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Summary 

The oxidation of  reduced cy tochrome c by ferricyanide has been studied 
over a wide range of  ferricyanide concentrations using a continuous-flow 
apparatus. The formation of  a fer rocytochrome c-ferricyanide complex has 
been demonstrated and the binding and electron transfer processes separated to 
give both the oxidation electron transfer rate and the binding rate parameters. 
The electron transfer rate has been found to be 1.86 • 103 s -1 in H20 buffer  and 
1.36 • 103 s -I in 2H:O demonstrating that  a deuterium isotope effect  of  similar 
magnitude (R = 1.37) to that  found in the cy tochrome reactions in photosyn- 
thetic bacteria [18] is also found in the reaction studied here. The binding 
association rate parameters also show a similar deuterium isotope effect  
suggesting that water rotat ion may be involved in both  the binding of  ferri- 
cyanide to reduced cy tochrome c and the subsequent  oxidation electron 
transfer. 

Int roduct ion 

The iron-hexacyanide-cytochrome c oxidation-reduction reactions have been 
studied, beginning in 1961, as a simple model  for biological electron transfer. 
Kinetic studies have been reported on these reactions by many investigators 
[1--16].  In 1973 Stellwagen and Shulman [5] found from NMR experiments 
that  i ron-hexacyanide-cytochrome c complexes must  be formed before electron 
transfer takes place. Stellwagen and Cass [17] demonstrated by equilibrium 
dialysis that  the ferr icytochromec-ferr icyanide,  fe r rocytochrome c-ferrro- 
cyanide, and ferr icytochrome c-ferrocyanide complexes axist. No data were 
presented, however,  for the existence of  a fer rocytochrome c-ferricyanide com- 
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plex. Miller and Cusanovich [8] presented kinetic evidence from stopped-flow 
experiments on the reduction of  ferr icytochrome c by ferrocyanide that  a ferri- 
cy tochrome c-ferrocyanide complex must be formed before electron transfer 
takes place. We present in this work complimentary kinetic evidence that  in 
the oxidation reaction of  fer rocytochrome c by ferricyanide a ferrocytochrome 
c-ferricYanide complex exists and we report  the results of  measuring the associ- 
ation and dissociation kinetic rate constants o f  this complex;  and, in particular, 
we have been able to make the binding rate large enough so that  the intra- 
molecular oxidation electron transfer rate could be measured. To achieve this, 
we use a continuous flow instrument and observe at a fixed time after mixing 
while we increase the ferricyanide concentration.  The rates at the higher con- 
centrations are too  fast to be measured with a conventional stopped-flow 
apparatus. 

The absolute necessity of  water for cy tochrome c oxidation reactions in 
photosynthet ic  bacteria and a deuterium isotope effect  of  value close to x /2  in 
th~ rate ratio was reported by us [18] in 1973. This result was taken as 
evidence that water rotat ion might be rate limiting in these cytochrome c 
oxidation-reduction reactions. In 1977 Ilan et al. [12] reported a deuterium 
isotope effect  with kH~O/k2., ̂  = 1.25--1.85 for the oxidation of  reduced 
cy tochrome c by ferricyanide using both pulse radlolysls and temperature- 
jump methods.  The ferricyanide concentrations used in their experiments, 
however, were too  low to be able to separate the binding and oxidation 
electron transfer, and to s tudy the deuterium isotope effect  on both the ferri- 
cyanide binding and oxidation electron transfer reaction separately. 

Materials and Methods 

Sample preparation. Horse heart  cy tochrome c, type  VI, in the oxidized 
form, obtained from Sigma Chemical Company,  was first reduced with sodium 
dithionite in 0.02 M potassium phosphate buffer at pH 7. The residual dithio- 
nite was removed by passing the sample through a 2 cm diameter, 20 cm high 
Sephadex G-25 column. The reduced cy tochrome c was then lyophilized and 
dissolved in either H20 or 2H20 buffers. The concentrat ion of  the resulting 
sample was determined with the use of  a spect rophotometer  and large samples 
of  5 gmol reduced cy tochrome c were prepared, either in H20/potassium phos- 
phate buffer  or 2H20/potassium phosphate buffer. Since the ferricyanide- 
reduced cytochrome c reaction was known to be pH independent  [3] in the pH 
range 7--8 and to be a sensitive function of  ionic strength [4], it was necessary 
to prepare the buffer solutions so that  the ~H20/potassium phosphate buffer 
had the same ionic strength as the H~O/potassium phosphate buffer. Therefore 
the buffers were prepared in the following way: 

