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Electron-transfer (ET) reactions of metmyoglobin (metMb) and the oxidized form of cytochrome ¢ (cyt c(III)) with
chiral viologen-radical cations containing (1-phenyl- and 1-cyclohexylethyl)carbamoylmethyl groups were examined at
pH 7.0 (10 mM phosphate buffer), ionic strengths (/) of 0.040-0.50 M, and temperatures of 10-35 °C. In the metMb sys-
tem, the pseudo first-order rate constant of the decay of the viologen-radical cation was saturated with increasing concen-
trations of metMb, indicating that metMb interacts with the viologen-radical cation to form a complex followed by an in-
tramolecular ET reaction. The stereoselectivity was observed in both the complex formation and the intramolecular ET
processes for the (§,5)-isomers of chiral viologens. The ratios of the association constants and the intramolecular ET rate
constants of the (S,5)-isomer with those of the (R,R)-isomer were 1.1-1.3 and 1.1-1.5, respectively. The saturation kinet-
ics was not observed for the ET reaction between metMb and the achiral benzylviologen-radical cation, which has no
CONH bond, suggesting that the hydrogen bonding of the CONH group of the chiral viologen with the side chain of the
polypeptide in metMb plays an important role in the stereoselectivity. No appreciable complex formation was observed
in the ET reaction between cyt ¢(IlI) and viologen-radical cations, although the stereoselectivity was observed. The ra-
tios of the second-order rate constants of the (S,S)-isomer with those of the (R,R)-isomer were 1.1-1.4. The stereoselec-
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tivity is discussed based on the activation parameters.

The electron-transfer (ET) reactions of metalloproteins have
received considerable attention in both fields of chemistry and
biology.'® Specific recognition and binding between a protein
and a small molecule or ion occur in a biological bimolecular
ET reaction, because chirality is an obvious property of reac-
tion sites in proteins. Since the first demonstration of stereose-
lectivity in an outer-sphere ET reaction of metal complex,’
asymmetry induction has been established with a number of
examples of metal complexes. Furthermore, stereoselectivity
in the ET reactions between metalloproteins and chiral metal
complexes has been reported.®!* There are, however, very few
reports on the stereoselectivity in the ET reactions of metallo-
proteins with chiral organic redox reagents. One of the reasons
is a lack of systematic synthesis of such chiral materials.'*

Viologens are diquaternary salts of 4,4"-bipyridine, and have
been used extensively as mediators in the catalytic photolysis
of water under visible light with a sensitizer."> We have recent-
ly reported a systematic synthesis of chiral viologens contain-
ing 1-(1-naphthyl)-, 1-phenyl-, and 1-cyclohexylethylamines'¢
and found stereoselectivity in the ET quenching of the excited
triplet state of zinc-substituted myoglobin (*(ZnMb)*) by the
chiral viologens, where there is no evidence for complex for-
mation between *(ZnMb)* and viologens.!”!* This may arise
partly because charge repulsion prevents a strong interaction
between the two. Viologen is easily reduced by one-electron
reducing agents, chemically or photochemically, to form a sta-
ble radical cation, whose formal charge decreases. Therefore,
the use of the viologen-radical cation should improve monitor-
ing such interactions. Myoglobin is a weak basic hemoprotein,
whose physiological function is oxygen storage and its redox

potential is 0.06 V vs NHE." In this work we report that met-
myoglobin (metMb) interacts with chiral viologen-radical cat-
ions (OAV** and CHOAV"**, Chart 1) to form a complex.
Therefore, we can investigate the stereoselectivity in both the
precursor complex formation and the intrinsic ET processes.
The redox potentials for OAV>*/OAV** and CHOAV**/CHO-
AV*"" are the same (E° = —0.20 V).!6°18

Cytochrome c (cyt c) is a strong basic and ET protein whose
formal charge is +7 for the oxidized form (cyt c(Ill)) and its
redox potential is 0.26 V.2 We also investigated the ET reac-
tion of cyt c¢(IIl) with the chiral viologen radical-cation to
check the effect of the charge of the protein. The chiral violo-
gens used in this work contained CONH groups. To investi-
gate the role of the CONH groups we also examined the ET re-
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action of these hemoproteins with an achiral benzylviologen-
radical cation (E® = —0.36 V for BV?*/BV*").2! A prelimi-
nary communication has been published elsewhere.?

