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S U M M A R Y  

1. The reaction of hydrated electrons with ferricytochrome c was studied 
using the pulse-radiolysis technique. 

2. In 3.3 mM phosphate buffer (pH 7.2), 100 mM methanol and at a concentra- 
tion of cytochrome c of less than 20 #M the reduction kinetics of  ferricytochrome c by 
hydrated electrons is a bimolecular process with a rate constant of 4.5 • 101 o M -  t "s-1 
(21 °C). 

3. At a concentration of cytochrome c of more than 20/~M the apparent order 
of  the reaction of hydrated electrons with ferricytochrome c measured at 650 nm 
decreases due to the occurrence of  a rate-determining first-order process with an 
estimated rate constant of  5 • 106 s-1 (pH 7.2, 21 °C). 

4. At high concentrations of cytochrome c the reaction-time courses measured 
at 580 and 695 nm appear to be biphasic. A rapid initial phase (75 ~ and 30 ~ of 
total absorbance change at 580 and 695 nm, respectively), corresponding to the reduc- 
tion reaction, is followed by a first-order change in absorbance with a rate constant 
of  1.3 • l0 s s -1 (pH 7.2, 21 °C). 

5. The results are interpreted in a scheme in which first a transient complex 
between cytochrome c and the hydrated electron is formed, after which the heme iron 
is reduced and followed by relaxation of the protein from its oxidized to its reduced 
conformation. 

6. It is calculated that one of each three encounters of  the hydrated electron 
and ferricytochrome c results in a reduction of  the heme iron. This high reaction 
probability is discussed in terms of charge and solvent interactions. 

7. A reduction mechanism for cytochrome c is favored in which the reduction 
equivalent from the hydrated electron is transmitted through a specific pathway from 
the surface of  the molecule to the heme iron. 
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INTRODUCTION 

Recent studies [1-5] on the structure and mechanism of  action of cytochrome c 
have identified several amino acid residues essential for the electron-transport function 
of  the enzyme. The fact that the heme prosthetic group is nearly completely buried 
inside the protein moiety [1-3] and the observation that binding of specific antibodies 
[4] or chemical modification [5] of certain amino acids can block the oxidation of the 
enzyme without affecting the reduction and vice versa, have led to the conclusion that 
electrons can reach the heme iron only through a specific electron pathway. Two 
pathways are proposed: a reductive one from the cytochrome bcl-binding site to the 
heme iron and an oxidative one from the heine to the cytochrome c oxidase-binding 
site [4, 5]. For the transmission of electrons to the heine it is suggested that the 7r- 
system of some aromatic amino acids is involved. In a previous communication [6] 
we presented evidence for the existence of  a reductive pathway in ferricytochrome c 
in which Tyr-67 plays an essential role. The importance of this amino acid for the 
reduction mechanism of cytochrome c has recently been confirmed by Margoliash et 
al. [5] who studied the enzymic properties of Tyr-67 modified cytochrome c in the 
succinate-cytochrome c reductase system. In contrast with the two-pathway model 
Salemme et al. [7] have proposed that the electron-accepting and electron-donating 
site of cytochrome c are the same. 

The X-ray crystallographic studies of Dickerson and coworkers on the struc- 
ture of the oxidizedhorse[2] and reduced tuna [3] cytochromes c show that the change 
in redox state of the heine iron is accompanied by a change in conformation of the 
enzyme. According to Takano et al. [3] these conformational transitions play a funda- 
mental role in the mechanism of action of cytochrome c. It is not known yet how fast 
such structural changes are, but if they are involved in the enzymic electron-transfer 
mechanism of  cytochrome c, the rate of relaxation between the ferric and the ferrous 
conformation should be at least l03 s - t ,  the rate at which cytochrome c undergoes 
oxidation and reduction in the mitochondrial electron-transport chain [8]. 

