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Abstract 

1. The inhibition of cytochrome c oxidase activity by three types of 
polycation (PL-3, PL-150 or 195, and salmine)w is described for three 
kinds of oxidase system: dispersed by Tween-80, detergent-free 
"soluble" oxidase, and particulate oxidase (submitochondrial particles). 

2. Salmine acts as a competitive inhibitor towards cytochrome c in all 
three systems, with a Ki between 1 and 4/2M. PL-3 (low M.W. 
polylysine) acts as a non-competitive inhibitor of oxidation in all three 
systems, with a K i of between 10//M (submitochondrial particles) and 
100 ~ (detergent-free oxidase). 

3. PL-150 and PL-195, the high M.W. polylysines, act in three distinct 
ways, depending on the nature of the oxidase preparation: (a) as 
reversible competitive inhibitors, with K i of about 70 nM (with oxidase 
dispersed in Tween-80), (b) as stoichiometric inhibitors displaying 
pseudononcompetit ive kinetics (with Keilin-Hartree submitochondrial 
particles), and (c) as "superstoichiometric" inhibitors, blocking up to 
100 equivalents of oxidase, cytochrome aa3 (with detergent-free oxidase 
or with cholate-treated submitochondrial  particles). 

4. PL-195 also inhibits NADH and succinate oxidase activities in 
intact but  c-deficient submitochondrial particles; sigmoidal inhibition 
curves can be observed in such systems. The rate of PL-195 binding was 
of the order of 106 M -1 sec -1 and the true binding constant between 0.1 
and 0.01 nM for the systems showing high affinity. 

5. High molecular weight polylysines may be useful in investigations 
of the topology and distribution of cytochrome c binding sites on the 
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mitochondrial membrane and in submitochondrial fragments and solu- 
bilized preparations. More than one oxidase molecule may be inhibited 
by one polymer molecule; submitochondrial fragments "opened" by 
cholate treatment may bind one polymer molecule to several surface 

,sites; Keilin-Hartree particles, with a more "closed" configuration, seem 
to bind one polymer molecule to a single site, suggesting a "crevice" 
structure. 

Introduction 

The basic protein, salmine, and the polypeptide,  polylysine, are potent  
inhibitors of the reaction of cytochrome c with soluble eytochrome 
oxidase [1-4]. These polycations are also effective in inhibiting the 
reaction of exogenous cytochrome c with the oxidase in Keilin-Hartree 
heart muscle particles and mitochondria [5] .  

Such observations, and others that have shown inhibition of the 
cytochrome c cytochrome oxidase reaction at high ionic strengths [6-9], 
have been interpreted in terms of the concept that basic cytochrome c 
(pI = 10.5, ref. 10) forms a complex with acidic cytochrome oxidase 
(pI = 6.0, ref. 11) in which the predominant attractive force is electro- 
static in nature [8, 12, 13]. In this view, polycations are effective 
inhibitors because they compete with cytochrome c for a negative 
binding site on the oxidase [9].  This is however inconsistent with the 
finding of Takemori  et al. [3] that polycation inhibition is non- 
competitive towards the substrate cytochrome c. 

As complex formation between cytochrome c and the oxidase may be 
an important  step in cytochrome c oxidation both  in solution and in the 
mitochondrion [14],  we have taken another look at the inhibition by 
polycations using soluble cytochrome oxidase and various kinds of 
submitochondrial particles. The results, together with those from studies 
on the antibody to the oxidase [15,  16], have given some clues as to the 
location of the cytochrome c binding site. Two preliminary accounts.of 
this work have appeared [ 17, 18].  

Materials and Methods 

Horse heart cytochrome c, Type  III (Sigma Chemical Co.) was reduced 
as described previously [15].  Salmine sulfate (Grade I), poly-l-lysine 
(M.W. 3000, type II) and poly-l-lysine (M.W. 150,000 or 195,000, type I) 
were preparations of the Sigma Chem. Co. and TMPD (N,N,N',N' 
tetramethyl-p-phenylenediamine dihydrochloride) was obtained from 
Calbiochem. 