Experimental

Materials. Horse heart metMb (Sigma) and cyt c(IIl) (Wako
Pure Chemical Industries, Ltd.) were purified as previously de-
scribed.”?* Bromide salts of the chiral viologens were synthe-
sized by a previously reported method, and were converted to
chloride salts by anion-exchange chromatography.'® The radical
cations, OAV*" and CHOAV**, were prepared in situ by photo-
chemical reduction of the parent viologens'¢ with the excited trip-
let state of tris(2,2’-bipyridine)ruthenium(IT) (G([Ru(bpy);]*")™) in
the presence of a disodium salt of ethylenediaminetetraacetic acid
(Na,Hyedta) by freeze-pump-thaw cycles to remove a trace
amount of dioxygen. Benzylviologen dichloride (1,1’-dibenzyl-
4.,4’-bipyridinium dichloride, [BV]Cl,) was purchased from Ald-
rich Chemical Co., Inc. All other chemicals used were of guaran-
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Fig. 1. Absorption spectral changes for the reaction of cyt
¢(IIT) (3.00 X 1073 M) with (R,R)-OAV** at 25°C and I =
0.040 M. (a) Formation of cyt c(Il) at 549 nm. (b) Decay
of cyt c(Ill) at 530 nm. (c) Decay of (R,R)-OAV"* at 602
nm. Dotted lines are fitted to the first-order kinetics.
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teed grade. All of the solutions were prepared from redistilled wa-
ter. The ionic strength (/) of the solution was adjusted with NaCl.

Kinetic Measurements. The sample solution was gently
purged with Ar gas (99.9999%) and then carefully degassed by
freeze-pump-thaw cycles. A single flash photolysis was per-
formed in deaerated solutions containing metMb or cyt c(IIl)
((0.30-3.00) X 1073 M, 1 M = 1 mol dm™3), the parent viologen
((0.50-2.00) X 10~* M), [Ru(bpy)s]** (1.00 X 107> M), and
Na,Hpedta (5.00 X 1073 M) at 10.0-35.0 °C, pH 7.0 (20 mM
phosphate buffer), and / = 0.040-0.50 M using a Photal RA-412
pulse flash apparatus with a 30 ps pulse-width Xe lamp (1 > 450
nm; a Toshiba Y-47 glass filter). The absorption spectral changes
during the reaction were monitored at 602 nm (the decay of violo-
gen-radical cation), 409 nm (the decay of metMb), 434 nm (the
formation of deoxyMb), 530 nm (the decay of cyt ¢(IIl)), and 549
nm (the formation of cyt c(Il)). Under the present experimental
conditions, 3([Ru(bpy);]**)* reacted only with viologen to pro-
duce the (2.0-5.0) X 1077 M viologen-radical cation.

Other Measurements. The electronic absorption spectra
were recorded on Shimadzu UV-240 and MultiSpec-1500 spectro-
photometers. The pHs of the solutions were measured on a Hita-
chi-Horiba F-14RS pH meter.

Results and Discussion

Cytochrome c. Figure 1 shows the absorption spectral
changes after irradiation by light of a degassed solution con-
taining cyt c(IIT), (R,R)-OAV>", [Ru(bpy)s]**, and Na,H,edta
at 25.0 °C, pH 7.0 (20 mM phosphate buffer), and / = 0.040 M
(NaCl). The same first-order rate constant was obtained from
traces of the absorbance change vs. time for the formation of
cyt c(Il) and the decays of cyt c(IIl) and (R,R)-OAV**. The
observed first-order rate constant (k,psq) Was linearly dependent
on the initial concentrations of cyt c(Ill) ([cyt c(IID],), as
shown in Fig. 2, indicating no appreciable complex formation

