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SUMMARY 

i .  Tile react ion of cyanide  with cytochrome aa 3 in the  fully oxidized and reduced 
s ta tes  has been s tudied.  In  both cases a single molecule of cyanide is bound revers ibly 
per  molecule of aa 3 ( that  is, I mole cyanide  per  2 equivalents  of haem a). 

2. The difference spec t rum of fully formed ferric aa a cyanide complex miJtus  

oxidiz id  enzvme with  max ima  at  432, 54 ° and  585 nm resembles  tha t  of o ther  cyanide 
fer r ichaemoprote ins ;  it appears  to be a low-spin complex of cy tochrome ~3. 

3. The equi l ibr ium cons tant  for complex formation with ferric aa a (KD) was 
approx inmte ly  i /iM; equi l ibra t ion at  4 took several  days  as the  ra te  cons tant  for 
cyanide  binding at  low cyanide concentra t ions  is only 1.8 M - l . s e c  -a (pH 7.4, 2I"). 
A t  high cyanide  concentrat ions,  the  ra te  of spectroscopic complex format ion becomes 
independen t  of cyanide  with a first order  constant  of o .oi8  sec-L 

4. The difference spec t rum obta ined  on addi t ion  of cyanide  to ferrous aa.~ shows 
a peak  at  587 nm bu t  only a small  d iminut ion  of absorbance  at  445 rim. The equili- 
b r ium cons tan t  for complex format ion with the  ferrous enzyme was ioo/~M; the ra te  
cons tan t  for cyanide  binding was I5o M -~ ' sec  -~, appa ren t ly  represent ing  a s imple 
bimolecular  step. 

5. Tile cytochrome aaa-az ide  complex reacts  more rap id ly  with cyanide  than  
does the  free ferric enzyme;  the  ra te  cons tant  for cyanide d i sp lacement  of azide is 
25 M- l " see  1. The ra te  l imit ing s tep at  high cyanide concentra t ions  has the  same 
veloci ty  in the  precence as in the  absence of azide. 

6. The react ion of ferric enzyme with cyanide is in te rpre ted  in terms of a tw,,- 
s tep  react ion involving an initial  weak binding to the prote in  (K':~ of Io raM) fo lhmed 
by  binding to the  a s haem. A conformat ional  change accompanying  azide binding 
is proposed tha t  faci l i ta tes  the  subsequent  initial  weak binding of cyanide (K'c~ (in 
presence of Na-  ) - -  o. 7 raM). 

INTROllUCTION 

The previous paper  I has descr ibed  some of the proper t ies  of a cyanide complex 
of cy toc lnome aa:~ ( ' cyano-cytochrome aa,,~') in which I mole of cyanide  is t igh t ly  
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bound to I mole of cv tochrome aa a. The fo lmat iou  of this  complex,  which is p robab ly  
ident ical  with tha t  r epor ted  by  ('AMERINO ANt) KING 2 and bv ORII ANI) ()KI'NUKI a, 
requires the  presence of electron donor and O..,, as had earl ier  been observed by  
\VAIN10 AND GREENLEES 4 for effective enzyme inhibi t ion.  However,  a cyanide  com- 
plex is also fornled when the oxidized enzyme is t r ea ted  with cyanide  a, and another  
c()nlt)lex , involving ferrous cytochrome aa, when the fully" reduced  enzyme is t r ea ted  
with cvanide<L The repor ted  dissociat ion cons tan ts  are very  different. Cvano-cvt()- 
chrome aaa, a ferric complex formed under  condit ions of tu rnover  t)reincubation ~, 
shows an appa ren t  KD of 9 ° riM. A KD of 9 ° /,5I has been claimed for the  cyanide  
complex formed with fully oxidized enzyme'S, s and of 7oo fz.M for the  ferrous a:~- 
cyanide  complex:.  None of these values corresponds to the Ki of about  1 t,51 found 
for inhib i t ion  of the  ca ta ly t i c  sys tem :~,~°. 

Wi th  an improved  prepara t ion  of cv tochrome c oxidase it has been t)ossiblc to 
follow m()re closely the  spectroscopic changes tha t  t ake  place on addi t ion  of cyanide.  
The present  paper  descr ibes  the  kinet ics  and  equi l ibr ium for cyanide  binding by  both 
the  oxidized (a a taaa ) and reduced (a"~aa 2J) folms of the  oxidase.  The following pat)er n 
will outl ine the  essential  features  of the inhibi t ion of the ca ta ly t ic  ac t iv i ty  by cyanide 
and present  a t en ta t ive  model to explain  some of the  observed peculiar i t ies .  

Independen t  s tudies,  s imilar  to par t  of those repor ted  here, have been carried 
o u t  b v  ANTONINI, BRUNORI, GREENWOOD, MALMSTROM AND ROT1L[O (personal 
communicat ion)  and ORH aNI) YOSHII;AWA (repor ted at the  2rot I~ll. CoJzf. on O.vidascs 

amt Related Redo.v @,stems, Memphis ,  Tenn. ,  J u n e  107I). 

MATERIALS AND METHODS 

I~']IZVk]l d 

(Tvtochrome aa a was isolated according to the  n le thod of FOWLI,:R el al. ~ 
followed by  a c h o l a t e - a m m o n i u m  sulphate  f ract ionat ion as descr ibed by  MAcLENNAN 
A.X~ TZaC;OLOVV ra (@ r@ I4). The final p repara t ions  had rat ios of haem a to protein  
of 9.5 to I o . o / m m l e s . g  ~ and a low content  of nonreducible  haem as judged  from the 
ra t ios :  (d444nm/A424nm) red : 2.2o 2.35 and A1444nm (red)/d424nm (ox) = 1.3o-1.38. 
The concent ra ted  enzyme was s tored  in l iquid ni trogen.  Before use, it was first d i lu ted  
in 0. 4 M potass ium phospha te  (pH 7.4), 2°0 Tween 8o. Af ter  mixing, this  solut ion 
was d i lu ted  with three  par ts  of dist i l led water  to give a final concentrat ion of IOO mM 
phospha te  (pH 7.4) and o. 5 % Tween 8o. Enzyme  solutions p repared  in this  way  are 
s table  for more than  48 h at  room t e m p e r a t u r e  and for about  I rain at  flo~q Spectro-  
scopic de te rmina t ions  were made  at  21 ~ unless otherwise s ta ted .  

