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Summary 

The reduction of acetylated, fully succinylated and dicarboxymethyl horse 
cytochromes c by the radicals CH3CH(OH), CO~, O~, and e~q, and the oxida- 
tion of the reduced cytochrome c derivatives by Fe(CN)~- were studied using 
the pulse radiolysis technique. Many of the reactions were also examined as a 
function of ionic strength. By obtaining rate constants for the reactions of 
differently charged small molecules redox agents with the differently charged 
cytochrome c derivatives at both zero ionic strength and infinite ionic strength, 
electrostatic and conformational contributions to the electron transfer mecha- 
nism were effectively partitioned from each other in some cases. In regard to 
cytochrome c electron transfer mechanism, the results, especially those for 
which conformational influences predominate, are supportive of the electron 
being transferred in the heine edge region. 

Introduction 

An important approach in the study of structure-function relationship of 
cytochrome c is the use of chemical derivatives of the protein [1]. In this 
approach the effect of chemical modification of specific amino acid residues 
upon the conformation, net charge, and reactivity of the protein are important 
to consider. In some derivatives of cytochrome c the modification does not 

* To w h o m  correspondence should be addressed. 
Abbreviations: Ac-, acetylated; Suc-, succinylated; Cxm-, carboxymethyl methionine-65080. 
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change the overall conformation of  the protein, as can be judged from the 
intact physicochemical properties of  the molecules [2],  whereas in other  cases 
the native conformation is significantly changed [ 1]. 

In the present study, three chemical derivatives of  cytochrome c were 
studied: (1) Acetylated cytochrome c, in which the e-amino groups of the lysines 
were transferred into neutral groups. (2) Succinylated cytochrome c in which 
the e-amino groups of  the lysines were transferred into negatively charged 
groups. (3) Carboxymethyl  methionine-65,80 cytochrome c. The overall charge 
of  the first two derivatives is negative, whereas in the third the charge is posi- 
tive, similar to that of  the unmodified protein. Conformation of  the heme 
region of  the first derivative is similar to the native protein, while in the two 
other derivatives the heme region conformation is very much disrupted. The 
use of  the pulse radiolytic method in studies of  biological redox systems is well 
documented [3--10].  The effects of  charge and conformation were studied, 
and to a large degree partitioned from each other using this method.  

Experimental 

Materials. Sigma type III horse-heart ferr icytochrome c was used without  
further purification. Ac-cytochrome c was prepared by  reacting cytochrome c 
with acetic anhydride, in the presence of  sodium acetate. Suc-cytochrome c 
was prepared by reacting cytochrome c with succinic anhydride. Both 
procedures have been described by Wada and Okunuki [15].  Cxm¢y toch rome  
c was prepared by the reaction of  cytochrome c with bromoacetate  in the 
presence of  cyanide, by the method of  Schejter and Aviram [16].  

The concentration of  native Ac- and Suc-cytochromes c was determined by 
the 528 nm, absorbance peak, using e = 11.2 mM- '  • cm- '  [17].  The absorption 
spectra of  Ac- and Suc-cytochromes were found to be identical to that of  the 
native protein, excepting the loss of  the 695 nm band in Suc-cytochrome c 
(see Table I). The concentration of  Cxm-cytochrome c was determined by the 
530 nm absorbance peak of  the oxidized molecule using e = 9.4 mM-'  • cm- '  
[141. 

All reagents were of  analytical grade, and were used without  further purifica- 
tion. 

Apparatus and procedures. The Varian linear accelerator of  the Hebrew 
University, the optical and electronic systems and routine procedures have been 
described elsewhere [3,18].  The pulse radiolytic data were analyzed on-line 
using a Nova 1200 minicomputer  and appropriate interphases developed in the 
accelerator laboratory. 

Analysis of ionic strength effects. The kinetic-ionic strength effects were 
analysed with either the full Bronsted-Debye-Huckel equation (Eqn. 1) or the 
Debye-Marcus theory based equation (Eqn. 2) more recently derived by 
Wherland and Gray [19].  