[eyt ¢ (1)]g/ 1075 M

Fig. 2. Plots of kopsa Vs [cyt c(IlI)]y for the reaction of cyt
c(IIT) with OAV** at pH 7.0 and I = 0.040 M. (<, @) 10
°C, (O, W) 15 °C, (A, A) 25 °C, and (O, @) 35 °C. Open
and closed symbols are for (S,5)- and (R,R)-isomers, re-
spectively.
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Table 1. Rate Constants of the Reactions of cyt ¢(IIl) with OAV** and CHOAV*™ at pH 7.0 (0.020 M

Phosphate Buffer)
kK108 M~ 157!

Viologen Temp/°C ™M (S,S)-isomer  (R,R)-isomer k(S,8)/k(R,R)
OAV** 10.0 0.040 0.56 * 0.03 0.43 = 0.03 1.3 0.1
15.0 0.040 0.68 * 0.05 0.51 = 0.03 1.4 + 0.1
25.0 0.040 0.84 = 0.06 0.60 = 0.04 14 0.1
0.10 1.1 £0.1 0.82 = 0.06 1.3 =0.1
0.30 1.6 = 0.1 1.3 0.1 1.2 =0.1
0.40 1.8 £ 0.1 1.7 £ 0.1 1.1 = 0.1
35.0 0.040 1.1 £0.1 0.94 = 0.06 1.2 0.1
CHOAV** 10.0 0.040 0.80 * 0.06 0.56 = 0.04 1.4 + 0.1
15.0 0.040 0.88 = 0.07 0.63 = 0.05 14 0.1
25.0 0.040 0.98 = 0.07 0.74 = 0.05 1.3 x0.1
0.10 1.2 0.1 0.83 = 0.06 14 =0.1
0.30 14 £0.1 1.1 £0.1 1.3 0.1
0.40 1.6 £ 0.1 1.3 £0.1 1.2 0.1
35.0 0.040 1.1 £0.1 0.86 = 0.06 1.3 +0.1

between cyt c(III) and OAV*™, T T T
cyt c(Ill) + OAV** — cyt c(Il) + OAV*" k. (1)

Therefore, the reaction obeys the following rate law:
—d[OAV**]/dt = —d[cyt c(IID))/dt = k[cyt c(IID)][OAV**]. (2)

The second-order rate constant (k) was evaluated from the
slope of the straight line, and is given in Table 1. The same be-
havior was observed for the reactions of cyt ¢(II) with CHO-
AV**. The data are also summarized in Table 1. The second-
order rate constants for the (S,S)-isomers of chiral viologen-
radical cations (k(S,S)) are larger than those for the (R,R)-iso-
mers (k(R,R)) by 1.1-1.4, indicating the presence of the stereo-
selectivity for the (§,S)-isomers in the ET reactions of cyt c¢(II)
with the chiral viologen-radical cations.

The second-order rate constant increases with increasing
ionic strengths, suggesting that the reactive sites of the reac-
tants are positively charged. Since the charge on the viologen-
radical cation is +1, the reactive sites on cyt c(Ill) must be
positively charged Lys and/or Arg residues. The stereoselec-
tivity decreased slightly with increasing ionic strengths. The
amino acid residue of the polypeptide chain of cyt ¢(III) has an
S-configuration and the (S,S)-isomer of chiral viologen-radical
cation might be more fitted to the reactive site of cyt ¢(III) than
the (R,R)-isomer. The interaction of (S,S)-isomer with cyt
c(II) is expected to be stronger than that of the (R,R)-isomer;
therefore, the overall reaction rate may be accelerated for the
former.