Enzyme concentTation (i.e. the  concentra t ion of aa a) was de te rmined  using 
• IA605nm (red .x)  24 m 3 i - l . c m  1 (ref. 15). Prote in  concentra t ion was ob ta ined  
according to the  method  of GORNALL el al. ~ using seruIn a lbumin as a s tandard .  

I Jl,s[rlt111cJll,s 

For  ti le spectroscopic de te rmina t ions  a Carv 17 R recording spectrophotonaeter  
was used, and for the s topped-f lew exper iments  a I )ur rum stopped-f low ins t rument .  

( "h~m icals 

( 'hollo acid (Sigma) was recrys ta l l ized  in e thanol  and  s tock solutions of 2o°i, 
(w/v) of the potass ium salt  s tored at  o-4  ~' in dark  bott les.  Tween 8o was obta ined from 
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260 K . J . H .  VAN BUUREN c'l aI. 

Koch Light and used from IO°o (V/V) stock solutions. KCN solutions were freshly 
prepared usually in I mM K 0 H  to prevent loss by evaporation. When high cyanide 
concentrations had to be added cyanide was mixed with 3/4 of its weight of citric 
acid and dissolved in ice-cold distilled water. No pH changes on addition of 5o mM 
(final concentration) cyanide were observed. When cyanide had to be used at low 
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Fig. I. Absorpt ion spectra of oxidized cytochrome a a  a and oxidized cytochrome a a  a p h ¢ s  cyanide. 
The spectra were obtained after 18 h incubat ion of the enzyme at o ° in the presence ( . . . . . .  ) or 
absence ( - - - - )  of cyanide in ioo mM phosphate  (pH 7-4) and o.5°o Tween 8o. A. Sorer region 
measured with io HM cytochrome a a  a. B. Visible region measured with 4 ° MM cytochrome a a  a. 

C. Near-infrared region, measured wi th  14o #M cytochrome a a  a. (The insets show the peak po- 
sitions on an expanded scale.) 
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pressures cyanide solutions in I ~f KOH were added in/,1 amounts. All other chemicals 
were of Analar quality and were usually purchased from British Drug Houses. 

],t I ' ;SULTS  

Npcctra o j  complexes  f o r m e d  wi th  cyan ide  

The reaction of the oxidized enzyme with cyanide is unusual ly  slow/, f ig .  I 
shows the spectra obtained with cyanide after I8 h incubation.  The Sorer band 
(Fig. IA) shows a red shift to 42 7 nm, together with a slight increase in intensi ty .  The 
05o-iml band  is suppressed and the a -band  shows a blue shift from 598 to 59.3 n m  
(Fig. IB). In  the near-infrared region (Fig. IC) a IO % decrease in absorbance is seen. 
Although previous studies ~:-2° have shown tha t  nlost of the absorption change at 
8.3o nm upon reduction is due to the copper of cytoehrome aaa, it is not clear to us 
whether the small decrease in absorption reflects an effect of cyanide on the copper 
or haem, since CAUGHEY 21 has s ta ted that  a contr ibut ion of haem absorption is to be 
expected in the near-infrared region. Moreover, as will be discussed later, a str iking 
sinfilarity is observed in the kinetic behaviour of the spectral shift. Thus we th ink  
tha t  the changes in absorption are consistent with the expected stabilization of a 
low-spin state if the iron in cvtochrome aaa. 

In contrast,  the reduced enzyme reacts ra ther  more rapidly with cyanide to 
give the spectrum shown in Fig. 2. Unlike the complexes formed by reduced hemo- 
globin, myoglobin and peroxidase, the cyanferro aa complex is apparent ly  quite 
stable, provided that  the system is main ta ined  str ict ly anaerobic. The spectra in 
Fig. 2 were obtained in argon-flushed Thunberg  cuvettes;  not only is the cyanide 
ferrous complex oxidized easily but  the cyanide-ferric cytochrome a 3 often remains 
even in presence of Na2S2Oa 22. A small change in the Soret region (Fig. 2A) is accom- 
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Fig. 2. Absorption spectra of reduced cytochrome aa a and reduced cytochrome aa a plus cyanide. 
The enzyme was diluted in ioo mM Tris-H,aSO a buffer (pH 8.o) and o.5q o potassium cholate. 
After fluxing with O2-free argon in a Thunberg cuvette, dithionite was added from a side bulb 
to a final concentration of io raM. After about IO rain the spectrum of the reduced form was 
recorded ( • --). Finally cyanide from a second side bulb to a final concentration of I mM 
was added after which the spectrum was again recorded ( . . . . .  ). 
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Fig. 3- Effect  of t ime  on the  difference spec t rum of oxidized cy tochronle  aa  a p l u s  cyan ide  minu~ 
oxidized cy tochrome  aa  a. lEnzyme was d i lu ted  as descr ibed in METHODS. Scan speed 2 nm/sec 
and m a x i m a l  spect ra l  band  w i d t h  less t h a n  o.5 n m  in Sorer and  vis ible  region, 5 nm/sec  and 
m a x i m a l  spec t ra l  band  w i d t h  of less t h a n  I m n  in the  near - inf ra red  region. A. Sorer region wi th  
7.5/~5i cy tochrome  aa  a and  2 mM cyanide.  Scan i n i t i a t ed :  9, w i t h o u t  cyan ide ;  8, immed ia t e ly  
af ter  m ix ing ;  7, af ter  1.5 rain;  6, a f ter  3.o nl in;  5, af ter  4.5 rain;  4, af ter  7.5 min ;  3, a f ter  I o. 5 rain;  
2, a f ter  3o rain;  i, a f ter  4 h. B. Visible region, w i t h  4 ° / , M  cytochronle  aa  a and  0. 5 mM cyanide.  
Scan:  I I ,  w i t h o u t  cyan ide ;  io,  im n le d i a t e ly  af ter  m ix in g ;  9, a f ter  2. 5 rain;  8, a f ter  5.o rain; 
7, a f ter  7.5 min ;  6, a f te r  12. 5 min ;  5, a f te r  2o rain;  4, a f ter  3o nl in;  3, a f ter  5 ° min ;  2, af ter  9o rain; 
1, af ter  4 h. C. Near - inf ra red  region, w i t h  14o/~M cy tochrome  aaa and 1.o nlM cyanide .  Scan:  
I, w i t h o u t  cyan ide  ; 2, i m m e d i a t e l y  af ter  m ix ing  ; 3, a f ter  2.5 rain ; 4, a f ter  5.o min  ; 5, a f ter  7.5 min ; 
6, af ter  io.o min ;  7, af ter  I2.5 mi l l ;  8, af ter  15 rain; 9, a f ter  2o min ;  io, a f ter  3o rain;  i i ,  after 
45 rain;  ~2, af ter  6o rain;  13, af ter  4 h. 

