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Summary

The dynamic behavior of various types of cytochromes ¢ in the redox reac-
tion with iron hexacyanides was studied using a temperature-jump method in
order to elucidate the molecular mechanism of the redox reaction of cytochro-
mes with their oxidoreductants.

Transmittance after the temperature jump changed through a single expo-
nential decay for all cytochromes investigated.

Under a constant concentration of anion, the redox reaction of various types
of cytochrome c with iron hexacyanides was analyzed according to the scheme:

k E k
C(III) + Fe(II) :—‘1 C(III) - Fe(II) :—2 C(II) - Fe(III) f C(II) + Fe(IIl)
-1 -2 -3
step A step B step C
K,=ki/k_;(i=1,2,3)

where C(III) and C(II) are ferric and ferrous cytochromes, respectively, Fe(IID)
and Fe(Il) are ferri- and ferrocyanides, respectively, C(III) - Fe(Il) is the ferri-
cytochrome-ferrocyanide complex and C(II) - Fe(IIl) is the ferrocytochrome-
ferricyanide complex. When step B is slower than the other two steps A and C,
77! can be represented approximately as

o = kK ([FedD)] + [CAI]) | k_,((Fe(II)] + [CD)])
1+K,([Fe(I)] + [CAID]) K, + ([Fe(I)] + [C(IT)]

where the bar over the variables denotes the equilibrium value. In a large excess
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of ferrocyanide against cytochrome, we can estimate k,, k_,, K, and K; inde-
pendently. In the case of horse cytochrome ¢ at 18°C in 0.1 M phosphate buf-
fer at pH 7 with 0.3 M KNOs, the estimated parameters are k, = 100 + 50 571,
k,=(35+1.0)-10°s, K, =15+ 7M ' and K; = (8.5 + 1.5) - 107* M. From
the same experiments for seven cytochromes (cytochrome ¢ from horse, tuna,
Candida krusei, Saccharomyces oviformis, Rhodospirillum rubrum cytochrome
¢y, Spirulina platensis cytochrome c¢-554 and Thermus thermophilus cyto-
chrome c¢-552), the following results can be deduced. (1) Each parameter
defined in the scheme above (k,, k_,, K,, K;) diverged beyond the error range.
Above all, k, values of cytochromes c-554 and c-552 are as large as 1 - 10* s7*
and much larger than those for the other cytochromes (to 50 approx. 700 S™1).
(2) The variance of k,K; and k_,/K; are relatively less than the variances of
individual parameters (k,, k_,, K; and K,), which suggests that the values of
k,K, and k_,/K; have been conserved during the course of evolution.

Introduction

In the present study, the redox reaction of various types of cytochrome ¢
was studied using a temperature-jump method in order to elucidate the molec-
ular mechanism of the redox reaction of cytochromes with their oxidoreduc-
tants. Iron hexacyanides were used as oxidoreductants, because (1) the reac-
tion is reversible and (2) they are metal complexes that may be considered as
the models of the physiological oxidoreductant (cytochrome oxidase and
reductase). The reaction of cytochrome c¢ with iron hexacyanides has been
investigated by many workers [1—22]. However, no one has succeeded in ob-
taining the rate constants of the internal electron transfer directly. In the
present article, a method for calculating the rate constants of the intercon-
version between two intermediate complexes (ferricytochrome-ferrocyanide
and ferrocytochrome-ferricyanide complexes) is given, and according to this
calculation method, the redox reaction of various types of cytochrome ¢ with
iron hexacyanides was studied.

Theoretical

The analyses were done on the basis of Scheme I defined by Stellwagen and
Shulman [7];

k k k
C(III) + Fe(II) ;ﬁllC(III) - Fe(1I) k=-2~2 C(II) - Fe(III) k%SC(II) + Fe(III) (1)
step A step B step C

where C(III), C(II), Fe(IIl) and Fe(II) designate ferric and ferrous cytochromes,
ferricyanide and ferrocyanide, respectively, and C(III) - Fe(II) and C(II) - Fe-
(I1I) represent the intermediates of ferricytochrome-ferrocyanide and ferro-
cytochrome-ferricyanide complexes, respectively. 77! can be obtained for two
extreme cases as follows; (i) k,, B_, >> ky ([CI)] + [Fe(ID)]), k-, ks, k3
([CAN] + [Fe(IID)]).

