-Burk plot (Fig. 2) it is concluded that cyanide inhibition 
is noncompetitive towards eytochrome c. It  is also seen from Fig. z that inhibition 
occurs at very low cyanide concentrations, indicating a high affinity for cyanide. 
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Fig. J. Effect  of cyan ide  on the  a c t i v i t y  of cy tochrome  aa  3. Rates  are measured  af ter  t,~ fold 
d i lu t ion  of samples  con ta in ing  9o nM cy tochrome  aa  3 in the  assay  m i x t u r e  con ta in ing  35 I~M 
fer rocy tochrome c. Z ~ - - 5 ,  no add i t ions ;  0 - - 0 ,  enzyme  incuba ted  2 h a t  o ° in the  presence 
of z mM ascorba te  and  o. i  /~M cy tochrome  c, and  shaken  under  02;  ( , w i th  4 /~M cyanide ;  
A- - -d l ,  wi th  4 / ~M cyanide ,  enzyme p rev ious ly  incuba ted  ~ h at  o ° in the  presence of 4 / tM cyan ide ;  
I1- -11 ,  wi th  4 ! ~M cyanide ,  enzyme incuba t ed  2 h a t  o ° in the  d i lu t ion  m i x t u r e  in the  presence 
of 'z mM ascorbate ,  o. i  FtM cy tochrome  c and 4 t ~h'l cyanide,  w i th  sha ldng  under  O a. 

Fig. 2. L i n e w e a v e r - B u r k  p lo t  for different  cyan ide  concent ra t ions .  The in i t ia l  ac t iv i t i es  were 
measured  af ter  Ioo-Iold d i lu t ion  of 8o nM cy toch rome  aa.3 i ncuba ted  for ~-3 h a t  o wi th  ~ mM 
ascorba te  and  the  fol lowing cyanide  concen t ra t ions :  C---(: , w i t hou t  cyanide ;  I I - - I t ,  4 ° n M  
cyan ide ;  A - - ? ' , ,  8 o n M c y a n i d e ;  A - - A ,  12o n M c y a n i d e ;  @ ~ ,  24o n M c y a n i d e .  

Previous studies 18,23, showing independent binding of I mole cyanide per 
cyanide-sensitive site (n = I in Hill plots), do not settle the question of ttle number 
of haem a equivalents per site 23,~,2~. The high affinity for cyanide offers a way to 
determine this number, but since the smallest enzyme unit contains 2 haem a equiva- 
lents, we have determined m, the number of active sites per such unit. 

Fig. 3 A shows a titration of cytochrome aa:~ with cyanide at three different 
enzyme concentrations. Initially an almost proportional decrease in the activity is 
observed, but at higher cyanide concentrations the lines become convex to the 
cyanide axis, showing reversible cyanide binding. At high enzyme and low cyanide 
concentration almost all cyanide will be bound and the tangent to the curve will 
intersect the abscissa at the ratio cyanide to cytochrome aa  3 close to, but larger than, 
that in the inhibitory complex. In Fig. 3 A it is shown that for the highest enzyme 
concentration used, the tangent intersects at I. 4 cyanide per cytochrome aa:~. 

The data of Fig. 4 A where different cyanide concentrations were titrated with 
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cytochrome aa  a ate consistent with the results of Fig. 3A. Tangents with the slope of 
the line for the untreated enzyme, drawn to the final parts of the curves, intersect the 
abscissa at o.6-o. 7 mole cytochrome aa a per mole cyanide. The results presented in 
Figs. 3A and 4A indicate semi-quantitatively that m = I, i .e.  I mole cytochrome aa a 

contains I catalytic centre. Since the inhibitor is noncompetitive towards cytochrome c 
equations can be derived in which the observed activity in the absence and presence 
of inhibitor is related to Ki and m, and on replotting the data of Figs. 3 A and 4 A 
quanti tat ive  values for m and Ki can be obtained. 

mEr"  l ¢ E r ' (  I t - -  mEb)  

K ; -  m E  b - Eb (1) 

where Er,  Eb ,  I f  and It  are concentrations of free enzyme, bound enzyme free in- 
hibitor and total inhibitor, respectively. 

o r  

1 1 i t m 

= G E ,  - K, 12) 