Pulse radiolysis [9, 10] has the advantage above rapid-mixing techniques that 
the reducing agent, hydrated electron (eaq-),  can be generated in the relatively short 
time of  0.55 #s and that the reaction of eaq- with ferricytochrome c is extremely fast 
[6, l l -13]  so that the heme iron can be reduced in a few microseconds. Spectral 
events following the rapid reduction of  the heme may thus be studied in any time 
interval between 10 -6 and l0  2 S. 

In the reduction mechanism of cytochrome c as proposed by Takano et al. 
[3] and supported by Margoliash et al. [5] the reduction of the heme precedes the 
conformational change of  the protein. During this structural change the positions of 
some amino acids in the near vicinity of the heme iron undergo marked changes. 
It is, therefore, likely that the ligand field around the heme iron will be affected by the 
conformational change and that, as a consequence, the relaxation of the protein part 
of  the enzyme after the valence change of  the iron will be accompanied by spectral 
changes. 

Changes in absorbance following the rapid reduction of the heme iron have 
indeed been observed [11-14]: Land and Swallow [11 ], Pecht and Faraggi [12] and 
Lambeth et al. [14] report on a process with a first-order rate constant of about 10 s-  1. 
The first two groups ascribe the spectral change to a conformational change of the 
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enzyme while in the opinion of the latter group it represents a replacement of an iron 
ligand. The low rate of this reaction with respect to that of the electron flow in the 
electron-transport chain 003 s-1) makes it unlikely that the process is of biological 
importance. In this respect the process reported by Lichtin et al. [13] (k ~ l0 s s -1) 
and attributed by them to a conformational change in the enzyme, is more apt to 
reflect a functional property of cytochrome c. 

These differences in the value of the rate constants of the sequential processes 
and the fact that some authors report an increase of absorbance [12] at wavelengths 
where others find a decrease [1 l, 14] have prompted us to investigate the mechanism 
of reduction of cytochrome c by hydrated electrons. 

Part of this work has been described before [15, 16]. 

MATERIALS AND METHODS 

Enzyme 
Monomeric horse-heart cytochrome c was isolated as described by Margoliash 

and Walasek [17]. The final preparation, chromatographed on Amberlite CG 50 
(particle diameter 40-60 #m) was exhaustively deionized on mixed-bed columns, 
lyophilyzed and stored at --20 °C. Fully oxidized or reduced preparations were ob- 
tained by Sephadex-G 25 chromatography of K3Fe(CN)6 or ascorbate-treated 
samples, respectively. The concentration of the enzyme was determined by absorption 
spectroscopy using either AA 55 onm (reduced minus oxidized) of 21.1 m M -  1 .  c m -  1 

[18] or dA416 nm (reduced minus oxidized) of 57 mM -1 • cm -1 [19]. 

Pulse radiolysis 
The experimental set-up was as described before [19, 20]. By variation of the 

pulse length (10-550 ns) and the pulse dose (50-1500 tad) the initial concentration 
of eaq- could be varied between 0.1 and 3 #M. The concentration of eaq- was always 
less than 10 ~ of that of cytochrome c. 

Methanol in a molar excess of at least 104 is used as "OH scavenger since it is 
mosteffectivein scavenging both "OHand 'H radicals [15]. Absorbance readings were 
corrected for effects of slit width and the monochromator settings were calibrated 
against ferrocytochrome c. 

Chemicals 
The chemicals used, were cf  analar grade and purchased mainly from British 

Drug Houses. 

RESULTS 

Figs 1A, 1B and 1C show the reaction-time courses and the corresponding 
semi-logarithmic plots for the decay of eaq- absorbance at 700 nm and the formation 
of  reduced cytochrome c at 416 nm, respectively. First-order reaction kinetics are 
observed which is to be expected since the concentration of cytochrome c is much 
larger than that of eaq-. 
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Fig. 1. Transmittance changes due to the reaction of eaq- with ferricytochrome c. (A) Decrease of  
the concentration ofeaq- measured at 700 nm.  (B) Reduction of  cytochrome c measured  at 416 nm.  
(C) First-order plots calculated from the traces shown in Figs A and  B. The initial concentrations 
ofeaq - and of ferricytochrome c are 0.2 and 2 .4 / tM,  respectively; matr ix  solution,  3.3 m M  phosphate 
buffer (pH 7.2) and 100 mM methanol in triple-distilled water; temperature, 21 °C. 

