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Rate constant~ ol cyanide binding to "fast' oxidant ha',c been measured  in the fully-oxidised (OI, peroxy (P) and  ferryl (F) s ta tes  
at pH 8.0. Vatucs of 2.2, 8 aud 10 M ~ s I respectively, wcrc obtained.  Thus, none ¢;f these staten appears  to exhibit a rate that  
~ould identify it as the species responsible for the extremely rapid cyanide binding observed dur ing turnover. On the o ther  hand, 
with "oxidiscd' enzyme as prepared,  containing a very small fraction of one-elect ron-reduced (E state)  oxidase, a corresponding 
fraction of enzyme exhibited spectral changes consistent with cyanide binding with a ra te  constant  in excess of 10 ~ M i s ~. 
E~idcncc is prc~cnted suggesting that mediat ion of electron transfer fl-om one-electron-reduced,  cyanidc-l igandcd enzyme to 
free, ferric oxidasc, ra ther  than a global protein conformational  change of the cnzymc, is responsible for the great ly enhanced  
cyanide binding rates seen in the prescncc of cytochromc c or poly(t-lysine), lnter-oxidase electron exchange in "oxidised' 
enzyme can resuh in a cnmplicatcd dependence tff the binding rate on cyanide c(mccntration.  Wc have demonst ra ted  that this 
may give rise to a saturat ion of the rate of cyanide binding. 

Introduction 

Binding to cyanide cytochromc oxidase, and its con- 
sequent inhibition, has been the subject of a consider- 
able research effort spanning several decades. How- 
ever. important aspects remain unclear. Nicholls et al. 
[I] recognised that, although the ratc of binding to 
fully-reduced cnzymc was much more rapid than to the 
fully-oxidiscd species, thc rate of onset of inhibition 
under turnover conditions was at least an order of 
magnitude greater sti l l  Jones et al. [2] proposed that 
during turnover a transient, 2- or 3-electron-reduced 
form of the enzyme is responsible for the observed 
rapid binding. In terms of the total enzyme population, 
the observed rate constant was 4.5-10 3 M ~ s --~ 
(Th/Jrnstr/Sm et al. [3] obtained similar values), if the 
occupancy of the cyanide-binding form is as low as 
these workers suggest, its rate constant wcmld be in the 
region of 10 ~' M -~ s ~, compared with only about 2 
M -I s t for the fully-oxidiscd form. This dramatic 
increase in rate has been interpreted in terms of a 
conformational change to an "open' configuration [3,4], 
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although the numbcr  of electrons required to bring 
about the change remains controversial [5,6]. 

Many earlier studies were complicated by the use of 
mixed enzyme preparat ions containing a proportion of 
slowly reacting, resting oxidase. In an attempt to mea- 
sure the cyanide-binding rate to a pulsed preparation, 
Jones ct al. [2] uscd an aerated sample that had been 
dithionite-rcdueed, a procedure that is likely, however, 
to yield a considerable proportion of enzyme in the 
peroxy (i.e., 2-electron-reduced, oxygenated) state [7]. 
The slightly enhanced rate thus obtained was similar to 
that reported by Brittain and Greenwood for 'oxygen- 
ated" oxidase [8] produced by photolysis of the mixed- 
valencc CO compound, presumably also mainly in the 
peroxy (Compound C) state [9]. Naqui et al. [10], how- 
ever, found the rate of the initial phase of binding to 
be unchanged after dithionite reduction and reoxida- 
lion, but now showing simple kinetics rather  than the 
two or three distinct phases of binding formerly occur- 
ring. With the present availability of stable, fast prepa- 
rations, and increased awareness of the occurrence and 
spectral characteristics of the partly reduced interme- 
diates of the oxidase reaction, further progress in iden- 
tifying the rapid binding form(s) appeared to be possi- 
ble. This led us to examine the rates of binding to the 
fully oxidised (O), peroxy (P) and the three-electron-re- 
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duced oxy-fcrryl (F) forms. (See simplificd schemc bc- 
low, where uptake and release of protons and water 
are omitted.) 
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A further incentive was the realisation that, because 
of the enormously enhanced binding rate on partial 
reduction [2], it is crucially important to control the 
aeces,~ of electrons when at tempting to measure the 
binding of cyanide to the O state. It appeared possible 
that  availat~ility of reducing equivalents might explain 
the greatly enhanced O-state binding rate reported in 
intact mitochondria f i l l ,  or in thc prcsencc of addcd 
cytochrome c and other  polycations [12]. 

Materials and Methods 

'Fast '  beef heart  cytochrome c oxidase was L,~olated 
by a modification of the Kuboyama method as previ- 
ously described (prep. D of Ref. 13). The resulting 
preparation reacts nearly monophasically with cyanide, 
with typically about 10% of the progress curve of 
cyanide binding exhibiting a rate constant two orders 
of magnitude less than that  of the bulk population. 

