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Cytochrome c Peroxidase Catalyzed Oxidation of 
Ferrocyanide by Hydrogen Peroxide. Transient State 
Kinetics? 
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ABSTRACT: At low concentrations of ferrocyanide, the appar- 
ent bimolecular rate constants for the oxidation of ferrocyanide 
by compounds I and I1  of cytochrome c peroxidase have been 
measured over the pH range 4.0-9.5. The ionic strength depen- 
dence of the oxidation was measured from 0.1 to 0.005 M. 
Under all conditions, compound I oxidizes ferrocyanide about 
three times faster than compound 11. Both the pH and ionic 
strength variation of the rate constants for the oxidation of fer- 
rocyanide by each enzyme intermediate may be explained by 
the contribution of electrostatic interactions to a single intrin- 
sic rate constant and to the variation of the activity coefficients 
of the reactants with charge and ionic strength. The intrinsic 
bimolecular rate constant has a value of (3.8 f 0.8) X I O 5  M-l 

sec-I for the oxidation of ferrocyanide by I and (1.4 f 0.3) X 

C y t o c h r o m e  c peroxidase, a yeast mitochondrial enzyme, 
catalyzes the oxidation of ferrocytochrome c by hydrogen per- 
oxide, both in vivo (Erecinska et al., 1973) and in vitro (Yone- 
tani and Ray, 1966). At low concentrations of ferrocytochrome 
c the catalysis follows the classical peroxidase mechanism de- 
veloped for horseradish peroxidase by Chance and George 
(Chance, 1952; George, 1952, 1953). Two oxidized cytochrome 
c peroxidase intermediates have been identified in the oxida- 
tion of ferrocytochrome c and ferrocyanide (Coulson et al., 
1971). At low substrate concentrations, the reaction sequence 
is given by Scheme I .  CcP  represents the native enzyme, CcP-I 
represents compound I of cytochrome c peroxidase which is ox- 
idized 2 equiv higher than the native enzyme, CcP-I1 repre- 
sents compound 11 of the enzyme, oxidized I equiv above the 
native enzyme, and Fe*+ and Fe3+ represent ferrous and ferric 
iron i n  either cytochrome c o r  the hexacyanide complex. 

SCHEME I 

k laDD 
C C P  - H202 - CCP-I 

kZaDD 
CcP- I  4 Fez' --+ CcP-II + Fe3* 

CcP-I1 + Fez' - C c P  t Fe3' 
k3aDD 

At high concentrations, ferrocytochrome c binds to cyto- 
chrome c peroxidase (Mochan and Nicholls, 1971; Gupta and 
Yonetani, 1973). 

The steady-state oxidation of ferrocytochrome c attains a 
limiting velocity a t  high substrate concentrations and has been 
interpreted on the basis of intramolecular electron transfer 
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I O 5  M-' sec-' for the oxidation of ferrocyanide by 11. The 
rates of ferrocyanide oxidation by I and I1 show saturation a t  
high substrate concentrations. At  p H  6.25 the limiting values 
of the apparent oxidation rate constants are 170 sec-' for I and 
30 sec-' for 11. The apparent Michaelis constants are 6 and 1.7 
mM for I and 11, respectively. The limiting values of the oxida- 
tion rates indicate that ferrocyanide complexes with both I and 
11. A study of the interaction of ferrocyanide with the native 
enzyme also indicates complex formation. At pH 6.3 the equi- 
librium dissociation constant is 1.9 mM, very similar to the 
values of the apparent Michaelis constants. In  addition to com- 
plex formation, a unimolecular reaction is observed which is in- 
terpreted to be a transfer of a cyanide ligand from the bound 
ferrocyanide to the heme group of the enzyme. 

through the cytochrome c-enzyme complex (Yonetani and 
Ray, 1966; Nicholls and Mochan, 1971). In this case steps two 
and three i n  Scheme 1 are actually composed of separate bind- 
ing and electron transfer steps. The oxidations of ferrocyto- 
chrome c by other peroxidases, including horseradish peroxi- 
dase, lactoperoxidase, and verdoperoxidase, all show saturation 
effects which can be interpreted on the basis of cytochrome c- 
enzyme complexes (Chance, 1950). 

The oxidation of ferrocyanide by horseradish peroxidase in- 
dicates that ferrocyanide does not complex with the enzyme 
and that the oxidation is strictly bimolecular (Hasinoff and 
Dunford, 1970; Cotton and Dunford, 1973). On the other 
hand, the steady-state oxidation of ferrocyanide by cytochrome 
c peroxidase was characterized by saturation kinetics indicat- 
ing complex formation (Yonetani and Asakura, 1968). 

We are interested in investigating electron transfer reactions 
to and from the oxidizable sites of cytochrome c peroxidase 
and, in particular, to determine whether or not electron trans- 
fer can occur through the protein portion of the enzyme. As a 
first step, the pH dependence of the electron transfer reactions 
was investigated to determine whether acidic or basic groups in 
cytochrome c peroxidase can participate in the reactions. Since 
acidic or basic groups i n  both cytochrome c and cytochrome c 
peroxidase could influence the electron transfer rate, i t  would 
be difficult to differentiate the effects of the substrate from the 
enzyme. For this reason. we have chosen to initially investigate 
the cytochrome c peroxidase catalyzed oxidation of ferrocya- 
nide by hydrogen peroxide. 

