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Abstract: Kinetics and thermodynamics of the reduction of BrCN-modified metmyoglobin, whose heme iron site has a 
pentacoordinate geometry, were studied and compared with its native metmyoglobin, the latter having a hexacoordinate geometry 
at the iron site. An estimated self-exchange rate constant (k22) based on the Marcus theory is about I X l O 4 M"1 s"1 for the 
BrCN-modified myoglobin. On the other hand, the value of k22 for the reconstituted myoglobin with diacetyldeutero-, 
dipropionyldeutero-, or deuterohemin is about 1 M"1 s"1 as it is for the native myoglobin, in all of which a coordinated water 
molecule is present. The intrinsic enthalpic reorganizational barrier for the electron-exchange reaction of the BrCN-modified 
myoglobin is estimated to be 8 kcal mol"1, which is much smaller than that for native myoglobin (20 kcal mol"1). The importance 
of the geometry change at the iron site upon reduction of metmyoglobins is pointed out. 

Electron-transfer reactions of hemoproteins are an important 
subject and have been studied extensively.1 Kinetic investigations 
are concerned with several factors: (i) the spin change,2 (ii) the 
geometry change at the heme iron site,3 (iii) the extent of exposure 
of the heme,4 (iv) the distance between the redox centers,5 and 
(v) the orientation of the hemes.6 Modification of the heme 
environment is a useful technique for elucidating the effects of 
such factors on the mechanism of electron-transfer reactions. We 
have recently reported that modification of the heme distal his-
tidine, heme propionates, and 2,4-substituents of deuterohemin 
affects the reduction rate of sperm whale metmyoglobin (metMb) 
by ascorbate and that the geometry change at the iron site upon 
reduction of me tMb(H 2 0) to deoxyMb is an especially important 
factor.7 In these cases factors iii, iv, and v are fixed. 

The X-ray crystallographic study of sperm whale metMb(H 2 0) 
has shown that the distal histidylimidazole is hydrogen bonded 
to the coordinated water molecule.8 Upon reduction of metMb 
to deoxyMb, the geometry of the heme iron site changes from 
hexa- to pentacoordination. When native metMb is treated with 
cyanogen bromide (BrCN), the distal histidine is cyanated and 
the hydrogen bond with the coordinated water is broken; the 
coordinated water molecule dissociates and the heme iron site 
becomes pentacoordinated. This has been suggested in N M R 
studies by Morishima et al.9a,b The metMb modified with 
cyanogen bromide is, therefore, a good example for studying the 
effect of the geometry change upon reduction of metmyoglobins. 

In this work, we shall present some evidence for the importance 
of the geometry change at the heme iron site, based on the kinetics 
of the reduction by several reducing agents, the redox potentials 
of metMbs, and the self-exchange rate for the pentacoordinate 
BrCN-modified metMb as compared to the hexacoordinate native 
metMb. We have also examined the reduction of metMb re
constituted with 2,4-disubstituted deuterohemin (dipropionyl 
(DPDP), diacetyl (DADP), or deutero (DP)) which has a coor
dinated water molecule and thus a hexacoordinate geometry.7b 

Experimental Section 
Reagents. Sperm whale skeletal muscle myoglobin (type II, Sigma) 

was purified as previously described.10 A BrCN-modified metMb was 
prepared in situ by the method previously described.7''a,n Recombina
tion of 2,4-diacetyldeuterohemin (Fe111DADP), 2,4-dipropionyldeutero-
hemin (Fe111DPDP), and deuterohemin (Fe111DP) with apoMb and the 
purification were carried out by the method which has already been 
published.7 

Sodium dithionite (Fluka AG) was used without further purification. 
The concentration was determined spectrophotometrically by reactions 
with [Fe(CN)6]3" (e418 = 1.01 X 103 M"1 cm"1).12 [Ru(NH3)6]Cl3 was 
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purchased from Aldrich Chemical Co. and purified by the literature 
method.13 

The complexes [Co(sep)]Cl3
14 (sep = 1,3,6,8,10,13,16,19-octaazabi-

cyclo[6.6.6]icosane) and [Ru(Hedta)(H20)]-4H2015 (edta4" = ethyl-
enediamine-7V,7V,7V'A"-tetraacetate) were prepared by literature methods. 
[Ru(NH3)6]2+, [Ru(edta)(H20)]2", and [Co(sep)]2+ ions were prepared 
in situ by Zn(Hg) reductions of the corresponding Ru(III) and Co(III) 
complexes in the presence of Na2H2edta which was necessary to avoid 
both precipitation of zinc phosphate (in phosphate buffer) and denatu-
ration of myoglobins by Zn2+.16 All other chemicals used were of 
guaranteed grade. 