In k I = In ko A(ZA + Z~)211/2 AZ~I':~ AZ~I ~:2 
- -  1 + KR~B + 1 + KRA + 1 + KRa (1) 

Ink, =Ink.--3.576U+~-. I+KR A] \RA+RB 
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Where at 25°C, the constant  A = 1.174, ki is the observed rate constant at a 
given ionic strength, I; Z A and Z B are the net charge on species A and B respec- 
tively, RA and RB are their radii, RA~B is the radius of  the transition state com- 
plex which in these experiments can be taken to be the sum of  the radii of  the 
reactants, ~ = 0.329 x/I, k® is the rate constant  at infinite ionic strength and k0 
is the rate constant at zero ionic strength. The kinetic-ionic strength data were 
curve fitted to Eqns. 1 and 2 by a nonlinear least squares regression analysis 
done by computer  and computer  plotted.  

The simplified Bronsted-Debye-Huckel equation, Eqn. 3, 

In kl = Inko + AZAZB x/I (3) 

was not  used since it has been shown by Ryan and Feinberg [20,21] to be 
theoretically and thus experimentally valid only if both A and B have very 
small radii. Eqns. 1 and 2 provide a good estimate of  the net protein charge 
from the kinetic-ionic strength data as compared to the charge of  the protein 
obtained from the primary sequence and prosthetic group Aseq [20,21].  In 
these calculations, the experimental protein charges ZEq 2 and Z ~ 3  are 
obtained from the kinetic-ionic strength data when the radius of  the protein 
and small molecule reductant  are known along with the charge of  the small 
molecule reductant.  A value of  --3 was used for the charge of  ferricyanide, 
although it should be noted that under certain solution conditions, ion pairing 
between potassium ion and Fe(CN)~- has been observed [22].  

Results 

The reducing radicals and the reduced derivatives were produced in situ 
according to the reactions that are presented in Table II using appropriate con- 
centrations of  reagents. In discussing the various free radical reaction. Table II 
should be referred to. 

Reduction by CH3CH(OH). Solutions contained 100 mM ethanol, 10--25 pM 
of  cy tochrome c derivative, and 2 mM phosphate buffer (pH = 7.0--7.3). Solu- 
tions were saturated with N~O (~25 mM). The ionic strength was ~0.005.  The 
hydrated electrons formed by the pulse are transformed into OH radicals by 
N20 (Reaction 1 of  Table II). Under our conditions more than 99% of the OH" 
radicals reacted with ethanol according to Reaction 9 .99% of  the H" atoms 
reacted according to Reaction 6. 

The reductions by CH3CH(OH) were first order processes as shown by the 
proport ionali ty of  the rates to the concentrations of  the cytochrome c deriva- 
tives. Second order rate constants obtained from measurements at 550 and 
450 nm are shown in Table III. The value for native cytochrome c agrees 
with a previous determination [4]. 

Reduction by CO~. Solutions contained HCOONa (5--100 mM) and cyto- 
chrome c derivative and were saturated with N20 (~25  mM). The pH was set 
by adding phosphate buffer (2 mM, pH = 7.0--7.2). The hydrated electrons, 
OH" and H" form CO~ via Reactions 1, 5 and 7. 
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T A B L E  n 

R E A C T I O N S  O C C U R R I N G  IN A P ULS E I R R A D I A T E D  S O L U T I O N ,  IN T H E  P R E S E N C E  OF V A R I -  

OUS S O L U T E S  

R e a c t i o n  /¢ (M -1 • s -1 )  R e f e r e n c e  

1 eaq + N 2 0  H.~O N2 + O H -  + OH" 5.6 • 109 23 

2 eaq + O 2 - + O F  2 • 10 l0  23 

3 eaq + F e ( C N ) ~ - " ~  Fe(CN)~ - < 3  • 109 23 

4 H ' + 0 2 - ~ H O ~  2 . 1 0  l °  24  

5 H ' + H C O O - ' - ~ H 2  + C O ~  4 . 5 . 1 0 8  24 

6 H" + C H 3 C H 2 ( O H ) ' - ~ H  2 + C H 3 C H ( O H  ) 2.8 • 109 24 

7 OH" + H C O O - ' - ~ H 2 0  + CO~ 5 . 2 . 1 0 8  25 

8 OH" + ( C H 3 ) 3 C O H  -+ H 2 0  + C H 2 C ( C H 3 ) 2 O H  1 . 8 " 1 0 9  25 

9 OH" + C H 3 C H 2 ( O H )  "->H20 + C H 3 C H ( O H )  1.4 • 1010 25 

10 OH" + N A T  (red)  "-~ p r o d u c t s  4.2 • 109 26 

11 C O ~ + O 2 " - > C O 2  + O ~  2 . 3 " 1 0 9  27 

The reductions fol lowed first order kinetics, rates being proportional to the 
concentration of  the derivative. Second order rate constants at an ionic 
strength of  0.1 are shown in Table III. The reduction was fol lowed at 550 nm. 