The reciprocal relaxation time, 77!, can be calculated according to a simpler
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scheme (Scheme 1II)

kre
C(III) + Fe(II) ‘;_—*iC(II) + Fe(III) (1)
ox
When a large excess of ferrocyanide is mixed with cytochrome, Eqn. 1 holds
[23].

™, p . (Fe(lD]o + 2[CAD] — [CAD]o)
[Fe(ID)], ¢ ~* [Fe(II)1,

where subscript zero denotes the initial value before reaction. Hence, the values
of k,.q and k., can be determined from the intercept and slope of the plots of
the experimental data, respectively, by changing the concentration of ferro-
cyanide,

The parameters k,.q and k,, are related to those in Scheme I as,

1)

Brea =k1/(1 + Ka) (2)
kox = Kak 5/(1 + K4) (3)
where

Ki=k_, - k_i/ky- k3 4)

(ii) ko, By <<k ([CID)] + [Fe(ID)]), k_y, k3, k-3 ([Fe(III)] + [C(ID)]).
In this case, the reciprocal relaxation time, 77!, can be calculated as
oo RaK ([Fe(I)] + [C_(IH)])+ k_,([Fe(IIl)] + [C(IT)])
1+K(Fe(Il)] + [CAID)])  K;+ ([Fe(II)] + [C(AD])

(5)

where a bar over the parameter indicates the value at equilibrium [23]. The
parameters k,, k_,, K, and K; can be estimated by performing the following two
series of experiments.

(a) [Fe(Il)], constant and [Fe(Ill)], variable. When [Fe(II)], is constant and
in large excess, the sum of [Fe(II)] and [C(III)] can be considered as nearly
equal to [Fe(Il)],, and the first term of Eqn. 5 can be regarded as constant.
Eqgn. 5, then, can be represented as

1 1 K,
R — _ (6)
' —A k, k_,([Fedll)]+[COD])
where
A= koK [Fe(Il)], (constant). (7N

1 +K, [Fe(Il}]

[Fe(III) and [C(II)] in the second term of the right side of Eqn. 6 are obtained
from Egns. 8—10:

[Fe(III)] = [Fe(III)], + ([C(ID)] — [C(ID)]o) (8)
[C(ID)], = [C(I)] + [C(IT) - Fe(TII)] (9)
k3[C(II) - Fe(IN)] = k_,[C(11)] - [Fe(I1I)] (10)
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where [C(II)], denotes the concentration of the reduced cytochromes cal-
culated from the optical absorption of the a-band at equilibrium. Hence, the
parameters K; and k_, were estimated from the experimental values of 771,
[C(I1)]o, [Fe(1II)], and [C(II)]; and Eqgns. 8—10 by the least-squares methods,
A being a parameter.

(b) [Fe(Ill)], constant, [Fe(Il)], variable and in large excess. In this case,
the second term of Eqn. 5 can be calculated using the values of K; and k_, ob-
tained in case (a). Eqn. 5 can be rewritten as

1 1 1
= i - 11
kam—B ks koK, - [Fe(D)] + [CAID] (b
where
k_
B= : (12)

K, + ([Fe(Ill) + [CAD])

The sum of [Fe(II)] and [C(IIT)] may beregarded as [ Fe(II)1,,since [Fe(II)], is
in large excess. As [Fe(III)] and [C(II)] can be calculated from the experimental
values of [C(II)],, [C(II)], and [Fe(III)], according to Eqns. 8—10, the value
of B in Eqn. 12 can be calculated. Therefore, the parameters k, and K, can be
estimated from Eqns. 11 and 12 by the least-squares method.