13iochim.  B i o p h y s .  A c t a ,  256 (1972) 258-276 



RFiACTION OF CYANIDE V~rITH CYTOCHRO3IE aa 3 263 

p a n i e d  by  t h e  p r e v i o u s l y  repor ted<¢  shi f t  of t he  ~-band  f r o m  603 to 590 n m  w i t h  

m a r k e d  increase  in a b s o r b a n c e  (Fig. 2B). No  changes  cou ld  been  seen  in t h e  near -  

in f ra red  region.  
T h e  f o r m a t i o n  of t he  cyan ide  c o m p l e x  of t he  ox id i zed  e n z y m e  (Fig. I) can  be 

fo l lowed by  di f ference spec t roscopy .  Fig.  3 shows such  di f ference spec t r a  r eco rded  a t  

va r ious  t i m e s  a f t e r  t he  add i t i on  of cyanide .  I t  can be seen  t h a t  all peaks  (432, 535 
and  587 nm) and  t r oughs  (411, 512, 645 a n d  880 nm) d e v e l o p  a t  t he  s a m e  ra t e  
(in t he  Sore t  (3A), v is ib le  (3B) and  nea r - in f r a red  (3C) regions) and  a single set  of 

i sosbes t ic  po in t s  a t  337, 423, 474, 522 and  6o 9 n m  exis ts .  D e s p i t e  t h e  k ine t i c  com-  
p lex i t i e s  (discussed below) we conc lude  t h a t  on ly  t w o  d i s t inc t  spec t roscop ic  en t i t i es  
are  i nvoh ,  ed, t h e  or ig ina l  e n z y m e  a n d  t h e  cyan ide  complex .  E x p e r i m e n t s  were  t he re -  

fore car r ied  ou t  to d e t e r m i n e  the  e q u i l i b r i u m  c o n s t a n t  in th is  sys tem.  

Eq~6 l ib r inm  in  the f o r m a t i o n  o f  the cTanide complex  wi th  full))  ox id ized  cv/ochrome aa. s 

Fig. 4 shows t h e  a p p r o a c h  to e q u i l i b r i u m  o b t a i n e d  a t  va r ious  w a v e l e n g t h s  

(@ Fig. 3) on the  add i t i on  of 2 m,~{ cyan ide  to  t he  enzwne .  The  r eac t ion  t i m e  course  

d e v i a t e s  f r o m  the  e x p e c t e d  first  o rde r  line, i nd i ca t i ng  t h a t  desp i t e  t h e  spec t roscop ic  
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Vig. 4. Time course for reaction of oxidized cytochrome aa~ with cyanide at different wavelengths. 
The reaction was started by the addition of 2 mM cyanide to 35 ffM cytochrome aa 3 except for 

L and ~- -q: where the enzyme concentration was Io itM. Enzyme was diluted as described 
in 5IETUODS. • - - • '  -alAs30 nm, ~k--~k, :Jds,s0 nm; ~ - - ~ ,  ~21A645 nm; ( - - 0 ,  AAs86 nm; 
A YA',, 1-4432 nm; @ - - @ ,  --'JA411 nm" 

Fig. 5. l)etermination of the dissociation constant for the oxidized c}'tochrome aa a cyanide com- 
plex. Effect of incubation time on the apparent spectroscopic dissociation constant for the oxidized 
cytochrome aaa-cyanide complex at 21 ° and o% For each determination at o ,  seven completely 
filled test tubes covered with parafihn were warmed to room temperature 5-Io rain before the 
determination. For the room temperature experiment (z~ z3)  one single set of colnpletely filled 
cuvettes covered with parafilm were used. For the calculations of the apparent K u , / J A  (432-4 i t  
nm) was used. Cytochrome aa:~ diluted to 5.8 ffM as described in METHODS. O -©, incubation 
at o~'; ± -~ ,  incubation at room temperature. 
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simplicity (Fig. 3) the reaction does involve more than two components (for esaml)le, 
heterogenicity in binding sites, or an equilibrium between two forms of the enz!-me 
only one of which reacts rapidly with c!ranide, could give rise to the curves of Fig. 4). 
The slowness of the initial reaction, together with the slowing down seen as the reac- 
tion proceeds, creates the difficulties previously observed in determining the ‘end 
point’ and hence calculating an equilibrium constant. This is because apparent Hill 
plots can be constructed with straight line relationships between log [EI]/( ‘E:- El]) 
and log [I] even when equilibrium has not been reached. The apparent dissociation 
constants obtained in this way have time-dependent values, as shown in Fig. 5. Here 
the apparent Kn at various incubation times has been plotted against the reciprocal 
of the incubation time (hit). Incubation at o0 for about 3 11 gives the value of 00 ,u\I 
reported by ORII AND OKUSUKI” and by NICHOLLS’, and the figure shows that this 
is far from the values of about 4 @VI (0”) or 2 /AI (22’) pertaining on estrapolation 
to infinite incubation time. These may be compared with the value of 0.8 ,LJI or less 
obtained by equilibrium dialysisi. 