Experimental Procedure 

Cytochrome c peroxidase was isolated from commercial bak- 
er's yeast and crystallized by dialyzing against distilled, deion- 
ized water according to the method of Yonetani (Yonetani and 
Ray, 1965; Yonetani et al.,  1966a). The purity index (ratio of 
absorbance a t  408 nm to that a t  280 nm) was 1.18. Cyto- 
chrome c peroxidase concentrations were determined spectro- 
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photometrically using an extinction coefficient of 93 mM-I 
cm-' a t  408 nm. 

Reagent grade K4Fe(CN)6*3H20 and 30% H202 were used 
without further purification. The ferrocyanide solutions were 
prepared by weight with deoxygenated, distilled water and 
were discarded after 1 hr to minimize decomposition. 

Acetate, phosphate, and borate buffers were used in the ap- 
propriate pH region. Total buffer concentration varied from 1 
to 10 mM. Ionic strength was adjusted with KN03 after ac- 
counting for the contribution from the buffer and ferrocyanide 
ions. 

Between pH 4 and 7, kinetic measurements were performed 
on a Durrum-Gibson stopped-flow spectrophotometer thermo- 
stated a t  25O. Most of the studies were carried out by mixing 
the ferrocyanide, contained in one drive syringe, with pre- 
formed I, contained in the second drive syringe. Compound I 
was formed just prior to introduction into the stopped-flow ap- 
paratus by adding slightly less than a stoichiometric amount of 
hydrogen peroxide to cytochrome c peroxidase. In some experi- 
ments cytochrome c peroxidase and ferrocyanide were con- 
tained in one drive syringe and mixed with hydrogen peroxide 
in the second drive syringe. 

Above pH 7, the reaction was slow enough to follow with a 
Cary Model 14 spectrophotometer thermostated at 25'. To ini- 
tiate the reaction, enzyme or preformed I was added to the 
buffered reactants in the cuvet. In all cases the ferrocyanide 
concentrations were a t  least ten times greater than the total en- 
zyme concentration resulting in pseudo-first-order reactions. 

The net charge on cytochrome c peroxidase at 0.1 M ionic 
strength was determined by titration of the enzyme with nitric 
acid and potassium hydroxide. Enzyme solutions were pre- 
pared by dissolving crystals of cytochrome c peroxidase in 
deaerated 0.1 M potassium nitrate solutions. The pH of these 
solutions was within 0.05 pH unit of the isoelectric point, pH 
5.25 (Yonetani, 1967). Potassium hydroxide was standardized 
against potassium acid phthalate and nitric acid solutions were 
standardized against the potassium hydroxide. Titrations were 
carried out on 3-5-ml aliquots of enzyme, with the surface of 
the solution flushed with nitrogen. The titrant was added with 
micrometer syringes and the pH read to the nearest 0.01 pH 
unit after each addition. 

Analysis of the data was facilitated by the use of a nonlinear 
least-squares curve fitting program, KINET, obtained from Dr. 
J .  L. Dye of Michigan State University (Dye and Nicely, 
1971). 

Results 

In order to determine the pH limits for the study of ferrocy- 
anide oxidation by cytochrome c peroxidase, the inactivation of 
the enzyme as a function of pH was investigated. The enzyme 
was incubated for 5 min a t  various pH values followed by mea- 
surement of the activity a t  pH 5.5. Under these conditions, the 
enzyme is stable between pH 4 and 7.5. Below pH 4 there is a 
rapid loss of activity to less than 1% a t  pH 3. On the alkaline 
side, the loss of activity is relatively slow, with about 80% re- 
maining a t  pH 10 after 5 min. 

The ferrocyanide oxidation rates could be studied at pH 
values greater than 7.5 by rapidly mixing unbuffered enzyme 
or I with buffered ferrocyanide solutions of sufficient concen- 
tration to make the oxidation faster than the enzyme inactiva- 
tion. In  this manner, rates for the ferrocyanide oxidation were 
obtained as high as pH 9.5, although with less accuracy than 
the values between pH 4 and 7.5. 

The enzyme intermediates, I and I1  of cytochrome c peroxi- 
dase, have very similar absorption spectra a t  pH 8 (Coulson et 
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FIGURE 1: Change in absorbance at 424 nm as a function of time for 
the reduction of I by ferrocyanide: pH 5.0, 1.05 N M  I,  42.2 pM ferrocy- 
anide. 

al., 1971). Below pH 8, I1 appears to be an equilibrium mix- 
ture of an Fe(II1) species with a spectrum similar to the native 
enzyme and an Fe(IV) species with a spectrum similar to I. As 
a consequence, the isosbestic points between the native enzyme 
and I and I1 are very close together and are not suitable for ob- 
servation of the interconversion of the individual enzyme 
species. Instead, the kinetics of the reduction of I to I1  and the 
reduction of I1  to the native enzyme by ferrocyanide were fol- 
lowed a t  424 nm, the wavelength of maximum difference in ab- 
sorption between I and I1 and the native enzyme. 

Figure 1 shows a typical plot of the logarithm of the change 
in absorbance a t  424 nm as a function of time. It is biphasic 
and can be resolved into two first-order rates. The slower of the 
two reactions is denoted by kgobsd and the faster by k ~ ~ ~ ~ ~ .  In 
all cases studied, k~~~~~ is always about three times larger than 
kgobsd. Under these conditions, it is difficult to separate the two 
reactions and undoubtedly some systematic error has been in- 
troduced into the absolute value of the rate constants. How- 
ever, the shape of the pH-rate profile should not be affected. 

The similar values of k+,Obsd and kgobsd make it difficult to 
assign a priori the two experimentally observed pseudo-first- 
order rate constants with a particular reaction in the mecha- 
nism shown in Scheme I, i.e., k~~~~~ could be the observed rate 
constant for the oxidation of ferrocyanide by either 1 or 11.  
However, a consideration of the amplitude of the two reactions 
allows the proper assignment to be made. 

