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Electron transfer between cytochrome ¢ and metal hexacyanide
complexes. Effect of thermodynamic driving force
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The electron transfer reactions between ferrocytochrome ¢ and three isomorphic hexacyanide complexes, |Fe(CN)6]3‘,
|Os(CN)6]3_ and |Ru(CN)]>~, have been studied using the method of photoexcitation. The transfer rates for
|Os(CN)6]3‘ and |Ru(CN)6]3_ are, respectively, about 45- and 200-times higher than that of [Fe(CN)4]*~. A
reorganization energy of approx. 0.8 eV was found for the cytochrome c-hexacyanide system when the data were

analyzed according to the theory of Marcus.

Introduction

The electron transfer reactions between metal-
loproteins and small inorganic complexes have been
extensively studied so as to elucidate the mechanism of
electron transfer in biological molecules [1-6]. Among
the numerous reactions examined, that between cyto-
chrome ¢ and iron hexacyanide is unique because it is
the first example demonstrating that these reactions
occur, in general, via a precursor complex [7,8], i.e.

P+S=P-S=P*S =P*+S~

where P and S stand for protein and small complex,
respectively.

In a previous work, we used the method of photoex-
citation to investigate in detail the kinetics of electron
transfer between ferrocytochrome ¢ and ferrihe-
xacyanide [9). The results confirmed that there is a
strong binding site for ferricyanide on the protein surface
through which electron is transferred from cytochrome
¢ to ferricyanide at a rate of about 46000 s~'. In
addition, our study also reveals that there is one (or
more) weak binding site via which electron transfer can
occur. The relative contribution of the weak site to the
overall transfer rate becomes significant at high tonic
strength.

Abbreviation: Cyt, cytochrome.

Correspondence: K.C. Cho, Department of Physics, The Chinese
University of Hong Kong.

In this report, we have extended the study to two
isomorphous analogs of Fe(CN);~, Os(CN)?~ and Ru
(CN)g“, to elucidate the relationship between the elec-
tron transfer rate and the driving force (AFE) for the
reaction. Experimentally, since Os(CN);~ and Ru
(CN);~ are difficult 1o isolate, they are generated by
photoionization of the complexes in the reduced form
[10,11]. The results are analyzed according to the elec-
tron transfer theories of Hopfield [12} and Marcus [13},
and a reorganization energy of approx. 0.77 eV was
found for the cytochrome c-hexacyanide system.

Materials and Methods

Horse-heart cytochrome ¢ (Type VI, Sigma Chemical
Company) was used as received; K ,Fe(CN), and other
chemicals were of reagent grade. The K ,0Os(CN), com-
plex was prepared by the method of Krauss and Schrader
[14]); K,Ru(CN)¢ was prepared by the method of Krause
and Violette [15]. All samples were prepared in 1 mM
(pH 7) phosphate buffer. The ionic concentration was
adjusted by the addition of NaCl. The overal ionic
strength I of the sample was computed from

1= ‘EZC.'Z,Z

where C; and Z; are the molarity and the charge of
each species, respectively. The concentration of the pro-
tein and hexacyanide complexes were determined by
absorption spectrophotometry.

The electron-transfer rates were measured using a
conventional flash photolysis set-up with the 266 nm
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output of a Quanta-Ray DCR-2 Nd: YAG laser (pulse
width =5 ns) as the excitation source. Hexacyanide
complexes in the oxidized form were first generated by
photoionization of the reduced form [10,11] in a sample
containing Cyt"' and a given hexacyanide, M(CN)g~
(M = Fe, Os or Ru). The subsequent electron transfer
between Cyt!' and M(CN)2~ was followed by monitor-
ing the absorbance change of the protein at 550 nm and
570 nm. The reactions can be described by the following
equations

M(CN)g™ + hv—M(CN)s ™ +ep,
M(CN)s~ +Cyt"—M(CN)e ™ +Cyt™"

Typically, the laser energy per pulse was 100 mJ/cm?.
The signals were usually averaged over 10 shots, and the
sample was well stirred between shots. The measure-

ment was conducted at room temperature which was
about 20°C.