I K i I m 

= t T  + z, (3) 
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l : ig .  3. E f f e c t  o l  s t o i c h i o m e t r , c  a m o u n t s  of  c y a n i d e  o n  t i l e  e n z y m i c  a c t i v i t v .  C v t o c h r o i n e  a a  a w a s  
p r e t r e a t e d  f o r  3 - 4  h a t  o ° w i t h  2 m M  a s c o r b a t e ,  i p M  c y t o c h r o m e  c an t i  v a r y i n g  c y a n i d e  c o n -  
c e n t r a t i o n s .  A c t i v i t y  is m e a s u r e d  a t t e r  i o o -  t o  5 o o - f o l d  d i l u t i o n  in 3o / tM f e r r o c y t o c h r o m e  c. 
. , 7 , 5 o o  n M  c y t o c h r o m e  a a a ;  • • .  225 n M  c y t o c h r o m e  a a  a ; ai,-. -~I~, 125 n M  c y t o c h r o m e  a a  a. 

A. F.ffect  of t h e  c y a n i d e  t o  c y t o c h r o m e  a a  a r a t i o  o n  t h e  f r a c t i o n a l  a c t i v i t y .  Ti le  b r o k e n  l ine  is 
t h e  t a n g e n t  t o  t h e  i n i t i a l  p a r t  of  t h e  l i nes  a n d  i n t e r s e c t s  t h e  a b s c i s s a  a t  t h e  a p p a r e n t  r a t i o  of  
c y a n i d e  to  c y t o c h r o m e  a a  a of  t h e  i n h i b i t o r y  c o m p l e x .  B.  D e t e r m i n a t i o n  of 1£i a n d  m,  f r o m  d a t a  
in  A a n d  I".qI1. 2 (see t e x t ) .  

t 3 i o c h i m .  B i o p h y s .  A c t a ,  25~i ( i972)  2 4 3 - 2 5 7  
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On replo t t ing  the  d a t a  of Fig. 3A as I,,"Ef ver sus  I t / ' ( E t - E t )  a s t ra ight  line is ob ta ined  
intersect ing the abscissa at  m = 1.o 4. F r o m  the point  of intersect ion on the ordinate 
the K~ is ca lcula ted to be 9" IO-S M. 
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Fig. 4- Enzymic act ivi ty after preincubat ion of cyanide with stoichiometric amounts  of cyto- 
chrome aa s. Enzwne  was pretreated as described in Fig. 3. Activity was measured after ~oo-fold 
dilution in 35 Y~{ ferrocytochrome c. (~--,7,, wi thout  cyanide; [~---[],  75 nM cyanide; A - - A ,  
15o nM cyanide; × - - × ,  225 nM cyanide. A. Effect of enzyme concentrat ion on the rate of ferro- 
cytochrome c oxidation. The dashed lines are tangents  drawn to the final par t s  of the curves with 
a slope identical to the slope of the uninhibited system. They intersect at  the apparen t  ratio ot 
cytochrome aa a to cyanide in the inhibi tory complex. B. Determinat ion of Ki and m, from data 
in A and Eqn. 3 (see text).  
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At cyanide to cytochrome aaa ratios higher than I, a deviation from the 
straight-line relationship is observed (Fig. 3B). This might be due to the fact that  free 
cyanide is t i trated away from the medium by secondary binding sites present in the 
cytochrome aa.~ preparations. The affinity of these sites is less than that  of tile in- 
hibitory site since they become evident only at higher cyanide concentrations. The 
fact that  the flee enzyme concentration at high cyanide concentration is greater than 
expected from Eqn. 2 indicates that  cyanide bound to these secondary sites does not 
influence the activity. 

On replotting the data of Fig, 4A as I : : ( E t - E f )  v c r s t t s  I,/Ef (Fig. 4 B) straight 
lines are obtained for each cyanide concentration used. From the points of inter- 
section at the ordinate, m can be calculated to be 1.o1-1.o5 and from the points of 
iutersection on the abscissa Ki appears to be 7" Io4-8"  IO~ M in accord with the 
data obtained from Fig. 3B. The presence of secondary binding sites is less evident 
in this type of experiments since the cyanide concentrations used are much lower, 
but a deviation of the straight line can be seen at low free enzyme concentration. 

F o r m a t i o n  a m t  i so la t i on  o f  c v a n o - c y t o e h r o m e  aa 3 

After incubation of cytochrome aa  3 with K14CN followed by filtration through 
Sephadex G-25 gel, radioactivity is observed in two well separated peaks, one of 
which coincides with the protein peak (Fig. 5)- The cyanide eluted in the first peak 
could not be removed by rechronmtography, extended dialysis, ultrafiltration, HgCl_o 
treatment  43, amnlonium sulphate fractionation or addition of excess azide. 