Kinetic Measurements. All the reactions were carried out in an argon 
atmosphere at 15-30 0C. The solutions of reductants (0.5-10.6 mM) 
and metMbs (6-50 ^M) in the appropriate buffer (0.1 M sodium 
phosphate, 0.1 M MES, or 0.05 M PIPES buffer) at the proper ionic 
strength (0.1 or 0.2 M) were mixed in a Union-Giken RA-401 stopped-
flow spectrophotometer. The reactions were followed by the decrease in 
absorption at 500-510 nm for native metMb, the BrCN-modified 
metMb, and DPmetMb and at 413-417 nm for DADPmetMb and 

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

(2) (a) Cox, R. P.; Hollaway, M. R. Eur. J. Biochem. 1977, 74, 575. (b) 
Kadish, K. M.; Su, C. H. J. Am. Chem. Soc. 1983, 105, 177. (c) Dose, E. 
V.; Tweedle, M. F.; Wilson, L. J.; Sutin, N. Ibid. 1977, 99, 3886. (d) Fischer, 
M. T.; Sligar, S. G. Ibid. 1985, 107, 5018. 

(3) (a) Mauk, A. G.; Gray, H. B. Biochem. Biophys. Res. Commun. 1979, 
86, 206. (b) Crutchley, R. J.; Ellis, W. R., Jr.; Gray, H. B. J. Am. Chem. 
Soc. 1985, 107, 5002. (c) Dixon, D. W.; Barbush, M.; Shirazi, A. Ibid. 1984, 
106, 4638. (d) Dixon, D. W.; Barbush, M.; Shirazi, A. Inorg. Chem. 1985, 
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24, 2495. 
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cm"' for DADPmetMb; e510 = 3.95 
8.22 x 103 M"1 cm"1 for DADPdeoxyMb. 

DPDPmetMb. The appearance of deoxyMb was also followed at 
556-562 nm for native metMb, the BrCN-modified metMb, and 
DPmetMb and at 442-447 nm for DADPmetMb and DPDPmetMb. 
Good first-order rates were observed. For fast reactions of BrCN-mod
ified metMb with [Ru(NH3)6]2+ and [Ru(edta)(H20)]2_ ions second-
order conditions were employed, that is, [metMb]0 = [Ru(II)]0. The 
second-order plots were linear for 70% of the reactions. 

Redox Potentials. Redox potentials of the myoglobins were deter
mined spectrophotometrically by using hexaammineruthenium(II) ion as 
a redox partner. Redox titration was carried out in an argon atmosphere 
at 15.3-35.2 0C, pH 6.3-6.8 (0.1 M MES or sodium phosphate buffer), 
an ionic strength (/) of 0.1-0.2 M, [metMb] = 100 MM, [RU( I I ) ] = 
0-100 jiM, and [Ru(III)] = 1.0-5.3 mM. The spectral changes were 
monitored in the 450-700-nm region with a Hitachi 200-20 spectro
photometer. Absorption coefficients used in this work were as follows: 
«5,0 = 1.18 x 104 M"1 cm"1 and «560 = 4.3 X 103 M"' cm"1 for BrCN-
modified metMb1*; e5,0 = 5.6 x 103 M"1 cm"1 and e560 = 1.13 X 10" M"1 

cm"1 for BrCN-modified deoxyMb;1 la cm = 6.05 x 103 M"1 cm'1 and 
e560 = 2.86 X 103 M"1 cm"1 for DPDPmetMb; e508 = 3.88 X 103 M"1 cm"1 

and e560 = 8.14 x 103 M"1 cm"1 for DPDPdeoxyMb; e510 = 6.55 X 103 

M"1 cm"1 and eS62 = 3.30 X 103 M " 
X 103 M"1 cm"1 and ^ 2 

The pH's of the solutions were measured on a Hitachi-Horiba F-7 pH 
meter. 

Stability of BrCN-Modified Metmyoglobin. The stability of the 
modified Mb has been examined by Jajczay9' and Morishima et al.9a,b 

It has been shown that the BrCN-modified Mb was relatively stable in 
a neutral region (pH 6-7) and that reversion to the native form is ac
celerated in the acid and alkaline pH region. We have also examined 
the stability of the modified metMb under our experimental conditions. 
When native metMb (1 X 10~4 M) was treated with two- to threefold 
excess of BrCN at 25 0C and pH 6.2-7.9, the absorption spectra changed 
for about 20 min with isosbestic points at 573, 652, and 695 nm. Further 
absorbance changes were gradually observed. It is found that less than 
5% of native Mb was regenerated in 30 min under these conditions. 
Therefore, all the kinetics and the redox titrations were achieved within 
30 min after native metMb was treated with BrCN. A fresh solution 
treated with BrCN was used in each measurement. 