Reagents were used as commercially supplied, ex- 
cept for cytochrome c (Sigma Type VI), which was 
pretreated for 30 min with a 2-fold excess of potassium 
ferricyanide before passing through a Sephadex G-25 
column in order  to obtain the purely ferric form. 
Poly(L-lysine) hydrobromide 14-15 kDa) was obtained 
from Sigma. In some experiments, the presence of low 
levels (tens of parts per  million) of ferrocyanide in 
some batches of analytical grade ferricyanide was found 
to have a significant effect. That  which appeared to be 
least contaminated,  as judgcd from the formation of 
Prussian blue on addition of ferric chloride, was pur- 
chased from BDH, Poole. Stock solutions of 0.1 or 1 M 
cyanide were prepared daily, without neutralisation. 
and kept on ice in a stoppered glass container. When 
lower concentrations were required to provide conve- 
nient volumes for addition, these were diluted immcdi- 
ately before use. 

Optical measurements  were made using a single- 
beam spectrophotometer  assembled in house. Cyanide 
binding rates were generally measured at 432-412 nm, 
or, with high ferricyanide concentrations,  at 587-620 
nm in a 1 cm light-path cuvette with manual stirring. A 
cycle of three measurements  was used, e.g., 412, 432, 
412 nm, taking about 3 s per  cycle. Further  details 
applicable to measurements  involving the peroxy and 
ferryl species are given in figure legends. Where cyanide 
binding was rapid enough for the time course to be 
followed nearly to completion, apparent  rate constants 

werc obtained by fitting two independent  exponentials 
using thc Simplcx mcthod [14]. The valucs given arc liar 
the majority, fast population of the enzyme unless 
otherwise stated. At low binding rates, where it was 
impracticable to follow the reaction to completion, the 
signal expected fl~r completc cyanide binding was gen- 
erally assumed to be unchanged, and the rate con,',tant 
was calculated from the initial rate. The slight change 
of concentration of free cyanide during binding has not 
been corrected for, since in the low-cyanide experi- 
ments only the early part of the binding curve was 
normally measured. 

Generation of tile peroxy state" 
This was achieved using carbon monoxide to reduce 

the enzyme, in the presence of oxygen, which success- 
fully competes with CO for the half-reduced oxidase 
thus fi)rmcd, the peroxy compound is gcneratcd [15]. 
The aerobic, ferric enzyme was vcry briefly (2 or 3 s) 
bubbled with CO in the spectrophotometer cuvette. 
After about 4 min, when P formation appeared to be 
complete, the difference spectrum showed what ap- 
peared to be a virtually quantitative conversion, based 
on an extinction coefficient at 6117 nm of about 10 
mM -I cm- ~ [16], with no evidence of a shoulder at 590 
nm that would indicate the presence of CO compound 
or an oxyferryl (F) state. The peroxy form decayed very 
slowly to the O state (see upper trace of Fig. 6A). 

Generatbm of tile feroI slate 
The F compound was formed by addition of hydro- 

gen peroxide. 611% (w/v)  H 20:  was add,,d to thc ferric 
oxidase in the cuvette to a final concentration of 72 
mM. After formation of F, taking less than 2(I s, 
catalase (Sigma C-100) at a final dilution of 27 un i t s /ml  
was added te remove excess peroxide. If this was 
omitted, slow spectral changes occurred, taken to indi- 
cate decomposition of thc oxidasc. The difference 
spectrum following addition of peroxide and eatalase 
showed a broad peak at 584 nm with a smaller one at 
535 nm. On the basis of an extinction coefficient of 
about 5 mM -I cm -1 at 584 nm [16], about 8119~ con- 
version to the F state was indicated. During the subse- 
quent  decay to the O state, with a half-timc of scveral 
minutes, a slight shoulder at about 6115 nm was usually 
seen, the amount  being so small that it was impossible 
to determine whether this was due to slight haem a 
reduction, or to P-state formation. 

Results 

Cyanide bblding to "oxidised' cytochrome oxidase 

We use the term 'oxidised' to denote the enzyme 
state as prepared, where although a high proportion 
( > 95f~) of enzymc molcculcs arc in the fully oxidised 
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Fig. I. hmniL strength dcpendJ lcc  of  ¢yiochr~mle-c-stimulaled cyanide 
binding, "l'i~ a mcdirinl ¢onlaining I() mM gbcylglycin¢ and ILl mM 
EDTA.  hroiig]ll Io p l l  ,~ (I v.ilh KO l l .  '.v~.'re addl:d 3 ,ttM c$1ochrome 
~xidasc arid. after ,'.4 nlin. I(I /xM K( 'N lkfllo~cd by ll.3 /xM fcrric~,- 
tochromc c, :l ~, illdiL'31etl, l:(ir Ir:ice~, I t  and ('. lhc medJtlnl w;is 
supplerilcnicd v, ith 3(l mM arid 163 mM K:S()~,  respccli ' .eb, raising 
Ih¢ ionic ~.Hcnglh t~) approximatcl~ Illl} and 5,1~) raM. Ah~orhancc 
'o.:1~ rll0aMired ;|1 432 412 rim. v, hcre ferrit 'ytlwhromc c als¢~ ;=hst~rb,,. 

aecoulllirig for ihc dovtri',~ard step in Ihe traec~. 

state, small subpopulations of partly reduced species 
may exist. 