The ratio of tightly bound cyanide to cytochrome aa~ in the protein peak is 
about I. Careful examination of the ratio of cyanide to eytochrome aa  3 in the different 
fractions shows, however, that  the first fractions have a ratio slightly lower than one, 
whereas the last fractions have ratios higher than one. This can be explained by a 
slight dissociation of the complex. 

The formation of cyano-cytochrome aa 3 is very slow. Fig. 6A shows that 
equilibration takes about 18 h and that  in the equilibrium state I mole of cyanide is 
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l;ig. 5. Flut ion pa t te rns  on Sephadex (;-25 of cytochrome aa a ph¢s  cyanide. 8.2/tM cytochrome aa  a 

and 45 ,uM HlaCN incubated for i8 h ~t o .  Chromato~4raphy and determinat ion of concentrat ions 
as described in METHODS. Flow rate, 5 ml/h ; elution t ime for cytochrome aaa,  611 ; protein recovery, 
o5 % ; cyanide recovery, 90 % ; ratio of cyanide to cytochrome aa  a in the pooled enzyme fractions, 
1.06. 
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250  K . J .  It. VAN BUUREN d¢ a/ .  

bound per mole cytochrome a a  a (2 haems).  The data of Fig. 6A are used for calculating 
the second-order rate constant (Fig. 6B) which is 2 M -1. see -x. 

An at tempt  was made to obtain a value for the equil ibrium constant of oxidized 
enzyme  with cyanide by equilibrium dialysis. From a Scatchard plot (Fig. 7) it was 
found that o. 9 mole of cyanide is bound per mole cytochrome a a  a with a KD of o. 7 ffM. 
From the KD and the association rate constant (2 M-1. see-l)  a dissociation rate cml- 
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Fig. 0. Ra te  of fo rmat ion  of cyano -cy toch romc  a a  a. S.2 ffM cy tochromc  a s .  a and 31 ffM Hla( 'N 
were i ncuba t ed  a t  o °. At the  t imes  ind ica ted  samples  were w i t h d r a w n  and ch roma tog raphed ,  an(l 
the  ra t io  cyan ide  to  cy tochrome  a a ~  was de te rmined ,  as described in METHODS. A. Time course of 
the  react ion.  B. Second-order  plot.  
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Fig. 7- E q u i l i b r i u m  dia lys is  of cy toch rome  a a  3 aga ins t  H14CN. 0.25 inch tubes  were shaken  for 
24 h in o.5O/o po t a s s ium cholate,  o.5°'0 Tween 8o and io  mM Tris su lpha t e  (pFI 8.o). Bags  wi th  
I -2  1111 cy toch rome  a a  a were pu t  in s toppered  cent r i fuge  tubes,  t h a t  had  been filled wi th  12 ml 
T w e e n - T r i s - c h o l a t e  and  m o u n t e d  on a t i l ted ,  r o t a t i n g  wheel.  Mixing  was accompl ished  by  air 
bubbles  inside the  bags  and tubes.  K14CN was added  e i ther  to the  enzyme  or to  the  d i a lv sa t e  and  
af ter  ioo  h equ i l ib ra t ion  r a d i o a c t i v i t y  was  measured  inside as well as outs ide  the  bags  (recoveries 
were close to ioo°,~). All expe r imen t s  are carr ied out  a t  0-4 °. R a d i o a c t i v i t y  was measured  as 
descr ibed in MI~THODS. f equals  H14CN bound  per  cy tochrome  a a  a. 

Fig. 8. E lu t i on  p a t t e r n  on Sephadex  G-25 of cy toch rome  a a  3 p h , s  cyan ide  wi th  rap id  elut ion.  
8 ffM cy tochrome  a a  a and 5 ° ffM HI4CN. Flow rate ,  3 ° ml /h ;  e lu t ion  t ime,  [ h;  p ro te in  recovery,  
970~, ; ra t io  cyan ide  to cy tochrome  a a  3 in the  pooled enzylne  fract ions,  1.64 (o f .  Table  I). 
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s t i n t  of 1. 4.  I o  -6 sec -1 c an  be  ca l cu l a t ed .  T h i s  sma l l  r a t e  c o n s t a n t  e x p l a i n s  w h y  i t  

was  poss ib le  to  i so la te  a c y a n o - c y t o c h r o m e  a a  a c o m p l e x  b y  gel f i l t r a t ion .  