Results

Fig. 1 shows a typical signal at 570 nm obtained by
photoexication of a sample of ferrocytochrome ¢ and
Os(CN)¢~. The initial small jump was found to result
from a laser-induced change in the absorbance of the
protein, and this part of the signal remained unchanged
in the time scale of the experiment. The subsequent
increase in absorption reflects the oxidation of the
protein from Cyt" to Cyt! by the Os(CN)2~ gener-
ated from photoionization of Os(CN){~. The absorp-
tion change with time follows a single exponential, since
the reaction is pseudo first-order ([Cyt''] > [Os
(CN)27]). The stability of the Os(CN)2~ (and Ru
(CN)2~) was monitored by repeating the transient ex-
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Fig. 1. Typical transient obtained for the Os(CN); ~-Cyt'! system at

570 nm which illustrates the oxidation of the protein to Cyt!". The

sample contained 100 pM Cyt!! and 1 mM Os(CN)¢ in 1 mM (pH 7)
phosphate buffer. The ionic strength was 60 mM.
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Fig. 2. Plots of kq vs. ionic strength for the oxidation of Cyt" by (a)
Fe(CN)2~ (b) Os(CN)2~ and (c) Ru(CN)}~. The total Cyt'! and
hexacyanide concentrations were 100 ¢ M and 1 mM, respectively.

periment in the wavelength region of 300—-400 nm in the
absence of Cyt!!. These transient signals remained es-
sentially constant in the time scale of the electron
transfer, indicating that the observed transfer rate is not
limited by the stability of the oxidized complexes gener-
ated. In the reaction, hydrated electrons were generated
as by-products. They probably decay by reducing O, in
the sample to O, radicals and by interacting with some
amino acid residues of the protein. The signal in Fig. 1

TABLE I
Bimolecular electron-transfer rate constants, k,,, between ferrocyto-
chrome ¢ and hexacyanicde complexes. Typical accuracies are + 10%.

Ionic Fe(CN)3~ Os(CN)3- Ru(CN)2~
strength M~ 1s™hH M~ls™h M~ 1s™h
(mM)

15 1.9.107 8.1-108 2.0-10°

60 1.2-107 5.0-10% 1.5-10°
110 8.5-10¢ 3.6-10% 1.2-10°
160 5.9-10% 2.5-10% 7.9-10%
210 5.1-10° 2.4-108 6.9-10%
310 3.7-10° 1.7-108 5.6-10%
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Fig. 3. Plots of kg vs. Os(CN)g™ concentration for the oxidation of
Cyt" by Os(CN)2~. The Cyt" concentration was 30 M and the
ionic strength was kept at 30 mM.

decays very slowly, in a time scale of seconds, as a
result of the reduction of Cyt!!! back to Cyt"' by the
O generated. This re-reduction is usually not complete
and to minimize this effect, we have ensured that the
samples were well stirred between shots and new sam-
ples were used after more than five shots.

Apart from a difference in the time constant of the
exponential shown in Fig. 1, the results obtained for all
the hexacyanides are qualitatively the same. Fig. 2 shows
a plot of the rate of oxidation of Cyt'" by the three
hexacyanides at different ionic strengths. The rate con-
stants decrease monotonically with ionic strength, in
accord with that the binding constant between Cyt"
and the complexes becomes weaker at higher values of
1. Table I summarizes the bimolecular rate constants
obtained for the three hexacyanides. These values give
the effect of the driving force on the electron transfer
rate (see Discussion below).

In principle, the binding between Cyt" and the
hexacyanides is best demonstrated by examining the
variation of the electron transfer rate with Cyt" con-
centration. However, it is difficult to conduct our ex-
periment at high concentrations (up to the millimolar
range mM) of Cyt'! because the absorption of the
protein would be too high to yield an acceptable signal-
to-noise ratio. For the limited range of protein con-
centration in which measurements could be carried out
(100-400 pM), the observed rate is proportional to
[Cyt"] at all ionic strengths investigated. An indirect
demonstration of the binding between Cyt" and the
complexes was achieved by studying the electron trans-
fer rate as a function of the complex concentration.
Taking the case of Os(CN);~ as an illustration (Fig. 3),
it is seen that, at low ionic strength, the transfer rate
decreases with increasing concentrations of Os(CN)g~.
This indicates that the free Cyt!' concentration is re-
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duced because of binding between Cyt'' and Os(CN)¢ ™.
At higher ionic strength (/> 100 mM), the complex
concentration no longer has any effect on the transfer
rate.

Discussion

The kinetics of electron transfer between cytochrome
¢ and one of the hexacyanide complexes, Fe(CN),™,
has been studied extensively [7-9,16-32]. Our previous
work has shown that the electron transfer for this
system occurs via two (or more) sites of vastly different
binding affinites [9]. The binding constant for the strong
binding site decreases from about 1600 M~ to 80 M ™!
as [ increases from 15 mM to 140 mM. For the weak
site, the binding constant is less than 100 M ™! even at
low ionic strength. Similar conclusions have been re-
ached by the NMR study of Eley et al. [31]. As ex-
plained above, because of technical difficulty, we were
not able to verify experimentally the kinetic scheme for
the two other hexacyanide complexes. The results ob-
tained for the complex concentration dependence (Fig.
3) serve only to indicate the presence of binding at low
ionic strength, but cannot be used to derive the binding
constants for Os(CN);~ and Ru(CN); ™. However, since
these two complexes are isomorphic to Fe(CN)? 7, it is
reasonable to assume that the kinetic results obtained in
our previous work should hold for all the complexes.