Results and Discussion 
Morishima et al.9a,b have characterized the heme environmental 

structure and ligand binding properties of BrCN-modified Mb 
by N M R , IR, and absorption spectroscopic measurements. In 
comparison with the native form and pentacoordinate iron(III) 
porphyrin compounds, it has been shown that the heme envi
ronmental structure of the BrCN-modified metMb would demand 
the absence of a coordinated water molecule. We have also 
confirmed it by the fact that the spectrum of the modified metMb 
does not change over the pH range from 6 to 8.7 

Redox Potentials of Metmyoglobins. Redox potentials of he-
moproteins have usually been measured electrochemically by the 
use of mediators.17 This method, however, could not be applied 
to the BrCN-modified metMb, because it took too long to attain 
the equilibrated potential. Instead we successfully determined 
the redox potential of this system spectrophotometrically in 
combination with the [ R u ( N H 3 ) 6 ] 3 + / 2 + redox couple.113 The 
reaction of the BrCN-modified metMb with [Ru(NH 3 ) 6 ] 2 + ions 
in the presence of excess [Ru(NH 3 ) 6 ] 3 + ions was very fast and 
the titration was complete within 30 min, during which time the 
BrCN-modified myoglobin was sufficiently stable.18 The same 
technique was also applied to the DPDPmetMb and DADPmetMb 
systems. Four isosbestic points were observed in the 450-700-nm 
region during the titration as is shown in Figure 1. 

The equilibrium constant (K) for the reaction 

metMb + [Ru(NH 3 ) 6 ] 2 + ^ deoxyMb + [Ru(NH 3 ) 6 ] 3 + 
(1) 

was determined from the slope of plots of [deoxyMb]/[metMb] 
against [Ru(I I ) ] / [Ru(I I I ) ] . When the value of 0.05 V was used 
for the redox potential of the [ R u ( N H 3 ) 6 ] 3 + / 2 + couple,19 we ob-

(17) Taylor, J. F. Methods Enzymol. 1981, 76, 577. 
(18) Absorption spectrum of the BrCN-modified metMb did not change 

when [Ru(NH3)6]
3+ added up to 5.3 mM. However, the absorption intensity 

decreased slightly in the presence of 10 mM of [Ru(NH3)6]3+. 
(19) Lim, H. S.; Barclay, D. J.; Anson, F. C. Inorg. Chem. 1972, / / , 1460. 
(20) Brunori, M.; Saggese, U.; Rotilio, G. C; Antonini, E.; Wyman, J. 

Biochemistry 1971, 10, 1604. 
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Figure 1. Redox titration of DADPnKtMb(H2O) (1.00 X 1O-4 M) in the 
presence of [Ru(NH3)J3+ ions (1.00 x 10"3 M) with various amounts 
of [Ru(NH3)6]2+ ions at pH 6.3 (0.1 M MES buffer), / = 0.1 M, and 
25 0C: (1) 0, (2) 1.0 X 10"5, (3) 2.0 X 10"5, (4) 3.0 X IO"5, (5) 4.0 X 
10"5, (6) 6.0 x 10"5, (7) 8.0 X 10"5, (8) 1.00 x 10"4, (9) 1.60 x 10"4 M. 
The broken line is a spectrum of DADPdeoxyMb. 

Table I. Redox Potentials of Metmyoglobins at 25 0C 

metMb 

native metMb (H2O)6 

BrCN-modified 
metMbc 

DPDPmetMb (H2O)* 
DADPmetMb (HjO)* 
DPmetMb (H2O)' 

E" (25 0C), V 

0.0588 ± 0.002 

0.18 ± 0.01 
0.18 ± 0.01 
0.16 ± 0.01 
0.025 

A//0, kcal 
mol"1 

-13.0 ± 0 . 4 

-7.9 ± 1.0 

AS0, eu 

-39.1 ± 1.2 

-12.5 ± 2.0 

"Data for the reaction: metMb + V2H2 ** deoxyMb + H+. 6At 
pH 7.0 and / = 0.1 M (phosphate buffer). Reference 3b. cAt pH 6.8 
and / = 0.2 M (0.1 M phosphate buffer). 'A t pH 6.3 and / = 0.1 M 
(0.1 M MES buffer). 'At 30 0C and pH 7.1 (0.1 M phosphate buff
er). Reference 20. 

tained the redox potentials for the metmyoglobins (Table I). The 
values of AH0 and AS° for reaction 1 are 6.0 kcal mol"1 and 9.9 
eu, respectively. For the reduction of the BrCN-modified metMb 
thermodynamic parameters were obtained after these were cor
rected for the [Ru(NH 3 ) 6 ] 3 + / 2 + couple {AS°TC = 18.5 eu,21 A / / 0 

= -1.9 kcal mol"1, and AS° = -2 .6 eu22). The values obtained 
for the reaction, metMb + 1Z2H2 <=* deoxyMb + H + , are -7.9 kcal 
mol"1 (A/ / 0 = -1.9-6.0 kcal mol"1) and -12.5 eu {AS° = -2.6-9.9 
eu), respectively. 