Biological materials. Soluble cytochrome oxidase and Keilin-Hartree 
particles were prepared frora beef heart as described previously [15].  
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Soluble cytochrome oxidase had a purity index (A 280 nm (oxidized)/ 
A 445 nm (reduced)) of 2.09 and was solubilized in 0.1 M potassium 
phosphate buffer, pH 7.4, containing 1% Tween 80. 

Cholate-washed particles. 10 ml Keilin-Hartree particle suspension 
(40 mg ml -a protein) were diluted to 60 ml with 67 mM phosphate 
buffer, pH 7.4, plus 0.5% sodium cholate, and allowed to stand at 20 ~ 
for 15min. The particles were then collected by centrifugation 
(16,000 revs/min Servall head No. 34, for 30 min), washed by a second 
centrifugation after resuspending in a further 60 ml of 67 mM phosphate 
and finally resuspended in 10 ml of medium (0.58 M sucrose, 0.125 M 
sodium dihydrogenphosphate, 0 .063M borate, .and 0.01 M EDTA, 
pH 7.8). 

Mitochondria. Mitochondria were prepared from rat liver by the 
method of Chance and Hagihara [19]. Cytochrome c-deficient mito- 
chondria were prepared by suspending mitochondria in 0.015 M KC1 
(~10 mg m1-1 protein) at 0 ~ for 10 rain. The mitochondria were then 
centrifuged at 6000 • for 10 rain, resuspended in 0.15 M KC1 at 0 ~ for 
10 rain and subsequently centrifuged and suspended in the usual rat liver 
mitochondrial medium (180mM manitol, 60 ram sucrose, 16mM 
Tris-HCl, 10 mM potassium phosphate, 0.08 mM EDTA, pH 7.4), to a 
concentration of between 20 and 30 mg m1-1 (protein). 

Assays. Cytochrome oxidase was assayed spectrophotometrically 
(Cary model II) following the oxidation of cytochrome c at 550 nm 
according to Smith and Conrad [20].  Kinetic parameters, Vm~, Km and 
Ki, were determined according to the procedures of Lineweaver and 
Burk [21],  and of Dixon [22]. A Clark electrode (Yellow Springs 
Instrument Co.) was used to measure oxygen uptake. Activities are 
expressed as turnover number (electron equivalents per hemea  equiva- 
lent per second). Heine a concentration was obtained from the difference 
spectrum at 605-630 nm (EmM (red-ox) = 14). 

Manometric experiments were carried out with a Gilson differential 
respirometer system, using semimicro reaction flasks (total reaction 
1.5 ml) at 30 ~ . 

Results 

Reversible Binding: Detergent-dispersed Cytochrome Oxidase 

Typical time courses for cytochrome c oxidation by a detergent- 
solubilized preparation of cytochrome oxidase in the presence of a 
polycation (PL-150) are illustrated in Fig. 1. Polycation markedly 
decreases the apparent first order rate constant for cy tochromec 
oxidation. In every case the molar quantity of inhibitor needed is in 
excess of the amount of oxidase present. No marked lag in inhibition 
kinetics resembling that described with lysed mitochondria [9] was seen, 
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Figure 1. Time course for cytochrome c oxidation by soluble cytochrome oxidase 
in the presence of PL-150. The oxidation of ferrocytochrome c was followed by 
measuring the decrease in absorbance at 550 nm after the addition of 5.8 x 10-9M 
(hemea) soluble cytochrome oxidase to a cuvette containing 27UM ferro- 
cytochrome c in 0.05 M potassium phosphate buffer + 1raM EDTA + 0.1% 
Tween-80; pH 7.4 at 25 ~ . 

despi te  the  absence of pre- incubat ion .  Under  these condi t ions  the  
inh ib i tor  appears  to  combine  reversibly at  single non- in terac t ing  b ind ing  
sites; s traight  lines are ob ta ined  when 1/v is p lo t t e d  against  inhib i tor  
concen t ra t ion .  As shown b y  the Lineweaver-Burk plots  (Fig. 2A, B, C), 
salmine and PL-150 seem to act as compet i t ive  inhibi tors  toward  
f e r r o c y t o c h r o m e  c wi th  Ki values of  abou t  1.0 ~M and 70 nM respec- 
t ively (see Table  I). On the o ther  hand,  PL-3 exhibi ts  largely non- 
compet i t ive  kinet ics  wi th  respect  to f e r r o c y t o c h r o m e  c, and a Ki value 
be tween  40 and 50/aM. 