Under the experimental conditions, where ferrocyanide is 
present in  excess over the enzyme species, two pseudo-first- 
order rate constants can be defined for the mechanism shown 
in Scheme I .  The amplitudes of the two reactions depend upon 

kZabSd = kzaDD[Fe(CN);-] 

kSohsd = k,aDDP[Fe(CN)$-] 
the extinction coefficients and concentrations of I and I 1  and 
the observed rate constants. Unfortunately, the extinction coef- 
ficient of I 1  cannot be measured independently of the rate con- 
stants. However, one can utilize the amplitude of the reaction, 
the concentration of species, and the rate constants to calculate 
the extinction coefficient of 11.  If I1 is an equilibrium mixture 
of Fe(II1) and Fe(IV) species as postulated (Coulson et al. ,  
1971). the extinction coefficient of I1 a t  424 nm should vary 
between about 50 and 100 mM-' cm-I, the extinction coeffi- 
cients of cytochrome c peroxidase and I a t  424 nm, respective- 
ly. 
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FIGURE 2: Plot of kjobsd as a function of ferrocyanide concentration: 
p H  6 . 2 5  f 0.1, 1.05 gM 11. 

Assuming k ~ ~ ~ ~ ~ ,  the larger of the two observed rate con- 
stants, equals k~~~~~ and kgobsd equals k30bsd, the calculated ex- 
tinction coefficients for 11 a t  424 nm vary from about 73 mM-' 
cm-' at pH 4.2 to 104 mM-' cm-l at pH 7.8, compatible with 
expectations. On the other hand, if the opposite assumption is 
made, the calculated values for the extinction coefficient of I1 
vary from 23 m M - '  cm-' a t  pH 4.2 to 162 mM-' cm-' a t  pH 
7.8, clearly outside the range of expected values. On this basis, 
k~~~~~ is equated with k20bsd, the rate constant for the oxida- 
tion of ferrocyanide by I and kgobsd is equated with k30bsd, the 
rate constant for the compound I1  oxidation of ferrocyanide. 

At relatively high concentrations of ferrocyanide, a third 
slower reaction is observed. This reaction makes it very diffi- 
cult to obtain accurate values of kzobsd and k3Obsd since its am- 
plitude must first be subtracted from the change in absorbance 
in plots such as that shown in Figure 1 before k20bsd and k30bsd 
can be evaluated. 

To determine whether or not ferrocyanide binds to the en- 
zyme intermediates and whether or not the complex influences 
the electron transfer reactions, it is necessary to study the reac- 
tion a t  high ferrocyanide concentrations. At pH 6.25, values of 
k20bsd and k30bsd were determined as a function of ferrocyanide 
concentration up to 10 mM, the maximum allowable a t  con- 
stant ionic strength of 0.1 M .  Below 0.2 mM ferrocyanide, only 
the two oxidation-reduction reactions were observed. Above 
0.2 mM, the third reaction was present and its rate constant 

9 1 ,  , , , , ' 1 ,  

PH 
FIGURE 3: Plot of log kzaPP and kjapp as a function of pH at 0.1 M 
ionic strength, 25'. Note that k2app has been multiplied by a factor of 
I O  to offset it from k j a P P .  The solid lines are calculated from equations 
discussed in the text. 

designated kdobsd. Values of k20bsd, k30bsd, and kqobsd as a func- 
tion of ferrocyanide concentration are given in Table I .  Where 
all three reactions are present, the analysis of the kinetic traces 
is subject to large error. As a consequence as many as 12 obser- 
vations a t  a single ferrocyanide concentration were made at the 
higher ferrocyanide concentrations to reduce the standard 
error. 

Both kzobsd and k30bsd show saturation at high ferrocyanide 
concentrations, indicating complex formation between ferrocy- 
anide and both I and 11. Values of kjobsd are plotted as a func- 
tion of ferrocyanide concentration in Figure 2. Fitting k > O b s d  

and k30bsd to eq 3 gave the following values for the apparent 

( 3 )  

Michaelis constants and maximum rate constants: K,20bsd, 6.0 
f 1.1 mM; Km30bsd, 1.7 f 0.5 mM; kmax20bsd, 170 f 20 sec-'; 
kmax30bsd, 30 f 3 sec-I. 

Within experimental error, the third reaction is independent 

TABLE I :  Concentration Dependence of Observed Rate Constants a t  p H  6.25 1 0.10.' 
~ ~ 

Ferrocyanide No. of No. of No. of 
Concn (mM) kzobsd (sec-1) obsd kSobsd (sec-1) obsd k40bsd (sec-1) 

10 100 =t 23 6 23 rt 3 9 0 7  rt 0 2  9 
6 0  94 1 20 3 22 1 2 6 0 6 1 0 1  6 
5 0  74 =t 15 7 24 + 2 12 0 5 1 0 1  12 
3 5  60 + 14 6 22 1 1 11 0 6 k 0 2  11 
2 5  55 1 10 5 17 rt 1 10 0 6 i 0 2  10 
2 0  39 rt 15 6 11 =t 1 11 0 5 1 0 1  11 
1 0  20 It 5 3 10 i 2 3 0 4 * 0 1  3 
0 6  12 i 2 3 5 + 2  3 0 4 1 0 1  3 
0 4  6 1 2  3 2 5  1 1  3 0 6 1 0 1  3 
0 3  4 8 1 1  3 3 1  1 0 5  5 0 4 1 0 1  3 
0 2  3 5 1 1  3 2 3  1 0 5  5 0 4 1 0 1  3 
0 1  3 0 r t 0 5  2 0 9 7 k O l  2 
0 05 1 4 + 0 2  2 0 5 1  f 0 0 5  2 
0 04 1 0 + 0 1  2 0 41 =t 0 04 2 
0 03 0 8 1 0 1  2 0 23 i 0 02 2 

obsd 
- 

' 25", 0.1 M ionic strength. 
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TABLE 11: Ionic Strength and p H  Dependence of the Apparent Rate  Constant for the Oxidation of Ferrocyanide by I of Cyto- 
chrome c Peroxidase, 25 '. 