(i) Effect qf ionic strengtll on the sfimulatoo' effects qf 
c vtochromc c am/poS'(L-lysme) 

The stimuhltory effects of cytochrome c and poly(i.- 
lysine) on cyanide binding to fast, 'oxidised" oxidase are 
illustrated in Figs. 1 and 2. It is clear that the ionic 
strength dependences fl~r the two compounds are dif- 
ferent. In the case of poly(i -lysine), significant stimula- 
tion occurs only at low ionic strength, whereas with 
cytochrome c (and also in the absence of polycations) a 
maximal rate is achieved at intermediate ionic strength. 

/ '  

/ /  

r, ol -, / 
lyslne/ 

CN ~,, 

Fig. 2. I':fl¢ct of ionic slrenglh on poly(i-I.~sinchtimulated cyanide 
binding. ('ondilioris ~,¢r¢ as for Fig. I. ¢'~ccpt thai polyln-lysinc) wa~ 
added as an 8 m g / m l  ~olulion In a final eoricenlralion of 2,1 lutg/ml 
instead of ~)'iochrt~m¢ c. In B and C. petal, slum sulphate v, as added 

Io 30 mM arid li'13 raM, rcH*ccti~cly, a', hcl'orc. 

With I = 20(} mM (not shown), binding was marginally 
slower than at / =  100 raM. A similar dependence is 
found for the steady-state rate of oxidation of cy- 
iochnlme c by oxidase [17], presumably because both 
l"m.,~ and K m increase with ionic strength [18], with thc 
latter effect becoming the more significant at high 
value. The increase of K,, for cytoehrome c with 
increasing ionic strength is not unexpected, since the 
affinity of the positively charged cytochrome c for the 
negatively charged docking site on the oxidase would 
be affected by chargc neutralisation. The observation 
that the rate of cytochromc-c-stimulatcd cyanide bind- 
ing falls off steeply at low ionic strength would not be 
predict,:d on the basis of a eonformational mechanism, 
and rather  indicates that the stimutatory effect of cy- 
tochrcme c on cyanide binding may arise from its 
ability to shuttle clectrons betwecn thc enzyme 
molecules. Furthermore,  a substoichiometric amount 
of cytochrome c is capable of causing rapid cyanide 
binding to all of the enzyme (Fig. 11. 

In the absence of cytochrome c or poly(L-iysine), 
there is also a considerable stimulation of the rate of 
cyanide binding to "oxidised' enzyme at intermediate 
ionic strength. (See traces immediately following 
cyanide addition in Figs. 1 and 2.) On the other  hand, 
with 5 mM instead of ll) # M  cyanide under  otherwise 
similar conditions (not shown), the rate was nearly 
independent  of the ionic strength of the medium in this 
range, vaD'ing by less than 2%. It thus appears that,  
although the rate of cyanide binding to fully oxidised 
oxidasc is ionic-strength-independent,  there may be a 
significant contribution resulting from inter-enzyme 
electron transfer at low cyanide concentrations. When 
the concentration of enzyme was varied from 1.2 to 4.8 
/xM, with the conditions otherwise as in Fig. IB (but no 
cytochrome c added), the apparent  rate constant in- 
creased by a factor of 1.5 with each 2-fold increase in 
concentration. This again is consistent with a major 
involvement of inter-enzyme electron transfer. 

(ii) Ef[}'cts of  ferro- and ferricyanide on the stinudatoo' 
eJ]},cis qf  cylochrmm" c and poly(/.-lysine) 

Since the above experiments indicated that move- 
ment of a small population of electrons betwccn oxi- 
dases might be the cause of stimulation by cytochrome 
c and poly(L-lysine), it was of interest to check whether  
the availability of electrons was a significant factor in 
determining the cyanide binding rate. In experiments 
(not shown) similar to that of Fig. 1. trace A (i.e.. at 
high ionic strength), addition of I).2 mM fcrricyanide 
completely reversed the cytochrome-c-induced acceler- 
ation. With ferrocyanide, on the other  hand, a further  
18-fold stimulation occurred. The early portion (ap- 
prox. 50q/c) of the ferrocyanide-stimulated binding ex- 
hibits an apparent  second-order rate constant of 2.3 '  
I() ~ M ~ s - I  i.e., more than an order  of magnitude 
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faster than for the fully reduced enzyme [2]. The exper- 
iment illustrates the crucial influence of a small frac- 
tion of partly reduced enzyme on the observed cyanide 
binding rate. it is clear that in the presence of suffi- 
cient ferricyanide, cytochrome c does not significantly 
stimulate cyanide binding. When the experiment was 
repeated in the absence of cytochrome c, only a minor 
change was produced by addition of ferro- or fcrri- 
cyanide, reflecting the low rate of exchange of elec- 
trons between these negatively charged complexes and 
cytochrome oxidase in the a t ~ n c e  of cytochrome c. 

The effect of ferrocyanide on the pol~4t:lysine)- 
stimulated rate is less pronounced than in the case 
where cytochrome c is able to mediate the transfer of 
electrons, but it is nevertheless quite significant, and 
the greater  part  of the stimulation is reversed with 
ferricyanide, in experiments similar to that shown in 
Fig. 2, trace A, but  with 60 jag polylL-lysine)/ml. 
nearly monophasic binding was observed with a 
pseudo-first-order rate constant of 3.6- 10 -~ s ~ ~. When 
1 mM potassium ferri- or ferrocyanide was present,  the 
respective rate constants were 1.1 • 10 ~ s ~ and !.4. 
10 -z s-~. This suggests that the poly(L-lysine) also is 
promoting cyanide binding by facilitating electron 
transfer between enzyme molecules, presumably while 
these are bound to the poly(L-lysine) chain. Controls 
indicated that  the effects of potassium fe r r i / fe r ro-  
cyanide were due to nei ther  ionic strength nor K* ion 
concentrat ion changes. 