A quantitative analysis of our data can be performed
by assuming that the electron transfer reaction occur-
ring at a given site on the protein can be described by
the following equations

dyy - kr -
M(CN); ™ +Cyt'"" = M(CN),~ -Cyt" = M(CN)s~ -Cyt™"! (1)
dJZ
4~ ni 4= I
M(CN)s +Cyt"=M(CN), -Cyt (2)

22

In Eqn. 1, we have assumed that the complex-bound
protein, M(CN)?~ - Cyt", does not undergo any large
structural rearrangements prior to electron transfer. This
is reasonable since the size of the hexacyanides is not
sufficiently large and the binding, electrostatic in na-
ture, is not sufficiently strong. We have also omitted the
backward electron-transfer reaction, since its rate is
negligible compared with the forward rate &, for all the
complexes. The analysis of the reaction can be further
simplified by recognizing that since the concentration of
the M(CN)?~ generated is much less than of Cyt"
initially in the sample, the electron transfer reaction
(Eqn. 1) has essentially no effect on the concentration
of free Cyt!, Thus Eqns. 1 and 2 in practice are
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decoupled and, since [M(CN)¢~]> [Cyt'], the total
free Cyt" concentration [Cyt"'], is given by Eqn. 2 to be

[Cyl“L

Cyt'], =
(el 1+ K5y [M(CN)§™]

3)

where K,, =a,,/d,, is the binding constant of Cyt"
for M(CN)¢~ and [Cyt"], is the total Cyt" concentra-
tion in the sample. Under such an approximation, the
observed electron transfer rate, kg, is given by

keay[Cyt"]
0=
an[Cyt") +dyy +k,

4

The approximate value of the association rate constant,
a,,, may be obtained from our previous study of the
electron transfer between cytochrome ¢ and zinc
porphyrins, ZnTPPS*~, where TPPS is tetrakis-
(sulfonatophenyl)porphyrin [33]). From the observed bi-
molecular transfer rate, we estimate a,, to vary from
6-10°M 1-sT'(I=20mM) to2-10° M~ -.s7 1 (I'=
300 mM). For the strong binding site, the dissociation
rate constant may then be estimated to vary from 4 - 106
s™! to 5-107 s~! as I increases from 10 mM to 300
mM. Thus, it is seen that d,, > a,,[Cyt''], for [Cyt], =
100 uM which is the concentration used in this experi-
ment. Similarly, for the weak site, d;, should be larger
than 1-10% s~! at all ionic strengths used in this
experiment. Such dj, values are much greater than a3,
[Cyt™], as well as the intramolecular electron transfer
rates k. (see below) for all the complexes. Taking all
approximations into account, the total contribution of
the two sites to the observed bimolecular rate k,, =
ko/[Cyt"], may then be represented as

k:aJI

k= o
(ds + k)(1+ K5 [M(CNYs™])

ko Ky )

where Kj, =a3,/ds, is binding constant for the weak
site.

In the following, we discuss the electron transfer
rates obtained for the various complexes based on the
above kinetic scheme (Eqn. 5). First let us consider the
simple case of high ionic strength. For example, at
I=300 mM, the binding constant for the strong
binding site should be quite small (say approx. 20
mM '), indicating that d,, =1-10% s~'. Such a d,,
value is sufficiently large compared to k., for all the
complexes (see below) so that Eqn. 5 can be further
simplified to

kyp =k Kyp+k K %)

where K, =a,,/d,, is the binding constant for the

strong site. According to the electron transfer theories
of Hopfield [12] and Marcus [13]

27 1

TV PPemtaE=Misanr Q)
k4

k. =

©

where T, is the electron transfer matrix element, AE
and A are the overall potential and the reorganization
energy for the reaction, respectively. AE and A should
be the same for the two sites and Eqn. 6 becomes

27 1 —_ —ay2 1120
kyp == NV AEMAMT (T P Ky +1 T 1 K2 )
(A7AkT)

(8)