kaaPP (M-1 sec-l) a t  p = 

pH Buffer" 0.10 0.03 0.01 0.005 

4 . 0  A ( 9 . 0  f 2 . 0 )  x 10eb (1 .6  f 0.4)  X lo8 ( 5 . 2  f 1 . 0 )  X 10s 
4 . 5  A ( 3 . 2  f 0 . 7 )  X lo6' (1.0 0 .3)  x 107 (2 .6  f 0.5) X lo7 ( 4 . 2  f 1 .5 )  X lo7 
5 . 0  A (8.0 + 2.0)  x 105b ( 7 . 8  f 1.6)  X 1Oj ( 1 . 6  f 0.3)  X lo6 (2 .5  f 0 . 3 )  X 106 

5 . 5  P ( 8 . 9  + 2.2)  x 104 (1.1 + 0.4)  x 105 (1 .4  f 0 . 6 )  X lo5 ( 1 . 4  f 0 . 4 )  X lo5 
6 . 0  P (2.4 =t 0 . 6 )  X l o4  (3.8 f 0.8) X lo4 ( 2 . 9  f 0 . 6 )  X lo4 ( 2 . 3  i 0.5) X 104 

7 . 0  P ( 4 . 6  f 1 .2 )  x 103 (2 .4  f 0.8) X lo3 ( 1 . 2  f 0.3)  x 103 ( 7 . 8  =t 1 . 6 )  X lo2 
7 . 5  P (1 .8  0.5) x 103 (8 .2  f 1 .6 )  X lo2 (5.2 f 1 . 1 )  X lo2 (3.2 f 0.6) X 102 
8.0 P ( 1 . 2  0.6)  x 103 (3.7 f 0.8) X lo2 ( 2 . 3  f 0.8) X lo2 ( 2 . 7  + 0.5) X 102 

( 1 . 3  f 0 . 3 )  X lo5 ( 1 . 2  0 . 3 )  x 105 5 . 5  A (8 .2  i 2.0)  x 104 ( 9 . 7  2 . 0 )  x 104 

6 . 5  P ( 8 . 7  2 .2)  x 103 (8.0 f 1 .6 )  X lo3 ( 5 . 7  f 1 . 2 )  x 103 (4.0 f 0.8) x 103 

a Buffer key: A, acetate; P, phosphate. Extrapolated or interpolated from data in Figure 3. 

of ferrocyanide concentration with a value for k40bsd equal to 
0.5 f 0.1 sec-I. As will be seen below, this third reaction is not 
an electron transfer reaction but is associated with an interac- 
tion of ferrocyanide and the native enzyme. 

In view of the difficulty in obtaining values of k20bsd and 
k30bsd a t  high ferrocyanide concentrations, it was decided to 
limit the transient state kinetic studies to ferrocyanide concen- 
trations below that a t  which k40bsd is detectable. In an accom- 
panying paper (Jordi and Erman, 1974), steady-state reaction 
techniques are used to study the oxidation a t  high ferrocyanide 
concentrations. At low ferrocyanide concentration, k20bsd and 
k30bsd depend upon substrate concentration according to eq 1 
and 2 from which the apparent bimolecular rate constants, 
k2aPP and kjaPP, can be evaluated. 

Both k Z a p P  and k3aPP have been evaluated as functions of pH 
and ionic strength a t  25'. The logarithms of kzapp and k3app a t  
0.1 M ionic strength are plotted as a function of pH in Figure 
3. It should be noted that klapp has been multiplied by a factor 
of 10 to offset it from k3aPP. Values of k2aPP and k3aPP as a 
function of ionic strength a t  selected pH values are given in Ta- 
bles I 1  and I l l ,  respectively. 

Since ferrocyanide complexes with I and 11, it is likely that it 
will also complex with the native enzyme. At pH 6.0, addition 

of ferrocyanide to cytochrome c peroxidase perturbs the spec- 
trum of the enzyme. Figure 4A shows the difference spectrum 
in the visible region between the enzyme with various concen- 
trations of ferrocyanide added and the enzyme in the absence 
of ferrocyanide. The absolute spectrum of the final mixture is 
shown in Figure 4B. 

The interaction is not due to simple complex formation as 
seen by the lack of isosbestic points in  Figure 4A. In addition, 
the kinetics of the interaction of ferrocyanide with cytochrome 
c peroxidase a t  pH 6.3 followed at 424 nm in the stopped-flow 
instrument shows three reactions, two of which are dependent 
on the ferrocyanide concentration. These reactions, denoted by 
the rate constants k50bsd, kgobsd, and k70bsd, are shown in Figure 
5 as a function of ferrocyanide concentration. The faster reac- 
tions have the least accurate rate constants since the contribu- 
tions from the slower reaction must first be subtracted in evalu- 
ating the data. 