(fro The E-state subpopulation o f  'oxMised" en~'me and 
its rate of  cyanide binding 

In the absence of cytochrome c or pol)<L-lysine), 
(see, for example, the early portions of Figs. 1 and 2) 
the apparent  second-order rate constant of cyanide 
binding to 'oxidised' enzyme may be as high as 40 M 
s -  t considerably higher than the value of about 2 M ~ 
s - t  generally accepted for isolated fully oxidised oxi- 
dase [19]. Addition of cyanide initially caused a small. 
rapid absorbance step. The spectral changes responsi- 
ble for this feature, while difficult to measure precisely. 
include a peak at about 430 nm and a broad peak 
around 580 nm, consistenl with cyanide binding, and 
also a small, sharp peak at 604 nm with no accompany- 
ing change at 444 nm, consistent with electron transfer 
from haem a 3 to haem a. The extent of the absorbance 
step was found to show considerable variation between 
different enzyme samples and tended to decline slowly 
over several hours subsequent to thawing. It could be 
virtually eliminated by 20 min. incubation in the pres- 
ence of ferricyanide at 25°C. The rate of this fast step 
was approximately proportional to the cyanide concen- 
trat ion for the range 0.5 to 10 taM, with the extent 
remaining unchanged. Time-courses of absorbance at 
432-412 nm following addition of 1 or 10 # M  cyanide 
are shown in Fig. 3. With a second-order rate constant 

' Im in '  

~oA.oos 

lOpM ..,., . / ' ¢ ~ ' :  
CN ~,,~- f ,,." 

Fig. 3. The small, rapid o, anide binding s tep  Conditions as fi~r Fig 
IA. measured at 432-412 nm. I ot If) ~tNt c2,.anide addilio:~,,. File 
data p~ints are fitted v, ith the ~um ot two exponcntial~ I tam 
~'anidc:/~l =(L1142~ I . k , _  7.2 It) ~• I l ( I t aMt~an idc : / .~ -  1142 
,, i k ,  = 1.4- Ill a '~ i ~ith the linal extent o[ the ~cc, md pha~e 

taken to be 3,4 - 11.13 in both case'.,. 

of approx. 4 .104  M-~ s t it appeared likely that a 
fraction of the enzyme was either in the partly reduced 
state(s) exhibiting extremely fast cyanide binding 12]. or 
in a form in rapid equilibrium v, ith it. 

We have previously ob~rvcd  [2021] that the aerobic 
enzyme as prepared commonly contains a small frac- 
tion of the one-electron-reduced species, referred to as 
the E state, not oxidisable by oxygen, but slowly oxi- 
dised ~ '  ferricyanide. Fig. 4 shows the inverse of the 
difference spectrum obtained follo~:ing fcrricyanide 
addition and ~vera l  minutes incubation. The extent of 
the a b ~ r b a n c e  change at 6115 nm would be consistent 

/ 
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Fig, 4. Difference ~,pcctrum folkming incubation ~lth fcrtic~anidc. 
Cytochrome oxida~',,e (aN aM)v,a~, incubated for x rain in t ~  ~ m e  
mvdium as for Fig. IA. Aftcz adding 5 mM ~tas , , ium fcrzioanu:k:. 
incubati~m was o0ntinued |(~t a further ~} rain. Spectra were taken at 
int¢~ab, throughout the experiment. -Fhe final spectrum r~ sub- 
trlJctcd fr~rm that taken immediately bctore the fcrric).amdc addition. 
and the dil|erence compared ~ith the reduced-oxidi,,.ed speclrum oi 
haem a at al~)ut (115 /.zM {broken lineL (~tained t~ reduclnm of 

c)anidc-hgandcd enzyme 
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T h e  h,~ic mcdiu~l  o~i~t,llrlcd li.I M t21~,c~,lgkfillc ,ifkl I rn.",A l : l ) ' l  A. all ;t', pol;i~.~lilm ~dllI,~. p l f  8.11. 25"(L E a c h  ~,aluc is the  m e a n  o f  at  loam th ree  

cxpt-Ilmcnl~. ~ ,h ~ l ; l l l t i ~ l l ' t i  C I I ' I ;F .  

Is I) . . . . . . . . . . . . . . . . . . . . . . . .  

(I.(ll ._'.q ~ I~..~. 29 1121 + 0,O2 2.1 2.7 + (1.4 

(1.2 . . 4 , 1 ) 4  3,2 3 7  t 0 . 5  1.0 2 . 7 ± 0 . 6  

Ill 22> + a 2 ~ 22.~ 4 4 " ? 2.(1± 5 

with uxidation of just over 3% of the hacm a present. 
However. in comparison with a pure hacm a spectrum. 
a shoulder is evident on the low-wavelength side of the 
6115 nm peak. consistent with reduced hacm a~. and a 
trough at about 6,55 nm indic~ttes that ci ther haem a~ 
or Cul~ [22.23] was reduced before incubation with 
fcrric)anidc. The spectrum rcscmblcs that obtained 
fl~llo~ing a one-electron flash-reduction (scc Fig. 2 of 
Ref. 20) to produce the E state. The one electro,~ in 
the E state thus appears to be free to equilibrate 
between the rcdox ccntrcs. In the present case, how- 
ever. the above-mentioned shoulder is more promi- 
nent. probably indicating that some ferryl enzyme was 
al~) present. The fraction of enzyme that ap txars  to be 
in the E state is sufficient readily to account for the 
small proportion showing extremely rapid cyanide 
binding. 