Equilihriuna i?z tJ?c fornzati~u of the cyanide cona~lc.2: uith f‘ully veduccd c$ocIwou~(~ CICERO 

In contrast to the slow reaction with the ferric enzyme, the ferrous enzyme 
equilibrates readily with cyanide under anaerobic conditions. Addition of cl-snide 
to the reduced enzyme in a Thunberg cuvette flushed with argon gives rise imnmedia- 
tely to the difference spectrum of Fig. 6. A sharp minimum is seen at 441 nm (Fig. (L\) 
and the characteristic shoulder on the a-peak (Fig. z) appears as a peak at $7 ntn 
in the difference spectrum (Fig. GB). Fig. 7 shows a Hill plot for the equilibrium at 
pH 8.0 and zz’, with Kn equal to 104 ,&I and FZ = 0.98, obtained from d &-i (jS7- 
611 nm) of the difference spectrum. The kinetics of appearance of the j87-mn band 
were studied in the stopped-flow spectrophotometer; typical results for two enz\me 
and two cyanide concentrations are plotted in Fig. S. The reaction shows first-order 
kinetics in both enzvme and cvanide concentrations, with a calculated association 

X(“rn) h(nm) 

I;ig. 0. Difference spectrum of reduced cytochrome sag in presence and absence of cyanide. COIP 
tlitions as described in Fig. L. A. j ,&I cytochromle aa:, and I ma1 cyanide; B. r4.2 1’31 cyto- 
chrome sag and I mRI cganidc. 

UiochkWL. Bioplzys. Acta, 2jb (1972) PjX-2 j6 
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rate constant of 15o M-~.sec -~ at 25 °. From this value and the equilibrium constant 
of o.I mM a dissociation rate constant equal to o.o15 see -~ is calculated. 

Unlike the reaction of ferric enzyme, this reaction is readily reversible. Six ml 
of enzyme solution (17. 4 #M cytochrome aa a in IOO mM Tris-H2SO 4 buffer (pH 8) 
with o/ 0.5/o potassium cholate, IO mM NaeSeO~, 25 % sucrose) was flushed with argon 
and I mM cyanide then added (6/~1 1 M KCN from a side arm). Two nd of this solu- 
tion was then passed through a Sephadex G-25 column (1. 5 cm × 6o cm) equili- 

2 ~ o /  brated with Tris-cholate-NaeSeO 4 buffer (with a a/o sucrose solution it is possible 
to make the necessary transfer to the column without admixing air using a 5-ml 
pipette with a fine point, layering the contents on the top of the gel uuderneath a 
laver of the dithionite-saturated buffer). Spectra were recorded before and after 
addition of cyanide (cf. Fig. 2) and after gel filtration. Tile eluate had a spectrum 
(not shown) identical with that of free ferrocytochrome aa a, and was fully reactive 
with fresh cyanide with no sign of autoxidation to form a 2~ aaa+HCN, provided that 
the precautions stated were observed. 

Although there is some difference between our KD value of IOO /,M and that 
reported by GIBSON AND GREENWOOD 7 (0. 7 raM), we are not inclined to attribute much 
significance to this. The previous resulU was obtained by quite indirect methods, and 
alternative calculations from the same data give much lower apparent KD values. 

Ki~zetics of  formation of the wanide  con@lex of oxidized cytochrome aa a 
In view of the anomalous behaviour of the cyanide reaction with the ferric 

enzyme (Fig. 4), the initial rates of cyanide binding (as shown by the spectroscopic 
changes, Fig. 3) were studied at varying cyanide and enzyme concentrations. At 
low concentrations of cyanide, tile initial rates are proportional to both cyanide 
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Fig. 7" Determinat iou of the spectroscopic dissociation constant  for tile reduced cytochrome a a  a -  

cyanide complex, i4/*M cytochrome a a  3 in ioo mM Tris-HeSO 4 buffer (pFI 8.o), 0. 5 C~o potass ium 
cholate and Io mM NaeS204 was flushed with Oe-free argon in a Thunberg  cuvette.  To prevent  
evaporat ion 2 M cyanide stock solutions were made in 0. 5 M K O H  and during argon flushing 
the pressure was kept above 20 cm Hg. For the calculation of ce, AIA (587-0i I n m )  was used. 