T a b l e  I s u m m a r i z e s  t h e  o b s e r v a t i o n s  on  t h e  b i n d i n g  of c y a n i d e  to c y t o c h r o m e  

aa  a u n d e r  d i f f e ren t  c o n d i t i o n s .  W h e n  o x i d i z e d  e n z y m e  was  i n c u b a t e d  w i t h  a t3-fold 

excess  of c y a n i d e  a n d  t h e  p r o t e i n  e l u t e d  s lowly  f r o m  t h e  c o l u m n ,  on ly  c y a n o - c y t o -  

c h r o m e  a a  a was e lu t ed .  S h o r t e n i n g  t h e  e l u t i o n  t ime ,  h o w e v e r ,  p r o d u c e s  some  t a i l i ng  

of t h e  c y a n i d e  p e a k  (Fig. 8), a n d  t h e  r a t i o  of c y a n i d e  to  e n z y m e  inc reases  to  1.04. 

F r o m  t h i s  i t  c a n  be  c o n c l u d e d ,  t h a t  m o r e  t h a n  I mole  of c y a n i d e  can  be  b o u n d  to 

c v t o c h r o m e  a a  a. As can  also be  seen  f r o m  T a b l e  I, i n c r e a s i n g  a m o u n t s  of c y a n i d e  in 

t h e  i n c u b a t i o n  m i x t u r e  g ive  m o r e  s e c o n d a r i l y  b o u n d  c y a n i d e .  

T \I3LI~ I 

E F F E C T  O F  I N C U B A T I O N  O N  T H E  B I N D I N G  O F  C Y A N I D E  T O  C Y T O C H R O M E  a a  a 

~)xidized incubation, chromatography on Sephadex (;-2.5 and determination of enzyme and 
cyanide concentrations as indicated in METHODS. Turnover incubation:  2 mM aseorbate and 
o. r ,uM cytochrome c were added, and the mixture was shaken in an oxygen atnlosphere. Reduced 
incubation:  Na2S2()4 was added; after io rain the mixture was vigorously shaken with air for 
about  15 sec. l:erricyanide 05  mM) was added before gel filtration when turnover  or reduced 
incubations were applied. Cytochrolne aa  a, i S [t~I. Cyanide to cytochrome aa  a was determined 
from the total  anaount of cyanide present in the protein peak. Elution tinle: t ime for eluting the 
protein from the column. 

i n c u b a t i o n  c o n d i t i o n s  

O x i d i z e d  T u r * w v e r  l & d t u e d  

Moles of cyanide per mole cytochrome aa  a 

during incubation 

Incubat ion time 

6 3 ° l o o  * ( ,  i~ 0 

IS h iS h rS h Io Inin i h lO rain 

Cyanide l)ound per mole cytochrome aa a 

after gel filtration : 
at  elntion time ~ h 1.04"* 
at elution time 6 h o.05 

4.88 * * 6.9 "* o.23 o.95 o.07 
1 . 5 8  * *  - - ~ . o 8  o.()() 

" In this experiment I mg Asolectin per ml was present instead of 0. 5 ~}(~ potassiuin chelate. 
. . . .  Tailing" of the cyanide peak is observed (see text). 

h i  Fig.  6A it  was  s l lown t h a t  5 ° t i m  c y a n i d e  a n d  8 ~ M  e n z y m e  n e e d  a b o u t  18 h 

for  e q u i l i b r a t i o n  w h e n  t i le  e n z y m e  is in  t i le  ox id i zed  form.  W h e n  t i le  e n z y m e  was  

p r e t r e a t e d  w i t h  c y a n i d e  in t i le  p r e s e n c e  of a s c o r b a t e  a n d  c v t o c h r o m e  c t h e  f o r m a t i o n  

