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Electron transfer between horse heart and Candida krusei cytochromes c in the free and phosvitin-bound states 
was examined by difference spectrum and stopped-flow methods. The difference spectra in the wavelength range 
of 5 4 0 - 5 6 0  nm demonstrated that electrons are exchangeable between the cytochromes c of the two species. 
The equilibrium constants of the electron transfer reaction for the free and phosvitin-bound forms, estimated 
from these difference spectra, were close to unity at 20°C in 20 mM Tris-HC1 buffer (pH 7.4). The electron trans- 
fer rate for free cytoehrome c was (2 -3 )"  10 a M -1" s -a under the same conditions. The transfer rate for the 
bound form increased with increase in the binding ratio at ratios below half the maximum, and was almost con- 
stant at higher ratios up to the maximum. The maximum electron exchange rate was about 2 • 106 M -t- s-', 
which is 6 0 - 7 0  times that for the free form at a given concentration of cytochrome c. The activation energy of 
the reaction for the bound eytochrome c was equal to that for the free form, being about 10 kcal/mol. The 
dependence of the exchange rate on temperature, cytochrome c concentration and solvent viscosity suggests that 
enhancement of the electron transfer rate between cytochromes c on binding to phosvitin is due to increase in the 
collision frequency between cytochromes c concentrated on the phosvitin molecule. 

Introduction 

In mitochondrial electron transfer, cytochrome c 
plays crucial roles and acts as a mediator between its 
reduetase and oxidase. However, the mechanism of 
electron transfer between these proteins is still ob- 
scure. Studies on protein-protein and protein-small 
molecule electron transfer in solution can provide 
clues to this problem. There have been several studies 
on protein-protein electron transfer in which c-type 
cytochromes are involved; namely studies on electron 
transfer between cytochromes c [ 1 -4] ,  cytochrome c 
and cssl [5,6], cytochromes Cssl [7], cytochrome c 
and css3 [8], cytochrome cl and c [9], cobalt and 

Abbreviations: CII h and Clllh, horse heart ferrous and ferric 
cytochrome c; ClI c and CIIIc, Candida krusei ferrous and 
ferric cytochrome c. 

iron cytochromes c [10,11], and cytochrome c, Cssl 
or css3 and azurin [6,8,12-14] or plastocyanine 
[8,15]. Some mechanistic models have been proposed 
to explain these electron transfer processes [8,10,11 ]. 

Previously, we reported that Candida krusei cyto- 
chrome c forms a molecular complex with the phos- 
phoprotein phosvitin. In these complexes the maxi- 
mum binding ratio of  cytochrome c to phosvitin is 
22 : 1, the affinity for phosvitin is much higher with 
binding ratios below half the maximum [16], and the 
electron transfer rate is repressed in the tightly bound 
state, but is restored as the binding becomes weaker 
[17]. Since phosvitin-bound cytochrome c seems to 
be a useful model system for the membrane-bound 
form [ 18], studies on electron transfer between tyro- 
chromes c bound to phosvitin might be available for 
understanding of the mechanism of electron transfer 
in the membrane-bound state. This paper reports 
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investigations showing that electrons are exchange- 
able between horse heart and C. krusei cytochromes c, 
and that the electron exchange rate is greatly enhanced 
by binding of  the cytochromes to phosvitin. 

Materials and Methods 

Cytochrome c of  C. krusei was obtained from San. 
kyo Co., and horse heart cytochrome c (Type VI) and 
phosvitin were purchased from Sigma Chemical Co. 
Other chemicals were commercial products of  reagent 
grade. The ferric and ferrous forms of  cytochrome c 
were prepared by gel Filtration on Sephadex G-25 of  
samples oxidized with potassium ferricyanide and 
reduced with sodium ascorbate, respectively. Concen- 
trations of  cytochrome c were determined spectre- 
photometrically assuming mlllimolar extinction 
coefficients for CII c and CII n of  32.7 mM -t-  cm "t at 
549 nm and 29.8 mM -t" cm -t at 550 nm [19], res- 
pectively. Concentration of  phosvitin was determined 
with a Hitachi protein refractometer using bovine 
serum albumin as a standard. All solutions were in 20 
mM Tris-HC1/0.1 mM EDTA (pH 7.4). 