Under  the  same condi t ions ,  bovine  serum a lbumin  had no effect  on  
the  progress of  the  oxidase react ion .  

The m a x i m u m  turnover  o f  the  oxidase  was 70 e lec t rons  sec-1/heme a 
equivalent  and  the  Km for f e r r o c y t o c h r o m e  c be tw e e n  10 and 12/aM. 
The  non-compe t i t i ve  behavior  of  PL-3 was conf i rmed  b y  measurements  
of  the  Km for  c y t o c h r o m e  c at varying PL-3 concen t ra t ions  and of  the  
Ki for PL-3 at varying levels of  f e r r o c y t o c h r o m e c .  The  Km for 
c y t o c h r o m e  c was never less than  8 or more  than  12 gM in presence of  
PL-3. 

Table  I summarizes  the  inh ib i t ion  types  and 1<2 i values observed wi th  
soluble oxidase  using the  s p e c t r o p h o t o m e t r i c  assay. As can be  seen, the  
effectiveness of  the  inhibi tors  appears  to be :  PL-150 > salmine > PL-3. 
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On a residue basis, however, salmine is a slightly more effective inhibitor 
than PL-150 in the present assay system. 

TABLE I. Polycation effects with cytochrome oxidase in presence of non-ionic 
detergent 

Pattern 
Polycation M.W. of inhibition Ki a [El [4Ki b 

Salmine 5,000 Competitive ~1 #M 3 x 10 -3 
PL-150 150,000 Competitive 70 nM 3 x 10_ 2 
PL-3 3,000 Non-competitive 50 ~tM 7 x 10 -s 

a K i values for the spectrophotometric assay summarized below are values 
obtained from Dixon and Lineweaver-Burk plots. 

b E = concentration of cytochrome oxidase in heine a molarity; 9.3 nM heine a in 
analyses with PL-3 and salmine, and 7.4 nM heme a with PL-t50; pH 7.4, 50 mM 
potassium phosphate buffer plus 1 mM EDTA, and 0.1% Tween-80, 25 ~ . 

S t o i c h i o m e t r i c  Binding:  S u b m i t o c h o n d r i a l  Particles 

The relatively tight binding of the high molecular weight polylysine, 
PL-150, suggested its use to s tudy cy tochrome  c binding sites in more 
complex systems. With Keilin-Hartree submitochondrial  particles 
catalyzing ascorbate-TMPD oxidat ion in the presence of 25/~M cyto- 
chrome c, polarographic experiments showed 50% inhibition at PL-150 
concentrat ions between i0 -9 and 10-1~ 

Al though salmine and low M.W. polylysine had very similar inhibitory 
effects to those found in the detergent-dispersed oxidase (Table I), the 
apparent  binding of  PL-150 is thus much tighter. Salmine inhibition also 
remained competi t ive (Ki ~ 1/~M), and PL-3inhib i t ion  non-competi t ive 
(Ki between 10 and 20/aM). The inhibition by  PL-150 in this system 
was, however, relatively insensitive to cy tochrome  c concentrat ion.  That  
is, apparent  non-competi t ive kinetics were observed. 

Further  experiments showed that this pat tern of  inhibition is due to 
quasi-irreversible polycat ion binding to the available binding sites. 
Figure 3 illustrates the variation of  respiration rate with increasing 
particle concentra t ion in the presence of  fixed amounts  of  polycat ion.  
As with cy tochrome  c binding [14] ,  the particles titrate the polycat ion 
until a certain point  above which the remaining oxidase is uninhibited. 
Under the condit ions o f  Fig. 3, as indicated in the inset, 1 mole PL-195 
titrates 1.3 moles oxidase (heme a equivalents) or 0.65 moles cyto-  
~hrome a 3. The final slope of  the plot  is dependent  on cy toehrome  c 
concentrat ion,  bu t  the t i trat ion point  is independent  of  cy tochrome  c. 
Only at very high c concentrat ions (~100/aM) or very low polylysine 
concentrat ions does the "sharpness" of  the t i trat ion begin to decrease. 
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Figure 2. Kinetics of polycation inhibition. (A) High M.W. p01y-l-lysine 