The disappearance of  eaq- is due to its reaction with the matrix solution and 
to its reaction with the protein. From the half-life (z) o f  eaq- in the absence and pres- 
ence of  the protein (z m and Zm+c, respectively) the half-life for the reaction o f  eaq- 
with tbe protein zc can be calculated [21] from Eqn 1. 

Te : -t-m+c {1__ Z.m+c/-1 J ( l )  

r c can be used for the calculation of  the second-order rate constant of  the reaction o f  
eaq- with the enzyme molecules as well as for the determination of  the amount of  
hydrated electrons that have reacted with the protein: 

Ieaq 1o={, Tm [eaq- ]t (2 )  
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Here, [eaq- ]c represents the concentration of hydrated electrons reacting with cyto- 
chrome c and [eaq- It the total concentration of  hydrated electrons generated in the 
solution. 

The difference between the observed half-life (Zm+c) and the real half-life (~¢) 
depends on the concentration of cytochrome c and approaches zero at high concentra- 
tions of  the proteins. Under our conditions (1-60/~M cytochrome c) 3.3 mM pho- 
sphate buffer (pH 7.2), 0.1-0.5 M methanol, the correction is 20.1 ~o. 

The final product of  the reaction of eaq- with ferricytochrome c is spectros- 
copically indistinguishable [11-13] from ferrocytochrome c and therefore the change 
in absorbance induced by a certain radiation dose absorbed can be used for the 
calculation of the concentration of cytochrome c reduced per unit dose absorbed. 
Since the concentration of eaq- produced per unit dose absorbed is known [17], the 
amount  ofe~q- reacting with cytochrome c can be calculated from Eqn 2. From these 
data the yield of  the heme reduction (a), which is defined as the ratio (given in percent) 
of  the amount  of reduced cytochrome c to the amount  of e~q- reacting with cytochrome 
c, can be obtained. Some values for tr are summarized in Table I. It  is clear f rom 
the table that a is independent of  both the concentration of eaq- and the concentration 
of  cytochrome c, but that it is markedly dependent on the pH of  the medium. 

TABLE I 

Some values of the yield of reduction (or) for the reaction of eaq- with ferricytochrome c, at pH 7.2 
and pH 11.0. Matrix solution: 3.3 mM phosphate (pH 7.2) or 1 mM NaOH (pH 11.0) and 100 mM 
methanol in triple-distilled water; buffer temperature 21-22 °C. The final absorbance was read 
50-100/~s after the pulse. 

[C 3 + ] [e~q- ] ~r (~)~ 
(/tM) (ktM) 

pH7.2 pHl l .0  

5.5 0.3 85±5 12±3 
5.5 3.2 75±5 15±3 

10.2 0.8 80~5 20±5 
10.2 3.3 75~5 15±4 

* These values include the contribution to the reduction (approx. 2 ~) due to the reaction of 
cytochrome c with unscavenged "H radicals [15]. 