Difference spectra were measured at 20°C in a 
Hitachi 323 automatic recording spectrophotometer. 
Paired tandem cells were used. 

Stopped-flow experiments wire performed at 20°C 
with a Union RA-401 stopped-flow spectrophotom- 
eter, equipped with a Sord M223 microcomputer. 
The slit-width was set at 1.4 nm. The delay-time and 
dead-time of  the apparatus were about 20 and 0.5 
ms, respectively. 

Results 

Evidence for electron transfer between cytochro- 
mes c. In a characteristic absorption spectrum of  the 
ferrous form of  cytochrome c, the positions o f  the e~ 
bands of  CII c and CIIh are 549 and 550 nm, respec- 
tively. This difference of  about 1 nm should make it 
possible to detect electron transfer between the two. 
To test this possibility, we measured difference spec- 
tra as follows: One side of  a paired cell was filled with 
a solution of  CIII h of  known concentration, and the 
other side with a solution of  CII c o f  the same concen- 
tration. The two sides of  another paired cell were fil- 
led with solutions o f  CIIh and CHIc of  the same con- 
centrations. Then the difference spectrum, (Aciii  h + 
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Fig. 1. Difference spectra between CII c and CIII h in a paired 
cell and (Jill e and CII h in another paired cell, (eCilc + 
eCllih) - (eCIIl e + ecIih) (A), and between samples of CII h 
and CIIIc, both in one side of a paired cell and each in each 
of two sides of another paired cell (B). The spectra for free 

) and phosvitin-bound cytochrome c at ratios of 21.3 
( . . . . . .  ), 10.6 (- . . . . .  ) and 2.1 ( . . . . .  ) were measured at 
20°(] in 20 mM Tris-HCl buffer (pH 7.4). The concentrations 
of horse and Candida cytochrome c were all 51.7 ~zM (A), 
and 33.4 and 30.3 xtM, respectively (B). 

Aciie)  - (ACiih +Acmc), was recorded. The results 
are shown in Fig. 1A. Positive and negative bands 
were observed at about 548 and 553 nm, respectively. 
The difference between the millimolar extinction dif- 
ferences (Ae) at the wavelengths for the maximum 
and minimum difference, Aemax_min, was estimated 



to be 7.13 mM -t" cm -t. Fig. 1B shows the difference 
spectra between mixed and separated samples o f  CIIh 
and CIII c in the presence and absence o f  phosvitin. 
The spectra also had positive and negative bands at 
about 548 and 553 nm, respectively, indicating that 
electrons are exchangeable between the cytochromes 
c of  the two species both in the free and bound states. 

This electron exchange reaction is written as 

kl 
CII h + CIIIc #" CIIIh +CIIc  (1) 

/¢--1 

The equilibrium constant for this reaction was esti- 
mated from the concentration of  products, which was 
calculated by the equation 

[CIIIh](= [CIIcl)= z21Amax_min/Aemax_min (2) 

where [CIIIh] and [CIIc] are the miUimolar concen- 
tration of  product, and Z~max_mi n and Aemax_mi n 
are the differences between absorption and miUimolar 
extinction differences at the wavelengths for the 
maximum and minimum difference, respectively, the 
latter being 7.13. As shown in Table I, the equilib- 
rium constants for the free and bound forms were 
close to unity, which indicates that the rate constant 
for the forward reaction (kl)  is almost equal to that 
for the backward reaction (k_t). 

Electron transfer rate between cytochromes c. The 
rate of  electron transfer between CII h and CIII c was 
measured at 548 and 553 nm, using a stopped-flow 
spectrophotometer. If  the equilibrium constant is 
close to unity, this electron transfer reaction described 
in Eqn. I should obey first-order kinetics: 

A ~o - A t = (A o. - A o)exp(-k ' t )  (3) 

where A~., Ao and A t represent the absorbance 
at equilibrium, time t = 0 and time t, respectively, 
and k ' = k [ C ] o ,  k = k l = k _  1, and [C]o = [ C I I h ] +  
[CIIIh] +[CIIc]  + [CIIIe] (total concentration of  
cytochrome c). The data could be analyzed in terms 
of  the first-order expression. The first-order rate con- 
stant for free cytochrome c was broadly proportional 
to the total concentration o f  cytochrome c (Fig. 2A), 
and a second-order rate constant o f ( 2 - 3 )  • 104 M -~. 
s -t was obtained. In Fig. 2A, the plot of  the data 
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TABLE I 