Thus, four rate constants (k,, k.., Rox and k,.q) and two dissociation con-
stants (K; and K3) can be estimated from two series of experiments. Once the
parameters k,, k.,, K; and K; are obtained, the concentration of ferrocyto-
chrome at equilibrium can be estimated. The details of the calculation are
described elsewhere [23].

Experimental

Methods

In the present experiment, a Union-Giken T-jump spectrophotometer, model
RA-1200, was used. The details are described elsewhere [23]. Temperature
change after heating is 3°C. The initial temperature of the solution was main-
tained at 15°C * 0.05°C throughout.

The absorbance in the ultraviolet and visible regions was monitored by a
Shimadzu UV-200 spectrophotometer or a Cary-17 spectrophotometer.

The pH value was monitored by a Beckman pH meter, model 76 with an
electrode of number 39013. The pH value of the solution was adjusted to pH
7.00 £ 0.01 throughout by adding HCI or NaOH. The temperature of the solu-
tion for optical absorbance. and pH measurements was kept at 18 + 0.1°C
throughout the experiment. The solvent used was 0.1 M phosphate buffer with
0.3 M of KNOj for cytochromes and iron hexacyanides in the experiments.

* The parameters in Scheme I can be estimated independently of the concentrations of protein and oxido-
reductants in the constant concentrations of buffer and anions [23].
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Materials

Cytochromes ¢ of horse heart, tuna heart and Candida krusei were purchased
from Sigma Chemical Co. (type VI, XI and VII, respectively). Cytochrome c of
Saccharomyces oviformis was kindly supplied by Sankyo Co., Ltd. (Tokyo,
Japan). They were further purified on a carboxy-methyl-cellulose (CM-52)
column.

Cytochrome ¢, of Rhodospirillum rubrum was a gift from Professor Horio.
It was used without further purification.

Cytochrome c-554 (Spirulina platensis) was purified from the precipitate of
S. platensis by 70% saturated ammonium sulfate according to the procedure of
Yamanaka et al. [24], and was a gift from Professor T. Yamanaka.

Cytochrome ¢-552 (Thermus thermophilus) was extracted from the thermo-
philic bacteria HB8, and purified according to the procedure of Hon-nami and
Oshima [25].

Results

The temperature-jump of the solution of cytochomes with iron hexacyanides
gave rise to a decrease in the transmittance at the wavelength of the a-band
with a single exponential relaxation process, when both oxidized and reduced
states were in co-existence.

According to the procedure described in the theoretical section, two rate
constants, k, and k_,, and two dissociation constants, K, and K, specified in

(&)
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Fig. 1. Reciprocal relaxation time, 7~ 1, and the concentration of ferrocytochrome at equilibrium of horse
heart cytochrome ¢ against the concentration of ferricyanide. [Fe(IlI)]g, initial concentration of ferri-
cyanide (variable). Initial concentration of férrocyanide, 50 mM. Initial concentrations of ferric and
ferrous cytochromes were 12.4 uM and O uM, respectively. 0.1 M of phosphate buffer (pH 7) with 0.3 M
KNOg3. Initial and final temperatures are 15°C and 18°C, respectively. Pressure 5 atm. Each reciprocal
relaxation time was estimated from four kinetic runs. O, reciprocal relaxation time; ®, concentration
of ferrocytochrome at equilibrium. The solid and broken lines in the figure are calculated according to
Eqn. 5 and Section 2.2.2 of Ref. 23 with the parameters in Table I.

Fig. 2. Reciprocal relaxation time and the concentration of ferrocytochrome at equilibrium against ferro-
cyanide, horse cytochrome ¢. Ferrocyanide variable and no ferricyanide. For the other descriptions, see
Fig. 1.
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Scheme I were separately estimated from the reciprocal relaxation times and

the concentration of ferrocytochrome measured for both the ferrocyanide- and
the ferricyanide-variable systems.