(M.W. 150,000). The conditions are the same as described in Fig. 1. Cytochrome 
oxidase (5.8 x 10-9M heme a) was added to a cuvette containing ferrocytochrome c 
and 29.4 m/aM PL-150 (D); 88 m/aM PL-150 (A); 221 m/aM PL-150 (o); or without 
inhibitor (o), - I .  (B) Salmine. Cytochrome oxidase (9.3 x 10 -9 M heine a) was added 
to a cuvette containing ferrocytochrome c and salmine (M.W. 5000) or 10 plVi 
albumin in 0.05 M potassium phosphate buffer + 1 mM EDTA + 0.1% Tween-80; 
pH 7.0, at 25 ~ The concentrations of inhibitor were: --I (o); 10/aM albumin (x); 
2.5/aM salmine ([]); 7.5 pM salmine (A); and 25/alVl salmine (�9 (C) Poly-/-lysine 
(M.W. 3000). Cytochrome oxidase (9.3 x 1 0  -9  M heme a) was added to a cuvette 
containing cytochrome c and poly-/-lysine (M.W. = 3000; PL-3) in 0.05 M potassium 
phosphate buffer + 1 mM EDTA + 0.1% Tween-80; pH 7.4. 

The  t rue  Ki  mus t  be  less t h a n  0.1 nM (see fu r the r  ca lcu la t ion  below}. 
The  kinet ics  are thus  " p s e u d o - n o n - c o m p e t i t i v e " ,  and  the  n u m b e r  of  
b o u n d  p o l y c a t i o n  molecu les  is a p p r o x i m a t e l y  s to i ch iome t r i c  w i th  the 
avai lable oxidase  "molecules". These  resul ts  are cons i s t en t  w i th  the  
f indings  of  Smi t h  a n d  o thers  [2, 9] o n  the  r eac t i on  of  p o l y c a t i o n s  w i th  
m i t o c h o n d r i a  ox id iz ing  exogenous  c y t o c h r o m e  c. Tab le  II  summar izes  
the  resul ts  o b t a i n e d  wi th  Kei l in -Har t ree  part ic les .  S p e c t r o p h o t o m e t r i c  
s tudies  on  the  i n h i b i t i o n  of  s u b m i t o c h o n d r i a l  par t ic les  b y  PL-195 
showed tha t  the  r eac t i on  was re la t ive ly  slow. I n h i b i t i o n  hal f  t imes  varied 
f rom 150 sec w i t h  7 nM PL-195 t h ro u g h  50 sec w i th  17 nM to 12 sec 
wi th  83 nM po l y c a t i o n .  The  ca lcu la ted  " o n "  ve loc i ty  c o n s t a n t  is 
the re fo re  a p p r o x i m a t e l y  106 M -1 sec -1. 
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Figure 3. Inhibition of Keilin-Hartree particles by PL-195. Respiration rate 
(/zl 02 N.T.P. min -1) is plotted against particle concentration for varying amounts of 
added inhibitor: o - - o ,  control (no inhibitor); ~ &, + 33 nM PL-195; 
[ ] - - D , + 6 7 n M  PL-195; [ ]  D , + 8 3 n M  PL-195; o o, +133nMPL-195 ;  
6.25 ~ cytochrome c, 67 mM phosphate pH 7.4, 1 mM EDTA. Manometric experi- 
ments, 1.5 ml final volume at 30 ~ C, 33 mM ascorbate, 660/2M TMPD. The inset  
plots the intersections of the various titration curves (in nM heme a) against 
polylysine concentration. 

TABLE II. Polycation effects with Keilin-Hartree submitochondrial particles a 

Pattern Apparent 
Polycation M.W. of inhibition K i  b [El /4Ki c 

Salmine 5,000 Competitive 1-2 pM 0.02 
PL-150 and 150,000 Stoichiometric 1-50 nM d ~1.0 c 
PL-195 195,000 
PL-3 3,000 Non-competitive 10-20/.tM 0.002 

a Polarographic experiments: 1 mM TMPD, 10 mM ascorbate; 60 mM potassium 
phosphate, pH 7.4, 1 mM EDTA, 25 ~ . 