Myoglobin. The same first-order rate constant was ob-
tained from the traces of the absorbance change vs. time for
the formation of deoxyMb and the decays of metMb and violo-
gen-radical cations.”? The observed first-order rate constant of
kobsa Was saturated with increasing the concentrations of met-
Mb at a variety of ionic strengths (Fig. 3). The reaction rate
also increased with increasing ionic strengths for this system,
indicating that the reactive species are positively charged as
well as the cyt c(IIT) system. The pK, values for the acid-dis-
sociation of the coordinated water for horse heart metMb are

Kopsg / 10% s~

0 1 2 3

[metMb(H,0)]o/ 10° M

Fig. 3. Plots of kgpsq Vs [metMb], for the reaction of metMb
with OAV*" at 25 °C and pH 7.0. (O, W) I = 0.040 M,
(A, A) T =0.10M, and (O, @) I = 0.50 M. Open and
closed symbols are for (S,S)- and (R,R)-isomers, respec-
tively.

8.82-9.03 at 25.0 °C and I = 0.10-1.0 M. Therefore, the pre-
dominant species of metMb at pH 7.0 is metMb(H,0).2* Tt is,
therefore, demonstrated that metMb interacts with the violo-
gen-radical cation to form a complex followed by an intracom-
plex ET reaction, as shown in Scheme 1. From the above
mechanism, kqpsq 1S represented by

kobsd = (kimrakl/kf 1 ) [meth]O/
{1+ (K™k_) + (ky/k_,)[metMb]}. 3)

When K" < k_,, the following equation is derived:
kopsa = (K™%, /k_)[metMblo/{1 + (ki/k_)[metMb]o}. (4)

Here, [metMDb], is the initial concentration of metMb. The
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Table 2. Intramolecular ET Rate Constant (k™) and the Association Constant (K;) for the Reactions of metMb with OAV*" and

CHOAV"** at pH 7.0 (0.020 M Phosphate Buffer)

k#7107 57! K/10°M™!
Viologen Temp/°C M (8,8)-isomer  (R,R)-isomer K"(S S)/kM(R,R) (S,S)-isomer  (R,R)-isomer K\(S,S)/K (R,R)
OAV** 10.0 0.040 29*+02 1.9*0.1 1.5 14 *+0.1 1.1 £0.1 1.3
15.0 0.040 35%0.2 24 *0.1 1.5 1.1 0.1 1.0 = 0.1 1.1
25.0 0.040 4.0x02 3202 1.3 1.0 0.1 0.80 = 0.05 1.3
0.10 48+03 39*03 1.2 20=*0.1 1.7+ 0.1 12
0.50 6.1 0.3 6.0 0.3 1.0 3602 24 *0.1 1.5
35.0 0.040 50=*=03 44+03 1.1 0.82 = 0.05 0.72 = 0.05 1.1
CHOAV"** 25.0 0.10 3002 22=*0.1 1.4 12*+0.1 0.94 = 0.05 1.3
0.50 42+0.2 3.8 +0.2 1.1 14+ 0.1 1.2 0.1 1.2
Table 3. Activation Parameters for the Reactions of cyt ¢(II) with OAV** and CHOAV** at pH 7.0 and
I1=0.040M
Viologen  AH*kImol™'  AS/Jmol™'K™' AAHYkImol™' AAS¥Imol™' K™'  TAAS*kJ mol™!
OAV**
(5,5)- 174+ 1.2 —345*x24
(R,R)- 192+13 —30.6 = 2.1
—1.8 -39 -1.29
CHOAV**
(S,5)- 6.5*+05 —70.0 = 4.9
(R,R)- 10.2 £ 0.7 —60.3 =42
—3.7 —-9.7 —2.99
a) At 25 °C.
k1 the ionic strength.*® Redox potentials of viologens are not sen-

metMb + OAV-* {metMb - OAV-*}

k_1
intra
——  {deoxyMb - OAVZ+}

fast
B ——

deoxyMb + OAVZ*

Scheme 1.

values of k™ and K, (= ki/k_,) are listed in Table 2. Both val-
ues of k™™ and K, for the (S,S)-isomers are larger than those
for the (R,R)-isomers. The ratios are 1.1-1.3 for K" and 1.1
1.5 for K, indicating that there is stereoselectivity in both the
association and intramolecular ET processes.

