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Abstract: The oxidation of ferrocytochrome c by tris(l,10-phenanthroline)cobalt(III) follows a second-order rate 
law. For horse heart ferrocytochrome c, k = 1.50 X 103 M'1 sec-1 (25°, n = 0.1 M(NaCl), pH 7.0 (phosphate)). 
The value of AH* is 11.3 kcal mol-1 and AS* is — 6.2 cal deg-1 mol-1. The oxidation rate does not change sig
nificantly in the range 6 ^ pH ^ 9. The second-order rate constant for the oxidation of ferrocytochrome c from 
Candida krusei (a yeast) is 2.72 X 103 M'1 sec"1 (25°, n = 0.1 M (NaCl), pH 7.2 (phosphate)). Excellent agree
ment between experiment and Marcus theory is found, suggesting that electron transfer from ferrocytochrome c 
occurs by the same mechanism as employed in the protein self-exchange reaction. The exposed heme edge is pro
posed as the probable site of electron transfer from the metalloprotein. 

The cytochromes are a series of heme proteins which 
function in the respiratory chain of all aerobic 

organisms. In each of the cytochromes the heme iron 
may exist in either the ferrous or ferric form, thus 
enabling reducing equivalents to pass down the chain. 
Through the terminal enzyme cytochrome oxidase, the 
system of cytochromes is able to reduce dioxygen 
directly.2 

Mechanistic studies of ferricytochrome c reduction 
reactions have implicated attack at the heme and sug
gested that electron transfer may proceed either at the 
exposed edge of the heme or via the heme crevice, 
depending on the properties of the reducing agent. 
Evidence for the latter reaction mode has come from 
recent kinetic and mechanistic investigations of the 
chromous ion reduction of ferricytochrome c.3-6 

Chromium(II) becomes bound to the cytochrome mole
cule4 in the area of the heme crevice, and electron trans
fer involving tyrosine-67 has been suggested.5 Chro-
mium(II) attack at the crevice is consistent with the re
sults of ligand binding studies which have emphasized 
the lability of the iron-methionine-80 bond.6 Outer-
sphere reduction of ferricytochrome c has been ac
complished using ferrocyanide7 and the kinetics of the 
ferrocyanide-ferricytochrome c reaction have been 
interpreted as support for a heme edge electron transfer 
mechanism.8 In the dithionite reduction, parallel 
pathways are operative.910 One pathway involves 
direct "outer-sphere" or "remote" attack by S2O4

2-; 
the other pathway (which is less than first order in 
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dithionite) is consistent with either "inner-sphere" or 
"adjacent" attack by dithionite9 or with reduction by 
the SO2

- radical.910 Ferrous ethylenediaminetetra-
acetate11'12 and hexaammineruthenium(II)13 have also 
been employed as outer-sphere reductants for cyto
chrome c(III). In both cases, support was again 
found1213 for heme edge electron transfer, although the 
possibility of attack at some site removed from this 
edge could not be excluded. 

For the reduction of ferricytochrome c, attack from the 
heme crevice is rendered possible by the relative lability 
of the iron-sulfur bond and the accessibility of the 
crevice to the solution; in sharp contrast is the inertness 
of the Fe(II)-S bond in native ferrocytochrome c.14 As 
a consequence, rapid oxidation of the reduced heme 
protein via direct adjacent attack on the iron(II) is un
likely and only heme-edge attack or electron transfer at 
another site removed from the iron remain as pathways 
for rapid oxidation.15 To date these predictions have 
not been verified to any great extent (an exception is the 
study of the ferricyanide oxidation7) owing in part to 
the dearth of oxidants which are tractable in the neutral 
pH range. Thus the need for kinetic studies of the 
oxidation of ferrocytochrome c is apparent. Among 

(11) M. Kurihara and S. Sano, / . Biol. Chem., 245,4804 (1970). 
(12) H. L. Hodges, R. A. Holwerda, and H. B. Gray, / . Amer. Chem. 