EQUILIBRIUM CONSTANTS OF THE ELECTRON 
TRANSFER REACTION FOR FREE AND BOUND CYTO- 
CHROMES c 

Experimental conditions were the same as described in Fig. 1. 
The concentration of the products was calculated by the 
equation: [CllIh] (=[CIIc])-- ZXAmax_min/7.13; where 
ZkAmax_mi n was obtained from the spectra shown in Fig. 
1. The equilibrium constants were estimated using the equa- 
tion: K = [CIIIh][CIIe]/([CIIh] 0 - [CIIIh]) ([CIIIc] 0 - 
[CIIc]) where [CIIh] 0 and [CIIIc] 0 are the initial concentra- 
tions of CII h and CIIIc, which are 33.4 and 30.3 #M, respec- 
tively. 

Cytochrome Added ~tAmax_mi n K 
c cytochrome c/ 

phosvitin 

Free - 0.106 0.8 
Bound 2.1 0.129 1.8 

10.6 0.127 1.6 
21.3 0.117 1.1 

deviates somewhat from linearity, possibly because 
the maximum change in absorbance was only about 
one-tenth of  the total absorbance. 

On addition of  phosvitin, three kinds of  experi- 
ment were performed: in the stopped-flow cell, (i) 
CII~ in the presence of  phosvitin was mixed with 
CIII c in its presence, (ii) CIIh in the presence of  phos- 
vitin was mixed with CIII c in its absence, and (ili) 
CIIh in the absence of  phosvitin was mixed with CIIIc 
in its presence, where the ratio o f  total cytochrome c 
to phosvitin was kept constant. As shown in Fig. 3, 
similar results were obtained in the three experiments. 
The second-order rate constant increased with increase 
in the binding ratio at ratios below half the maximum, 
was almost constant at higher ratios up to the maxi- 
mum, and decreased when ratios exceed the maxi- 
mum. * The maximum rate constant was about 2" 
106 M "1. s -t at 20°C and pH 7.4, which is 6 0 - 7 0  
times that for the free form at a cytochrome c con- 
centration of  45 ArM. The data could, of  course, be 
analyzed on the basis of  the first-order expression. In 

* Since all the added cytochrome c is bound to phosvitin up 
to the maximum binding ratio [16], the amount of added 
cytochrome c can be considered to be equal to that of 
bound cytochrome e. 
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Fig. 2. Dependence o f  the  observed first-order rate cons tant  
(k') on the  total concentra t ion o f  free (A) and phosvitin- 
bound  (B) cy tochromes  c (cyt. c). CIIh and CIII c (A), and 
CII h in the  absence o f  phosvit in and CIII c in its presence (B) 
were mixed in the  stopped-flow cell, and absorbance changes 
at 548 and 553 nm were measured at 20°C in 20 mM Tris- 
HCI buffer  (pH 7.4). The final ratios o f  added cy tochrome c 
to phosvit in were 2.3 (o), 9.6 (u) and 17.6 (~). The ratio o f  
CII h to CIII c was fixed at 1.0. 

0.5 M NaC1 (pH 7.4) where cytochrome c does not 
form a complex with phosvitin, the rate was equal to 
that for free cytochrome c, being 4" 10 a M -1" s "1. 
Since both CIIIh and CIIh also form a complex with 
phosvitin at a maximum ratio of 20 : 1 [20], these 
findings indicate that the electron transfer rate is 
much greater between bound cytochromes c. 