The redox potentials of native and reconstituted myoglobins 
are linearly correlated with the pA"3 of the acid dissociation 
constants of the porphyrin monocation (H 3 P + ) as is shown in 
Figure 2: 

E0 = -0 .065p^ 3 + 0.38 (2) 

The basicity of the free-base form of porphyrins (pAT3) decreases 
with an increase in the electron-withdrawing power of the 2,4-
substituents.25 Since the electron density on Fe(III) is considered 
to decrease with an increase in the electron-withdrawing power 

(21) Yee, E. L.; Weaver, M. J. Inorg. Chem. 1980, 19, 1077. 
(22) The following values were used for calculation: 1/25°(H2) = 15.6 eu23 

and 5"(H+) = -5.5 eu.24 

(23) Latimer, W. M. Oxidation Potentials, 2nd ed.; Prentice-Hall: En-
glewood Cliffs, N.J., 1952. 

(24) Gurney, R. W. Ionic Processes in Solution; McGraw-Hill: New 
York, N.Y., 1953. 

(25) Hambright, P. In Porphyrins and Melalloporphyrins; Smith, K. M., 
Ed.; Elsevier: Amsterdam, 1975; p 233. 
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Figure 2. Plot of E° of native and reconstituted myoglobins against the 
pK3 of the acid dissociation constants of the porphyrin monocation: (1) 
DPDPmetMb(H20), (2) DADPmetMb(H20), (3) native PPrnetMb-
(H2O), and (4) DPmetMb(H20). 

of the substituents, it is resonable that the heme is more easily 
reduced with an increase in the electron-withdrawing power. The 
slope of -65 mV is close to -59 mV at 25 0C, indicating that the 
redox potentials of these myoglobins are mainly controlled by 
electronic factors in changing the 2,4-substituents and therefore 
that the steric factor is nearly identical for each of these substituted 
myoglobins. We have suggested7b that the carbonyl groups of the 
acetyl and propionyl groups interact with the porphyrin ir system. 
Resonance Raman studies of DFDPmetMb26 and DADPmetMb27 

have shown the presence of ^-conjugation of the 2- and 4-groups 
with the porphyrin ring. Such ir-conjugation is expected to restrict 
free rotation of the 2,4-substituents and thus reduce steric repulsion 
between the substituent and the polypeptide chain. The BrCN-
modified metMb has two vinyl groups at 2- and 4-positions and 
the electronic factor is identical with that of native metMb. The 
high redox potential for this derivative arises from the entropy 
term. The entropy difference A5°rc(=5'0re<i - S°m) between 
deoxyMb and metMb is negative (-11 eu)28 for native Mb; on 
the other hand, for the BrCN-modified Mb it is positive (+9 eu). 
In the case of metal complexes in solution the values of AS°rc 

increase with an increase in the charge of the complex ions.29 The 
positive entropy change may be explained by a decrease in hy
dration at the surface of the protein upon reduction of positive 
charged metMb to neutral deoxyMb. Since there is little infor
mation on the thermodynamic parameters for the redox potentials 
of hemoproteins at present, the negative entropy change for the 
native Mb system cannot be easily explained. However, it may 
be that the geometry change at the heme iron site upon reduction 
is associated with a conformational change of the globin, which 
induces the decrease of AS°TC. 

It is interesting to compare the redox potentials of myoglobins 
and hemoglobins with that of the BrCN-modified metMb. The 
high redox potential for the pentacoordinate BrCN-modified 
metMb is comparable with that for monomeric hemoglobins or 
myoglobin which lack a distal residue capable of forming a hy
drogen bond to the sixth ligand; E" values are 0.125 V for Aplysia 
limacina Mb,20 0.125 V for Chironomous thummi Hb,20 and 0.153 
V for Glycera dibranchiata Hb.30 In the case of human hemo
globin the redox potential of the /3 chain (0.113 V) is higher than 
that of the a chain (0.052 V),31 although both chains have distal 

(26) Tsubaki, M.; Nagai, K.; Kitagawa, T. Biochemistry 1980, 19, 379. 
(27) Atamian, M.; Bocian, D. F. Biochemistry 1987, 26, 8319. 
(28) AS°,C = AS0 + '/25°(H2) - 5°(H+) = AS" + 21.1 eu. 
(29) Ogino, H.; Ogino, K. Inorg. Chem. 1983, 22, 2208. 
(30) Addison, A. W.; Burman, S. Biochim. Biophys. Acta 1985, 828, 362. 