Soc, 96,3132(1974). 
(13) R. X. Ewall and L. E. Bennett, J. Amer. Chem. Soc, 96, 940 

(1974). 
(14) That substitution on the heme iron of ferrocytochrome c is 

inherently slow is apparent from several studies. For example, cyanide 
does not directly bind the native protein at even high cyanide concen
trations and dissociation of the cyano derivative is relatively slow at 
neutral pH: P. George and A. Schejter, J. Biol. Chem., 239, 1504 
(1964). To the extent that cyanide release is slow, cyanide binding must 
be even slower, otherwise the equilibrium constant for cyanide binding 
would be large and binding would be readily observed. 

(15) Conformity with the principle of microscopic reversibility re
quires that if reduction of ferricytochrome c by M 

M + cyt C(III) = M + + cyt c(II) 

is accomplished by an adjacent attack mechanism, then oxidation of 
ferrocytochrome c by M+ must also feature an adjacent attack pathway 
(requiring crevice opening). This path may, however, be difficult to 
observe experimentally. Since the equilibrium constants are large for 
those reduction reactions for which adjacent attack has been proposed 
and the reverse rates must consequently be small, other processes (e.g., 
denaturation or autoxidation of the protein or reaction with M+ to 
yield different products) are likely to predominate. 
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Figure 1. Plot of k0bsi vs. [Co(phen)3
3+] for the oxidation of horse 

heart type VI ferrocytochrome c (25°, pH 7.0 (phosphate), /u = 0.1 
M (NaCl)). The reaction was followed at 550 nm. Points plotted 
in all figures represent averages of at least four data points. 

the more important questions is whether or not there 
exist separate pathways of electron transport for the 
reduction and oxidation of cytochrome c in vivo. Based 
on the results of experiments with antibodies produced 
in rabbits against human cytochrome c1617 and with the 
chemically modified protein,18-20 it has been proposed 
that the oxidase and reductase binding sites differ. 
Further, the upper heme crevice region of cytochrome c 
has been associated with binding to the oxidase,20 

whereas the left side has been suggested as the reductase 
binding site.21 Separate binding sites have been taken 
as evidence that two distinct electron transfer pathways 
do indeed exist.19 

We have begun a study of the kinetics of the oxidation 
of ferrocytochrome c by tris complexes of 1,10-phen-
anthroline and its derivatives22 with cobalt(III). By 
modifying the outer edges of the tris(l,10-phenanthro-
line)cobalt(III) ion, we hope to be able to learn through 
kinetic studies something about the steric requirements 
and the mechanism of the oxidation of ferrocyto
chrome c. The present paper deals with the kinetics 
of oxidation of ferrocytochrome c from horse heart and 
Candida krusei (a yeast) by Co(phen)3

3+. Rate con
stants are reported as functions of pH, ionic strength, 
and temperature; and the results obtained are compared 
to predictions of the Marcus theory.23 

Experimental Section 
Reagent grade chemicals were used throughout. Deionized dis

tilled water was used in the preparation of all solutions used for 
synthetic or kinetic experiments. Nitrogen gas was passed through 
two chromous scrubbing towers to remove oxidizing impurities. 
Horse heart cytochrome c (type VI and type III) obtained from 

(16) R. W. Noble, M. Reichlin, and R. D. Schreiber, Biochemistry, 
11,3326(1972). 

(17) E. Margoliash, R. E. Dickerson, and A. D. Adler in "Molecular 
Basis of Electron Transport," Miami Winter Symposia, Vol. 4, Aca
demic Press, New York, N. Y., 1972, p 153. 

(18) Y. P. Mya, Biochemistry, 11,4195, 4203(1972); Y. P. Myerand 
P. K. Pal, ibid., 11,4209 (1972). 

(19) E. Margoliash, S. Ferguson-Miller, J. Tulloss, C. H. Kang, 
D. L. Feinberg, D. L. Brautigan, and M. Morrison, Proc. Nat. Acad. 
Sci. U. S., 70, 3245 (1973). 