Fig. S, Time course for reaction of cyanide with fully reduced cytochrome a a  a. Cyanide and enzyme 
were diluted in IOO mM Tris-HeSO 4 buffer (pH ,8.o)., o.j~°//o potass imn cholate and io mM Na~S~O~ 
at 25 % 0 - - 0 ,  5 / ,M cytochrome a a  a and i2. 5 mM cyanide; ~k--Jk,  5 / ,M cytochrome a a  a and 
().25 mM cyanide; ©---©, I o / , M  cytochrome a a  a and ~2. 5 m3I cyanide: ZS--A,  i o / , M  cyto- 
chrome a a  a and *).25 mM cyanide. 
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and enzyme concentration (Fig. 9 A) with an apparent rate constant of 1.8 M -t. sec -] 
(at pH 7.4, ~-x';), in accord with the value obtained by binding studies ~ with K~4CN. 
No rapid changes preceding those discussed above were observed when the reaction 
was studied in the Io-Io3-msec range between 4oo and 85o nm. At higher cyanide con- 
centrations, however, the rate of spectroscopic change becomes independent of the 
cyanide concentration. Fig. 9]3 represents a set of double-reciprocal plots (I 'reaction 
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1;ig. 9. E f f e c t  of c y a n i d e  c o n c e n t r a t i o n  oi1 t h e  i n i t i a l  r a t e  of c y a n i d e - c y t o c h r o m e  aa  s f o r m a t i o n .  
A. I n i t i a l  r a t e s  a t  l ow c y a n i d e  c o n c e n t r a t i o n s ,  d~ - - & ,  4.5 It l\'l c y t o c h r o m e  aa:~; © -  , ().(> ,uM 
c y t o c h r e m e  aa3;  X - - - X ,  1 3 . s / t M  c y t o c h r o m c  aaa;  O - - O ,  1 8 / * M  c y t o c h r o m c  aa  a. B. l)<)uble- 
r e c i p r o c a l  p l o t  a t  d i f f e r e n t  e n z y m e  c o n c e n t r a t i o n s .  C - - 2 ) ,  r l . 2  / tM c y t o c h r o m e  aaa;  ~ / L ,  
S . I  I~M c y t o c h r o m e  aaa;  • O ,  7.5/~]XI c y t o c h r o m e  aaa;  , A - - A ,  5.o  l /M c y t o e h r o m e  aa a. ( .  l )e-  
p e n d e n c e  of  t h e  i n i t i a l  r a t e  a t  i n f in i t e  c y a n i d e  c o n c e n t r a t i o n  a n d  of  t h e  i n i t i a l  r a t e  p e r  u n i t  c y a n i d e  
o n  t h e  e n z y m e  c o n c e n t r a t i o n .  A - - A ,  s lope  of t h e  l ines  in A ;  .';, - ,  , r a t e s  a t  i n f i n i t e  c \ ' a n i d c  
c o n c e n t r a t i o n  f r o m  B.  l £ n z w u e  is d i l u t e d  as  d e s c r i b e d  in M~ZXHOI>S. 
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ra te  z,s. I / [cyanide] )  for different  enzyme concentrat ions .  The reac t ion  obeys an 

equat ion of the Michaelis form (Eqn. I) 

v = kin., e [ H C N ] / ( K 2  + [HCN]) (I) 
where kmax = o .o i8  sec -t  and  K;, -= Io  raM. Stopped-f low exper iments  carr ied out  
at  high cyanide  concentra t ions  (5o mM) gave values between o.oz 7 and o.o2o sec -t  

5- 
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Fi~. l o .  E f f e c t  of  t e m p e r a t u r e  o n | t h e  i n i t i a l  r a t e  o f  c y a n i d e - c y t o c h r o m e  aa~ f o r m a t i o n .  4 .8 / l i~ l  
c y t o c h r o m e  a a  a d i l u t e d  as  d e s c r i b e d  in  METHODS. R a t e s  m e a s u r e d  a t  432  n m  in  t h e  p r e s e n c e  of  
"2 m M  c y a n i d e .  

i i 

20 f 
1.5 

I 
°iL ° 

o o'~ & & 
1 [Cy~idej (ram -1 ) 

Fig .  [ ]. E f f e c t  of  t e m p e r a t u r e  o n  t h e  i n i t i a l  r a t e  of  c y a n i d e - c y t o c h r o m e  aa  3 f o r n l a t i o n .  C o n d i t i o n s  
as  d e s c r i b e d  in  F ig .  io .  a - - A ,  a t  I 0 ' ;  ~ - - ~ ,  a t  27 °. T h e  fi l led p o i n t s  a r e  c a l c u l a t e d  f r o m  t h e  
l ine  in  I : ig.  [o.  
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for the rate of change at  432 nm. At these cyanide concentrations tile reaction is 
first order in enzyme; the deviations from exponential behaviour seen at lower 
cyanide concentrations (Fig. 4) are thus much less marked. When initial rates are 
considered, the reaction is first order with respect to enzyme concentration at both 
low and high cyanide concentrations (Fig. 9C). 

The reaction of the oxidized enzyme with cyanide is fairly temperature sensitive. 
Fig. io shows the temperature dependence of the reaction with 2 mM cyanide as a 
Van ' t  Hoff plot. Fig. I I  illustrates the fact that  tile major effect of temperature is 
on tile apparent maximal velocity of the reaction (kmax), and not on the amounts of 
cyanide (K') needed for half-maximal reaction rates. The Q10 of 2.2 (20-3 o°) for this 
process is thus independent of cyanide concentration; the calculated Arrhenius 
activation energy is therefore 14 kcal/mole. 

Tile maximal rate, and hence the apparent second-order rate constant at low 
cyanide concentrations, may be dependent on the molecular state of the enzyme 
preparation used; 'aged' preparations (stored at -IO ° for several days) gave values 
as low as 0.6 M -~" sec -~ for this rate constant. Such changes may  be correlated with 
conformational changes in tile oxidase and emphasize the need to store the enzyme 
samples at liquid-nitrogen temperature if consistent properties are to be seen. 

A possible interpretation of the observed rates of cyanide binding is discussed 
below. 

EBect of azide on the cyanide binding reaction 
To determine whether (a) there is a spectroscopically invisible binding of 

cyanide to the ferric enzyme that  precedes the change at 432 nm (suggested by the 
kinetics of Eqn. I, as discussed below), and (b) competition occurs between cyanide 
and azide for a common binding site (as in other ferric haemoproteins), experiments 
were carried out in which azide was added following cyanide, and vice versa. Surpri- 

i 

A A , O 0 2  1 

3 

4 
z 

3 

/ 

Fig. 12. Effect  of azide oi1 the  ra te  of fo rmat ion  of c y a n i d e - c y t o c h r o m e  aa 3 a t  432 nm. 2o i~.\I 
cy toch rome  a a  3 and o.33 mM cyanide  d i lu ted  as descr ibed in ,~iETHODS. Cyanide  and azide were 
added  as indica ted .  I, 5oo/~M azide;  2, 125/*M azide;  3, 5 o / , M  azide;  4, 25 / tM azide;  5, no azide. 