Table II. Rate Constants for Reduction of Native Metmyoglobin 
and BrCN-Modified Metmyoglobin at pH 6.8 (0.1 M Phosphate 
Buffer) and / = 0.2 M" 

k, M"1 s"1 

native BrCN-modified 
reductant T, 0C metMb(H20) metMb 

SO2" 

[Ru(NH3)6]2+ 

[Ru(edta)(H20)]2-

[Co(sep)]2+i 

15.0 
20.0 
25.0 
30.0 
15.0 
20.0 
25.0 
30.0 
15.0 
20.0 
25.0 
30.0 
15.0 
20.0 
25.0 
30.0 ( 

,1.4 ± 0.1) X 106 

,1.5 ± 0.1) X 106 

k2.2 ± 0.2) XlO6 

k2.3 ± 0.2) X 106 

2.0 ± 0.1) X 102 

2.2 ± 0.1) x 102 

3.0 ± 0.1) x 102 

4.4 ± 0.2) x 102 

1.4 ± 0.1) X 103 

1.7 ± 0.1) X 103 

2.4 ± 0.2) X 103 

3.0 ±0 .1) x 103 

6.6 ±0 .3) x 102 

9.0 ± 0.3) x 102 

1.1 ± 0.1) X 103 

1.4 ± 0.1) X 103 

(2.0 ± 0.2) X 107 

(1.9 ± 0.2) x 107 

(1.7 ± 0.2) x 107 

(1.6 ± 0.2) x 107 

(1.4 ±0.1) X 10s 

(1.7 ± 0.2) X 105 

(1.8 ±0.1) X 105 

(2.5 ± 0.2) x 105 

(2.6 ± 0.1) X 105 

(3.2 ± 0.1) X 105 

(3.8 ± 0.1) X 105 

(4.6 ± 0.2) X 105 

(5.3 ±0.1) X 102 

(7.4 ± 0.2) X 102 

(9.6 ± 0.1) X 102 

(1.3 ± 0.1) X 103 

" Rate constants are mean values of those at two wavelengths (500 
and 556 nm). 4In 0.05 M PIPES buffer and at / = 0.1 M. 

histidines. X-ray crystallographic studies of horse metHb32 and 
human deoxyHb33 reveal that the change in the distance of iron 
to heme plane upon reduction is smaller in the 0 chain than in 
the a chain: 0.21 A for metHb and 0.63 A for deoxyHb in the 
/3 chain and 0.07 A for metHb and 0.60 A for deoxyHb in the 
a chain, respectively. A small geometry change upon reduction 
was also observed in Chironomous thummi Hb,34 where the 
distances of iron to heme plane are 0.08 and 0.17 A for metHb 
and deoxyHb, respectively. In the metHb a water molecule is 
located far from the iron center, and a pentacoordinate geometry 
has been suggested for the heme iron site.34 In Aplysia limacina 
Mb,35 the water molecule bound to the acid form of sperm whale 
Mb is far from the iron atom (4.2 A), indicating almost no in
teraction between the two. 

Kinetics. Reduction of native metMb by dithionite2a'36 and 
[Co(sep)]2+37 ions have been studied by other researchers. To 
evaluate the activation parameters for the reductions we examined 
these reactions. The rate constants at 25 0C are in agreement 
with the literature values (Table II). The rate law for the di-
thionite reduction is given in eq 3: 

-d[Fe(III)]/df = fcKD'/2[S204
2-] 1/2[Fe(III)] (3) 

The reduction of metMb can be accommodated by the scheme: 

S2O4
2" f± 2SO2- KD (4) 

metMb(H20) + SO2" -^- deoxyMb + SO2" (5) 

It has been reported that reduction by S2O4
2- also occurs in a minor 

path.36c The reduction of the BrCN-modified metMb by dithionite 
is also described by eq 3. From the plots of In (k/T) vs. \/T the 
activation parameters, AH* and AS* were obtained (Table III). 

(31) Banerjee, R.; Cassoly, R. J. MoI. Biol. 1969, 42, 337. 
(32) Ladner, R. C; Heidner, E. J.; Perutz, M. F. J. MoI. Biol. 1977,114, 

385. 
(33) Fermi, G. J. MoI. Biol. 1975, 97, 237. 
(34) Steigemann, W.; Weber, E. J. MoI. Biol. 1979, 127, 309. 
(35) (a) Giacometti, G. M.; Ascenzi, P.; Brunori, M.; Rigatti, G.; Gia-

cometti, G.; Bolognesi, M. J. MoI. Biol. 1981, 151, 315. (b) Bolognesi, M.; 
Coda, A.; Gatti, G.; Ascenzi, P.; Brunori, M. Ibid. 1985, 183, 113. 

(36) (a) Lambeth, D. O.; Palmer, G. / . Biol. Chem. 1973, 248, 6095. (b) 
Olivas, E.; de Waal, D. J. A.; Wilkins, R. G. Ibid. 1977, 252, 4038. (c) 
Itzkowitz, M.; Haim, A. Bioinorg. Chem. 1978, 9, 323. 

(37) Balahura, R. J.; Wilkins, R. G. Biochim. Biophys. Acta 1983, 724, 
465. 