The electron transfer reactions between bound 
cytochromes c are of  two types: electron transfer 
between cytochromes c on the same phosvitin mole- 
cule and that between cytochromes c on separate 
phosvitin molecules, that is, 'intramolecular and inter- 
molecular' electron transfer. To distinguish the former 
from the latter, the electron exchange rate between 
CIIh and CIII c was examined in the presence of excess 
phosvitin. Fig. 4 shows that the second-order rate 
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Fig. 3. Plot o f  the second-order rate constant  as a funct ion  o f  
the  ratio of  added cy tochrome c (cyt. c) to phosvitin. CII h in 
the  presence o f  phosvit in was mixed with CIII c in its pres- 
ence (o), CII h in the absence o f  phosvit in was mixed with 
CIII c in its presence (n), and CII h in the  presence of  phos- 
vitin was mixed with CIII c in its absence (4) in the stopped- 
flow cell, where the  ratio o f  total cy tochrome c to phosvit in 
was kept  constant .  The total concentra t ion o f  cy tochrome c 
and the ratio o f  CII h to CIII c were f ixed at 45 ~M and 1.0, 
respectively. Other experimental  condit ions were the  same as 
described in Fig. 2. The value in the  absence o f  phosvit in is 
shown on  the  ordinate.  
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Fig. 4. Plot of  the  second-order rate constant  as a funct ion  of  
added phosvit in to cy tocbrome c (cyt. c). CII h in the  presence 
o f  phosvit in was mixed with CIII c in its presence in the  stop- 
ped-flow cell. The total concentration of  cy tochrome c and 
the  ratio of  CII h to CIII c were fixed at 40 ~M and 1.0, res- 
pectively. Other experimental  condi t ions were the  same as 
described in Fig. 2. The  value in the  absence o f  phosvit in is 
shown on the ordinate.  
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Fig. 5. Temperature dependence of the second-order rate 
constants, plotted as In k vs lIT. CIIh and CIIIc (o), and CIIh 
and CIII c both in the presence of phosvitin at ratios of 2.3 
(~), 7.5 (zx), 11.7 (v) and 17.5 (o), were mixed in the stop- 
ped-flow cell. The total concentration of cytochrome c and 
the ratio of CII h to CIII c were fixed at 35 /IM and 1.0, res- 
pectively. Other experimental conditions were the same as 
described in Fig. 2. 

constant decreased with increase in the ratio of phos- 
vitin to cytochrome c to close to that for free cyto- 
chrome c. This result indicates that the intermolec- 
ular electron transfer rate is as low as that for the free 

form. 
Effects o f  temperature, cytochrome c concentra- 

tion and solvent viscosity on the electron transfer 
rate. As shown in Fig. 5, the electron exchange rate in 
both the free and bound state was dependent on tem- 
perature, and the activation energies of the reaction, 
obtained from the Arrhenius plots, were 10.4 kcal/ 
mol for free cytochrome c and 10.9, 10.8, 10.1 and 
9.8 kcal/mol for the bound forms at respective ratios 
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TABLE II 

EFFECT OF SUCROSE CONCENTRATION ON THE RATE 
OF ELECTRON TRANSFER FOR FREE AND BOUND 
CYTOCHROMES c 

In the stopped-flow cell, CII h was mixed with CIII c or CIII c 
in the presence of phosvitin. The total concentration of cyto- 
chrome c and the ratio of CII h to CIII c were fixed at 28 ~M 
and 1.0, respectively. Other experimental conditions were the 
same as described in Fig. 2. In each case, the electron transfer 
rate in the sucrose solution was expressed as the value relative 
to tha~ in buffer only. 

Cytochrome Added Relative electron transfer 
c cytochrome c/ rate 

phosvitin [Sucrose] (%, w/v) 

0 12 24 

Free - 1.00 1.02 1.01 
Bound 1.9 1.00 0.72 0.58 

8.5 1.00 0.75 0.55 
19.3 1.00 0.85 0.70 

of cytochrome c to phosvitin of 2.3, 7.5, 11.7 and 
17.5. The observed first-order rate constant for free 
cytochrome c was almost proportional to the concen- 

tration of cytochrome c (Fig. 2A), while that for the 

bound form was independent of its concentration 

(Fig. 2B), the reaction being apparently zero-order. 

On the contrary, the electron exchange rate for the 

free form was independent of the concentration of 

sucrose, whereas that for bound cytochrome c 
decreased with increase in its concentration (Table II). 

These differences can be explained by supposing that 
the electron exchange rate for bound cytochrome c 

depends on the collision frequency between cyto- 

chromes c concentrated on the phosvitin molecule. 