(20) K. Wada and K. Okunuki, /. Biochem. (Tokyo), 66, 249 (1969). 
(21) R. E. Dickerson, T. Takano, O. B. Kallai, and L. Samson in 

"Structure and Function of Oxidation Reduction Enzymes," Wenner-
Gren Symposium, 1970, A. Akeson and A. Ehrenberg Ed., Pergamon 
Press, Oxford, 1972, p 69. 

(22) A. A. Schilt, "Analytical Applications of 1,10-Phenanthroline 
and Related Complexes," Pergamon Press, Oxford, 1969. 

(23) R. A. Marcus, /. Phys. Chem., 67, 853 (1963). 

Sigma Chemical Co. and Candida krusei cytochrome c (Calbio-
chem) were used without further purification. 

Type VI ferrocytochrome c solutions were prepared by adding a 
20-fold excess of Fe(EDTA)2- to nitrogen-saturated, buffered so
lutions of ferricytochrome c. Excess Fe(EDTA)2- and Fe(EDTA)-

were removed from the ferrocytochrome solution using the hollow 
fiber Dow Beaker Dialyzer obtained from Bio-Rad Laboratories. 
Protein solutions of 75-100 ml were dialyzed under a constant flow 
of nitrogen against approximately 1.75 1. of nitrogen-saturated 
buffer solution of ionic strength 0.1 M. 

The Fe(EDTA)2- solutions used to prepare ferrocytochrome c 
were made by combining aliquots of ferrous chloride solution with 
buffered solutions containing a 20% excess over the stoichiometric 
amount of Na2H2EDTA.12 The ferrous chloride solutions were 
prepared by dissolving high purity iron wire (Allied Chemical) in 
excess HCl under a stream of nitrogen. The Fe(II) concentration 
of the ferrous chloride solutions was determined by transferring 
aliquots into excess Ce(IV) and back titrating to a ferroin end point 
with As(III).24 

Horse heart type III and Candida krusei ferrocytochrome c solu
tions were prepared within 2 hr of use for the kinetic runs by so
dium dithionite reduction of the ferric protein. The reduced so
lution was loaded onto Bio-Rex 70 cation exchange resin, washed 
with water, eluted with a few milliliters of 1.00 M sodium chloride, 
and diluted to the desired volume and composition with an appro
priate buffer-sodium chloride solution and water. For the studies 
made on these proteins, no effort was made to exclude air. 

Tris(l,10-phenanthroline)cobalt(III) chloride and perchlorate 
were prepared according to the method of Pfeiffer and Werdel-
mann,25 and characterized spectrally in the region 380-220 nm.26 

Various amounts of stock solution of Co(phen)3
3+ were diluted 

with sodium chloride and water to obtain a suitable range of Co-
(phen)3

3+ concentrations with y. = 0.1 M. The concentrations of 
the Co(phen)3

3+ solutions were determined spectrophotometrically 
in the region 380-320 nm (esso 3700,6330 4680 M - 1 cm-1 «). 

Buffered solutions in the range pH 6-9 were used for the kinetic 
measurements. Type VI cytochrome c solutions were stored in 
nitrogen-purged, serum-capped bottles. Nitrogen was passed 
only slowly through the cytochrome c solutions or above them to 
prevent protein denaturation. The Co(phen)3

3+ solutions were 
stored in serum-capped, round-bottom flasks fitted with a nitrogen 
inlet tube and a glass luer-lock fitting, thus allowing introduction of 
the Co(phen)3

3+ solution into the stopped-flow apparatus through 
an all-glass and KeI-F Teflon system.33 Absorbance-time data 
were accumulated as digital output from an analog to digital con
verter. 

The kinetics of oxidation of ferrocytochrome c were followed at 
550 nm (Ae550 18.5 X 103 M - 1 cm-12S). The concentration of 
Co(phen)3

3+ was varied between 9.0 X 10-5 and 3.6 X 10-3 M and 
was always kept in large excess over cytochrome c. 