(it') 77w nit(' of o'anhh' binding to the O-state enzwne 
The question now arises as to wha! prolm,rtion of 

the observed binding rate to the "oxidised' enzyme is in 
fact duc rather to slow. continuing E state formation. 
~i th subsequent rapid cyanide binding, as the electron 
is transLcrred from a cyanide-bound enzyme molecule 
to a free. fully oxidiscd oxidase. This was addresscd by 
measuring the inhibittl~' effect of ferricyanide at a 
range uf cyanidc concentrations (Table I£ in the ab- 
sence of fcrric~anide, wc find that the rate becomes 
less dependent  on cyanide concentration ;it higher 
levels, ttowever. ~,ithin cxpcrimental error, a constant 
amount of the cyanide binding rate is abolished by 
ferricyanide at all c'yan;de concentrations tested {last 
column of Table lJ. The remaining, fcrricyanidc- 
insensitive rate is prol~rt ional  to cyanide concentra- 
tion. In other  words, "saturation" behaviour is no longer 
obse~'ed in this range. The second-order rate constant 
of this ferrieyanide.insensitivc reaction, which may be 
taken a~, the actual O state binding reaction, is found 
to bc 2.2 M t s ~  at pH 8J) and 25~C. similar to 
published values for the carl~ part of the binding cur~c 
lot ferric enzyme [11).19]. 

Binding o f  cyanide to the fero'l state 

Following the generation of the ferryl enzyme with 
hydrogen peroxide (see Materials and Methods), a slow 
reversion to the O state occurred. The effect of cyanide 
on the disappearance of the ferryl comlxmnd is shown 
in Fig. 5A as mcasured at 562-546 nm. At this wave- 
Icngth pair. the a b ~ r b a n c c  of the O and cyanide-bound 

A (se2-s4e nm) 

:,. --o.oo, 1 

( - H202) 

" : ' 5rain ~ ^ . 1 '  
';..~ B ( 5 8 5 - 5 6 2 n m )  --0. 

~-a" ( -H3(,2)  

Fig 5. Addition of c3anidc to the fer~ l  c~mr, ound. The mediv~ 
¢onlaincd 0.1 M gb, c~,rlgl}CllrlC (p i t  8.0). I mM EDTA. 0.l m~! 
K ~Fc(CN)~. to ~hich was added 2.5 ~ M eyl~chromc ox~l&~,~. Ait¢Ir 2 
rain. h.~drogen p~roxJdc was added, tollo~cd I-,~ ¢'~tala~ (~c  Meth- 
ods) and. utter u further 4 rain. 0.5 m M  cyanide Control experiments 
are a l~  shov, n,  ~hcre ellher It  :O?/ca la(a~ oi  c~anide was omJlled. 
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Fig. 6. Addition of cyanide to the perox~ compound. Condition,, ~ere 
as for Fig. 5. except I mM ferricyanide pre~nt. CO v,a~, added 
instead of H 202 and catal&se (see Materials and Method,,!. c,~anlde 

was decreased to 5t~ p.M final concentratmm. 

s ta tes  is the  same,  so that ,  in the absence  o f  perox=de 
p re t r ea tmen t ,  cyanide has little or  no observed effect .  
Al though  cyanide clearly accelera tes  the decl ine o f  the 
ferryl signal, it cannot  be d e t e r m i n e d  whe the r  cyanide 
binding is occurr ing or  not.  At  585-562 rim. ho~.ever. 
the  ferryl and  cyanide-bound states ab~}rb n c a r b  
equally, and,  as shown in Fig. 5B. u~ing data taken 
from the same exper iments  as Fig. 5A, c~anide does  
no t  significantly acce le ra te  the dec l ine  o f  the  
peroxide- induced signal, it  thus  appears  that  with the 
cyanide-s t imulated d i sappearance  of  the ferryl com- 
pound  the re  is concomi tan t  cyanide binding. The  ap- 
parent  rate constant ,  taken from the  data of  Fig. 5A. 
subtract ing the  background decay, was found to be 
4.9-  10 ~ s-=,  i.e., a s econd-o rde r  cyanide binding rate 
cons tant  o f  about  10 M -  ~ s -  ~. 