Solids of  KH2PO4 (1.06 g) and K2HPO4 (2.13 g) dissolved in H20 to 1 1 
gave a 0.02 M buffer  solution at pH 7.0. The same total amount  of  solids in 
2H20 gave a p2H of  7.6 (pH meter  reading of  7.16 plus 0.44 correction factor 
[19]) .  The equations below show that the ionic strength of  the two phosphate 
buffer  systems was the same. 

pH = pK~ + log [ B H ]  " ~H [ B 2 H ]  
[AH] ,  p 2 H = p K ~  +log  
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By substituting pH = 7.0, p:H = 7.6, pKa H = 7.2 and pKa 2H = 7.8 [19], one 
obtains 7.0 = 7.2 + log [BH]/[A"];  7.6 = 7.8 + log  [B2H]/A2H], thus ([BH]/ 
[A HI = [B2H]/[A:H]). 

Since the total amount  of phosphate was the same in both the H20 and 
:H20 cases and the ratio of the dibasic to monobasic species was the same, then 
the concentrations of monobasic and dibasic species were the same in both the 
H:O and :H:O systems. This means then that  the ionic strength ~ = 0.5 .ECiZ~ = 

| • 

0.07 was the same. The other ionic species present in the reaction mixture 
other than the buffer ions have such low concentrations that  they make negli- 
gible contributions to the overall ionic strength. 2H20 was obtained from ICN 
and the H:O used was glass distilled. Ferricyanide was obtained from J.T. 
Baker Chemical Co. 

Apparatus and procedures. The mixing instrument used in the experiment 
was a Chance-Johnson Research Foundat ion type B continuous-flow apparatus 
[20]. With this instrument we have looked at fixed times after mixing and then 
varied the concentration of  ferricyanide over a wide range of values. The 
distance between the point of  mixing and the center of the observation window 
was 1.05 cm and the limiting flow velocity of  the solution in the observation 
tube was either 7.5 or 15 m/s. When nitrogen pressure is applied to the main 
syringe flow starts and terminal velocity is quickly reached. Near the end of  the 
stroke, the main syringe trips a microswitch so that  the pressure differential is 
released and the syringe movement  is then slowed down and stops. The flow 
velocity was monitored with a circular variable slide wire potent iometer  and 
the resulting variable voltage, due to the variable resistance, was differentiated 
electronically to give a voltage proportional to the velocity of  the large main 
syringe, which had a diameter of  4 cm. A typical flow trace is shown in Fig. 
1A. The ratio of  the areas of the observation tube and the main syringe then 
give the fluid flow velocity. The side syringe had a diameter of  2.38 mm so the 
resulting dilution factor was 1/283. 

The oxidation reaction was monitored with light from a water-cooled tung- 
sten-iodide lamp with a heat filter placed before the observation window. After 
the observation window a 50/50 beam splitter directed the light to two dif- 
ferent 9592 B EMI photomultipliers which were masked with either a 550 nm 
interference filter or a 525 nm interference filter. (This is the wavelength pair 
used to monitor  oxidation of  membrane-bound cytochrome c and 525 nm is an 
isosbestic point for the oxidized and reduced spectra.) The voltages from the 
two photomultipliers were then subtracted in a difference amplifier. 

