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Koppenol’s rejection (Biophys. Chem. 18 (1983) 203) of 3 model of polarity-dependent ferrocytochrtime c oxldaticn (M. 
Fragata and F. Bellemare. Biophys. Chem. 15 (1982) 111) plxes emphasis on the role of the protein surface c;~arges in 
reactivity but is at the same time too res!rictive as it neglects largely the polarity (dielectric constant) of the aqueous and 
hydrophobic interfaces cf :he xposed heme edge and the ifiner cleft (heme crevice) of cytochrome c which appear to be the 
oxidation-reduction site?. It is suggested that a more. geneml model should take into wxount (i) a recognttion (or diffusion) step 
where the distance travelled by cytochrome c at the membrane surface and/or the Browsian displacements in the bulk solution 
are greatly influenced b4 ionic strength. and (ii) a redox step where low polarity effects prtvail with concomitant weakening of 
ionic activity. 

1. introduction 

Koppenol [23] argues that a model of polarity- 
dependent ferrocytochrorne c oxidation which we 
developed recently [I] is incorrect because “It fails 
to show that the use of the ‘overall dipole moment’ 
is likely to be unreliable, and that the reactivity is 
best explained by a polarity effect on the dipole of 
the haem of cytochrome c”. Hereinafter, we give 
first an overview answer to Koppenol’s criticisms 
and show that his ionic strength model and our 
heme dipole hypothesis are but two aspects of a 
more general multistep mechanism of cytochrome 
c reactivity. 

2. Koppenol’s approximation and the heme dipole 
hypothesis 

Kirkwood’s theory [2] of solutions of molecules 
containing widely separated charges in a solvent of 

* Answer to the preceding paper by W.H. Koppenol [23]. 

dielectric constant l , applies basically to solutions 
of low concentration of a spherical complex ion of 
radius 6, having a dielectric constant c;, within 
which are situated M discrete charges eM- 
Kirkwood’s development accounts also for an elec- 
trolyte of ions of charge Z,e, where Z, is the 
number of charges on the ion i present in the 
solution at the molar concentration C., the charge 
distributions of which are spherically symmetrical. 
Moreover, the ions are assumed not to influence 
the dielectric constant c of the solvent and their 
mean distance of closest approach to the complex 
ion is u. 

The interaction of the complex ion wtth ihe 
electrolyte ions produces a mean space charge 
distribution in the solution outside the sphere a. 
Their mutual electrostatic energy (JG) arises from 
the ionic space charge in the solution outside the 

sphere u, and from the surface charge of polariza- 
tion on the sphere b which is dependent upon the 
difference between c, and l . The result is 

AC = AC, + AG,. (1) 
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where the free energy of charging the sphere of 
radius h in the’ absence cr at high dilution of the 
electrolyte is 

xi,, = f 5 (~~fI)Qn(~r--~) 
“,“C,h’“-‘[(n+l)c+n~,]’ 

(2) 

and the free energy of charging in the presence of 
the electrolyte is 

x [r’~,_,(~“)]rh.,,,(Ko)t (““J;);$c L 
x b In+’ K%~K,_,(KU) --I 
( ) - 

(I 1 (2n-l)(2rI+l) 

ti’ = (4~N~‘/lOOOek,T) c,Z,‘C, is the Debye- 
Htickel parameter, where N is Avogradro’s num- 
ber. e the electronic charge. X-a Bohzmann’s con- 

stant and T the temperature (in K). The polynomi- 
als I\,,(s) of eq. 3 are given by the explicit expres- 
sions of eq. 22 of ref. 2. The relations between the 
charges and their positions on the sphere are de- 
fined by the Q,, functions 

I.--11-r 

xvhere the e terms are the charges on the sphere, 
the r terms their distances from the center, and 
P,,(cos 0,,) is the ,rth order Legendre polynomial. 
In particular, Pi, = 1 and P,(x) = X. 