The value of kTobsd is 0.65 f 0.2 sec-I, independent of ferro- 
cyanide concentration. Both k50bsd and kbobsd increase linearly 
with ferrocyanide concentrations with intercepts a t  zero ferro- 
cyanide concentrations of 19 f 5 and 1.2 f 1.1 sec-l, respec- 
tively. The slopes are (1.0 f 0.2) X I O 4  and (6 f 1) X 103 M - I  

sec-' for kSobsd and k60bsd, respectively. 

TABLE III: Ionic Strength and p H  Dependence of the Apparent Rate  Constant for the Oxidation of Ferrocyanide by I1 of 
Cytochrome c Peroxidase, 25 '. 

~~~~ ~ 

p H  Buffer' 0 . 1 0  0 .03  0 . 0 1  0,005 

4 . 5  A (1 .1  f 0.3) x lo6 (3.1 f 0 . 6 )  X 106 
( 2 . 9  f 0 . 6 )  X 105 

4 . 0  A ( 3 . 7  f 0.8) X ( 1 . 7  f 0.3)  X 107 (6 .0  f 1 .6 )  x lo7 (8.1 i 1.6)  x 107 
(1.1 + 0.2)  x 107 

5 .0  A (1.8 0.5) x 105 
5 . 5  A ( 2 . 6  f 0.5) X l o4  ( 2 . 4  f 0 . 6 )  x lo4 (4 .1  f 0 . 7 )  X l o 4  ( 3 . 7  i 0.8) x 104 
5 . 5  P ( 3 . 4  i 0 . 9 )  x 104 (5.0 + 2 . 2 )  x 104 ( 5 . 4  + 1 .6 )  x 104 (5 .1  i 1 . 2 )  x 104 

( 6 . 4  f 1 .5 )  x 106 
( 6 . 8  f 1 . 4 )  X 10; ( 9 . 8  =t 2 . 0 )  X lo5 

( 1 . 4  f 0.3)  X lo4 
(3 .1  f 0.6)  X l o3  

(1.1 f 0 . 3 )  x 104 
( 1 . 9  f 0 . 4 )  X 103 

( 7 . 8  f 1 . 6 )  X 103 6 . 0  P ( 9 . 6  f 2 . 4 )  X l o3  
( 1 . 3  i 0 . 3 )  X lo3  6 . 5  P ( 3 . 8  f 1.4)  X lo3 

7 . 0  P ( 1 . 5  f 0.4)  X lo3 ( 6 . 9  f 1 . 4 )  X l o2  (5.0 i 1 . 0 )  X 102 ( 3 . 0  f 0 . 6 )  X lo2 
7 . 5  P 
8 . 0  P ( 4 . 0  + 2 . 0 )  X l o2  ( 1 . 2  f 0.4)  X 102 ( 7 . 5  +Z 2 . 4 )  X lo1 ( 8 . 6  + 1 .8 )  X 10' 

(6 .3  f 2 . 5 )  x l o2  (3 .0  f 0 . 6 )  X 102 ( 1 . 6  f 0.3) X 102 ( 1 . 2  i 0 . 2 )  x 102 

" Buffer key: A, acetate; P, phosphate. Extrapolated from data in Figure 3. 
~~~ 
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F I G U R E  4: (A) Difference spectra of solutions of cytochrome c perox- 
idase wi th  added ferrocyanide vs. cytochrome c peroxidase at pH 6.0. 
Cytochrome c peroxidase concentration is 24 KM;  ferrocyanide concen- 
trations are 1.25, 9.80, 21.5, and 81.6 mM for curves 1-4, respectively. 
( B )  Absolute spectrum of cytochrome c peroxidase (solid line) and of 
cytochrome c peroxidase in  the presence of 0.26 M ferrocyanide 
(dashed line). 

Discussion 

The spectral perturbation on mixing ferrocyanide and cyto- 
chrome c peroxidase indicates that these two compounds or 
other species in solution interact. The most likely interpretation 
for the concentration dependent pseudo-first-order rate con- 
stants shown i n  Figure 5 is that they represent the binding of 
ferrocyanide and cyanide with the enzyme. Cytochrome c per- 
oxidase binds cyanide extremely tightly (Erman, 1974) and it 
is not unreasonable to expect the enzyme to react with the 
small amount of cyanide present in the ferrocyanide solutions 
(Emschwiller, 1953). 

For reversible ligand binding reactions, the value of the in- 
tercept is equal to the dissociation rate constants. The dissocia- 
tion rate constant for the cyanide-cytochrome c peroxidase 
complex a t  pH 6.3 is about 0.5 sec-' (Erman, 1974). This 
value is within experimental error for the intercept of k60bsd, 

I .2  f 1 . 1  sec-I, and kgobad can be associated with the binding 
of cyanide to the enzyme. Equating k5ObSd with the binding of 
ferrocyanide, the values for the association and dissociation 
rate constants are (1.0 f 0.2) X I O 4  M-I sec-' and 19 f 5 
sec-I. respectively. Using these values, the equilibrium disso- 
ciation constant can be calculated to be 1.9 f 0.6 mM at  pH 
6.3. 

The reaction which is independent of ferrocyanide concen- 
tration, k7"bsd, must be an isomerization of the ferrocyanide- 
cytochrome c peroxidase complex, since no isomerization was 
observed i n  the study of the cyanide-cytochrome c peroxidase 
complex a t  pH 6.3 (Erman, 1974). A likely reaction for the 
process is that once ferrocyanide binds to the enzyme, probably 
a t  a positively charged site, there is a transfer of a cyanide ion 
from the bound ferrocyanide to the heme group of the enzyme. 
This is suggested by the final spectrum of the enzyme upon ad- 
dition of high ferrocyanide concentrations, Figure 4B, which is 

I I I I I 
0 1 2 3 4 5 6  

[Ferrocyanide] (mM) 
FIGURE 5 :  Plot of the rate constants for the three reactions observed 
when ferrocyanide is mixed with cytochrome c peroxidase at pH 6.3 as 
a function of ferrocyanide concentration. 

very similar to the spectrum of the cytochrome c peroxidase- 
cyanide complex (Yonetani et nl., 1966b). 