Reduction by OF. Solutions contained 100 mM HCOONa and 20--30  pM of  
the cytochrome c derivative, and were reacted with OF. The pH was set to 7.0 
with 2 mM phosphate buffer. O~ is produced by the reactions 2 and 4 (Table II) 
or by the combined reactions 5, 7 and 11 (Table II). Immediately after the 
pulse, only O~ and HO~ radicals are present in the solution. These two radicals 
are in equilibrium with a pK = 4.75 [28] ,  and therefore, at pH = 7.0 practically 
only OF radicals are present. 

Of the three derivatives, only Ac-cytochrome c is reduced by OF. The two 
other derivatives have redox potentials similar to that of  OF (E °* = - -160 mV, 
1 M 02),  and this is probably the reason why these molecules do not react 

T A B L E  II I  

S E C O N D  O R D E R  R A T E  C O N S T A N T S  F O R  T H E  R E D U C T I O N  A N D  O X I D A T I O N  OF CYTO-  
C H R O M E  c A N D  ITS D E R I V A T I V E S  (M -1 • s -1 )  

p H  -~ 7.0.  

C y t o c h r o m e  c d e r i v a t i v e s  

N a t i v e  Ac- Cxm-  Suc- 

R e d u c t a n t  

eaq  - 0.1 3.0 • 1010 2.0 • 1010 3.3 • 10 I0  

CO~ 0.1 1.0 • 10 8 1.5 • 10 9 1 . 3  • 10 8 

OF 0.1 8.0 • 10 S 3.5 • 105 No r e d u c t i o n  

C H 3 " C H ( O H )  0 .005  1.8 • 108 2.5 • 108 3.5 • 108 

O x i d a n t  

Fe(CN)63- 0.1 6.9 • 106 2.1 • 10 s 2.7 • 108 

4 . 0  • 1 0 1 0  

4 . 0  • 1 0 9  

N o  r e d u c t i o n  

1 . 8  • 1 0 9  

3 . 8  • 1 0 7  
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fast enough to compete with the self decay of O~ at neutral pH. Under the 
experimental conditions, the self decay of O~ by dismutation is negligible as 
compared to its reaction with Ac-cytochrome c, because of  the high ratio of 
the concentrations of  the protein to O~. The concentration of O~ was 0.5--1 
pM. 

The second order rate constant of the reduction of Ac-cytochrome c by 
OF at p = 0.1 was 3.5 • l 0  s M -1 • s -1 (Table III). The reduction was followed at 
550 nm. The ratio between the rate constant of  the reduction of  cytochrome 
[5--8]and of  Ac~ytochrome c by O~ is in agreement with the results of 
Azzi et al. [29]. 

5 - -  

4 - -  

(J 
In 

2 - -  

1 

0 
0 

1 I 

I l i 
1 2 3 

[Fe<C;N)s3-] x 10 s ( M )  

Ii 

'I' 

Fig. I .  The  d e p e n d e n c e  of  the  ra te  o f  ox ida t i on  of  Ac-, Suc-, C x m - c y t o c h r o m e  c by  Fe(CN)~"  on  the  
c o n c e n t r a t i o n  of  Fe(CN)~- .  I = 0 . I  ( p h o s P h a t e ) ; p H  = 7.1. The concentrat ion  of the  derivat ives:  I • 10 -5 M. 
e ,  C x m - c y t o c h r o m e  c (left  scale); A S u c - c y t o c h r o m e  c (left  scale); m, A c - c y t o c h r o m e  c (r ight  scale).  
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Reduct ion by e-~q. Solutions containd 1 0 - - 3 0 p M  of  the cytochrome c 
derivative, tert-butanol in a concentration 104 times that of  the protein, and 
phosphate buffer (45 mM, pH = 6.9--7.1,  I = 0.1) and were saturated with 
argon. Most of  the OH" radicals formed by the pulse are scavenged by tert- 
butanol in Reaction 8, Table II. The decay of  the absorption of  e-aq at 580- -  
600 nm was followed. Under our experimental conditions,  the decay was 
pseudo-first order, and its rate was proportional to the concentrations of  the 
derivatives. Second order rate constants are summarized in Table III. 