The increase in K; with increasing ionic strengths means
that the association becomes stronger with increasing ionic
strengths, arising from decreasing the charge repulsion. On
the other hand, the ionic-strength dependence of the intramo-
lecular ET rate constant (k™) in Scheme 1 cannot be simply
interpreted. Usually, the ionic-strength dependence of the rate
constant has been found in a bimolecular ET reaction.?® How-
ever, a similar behavior was observed for a few intramolecular
ET systems.”” " The following two interpretations are possi-
ble. First, if the present intramolecular ET process contained a
rearrangement within a precursor complex of metMb with a vi-
ologen-radical cation, any breakup and reformation of the pre-
cursor complex prior to ET should depend on the ionic
strength.*’  Second, the free-energy change and the outer-
sphere reorganization energy of the ET process may depend on

sitive to the ionic strength and the pH.*? Therefore, the ionic-
strength effect in the present intramolecular ET system might
arise from a gating mechanism,!”'331:3342 where the rearrange-
ment of metMb and viologen-radical cations is a rate-deter-
mining step.

Temperature Dependence. The temperature dependence
of the rate constants for the reactions of cyt c(Ill) with OAV**
and CHOAV*" is summarized in Table 1. The activation en-
thalpy and entropy were obtained from the slope and intercept
of the straight lines, respectively, and are summarized in Table
3. In the present system the AH* values for the (S,S)-isomers
are smaller than those for the (R,R)-isomers, while the AS* val-
ues are more negative than those for the (R,R)-isomers. The
difference between the AH* values for the (S,S)- and (R,R)-iso-
mers (AAH*) are —1.8 and —3.7 kJ mol ™' for the OAV*" and
CHOAV"" systems, respectively. The values of AAS* are —3.9
and —9.7 J mol ! K™! for the OAV** and CHOAV"*" systems,
respectively. At 25 °C, the contribution of AAH* is larger than
that of AAS*. Since the lower AH* and the more positive AS*
accelerate the reaction, the stereoselectivity for the (S,S)-iso-
mer is predominantly controlled by AH*,

A substituent effect on the rate of the reduction of cyt c(III)
by OAV** and CHOAV"*" is small. This is reasonable because
the redox potentials of OAV>"** and CHOAV>'"** are the
same: —0.20 V.!'® However, the activation parameters are
different; both AH* and AS* for CHOAV*" are lower than those
for OAV*". This is probably due to stabilization of the precur-
sor complex by the interaction of an aliphatic residue on the
surface of cyt c(Ill), such as Lys, with the cyclohexyl group of
CHOAV"**.

The temperature dependence on the reactions of metMb
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Table 4. Activation Parameters for the Reaction of metMb with OAV*" at pH 7.0 and I = 0.040 M

OAV*t  AH¥kImol™' AS#Imol 'K™!' AAH¥KImol™! AAS/Tmol 'K™' TAAS*KJ mol™!
(S.9)- 12.8 0.9 —152 £ 11
(R,R)- 217+ 15 —124 =8
-89 —28 —8.3Y
AHYKT mol™'  ASYTmol ' K™!'  AAHY/KJ mol ™! AASYT mol ' K ™! TAASY/KJ mol ™!
(S.9)- —144+1.0 473 +33
(R,R)- —-12.8 =09 512+ 3.6
-1.6 -39 —1.29
a) At 25 °C.

Table 5. Kinetic Parameters for the Reactions of cyt c(II) and metMb with BV** at pH 7.0 and

1=0.040M

-1 -1

Protein ~ Temp/°C  k/10°M~'s

AH*/KJ mol ™!