Discussion 

In the present work, the second-order rate con- 
stant for the electron exchange reaction was ( 2 - 3 ) "  
104 M -t-  s -t at 20°C in 20 mM Tris-HCl buffer (pH 
7.4), which is the same order as the values for the 
exchange reaction between cytochrome c and cssl  
(1 .6 -104  M -t" s -t at 4.5°C, pH 7.0 and an ionic 
strength of 0.2 [5] and 8 • 104 M "~ • s -~ at 25°C, pH 
7.0 and an ionic strength of 0.1 [6]) and between 
cytochrome c and c5s3 (4.0 • 104 M -t • s -t at 25°C in 
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0.05 M phosphate buffer, p H 7  [8]). The reaction 
was dependent on temperature with an activation 
energy of 10 kcal/mol, which is also similar to 
reported values of 12 and 13 kcal/mol for the reac- 
tions between cytochrome c and cssl [5,6] and 
between cytochromes c [3], respectively. 

The electron exchange reaction also occurred in 
the presence of phosvitin. In our experimental sys- 
tem, it is unclear whether electron transfers occurs 
between phosvitin-bound cytochromes c or between 
free and bound cytochromes c. However, similar 
results were obtained, whether bound cytochrome c 
was mixed with free or bound cytochrome c, indi- 
cating that this observed reaction can be regarded as a 
reaction between bound cytochromes c. The possibil- 
ity of electron transfer between bound cytochromes c 
is also supported by the facts that the electron 
exchange rate decreased when the ratio of cytochro- 
me c to phosvitin exceeds the maximum binding ratio 
(Fig. 3), and that the observed rate constant was 
independent of the cytochrome concentration. 

The electron transfer rate between phosvitin- 
bound cytochromes c was much greater than that 
between free cytochromes c. Since this reaction 
between bound cytochromes c is of two types, 'intra- 
molecular and intermolecular' electron transfer, it is 
uncertain which reaction rate was high. The inter- 
molecular electron transfer rate was low when the 
binding ratio of cytochrome c to phosvitin was 
extremely low, but at higher ratios, there is no evi- 
dence that this intermolecular rate is low. However, 
the diffusion coefficient of phosvitin is smaller than 
that of cytochrome c, being 5 .8 .10  -7 cm 2 • s -1 [21], 
and the diffusion coefficient of the cytochrome 
c-phosvitin complex must be smaller at higher binding 
ratios because of increase of its molecular weight, 
which results in a lower intermolecular electron trans- 
fer rate. Independence of the rate constant on the 
cytochrome concentration also implies that the inter- 
molecular rate is low. Thus, most of the exchange 
reaction is due to an intramolecular reaction, indi- 
cating that the intramolecular electron transfer rate is 
high on binding to phosvitin. 

In considering the reason for this high rate, 
increase in the collision frequency between cytochro- 
mes c, the proximity of cytochrome molecules on 
phosvitin, and the charge effect of phosvitin must be 
taken into account. 

When cytochromes c were bound to phosvitin, the 
apparent first-order rate constant was independent of 
the cytochrome concentration and was affected by 
the solvent viscosity, unlike the rate constant for free 
cytochromes c. The rate for the bound form increased 
with increase in the binding ratio at ratios below half 
the maximum (Fig. 3). These results suggest that the 
enhanced electron transfer rate is attributable to 
increase in the collision frequency between cytochro- 
mes c concentrated on the phosvitin molecule. This is 
likely, since phosvitin is a flexible polymer at neutral 
pH [22-24] and the rotational relaxation time for 
the segmental motion of a flexible polymer is esti- 
mated to be in the order of 1 ns [25,26], two or 
three orders of magnitude lower than the available 
time for electron transfer, and since a linear diffusion 
of bound cytochromes c should occur along the phos- 
vitin chain. 

Obviously, the distance between cytochromes c 
bound to phosvitin is small. The distance is in the 
range of 5 - 1 0  A at the maximum binding, assuming 
that the length of the fully extended phosvitin chain 
is about 780 A [20] and cytochrome c is a compact 
spheroid with a diameter of about 30 A [27]. Since 
the separation between linking sites for electron 
transfer by tunneling was estimated tO be 8 - 1 0  A by 
Hopfield [28] and 12-13.& by Jortner [29], it is 
postulated that electron tunneling also occurs in the 
cytochrome c-phosvitin complex. However, electron 
tunneling cannot be a important factor for the 
enhancement, because the activation energy of the' 
reaction for the bound form was not so small as the 
value for tunneling [30,31]. A charge of phosvitin 
also seems ineffective, because the enhanced electron 
transfer rate decreased with decrease in the binding 
ratio, that is, increase in the net negative charge. 
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