Eq. 1 applies to reactions between molecular or 
ionic species in solution. say A (e.g., ferricyanide) 
and B (e.g., cytochrome c), since (i) the reaction 
rate constant (k) is related to that in the gas phase 
(k,) or in very dilute solution (k,) by the expres- 
sions X- = k,(a,,a,/a,,t) and X- = k, (y,ya/y,at) 
where cx and y are activity coefficients (see discus- 
sions in refs. 3 and 4) and AB* is the activated 
complex resulting from the reaction between A 
and B. and (ii) dG. LIG, and dG, (eq. 1) depend 

linearly on the natural logarithm of the activity 
coefficient multiplied by k,T_ Now, our polarity- 

dependent model of cytochrome c reactivity [I] as 

well as Koppenol’s model [5,6] are special cases of 

Kirklvood’s theory [3]_ The former is for dG, = 0 

and the latter for AG,, = 0, ci = 1 and l > 25. 
Whether these two sets of conditions are appli- 

cable is so far an unsettled matter. For example, 
with E, = 1 and accepting only the first two terms 
of eq. 2 one has 

(4) 

where ze is the charge on the ion and p the dipole 
moment. The second term of eq. 4 is neglected in a 
reaction between two dipoles having no net charge, 
in which case the last term represents the solvent 
effect. Both terms have to be included. however, in 
reactions between an ion and a dipole or between 
two dipoles with net charges, but in most cases the 
main effect of the dielectric is given entirely by the 
last term [4]. This may explain the linear relation- 
ships of fig. 1 (cf. also fig. 2 of ref. 1) which 
present the plots of In k vs. (E - 1)/(2c + l), where 
X- is the rate constant of the slow and fast reactions 
of ferrocytochrome c with ferricyanide (data from 
ref. 7). An interesting aspect of this question is 
that In X- is thereby related through the polarity 
parameter (E - I)/(26 + 1) to Onsager’s reaction 
field theory of a dipole in a dielectric (see section 
2.2 of ref. 1). 

Let us recall at this point that the oxidation of 
ferrocytochrome c by ferricyanide is a two-fold 
mechanism involving an increase in the electro- 
static charge of the buried heme iron from +2 to 
+3 and electron exchanges with ferricyanide at 
the exposed here edge (see discussion in ref. 1). In 
this connection, Koppenol’s refutation that the 
cytochrome c heme does not have a permanent 
dipole of any significance could be unjustified. As 
remarked previously (cf. section 3.3 and fig. 4 of 
ref. I), a polarity effect over the heme ring may 
influence its dipole moment as a result of fluctua- 
tions of the charge distribution of the conjugated 
r-orbital system. In a close related system, the 
chlorophyll CI molecule, the tetrapyrrole dipole is 
about 5 debye (A-F. Antippa, J.-P. Dodelet, M. 
Fragata. R.M. Leblanc, L. Pazdemik and P. 
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Fig. 1. Natural logarithm of the rate consfnnts k,,,, (0, A. 0) 

and k,,,... (0. A. I) as a function of (c - 1)/(2c + 1) and ionic 
strength (I) for reactions of ferrocyrochrome c with fer- 
ricyanide in binary mixtures of ethanol and Hz0 at 295 K 
(data from ref. 7) Z = 0.1 (0. 0). 0.02 (A. A). 0.005 (0. I). k ,_, 

and 41ow are accuraf~ to within _+ 10%. 

TancrMe, unpublished results) and nonetheless 
fairly important to the pigment function_ This also 
argues in favor of an oblate model of the heme 
crevice to explain cytochrome c reactivity instead 
of the spherical symmetry model suggested by 
Koppenol in the preceding paper. 

Note further that the condition E > 25 (see 
above), put forward by Kirkwood (cf. p. 356 and 
eq. 21 of ref. 2) and tacitly adopted by Koppenol 
(compare, e.g., eq. 9 of ref. 6 with eq. 21 of ref 2). 
is strictly applicable in such cases where E,/E is 
small in comparison with unity which is possible if 
ei = 1 (cf. ref. 2) and e = 78 (dielectric constant of 
water at 298 K). But this accounts insufficiently 
for local polarities at the active sites of the protein 
and the small ion (or molecule). An alternative 
view consists of taking E as the dielectric constant 
of the outer surfaces that intervene in the oxida- 
tion-reduction processes (see discussion in section 
4 of ref. 1 and references therein), and c, as the 
polarity of the inner cleft where the tetrapyrrole 
macrocycle is located (heme crevice). If so, E is 

smaller than 78 because of dielectric saturation 
effects [8,9] at short distances from the active 
surfaces of cytochrome c and ferricyanide. A typi- 
cal polarity value for the surface of contact or 
active site of the protein (most probably the heme 
edge) seems to be 15 + 5 (ref. 10, and J.A. Watkins 
and M. Cusanovitch, personal communication). 
whereas at the ferricyanide surface c might be as 
low as 5 up to distances of 2-3 A [4.8]. On the 
other hand, the most probable value of l i cannot 
be easily predicted. It is acceptable to speculate a 
low value, but nonetheless higher than 2 on account 
of the finding of Takano and Dickerson [ 11,121 
that the heme crevice may contain about three 
H,O molecules *_ Of special interest in :his respect 
is the suggestion of Watkins and Cusanovitch (per- 
sonal communication) that the average interior 
dielectric constant of cytochrome c could be 7. 