The third reaction observed in the oxidation of ferrocyanide 
by I and 11 a t  high ferrocyanide concentration is probably the 
same unimolecular reaction seen in the interaction of ferrocya- 
nide with the native enzyme. Both kdobsd and k70bsd are inde- 
pendent of ferrocyanide concentration, both have the same 
value within experimental error, and both give rise to an in- 
crease in absorbance a t  424 nm relative to the free enzyme. As 
free enzyme is produced during the oxidation of ferrocyanide, 
the excess ferrocyanide complexes with the enzyme and the 
slow unimolecular reaction is observed subsequent to the redox 
and binding steps. 

The interpretation of k p P  and k 3 a P P  depends upon the rea- 
son for the limiting oxidation rates a t  high ferrocyanide con- 
centrations. There is no doubt that ferrocyanide binds to cyto- 
chrome c peroxidase. The question arises as to whether electron 
transfer occurs in the complex or whether the complex is inac- 
tive and electron transfer occurs via bimolecular reactions be- 
tween ferrocyanide and the enzyme intermediates. 

I f  electron transfer occurs intramolecularly in the complex 
then the apparent bimolecular rate constants measured a t  low 
ferrocyanide concentrations are essentially the association rate 
constants for formation of the complex. I f  the complex is inac- 
tive then the apparent bimolecular rate constants are electron- 
transfer rate constants. Regardless of which mechanism is op- 
erative, the pH dependence of the apparent bimolecular rate 
constants should indicate whether acidic or basic groups on the 
enzyme influence the reaction. 

The variation of k2aPP and k 3 a P P  with pH may be due to dif- 
ferences in the reactivity of various protonated forms of the 
reactants. In  view of the large ionic strength dependence of the 
apparent rate constants, it seems unlikely that an ionic strength 
of 0.1 M would be sufficient to completely suppress electrostat- 
ic effects. Corrections for electrostatic effects can be made 
from a knowledge of the net charge on the enzyme, the charge 
on the ferrocyanide, and the ionic strength dependence of the 
apparent rate constants. 

According to transition state theory, the apparent rate con- 
stant is given by eq 4. I C *  is the free energy of activation per 

(4) 
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TABLE IV: Values of z, log k', and 

~ ~~~ 

4 . 0  +17.4 f 0 . 6  12.65 f 0.30 16 i 3 12.14 f 0.35  18 + 4 
12 f 2 4 . 5  $9 .7  i 1 . 1  9.92 f 0.18 11 i 2 9.37 f 0.20 

5 .0  $3 .6  f 0 . 7  7.16 + 0.02 10 .3  f 0 . 1  6.81 f 0.02 7 . 3  Zk 0 . 2  
5 . 5  -2 .2  i 0 . 4  4.84 + 0.03 2 . 3  f 0 . 6  4.38 + 0.02 2 . 5  k 0 . 3  

-0 .3  i 0 . 7  3.31 f 0.03 0 . 2  + 0 .5  6 .0  -4.4 i 0 . 4  3.76 f 0.03  
6 . 5  -7 .3  f 0.2  2.27 + 0.04 -0 .6  f 0 . 5  1.82 f 0 .02  0 . 3  i 0 . 3  
7 . 0  - 9 . 5  i 0 . 2  1.08 f 0.06 0 . 4  f 0 . 7  0.58 Z+ 0.12 0 . 6  i 1 . 3  
7 . 5  -12.2 f 1.2  -0.05 f 0.17 -2 .2  + 1 . 7  -0.49 f 0.15 -2 .4  + 1 . 5  
8 . 0  -14.1 f 1 .4  -0.87 f 0.27 -2 .8  f 2 . 8  -1.36 f 0.28 -2 .7  f 2 . 8  

a Values from pH titration of native enzyme, 0.1 M ionic strength. Defined in eq 14 of text. 

mole, R is the gas constant, T is the absolute temperature, k is 
Boltzman's constant, and h is Planck's constant. 

For ionic reactions in solution, the free energy of activation 
may be separated into three parts (eq 5) (Clark and Wayne, 

AG* = AG*o + AG,,* + AG&* (5)  
1969). AG*o is the intrinsic free energy of activation. Ace,* is 
the free energy of activation associated with electrostatic forces 
between the two reactant ions as they are brought together in 
the absence of solvating ions. AG,* is the free-energy contribu- 
tion due to interactions between the reactants and other 
charged species in solution, the ion atmosphere contribution. 

The contribution due to the ion atmosphere, AG,*, can be 
eliminated by determining the apparent rate constant a t  zero 
ionic strength. A bimolecular reaction can be written as 

k' 
(6) 

where A and B are the reactant ions and X* is the activated 
complex. The rate of the reaction will be given by eq 7. The 

Kea 
A + B .T- X* - products 

kaDD[A][B] = k ' ( X * )  (7 )  
equilibrium between activated complex and reactants is given 
by eq 8. The a's are the activities and t h e f s  are the activity 

coefficients. Combining eq 7 and 8 gives eq 9, where ko has re- 

kaDD = kOfAfB/ f*  (9) 
placed k'Kes and is defined as the rate constant at zero ionic 
strength. The problem of extrapolating the apparent rate con- 
stant to zero ionic strength now becomes one of finding suitable 
expressions for the activity coefficients as a function of ionic 
strength. 