Oxidation by Fe(CN)36 - after rapid reduction by e~q. Solutions contained 
K3Fe(CN)6, cytochrome c derivatives (10 - -20pM) ,  tert-butanol (100- -200  
mM), and phosphate buffer in a concentration determined by the desired 
ionic strength. The pH was 7.0--7.2.  Solutions were saturated with argon. Over 
99% of  the OH" radicals were scavenged by tert-butanol by Reaction 8, assum- 
ing a similar rate of  reaction with OH" radicals for cytochrome c (Reaction 10, 
Table II), and its derivatives. The tert-butanolic radicals do not  react with 
cytochrome c [4] ,  and presumably do not  react with its derivatives either. 

In most  of  the experiments, the concentration of  Fe(CN)63- was smaller or 

u 

l 

l 

,J c3 
~Jul 

5- 

(I- "J 

c~ 
-9 

CL a- 
31 

j J  

ice- _C2 C4 C6 C~ , C .2 
J- . . . . . . . . .  4 • - 

Fig. 2. The  variat ion o f  the  s e c o n d  order  rate c o n s t a n t  as a f u n c t i o n  o f  ionic  s trength  for  the  reac t ion  
A c - c y t o c h r o m e  c ( O x )  w i th  C O ~  Th e  solid l ine is th e  b e s t  curve  f i t  to  Eqn.  2 and the  d i a m o n d s  are the  
e x p e r i m e n t a l  po ints .  
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equal to the concentration of  cytochrome c derivatives, so that more than 95% 
of  e~q reaction with the protein {reaction 3, Table II}. 

Immediately after the pulse was completed, a fast increase of  absorbance at 
550 nm or a fast decrease of  absorbance at 450 nm were observed. This fast 
process is the reduction of  the protein by e~q, which was finished within 
10 psec after the pulse. Then, another absorbance change, in the opposite 
direction, was followed. This later process is the reoxidation of  the reduced 
derivative by Fe(CN)~-. The dependence of  the observed first order rate 
constant on the concentration of  Fe(CN)~- ions, in the oxidation of  the three 
derivatives, is shown in Fig. 1. Second order rate constants are summarized in 
Table III. 

Kinetic-ionic strength studies of  cytochrome c redox reactions. The 
dependence of  the rate constant for the reduction of  Ac-cytochrome c by 
CO~ on ionic strength was studied and is shown in Fig. 2 where it is curve 
fitted to Eqn. 2. Also the dependence of  the rate constant for the ferricyanide 
oxidation of  all three derivatives {after their rapid reduction by e~q) upon 
ionic strength was determined and the results are shown in Figs. 3--5. The 
effective or net protein charges are predicted from Eqns. 1 and 2 and were 

I I i I t 

.J 

z I 

I 

o JOC 
iONIC 57RFNC, T ~', 

02' .C4  0 6  .C8  10 ; 2  1 4 1  
I I-- I I I i 

Figs.  3 - - 5 .  T h e  var iat ion  o f  the  s e c o n d  order  rate c o n s t a n t  as a f u n c t i o n  o f  i o n i c  s t rength  for  t h e  o x i d a -  
t i o n  o f  A c - c y t o c h r o m e  c (Fig .  3 ) ,  S u c - c y t o c h r o m e  c (F ig .  4 )  and  C x m - c y t o c h r o m e  c (F ig .  5)  b y  Fe(CN)~-. 
T h e  sol id  l ines  are t h e  b e s t  curve  f its  t o  E q n .  2 and  the  d i a m o n d s  are the  e x p e r i m e n t a l  p o i n t s .  
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T A B L E  IV 

K I N E T I C - I O N I C  S T R E N G T H  S T U D I E S  OF N A T I V E  AND M O D I F I E D  C Y T O C H R O M E  c 

R e a c t i o n ( P H i _ 7 )  Z E q 2  Z E q l  ZSe q k ~ ( M  -I  . s  - I )  k 0 ( M  - I  - s  - l )  Ref.  