(1) The ferricyanide-variable system

The experiments were performed with concentration of ferrocyanide con-
stant at 50 mM, and a variable concentration of ferricyanide. Cytochromes in
the oxidized state were used in the experiment except for cytochrome c-554.
In the case of cytochrome ¢-554, the reduced cytochrome was used, since it
was more stable [24]. The values of 77! obtained for horse cytochrome ¢ were
plotted against the concentration of ferricyanide in Fig. 1. Similar profiles were
obtained for all cytochromes investigated. From the figure, we can obtain the
values of K; and k_, according to Eqgns. 8—10.

(2) The ferrocyanide-variable system

The temperature-jump experiments were performed with variable concen-
trations of ferrocyanide and no ferricyanide, except in the case of cytochrome
¢-554. In that case, ferricyanide of 0.1 mM was mixed with variable concentra-
tions of ferrocyanide. Cytochromes in the oxidized state were used except
cytochrome ¢-554. For the last cytochrome, the reduced cytochrome was used.
The obtained reciprocal relaxation times, 77!, of horse cytochrome ¢ were
plotted against the concentrations of ferrocyanide in Fig. 2. Similar profiles
were obtained for all cytochromes investigated. The parameters K, and k, can
be obtained from the data under conditions in which the concentration of
ferrocyanide is relatively high, according to Eqns. 11 and 12.

3

v/ [Fean](M's™) x 1073
(&)

o] 1 | 1 )
[§) 1 2 3 4

{ [Feun)]o+2-[€(u)]—[c<u)]o)/[Fe(mjo} x 103

Fig. 3. 7 1/[Fe(II)]g vs. ([Fe(II)]g + 2[(C(ID] — [C(I1)1g)/[Fe(ll)1g. Ferrocyanide variable and no ferri-
cyanide. Other descriptions are the same as for Fig. 1,
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Estimate of k,, and k.,

At a low concentration of ferrocyanide, Scheme I can be reduced to a
simpler scheme, Scheme II and the parameters k,, and k,.q can be estimated
according to Eqgn. 1. For six cytochromes except cytochrome c¢-554, ferro-
cyanide was mixed with ferricytochrome, whereas for cytochrome c-554, ferro-
cyanide, 0.1 mM of ferricyanide and ferrocytochrome were mixed. Dependence
of 77! of horse cytochrome ¢ on the concentration of ferrocyanide was plotted
in Fig. 3.

The estimated kinetic parameters are summarized in Table I.

Discussion

1. Examination of the validity of the kinetic parameters

Kinetic parameters estimated for cytochrome ¢ were checked by several
critical points. (i) The equilibrium constant of horse cytochrome ¢ with iron
hexacyanide was calculated to be 3.6 - 10™*, from which the redox potential
was estimated to be 0.23 V. It is in fairly good agreement with the value ob-
served in equilibrium (0.24 V [23]). (ii) The reciprocal relaxation times and the
concentrations of ferrocytochromes were calculated according to Eqns. 1 and
5, and Section 2.2.2 of Ref. 23 with the parameters in Table I. The simulated
curves thus obtained for horse cytochrome ¢ are shown in Figs. 1—3. The agree-
ment with the experimental data is good for all the cytochromes investigated
(not shown here). (iii) The reciprocal relaxation times and the concentrations
of ferrocytochrome were also calculated for horse cytochrome ¢ with respect
to the system with variable concentrations of ferrocyanide and 0.1 mM of ferri-
cyanide, according to Eqn. 5 and Section 2.2.2 of Ref. 23 with the parameters
listed in Table I. The simulated curves of the reciprocal relaxation times and
the concentration of ferrocytochrome were compared with the corresponding
experimental data. Their agreement is quantitatively good [23].