(38) Bradic, Z.; Tsukahara, K.; Wilkins, P. C; Wilkins, R. G. In Frontiers 
in Bioinorganic Chemistry; Xavier, A. V., Ed.; VCH Publishers: Weinheim, 
FRG, 1986; p 336. 
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Table HI. Kinetic Parameters for Reductions of Native and BrCN-Modified Metmyoglobins at pH 6.8 (0.1 M Phosphate Buffer) and / = 0.2 M 
and Calculated Rate Constants Based on the Marcus Theory 

reductant 

SO2-* 

[Fe(edta)]2-*' 

[Ru(edta)(H20)]2"« 
[Ru(NH3)6]2+* 
[Co(sep)]2+'-> 

ascorbate 
HA" '•" 
A2"''" 

SO2-
[Fe(edta)]2-'' 
tRu(edta)(H20)]2" 
[Ru(NH3)J2+ 

[Co(sep)]2+' 
ascorbate 
HA" i 
A 2 " « 

/t12(obsd, 25 0C), M"1 s"1 

native 
2.2 X 106 

(2.7-4.5) X 106c 

2.8 X 10" 
3.1 X W 
IA X 103 

3.0 X 102 

1.1 x 103 

3.5 x 103* 

1.2 x 10"2 

6.9 x 10 

AH', kcal mol"1 

metMb(H20)° 
6.3 ± 2.0 

12 ± \f 
8.7 ± 1.0 
8.6 ± 1.0 
8.0 ± 1.0 

BrCN-modified metMb0 

1.7 X 107 

2.9 X 103 

3.8 x 105 

1.8 x 105 

9.6 x 102 

3.4 
2.1 X 104 

-3.4 ± 2.0 
2.0 ± 0.5 
5.7 ± 1.0 
5.6 ± 1.0 
9.6 ± 1.0 

AS", eu 

-9 ± 2 

-i3 ± y 
-14 ± 3 
-18 ± 3 
-18 ± 3 

-37 ± 4 
-35 ± 4 
-14 ± 3 
-16 ± 3 
-13 ± 2 

A12(calcd), M"1 s"1 

2.7 x 106 

5.3 x 10 
9.2 X 102 

7.7 x 10 
1.5 x 103 

1.6 X 10"4 

5.5 X 102 

1.1 x 10' 
5.4 X 10" 
7.8 x 105 

7.2 x 10" 
8.9 x 105 

0.62 
5.1 x 105 

"A22 = 1 M-1 s"1 (ref 38). hE°n = -0.26 V (ref 39) and A11 = 1 X 1O8M-1S-' (ref 38 and 40). 'Reference 36. ' .E0 , , = 0.12 V (ref 41) and A11 

= 3 X 104 M"1 s"1 estimated from the cross reaction with [Fe(cydta)]" (ref 42). 'Reference 7b. -''Reference 43. lE°n = -0.01 V (ref 44) and A11 

= 6 X 104 M"1 s"1 estimated from the data for the reaction of [Ru(edta)L]~ with [Ru(edta)(H20)]2_ (L = acetonitrile and isonicotinamide) taken 
from ref 45. hE°n = 0.050 V (ref 19) and ku = 4 X 103 M'1 s"1 (ref 13). 'In 0.05 M PIPES buffer and / = 0.1 M. >E°U = -0.30 V and A11 = 
5.1 M"1 s-' (ref 14). ^Reference 37. 'At pH 7.2-8.6 (0.2 M Tris buffer) and / = 0.3 M (ref 11). mE°n = 0.70 V (ref 46) and A11 = 1 x 105 M'1 

s"1 (ref 47). "E°n = 0.05 V (ref 46) and A11 = 2 X 105 M"1 s"1 (ref 47). 0A22 = 1 x 10" M"1 s"1. 'Reference 7b. 0At pH 7.2-8.6 (0.2 M Tris 
buffer) and / = 0.3 M (ref 7b). 

There are few studies on the temperature dependence of reaction 
4 36a,48 Various values of A//° and AS0 for reaction 4 are reported: 
21.3 kcal mol"1 and 29 eu,36a 8.5 kcal mol"1 and -15 eu,48a and 
4.9 kcal mol"1 and 6.3 eu,48b respectively. It has also been reported 
that the value of KD is dependent of ionic strength.48b We used 
the values obtained by Chien and Dickinson at / = 0.1 M and 
pH 7 (phosphate buffer) to calculate the second-order rate con
stant. 

Reductions of native metMb and the BrCN-modified metMb 
by [Co(sep)]2+, [Ru(NH 3 ) 6 ] 2 + , and [Ru(edta)(H 20)] 2" ions obey 
the second-order rate law: 

- d [ F e ( I I I ) ] / d ? = A[Fe(III)] [reductant] (6) 

The second-order rate constants at various temperatures and the 
activation parameters are listed in Tables II and III . 