Results and Discussion 

First-order plots of the absorbance-time data ob
served at 550 nm are linear for greater than 90% of the 
reaction. The first-order dependence of observed rate 
constants of the Co(phen)s

3+ concentration is illustrated 
in Figure 1. The least-squares slope of the data of 
Figure 1 gives a second-order rate constant k = (1.50 ± 
0.05) X 103M-1SeC-1 for the oxidation of type VI horse 
heart ferrocytochrome c in 0.05 M pH 7.0 phosphate 
buffer of ionic strength 0.1 M at 25°. In Table I are 
reported the observed pseudo-first-order rate constants 
for the reactions of horse heart type III and Candida 
krusei ferrocytochromes c with Co(phen)3

3+. Under 
all conditions reported in this work, the rate law ob
tained for the oxidation of ferrocytochrome c is 

-d[cyt C(II)] = fc[Co(pheny+][cyt C(TT)] (i) 
at 

(24) D. A. Skoog and P. M. West, "Analytical Chemistry," Holt, 
Rinehart, Winston, New York, N. Y., 1963, pp 449-454. 

(25) P. Pfeiffer and B. Werdelmann, Z. Anorg. AlIg. Chem., 263, 31 
(1950). 

(26) G. Favini and E. Paglia, J. lnorg. Nucl. Chem., 8,155 (1958). 
(27) T. J. Przystas and N. Sutin, J. Amer. Chem. Soc, 95, 5545 (1973). 
(28) E. Margoliash and N. Frohwirt, Biochem. J., 71,570 (1959). 
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Table I. Rate Constants (k0b*i) for the Reaction of Horse Heart 
Type III and Candida krusei Ferrocytochrome c with 
Tris(l,10-phenanthroline)cobalt (III) at 25°° 

103[Co(phen)3
3+], 

M 

0.289« 
0.406« 
0.562" 
0.609» 
1.02« 
1.13" 
1.53» 
1.58" 
2.03« 
4.06« 

Horse heart 
(sec" S 550 nm)6 

0.473 
0.687 
0.914 

1.71 
1.96 
2.71 

3.30 
6.37 

Ir L. j 
'tobsd 

Candida krusei 
(sec -', 550 nm)« 

0.708 

1.55 

2.93 

4.51 

l-
JC 

C5 
O 
_l 

» The solutions were buffered at pH 7.2 with 2 mM phosphate, 
maintained at n = 0.10 M with sodium chloride, and were ~30 
nM in cytochrome c. b The same rates were observed at 695 nm, 
while those for 450 nm were ~15% higher. « Rates determined at 
695 nm were 10-20 % higher. » Perchlorate salt. «Chloride salt. 
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Figure 2. Eyring plot of rate data for the oxidation of horse heart 
type VI ferrocytochrome c by Co(phen)3

3+ (pH 7.0 (phosphate), n 
= 0.1 M(NaCl)): O, [Co(phen)3

3+] = 2.4 X 10"3 M; A, [Co-
(phen)3

3+] = 3.0 X 10"3 M; • , [Co(phen)3
3+] = 3.4 X 10"3 M. 

Table II. Rate Constants (k) for the Oxidation of Horse Heart 
Ferrocytochrome c by Tris(l,10-phenanthroline)cobalt(III) at 
25° and M = 0.1 M 

PH 

6.0 
7.0 
7.0 
7.2 
7.8 
9.0 
9.0 

Buffer 

41 mM phosphate 
24 mM phosphate 
54 mM Tris 
2 mM phosphate 

18 mM phosphate 
414 mMTris 
414 mM Tris 

\Crzk, M'1 sec"1 

(550 nm) 

1.01» 
1.50» 
1,28» 
1.60s 

1.65° 
1.82» 
1.77»« 

" Type VI cytochrome c, 3 X 10~6 M. b Type III cytochrome c, 
3XlO - 5 M. c Reaction followed at 695 nm. 