For a single experiment both the side syringe and main syringe were first 
filled with the corresponding buffer solution (H:O or 2H20) and the mixing 
machine was then repeatedly operated until all bubbles in the observation tube 
and main syringe were removed. The side syringe was emptied, removed, dried 
and replaced. Then the side syringe was filled with a solution of ferricyanide, 
for example 40 raM, and several mixes were performed into buffer to assure 
that  the side syringe mixing solution was uniform. The main syringe was then 
filled from the top, allowing the buffer in the main syringe to exit at the bot- 
tom of the syringe, until an undiluted volume of 100 ml of  reduced cyto- 
chrome c was present in the main syringe. At this time top and bo t tom syringe 
valves were closed. The type B instrument is a 'regenerative' type instrument so 
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Fig.  1.  (A)  T y p i c a l  f l o w  t r a c e  50  m V / v e r t i c a l  d iv is ion  a n d  50  m s / h o r i z o n t a l  d iv is ion .  (B) C o r r e s p o n d i n g  
t r a n s m i s s i o n  c h a n g e s  f o r  c o n t i n u o u s  f l ow  m i x i n g  o f  5/~M r e d u c e d  c y t o c h r o m e  c in t he  m a i n  sy r i nge  a n d  
4 0  m M  f e r r i c y a n i d e  in  H 2 0  p h o s p h a t e  b u f f e r  ( 0 . 0 2  M) in  t he  s ide s y r i n g e .  O b s e r v a t i o n  t i m e  was  7 0 0  Vs. 
( 2 0 0  m V / v e r t i c a l  d iv i s ion  a n d  5 0  m s / h o r i z o n t a l  d iv i s ion . )  (C)  C o r r e s p o n d i n g  t r a c e  f o r  s e c o n d  m i x i n g  ind i -  
c a t e d  all  o f  r e d u c e d  c y t o c h r o m e  c was  o x i d i z e d  in f i rs t  e x p e r i m e n t .  S a m e  c o n d i t i o n s  as a b g v e  e x c e p t  ver- 
t ica l  scale  is 1 0 0  m V / d i v i s i o n .  

the main syringe plunger was moved down with mixing valve closed, without  
the side plunger in, so that  no mixing occurred but  reduced cytochrome c 
filled the observation tube.  Then the voltages corresponding to the transmission 
of  the sample at the two different wavelengths were both  adjusted to be 8 V. 
The sensitivity of  the difference amplifier was then increased to, for example, 
200 mV/division on the oscilloscope. The main syringe plunger was brought 
back up into its original position and the side syringe plunger replaced. Then 
an actual mixing trace was obtained as shown in Fig. lB.  At the beginning of  
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the trace, the transmission due to the reduced cytochrome c sample is being 
monitored at the observation window. Then the slower velocity fluid reaches 
the observation window so the transmission seen is that  through material which 
has had a longer time to react. When the limiting or terminal velocity is reached 
the transmission seen is that  due to faster moving fluid and hence material 
which has had a shorter time to react. The time delay in this picture was 700 
Us. The transmission remains then at a constant value until the microswitch is 
tripped and the pistons decelerate. By the time the pistons come to rest, the 
reaction has gone to completion and the final transmission is that  due to the 
fully oxidized sample. The plungers were then brought back to their original 
positions and a second mixing was performed with the result shown in Fig. 1C. 
The complete absence of  a transmission change is consistent with the conclu- 
sion that  all of the reduced cytochrome c is oxidized in the first mixing experi- 
ment.  

The relative concentrations of  ferricyanide and reduced cytochrome c were 
adjusted so that  a pseudo first-order reaction should result such that  the ferri- 
cyanide concentration changes little over the extent  of  the measured reaction. 
For example, the value of  the reduced cytochrome c concentration was 1.5 pM 
for the 8.8 and 17.7 pM ferrocyanide experiments, 5--6 gM for the 35.3 and 
70.7 pM ferricyanide experiments and 20 ~M for the 141.3 ~M and higher con- 
centration ferricyanide experiments. Since the transmission changes are small 
compared with the initial sample transmission, the absorption changes will be 
directly proportional to the transmission changes. These absorption changes are 
then proportional to the concentrations of reduced cytochrome c at time t = 
d/v  = (delay distance/flow velocity) and to the initial amount  of reduced cyto- 
chrome c. The corresponding transmission changes are designated on Fig. 1B 
as D~ and D2~ respectively. For a simple pseudo first-order bimolecular reaction 
one would expect D1 = D:e  -k tc  where c is the concentration of ferricyanide, 
and k is the apparent second-order rate constant.  A plot of  In D : / D I  as a func- 
t ion of ferricyanide concentration c would yield a straight line if the binding 
of ferricyanide to reduced cytochrome c dominated over the subsequent elec- 
tron transfer. 