b Determined from Dixon plots or by titration (cf. Fig. 3). 
c [E] = oxidase concentration in heine a (usually ca. 0.1/~M). 
a Depends on oxidase concentration (see text). 
e May increase above this value in "aged" or eholate-treated particles (see text). 
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Superstoichiornetric Binding: Detergent-free Cytochrome Oxidase 

Yet a third pat tern of  inhibition is possible if the solubilized oxidase is 
assayed under condit ions similar to those used with submitochondrial  
particles and in the absence of  dispersing agents such as Tween-80. 
Salmine, as before,  acted as a competi t ive inhibitor of  the oxidase with 
slightly lower affinity (4-5/z'VI); PL-3 cont inued to show non-competi t ive 
behavior with a somewhat  decreased affinity (~100/~M). As with the 
submitochondrial  particles, however, PL-150 appeared to bind very 
tightly, giving 50% inhibition at concentra t ion of  ~10  -1~ M. The results 
are summarized in Table III,  which may  be compared with Table I. 

TABLE III. Polycation effects with cytochrome oxidase in absence of detergent 
(aggregated) 

Pattern Apparent 
Polycation M.W. of inhibition K i [E]/4Kib 

Salmine 5,000 Competitive 4 pM 6 x 10 -3 
PL-150 150,000 Superstoichiometric 0.2 nM 125 

PL-3 3,000 Non-competitive 100/2M 2.5 x 10 -4 

a Direct reading from Dixon plots. The conditions are as described in Table II. 
b [E] = concentration of cytochrome oxidase (0.1/iVl heme a). 

PL-150 inhibition in this system is "supers toichiometr ic"  in that one 
molecule of  polycat ion  is capable of  inhibiting many  molecules of  
oxidase (aa3). This marked increase in inhibitory capacity of  PL-150 is a 
consequence of  the absence o f  Tween-80. In the polarographic assay, 
PL-150 had no effect on  the rate of  cy tochrome c reduct ion with either 
ascorbate or ascorbate plus TMPD. But it inhibited the oxidat ion of  
cy tochrome  c, measured either spectrophotometr ical ly  or polaro- 
graphically in the absence of  Tween-80, much more than in the presence 
of  detergent.  Thus 3 nM PL-150, which inhibited the reaction by  only 
about  70% in the presence of  0.1% Tween-80 (cf. Table I), gave almost 
complete (>~98%) inhibition in its absence. 

In this respect Tween-80 is acting as a " l iberator"  (a substance with 
small effect in the absence of  inhibitor, but  markedly increasing turnover 
in its presence [23] ). 

The isolation of  the oxidase involves breaking up the mi tochondr ia  
with cholate (Methods and Materials). Similarly, t reatment  of  " in tac t"  
Keilin-Hartree particles with smaller amounts  of cholate to give the 
"cholate washed" particles (Methods and Materials) also induces an 
increased sensitivity to high molecular weight polylysine. Thus, cholate 
seems to act as a "po ten t i a to r "  of  polylysine inhibition. 
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Figure 4 illustrates a manomet r i c  exper iment  carried out  with 
cholate- t reated particles under  condit ions similar to those used in Fig. 3. 
With these particles, 0.25/~M oxidase (heme a) was required to t i t rate  
30 nM PL-195 (an aa3 : PL-195 ratio of  4). In addit ion,  a lag phase now 
occurs before  maximal  inhibit ion is achieved, as observed b y  Smith  and 
Minnaert  [9] .  Figure 5 summarizes the results of exper iments  wi th  
cholate- t reated particles oxidizing cy toch rome  c under the condit ions of  
the Smith-Conrad assay [1, 2] .  When enzyme is added to a PL-195 
containing system, or when  PL-195 is added to a react ion that  is already 
proceeding,  the system slowly becomes  inhibited at a rate similar to that  
described above (106 M -1 sec-1); this inhibit ion requires an amoun t  of  
polylysine  approx imate ly  equimolar  with the h e m e a  present .  Pre- 
incubat ion of  the  particles wi th  polylysine,  however ,  over a longer 
per iod,  p roduced  a m u c h  greater inhibit ion in which 0.3 nM PL-195 was 
able to t i t rate 3.6 nM oxidase (heme a), an aa a : PL-195 ratio of  6. The  
sharpness of  the inhibi t ion curve (Fig, 5) indicates tha t  the true K i  is not  
greater than  0.01 nM. 