Reduction of reconstituted metmyoglobins (DPmetMb, 
DPDPmetMb, and DADPmetMb) by dithionite and [Ru-
(NH 3 ) 6 ] 2 + ions obey the rate laws eq 3 and eq 6, respectively. The 
second-order rate constants are listed in Table IV. The pK values 
for the acid dissociation equlibrium of the coordinated water of 
the reconstituted metMbs are 7.87, 7.80, and 9.40 at 25 0 C for 
DPDPmetMb(H 2 0) , DADPmetMb(H 2 0) , and DPrnetMb(H20), 
respectively.70 The aquomet form, therefore, is present in more 
than 94% under the conditions of these experiments. 

The BrCN-modified metMb is reduced faster than the native 
form except for the [Co(sep)]2 + system. The ratio of the sec
ond-order rate constants for reduction of the BrCN-modified 

(39) Stanbury, D. M.; Lednicky, L. A. J. Am. Chem. Soc. 1984,106, 2847. 
(40) (a) Tsukahara, K.; Wilkins, R. G. J. Am. Chem. Soc. 1985, 107, 

2632. (b) Neta, P.; Huie, R. E.; Harriman, A. / . Phys. Chem. 1987, 91, 1606. 
(41) Schwarzenbach, G.; Heller, J. HeIv. Chim. Acta 1951, 34, 576. 
(42) Wilkins, R. G.; Yelin, R. E. Inorg, Chem. 1968, 7, 2667. 
(43) Cassat, J. C; Marini, C. P.; Bender, J. W. Biochemistry 1975, 14, 

5470. 
(44) Shimizu, K.; Matsubara, T.; Sato, G. P. Bull. Chem. Soc. Jpn. 1974, 

47, 1651. 
(45) Matsubara, T.; Creutz, C. Inorg. Chem. 1979, 18, 1956. 
(46) Creutz, C. Inorg. Chem. 1981, 20, 4449. 
(47) Macartney, D. H.; Sutin, N. Inorg. Chim. Acta 1983, 74, 221. 
(48) (a) Wood, F. E. Ph.D. Thesis, University of Arizona, Tucson, 1974, 

p 69. (b) Chien, J. C. W.; Dickinson, L. C. J. Biol. Chem. 1978, 253, 6965. 

Table IV. Rate Constants for Reductions of Reconstituted 
Metmyoglobins at 25 0C and Calculated Rate Constants Based on the 
Marcus Theory 

metmyoglobin reductant 
A12(obsd), 

M"1 s"1 
A12(CaICd)," 

M"1 s"1 

DPmetMb(HjO)4 

DADPmetMb(H20)< 

DPDPmetMb(H20)c/ 

SO2" 
[Ru(NH3)J2+ 

SO "^ 
[Ru2(NH3)6]

2+' 
SO2" 
[Ru(NHj)6J

2+ 

(1.5 ±0.1) X 
(1.9 ±0.2) X 
(6.1 ± 0.9) X 
(1.0 ±0.1) X 
(1.4 ±0.2) X 
(2.0 ±0.1) X 

10* 
102 

106 

103 

107 

103 

1.7 X 106 

4.3 X 10 
1.2 x 10' 
5.0 X 102 

1.7 X 107 

7.4 X 102 

"A22 = 1 M"1 s"1 for the reconstituted myoglobin. 6At pH 6.8 (0.1 M 
phosphate buffer) and / = 0.2 M. X = 500 and 542 nm. 'At pH 6.3 (0.1 
M MES buffer) and / = 0.1 M. 'X = 510 and 562 nm. 'X = 417 and 447 
nm. f\ = 413, 432, and 442 nm. 

metMb to that for the native me tMb is in the range of 102—103. 
This arises mainly from the activation enthalpy change: A.//* for 
the BrCN-modified metMb is smaller than that for the native 
metMb. The absence of the difference in the kinetic parameters 
for the [Co(sep)]2+ system is surprising. One of the reasons may 
be concerned with the large reorganizational barrier for the 
Co(I I ) -Co(I I I ) system. 

Self-Exchange Reactions of Metmyoglobins. The self-exchange 
reaction of the native Mb system is expected to be slow; therefore, 
it is not easy to measure the rate directly. The Marcus cross 
relation (eq 7 and 8) has been applied to a number of electron-

*i2 = (knk22fnKl2)
l/2 (7) 

l n / 1 2 = On K12)
1ZA In (AHA2 2 /102 2) (8) 