The effect of  the proton concentration on a is shown in Fig. 2. At about neu- 
tral pH,  a has a maximal value of 85 ~ ,  while upon decreasing or increasing the pH 
of  the matrix solution the yield of  the heme c reduction diminishes. At pH 5.8, the yield 
is about  65 ~ while at p H  10.5 less than 15 ~ of the hydrated electrons that have 
reacted with cytochrome c is capable in reducing the heme iron. Nitration of Tyr-67 
considerably decreases the a of  the reaction. At neutral p H  a is about  30 ~ .  In con- 
trast to what is observed for native cytochrome c no opt imum is observed in a for 
nitrocytochrome c. The increase of  the value of a at lowering the p H  may be due 
to restoration of the "nat ive" conformation induced by protonation of  the nitrotyrosil 
ion (see ref. 6). 
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Fig. 2. The reduction yield a as a function of  the pH for the reaction ofeaq-  with ferricytochrome c 
( x  -- × ) and ferrinitrocytochrome c ([]--IS]). Cytochrome c, 5-6 #M;  e,q- ,  0.24).4/zM; at pH 6-8, 
phosphate;  at pH above 8, borate plus carbonate; buffer, 3.3 m M  and methanol, 0.1 M, in triple- 
distilled water; temperature, 21-22 °C. Nitrocytochrome c was prepared as mentioned before [6]; 
• d A 4 1 6  am was measured 50-100/~s after the pulse. 

A value of a less than 100 % indicates that not all of the hydrated electrons 
reacting with ferricytochrome c have reduced heme irons. Other reactive sites must 
therefore be present. At low pH, reaction of eaq- with the very reactive histidyl H + 
residue [22] dominates, whereas at high pH, where cytochrome c itself is much less 
reactive [6], the majority of the hydrated electrons are likely to react with the aromatic 
side-chains of amino acids. In order to investigate whether these side reactions affect 
the enzymic properties of cytochrome c we have measured the activity of irradiated 
cytochrome c in the ascorbate-TMPD-cytochrome c-cytochrome c oxidase-O2 system 
[23, 24]. After radiation doses, yielding amounts of eaq- equal to the amounts of 
cytochrome c present (resulting in about 80 % reduced cytochrome c), no significant 
decrease in enzymic activity was found (not shown). Hence, the reaction of eaq-  with 
oxidised cytochrome c in our experiments does not affect the biological properties 
of cytochrome c. 

Since the iron in cytochrome c is buried in the protein moiety [2, 3], a reductive 
pathway along which electron transmission occurs, should exist in cytochrome c. In an 

TABLE 11 

The second-order rate constants k6 s 0 nm and k416 nm for the reaction of  eaq- with ferricytochrome c, 
at pH 7.2 and pH 11.0. For  experimental conditions: see Table I. 

[C 3+ ] [ e a q - ]  p H  k 6 5 0 n  m X 10 - 1 0  k 4 1 6 n m  X 10 - 1 °  
(/~M) (#M) (M - 1 . s -  1) ( M -  1 . S -  1 )  

5.5 0.3 7.2 4 . 1 i 0 . 2  4.2±0.3 
10.2 0.5 7.2 3.9±0.3 4 .0±0.3 
5.5 0.3 11.0 0.9±0.1 1.0~0.1 

10.2 0.6 11.0 0.7±0.1 0.6±0.1 
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a t tempt  to estimate the rate of such a process we have compared the rate of reduct ion 
of the heme iron with the rate of reaction of eaq- with cytochrome c. The apparent  
first-order rate constants  for bo th  reactions determined under  various condi t ions  are 
shown in Table II. 

It  is evident  that the rate (k ~ 4.1 • 10 l °  M -1 • s -1 at pH 7.2) at which eaq- 
disappears (650 n m ) e q u a l s  the rate of heme reduct ion (416 nm)  (cf. ref. 11). Conse- 
quently,  if  electron t ransmission exists in cytochrome c, under  the condi t ions  used 
in Table II, the rate of this process is much greater than  that  in the b ind ing  of eaq- to 
cytochrome c. In order to enhance the rate of the b ind ing  reaction, we have increased 
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Fig. 3. The pseudo-first-order rate constant observed at 650 nm (k'6so ~m) for the reaction of eaq- 
with ferricytochrome c at different cytochrome c concentrations. (A) Dependence of k'6so n= of the 
concentration of ferricytochrome c. (B) Double reciprocal plot of k'6 s onm and the ferricytochrome c 
concentration. Cytochrome c, 2-70/~M; eaq-, 0.2-3.3/~M; methanol, 0.1 M for cytochrome c concen- 
trations less than 10/~M; at higher concentrations of cytochrome c the methanol concentration is 
increased proportionally; temperature, 21-22 °C. 
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the concentration of  cytochrome c. Since at high cytochrome c concentrations ( >  10 
ttM) it is hard to follow the rate of reduction of  the heme iron, due to its high absor- 
bance in the y-band region, the disappearance of the hydrated electron has been studied. 