Df c y a n o - c y t o c h r o m e  a a  a was  m u c h  fas te r ,  w i t h  0.23 mole  of c y a n i d e  b o u n d  p e r  mole  

aa  a a f t e r  IO n l in  a n d  o.95 w i t h i n  I h. F u l l y  r e d u c e d  e n z y m e  r e a c t s  sti l l  more  r a p i d l y  

w i th  c y a n i d e  w h e n  o x y g e n  is i n t r o d u c e d  i n to  t h e  m i x t u r e .  P r e t r e a t m e n t  wi t l l  di-  

t h i ( m i t e  a n d  c y a n i d e  fo l lowed b y  s h a k i n g  t h e  m i x t u r e  w i t h  a i r  e q u i l i b r a t e s  c y a n i d e  

a n d  e n z y m e  w i t h i n  IO rain.  
T h e  d a t a  of T a b l e  I s h o w  t h a t  c y a n o - c y t o c h r o m e  a a  a can  be  i so l a t ed  a f t e r  

va r i ous  p r e t r e a t m e n t s .  A l t h o u g h  p r e t r e a t m e n t  w i t h  d i t k i o n i t e  a n d  a i r  g ives  t h e  

q u i c k e s t  r e su l t ,  t h e  i n c u b a t i o n  w i t h  a s c o r b a t e  a n d  c y t o c h r o m e  c is p r e f e r r e d  s ince  it  
g ives  m o r e  r e p r o d u c i b l e  r a t i o s  of c y a n i d e  to  c v t o c h r o m e  aa  a. C y a n o < y t o c h r o m e  a a  a 

was  c o n c e n t r a t e d  b y  a m m o n i u m  s u l p h a t e  p r e c i p i t a t i o n  a n d  s t o r e d  a t  1 9 5 .  F u r t h e r -  
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more the cytochrome c content decreases to less than 0.5 % of that  of cytochrome aa a 

by the ammonium sulphate fractionation. 

A b s o r p t i o n  spec t ra  o f  c y a u o - c y t o c h r o m e  aa  3 

In Fig. 9 the spectra of oxidized and reduced cyano-cytochrome aa  a are com- 
pared with those of cytochrome aa a. These spectra show almost identical peak 
positions as those of cytocltrome aaa in the presence of excess cyanide, indicating 
that  only I mole cyanide produces the spectral shifts. This was also concluded from 
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Fig. 9. A b s o r p t i o n  s p e c t r a  of c y a n o - c y t o c b r o n m  a a  s a n d  c y t o c h r o m e  a a  a. 3.5 /~M e n z y m e  was  
d i l u t e d  in lOO m M  Tr i s  s u l p h a t e  ( p H  8.o), o. 5 0o p o t a s s i u m  c h o l a t e  a n d  o. 5 °, o T w e e n  8o. R e d u c e d  
s p e c t r u m  of c y a n o - c y t o c h r o m e  a a  s m e a s u r e d  I5 sec, a n d  of c v t o c h r o m e  a a  s 15 ra in  a f t e r  a d d i t i o n  
of Na2S204.  - - - ,  c y t o c h r o m e  a a ~ ,  - . . . .  , c y a n o - c y t o c h r o m e  a a  a. 

® 

! 

i 

• 444nm ( ~  
( /'~- 

.."' " . . . . . . .  ( 

Nt:2 4 

~ = 6 0 5 n m  

Na2S204 

Fig. Io.  R a t e  of r e d u c t i o n  of c y a n o - c y t o c h r o m e  a a  a a n d  c y t o c h r o m e  a a  a w i t h  N a i S 2 0 4 .  C o n d i t i o n s  
as  d e s c r i b e d  in  Fig.  9. T e m p e r a t u r e ,  22 °. , c y t o c h r o m e  a a a ;  . . . . . .  , c y a n o - e y t o c h r o m e  a a a ;  

, c y a n o - c y t o c h r o m e  a a  a p l u s  i o  m M  c y a n i d e .  F i n a l  a b s o r p t i o n s  m e a s u r e d  a f t e r  45 rain.  
A. 5 /~M e n z y n l e ,  444 nm.  B.  15 # M  e n z y m e ,  6o 5 ran.  
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tlte CD spectrum (not shown). Thus tile cyanide bound to tile secondary binding sites 
does not contribute to the spectral changes. 