B i o c h i m .  B i @ h y s . . 4 c t a ,  250 (i972) 25~-270 
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singly, the addition of azide was found to accelerate sharply the binding of cyanide, 
the opposite of the effect expected on the assumption of competition for the a a haem. 

Fig. 12 illustrates the action of various concentrations of azide on the cyanide 
reaction, adding the azide either after (top traces) or before (bottom traces) the cyan- 
ide. The azide-induced spectroscopic change at 432 nm is in the opposite direction 
to that produced by cyanide 2a. Fig. 12 shows that (i) the rate of the cyanide reaction 
is a function of azide concentration; (ii) the binding of azide seems to precede the 
reaction with cyanide (@ the initial declines in the upper set of traces); (iii) the 
increased rate of reaction with cyanide continues after all the absorbance change 
originally induced by azide has been abolished (@ the lower set of traces). 

The total change induced by cyanide is about Io times that  of azide at 432 nm. 
Fig. I3 illustrates the changes in difference spectrum of the oxidized enzyme on first 
adding azide and then cyanide. The isosbestic points in the Soret region for the cyanide 
and azide complexes are at 423 and 425 nm, respectively, with respect to the orginal 

) '  ! ' I 

A A,  lO(rnM-!cm -1 ) 

, I , I 

l 1 1 = - .  - AA 1ram cm 

1 

4 0 0  5 0 0  5 0 0  6 0 0  7 0 0  
~(nm) ;1~ (rlrtl) 

Fig. ~ 3- Effect  of azide on the  fo rmat ion  of c y a n i d e - c y t o c h r o m e  a a  3. The t ime  course was n leasured  
as in Fig. 3. A. Soret  region, 6/~M cy toch rome  a a  a and o.I m[VI cyanide.  Difference s p e c t r u m  I2, 
recorded 5 rain af ter  add i t ion  of o.2 mM azide;  i i,  s cann ing  i n i t i a t ed  i m m e d i a t e l y  af ter  add i t i on  
of cyan ide ;  io, w i t h o u t  azide and cyan ide ;  9, a f ter  1.5 rain;  8, a f te r  3.o ra in;  7, af ter  4.5 rain;  
o, af ter  7.5 rain;  5, af ter  15 rnin; 4, a f ter  3 ° rain;  3, a f ter  I h;  ~, a f ter  2 h; I, a f ter  4 h. B. Visible 
region,  23 #M cy toch rome  a a  a and  o. i  mM cyanide .  Difference s p e c t r u m  14, w i t h o u t  cyan ide ;  
13, recorded 5 rain af ter  add i t i on  of o.2 mM azide;  12, scann ing  i n i t i a t e d  i m m e d i a t e l y  a f te r  
add i t ion  of cyan ide ;  i t ,  a f te r  2. 5 min ;  io,  a f ter  5.o rain;  9, a f te r  7.5 min ;  8, a f ter  io  min ;  7,  af ter  
15 rain;  6, a f ter  2o rain;  5, a f ter  3 ° rain;  4, af ter  45 rain;  3, a f ter  t h i  2, af ter  2 h; i, a f ter  4 h. 
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l~'ig. 14. Effect  of azide on the  in i t ia l  r a te  of c y a n i d e - c v t o c h r o m e  act a format ion.  Cyanide  was 
added  5 - [5  min  af ter  add i t i on  of azide to 9 . 5 / t 3 l  cy tochrome  aa  a. For the  de t e rmina t i on  oI 
az ide- induced spect ra l  shifts ,  15 .6 / ,M cy tochrome  aa  a was d i lu ted  in l eo  mM p h o s p h a t e  {pi t  7.4)  
and o. 5 ~ Tween 8o as descr ibed in METHODS. All  ra tes  are corrected for the  spect ra l  effect of azide. 
A. Low cyan ide  concen t ra t ions .  ( ~ - - © ,  no azide;  X- - -X ,  ~o/ tM azide;  A - - A ,  3 o ! tM azide;  
0 - - 0 ,  ()o tiM azide;  ~k--~k,  50o/*M azide. B. H igh  cyan ide  concent ra t ions .  L~- 2~, 5oo HM 
azide;  @ - - @ ,  2 o o F M  azide;  c~" (?, oo / tM azide;  A - - ~ ,  3 o F M  azide;  O - - Q ,  2 O l ~ M  azide;  
I - - I ,  I o / t M  azide;  +- - - - I  , w i t h o u t  azide. C. Effect  of azide concen t ra t ion  on the  in i t ia l  rate 
and  on the  spect ra l  shift .  C - - - C , ,  o.I mM cyanide ;  Q - - - Q ,  o . I0  mM cyan ide ;  @---@, o.24 mM 
cyan ide ;  A - - z Z ,  absorbance  change a t  432 nm measured  ~o rain af ter  add i t ion  of azide, The 
do t t ed  ver t ica l  l ines show the  posi t ion of the  half  m a x i m a l  effect. 
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oxidized enzynle. Observat ions  at  these wavelengths ,  unde r t aken  in the search for 
t e rna ry  in te rmedia tes  in the  react ion of cyanide  with azide-ferr ic  oxidase,  were 
thus  difficult to in terpre t ,  due to the small  changes involved in a spectroscopic 
region of s teep changes in A A  wi th / J2  (Fig. 13 A). As ind ica ted  in the figure, however,  
any  such in te rmedia tes  must  have very  few spectroscopic differences from the original 
azide or final cyanide complexes.  Fig. I 3 B  shows tha t  this is also t rue for the  t ransi-  
t ion fronl az ide-oxidase  (2max 558 nnl) to cyan ide -ox idase  (),max 585 nm) in the visible 
region (al though the slight shifts in isosbestic points  in this case indicate  a poss ibi l i ty  
tha t  the change induced by  azide has d i sappeared  before the final cyanide spec t rum 
has been completed) .  