C y t o c h r o m e  c (red)  + Fe (CN)  3 -  7.7 4.6 8 * 

C y t o c h r o m e  c (red)  + Fe(CN)  3 -  4.4 3.1 8 

C x m - c y t o c h r o m e  c (red)  + Fe(CN)63- 3.1 1.0 8 

A c - c y t o c h r o m e  c (red)  + Fe(CN)63- - -5 .8  - -9 .2  --11 

S u c - c y t o c h r o m e  c (red)  + Fe(CN)  3 -  - -5 .0  - -8 .2  - -30  

C y t o c h r o m e  c (Ox)  + C O t  (pH 6 .6)  6.9 6.3 9 

A c - c y t o c h r o m e  c (Ox)  + CO~ - -8 .0  - -11 .1  - -10  

3 . 0 "  106 1.1 • 109 30 

4 . 4 .  106 3.2 • 108 3 

1 . 7 -  108 1.9 • 109 This  w o r k  

5.9 • 105 4.3 • 102 This  w o r k  

7 . 9 .  10 s 1.5 • 103 This  w o r k  

6 . 4 "  108 6.5 • 109 5 

2.6 - 108 1.3 • 107 This  w o r k  

* Titrat ion data gives a charge of  6.3 and  5.3 for horse  ferri and f e r r o c y t o c h r o m e  c respect ive ly ,  (red),  reduced;  

(Ox) ,  ox i d i zed .  

determined as were both the k0 and k~ rate constants. These results are shown 
in Table IV. Also shown in the same table are some results from previous work 
with native cytochrome c. 

Discussion 

Conformational effects. Two main classes of  cytochrome c derivatives were 
studied: (a) acetylated cytochrome c in which positively charged lysines are con- 
verted to neutral groups. This molecule is negatively charged but  has only 
minor conformational changes in the heme region compared to cytochrome 
c, as is indicated by maintenance of the 695 nm absorption band and by its 
redox potential (Table I). (b) Succinylated and carboxymethyla ted cyto- 
chrome c, where significant disruption of  the heme region occurs, as is indi- 
cated by the loss of  the 695 nm absorption band, the the lowering of  the redox 
potential (Table I). Suc-cytochrome c is negatively charged whereas in the 
Cxm-cytochrome c the overall charge is unaltered. In both the heme region is 
more exposed to the external environment compared to either the native or 
the acetylated protein. 

Kassner [32,33] and Dickerson [34] have suggested a correlation between 
the redox potential and the hydrophobic i ty  of  the heme environment: a less 
hydrophobic  environment (a more open conformation or exposed heme edge 
region) favors the Fe(III} state, and lowers the redox potential of  the protein. 
Thus the redox potential of  the derivative is an indicator of  an open conforma- 
tion in the region of  the heme crevice or edge. Since the CHaCH(OH) radical 
is an uncharged reducing agent, it was used to resolve the effect  of  the opening 
of  the conformation (and altered redox potential) upon the reactivity of  the 
cytochrome c without  electrostatic contributions to reactivity. The observed 
order of  reactivity of  CH3CH(OH} with the cytochromes c derivatives was: 
Suc->:> C x m - >  Ac-~-nat ive cytochrome c. These results are particularly 
interesting since the slower rates are observed where the redox potential dif- 
ferences between the protein and reducing agent are becoming larger in going 
from Suc-cytochrome c to the native molecule. This is the opposite direction 
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expected on the basis of  redox potential, and thus demonstrates the over- 
riding influence of progressively greater heme edge exposure upon reactivity. 

According to the Marcus [35] theory an increase in the reaction rate is 
expected as the difference in redox potential between the reactants increases. 
The fact that  our results contradict this expectation further indicates the role 
of conformation upon the observed kinetics; however, the Marcus theory is 
most valid when the AG O' (AE °') of the reaction is relatively small, a condition 
which is not  fulfilled in this and many other similar studies. 