transfer reactions of metalloproteins.1 The agreement of the 
observed and calculated exchange rates is fairly good in the case 
of cytochrome c, whose heme group is located at the surface of 
the protein. Since the heme group of myoglobin is also located 
at the surface of the globin, the self-exchange rate constant for 
the metMb/deoxyMb system might be estimated by using eq 7 
and 8. From a number of redox couples including metal com
plexes, organic dyes, inorganic radicals, and electron-transfer 
proteins, the value of 1 M"1 s"1 at 25 0 C has been reported for 
the rate constant of the self-exchange reaction of the native 
metMb/deoxyMb system.38 Work terms are neglected in the 
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present case. The calculated second-order rate constants are in 
good agreement with those observed (Tables III and IV) using 
literature values for the self-exchange rate constants and the redox 
potentials of the reductants. The self-exchange rate constant 
obtained for the BrCN-modified Mb system is 104 M"1 s"1, which 
is much higher than that for the native Mb system. The self-
exchange rate constant for the reconstituted metMb's 
(DPmetMb(H20), DADPmetMb(H20), or DPDPrnetMb(H20)) 
was estimated to be about 1 M"1 s"1 which is same as that for the 
native system (Table IV). These reconstituted metMb's and the 
native metMb have coordinated water molecules and hexa-
coordinated geometries. So the geometry change must occur upon 
reduction accompanied by dissociation of the coordinated water. 
On the other hand, the geometry of the BrCN-modified metMb 
is pentacoordinate and the reduction does not require the disso
ciation of the coordinated water molecule. To confirm further 
the slowness of the self-exchange reaction of the reconstituted 
metMb(H20), a preliminary experiment was done on the reaction 
of DADPmetMb(H20) with native deoxyMb. The reaction was 
followed at 543 nm under the experimental conditions: [native 
deoxyMb]0 = 2.0 X 10"4 M and [DADPmetMb(H2O)]0 = 5.0 
X 10"5 M at 25 0C, pH 6.3 (0.1 M MES buffer), and / = 0.1 
M. The first-order plot was almost linear (~80%) and the sec
ond-order rate constant was ~0.9 M"1 s"1: This value is not 
inconsistent with the calculated rate constant (7 M"1 s"1) on the 
basis of eq 7 and 8. 

Intrinsic parameters (AH*22 and AS*22) for the reductions of 
metMbs can be estimated on the basis of the Marcus equations 
for free energy changes:49 

AG*12 = (AG*,, + AG*22)/2 + AG°12 (1 + a ) / 2 (9) 

a = AG0,2/4(AG*„ + AG*22) (10) 

AH*22 = [2AH* n - A//°,2(l + 2a ) ] / ( l - 4a2) -AH*U (11) 

AS*22 = [2AS*12 - AS°,2 (1 + 2a ) ] / ( l - 4a2) - AS*,, (12) 

where the Franck-Condon barrier, AG* = AG* + .Rr In (hZ/ 
kBT), AH* = AH* + 1I2RT, and AS* = AS* - R In {hZ/k^T) 
+ l/2R- In this calculation the data for reductions by [Ru-
(NH3)6]2+ ions were used, because the kinetic and thermodynamic 
parameters for the self-exchange reaction of the [Ru(NH3)6]3+/'2+ 

system are well known (E" = 0.050 V at 25 0C, AH*u = 10.3 
kcal mol"1, AS*„ = -11 eu,13 AH°n = -1.9 kcal mol"1, and AS0,, 
= -2.6 eu). The intrinsic parameters, AH*22 and AS*22, obtained 
for the native metMb(H20)-[Ru(NH3)6]2+ system are 20 kcal 

(49) Marcus, R. A.; Sutin, N. Inorg. Chem. 1975, 14, 213. 

mol"1 and 20 eu, respectively. The AH*12 value of 20 kcal mol"1 

is very similar to that estimated for the intramolecular electron-
transfer reaction of the ruthenium-modified myoglobin.3b On the 
other hand, the values of AH*22 and AS*22 are 8 kcal mol"1 and 
-3 eu respectively, for the BrCN-modified metMb-[Ru(NH3)6]2+ 

system. These data clearly show that the enthalpic ^organiza
tional barrier for the reduction rate is a major factor in the 
self-exchange reaction of myoglobins compared with the entropy 
terms. Therefore, the entropy term is unimportant for the 
Franck-Condon activation in myoglobin. The enthalpic ^org
anizational barrier may be expressed as the sum of the solvent, 
(AH*22)0, and inner sphere, (AH*22)it contributions (eq 13). If 

AH*22 = (AH*22)0 + (AH*22)i (13) 

the solvent reorganizational barrier for myoglobin is comparable 
with that for cytochrome c (2-5 kcal mol"1),1,50 the inner-sphere 
reorganizational contribution, (AH*22)b is —15 kcal mol"1, which 
is much larger than that for the BrCN-modified myoglobin (~3 
kcal mol"1). The relatively large reorganizational barrier can be 
explained by the movement of the heme iron, which undergoes 
a change in coordination number including Fe-OH2 bond rupture. 
This geometry change must induce the conformational change 
of the globin, but the latter may not be rate determining. It has 
been reported that the conformational change of metMb is quite 
fast.51 Recent work on the long-range electron transfer in ru
thenium-modified myoglobin has shown that the electron transfer 
is reversible and is not controlled by conformational intercon-
version.52 We can conclude that the geometry change upon 
reduction accompanied by a water dissociation restricts the 
electron-exchange process of native metMb(H20). 
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