AS*/Tmol "K' TAS¥*KJ mol™!

cyt c(IIT) 10.0
15.0
25.0

35.0

2.8+0.2
33+02
43+03
54+04
metMb 10.0
15.0
25.0
35.0

0.35 = 0.03
0.42 = 0.03
0.49 = 0.04
0.63 = 0.05

163 £ 1.1 —250=*18 7.59

13.5 0.9 —52.1*+3.6 15.59

a) At 25 °C.

with chiral OAV** was also examined. On the basis of the
mechanism in Scheme 1, the association constant (K;) and the
intramolecular ET rate constant (k™) at 10-35 °C were evalu-
ated using Eq. 3. The numerical data are summarized in Table
2. The activation parameters for the intramolecular ET reac-
tion were obtained from Eyring plots and the enthalpy and en-
tropy changes for the association between metMb and OAV**
were obtained from plots of In K; vs 1/T. The data are summa-
rized in Table 4. The association constant decreases with in-
creasing temperature, arising from a negative AH’. Since the
entropy change is positive, desolvation may be important for
the association between metMb and OAV**. The stereoselec-
tivity for the association process is slightly dependent on the
temperatures; a small enthalpy-change difference (AAHY) is
compensated by the entropy term. On the other hand, the ste-
reoselectivity in the intramolecular ET process is dependent on
the temperature; the stereoselectivity increases with decreasing
temperature, arising from the enthalpy term. The differences
in the enthalpy and entropy changes might be explained by a
hydrogen-bonding effect of the CONH groups in the chiral vi-
ologens (vide infra). The small stereoselectivity in the present
systems may arise because the reactive center in the chiral vi-
ologens is far from the chiral centers.

Reactions with Achiral Viologen-Radical Cations. To
investigate the role of the CONH group in the chiral viologen-
radical cation, we examined the ET reactions of metMb and
cyt c(lll) with an achiral benzylviologen-radical cation
(BV*™"), although several researchers have investigated the re-
action of cyt ¢(IIT) with BV*".*** The pseudo first-order rate
constant is linearly dependent on the concentrations of cyt

Kobsg / 10351

0?5 1:0
[eyt c(li)]o / 107° M

Fig. 4. Plots of kopsa Vs [cyt c(IlI)]y for the reaction of cyt
c(IIl) with BV** at pH 7.0 and I = 0.040 M, (A) 10 °C,
() 15 °C, () 25 °C and (O) 35 °C.

1.5

c(II), as shown in Fig. 4. The second-order rate constants and
the activation parameters are summarized in Table 5. The sec-
ond-order rate constant (k = (4.3 * 0.3) X 10 M~ 's ") at 25
°C is in good agreement with the reported data (k = (4.04.3)
X 108M~ sl at I = 0.10-0.15 M). >+

Figure 5 shows the linear dependence of k,psq On the concen-
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[metMb]o / 1075 M

Fig. 5. Plots of kgpsq Vs [metMb], for the reaction of metMb
with BV** at pH 7.0 and 7 = 0.040 M. (A) 10 °C, () 15
°C, () 25 °C, and (O) 35 °C.

trations of metMb for reduction by BV*™, indicating no appre-
ciable complex formation between metMb and BV*". The
second-order rate constant and the activation parameters are
listed in Table 5. It is known that the reaction of metMb with
the methylviologen-radical cation has a linear dependence of
kobsa ON the concentrations of metMb.** Therefore, the satu-
ration kinetics obtained for the reactions of metMb with the
chiral viologen-radical cations might arise from a hydrogen-
bonding interaction between the polypeptide side chain in the
former and the CONH groups in the latter. The difference in
stereoselectivity arises mainly from the enthalpy term, reflect-
ing the hydrogen-bonding interaction. We assume that Lys and
His residues near the heme pocket of metMb interact with the
CONH group of the chiral viologen-radical cations.

No appreciable interaction of cyt c(Ill) with OAV*" or
CHOAV"** might arise from the charge repulsion by the highly
positive charge of cyt c(IIl). The values of AH* for the reduc-
tion of cyt ¢(Il) by CHOAV*" are lower than that for the
achiral BV*". On the other hand, the values of AH* for OAV**
are similar to that for BV*" and the AS* values for both OAV**
and CHOAV*™" are lower than that for BV**. Therefore, the
hydrogen-bonding interaction between cyt c(Ill) and the
CONH group of OAV*" and CHOAV** may contribute to the
entropy term.