We wish to emphasize that a polarity effect on 
ionic dissociation (K) has long been the object of 
a number of studies (see, e.g.. refs. 14 and 15). It is 
found in general that K decreases with decreasing 
polarity_ Therefore, it is not unreasonable to as- 
sume, at variance with Koppenol, that a linear 
relationship between In k and (E - 1)/(2e + 1) at 
constant ionic strength of the bulk solution (see 
fig. 1) reflects the preponderance of polarity over 
ionic strength effects at the reaction site. It is clear. 
however, that the l values used to draw fig. 1 (as 
well as figs. 1 and 2 of ref. 1) are the dielectric 
constant values of the bulk solutions. It is not easy 
to give a straightforward explanation of the results 
(cf. section 3 of ref. 1). Nevertheless, we hypo- 
thesize tentatively that the movement of mixed 
solvent (HzO/ethanol or H,O/propanol) mole- 
cules through the active interfaces leads to polari- 
ties lower than those obtained in the presence of 
pure aqueous solvent. An interesting point that 
comes out is that a calculation of the tunneling 
distance (ri) according to ref. 16 (refuted by Kop- 
penol but accepted by others [17-191) shows that, 
e.g., a slight variation of d from 24.67 and 24.77 A 
corresponds to an increase of ethanol in the bulk 

* The possibility is not excluded. however. that this figure may 
be higher (see ref. 13 for a discussion on buried H,O 
molecules). 



solution from 0.18 to 1.5 mof% (cf. tabIe 2 of ref- 

1). 

3. The rdtistep model 

Koppenol schematized in a suggestive model 
{cf. fig. 5 of ref. 5) the reaction of cytochrome c 
with cytochrome c oxidase. In brief, cytochrome c 
is first attracted to the cytochrome c oxidase mole- 
cule and then aligns its dipole along a preferential 
direction in the latter protein. This hypothesis is 
supported by the finding 1291 that electrostatic 
interactions are necessary to orient flavodoxin with 
respect to the cytochrome c molecule during elec- 
tron transfer. Another example of this type of 
mechanism is provided by plastocyanin, a surface 
protein which is involved in photosynthetic oxida- 
tion-reduction. It is known that the monomeric 
protein from poplar has a single type-l Cu atom 
buried in a pocket surrounded by 6-7 hydro- 
phobic residues and a negatively charged patch 
that spreads from residues 42-44 to residues 59-61 
[2A]. Farver et al. 1221 suggested that the anionic 
hydrophilic patch and the hydrophobic region are 
instrumental in the recognition of the pfas- 
tocyanin-binding sites on P-700 and cytochrome f. 
respectively_ Most interesting, since it is directly 
related to ref. 1. is the conclusion [20] thnt in 
cytochrome c tightly bound water and counterions 
are excluded from the site of intermolecular cun- 
tact. From this and the discussions of section 2 we 
suggest that any model mechanism of cytochrome 
c reactivity. and probably of other redox proteins, 
has to account for (i) a recognition (or diffusion) 
step where the distance travelled by the protein at 
the membrane surface and/or the Brownian dis- 
placements in the bulk solution are greatly in- 
fluenced by ionic strength, and (ii) a redox stzp 
where low polarity effects predominate with con- 
comitant weakening of ionic activity_ 

Therefore, the oxidation-reduction of cyta- 
chrome c in solution is dependent on a set of 
conditions that is expressed tit least by AG, (eq. 11) 
and AG, (eq. 3). At the membrane surface, how- 
ever. one may eventually have to consider parame- 
ters that cannot be included in Kirkwood’s devel- 
opment [2]. These are, e.g., protein diffusion and 
viscous drag as a result of constra-nts dictated by 
the membrane exoskeletal framework. The analy- 

si:; of these questions wifl be the object of a 
forthcoming paper. 
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