In Fig. 3A the observed pseudo-first-order rate constant for the reaction of 
eaq- with ferricytochrome c (k' = kl • [cytochrome c]÷k_ 1) is plotted as a function 
of  the protein concentration. At low concentrations of cytochrome c, k' appears to be 
linear to the enzyme concentration, indicating that under these conditions the reaction 
of eaq-,  with ferricytochrome c can be described as a simple bimolecular process, 
with a rate constant (kl)  of 4.5 • 10 l° M -1 • s -1 (pH 7.2) consistent with the results 
of Table II. The apparent dissociation rate constant (k_ ~) can be estimated from the 
intercept with the ordinate and has a value with an upper limit of 10 4 S-1.  At a 
protein concentration higher than 20/IM, however, the line becomes curved, indicat- 
ing the presence of an intermediate in the reaction. Hence, the results can be explained 
by the following sequence of events: 

eaq ~ . C 3  + kl 
_ , > [ e aq - ' ' ' c 3+ ]*  k~> c2 + (3) 

At low concentration of  cytochrome c, kl is rate-determining, while at higher concen- 
trations k2 becomes rate-determining and the value of k' will approach the value of  
k 2. Our present experimental set-up does not allow us to use protein concentrations 
higher than 70 #M, since then the half-lives of the reaction become shorter than 
the pulse time. 

An estimate of k 2 can be obtained from Fig. 3B where the results of Fig. 3A 
are plotted double reciprocally. From the intercept of the line with the ordinate, 
which represents the inversed value of k' at infinite cytochrome c concentration, k2 
is calculated to be 5 • 106 S -1 (21 °C, pH 7.2). 

At high concentrations of ferricytochrome c (>30/~M) the reaction-time 
course for the reduction ofcytochrome c measured at 580 nm is biphasic (see Fig. 4A). 
The initial phase, which is complete within the time of the disappearance of the hydrat- 
ed electrons, is rather complex since both eaq- and cytochrome c contribute markedly 
to the absorbance change. The second phase, in which the absorbance further de- 
creases, is due to a strictly first-order process. The rate constant for this reaction 
which is independent of cytochrome c concentration (see Fig. 4C) has a value of 
1.3 • 105 s -1 (pH 7.2, 21 °C). 

It is generally accepted, that the 695-nm absorbance of cytochrome c/is 
characteristic for the native conformation of the oxidized molecule and therefore the 
reaction of e,q- with ferricytochrome c has also been studied at 695 nm. Similarly as 
at 580 nm the reaction-time course at 695 nm is biphasic (Fig. 4B). The rate constant 
for the second phase, which is independent of the cytochrome c concentration (Fig. 
4C), has a value of 1.2 • 105 s-  * (pH 7.2, 21 °C), which is similar to that observed for 
the slow phase at 580 nm (Fig. 4A). The relative contributions of the rapid and the slow 
phase determined at 580 and 695 nm, however, differ considerably. At the end of 
the initial phase the absorbance of the solution at 580 nm has decreased to about 30 % 
of the total absorbance change, while at 695 nm 75 % of the total absorbance change 
remains. With a a of 80 ~ and an optical path of 2 cm, a AA695 nm (reduced minus 
oxidized) of  0.8 ~0.1 mM-1 . cm-1 is calculated and it is concluded that about 75 
o f  the AA 695 nm is brought about by change in conformation of the protein while the 



293  

A 
O I 

5~s 

o t 

ol 

B 

/ 
/ f  

/ "  

51~s 

>( 

C 
20 

a 

20 40 60 
[Ferricytocl~'orne c] (I~M) 