Table II gives the second-order rate constants found at 
various pH values in phosphate and tris buffers for 
horse heart cytochrome c. The activation parameters 
at pH 7.0 in phosphate buffer obtained from the plot of 
log (k/T) vs. 1/7 shown in Figure 2 are A / /* =11.3 kcal 
m o l _ 1 a n d A 5 * = — 6.2 cal deg -1 mol -1. The second-
order rate constant for the Candida krusei ferrocyto
chrome c oxidation (2 mM phosphate, pH 7.2, /x - 0.1 
M, 25°) is 2.72 X 103Af-1SeC-1. 

The agreement between the rate constants for type VI 
and type III (reduced with Fe(EDTA)2- and dithionite, 
respectively) horse heart cytochrome c is noteworthy 
(Table II). The rate constants for the horse heart and 
Candida krusei proteins are also remarkably similar (the 
values differ by less than a factor of 2), considering that 
these cytochromes differ in ~ 5 0 % of their amino acid 
residues.29 The same similarity has been observed for 
the reactions of these heme proteins with other re
agents.30 

The second-order rate constants obtained for the 
oxidation of horse heart ferrocytochrome c by Co-
(phen)3

3+ are seen to be nearly independent of pH. 
No evidence was found for biphasic kinetics at pH 9 
(550 nm), as has been observed in the reduction of 
ferricytochrome c . 9 1 2 3 1 3 2 The kinetic behavior of the 
reduction reaction at high pH has been inter-

(29) R. E. Dickerson, Sci. Amer., April, 58 (1972). 
(30) C. Creutz and N. Sutin, /. Biol. Chem., in press. 
(31) C. Greenwood and G. Palmer, J. Biol. Chem., 240, 3600 (1965). 
(32) M. T. Wilson and C. Greenwood, Eur. J. Biochem., 22, 11 

(1971). 

preted912 '31-33 in terms of the presence of a high pH 
isomer,34 possibly containing a lysine-79 as sixth 
ligand,36'36 in addition to the native, methionine-80 
ligated protein. The failure to observe biphasic 
kinetics at 550 nm is not inconsistent with previous ob
servations, as at this wavelength the absorbance differ
ence between the lysine- and methionine-bound forms of 
ferricytochrome c is minimal.33 In fact, our kinetic 
runs utilizing 695 nm as monitoring wavelength clearly 
show both the oxidation and isomerization steps. After 
an initial increase in absorbance at 695 nm owing to 
oxidation of ferrocytochrome c to native ferricyto
chrome c, spectral changes corresponding to isomeriza
tion of the protein were observed. The initial phase of 
the reaction was analyzed by the Guggenheim method,37 

yielding values for kobsd at 695 nm. A plot of fcobM 
(695 nm) vs. [Co(phen)3]3+ gave a second-order rate 
constant of 1.77 X 103 M~l sec-1, in excellent agreement 
with the value found at 550 nm (Table II). The isom
erization reaction is independent of the concentration 
of Co(phen)3

3+ (0.75-4.0 X 10-3 M) and is character
ized by a rate constant /c(native -*• high pH) of 0.071 
sec -1. Our value of 0.071 sec -1 accords well with the 
first-order rate constant for isomerization obtained by 
Wilson and Greenwood at pH 9 (2O0).32 

The rate of oxidation of horse heart ferrocytochrome 
c by Co(phen)3

3+ increases with increasing ionic strength 
at pH 7, as would be expected for a reaction between 
positively charged species. Theory predicts a linear 
relationship between log k and ju1/2 for ionic strengths 
below 0.01 M.s7 Although the interval 0.06 < y. < 0.20 
M we have examined is well above the upper limit 
demanded by theory, a plot of log k vs. \ih nevertheless 
yields an excellent straight line (Figure 3). In earlier 
work we obtained a linear log k vs. M'/2 plot for the re
duction of ferricytochrome c by Fe(EDTA)2- and esti
mated an "active site charge" of +1.7 for the oxidized 

(33) D. O. Lambeth, K. L. Campbell, R. Zand, and G. Palmer, J. 
Biol. Chem., 248, 8130(1973). 