In contrast  to the increased sensitivity of the cholate  t reated particles, 
the endogenous  c of  normal  Keil in-Hartree particles is not  dissociated by  
polylysine  and react ions which depend  on the endogenous  c, including 
TMPD oxidat ion,  are little affected [5, 9 ] .  The  steady state reduct ion  of  
added cy toch rome  c during succinate oxida t ion  is also unaffec ted  b y  the 
presence of  polylysine a l though the rates of  reduct ion  on succinate 
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Figure 4. Inhibition of cholate-treated particles by PL-195. Respiration rates are 
plotted against particle concentration (heme a) as in Fig. 3: e _ _ e ,  control 
(+ 12.5 gM cytochrome c); �9 �9 + 34 nM PL-195 (+ cytochrome c); i i ,  control 
(without addedc); o o, +34rim PL-195 (without added c). 17mM ascorbate, 
330 #M TMPD, 67 mM phosphate, pH 7.4, 1 mM EDTA, manometric experiments at 
30 ~ C. 
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Figure 5. Effect of preincubation on "superstoichiometric" inhibition of 
cholate-treated particles by PL-195. Oxidation of 30/.aM ferrocytochrome c foil�9 
spectrophotometrically at 550 nm on addition of 3.6 nM (final heme a concentra- 
tion) cholate-treated Keilin-Hartree particles: �9 0, enzyme and inhibitor pre- 
incubated together at a concentration ~100x that in final assay for 15-30 min; 
�9 �9 enzyme added to ferrocytochrome c solution containing PL-195 at indicated 
concentration. 67 mM phosphate pH 7.4, 1 mM EDTA, 25~ 

addit ion and on the transit ion to anaerobiosis are markedly diminished. 
In c-deficient and cholate-treated particle preparations, addit ion of  
polycat ions  increases cy tochrome  c reduct ion during the steady state. 

Previous studies [16] have suggested that  the azide sensitivity of  the 
oxidase may  be modified b y  the combinat ion  with ant ibody.  Experi- 
ments  combining the inhibitors PL-150 and azide failed to demonstra te  
any such interactions. The apparent  affinity for azide was independent  
of  the presence of  polycat ion in bo th  the submitochondrial  particle 
(Ki ~120 NVI) and the isolated ("aggregated") oxidase (Ki ~ 30/zM). 
PL-150 also had no effect on the spectroscopic shift of  the cy tochrome  a 
alpha-peak during the azide-inhibited steady state. 

Effect o f  Polycations on the Intact Respiratory Chain in Mitochondria 
and Submitochondrial Particles 

As reported by  Smith and Minnaert [9] ,  the rate of  respiration with 
succinate or N A D H  and the steady state reductions of  the cytoqhromes 
are not  affected by  polycat ions  in particles with tightly bound  
endogenous cy tochrome  c. When cy tochrome  c-deficient (cholate- 
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treated) particles are used, however, the high molecular weight poly- 
lysine inhibits succinate oxidase activity at similar levels to those 
inhibiting ascorbate-TMPD oxidation. Thus 20 nM PL-195 gave 50% 
inhibition of cholate particles (0.33/aM in heine a, respiring on 60 mM 
succinate in 67 mM phosphate, pH 7.4) at concentrations of c varying 
from 5 to 35 p.M. The apparent Km for cytochrome c was slightly 
increased (from 10 to 20 gM) by 17 nM PL-195, but at higher PL-195 
concentrations the inhibition once again became "pseudo-non- 
competitive"; the maximum velocity declined from the value obtained in 
the absence of inhibitor to 10-15% of that value (equivalent to the 
activity of the endogenous cytochrome c). 