Cyanide binding to the perox)' xtate 

A procedure  wa~ adop ted  similar to that  used in the 
c a ~  o f  the  fcrryl compound ,  except  , a t  the Fx:ro~' 
enzyme was most  convenient ly  fornvad by bubbling 

hrlt, f[) ~ i lh  carh~m rn~n~)xidc Ill ~|1¢ prc.<ncc ~q , ,x)- 

gen. F;g. f~A ~hn~~ fotmat l (m ol  the P ,.t.tk. ;~1 (,()7 ~2: 
nnl and i1 ~, c~anid¢-a( ' t¢lcraled tkc.t~.. I.*km¢ lhg ...\ 

l i n t IBm cot;tllLIq,:rit t~l I~L" ab~,~l 1() h im t~n, . ~,~l! 
version '~a', appr~*ximalcl~ compk tc .  At Ih~, ~.~c-  
length pair, cyanide binding to the ( )  ',,late 1', ~,l'~Clridl~ 
~,ilent. At 5~7-h2(1 nm (Fig. qdl). (m the other  h~md. the 
O ---~ P tran',ition ha,, little ¢tlccl.  bul a ,drone ~ n ; d  i~ 
t ~ l a i n e d  Irom Iormalion of lh¢ c3anidc t~rnl '~tlnd. 
The rate ol cyanide hinding i~ mcvca,,.cd m Ihc ,~amplt 
gas~ed with CO.  but  Ihere i~ no  tran,,icm film binding 
corresrxmding to the partial d i~pr~ :a rancc  ~}1 the ~'~)7 
nm signal. Spectra  taken b~fore addit ion (}f t3anide 
and immediately a l te r  the  rapid decline at @It7 nm (not 
s h ~ n }  show an apparen t  reverskm to the O state ~i th  
ver~ ~ little t3'anide binding, con,,i,,tcnt with Fig. f iB I~ 
the cyanide concentra t ion is increased lr, m~ 511 tl~ f|l~l 
# M  (not shown}, the rate and extent ~t the, rc~cr,,,on 
are a l ~  i n c r e a ~ d ,  but again wtth n{~ c¢~rre',rxmdtr=i; 
lca ture  at 587-6211 n m  

Unlike the  c a ~  of  the F ~tale. ~hc re  the cl, amdc-ln-  
duced  acceleratior~ of the di , ,appcarancc ¢~! ',he | c r n l  
compound  can b taken as a mca,,urc ~t the binding 
rate. in nrder  to es t imate  the appt~ximatc  rate ~}! 
c3"anidc binding to the r'~rox~ eomr~}und irom Ihc',c 
data.  it i.', necessar3 to kn(~* the proporti(~n ot en/) .mc 
in each state.  The apparen t  rate cxm,,tant h+r the uppcr  
t race o f  Fig. 6B decl ines  with time. prcsumahl.~ a,, the 
conccnl ra t ion  of  P state e n ~ m e  dccrca~-,,, l a k m g  the 
fairly ~tahle region at~t~t I0 rain af ter  add : i (m  ,~t 
~ a n i d e .  where,  as',uming an initial ]tlP';  con~cr,,ion i~ 
the  P state,  the 6117 nm trace indicates ~,r,n~ ~ Y4'; 
remaining,  c3anide binding (Fit-- 6B) i,, cons,,d~nt ~i th  
a second-order  rate constant  of ~ M ~ ~ i. at which 
point  alxmt 28"; of  the c n ~ ' m c  apr~c;~r,, t~ I~  c)arlidc- 
bound  as mea,,urcd at 5~7--fl2(1 i|m (Ark~ qt,~tt;', ~,! 
I c r~ l  enzyme v, ouid bc included in th=,, c~,tlmatc, bta! 
would make no contr ibut ion t(l lht: ob,c~r~'d rM~:. ~ncL 
the c'~anide-h~)und and lcrl3.t |orm~ ha~c" the ~amc 
extinction c~x:fficicnt at thi~ ,,a~.ctength pa=r.)Tht,,  t- 
rca~}nabl) ch~,: to the ",aluc o! 1(! ~'1 ' ,, ~ ob lamcd  
b~ Jones, c t a l .  |o r  the d i th iomtc- rcduccd  and rc-acra lcd  
e n ~ m e  ~a pr(~ccd~rc ~hich  a l ~  prc~umabb g~.ncr;:~d 
p redominan t l )  pcr{~x~ c n ~ m c |  

Discussion 

Idtmt~catum of th," [.mJ ,~] ,,~Maw" that hltul~ c~Jmdc 
raptdl) 

As well as measur ing the ~pcc'~rall} ob.,,.cnablc rates 
oi  cyanide b ind ing to the pafl l~ reduced ~talc~ (g 
oxida~e Ihat arc ea~il~ (d~lamed in a r~-a~a~nabl.~ qah tc  
and pure  state,  i c.. the pcr~tx~ and licrcH fl~rm.,, v,~ 
have attentpted to dt',,c'.tB'cr ~hc thc r  a specific inlcrmc- 
diate of  the  c a t a t ~  c3clc can t'~ idcnuf ied  a'. ~hc 
rap ldb  ~ n d i n g  form. and t~ de l e rminc  v~hcthcr there  
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is evidence pointing to global protein confl~rmational 
changes. The observed rates of cyanide binding to 
various reduction states ,~;f the enzyme are summarised 
in Table II. Clearly, the rapidly binding form(s) of the 
enzyme must bt. looked for in the 'E  state" category. 
We feel reasonably confident that this is indeed lar~,ely 
a one-electron-reduced state from its stability in the 
presence of oxygen, and its spectral similarity to the 
species formed following photoreduct ion with low kv- 
els of reductant,  where the likelihood of two-eleclro,'~ 
reduction is small [20,29]. There  is good evidence fron, 
these flash-induced reduction studies that, in contrast 
to the resting enzyme, with our fast prepara t ions  a 
single electron on hacm a is able rapidly to equilibrate 
with the binuclear centre. Preliminary experiments  
(Moody, J., unpublished data) on flash-induced genera- 