Since the quantities in the bracket (|T;;|?K 3, + [T 1?K ;)
are identical for all isomorphic complexes, the large
variations found in the electron transfer rates of the
various hexacyanides must result from the differences in
their redox potential E°. As can be seen from Table I,
for an increase in AFE of about 0.5 eV from Fe(CN)g™
to Ru(CN)?~ (see below), k,, increases by about 150-
fold (I = 310 mM). It should be noted that, in fact, this
factor of 150 is probably a lower limit, since the bi-
molecular rate obtained for Ru(CN); ™ is not much less
than the association constant a,,. Taking into account
the diffusion controlled effect, a more accurate value
k2, can be deduced from k,, as follows [34]

Assuming a3, =2-10° M™'-s7, k2 for Ru(CN)?~ is
found to be 7.8 -108 M~ .5~ ! (I = 310 mM). Since k,,
at high ionic strength (see Table I) and k&, exhibit the
same AE dependence (Eqns. 7 and 8), using the ob-
tained k2, values, k, for Os(CN)2~ and Ru(CN)?~ can
be deduced to be about 45- and 210-times, respectively,
higher than that of Fe(CN);~. In our previous work,
the intramolecuar electron transfer rate for the strong
binding site k, for Fe(CN)2~ was found to be 4.65 - 10*
s~1[9], thus k, for Os(CN)?~ and Ru(CN)2~ are equal
t0 2.0-10% s~ and 9.8 - 10° s~ 7, respectively.

At low ionic strength, the ratio of k,, between
Fe(CN);~ and Ru(CN);~ decreases to about 100 (see
Table I). This can be easily understood in terms of the
above kinetic scheme (Eqn. 5). For /=10 mM, K, =
1500 M~ ! and k, for Ru(CN)?~ is now comparable to
d,,. Hence, as can be seen from Eqn. 5, k,, for
Ru(CN);~ will be reduced relative to that for Fe(CN)z™.
In fact, if we take a,, =6-10° M~!-s~! and use the
kinetic constants obtained in our previous work, the
smaller ratio can be reasonably well accounted for
quantitatively.

The reorganization energy A for the reaction can be
deduced by fitting the &, derived above for the various
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Fig. 4. Plots of In(k.) vs. the driving force AE for the electron

transfer reaction between Cyt'' and hexacyanide complexes. The solid

line is a theoretical curve calculated using kc=Ae_‘AE_)"2/“"T‘
with 4=1.4-10"s"' and A =0.77 eV.

complexes to Eqn. 7. The AE values are obtained from
the following free molecular redox potentials E° (I = 0)
assuming that the potentials of the protein and the
hexacyanides are not greatly affected by the binding;
E°(Cyt"/Cyt'"y =026 V [1], E°Fe(CN):~/
Fe(CN)2~)=0.356 V [35], E°(Os(CN);~/Os(CN)g™)
=0.634 V [36] and E°(Ru(CN):~ /Ru(CN){")=0.86
V [37]. The A decuced from the best fit is 0.77 eV (Fig.
4). This value is somewhat lower than that of 1.1 eV
obtained for the cytochrome c-porphyrin system [33],
but is very similar to that of 0.7 eV deduced for the
cytochrome c-cytochrome b5 couple by McLendon and
Miller [38). The higher A found for the case of the
porphyrin is likely to arise from the outer sphere solvent
reorganization term [39]. According to the additivity
rule of Marcus [40], the reorganization energies for the
protein and hexacyanide self-exchange reactions, A,
and A,,, are related to A by A=(A,; +A,)/2. The
value of A,, should be about 1 eV as estimated from
the peak wavelength of the Fe(CN);~/Fe(CN)g~
charge-transfer band (29]. Thus, A, for cytochrome c is
approx. 0.55 eV, which is a factor of 2 higher than that
computed by Churg et al. from the observed X-ray
structural changes between reduced and oxidized cy-
tochrome ¢ [39].

In conclusion, this study has provided important
information on the effect of thermodynamic driving
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force on bioclogical electron transfer reactions. At pre-
sent, most of the data are obtained at relatively low
driving forces (AE < 0.3 V) [1-4]. As shown in this and
other studies [5,6,33,38], high AE data can be readily
obtained by the method of photoexcitation. They are
important for testing the applicability of existing the-
ories to complex protein molecules. The results of this
experiment are consistent with the theories of Hopfield
[12] and Marcus [13], and a reorganization energy of
approx. 0.8 eV is found for the cytochrome c-
hexacyanide system. We are currently conducting simi-
lar studies on other heme proteins such as myoglobin
which also undergo a reversible redox reaction. These
studies are useful for identifying the various factors
which facilitate the physiological function of electron
transfer proteins such as cytochrome c.
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