2. Comparison of the kinetic parameters with values in the other literature

(i) The values of k,, and k,.4 obtained for horse cytochrome c in early
reports have been summarized in our previous paper {16]. The value of &, is
between 6.5-10° and 1.6 -10" M- 5™, and the value of k,.4 lies between
1.1:10* and 3.4 -10* M- 57!, The values obtained in the present work are
smaller than the values mentioned above. These slight discrepancies might be
due to the difference in experimental conditions, since the measurements in the
literature were almost all done in a relatively low concentration of salts.

(ii) Six rate constants in Scheme I were estimated by Miller and Cusanovich
[8] with the aid of the values estimated by Stellwagen and Shulman [7]. Stell-
wagen and Shulman obtained k, from the saturated value of a plot of Av (the
broadening of the line width) vs. [Fe(II)], and k-, from the assumption of K, =
K3! and a plot of Av vs. [Fe(III)]. Miller and Cusanovich analyzed the reaction
according to the scheme,

. .
C(II1) + Fe(1l) k«*l- C - Fe f C(1I) + Fe(II) (111)
-2

k_q

assuming one intermediate complex. 77! is then derived as
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., _ RkyK'[Fe(Il)]

1+ K'[Fe(II)] (13)
where K'=k;/(k., +k;), neglecting the backward process of k_,[C(II)][Fe-
(II1)]. They derived k; from the initial slope of a plot of 7~! vs. [Fe(II)], and
k; and K’ from Eqn. 13. The value of k; was ascribed to the value of k; in
Scheme I, and k; =k, and k., = k_,. The value of k, is calculated from the
other rate constants and overall equilibrium constant, with the use of % _, esti-
mated by Stellwagen and Shulman [7] and k,, obtained by Brandt et al. [2]
as k_;. The values are shown in Table II. However, as already pointed out in the
theoretical section and the results above, (1) the term k., [C(I1I)][Fe(III)] can-
not be neglected, (2) k; and k_; cannot be estimated only from the procedure
described above because the reaction is reversible. Moreover, (3) the assump-
tion K; = K3! made by Stellwagen and Shulman is unreasonable and has no evi-
dence to support it, and (4) k; should be ascribed to k, rather than k,, because
the absorbance change at Soret peak was used as monitor of the production of
ferrocytochrome in the analysis of Miller and Cusanovich and that chance
occurred through process B in scheme I. The value of 1500 5™ (k, of Miller and
Cusanovich) should be ascribed to k; according to their analysis.

Considering these facts, the agreement of k, and k_, between the present
results and Miller and Cusanovich’s is good, though there is a large difference
for K,. Since the dissociation constants K, and K, are extremely salt concentra-
tion dependent, there are nothing to say about the discrepancy of the dissocia-
tion constants between two experiments.

3. Divergence of the kinetic parameters and its physiological meaning

From the values in TableI, it can be seen that each kinetic parameter
diverged beyond the error range among the species examined. To estimate the
divergence of the parameters, the logarithms of the parameters were plotted in
Fig. 4. The variances of the logarithms of the parameters were estimated among
seven species and also among four species of eukaryotes. They are also shown
in Fig. 4. From the figure, the variances in eukaryotes were smaller and similar
to each other, whereas among seven species those of k,, k_,, K3, K; were larger,
and the variances of the complex values k_,/K3, k,K, keq and k,, are not so
large. These results suggest that the values of k,K, and k_,/K; (and k,.q and
kox) have been conserved during the course of the evolution, notwithstanding
the divergence of each parameter (k,, k_,, K, and K3).

k, and k_, (Step B in Scheme I). As specified in Scheme I, the parameters k,
and k_, are considered to be the rates of the electron transfer from ferro-
cyanide to ferricytochrome and from ferrocytochrome to ferricyanide in the

TABLE II
RATE CONSTANTS ESTIMATED IN EARLIER WORK

k1 1.7-104 M 1-571 [81] koy 7571 81
ky 1.5-103 571 (8) Ry 2.1-10% 571 (71
20851 {7

k3 132571 8] k3 8.7-106 M~1.g71 (2]
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Fig. 4. Comparison of the divergence of the kinetic parameters. The column next to the right-hand side is
the variances of logarithm of each parameter for seven species and the column at the right hand side
represents the variances of logarithm of each parameter for four cytochrome c’s of eukaryotes. H, horse;
Tu, tuna; C, C. krusei; Sa, S. oviformis; R, R. rubrum; Sp, S. platensis, Th, T. thermophilus.

cytochrome-iron hexacyanide complex. The divergence of k, and k_, suggests
that the environment of the electron pathway is not necessarily conserved
throughout the molecular evolution.