In further considering conformational effects, two observations are relevant: 
(1) the rate of  reduction of  Cxm-cytochrome c by CO~ is somewhat higher than 
the CO~ reduction of native cytochrome c. Since both protein molecules have 
the same charge, the increase in rate of Cxm-cytochrome c is attributed to its 
more open conformation. (2) Ferricyanide oxidized both Suc-cytochrome c 
(in spite of  its quite negative charge) and Cxm-cytochrome c faster than native 
or acetylated cytochrome c. As noted earlier in Ac-cytochrome c the charge is 
more negative but the heme edge region is left intact much like the native 
molecule and the ferricyanide oxidation of Ac-cytochrome c is slower than 
native cytochrome c (see Table III). A similar effect has been previously 
observed for the oxidation of non-relaxed cytochrome c which has a more 
open conformation than that  of  relaxed cytochrome c [3,36]. 

Partitioning of  electrostatic and conformational contributions to redox kinet- 
ics. The positive charge of  cytochrome c [11] plays a major role in its inter- 
action with biological redox donor/acceptors as well as with nonbiological redox 
agents. More critically it has been shown by chemical modification of  specific 
lysine residue of  horse cytochrome c, that  certain positively charged lysines are 
necessary for the binding of  cytochrome c to cytochrome c oxidase and are 
thus required for biological activity [37,38]. One way electron transfer protein 
reactions differ from classical enzyme reactions is that  in the former there is 
no covalent bond making or breaking and this results in a redistribution of  the 
various contributions to the transition state free energy. The result of  this 
redistribution is that  electrostatic interactions between redox proteins and their 
reductants/oxidants become important  and observable in kinetic-ionic strength 
experiments. 

In order to obtain more quantitative information regarding both electrostatic 
and conformational effects upon mechanisms (and a partitioning of these 
effects) the experimental results are discussed in terms of k0 and k~ rate con- 
stants which are obtaind from the kinetic ionic strength studies as noted in 
Experimental; k0 is the rate constant at zero ionic strength where electrostatic 
interactions are at their maximum and k® is the rate constant at infinite ionic 
strength were electrostatic interactions are nil. In the latter case, the influence 
of  redox potential and conformation are predominant.  

Since the conformation of Ac-cytochrome c is only slightly different from 
that  of  the native molecule, the influence of  charge can be examined without  
the interference of large conformational influences. Thus while the k® for the 
CO~ reduction of cytochrome c and its acetylated derivative are nearly the 
same (6.4 • 108 M -~ • s -~ vs. 2.6 • 108 M -~ • s -1 respectively), the influence of  
electrostatic repulsion is seen in the more than two orders of  magnitude dif- 
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ference  in the  k0 rates o f  6.5 • 109 M -1 • s - '  vs. 1.3 • 107 M -l • s - '  respect ively.  
The  same pa t t e rn  is observed even more  dramat ica l ly  in the  ox ida t ion  o f  these 
two  pro te in  molecules  by  Fe(CN)~-.  The  k0 rate o f  A c - c y t o c h r o m e  c is ab o u t  
six orders  o f  magni tude  slower than tha t  fo r  c y t o c h r o m e  c (4.3 • 10:  M -l • s -l 
vs. 3.2 • 108 M -1 • s -~ respect ively) .  In con t ras t  the e lect ros ta t ical ly  cor rec ted  
rates,  k®, are similar and d i f fe r  on ly  by  an order  o f  magni tude  (5.9 • 10 s M- '  • 
s- '  vs. 4.4 • 106 M- '  • s - ' )  (Table  IV). 

I t  is in teres t ing to  no t e ,  in light o f  the  earlier discussion o f  con fo rma t iona l  
effects ,  tha t  the  k value o f  fe r r icyanide  ox ida t ion  o f  C x m - c y t o c h r o m e  c is 
a b o u t  two  orders  o f  magn i tude  greater  than  the  similarly charged nat ive cy to-  
c h r o m e  c (1.7 • 108 M -1 • s -l vs. 4.4 • 104 M -I • s - ' ) ;  this d i f fe rence  in rate is 
unders tandab le  in t e rms  o f  bo th  the  greater  exposure  o f  the  h em e  edge region 
o f  C x m - c y t o c h r o m e  c and its lower  r edox  potent ia l .  In examining  the  electro-  
stat ically in format ive  k0 values for  thei r  fe r r icyanide  ox ida t ion  o f  Cxm-cy to-  
c h r o m e  c, it is cons is tent  tha t  thei r  k0 values d i f fe r  by  less than  an order  o f  
magni tude  which is expec t ed  since the i r  charge is the  same. The  rate  cons tants  
at  I = 0.1 shown in Table  III co r robo ra t e  the  above in te rpre ta t ion .  