Although the amount of inhibitor required for complete blockage 
((E)/4 Ki ~ 4), and the kinetic behavior at any one inhibitor concentra- 
tion, closely resemble the results with ascorbate-TMPD, there is some 
evidence for differences in the response to increasing polycation 
concentration. Figure 6 shows the inhibition of ascorbate-TMPD oxidase 

6I 
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0 0.t 0,2 ~ 0.67 
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Figure 6. Comparison of ascorbate-TMPD, succinate, and NADH oxidase 
inhibitions by PL-195. Manometric experiments with cholate-treated particles 
0.24/.aM heme a, 12.5 /aM added cytochrome c:O-~c ~, ascorbate (17 mM) + TMPD 
(330/~Vl) oxidation; �9 e, succinate (67 raM) oxidation; �9 A, NADH (6.7 raM) 
oxidation. 67 mM phosphate, pH 7.4, 1 mM EDTA, 30 ~ C. Polylysine (M.W. 195,000) 
added as indicated. "Ven d'' indicates rate of endogenous reaction in absence of added 
cytochrome c, determined separately for the two types of substrate. 
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activity compared with the inhibition of NADH and succinate oxidase 
activity at an intermediate cytochrome c concentration. The two latter 
reactions tend to show sigmoid inhibition patterns. 

Similarly, the high molecular weight polylysine is able to inhibit the 
ascorbate-TMPD oxidase activity of cy tochromec depleted mito- 
chondria. 300 nM PL-195 gave complete inhibition of this c-dependent 
reaction in depleted rat liver mitochondria (cf. Smith and Minnaert [9] ). 
Although such polycation sensitivity does perhaps provide further 
support for the idea [14, 18, 24] that the cytochrome c binding site is 
on the outside of the inner mitochondrial membrane, an unusually high 
sensitivity, like that observed with cholate-treated submitochondrial 
particles or with the isolated "aggregated" oxidase was not found. 

Discussion 

Contrary to the report of Takemori et al. [3],  we find the inhibition of 
cytochrome oxidase by salmine to be competitive towards cyto- 
chrome c in both the isolated oxidase and the submitochondrial particle. 
The non-competitive (or almost "uncompetitive") kinetics observed 
previously [3] may be attributed to the manometric assay used, in which 
the reduction of cytochrome c by quinol becomes rate limiting at low 
cytochrome c concentration, ensuring that the measured Km is in fact 
the sum of the true Km and a factor proportional to the ratio of enzyme 
to quinol concentration [25].  Similarly, when reversibility is ensured (as 
in the presence of Tween-80), the inhibition by high molecular weight 
polylysines (PL-150 and PL-195) is also competitive in nature. Apparent 
non-competitive kinetics with these compounds are the result of 
extremely slow dissociation from tight complexes. With an over-all "on"  
velocity constant of 106 M -1 sec -1 under our conditions, PL-195 will have 
an effective "of f"  constant between 10 -a and 10 -s sec -1 for binding 
constants between 10 -9 and 10 -11 M. Between 10 and 10 ~ min 
incubation with a considerable excess of cytochrome c would therefore 
be required for 50% reversal of inhibition. On the other hand, the low 
molecular weight PL-3 showed non-competitive kinetics in all three 
systems studied (dispersed and aggregated oxidase, and Keilin-Hartree 
particles) at relatively high concentrations. High ionic strength is capable 
of reducing the maximal oxidase activity [8] as well as increasing Km for 
cytochrome c. It is possible that polylysine of low molecular weight is 
binding at a site affecting primarily the rate of electron transfer; the 
resulting enzyme-polylysine complex may then have a finite albeit 
slightly reduced affinity for cytochrome c, or a second molecule of PL-3 
may have to react in order to block the cytochrome c binding site. It 
may be noted that the fully soluble cytochrome c peroxidase is much 
more sensitive than the oxidase to PL-3 (Ki ~ 0.2 pM) [26] and that in 
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this case, despite the general similarity between the peroxidase and 
oxidase kinetics [27], the inhibition is competitive. 

Table IV summarizes the reported inhibitions by various polyeations. 
The varying effectiveness indicates that in addition to the magnitude of 
the positive charge, the size of the polycation is also important (in 
contrast to cytochrome c peroxidase, where polycation inhibitory effects 
are almost identical on an equal charge basis [26]). In particular, the 
ineffectiveness of PL-3 may be due to its failure to meet a "critical size" 
requirement for competition with cytochrome c. Jacobs et al. [28] have 
made a similar suggestion for the polycation-hydroquinone reaction 
catalyzed by the oxidase. 