4. Grouping to c¢,- and c¢-types and its relation with kinetic parameters

The most characteristic feature of the kinetic parameters is that the k, values
of cytochrome c¢-554 and c¢-552 are larger than the k, values of other cyto-
chromes. From the spectral features these two cytochromes are considered to
belong to the same subgroup, c¢-type. The conincidence of these spectral and
kinetic classifications might be meaningful.

Wood and Cusanovich investigated the reaction of another c4-type cyto-
chrome, ¢-652, E. gracilis), with the iron hexacyanide, and reported the values
of kyeq and ko, as 7.5-10°M™1-s"t and 3.9 -10* M- 57!, respectively, at
0.1 M buffer [26]. They also reported the values of k,.q and k., for horse
cytochrome ¢ and R. rubrum c,. A marked difference was seen among the
values for three cytochromes, and they ascribed these differences to the differ-
ence in charged state at the reacting site, since the site of cytochrome ¢-552
(E. gracilis) is negatively charged in contrast to the positively charged reacting
sites of horse cytochrome ¢ and R. rubrum c,.

On the other hand, the values of k.4 and k., of cytochrome ¢-554 obtained
in our experiments are 2 - 10° M~!-s™? and 4 - 10° M™? - 57! and are larger than
the values obtained by Wood and Cusanovich for cytochrome ¢-552 of E. graci-
lis. The values are even larger than for horse cytochrome c. From these results,
we can conclude that k., and k;.4 would not be adequate indices for classifi-
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cation of cytochromes into c,- and cg-types, because k..q and k., depend
strongly on the ionic atmosphere of the reacting sites which differs according
to the difference of the distribution of the dissociation residues at the site.

5. The role of tyrosine or phenylalanine at position 46

Based on the reactivity of c-type cytochromes with T. novellus oxidase,
Yamanaka [27] proposed a criterion of classification that c-type cytochromes
can be subdivided into two classes due to whether the 46th residue is tyrosine
or phenylalanine. However, there was no evidence that the cytochromes ¢ of
tuna, C. krusei and 8. oviformis whose 46th residues were tyrosine were in the
same group against horse cytochrome ¢ (Phe-46). Therefore, this classification
would be based on the specific recognition of the reacting molecule (oxidase).
The difference of the 46th residue is indifferent to the reactivity with non-
specific inorganic reagents such as iron hexacyanide.

6. Thermostability and kinetics of cytochrome ¢-552 (T. thermophilus)

A characteristic feature of T. thermophilus ¢-552 is that its redox potential
is very low. The present study showed that its k,.q and k,K, are the lowest
among seven species, whereas its k_,/K; is the largest and its k., is compara-
tively large. Since the value of k, is the largest among seven species, the low
values of k,K, and k,.q depend mainly on the low value of K,. Similarly, the
values of k_,/K; and k., are large because the value of K; is low. Hence, the
low value of the redox potential would be ascribed to the low value of K, and
K;. As pointed out in our previous paper [16], the characteristics of the
kinetics of cytochrome c¢-552 with the iron hexacyanide as well as those
described above, are (1) AH,,* is considerably lower than that of horse cyto-
chrome c, (2) 7! at room temperature is slower than that of horse cytochrome
¢. The small value of 77! would be due to the low values of K; and K3, owing to
the reason described above. Although the details are unknown, the values of K,
and K; would have been modified to make the cytochrome molecule fit the
environment in spite of the divergence of the values of k, and % _,.
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