(34) H. Theorell and A. Akesson, J. Amer. Chem. Soc, 63, 1812 
(1941). 

(35) R. K. Gupta and S. H. Koenig, Biochem. Biophys. Res. Commun., 
45,1134(1971). 

(36) R. Keller, I. Aviran, A. Schejter, and K. Wiithrich, FEBS {Fed. 
Eur. Biochem. Soc.) Lett., 20, 90(1972). 

(37) A. A. Frost and R. G. Pearson, "Kinetics and Mechanism," 
2nd ed, Wiley, New York, N. Y., 1961. 
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Figure 3. Plot of log k vs. M'^! for the oxidation of horse heart type 
VI ferrocytochrome c by Co(phen)3

3+ (25°, pH 7.0 (phosphate)): 
O, [Co(phenV+] = 1.5 X 10"3 M; A, [Co(phen)3

a+] = 3.0 X 10~3 

M. 

protein.12 An analogous calculation based on the data 
presented in Figure 3 gives an "active site charge" of 
+0.4 for ferrocytochrome c. The exact values cannot of 
course be taken seriously, but it is clear that they are 
much smaller than the overall charge of about + 7 1 2 

on the protein in neutral solution. It is also interesting 
that the "active site charge" is approximately one unit 
less positive for ferrocytochrome c. 

The oxidant Co(phen)3
3+ is known to behave accord

ing to the Marcus theory for outer-sphere electron 
transfer in some,2738 but not all,17,39-43 of its redox re
actions. Typical examples of good behavior include 
the oxidation of Co(terpy)2

2+ 38 and Vaq
2+,27 where 

theory and experiment are in reasonably close agree
ment. In addition, the calculated rate constant for the 
reaction between Feaq

3+ and Co(phen)3
2+ is within a 

factor of 3 of the experimental value.27 The theoretical 
expression for the rate constant (Ac12) of the ferrocyto
chrome c-Co(phen)3

3+ reaction is 

log /c12 = 0.5 [log Zc11 + log Zc22 + 16.9 AE12
0] (2) 

where Zc11 and k22 are the appropriate self-exchange rate 
constants. The horse heart cytochrome c self-exchange 
rate is in the range (0.2-1.0) X 103 Af-1 sec"1 at pH 7.0, 
M = 0.1 M, and 25 V 4" 4 6 and the Co(phen)3

2+'3+ self-
exchange rate, extrapolated to 25° from the data of 
Baker, et ah," is 2.1 X 101 Af-1 sec -1. Taking reduc
tion potentials for the Co(phen)3

2+/3+ and cytochrome 
c(II)/(III) couples as +0.4248 and +0.261 V,49 respec
tively, we calculate Zc12 to fall in the range (1.2-2.7) X 
10s Af-1 sec -1 for the horse heart reaction, which is in 
rather good agreement with experiment. Using the 

(38) R. Farina and R. G. Wilkins, Inorg. CUm., 7, 514(1968). 
(39) W. L. Reynolds and R. W. Lumry, "Mechanisms of Electron 

Transfer," Ronald Press, New York, N. Y., 1966. 
(40) J. F. Endicott and H. Taube, / . Amer. Chem. Soc, 86, 1686 

(1964). 
(41) P. G. Rasmussen and C. H. Brubaker, Inorg. Chem., 3, 977 

(1964). 
(42) G. DuIz and N. Sutin, Inorg. Chem., 2,917 (1963). 
(43) G. Davies, Inorg. Chem., 10,1155(1971). 
(44) A. G. Redfield and R. K. Gupta, Cold Spring Harbor Symp. 