The extended Debye-Huckel expression, eq 10, or semiem- 

log fi = - A Z t 2 f i / ( 1  + B a f l )  (10)  

pirical expressions with a term proportional to ionic strength 
such as eq 1 1  have been used as extrapolation functions for the 

log f i  = - A Z t Z f i / ( 1  + Ba@) + CjP (11) 

activity coefficients (Perlmutter-Hayman, 1972). In eq 10 and 
1 1 ,  A and B are constants with values of 0.509 and 0.329 in 
aqueous solutions at 25' when a, the distance of closest ap- 

proach between the reactant ion and its ion atmosphere, is 
given in gngstroms. 

In our first attempts to fit the ionic strength dependence of 
k2aPP and k3aPP we used eq 10 for the activity coefficients of all 
species. For ferrocyanide Zi is -4 and a has a value of 5 8, 
(Kielland, 1937). For I and I1 we assume the charge is equal to 
the average net charge on the native enzyme, 2, and that the 
charge on the activated complex is (2 - 4). The distance of 
closest approach of the ion atmosphere is assumed to be the 
same for I, 11, and the activated complex. 

The value of a can be estimated from data in the literature. 
Ellfolk has shown from sedimentation and diffusion measure- 
ments that the frictional ratio for cytochrome c peroxidase is 
quite small, 1.03 (Ellfolk, 1967). Most of the deviation from 
unity is probably associated with hydration since, assuming 
spherical shape, the maximum hydration is quite small, 0.07 
g/g of protein compared to a more typical value of 0.2 g/g of 
protein. Using a molecular weight of 34,000, water of hydra- 
tion of 0.07 g/g of protein, and ij2 of 0.733 cm3/g, the radius of 
the hydrated sphere can be calculated to be 22 8,. An indepen- 
dent calculation, again assuming a sphere, based on unit cell 
dimensions from X-ray studies and occupancy of the unit cell 
also yields a value of 22 8, for the radius (Larsson et al., 1970). 
About 2 A, the average radius of the ions making up the ionic 
atmosphere, is added to the value of 22 A for the distance of 
closest approach, giving a value of 24 A for a. 

Equation 12 is derived from eq 9 and 10 after the appropri- 
ate substitutions for the parameters are made. 

8 . 1 4 f i  
- i T - i Z q T -  log k " D D  = log k0 

(4 .072 - 8 . 1 4 ) f i  (12) 
1 + 7.90fp 

Using Z values given in Table IV, the variation of log kapp 

with ionic strength fits eq 12 very well between pH 5.5 and 7.0. 
Outside this pH range there is significant variation. One ap- 
proach to obtain a better fit to the experimental values would 
be to allow either 2 or a to be an adjustable parameter. When 
this is done, a better fit is obtained. If a is held constant at 24 
A and 2 is allowed to vary, the absolute values of 2 are smaller 
than the experimental values from the pH titration curve below 
pH 5 .5  and above pH 7.0. If 2 is maintained a t  the experimen- 
tal values and a is allowed to vary, the value of a increases at 
high and low pH. Both of these trends are reasonable. The av- 
erage net charge on the protein could be reduced at the pH ex- 
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Plot of log kjapp(DH), defined in eq 13 of text, vs. ionic 

tremes due to binding of buffer ions which should increase as 
the net charge on the protein increases. Also, a would tend to 
increase a t  the pH extremes as the electrostatic free energy of 
the molecule increases with increasing charge. The electrostat- 
ic free energy could be reduced by expansion of the molecule, 
one of the causes of protein denaturation a t  high and low pH. 
Since there are no experimental data on which to base a deci- 
sion as to the more likely possibility, it was decided to use the 
semiempirical expression for the activity coefficients, eq 1 1 .  
The parameters, C,, would depend upon both effects. In  addi- 
tion, C, would be dependent on such other factors as the varia- 
tion of 2 with ionic strength which has not been taken into ac- 
count and other inadequacies of the model for the ionic 
strength dependence. 

Before utilizing eq 1 1  for the activity coefficients it is useful 
to define log kapp(DH) according to eq 13. Log kapp(DH) is the 

(4.072 - 8.14) f i  (13) 
1 - 7 7 3 & 7 7 7 -  

logarithm of the apparent rate constant corrected for the ionic 
strength variation expected from the extended Debye-Huckel 
expression for the activity coefficients. I f  the extended Debye- 
Huckel expression is adequate to explain the ionic strength de- 
pendence, then log kapp(DH) is equal to log ko as seen by com- 
parison to eq 12. 

Using eq 1 1  for the activity coefficients in eq 9, taking loga- 
rithms of both sides, and utilizing the definition of log 
kapp(DH) , eq 14 is obtained. C is equal to the sum of the 

log kaDD(DH) = log k o  + C p  (14)  

values of Ci for ferrocyanide and I or I 1  minus the value of C, 
for the activated complex in eq 1 1. 

Log kapp(DH) was calculated according to eq 13 using 
values of k2app, kja!-'P, and 2 given in Tables 1 1 ,  111, and IV, re- 
spectively. Values of log kapp(DH) for k3+P are shown in Fig- 
ure 6 as a function of ionic strength. The fit to eq 14 is satisfac- 
tory. Values of log kO and C were calculated using a weighted 
least-squares method and these values are given in Table IV for 
both kzaPp and kppp. Between pH 6 and 7 ,  the values of C are 

-2t 1 
-4  - 
-80 -80 -40 -20 0 20 40 60 

2, t, 

FIGURE 7: Plot of log kzO and log k3O vs. the product of the charges on 
ferrocyanide and 1 or 11. Note k1° has been multiplied by a factor of 10 
to offset i t  from k30.  

zero within experimental error indicating that the extended 
form of the Debye-Huckel equation gives a good approxima- 
tion for the ionic strength dependence of kZaPP and k p p ,  At 
lower pH, C becomes increasingly positive and a t  higher pH, C 
becomes increasingly negative. 