2O 

u 

10 

Fig. 4. Kinetics of the reaction following the reduction of the heme iron. (A) Transmittance change 
at 580 nm, Cytochrome c and eaq -, 50 and 2.2 #M, respectively. (B) Transmittance changes at 695 nm. 
Cytochrome c and eaq-, 60 and 2.3 #M, respectively. (C) Dependence of the first-order rate constant 
on the concentration of ferricytochrome c; © --©, 580 nm; and /x --/x, 695 nm. Matrix solution: 
3.3 mM phosphate buffer (pH 7.2) and 500 mM methanol in triple-distilled water; temperature, 
21 °C. Note: arrows indicate levels of transmittance before the electron pulse. 

remaining 25 ~ is due to the pr imary effect o f  the ferric-ferrous transition on the 
ligand field o f  the heme iron. 

The possibility that  the "CH2OH radical, produced in the reaction o f  methanol  
with "OH, causes an additional reduction o f  the enzyme should be considered. There- 
fore, the scavenger methanol  was replaced by formate. With 0.1 M formate and 40/~M 
ferr icytochrome c also a biphasic change in absorbance was observed at 580 nm (not  
shown). Al though the reduction reaction is somewhat  slower (k --  3.3.  10 l°  M-Z . 
s -  1) than with methanol,  the rate constants for the second process (k = 1.3 • l0 s s -  z) 
are identical. This finding is in agreement with the results o f  Lichtin et al. [13] who 
found for tert-butanol as scavenger, the same rate (1.2- l0 s s -~) for this process. 
The independence o f  this rate constant  on the nature o f  the "OH scavenger and the 
fact that  the relative contr ibut ion to the absorbance by the second process is wave- 
length-dependent,  seem to rule out the possibility that  the second process represents a 
further reduction o f  cytochrome c by "CH2OH radicals. 

Apar t  f rom the relatively rapid reactions described above, at neutral pH  and 
cy tochrome c concentrat ions between 4 and 10/~M, small changes (2-4 ~ o f  the 
total absorbance change) are observed at 416 nm (not shown) with a rate constant  
o f  2 • 103-4 • 103 s -1. So far we have not  at tempted to elucidate further the nature 
o f  this process. 

Under  the conditions used in our  pulse-radiolysis studies (3.3 m M  phosphate  
buffer (pH 7.2), 100 m M  methanol,  freshly isolated monomer ic  cytochrome c, 22 °C) 
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o ther  changes with rate  cons tants  o f  abou t  10 s-~ (cf. refs 11, 12, 14) have no t  been 
observed  by us. 

DISCUSSION 

Our  results  can be summar ized  in the fol lowing scheme: 

k I ~ /<2 [ ~  k3 
~,,~ + ~3-,. ~ E~;Q . . . .  3 , ]  ._,... _ , . . .  (4) k_ 1 

with k l  = 4.5 • 101° M -1 • s - l ;  k_  1 < 104 s -~ ;  k2 = 5 • 106 s - l ;  k 3 = 1.3 • l0  s s -1 .  

F i r s t  a t rans ient  complex  is fo rmed  between cytochrorne c and  the hydra t ed  electron.  
In  the second step the e lect ron o f  eaq- reduces the heine i ron  and  finally the p ro te in  
con fo rma t ion  changes f rom the oxidized to the reduced  form. 