In conclusion, the pseudo first-order rate constant of the de-
cay of the viologen-radical cation in the metMb system was
saturated with increasing concentrations of metMb, indicating
that metMb interacts with the viologen-radical cation to form a
complex, followed by an intramolecular ET reaction. The ste-
reoselectivity was observed in both the complex formation and
the intramolecular ET processes for the (S,S)-isomers of chiral
viologens. The saturation kinetics was not observed for the ET
reaction between metMb and achiral benzylviologen-radical
cation, which has no CONH bond, suggesting that the hydro-
gen bonding of CONH group of the chiral viologen with the

Stereoselective ET Reactions of Mb and Cyt ¢

side chain of the polypeptide in metMb, plays an important
role in the stereoselectivity. No appreciable complex forma-
tion was observed in the ET reaction between cyt c¢(I1I) and the
viologen-radical cations, although the stereoselectivity was ob-
served.
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for permission to publish this work. This research was partly
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Ministry of Education, Science, Sports and Culture.

References

1 R. A. Marcus and N. Sutin, Biochim. Biophys. Acta, 811,
265 (1985).

2 “Electron Transfer in Biology and the Solid State,” Ad-
vances in Chemistry Series 226, ed by M. K. Johnson, R. B. King,
D. M. Kurtz, Jr., C. Kutal, M. L. Norton, and R. A. Scott, Ameri-
can Chemical Society, Washington D. C. (1990).

3 “Electron Transfer Reactions in Metalloproteins,” Metal
Ions in Biological Systems 27, ed by H. Sigel and A. Sigel, Dek-
ker, New York (1991).

4 J.R. Winkler and H. B. Gray, Chem. Rev., 92, 369 (1992).

5 H.B. Gray and J. R. Winkler, Annu. Rev. Biochem., 65, 537
(1996).

6 “Protein Electron Transfer,” ed by D. S. Bendall, BIOS
Scientific Publishers Ltd, Oxford (1996).

7 D. A. Geselowitz and H. Taube, J. Am. Chem. Soc., 102,
4525 (1980).

8 K. Bernauer and J.-J. Sauvain, J. Chem. Soc., Chem. Com-
mun., 1988, 353.

9 S. Sakaki, Y. Nishijima, H. Koga, and K. Ohkubo, Inorg.
Chem., 28, 4061 (1989).

10 R. A. Marusak, T. P. Shields, and A. G. Lappin, “Electron
Transfer in Biology and the Solid State,” Advances in Chemistry
Series 226, ed by M. K. Johnson, R. B. King, D. M. Kurtz, Jr., C.
Kutal, M. L. Norton, and R. A. Scott, American Chemical Society,
Washington D. C. (1990), p. 237.

11 K. Bernauer, “Electron Transfer Reactions in Metallopro-
teins,” Metal Ions in Biological Systems 27, ed by H. Sigel and A.
Sigel, Dekker, New York (1991), p. 265.

12 J. R. Pladziewicz, M. A. Accola, P. Osvath, and A. M.
Sargeson, Inorg. Chem., 32, 2525 (1993).

13 K. Bernauer, P. Schiirmann, C. Nusbaumer, L. Verardo,
and S. Ghizdavu, Pure Appl. Chem., 70, 985 (1998).

14 H. Rau and R. Ratz, Angew. Chem., Int. Ed. Engl., 22, 550
(1983).

15 K. Tsukahara, Trends Inorg. Chem., 2, 17 (1991).

16 K. Tsukahara, J. Kaneko, T. Miyaji, K. Abe, M. Matsuoka,
T. Hara, T. Tanase, and S. Yano, Bull. Chem. Soc. Jpn., 72, 139
(1999).