Results and Analysis 

Examples of the type of  data obtained at 1.4 ms for ferricyanide plus 
reduced cytochrome c in H20 and in 2H20 buffers are shown in Fig. 2 where In 
D : / D I  is plotted as a function of  ferricyanide concentration c. The data were 
taken at 23°C and pH 7.0 and p2H 7.6. As can be seen, the result for a partic- 
ular curve is not  just a single exponential,  with straight line behavior on a loga- 
rithmic plot, but instead the curve tends to saturate at high concentrations of  
ferricyanide. This behavior is interpreted according to the model introduced by 
Stellwagen and Shulman [5]. We assume that  ferricyanide first binds to 
reduced cytochrome c, with possible thermal dissociation, and then an intra- 
molecular electron transfer takes place. 

Fe in  + C II ~_¢C H . Fe Ixx k-__2 C m  . Fei~ 
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Fig. 2. e ,  f e r r i cyan ide - reduced  c y t o c h r o m e  c r eac t i on  as f u n c t i o n  o f  ferr icyanide  c o n c e n t r a t i o n .  The data  
were  t a k e n  in H 2 O l p o t a s s i u m  p h o s p h a t e  b u f f e r  wi th  ionic s t reng th  0 .07  at  1 .4 m s  a f t e r  mix ing  and  p H  
7 a t  23°C.  o the  c o r r e s p o n d i n g  reac t ion  u n d e r  the  same  c o n d i t i o n s  as those  above  b u t  in 2 H 2 0 / p o t a s -  
s ium p h o s p h a t e  b u f f e r  at the  same  ionic  s t r eng th  0.07 and  p 2 H  7.6. 

On the time scale of  our experiments the backward electron transfer reaction 
may be assumed negligible [3,18].  We interpret this result in the following 
way: at low concentrations of  ferricyanide the binding of  ferricyanide to 
reduced cytochrome c is the slower process and consequent ly a limiting straight 
line behavior is observed. At high ferricyanide concentrations the binding rate 
has become faster than the subsequent  electron transfer so that  in the limit of  
high ferricyanide concentrations a constant  ferricyanide concentration-indepen- 
dent  rate is observed. 

The differential rate equations for the decrease of  reduced hemes were set 
up and solved by  Laplace transforms (under pseudo first-order conditions for 
ferricyanide concentrat ion c much greater than the cy tochrome c concentra- 
tion). The expected fractional decrease of  reduced cy tochrome c molecules, 
Dt/D2, at time t, as a function of  ferricyanide concentration,  c, was found to be 

Ic a s i n h ( ~  - -b2t )  1 Di/D2 = e -at  o s h ( ~  -- b2t) + v~=__, b 2 

where 2a = k_3c + k÷3 + k-2, and b 2 = k_2k_3c. 

In order to determine the electron transfer rate k-2 from the high ferricy- 
aide concentrat ion data it was necessary to develop an asymptot ic  expansion so 
that  a proper extrapolation could be made. To this end the function In Dr~D2, 
with DI[D2 given as above, was expanded in a power  series with the indepen- 
dent  variable being 1/c and only terms up to first order in 1/c retained. The 
resulting equation is then that for a straight line with a corresponding slope and 
intercept. 

In D , / O 2 = . - k _ 2 t +  o~(1) 

where the slope is given by 

k_: + t • [3k~3 + 10k÷3k-2 + 3k2-2) 

= k_ 3 ~ \  k_3 ) 
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Fig. 3 shows the experimental data of  Fig. 2 replot ted in this fashion and illu- 
strate that  at high concentrations straight line behavior of  In DI/D2 versus 1/c 
does ensue for both  the H20 data  and the 2H20 data. From the above equation 
for In D1/D2 it is seen that the electron transfer rate may be obtained directly 
f rom the intercept --k_2t. The values obtained by  least-squares fitting to a 
straight line are k_H~ ° = (1.86 ± 0.06) • 103 s -1 and k2_~ 2° = (1.36 + 0.06) • 103 
s -1 from Fig. 3. Uncertainties were estimated using the calculated standard 
deviation of  the intercepts. For  low ferricyanide concentrat ion values it is 
appropriate to obtain In D2/D1 up to first order in c. An expansion of  In D2/D~ 
in powers of  c gives 

In D2/D! = fJc 

where 

k-2k-3 [ (I -- e--(k+3+k-2)t)l 
fl-k+3+k-2 t-- k+3+k-2 J 
is the limiting slope. Fig. 4 illustrates the limiting straight line behavior for both  
the H20 and =H20 data at low ferricyanide concentrations.  The straight lines 
shown were obtained by least-squares fitting. From the e and l] slope equations 
we see that  after k_: has been determined we may determine k-3 and/~3 graphi- 
cally from the experimental slopes e and/3. 