Step I 
A t  concent ra t ions  o f  fe r r icy tochrome c < 20 # M  the fo rma t ion  o f  the complex  

is r a te -de te rmin ing  and  the reac t ion  between eaq- and  cy tochrome c is a second-order  
process.  The second-order  ra te  cons tan t  for  the reac t ion  o f  eaq- with cy tochrome  c 
de te rmined  f rom the slope o f  the curve in Fig. 3A at zero concen t ra t ion  is 4.5 • l0  t o 
M - 1 .  s - t .  This va lue  is o f  the same order  o f  magn i tude  as those r epor t ed  in the 
l i te ra ture  (2-  101°-10 • 101° M -1 • s -1 ,  refs 11-13). The differences in the r epor t ed  
values can be par t ly  ascr ibed  to differences in the ionic  s t rength o f  the matr ix  solu t ions  
employed .  Due  to  the high posi t ive charge on the cy toch rome  c molecule  at  p H  7, the 
effect o f  ionic s t rength on the rate  cons tan t  is cons iderab le  even for  m m o l a r  buffer  
concent ra t ions .  I t  can be ca lcula ted  (cf. ref. 20) tha t  a t  neut ra l  p H  and in the absence 
o f  buffer the rate  cons tan t  is 2.3 t imes tha t  in 3.3 m M  phospha te  buffer (same pH) .  
This is i l lus t ra ted  in Table  I I I  where measured  rate  cons tan ts  are  presented  for  cyto-  
ch rome c in the presence and  absence o f  a d d e d  salt. Since the second-order  rate con-  
s tant  is ha rd ly  dependen t  on  t empera tu re  (unpubl ished) ,  differences remain ing  af ter  
cor rec t ions  for  ionic s t rength are p r o b a b l y  due to differences in enzyme p repa ra t ion .  

TABLE III 

Effect of matrix composition on the second-order rate constant of the reaction of eaq- with ferricyto- 
chrome c. The rate constants were measured at neutral pH and ambient temperatures (20:t:2 °C). 

Ref. k × 10 - l °  (M -1 • s -1) 

0.1 M salt 3.3 mM phosphate triple-distilled water 

Land and Swallow [11 ] 2" -- -- 
Pecht and Faraggi [12] -- -- 10 
Lichtin et al. [13] 2.4 b -- 6 
Wilting (unpublished) -- -- 10.5 
This paper 3.3" 4.14.5 (9.5-10.5) ~ 

" Sodium formate. 
b NaC1Oa. 
c Calculated from the k values in 3.3 mM phosphate with the Debye-Bronsted equation [20]. 
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In our hands commercially available cytochrome c preparations, used without further 
purification, were less active towards eaq- (25-30 ~ )  than freshly prepared monomeric 
samples of cytochrome c. Thus, at neutral pH and at very low ionic strength, the rate 
constant for the reaction of e~q- with ferricytochrome c is approximately 
101 t M-1 . s - t .  This very high value suggests that the reaction rate approaches that 
of a diffusion-controlled process. 

In general the rate constant of a bimolecular reaction depends on the number of 
encounters and a probability factor: 

k ----- N" ~'" fib (M - t "  s - ' )  (5a) 

where N is the Avogadro number, 2~ the encounter rate and fi  a probability factor 
representing the fraction of encounters giving products. According to Smoluchowski 
[26] and Weston and Schwarz [27], the encounter rate for uncharged molecules can 
be calculated from the diffusion constants and the respective radii of the reacting 
species. Since both cytochrome c and the hydrated electron are charged the encounter 
frequency is affected by the electrostatic interaction between the species and by the 
ionic strength of the medium. Factors accounting for the contribution of the charge 
(fc) and the ionic strength (fj) have been derived by Debye [25, 27]: 

k = N ' ~ ' ~ ' L ' ~  (5b) 

Under the conditions of the pulse-radiolysis experiments, N .  2~ "fc "fi = 
10.2 • 101° M -1 • s -1 (see also ref. 20) and thus fi is about 0.4. At neutral pH the 
reduction yield for the reaction of eaq- with cytochrome c is about 80 ~o. With f i  ~- 
0.4 this means that 30 ~ of all encounters of eaq- with the surface of the molecule 
lead to the formation of ferrocytochrome c. Since only 3 ~ of the surface of cytochro- 
me c allows direct contact of the heme with the solvent [2] the high value of the prob- 
ability factor (30 ~ )  may be taken as an indication that eaq- reacts with an active 
site on the surface of cytochrome c and not directly with the heme. The electron is 
then transmitted through the protein to the heine iron. In line withthe suggestion of a 
specific electron pathway in cytochrome c are our earlier findings that either nitration 
of Tyr-67 [6] or increase of the pH to 11 [6, 20] decrease both the rate and yield of 
reduction of the heme iron. The above suggestion also follows the hypothesis proposed 
by Takano et al. [3] that electrons enter and leave cytochrome c along specific path- 
ways through the protein. Since modification of Tyr-67 inhibits the enzymic [5] as 
well as radiolytic [6] reduction of cytochrome c, it is feasible that electrons from both 
cytochrome bCl and e~q- are transmitted by the same pathway through cytochrome c. 