In Table  III, the  rates o f  e~q r educ t ion  are shown for  c y t o c h r o m e  c and its 
derivatives. T h e y  are all near ly  identical  in the  range o f  2--4 • 101° M -~ • s -~. 
The  h y d r a t e d  e lec t ron  is among  the  mos t  power fu l  o f  r educ tan t s  and is thus  
one  o f  the  least discr iminat ing with regard to  e i ther  e lec t ros ta t ic  or  con- 
fo rmat iona l  effects .  I t  is also possible,  bu t  no t  discernible f rom this s tudy ,  tha t  
e~q reduces  c y t o c h r o m e  c and its derivatives by  a mechanism d i f fe ren t  f rom 
CH3CH(OH) or  CO~ as has been previously suggested [4] .  

Net protein charge and kinetics. As n o t e d  in Exper imen ta l  the  kinetic-ionic 
s t rength  expe r imen t s  also provide  the  ne t  p ro te in  charge,  and these results are 
shown in Table  IV. The  pred ic ted  net  p ro te in  charge (e.g. ZEq2) for  the  native 
and modi f i ed  c y t o c h r o m e s  c c o m p a r e  well wi th  the  ne t  p ro te in  charge ob ta ined  
f rom the  sequence  and pros the t ic  group,  Zse q. The  no tab le  excep t ion  is the  
charge pred ic ted  for  C x m - c y t o c h r o m e  c. Al though it would  be interest ing to  
pos tu la te  for  the  fer r icyanide  ox ida t ion  reac t ions  tha t  the  decrease o f  charge 
on  nat ive and C x m - c y t o c h r o m e  c is due  to  fer r icyanide  binding,  this is n o t  the  
case since in this work  the  concen t r a t i on  o f  fe r r icyanide  used is low and the  
a m o u n t  o f  f e r r i cyan ide -cy toch rome  c c o m p l e x  f o r m e d  is very  small [3 ,40] .  
The  close cor re la t ion  be tween  the  p red ic ted  charges and Zseq for  bo th  the  
posi t ively and negat ively charged c y t o c h r o m e s  c d em o n s t r a t e  the  role o f  ne t  
p ro te in  charge on the  observed kinetics o f  e lec t ron  t ransfer .  

In showing cons i s tency  be tween  the  pred ic ted  ne t  p ro te in  charges and k®, 
it is i m p o r t a n t  to  no t e  tha t  the  k .  rates o f  fe r r icyanide  ox ida t ion  o f  cy to-  
ch ro m e  c as c ompa red  to  A c - a n d  Suc -cy toch romes  (approx .  3.5 • 106 M -1 • s -~ 
vs. 5.9 and 7.9 • 10 s M -1 • s -l respect ively)  are near ly  identical  to  the results o f  
LeBon  and Cassatt  [39]  on  fer r icyanide  ox ida t ion  o f  native c y t o c h r o m e  (k = 
8.0 • 104 M -1 • s -l) and t r i f l uo roace ty l a t ed  c y t o c h r o m e  c (k = 3.0 • l 0  s M -l • 
s - l)  bo th  at I = 0.1. Since the  values fo r  k® are a l ready e lect ros ta t ical ly  cor- 
rec ted ,  the  d i f fe rence  be tween  native and A c - c y t o c h r o m e ,  and native and 
t r i f l uo roace ty l a t ed  c y t o c h r o m e  c a n n o t  be adequa te ly  expla ined by  d i f ferences  
in e lec t ros ta t ic  in te rac t ions  as once  thought .  
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The results presented and discussed in this work are consistent with and 
support the conclusion that cytochrome c electron transfer takes place in the 
heme edge region. Through the combination of  different cytochrome c deriva- 
tives with differently charged redox agents and the influence of  ionic strength, 
the contributions of  conformation and net protein charge (electrostatics) to 
its function (kinetics) have been significantly partitioned from each other and 
a clearer view of their role in the electron transfer mechanism has been 
obtained. 
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