tion of E-state enzyme indicate that rapid cyani,tc 
binding ( >  1(I a M -~ s - i )  could be induced. Clearly, 
other  states are possible that may also exhibit rapid 
cyanide binding, e.g., the two-electron-reduced speci~ . 
before reaction with oxygen. Under  aerobic conditio.:s 
and with micromolar concentrat ions of cyanide, as 

reported here, however, an enzyme molecule in ii,i:; 
state would be extremely unlikely to react with cyanide 
before combining with oxygen [28]. 

S i m u l a t i o n  o f  resul t s  

A model that appcars  sufficient to account for our  
observations on the effect of  electron mediation b.,-- 
tween enzyme molecules em the cyanide binding r ~ .  
and on the cyanide concentrat ion dependence  cf ~,~ 
servable cyanide binding is shown in Fig. 7 (inset~ 
Inter-enzyme electron transfers causing no net c~;a: ~ 
are not shown. From the rate constants  givcn ia the 
figure legend, none of which appears  to be inco;~!st "~,~ 

400[ / C 0 ~ '  E 
/ / TM e. r \   ,Jle" 

/ /  

4 8 

ICNI-' (mM-') 
Fig. 7. Variation ~lf apparen! cyanide binding rate with cyanide 
concentration. Data points were generated from the model ( i n ~ t ) ,  

taking the enzyme concentration to be 3 ,u,M with initially 98% O 
state. 2ri E state. Inset: Model for cyanide binding to oxidised 
cytot.nrom¢ oxidase with a prol~rtion of E-state enz'.¢me present. 
'Forc:ard' reactions are in the direction of reduction anti cyanide 
hi-dine. For reaction 3, only the forward direction is shewn fi~r the 
sake of clarity. Rate constants were taken IO be: k I = 2.25 M Y s i, 
h 1=2"10 ~' s t. k,-4"1114 M-I s ,  t. k 2-4'~1} ~ ~, ', k 3 ~  
k ~=4.15"10 ~ M I s t. k 4 = k  4=k5=/~ 5=:.!:1, M t s i. 

with published data, taking the cytochrome c concen- 
tration as zero, and the initial E-state fraction as 2% 
( -  ferricyanide) or  zero ( +  ferricyanide), apparen t  
constants  within experimental  e r ror  of  those given in 
Table 1 were generated u~ing an iterative simulatfotr. 
The observed small, rapid binding phase is also c !mch  
simulated, The rate of disproport ionat ion of  E-state 
enzyme, i.e.: 

2E + O, -~ fully-oxidised + pero~' 

using the valuc assigned to k 3, would bc consistent 

TABLE I1 

Second-order raw constams ,~! ligand binding to mamnlalia~: t3":ot 'n,l~l," ¢' oxidase 

Form pH Ligand k (M t ~ ~) Relerences 

O "Slt}w' (resting) 6.5-8 KCN i),O! - ii.02 
O'  Fast' 7- ~ KCN 1.3- 2.2 

E 'Rc~,liug' K( N unknown 
E "Fast' ~.(I K('., > I 0  l 

'Mixed valence' K~ N unknown 
'Mixed valence" 7 4 t't (1-2). 10 ~ 

Pcroxy 8.0 KCN 8 
Fcrryl 8.1i KCN tl) 

Reduced 7.4 KCN 35-13f) 
Reduced 7.4 O, (1-2). ll) ~ 

"Open" 5.5-8.3 KCN > 104 

O "Fast'+eyt c ~' 7 KCN - 250 

Moody et al. [13] 
Mo~*dy el aL [13}: present ~:ork 

present work 

Varotsis et al. [24] 
CUiw~'erg et al. [25] 
Oru [26] 

present work 
present work 

Antonini e l  ai. [27] 
Hin et al. [28] 

Jones et al. [2] 

Musatov and Konstantinov [12] 
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with a half-life of 46 s at a concentration of 60 nM (i.e., 
2~'k of 3 .aM total enzyme), at which level autorcduc- 
tion appears to maintain a kinetic equilibrium. 

Fig. 7 shov,.s a simulated double reciprocal plot of 
pseudo-first-order rate constants, using apparent rates 
generated by thc model, versus cyanide concentration. 
Over a limited range of concentration, saturation be- 
haviour is closely approximated. The simulated effect 
of cytoehrome c is greatly to lower the apparen~ K~/2 
for cyanide (from about 70 mM to 50 .aM with 0.3 p,M 
cytoch~ome c), while the apparent Vm~ ~ is nearly tin- 
changed (cf. Ref. 12). It seems unnecessary to postu- 
late, on the basis of the experimentally observed appar- 
ent saturation, that cytochrome oxidase forms a spec- 
trally undetected prebinding complex with cyanide 
[11,191. 