Quant. Biol., 36,405 (1971). 
(45) R. K. Gupta, S. H. Koenig, and A. G. Redfield, J. Magn. Reso

nance,!, 66(1972). 
(46) R. K. Gupta, Biochem. Biophys. Acta, 292,291 (1973). 
(47) B. R. Baker, F. Basolo, and H. M. Neumann, J. Phys. Chem., 

63,371(1959). 
(48) E. Paglia and C. Sironi, Gazz. Chim. Ital., 87,1125 (1957). 
(49) R. Margalit and A. Schejter, Eur. J. Biochem., 32,492 (1973). 

same data for the cytochrome c(II)/(III) self-exchange 
rate and redox couple, Ewall and Bennett13 have re
ported an equally successful Marcus calculation of the 
rate of reduction of ferricytochrome c by Ru(NHs)6

2+ 

(calculated, (3-6) X 104 Af-1 sec"1; found, 3.78 X 104 

M-: sec-1). As a further check on the interpretation, it 
should be noted that the rate of oxidation of Ru(NH3)6

2+ 
by Co(phen)3

s+ is also in fair agreement with the Marcus 
relation (calculated, 1 X 106 Af-1 sec -1; found, (1-2) 
X 104 Af-1 sec-1).50 

It is important to note that neither reduction nor 
oxidation of cytochrome c by outer-sphere reagents 
would be expected to yield rate constants which are pre
dictable by the Marcus theory if the electron transfer 
mechanism in question were radically different from 
that employed in the self-exchange reaction. It should 
also be noted that, since log Ac12 - log k21 = 16.9AJE12

0, 
reversibility of the cross-reaction is implicit in eq 2. 
Thus, if the forward rate satisfies eq 2, then the reverse 
rate must also, and vice versa. An apparent breakdown 
of reversibility can occur if certain equilibria or confor
mation changes take place that are not sufficiently rapid, 
in which case conformity to eq 2 must to some extent 
have been accidental in the first place. The fact that 
excellent agreement with eq 2 has been obtained for 
both a reduction and an oxidation reaction lead to the 
conclusion that, in these cytochrome c systems, electron 
transfer to and from the heme iron of the protein follows 
the same pathway as in the self-exchange reaction. 
Conformity with eq 2, however, does not necessarily 
require that this pathway be simple. Consider, for ex
ample, that the reactive forms of ferri- and ferrocyto
chrome c are not the native proteins but are instead two 
conformers that exist in rapid equilibrium with the 
native forms (eq 3-6). In terms of this scheme, the 

cyt C(III) = F ^ cyt dill)* Km O) 

cyt c(U) Z^=H cyt c(II)* Kn (4) 

cyt C(III)* + cyt C(II)* :^=± cyt c(II)* + cyt c(III)* kn* (5) 

Co(phen)3
3+ + cyt c(II)* T ^ Co(phen)3

2+ + cyt c(III)* 

kn*,Kn* (6) 

observed rate constant for the oxidation of ferrocyto
chrome c by Co(phen)3

3+ is given by the following ex
pressions 

kn = -TT1IZc12* (7) 

= Ku(kn*k22K12*y>'? (8) 

The rate and equilibrium constants Ac11* and /C12 are 
related to the observed constants by 

/C11 = KnKniku* (9) 

^12 = KnKn^IK11I (10) 

Substitution in eq 8 gives eq 11, which is identical with 

ku = (knk22K12)^ (11) 

eq 2. Thus agreement with eq 2 does not preclude more 
complex mechanisms of the type discussed here. How
ever, we consider a rapid crevice-opening conformation 
change for ferrocytochrome c highly unlikely for the 
reasons discussed earlier.14 

The simplest and most straightforward interpretation 
of the kinetic studies both of the protein self-exchange 

(50) C. Creutz and N. Sutin, unpublished results. 
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and the reaction of ferricytochrome c with model outer-
sphere reductants is that electron transfer occurs via the 
exposed heme edge.812'13 The present experiments on 
the oxidation of ferrocytochrome c from both horse 
heart and Candida krusei by tris(l,10-phenanthroline)-
cobalt(III) are also most easily reconciled with a mecha
nistic model featuring outer-sphere electron transfer 
utilizing contact between the heme edge and one of the 
phenanthroline rings. Indeed, given an edge-edge 
mechanism for the self-exchange reaction, edge transfer 
to Co(phen)3