The stoichiometric and "superstoichiometric" inhibition produced by 
PL-150 gives a possible way of looking at the location and distribution of 
membrane binding sites for cytochrome c [18]. If one oxidase unit (aa3) 
reacts with one molecule of cytochrome c, then the total number of 
binding sites is half the heme a concentration (hence the tabulation of 
(heme a) /4Ki  values in Tables I, II and III). The largest number of sites 

TABLE IV. Comparison of polycat ion inhibitions of  soluble cy tochrome oxidase 
preparat ions 

Polycat ion  

Apparent  K i value 

Per lysine 
Oxidase Molar (M) residue (M) Reference 

PL-3 

PL-15 

PL-43 

PL-150 (or 
PL 195)  

Salmine 

Salmine 

Salmine 

aggregated a 
dispersed/~ 

aggregated e 

dispersed d 

aggregated a 
dispersed b 

aggregated a 
dispersed b 

dispersed a 

aggregated e 

10 -4 2 x 10 -3 
5 x 10 -s  10-3 f this paper 

10 -7 10 -s  5 

5 x 10 -6 1.5 x 10 -3 3 

(10 -9 to 10 -11) 10 -6 to 10-8~  
this paper 7 x 10 - s  7 x 10 -5 J 

4 x 10 -6 I0 -4e 
10 -6 2 x lO-5e ~ this paper 

6 • 10 -6 1.5 • 10 -4e 3 

10- 6 2 X 10 -se 1 

a Polarographic assay in absence of  Tween-80. 
b Spect rophotometr ic  assay in presence of Tween-80 (0.1%). 
e Spect rophotometr ic  assay (pH 7, p = 0.11, no detergent added). 
ct Manometric assay (90 mM phosphate  pH 7.4, 20 mM hydroquinone ,  1% Emasol 

1130). 
e Per arginine residue. 
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blocked by one polylysine molecule was about 100 in the case of the 
solubilized oxidase, which is capable of aggregation onto the long 
(4000 A) polymer molecule (Table IV). On the mitochondrial 
membrane, the oxidase molecules must be on the average 150 to 200 )~ 
apart (cf. the estimate for rat liver mitochondria [29] ). As these cannot 
presumably be approximated more closely, the maximum would be 
about 25, provided they were distributed randomly. In practice the 
cytochrome aa3 " PL-150 ratio did not usually exceed 10. And in freshly 
prepared particles of the Keilin-Hartree type, the value was close to 1.0 
(Fig. 3). That is, in such a particle, the anchoring of a polylysine to one 
cytochrome c-binding site precluded the binding of any other part of the 
molecule to another site (as if each site lay in its own crevice). Further 
studies on the inhibition of the cytochrome c-deficient mitochondria are 
needed (cf. Racker [30]) to find out whether there are any conditions 
under which polycation sensitivity increases, indicating that more than 
one binding site is occupied by a single polycation molecule. Figure 7 
schematically summarizes our present picture of polycation binding. 

One assumption in Fig. 7 is that the very tight binding of PL-150 and 
PL-195 may involve a second site in addition to that occupied by 
cytochrome c, and that this site (bUt not the cytochrome c site) is 
protected by  combination with Tween-80. 

The apparent "superstoichiometric" binding behavior of the higher 
M.W. polylysines introduces some curious kinetic possibilities, some of 
which may be reflected in actual catalytic responses. For example, the 
tight binding systems often show a residual (10-20%) activity at high 
polylysine concentration. A reaction in which a high concentration of 
cytochrome c was capable of displacing a bound polycation from one of 
a number of binding sites, without causing its release into solution, would 

Schematic picture, of poiycotion, bindinq 

PI ~-150 PL-3 

! . . . . .  I 
: . . . . . . . .  ~  I 

. . . . . . .  - >  I 1 

. . . .  t - - - - )  

PL-150 PL-5 

Figure 7. 
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create such residual activity. Likewise, such a partially dissociated 
complex would be fully effective in the succinate or NADH oxidase 
systems where, because the oxidase is present in functional excess, only 
10% of sites need be occupied for full activity [14]. Hence the 
possibility arises of sigmoid inhibition curves, as seen in Fig. 6. 

Further uses of the high molecular weight polycations to probe the 
arrangement and topology [24, 30] of binding sites on the inner 
mitochondrial membrane may be expected. 
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