When the difference spectrum of oxidized cyano-cytochrome a a  a mi~t t~s  oxidized 
cytochrome aa 3 is compared with that of cytochrome a a  a ph~.s excess cyanide mi~z~ls 

cvtochrome a a a  it appears that the peak and trough positions are identical but 
the extinction coefficients for cyano-cytochrome aa 3 are some Io ?~ lower 4~. This 
may be due to the presence of free cytochrome a a  a in tile eyano-cytochrome aa a 
preparations. The amount of free eytochrome a a 3  was estimated from tile changes in 
absorbance obtained after addition of cyanide (Io raM, 4 h) or azide (o.5 mM, Io  nlin) 
tr) eyano-cytochrome a a  a. For example the spectroscopic effect of azide and cyanide 
on a particular preparation that contained o.98 mole cyanide per mole cytochrome aaa  

was 5-6 % of that obtained for cytochrome aa3 .  These values varied from preparation 
to preparation; the highest amount of free enzyme being about Io % and obtained 
after pretreatment with dithionite and the lowest being 2 0o obtained after incubation 
with ascorbate and cytochrome c. The free cytochrome a a  a present causes the enzvmic 
activity of the complex, as will be discussed below. 

S t a b i l i t y  o f  c ~ , a ~ m - O ' t o c h r o m e  aa.a 

Oxidized cyano-cytochrome a a  a is extremely stable but tile complex dissociates 
readily on red,,ction. This is illustrated in Fig. io where the time course for reduction 
with Xa,,5204 of cyano-cytochrome a a a  in the presence and absence of extia added 
cyanide is compared with that of cytochrome a a  3. Two phases can be distinguished 
and from the contributions to the absorbance at 605 and 444 nm it may be concluded 
that the first phase represents the reduction of cvtochrome a and the second phase 
that of cvtochrome a a. The reduction of cytochrome a 3 in cyano-cytochrome a a  a i s  

nmch slower than in the enzyme itself whereas in the presence of Io mM cyanide 
the reduction is even yet slower. The reduction level of cyano-cytochrome a a  a reached 
after 45 rain equals that of cytochrome a a  3. These data show that before cytoehrome a a 
can be reduced cyanide has to dissociate from the complex. Ttle absorbance changes 
of the second phase can thus be used for the determination of the dissociation rate 
constant for eyano-cytochrome a a  a in the presence of dithionite. The korf obtained 
from Fig. Io is 2. Io-a-3 • Io 3 sec-1. This constant is considerably greater than that 
for the oxidized enzyme (L4" Io -~ see-l). 

The enhancement of the rate of dissociation of cyanide on reduction is also 
observed by measuring the formation of free cyanide. Fig. i i shows the appearance 
of H14CN in the filtrate during ultrafiltration of cyano-cytochrome a a  a in the presence 
and absence of ascorbate and cytochrome c. Without electron donor hardly any 
cyanide was present in the filtrate but on addition of electron donor the concentration 
of cyanide in the filtrate increased gradually until all the ascorbate was consumed. 
133, this treatment more than 65 '}o of the cyanide originally present was removed. 

The loss of cyanide during turnover is demonstrated by the appearance of 
enzymic activity as shown in Fig. Iz. The slow increase in the rate of oxidation of 
cvtochrome c is due to dissociation of the complex during turnover. It  cannot be due 
to a dissociation of cyanide from the oxidized enzyme, since preincubation of cyano- 
cytoehrome a a  3 in the reaction mixture for I or 5 rain did not change the pattern of 
restoration of the activity. If initial rates are calculated from tangents of the curve 
of Fig. Iz tl~e enzymic activity of cyano-cytochrome a a  s is overestimated. This was 
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demons t r a t ed  by  measur ing the ra tes  at  different t imes after  addi t ion  of cvano- 
cytochrome a a  a to various cvtochrome c concentrat ions.  Fig. 13 shows tha t  in a Line- 
w e a v e r - B u r k  plot  the lines for each t ime intersect  on the  abscissa, ind ica t ing  that  
the  Krn for cy tochrome c is not  affected. Tlte increase in activity, dur ing the turn- 
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Fig. 1 i. Ul t ra  f i l t ra t ion of cyano cy tochrome  a a  a. Cyano-cytochronle  a a  a was prepared  by  add i t ion  
of d i th ion i t e  to lO 1~5I cy tochrome  a a  a and 60 #M cyanide  and c h r o m a t o g r a p h e d  on Sephadcx  
G-25. I n c u b a t i o n  m i x t u r e  and c h r o m a t o g r a p h y  as descr ibed in ~IETHODS. Before gel f i l t ra t ion the  
n l i x tu re  was shaken  wi th  air  for abou t  15 sec af ter  which  KaFe(CN)6 (5 raM) was added.  The ra t io  
of cyan ide  to cy tochrome  a a  a was 1.o5. 5 ° ml incuba t ion  mi x t u r e  con ta in ing  o.0 ,,M cyano-  
cy toch rome  a a  a was pu t  in an Amicon u l t r a f i l t r a t ion  cell f i t ted wi th  a PM 3o filter. F i l t r a t i on  was 
carr ied out  a t  o wi th  3-5 a rm (12 wi th  a f i l t ra t ion  ra te  of o.3-o.1 ml /min .  At  the  first a r row 5 ° mM 
ascorba te  and  30o tiM cy tochrome  c were added,  a t  the  second arrow the  colour of the m i x t u r e  
changed  sudden ly  from b r igh t  red to da rk  brown ind ica t ing  t h a t  all ascorba te  was consumed.  
F i l t r a t ion  was con t inued  for ano the r  20 rain. 