3+ must be the path of choice in order to 
understand the excellent Marcus-theory correlation. It 
is also important to note that the measured activation 
parameters and the ionic strength dependence of the 
protein reaction with Co(phen)8

3+ provide very little 
evidence of any unusual features and therefore are 
entirely consistent with an ordinary adiabatic electron 

The crystal structure of the A-/3- complex formed 
between a:,a-aminomethylmalonate and A( — )436-

a-dichloro-(25',95')-2,9-diamino-4,7 - diazadecanecobalt-
(III) chloride (1) is described here. The a,a;-amino-
methylmalonate dianion is an example of a prochiral ion 
since it has two equivalent carboxyl groups. When it 
interacts with the cobalt complex (1) the primary 
product was shown to be the A-/3- complex with some 
A-/3- product but no A-a- product. A comparison of the 
circular dichroism curve of the A-/3- complex, with 
those of corresponding A-/3- complexes with (R)- or 
(,S}-alanine, suggested that the malonate moiety was 
bound in a fixed configuration so that only the pro-S 

(1) (a) The Institute for Cancer Research; (b) The University of 
California. 

transfer process. In view of all of the results on model 
systems, then, it is reasonable to propose that the remote 
attack reactions utilize a common heme-edge site for 
both oxidation and reduction of cytochrome c. This 
model is in contrast to the proposal that electron trans
fer takes place in vivo at separate oxidase and reductase 
binding sites.16-20 However, it is difficult to under
stand why a common heme-edge pathway should not 
also be employed in vivo, unless access to the edge is 
blocked as a consequence of binding to the membrane 
or to the oxidase or reductase. 
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carboxyl group (and not the pro-R group) was directly 
coordinated to the Co(III) ion2 (eq 1). This differentia
tion between the carboxyl groups occurs in spite of the 
fact that the binding of an asymmetric tetradentate 
ligand on the Co(III) ion leaves only two octahedral 
positions available for coordination of the malonate ion 
instead of the three positions which have been proposed 
as a condition3 for significant chiral recognition of a 
prochiral center. A specific differentiation between 
prochiral functional groups is common to enzyme re
actions (eq 2)3-6 but has not been previously observed 

(2) R. C. Job and T. C. Bruice, / . Amer. Chem. Soc, 96, 809 (1974). 
(3) A. G. Ogston, Nature (London), 162, 963 (1948). 
(4) T. C. Bruice and S. J. Benkovic, "Bioorganic Mechanisms," Vol. 

1, W. A. Benjamin, New York, N. Y. 1966, Chapter 4, p 298. 
(5) J. P. Glusker, J. MoI. Biol, 38,149 (1968). 
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Abstract: The crystal structure of A(—)436-/?2-[(2S,9S)-2,9-diamino-4,7-diazadecanecobalt(IH) aminomethyl
malonate] perchlorate monohydrate, cell dimensions a = 13.001 (2), b = 14.656 (3), and c = 10.601 (1) A, space 
group P2i2i2i, has been determined and refined, with all hydrogen atoms included, to R = 0.075. The results of 
the X-ray determination have shown that the complex has the conformation A-(I-R with the pro-S carboxyl group 
of the malonate coordinated to Co(III). All of the A-/?-complex is in the R conformation, presumably because 
in this conformation three-point attachment of the malonate via an internal hydrogen bond occurs. On decarboxyl
ation of the pure A-/3- complex, 65% (S)-alanine and 35% (-R)-alanine are formed. The CD spectra of these 
complexes are analyzed as Gaussian sums as an aid in spectral determination of absolute configuration. Since 
A-a-, trans-, or A-/3- starting complexes all give similar yields of A-/3- and A-/3- products on treatment with amino 
acids, we suggest a common trans intermediate which gives /3i complexes at high pH when the amino group attacks 
first and /S2 complexes at low pH when the carboxylate group attacks first. 
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