The final cyanide spec t rum was the same in presence and absence of azide 
(~i/' Figs. 3 and 131 , and azide had  no effect when added  to a sample of cyanide-  
t r ea ted  oxidase I, unlike the react ion which occurs between azide and the ' oxygena ted '  
e n z v l n e  2;:;. 

The kinetics of the ini t ial  cyanide  react ion in t)resence of azide are sununar ized 
in Fig. 14. As shown in Fig. z4A , the ra te  of spectroscopic change at  low cyanide 
concentrat i (ms remains  propor t iona l  to cyanide  concentra t ion but  with an increasing 
apparen t  second-order  ra te  cons tant  as the  azide concentra t ion  is increased. At  
higher cyanide  concentra t ions  however,  the  effect of azide is nlueh less, and  Fig. z4B 
suggests  t ha t  it  is act ing to decrease the  appa ren t  K" for cyanide  (Eqn. i) ( that  is, 
the amoun t  of cyanide  required to achieve half max imal  ra tes  of format ion  of the  
cyanide  complex) wi thout  modifying kmax (previously found to be o.o~_8 sec -1 
under  these condit ions).  If the effect of azide at  low cyanide concentra t ions  is p lo t t ed  
against  the concentra t ion of azide (Fig. z4C ) it  is seen tha t  the amount  of azide 
needed for half maximal  effect is the same as the apparen t  K~ for azide in this sys tem 
i solid line in Fig. 14 C) de te rmined  separa te ly  fronl the absorbance change at 432 ran. 

I t  is ha rd  to resist the  conclusion tha t  cyanide  is indeed react ing more readi ly  
with the azide complex than  with the free enzyme. At  m a x i m u m  azide concentra t ions  

(x 
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o.o! 
i i i 

0 llO 20 
t i m e  ( r a in )  

l:i~. r 5. Time com-~e of cyanide-complex formation with ferric aa:~ in presence (~% -2,), ~tnd 
absence ( , )  of o. 5 mM azide. I mM cyanide and z3.0HM enzyme dihlted a~ dt,scrihcd 
il1 METH()I)S.  
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the value of K£ for cyanide (Eqn. I) is decreased from io to 0. 7 mM, in agreement 
with a maximum increase of the second order rate constant  (Fig. I 4 A  ) froin 
I.S M -t.sec -~ to 25 M -~'sec -t in presence of azide. That  the situation is not quite 
this simple is illustrated by  the time course of Fig. I5. The deviation front first-order 
behaviour is much more marked in the presence of azide, with a final reaction rate 
(the last IO % of binding sites) the same as, or less than, the rate with cyanide alone. 
The possible significance of this phenomenon is discussed below. 

DISCUSSION 

The spectroscopic properties of the cyanide complexes with ferric and ferrous 
enzymes are summarized in Table I, and compared with the corresponding com- 
plexes with azide and fluoride (ferric enzyme) and carbon monoxide (ferrous enzyme) 
previously reported 24-~6. 

The effect of cyanide is consistent with its acting to render the a 3 haem moie 
low-spin, wlfile tha t  of fluoride suggests a more high-spin state has been induced; 
the effect of azide is similar to tha t  of fluoride in the Soret region, but its induction 
of 558-nm and 678-nm bands in the visible region does not seem to be at tr ibutable 
to a simple lfigh spin-low spin transition. 

The complexity of the cyanide reaction with oxidized enzyme lies in its kinetic 
behaviour. Table I I  lists the kinetic parameters obtained for the binding of cyanide 
in the presence and absence of azide. Two models for this behaviour may  be postulated, 
as in Eqns. 2 and 3. 

k~ k 2 
E + [ ~ EI "k ~ EI (2) 

k_ 1 k -2  

k 2 I ~ #1 
E "" E 'm ~ E I  (3) 

k2 ~I/1~ k_ 1 

t3oth mechanisms give rise to an equation for the rate of formation of E ]  similar 
to Eqn. I. In  the first mechanism (Eqn. 2), K" is equal to (k_ 1 5 k.~),,'k t and ]¢max 
is given by k2. In  the second mechanism, K~' is equal to (k_ 2 q- k2)."k 1 and kmax is 
given by  k2. The effect of azide in either model is to increase k l, presumably by  
combining with E (Eqn. 2 )or E* (Eqn. 3)- 

The second mechanism requires an enzyme conformation, kinetically different 
from but spectroscopically identical to the original enzyme since only one set of 
isosbestic points on the baseline was observed during the formation of the complex. 
At present we tend to prefer the model of Eqn.  z, tirstly because we are reluctant  
to postulate, in addition to the spectroscopically different species of ferric cytochrome 
aa a (cf. refs. 23, 27 and 28), a spectroscopically identical form and, secondly, since 
a great similarity exists between the binding reactions of cyanide and azide°-% 
According to Eqn. 2, therefore, the observed rates and equilibria (Table II)  give 
(k,, i_ k_l) 'k I = io-2 M, and k, 2 = 0.02 sec -i, for an overall equilibrium constant  
k_ lk_ , , / ( k lk , ,  - -~ klk_2)  of I /~M. 

The model requires that  the spectrum of the initial product,  E I * ,  be almost 
identical with tha t  of the free enzyme, and that  the spectrum given in Fig. i is in 
fact that  of the second complex, E L  \Ve may  envisage that  the initial binding reaction 

Biochim. Biopkys. Acta, 250 (197 z) 258-276 
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(governed by k_l/kl)  represents  the pene t ra t ion  of cyanide into a prote in  crevice 
or otherwise res t r ic ted  site,  and  t l ta t  the second step (governed bv  t%) moni tors  
the binding to the haem iron. The effect of azide on k_ g l  h (Table I l )  may  then 1)e 
in te rpre ted  as a consequence of a confornlat ional  change induced by  azide binding, 
tha t  has 'opened up '  the res t r ic ted  site. The subsequent  haem binding is independent  
of the l igand (H20, pro te in  or azide) a l ready  at  the s ix th  coordinat ion position. 