A spectra~ly silent cyanide complex has alu~ been 
proposed in order to account for observations [5] of a 
slow spectral change subsequent to a relatively rapid 
onset of inhibition following cyanide addition. These 
experiments were carried out, however, with largely 
resting ox,.'dase, suggesting a different interpretation. 
We would expect most of the enzyme activity to be due 
to a small 'fast' subpopulation, which would bind 
cyanide rapidly, causing nearly complete inhibition with 
little spectral change. This would be followed by a 
much larger, slow spectral change accompanying 
cyanid., binding to the major, resting fraction, but with 
little fur*,her inhibition. It appears also from the pres- 
ent da~a that spectral indications of cyanide binding to 
a small, rapidly binding population may be obscrvcd 
with kinetics comparable with those reported for the 
onset of inhibition [2]. 

The c.,%'rnical origin of rapid cyanide binding to the 
E-st~tte cp,.~me 

Since it appears that a onc-clcctron reduction of the 
enzyme is able to bring about an acceleration of the 
cyanide binding rate by at least a factor of 104, it is of 
great interest to discover by what means this conver- 
sion ~,~ a rapidly binding state is achieved. It may be 
that this process is intimate!y involved in other enzymc 
fuw'tions, e.g., that of proton translocation across the 
osm,:tic barrier region. It is interesting to compare the 
rates of association of cyanide with other haemo- 
proteins. Apparent binding rate constants to oxidiscd 
cytochrome c peroxidase, horseradish peroxidase and 
lactoperoxidase of the order of 10 ~ M-  ~ s-  ~ or greater 
may be observed, comparable with those of the rapid 
binding species of cytochrome oxidasc [301. Mctmyo- 
globin exhibits a lower rate, but one that is still more 
than two orders of magnitude greater than that of fully 
oxidised cytochrome oxidase. It appears, therefore, that 
it is the rate of cyanide binding to the O state rather 
than to the E state that is anomalous, and we should 
think in terms of the blocking of cyanide access. 

Sincc electron entry at lhc cytochromc ~ binding 
site is rem(,tc from thc binuclcar centre where cyanide 
is bound, it is perhaps understandable that the cflcct 
of partial reduction has been thought of in terms of 
protein conformational changes [3,4,31,32], or "action 
at a distance." However, in 'fast' oxidase in the E state. 
it has been shown [29] that Ihc '~ingle clcctron can 
equilibrate rapidly with the binuelcar ccntrc, and is 
thus in a position to influence the ligand binding site in 
a direct manner. (Rapid single-electron transfer be- 
tween the binuclear centre and haem a/Cu A is also 
reported in Ref. 33.) A comparable effect of partial 
rcduction on azidc binding kinetics has been obsetwed 
by Nicholas Fisher in unpublished c,~periments carried 
out in this laboratory. Cyanide binding to Escherichia 
colt cytoehrome bo appears to be similarly regulated 
(Rich, P.R., unpublished work). At present, it seems 
logical to investigate the simpler possibility of direct 
chemical action to account for the profound binding 
rate changes before considering long-range protein 
conformational mechanisms. It may be possible from 
examination of the kinetics of photoreduction-induced 
binding to dctermine whether CuB reduction is a re- 
quirement. If that proves to be the case. one might 
envisage a gating action of Cu~ whereby the access of 
cyanide to haem a H is restricted. Such a mechanism 
could readily be accommodated in the type of proton- 
translocating configurational cycle envisaged by 
Mitchell [34]. 

Conclusions 

Our interpretation of the above data may be sum- 
marised as tollows. The rate of cyanide binding to fast, 
fully-oxidised cytochromc oxidasc is approximatcly as 
previously found for the initial phase of binding to less 
homogcncous prcparations. Thc somcwhat higher rates 
found ,vith 'pulsed" [2] or 'oxygenated" [8] enzyme are 
characteristic of the peroxy form. Fully oxidised, per- 
oxy and ferryl oxidase can p-obably be ruled out as the 
rapid binding species populate.', uu'in~, lurnewer. One- 
elcetrtm-redueed uxidas=" i,. capa, !c of binding cyanide 
at a high (>  ll) 4 M t s i) rat,:, and thcreforc cy- 
toehrome c and other pt,;ycatlons that facilitate inter- 
molecular electron transfer may greatly enhance the 
rate of ligation to predominantly ferric enzyme. The 
slow transfer of electrons, even in the absence of 
added cytochrome c, from one-electron-reduced 
cyanide complex to fully oxidised oxidase results in a 
background rate of cyanide binding that is nearly inde- 
pendent ol cyanide concentration down to micromolar 
levels, giving a resemblance to saturation behaviour. 
There seems therefore to be no need to invoke an 
initial formation of an invisible cyanide complex to 
explain such bchaviour [11,19]. in addition, from the 
available data, either in this report or in other pub- 
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l inhcd  m a t e r i a l ,  t h e r e  , t ppca r~  to  b c  n o  ncccssil.~ u~ 

c o n s i d e r  g l o b a l  F, r o l c m  c o n l o r m a l i ~ m a l  c h a n g e s ,  as  t~p- 
posed l+̀ i hv.:;ll ¢hctnlcal ch;.tngcs +.+I the billUClC.:lr CClIIIC 

itself, in order t+`+ acc¢~unt Io= the u~arlldc binding 
charactcri+tic,,,. 
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