The question then remains how the electron finds, with such a high probability, 
the entrance to this electron path. An explanation may be based on the presence of 
highly positively charged areas [2, 3] on the surface of the cytochrome c molecule 
which could cause the electron to interact preferentially with these sites. 

In this context it is interesting to note that Takano et al. [3] and Margoliash 
et al. [5] propose that the entrance of the reductive pathway in cytochrome c is 
surrounded by positive charges. That such effects of charge interaction can be of 
importance is suggested by the very low reduction yield for the reaction of e~q- with 
the highly negatively charged cytochrome c oxidase molecule [19]. 

An additional reason for the high probability of reaction may be found in the 
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so-called "cage" theory of Frank and Rabinowitch [28] and Noyes [29, 30]. The 
principle of the theory, is that in contrast to what happens in the gas phase, molecules 
colliding in a liquid medium do not separate immediately from each other. The cage 
or shell of solvent molecules surrounding the reacting molecules will prevent direct 
escape from their inertial and/or electric attraction and thus in the liquid phase mole- 
cules encounter. During such an encounter the molecules may undergo several colli- 
sions (10-100) before they leave their interaction sphere. This effect in combination 
with the electric attraction by local positive charges are most likely the reason for the 
high probability factor (q~) of the reaction. 

Step H 
Since the heme iron of cytochrome c is wrapped up in the protein the hydrated 

electron can only indirectly reach the heme iron. The rate of the iron reduction must, 
therefore, be limited by either the time needed for the dehydratation of eaq- or the 
transmission of the electron to the heme iron. Unfortunately our experimental data 
do not allow a choice between these two possibilities but one may speculate that 
transmittance of electrons through a reductive pathway is faster than the observed 
5 • 106 s-  1. 

Step III 
The rate of the spectral changes observed at high cytochrome c concentrations, 

following the rapid reduction of the heme of  cytochrome c is affected neither by a 
3-fold increase in the cytochrome c concentration (Fig. 4C) nor by the use of other 
• OH scavengers (cf. Results and ref. 13). It is likely, therefore, that the distortion of 
the ligand field of the heme iron, induced by the change from the ferric to the ferrous 
conformation of the protein, causes the secondary changes in absorbance. This con- 
clusion is supported by two observations: (1) most of the conformation-sensitive 
695-nm absorbance decays in the second phase (i.e. after the iron is reduced); and 
(2) the rate constant for the change in conformation of hemoglobin from the R- to 
the T-state occurs at a similar rate (k = 4.6 • 10 4 s - 1 )  [31]. 

Our observation that reduction of the heme iron precedes the conformational 
change is in accordance with the mechanism for the reduction of cytochrome c, 
proposed by Takano et al. [3]. In their opinion the electron of cytochrome bcl that 
enters cytochrome c at Tyr-74 is transmitted directly to the aromatic ring of Trp-59. 
The surplus of negative charge on this amino acid residue induces by polarization a 
shift of  electron density from Tyr-67 via the porphyrin ring to the positively charged 
heme iron. A conformational change following the ferric-ferrous transition brings the 
aromatic rings of the negative Trp-59 and the positive Tyr-67 close enough together 
to restore their electron neutrality. Our results indicate that this conformational 
change occurs with a rate of about l0 s s-1. 
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