Fig. 12. Enzy in ic  a c t i v i t y  of cyauo  cy toehronle  aa  a. The enzynle  was d i lu ted  to 5.o nM and 
fe r rocytochrome c to a final concen t ra t ion  of 23 / t M  was added.  Cyano-cy tochro ine  a a  a w a s  

prepared  as descr ibed in Fig. 6. The ra t io  of cyan ide  to cy tochrome  a a  a was o.96. X -X, fresh 
enzyme;  d - - ( ,  enzyme  incuba ted  and gcl-l=]ltrated w i t hou t  cyan ide ;  I - - I ,  cv tochrome  c 
added  i m m e d i a t e l y  af ter  6o-fold d i lu t ion  of cyano-cy tochrome  a a y ;  & - - ~ ,  cy tochrome  c added  
5 min af ter  6o-fold d i lu t ion  of cyano-cy tochrome  a a  a. Inse t :  E x p a n d e d  scale r ead ing  on a I )ur rum 
stopped-f low screen. Ful l  scale t r ansmis s ion  change,  36°..~. The t rac ings  are ob ta ined  from a 
free run, the  do t ted  p a r t  of the  curves  represen t ing  the  flow. Curve r, o.8 /,M cyano-cy tochrome  
a a  a (ratio cyan ide  to  cy tochrome  a a a ,  o.97); Curve 2, o.o 7 /tM cytoehronae a a  a (note more than  
to-fold difference in enzyme concen t ra t ion  in Curves i and  2). React ion  s t a r t ed  wi th  6.8 /~M 
fe r rocy toehrome c in zoo mM phospha t e  buffer (pH 7.4), o-5°~ Tween 8o and ~ mM I~;I)T.\. 
Tempera tu re ,  ; 5 .  

over was therefore due to ti le genera t ion  of free enzyme with  the same kinet ic  prop-  
erties as cv tochrome aa:~. When  the ra tes  at  infinite cvtochrome c concent ra t ion  are 
p lo t t ed  against  t ime (inset) t i le in i t ia l  ra te  can be ob ta ined  b y  ext rapola t ion .  This is 
3o sec -1, in comparison with  375 see-1 for the  un t r ea t ed  enzyme, indica t ing  t ha t  8 °o 
free enzyme was present  in the cyano-cy tochrome a a  a. The k o r f ,  calcula ted from the 
ini t ial  rate  of increase of ac t iv i ty  (inset in Fig. I31 , is 1 . 8 .  I o  -a s e e - ' .  

A be t t e r  me thod  to measure  ini t ia l  ra tes  is to follow the fer rocytochrome c 
oxidat ion  in a s topped-f low appara tus .  The inset  of Fig.  I2 shows the t ime course of 
ferrocytochrome c oxida t ion  on an expanded  scale. The dashed line represents  the  
flow and Curve I is ob ta ined  af ter  mixing of 6.8 #1~{ ferrocytochrome c wi th  o.8 uM 
cyano-cy tochrome a a  a and Curve 2 wi th  o.o 7 #M cytochrome a a  a itself. The ac t iv i ty  
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of cyano-cytochrome a a  a is 2.5 % of that of the enzyme without cyanide, agreeing 
with the free enzyme content of 3-4 % obtained after measurement of the spectro- 
sc~)pic effects on addition of azide and cyanide. 
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Fig .  [3. F o r m a t i o n  of c y t o c h r o m e  aa 3 f rom c y a n o - c y t o c h r o m e  aa  a. At  zero  t in]e,  c y a n o - c y t o -  
c h r o m e  aa  a (5 nM final  c o n c e n t r a t i o n )  or c y t o c h r o m e  aa a (i riM) were  a d d e d  to  0 5 mM p o t a s s i u m  
p h o s p h a t e  ( pH  0.o), o. 5 ° o T w e e n  8o a n d  o. 5 mM E D T A .  T e m p e r a t u r e ,  2 5 ' .  R a t e s  were  m e a s u r e d  
a t  d i f f c r en t  t i m e  i n t e r v a l s  f ro in  t h e  s lopes  of t h e  l ines  in a s e n t i - l o g a r i t h m i c  p l o t  (@ l qg .  1 2). 
,'-', @,, 2 o s e c a f t e r  d i l u t i o n ;  • • ,  4 o s c c ;  ~ A ,  (~osec;  • • ,  8 o s e c ;  ( , - - . ,  c y t o c h r o m e  
act a. I n s e t :  l ' iffect of t i m e  on t he  m o l e c u l a r  a c t i v i t y  a t  in f in i t e  c y t o c h r o m e  c c o n c e n t r a t i o n s .  