The values of the rate constants a t  zero ionic strength, if due 
to electrostatic interactions, should fit eq 15. 

The simplest model for calculating AG,,* is that of two con- 
ducting spheres with radii rA  and rB and charges ZA and Zg, 
which approach within a distance r.  in the transition state. For 
this model Ace,* equals ivAZAZBe2/Dr,, where IVA is Avoga- 
dro's number, e is the unit charge, and D is the dielectric con- 
stant of the reaction medium (Clark and Wayne, 1969). Sub- 
stituting for Ace,* in eq 15, defining the intrinsic rate constant 
as (kT/h)e-AG*o, and taking the logarithms of both sides gives 
eq 16. Figure 7 is a plot of log ko as a function of Z4Zg where 

Z A  equals -4, the charge on the ferrocyanide, and Z B  is equal 
to 2 given in Table IV. Equation 16 is followed, with only a 
single point, a t  pH 4.0, showing significant deviation. A 
weighted least-squares fit to eq 16 gives values for log kz'"' of 
5.57 f 0.09, log kj int  of 5.15 f 0.08, and the slope of both lines 
is -0.1 12 f 0.003. Using the bulk dielectric constant of water 
and the appropriate values for the other factors in eq 16, a 
value of 27.8 f 0.7 8, can be calculated for r,. This value is 
quite reasonable for the distance of closest approach of the en- 
zyme and ferrocyanide in the transition state. 

Reversing the process, i . e . ,  using the values of the intrinsic 
rate constant, Z,  and C a s  a function of pH, k2;lPP and k 3 . l P P  can 
be calculated a t  0.1 M ionic strength using the appropriate 
equations. The solid lines in Figure 3 were calculated in this 
manner. Although the fit is not perfect, it may be concluded 
that the major cause of the pH variation in the apparent oxida- 
tion rate constants a t  0.1 M ionic strength is the electrostatic 
interaction between the ferrocyanide and oxidized enzyme i n -  
termediates. 

This study has demonstrated that ferrocyanide binds to cyto- 
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chrome c peroxidase and its two oxidized intermediates, I and 
I I .  Complex formation between ferrocyanide and the enzyme 
intermediates does influence the electron-transfer reactions. At 
tow concentrations of ferrocyanide, I oxidizes ferrocyanide 
with an intrinsic bimolecular rate of (3.8 f 0.8) X lo5  M - I  

sec-l and I1 oxidizes ferrocyanide with an intrinsic rate of (1.4 
f 0.3) X IOs  M-'  sec-I. The variation of the apparent rate 
constants with pH and ionic strength is due to the variation in 
electrostatic interactions between reactant and buffer ions in 
solution. 
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Cytochrome c Peroxidase Catalyzed Oxidation of 
Ferrocyanide by Hydrogen Peroxide. Steady-State Kinetics? 

Howard C. Jordi and James E. Erman* 

ABSTRACT: The steady-state oxidation of ferrocyanide by hy- 
drogen peroxide as catalyzed by cytochrome c peroxidase is 
characterized by saturation kinetics between pH 4 and 8.1 a t  
0.1 M ionic strength and 25'. The maximum turnover number 
decreases from a value of 1.2 X lo3  sec-l a t  pH 4.25 to 2.5 
sec-' a t  pH 8.1. The apparent Michaelis constant varies be- 
tween 0.9 and 10 mM, the maximum occurring at pH 5.5 in ac- 
etate buffer. The steady-state rate parameters are dependent 
upon specific ion effects, with acetate buffers increasing the 

I n  order to elucidate the mechanism of electron-transfer reac- 
tions mediated by cytochrome c peroxidase, we have investi- 
gated the oxidation of ferrocyanide, a simple model for the iron 
atom of the natural enzyme substrate, ferrocytochrome c. In  an 
accompanying paper, we have presented the results of a tran- 
sient state study of ferrocyanide oxidation by compounds I and 
I 1  of cytochrome c peroxidase (Jordi and Erman, 1974). In 
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oxidation rate over that in phosphate buffers at high ferrocya- 
nide concentrations. Above pH 5.5, the steady-state oxida- 
tion of ferrocyanide is faster than predicted by transient-state 
studies a t  low ferrocyanide concentrations. The discrepancy is 
explained on the basis of side reactions a t  high pH between the 
enzyme and hydrogen peroxide producing a more reactive oxi- 
dant of ferrocyanide than compound I1 of cytochrome c peroxi- 
dase. 

that study it was found that ferrocyanide binds to the native 
enzyme. In addition, it was found that the transient state oxi- 
dation of ferrocyanide by I and I1 reached limiting values at 
high ferrocyanide concentrations, indicating complex forma- 
tion between ferrocyanide and these two enzyme intermediates. 
Because of the number of reactions observed a t  high ferrocya- 
nide concentrations, accurate rate constants were difficult to 
obtain and the transient state study a t  high ferrocyanide con- 
centrations was limited to a single pH value near 6. In  this re- 
port, we present the results of a steady-state investigation of 
the cytochrome c peroxidase catalyzed oxidation of ferrocya- 
nide by hydrogen peroxide. 
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