17 K. Tsukahara, C. Kimura, J. Kaneko, and T. Hara, Chem.
Lett., 1994, 2377.

18 K. Tsukahara, C. Kimura, J. Kaneko, K. Abe, M. Matsui,
and T. Hara, Inorg. Chem., 36, 3520 (1997).

19 E. Antonini and M. Brunori, “Hemoglobin and Myoglobin
in Their Reactions with Ligands,” North-Holland Publishing Co,
Amsterdam (1971).

20 “Cytochrome ¢, A Multidisciplinary Approach,” ed by R.
A. Scott and A. G. Mauk, University Science Books, Sausalito



K. Tsukahara et al.

(1996).

21 E. Steckhan and T. Kuwana, Ber. Bunsenges. Phys. Chem.,
78,253 (1974).

22 K. Tsukahara and M. Goda, Chem. Lett., 1998, 929.

23 K. Tsukahara and Y. Yamamoto, J. Biochem. (Tokyo), 93,
15 (1983).

24 K. Tsukahara, Inorg. Chim. Acta, 124, 199 (1986).

25 D. L. Brautigan, S. Ferguson-Miller, and E. Margoliash,
Methods Enzymol., 53D, 128 (1978).

26 R. A. Marcus, J. Chem. Phys., 43, 679 (1965).

27 J. T. Hazzard, S. J. Moench, J. E. Erman, J. D. Satterlee,
and G. Tollin, Biochemistry, 27, 2002 (1988).

28 C. K. Ryu, R. Wang, R. H. Schmehl, S. Ferrere, M.
Ludwikow, J. W. Merkert, C. E. L. Headford, and C. M. Elliott, J.
Am. Chem. Soc., 114, 430 (1992).

29 P. Chen, S. L. Mecklenburg, R. Duesing, and T. J. Meyer,
J. Phys. Chem., 97, 6811 (1993).

30 J. R. Scott, M. McLean, S. G. Sliger, B. Durham, and F.
Millett, J. Am. Chem. Soc., 116, 7356 (1994).

31 J. S. Zhou, and N. M. Kostic, J. Am. Chem. Soc., 115,
10796 (1993).

32 T. Osa and T. Kuwana, J. Electroanal. Chem. Interfacial.
Electrochem., 22, 389 (1969).

33 B. M. Hoffman and M. A. Ratner, J. Am. Chem. Soc., 109,

Bull. Chem. Soc. Jpn., 74, No. 7 (2001) 1309

6237 (1987).

34 G. McLendon, K. Pardue, and P. Bak, J. Am. Chem. Soc.,
109, 7540 (1987).

35 N. Barboy and J. Feitelson, Biochemistry, 28, 5450 (1989).

36 B. S. Brunschwig and N. Sutin, J. Am. Chem. Soc., 111,
7454 (1989).

37 J. Feitelson and G. McLendon, Biochemistry, 30, 5051
(1991).

38 K. Tsukahara and M. Okada, Chem. Lett., 1992, 1543.

39 K. Tsukahara, S. Asami, M. Okada, and T. Sakurai, Bull.
Chem. Soc. Jpn., 67,421 (1994).

40 K. Tsukahara, Y. Nishikawa, C. Kimura, N. Sawai, and T.
Sakurai, Bull. Chem. Soc. Jpn., 67,2093 (1994).

41 K. Tsukahara, M. Okada, S. Asami, Y. Nishikawa, N.
Sawai, and T. Sakurai, Coord. Chem. Rev., 132, 223 (1994).

42 V. L. Davidson, Biochemistry, 35, 14035 (1996).

43 M. G. Simic, I. A. Taub, J. Tocci, and P. A. Hurwitz, Bio-
chem. Biophys. Res. Commun., 62, 161 (1975).

44 C. D. Borman, A. M. Dobbing, G. A. Salmon, and A. G.
Sykes, J. Phys. Chem., B, 103, 6605 (1999).

45 M. G. Simic and 1. A. Taub, Biophys. J., 24, 285 (1978).

46 J. W. van Leeuwen, C. van Dijk, H. J. Grande, and C.
Veeger, Eur. J. Biochem., 127, 631 (1982).