The pos tu la t ion  of au in te rmedia te  bound  s ta te  of the cyanide  moie ty  in which 
the a3 spec t rum is unaffected is sinfilar to the hypothes is  of Gi}~sox ~XD GREEXWOOD a° 
for the  react ion of oxygen with the full}, reduced enzyme (al though their  rate  con- 
s tants ,  of IO ~ M .1. sec -x and 3" IO4 sec ~ are Io ~ t imes  greater  than  those for cyanide 
and the oxidized enzyme).  However ,  the  react ion of cyanide with the reduced enzyme,  
for which the ra te  cons tants  are l isted in Table I I I ,  is clearly unaffected by  the steric 
t)roblems tha t  confront  the l igand react ing with the oxidized enzymeL 

TA 13LI'; I l I  

K I N F T 1 C  P A R A M E T E R S  F O I l  R E A C T [ O N  O F  C Y A N I I ) t ~  W I T H  RI~2DUCI£1) E N Z ' V M E  

too mM Tris-H2S() , buffer (pH 8.o), o.5? 0 potassium cholate, lo mM Na2S,() ,, 2 5 . 

A'im'lic or Estimated or 
eqHilibriu.z consta~lt calculated vahte 

K1) ~oo/~M 
/Colt 1 5 0  ,~I I ' S C C  1 

]~ol'r O . O 1 5  SeC I 

Table IV compares  the effect of cyanide  on the spect ra  of five haemoprote ins  - 
methaemoglobin ,  metmyoglobin ,  peroxidase,  cata lase  and cytochronle  aaa. Excep t  
tha t  the f l -band of the cyan ide -ox idase  complex seems to be weaker  than  in the  other  
haenloproteins ,  there  is a r emarkab le  s imi la r i ty  between the various spect ra l  changes. 
We conclude tha t  the main diffelence between the oxidase and the otl ter enzymes 
lies in the accessibi l i ty  of the haem and not  in tile s t ructure  of tile final compound.  
However ,  in the  compet i t ion  for b inding sites, the oxidase is unique in showing an 
acceleration, of cyanide  binding when in the  form of the azide complex.  Under  the 
same condi t ions (IOO mM pt tosphate  (pH 7.4) ,  o.5 % Tween 8o), beef n le thaemoglobin  
gave a veloci ty  cons tan t  of 16o M~*.sec - '  for the react ion with cyanideaa; addi t ion  
of azide reduced  the ra te  cons tant  in propor t ion  to the  amount  of azide complexed 
at  low cyanide  concentra t ions ,  while at  higher  cyanide concentra t ions  the  ra te  of 
cyanmethaemoglob in  format ion  became independent  of cyanide  concentrat ion,  and 
p resumably  a measure  of the slow dissociat ion of azide (about  o.o3 sec a, of. ref. 24).  

The present  value of app rox ima te ly  i #M for the  b inding of cyanide to the 
oxidized enzyme (Fig. 5 B) is s imilar  to the  inh ib i tory  K f  observed wi thout  prolonged 
incubat ion  ., 10. The difference lies in the  much inore r ap id  a t t a inmen t  of tile inhibi ted  
s ta te ;  this will be discussed in a following paper .  The equi l ibr ium cons tant  is still 
one order of magni tude  larger t i tan the  value of zoo nM obta ined  for the binding 
of cyanide under  condit ions of incubat ion with  electron donor  and air ~. As discussed 
previously,  the reduct ion  of some component  of the aa a system, p robab ly  cytochronw 
a,  m~tv promote  the b inding of cyanide  to give the quasi- i r reversible  cyancy toehrome 

lHoc/Hm. Hh,ph3'.q. Acta, 2.56 (1o72 ) 25~ 276 
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T A  BI.I'." IX' 

SPI,2(TROSCOPIC AND KINETIC COMPARISON OF CYANIDE COMPLEXES OF FIVE HAEMOPROTF.INS 

H a c m o p r o t e i n s  w e r e  c o l l e c t e d  f r o m  var ious  sources  (@ NICttOLLS al, SAUNDERS g~ al.a'a). V a l u e s  
for p H  7.o 7.5,  2o - ' 5 .  ,Jmlax i n d i c a t e s  p o s i t i o n  of m a x i m u m  a b s o r b a n c e  in t h e  difference s p e c t r u m  
(enz?, 'mc ; l i g a n d  minz~s e n z y m e ) .  

t)aram~h,r 3IetHb 3let,lqb P e r o x i d a s e  Ca ta lase  C v t o c k r o m e  aa a 

(a) lxincli( 
k,~n (M 1.sec I) 200  4oo Io a l()~i 2 
/k'l) (/*M) 4-5 t(} 4 4 I 

(b) Npc<troscopic 
y.-baJ~d: ).,,,a~ 575  57 ° 581 58o  585 

[A ( m M - l . c n l  1) 4 .2 5.5 ~.o 5 . i  3 .e  

fi-baiM: ,~max 543 543  54 o 553  54 o 
J A  ( r a M  1. c m  -1) 5 .8 3 .t' 4.-' 3.0  o.0 

"/-ba~*d: ~max a p p r o x .  429 427 423 425 432 
21A (ram 1 . c m - l )  a p p r o x .  80 6 5 64 55 28 

aa a complex 2,a. The complex described in the present paper, formed by prohmged 
aerobic incubation, is nevertheless probably the same species. Although it is thermo- 
dynamically unstable in the absence of free cyanide (Fig. 5 B), it is kinetically stable 
enough (korf 2" Io -6 sec -1, cf. Table II) to permit its separation by column chromato- 
graphy as described 1, a and a half life of Ioo h in the absence of cyanide is guaranteed. 
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