I ) I S ( I S S I ( ) N  

It is clear from the binding studies as well as from tile effect of cyanide on the 
activity that either tile rate of binding of cyanide to cytochroine a a  a or the equi- 
librium between them or both depends on the redox state of the enzyme. This is ill 
agreement with earlier observationsll,~a-2L The observed enhancement of the rate 
under reducing conditions is unexpected, since the rate of binding of cyanide to 
ferrihaemoproteins, such as peroxidase and metmyoglobin, is greater than to ferro- 
haemoproteins4~-4L Therefore it is concluded that the binding site of cyanide in 
oxidized cvtochrome a a  a is more masked than when the enzyme is reduced. As in 
other haemot)roteins 48-~° the iron of cytochronle a a is probably buried in a cavity, 
as judged from its nonpolar environment 51 and tim sterically hindered but diffusion- 
controlled reaction with molecules like ()o (ref. 52) and azide (unpublished results). 
The dependence of the rate of cyanide binding on the redox state of the enzyme 
suggests that the cavity in oxidized cytochrome a a  a is more closed than when the 
enzyme is reduced. A difference in conformation between oxidized and reduced cyto- 
chrome a a .  a has also been shown by VAN GELI)I~'R 5a and YAMAM()TO AND O K U N U K I  '54. 

Since the reduction of cytoehrome a facilitates considerably the dissociation of cyanide 
(koff differs three orders of magnitude) it seems that the conformation of the enzyme 
is mainly determined by the redox state of cytoehrome a. 

The noncompetitive inhibition of cyanide towards eytochrome c observed 
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after a reducing preincubation of the components is in disagreement witlt the un- 
competitive inhibition observed after incubation of cyanide with the oxidized 
enzyme 2a. However, the rates obtained after the latter incubation are determined 
from the slope of a complicated curve consisting of three logarithmic comp~mcnts: 
the liberation of cyanide from an enzyme-cyanide complex, oxidation of ferro- 
cytochrome c by tile liberated enzyme and inactivation of the liberated enzyme by 
cyanide under turnover conditions. It  is likely that the difference in type of in- 
hibition originates from a determination of enzwnic activity under nonequilibrium 
conditions. 

The KD value obtained by equilibrium dialysis is about one order of magnitude 
greater than the K, obtained from inhibition studies, where cvtochrome aaa was 
pretreated with cyanide in tile presence of electron donor and air, The very long 
incubation time (4 days) needed for equilibration might have changed the affinit\ for 
cyanide just as the rate constant for cyanide binding is lowered on freezing and 
thawing4L Other conditions influencing the rate of cyanide binding and the alfinitv 
for cyanide will be discussed in a separate paper 

The K~ value of q, IO '~ M corresponds with tile lowest values for tile K~ found 
in particulate preparations of cytochrome aa a, pretreated with electron donors. 
Since the rate of association as well as the rate of dissociation depends on the redox 
state of cytochrome a, it is likely that also the affinity for cyanide will depend on the 
redox state, This explains the difference in K, values reported as well as tile observa- 
tion that tlm cyanide inhibition depends on the assay system. 

It has been shown by Vax G E L D E R  AND MUIJSERS 2°, 55 that with a large excess 
of cyanide the reduction of half of tile haeln and copper is blocked. The same phenom- 
enon is also observed when cyano-cytochrome aaa is titrated with NADH and 
I)henazine methosulphate. The data and an explanation of it will be offered in a 
separate paper. 
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