: = T + 16 
and 

k_, I t_ (1 - e-("" +"-:)t)] 
k+3 + k_2 k+3 + k-2 

Computer  solutions for [k-3 = F,~(k+3) = F~(k+3)] were obtained with computer-  
generated curves which are shown graphically in Fig. 5 where curves of  logl0F 

-05I j f  

- I 0  . H20 

i / : 2H20 

-2C 

-2.' 

- 27  

T = 1.4ms 

Fig. 3. Asymptotic  Plot of  H 2 0  and 2 H 2 0  data given in Fig. 2 in  the high ferricyanide concentrat ion 
region. 
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I/C (mM -I) 
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Fig.  4 .  L o w  f e r r i c y a n i d e  c o n c e n t r a t i o n  p lots  for  H 2 0  a n d  2 H 2 0  d a t a  t a k e n  u n d e r  t he  c o n d i t i o n s  given in  
Fig .  2. 

F ig .  5. G r a p h i c a l  s o l u t i o n s  to  f ind  h _  3 a n d  h+3 f o r  H 2 0  and 2 H 2 0  b u f f e r  d a t a .  

versus log~0k+3 are p l o t t ed .  The  co r r e s pond ing  ra te  cons t an t s  o b t a i n e d  b y  this 
p r o c e d u r e  are 

kH2o (2 .47 +0 .48~ .  M-1 s- i  -3 = - -0 .05  j 107 " 

k2H20 +0.56~ S-1 -3 = (1 .84 __0.18 / • 107 M -1 • 

kH20 = (7.6 + 5.5) • 102 s -1 
+3 

k2H20 +23 *3 = (3 ) " 102 s -1 

The  d e u t e r i u m  i s o t ope  e f f ec t  ra t ios  are 

• H 2 0 , .  2 H 2 0  
R_2 = ~-2 /re_2 = 1.37 + 0.07 

and  

= uH20/~2H20 (1 .34 + 0 . 4 4 ~  
R-3 '~-3 /'*-3 = - -0 .34  j 

= ~H20/~2H2° (2.6 +10 
R+3 "÷3 ,'~+3 = __ .2 ) 

Because o f  the  insensi t iv i ty  o f  the  express ion  given above  fo r  D I / D  2 to  k+ 3 the  
2 H  O values fo r  kH~ o and  k+32 c a n n o t  be  ob t a ined  accura te ly .  The re fo re ,  the  ra t io  

R+ 3 is so unce r t a in  t h a t  no  conc lus ion  can  be m a d e  as to  w h e t h e r  or  n o t  an 
i so tope  e f f ec t  exists  fo r  the  f e r r i c y a n i d e - f e r r o c y t o c h r o m e  c c o m p l e x  dissocia- 
t ion  process .  The  d issoc ia t ion  cons t an t s  fo r  t he  b ind ing  o f  f e r r i cyan ide  to  
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reduced cy tochrome c can now be est imated and were found to be 

K H2° = (3 + 2.3) • 10 -s M 3 

and 
K2H:o +2.1~ 3 = (1.6 • 10 -s M --1.2 J 

The rate constants found above were then substi tuted into the equation 
given at the beginning of  this section for D~/D2 and the results of  these calcula- 
tions are shown by the solid line curves in Fig. 2. 

Discussion 

If the data shown in Fig. 4 for low ferricyanide concentra t ions  is interpreted 
in terms of  a simple bimolecular reaction,  as has previously been done  by vari- 
ous investigators (other  than Stellwagen and Shulman [5] and Miller and Cusa- 
novich [8]) ,  then an apparent  second-order rate constant  for  the oxidat ion of  
reduced cy tochrome  c by ferricyanide in H20 buffer  of  value b H2° = (1.29 + " * a p p  

0.06) • 107 M -~ • s -1 is found at 23°C; pH 7 and ionic strength 0.07. This value 
is to  be compared with the value found at comparable ionic strength (0.1) by 
Sutin and Christman [1] which was 1.6 • 107 M -1 • s -~ . The corresponding value 
of  the apparent  oxidat ion rate constant  in 2H20 buffer  would be k2a~r] °=  
(9.23 ± 0.26) • 106 M-'  • s -I. These values then give a deuter ium isotope rate 
ratio of  R = 1.40 ± 0.08, which is to  be compared with that  found by llan et al. 
[12] which was R = 1.5 at pH 7.3 and ionic strength 0.1. Our experimental  
results are thus consistent with previously measured values. However,  when the 
possibility of  a fe r rocy tochrome c-ferricyanide complex is allowed with both  
complex dissociation and electron transfer then the data must be reanalyzed. 
When this is done using experimental  slope measurements at bo th  high and low 
ferricyanide concentrat ions,  as shown in Results and Analysis, higher values are 
obtained and identified as the association rate constants for  complex forma- 
t ion: k_aJ ° = 2.47 • 107 M -~ • s -~ and ,~2H2°_3 = 1.84 • 107 M -1 • s -~ with deuter- 
ium isotope rate ratio R_3 -- 1.34. The presence of  this effect  suggests that  sol- 
vent  (water) reor ientat ion must take place before  binding can occur. 

The saturation effects observed at high ferricyanide concentra t ion in Fig. 2 
show that  a complex is being formed by the ferricyanide and reduced cyto-  
chrome c molecules before  electron transfer takes place, thus supporting the 
model  put  for th  by Stellwagen and Shulman [5].  The existence of  the other  
kinetically impor tan t  complex of  ferrocyanide with oxidized cy tochrome  c 
has previously been repor ted  by Miller and Cusanovich [8].  The value we have 
found for the electron transfer rates in the fe r rocy tochrome c-ferricyanide 
complex,  1.36 • 10 a s- '  in 2H20, may be compared with the value estimated by 
Stellwagen and Shulman [5] f rom NMR line-broadening experiments  which 
was 2 • 104 s -1. However, in their analysis they  had to arbitrarily choose a value 
for K3. They  chose a value similar to the values found for the o ther  complexes.  
If the lower value for K3 estimated by us in this work is used in their calcula- 
t ion then they  would obtain a lower value for  k_2 closer to  tha t  which we are 
reporting. Recent ly  Cusanovich [22] has recalculated the value of  k_2 from the 
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data of  Stellwagen and Shulman [5] using their methods and has estimated a 
value of  K3 of  4.7 • 10 -4 M from available kinetic data. The result which he 
finds for 2H20 is k_2 = 2.8 • 103 s- '  which is in quite good agreement with our 
value. Using a form of  excitat ion modulat ion spectroscopy Potasek and Hop- 
field [21] have detected a charge transfer band in the cy tochrome c-Fe(CN)6 
system from which, with the use of  the vibronically coupled electron-tunneling 

Cn~2H20 (3.3 + 2.7) • 104 S-'. theory ,  they  have calculated a value . . . . . .  2 = - 
It has also been possible to estimate the dissociation rate constant  of  the 

transient intermediate complex,  as indicated in Results and Analysis, giving 
values comparable to the electron transfer values, of  k+ 2H2° = 7.6 • 102 s-' in 
H20 buffer  and k+~ 2° = 3 . 102 s- '  in 2H20 buffer.  There may be a deuter ium 
isotope effect  here but  it cannot  be considered accurate because of  the insen- 
sitivity of  the expression for Di/D: to k+3. The measured association and esti- 
mated dissociation binding rate constants have, however,  been combined to 
give equilibrium dissociation constants K~ 2° = 3 • 10 -s M and K~ H2° = 1.6 • 
10 -s M. 

From the extrapolated intercepts of  the curves shown in Fig. 3, we have 
been able to measure the oxidat ion electron transfer rates separately f rom the 
effects of  ferricyanide binding and find values of  k_H~ ° = 1.86 • 103 s -1 in H20 
buffer  and k2_~ 2° = 1.36 • 103 s -1 in ~H20 buffer  giving a deuter ium isotope rate 
ratio of  value R_ 2 = 1.37. Thus, it appears that  a deuter ium isotope effect  of  
similar magnitude to that  found in photosynthe t ic  bacteria [ 18] also is present 
in this intramolecular  electron transfer process. 
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