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could, therefore, explain why an inverse order in pyridine is ob
served in a strongly coordinating buffer such as tris but not in 
a weakly coordinating buffer such as boric acid. 

Support for this interpretation is supplied by the kinetic data 
in boric acid as a function of pH. As the pH of the medium 
approaches and crosses the pATa of boric acid (9.2), the concen
tration of H2BO3" increases substantially. This species is a better 
axial ligand than its conjugate acid and it can compete to some 
extent with pyridine for a coordination site on the iron. Since 
P-H2-buf is more reactive toward oxidation than P-H2-P, an 
inverse order in pyridine is observed. The magnitude of this 
inverse-order dependence increases with increasing concentration 
of the competing ligand causing the slopes of the plots in Figure 
5 to increase with pH. The y intercepts of the plots remain 
constant throughout, however, because the outer-sphere oxidation 
rate of the dipyridine heme dimer {k{ = k0M/2[O2] = 7 X 102 

M"1 s"1) is pH independent.26 

All the data, therefore, point toward an outer-sphere oxidation 
mechanism with no evidence for the intermediacy of any oxyheme 
complex. These findings are consistent with the general theory 
that dissociative electron-transfer processes do not occur from 
low-valence transition metals to 7r-bonding ligands in low-spin 
complexes.26 Instead a peripheral w transfer is the most probable 
route for this process in analogy with Castro's formulation for 
monomeric heme complexes in amine solvents.25 Thus, a loose 

(25) M. M. L. Chu, C. E. Castro, and G. M. Hathaway, Biochemistry, 
17,481 (1978). 

The kinetic and chemical properties of superoxide radicals (HO2 

*=* O2" + H+) and their involvement in biological oxidation-re
duction reactions have been reviewed in several articles in recent 
years.1"5 Research on these species has intensified since the 
discovery of prevalent superoxide dismutases (SOD), which 
catalyze their disproportionation to hydrogen peroxide and oxy
gen.6 

While at least four metals are known to be involved in various 
superoxide dismutases, the mammalian enzyme which has a copper 

(1) Bielski, B. H. J.; Gebicki, J. M. Adv. Radial. Chem. 1970, 2, 177-279. 
(2) Czapski, G. Annu. Rev. Phys. Chem. 1971, 22, 171. 
(3) Bors, W.; Saran, M.; Legenfelder, R,; Spottle, R.; Michel, C. Curr. 

Top. Radiat. Res. Q. 1971, 9, 247. 
(4) Fridovich, I. Annu. Rev. Biochem. 1975, 44, 147. 
(5) Fee, J. A.; Valentine, J. S. In "Superoxide and Superoxide 

Dismutases"; Michelson, A. M., McCord, J. M., Fridovich, I., Eds.; Academic 
Press: New York, 1977; pp 19-60. 

(6) McCord, J. M.; Fridovich, I. J. Biol. Chem. 1968, 243, 5753. 

ir complex may be formed between molecular oxygen and the 
metalloporphyrin followed by electron transfer from the periphery 
of the ring. Such loose adducts of metalloporphyrins with oxygen 
as well as other ir systems have been previously reported.27 

Conclusions 
(1) Excess pyridine initially converts aqueous protoheme to a 

dipyridine heme dimer which is stable up to 0.2 M pyridine. 
(2) Above this concentration, the dimer is gradually dispersed 

until at 2 M pyridine, the hexacoordinate dipyridineprotoheme 
monomer becomes the exclusive species in solution. 

(3) The oxidation rate of the dipyridine heme dimer is inde
pendent of the pyridine concentration and proceeds entirely via 
an outer-sphere process. 

The mechanism of conversion of the dipyridine heme dimer to 
the hexacoordinate monomer as well as the oxidation pathway 
at very high pyridine concentrations is currently still under in
vestigation and will be the subject of a separate publication. 
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(26) Though the line should pass through the origin, experimental error 
would make it difficult to detect a slight dependence on [P]"1 at pH 8.5. 

(27) (a) W. H. Fuchsman, C. H. Barlow, W. J. Wallace, and W. E. 
Caughey, Biochem. Biophys. Res. Commun., 61, 635 (1974); (b) G. P. Fulton 
and G. N. LaMar, J. Am. Chem. Soc, 98, 2119, 2124 (1976). 

atom at the active site, and a zinc atom which is apparently not 
required for activity, has been most widely studied. It has been 
suggested that the mechanism of catalytic dismutation of the 
radicals involves alternate reduction and oxidation of the copper 
center:7,8 

enzyme-Cu2+ + O2" - • enzyme-Cu+ + O2 (1) 

enzyme-Cu+ + O2" + 2H+ — enzyme-Cu2+ + H2O2 (2) 

where enzyme-Cu represents the enzyme-bound copper ion and 
the respective rate constants, ^1 = 2.4 X 109 and k2 = 2.4 X 109 

M"1 s"1,8 are near the theoretical limit for diffusion-controlled 
reactions. The turnover rate is pH independent over the range 
4.8-9.5 and declines slightly below pH 4.8. According to the 

(7) Klug, D.; Rabani, J.; Fridovich, I. J. Biol. Chem. 1972, 247, 4839. 
(8) Fielden, E. M.; Roberts, P. B.; Bray, R. C; Lowe, D. J.; Mautner, G.; 

Rotilio, G.; Calabrese, L. Biochem. J. 1974, 139, 49. 
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authors, this decline "suggests that the enzyme actually acts upon 
the superoxide anion rather than HO2".7 

Many studies have been carried out to probe the nature of the 
active site of SOD. Appearance of a superhyperfine pattern with 
a splitting of about 14 G strongly suggests that there is hyperfine 
coupling of three to four nitrogens to copper, but electron spin 
resonance results do not indicate which amino acids furnish the 
nitrogens.9 Photosensitized oxidation experiments on SOD point 
to the presence of three to four imidazole groups.10 A recent 
X-ray crystal structure of the enzyme shows four histidine ligands 
to copper in a square-planar arrangement.11 

We have been investigating copper-histidine complexes in 
aqueous solution as a model system for SOD. This study presents 
evidence that a particular state of protonation of the ligands is 
essential for dismutation activity of copper-histidine complexes. 

Experimental Section 

Pulse radiolysis experiments were carried out with the BNL Van de 
Graaff accelerator, whose operation is described elsewhere.12,13 All 
solutions were prepared in distilled water, which was further purified by 
a Milli-Q reagent grade water system (Millipore Corp., Bedford, Mass.). 
L-Histidine (Sigma Chemical Co.) and cupric acetate (Baker Analyzed 
reagent) were used without further purification. Sodium formate and 
tnsodium phosphate (Baker Analyzed reagent) were purified as described 
earlier.12 Cuprous chloride (Apache Chemical Co.) was washed with 
N2-saturated perchloric acid solution immediately before use to remove 
cupric impurities from the crystal surfaces. 

The rate of decay of superoxide radicals was monitored spectropho-
tometrically at 250 nm over the range from pH 1.1 to 10.0. Solutions 
contained 0.10 M sodium formate to scavenge hydroxyl radicals, 0.4 mM 
histidine, and various amounts of copper acetate (CuAc2) (1-100 MM). 
pH was adjusted with vacuum-distilled perchloric acid (G. Frederick 
Smith Chemical Co.) and/or with three times recrystallized trisodium 
phosphate. 

Copper and histidine combine to form at least six different complex 
species over the pH range studied. We used known association con
stants14"16 and a computer program reported in the literature17 to de
termine the distribution of copper among various complexes under our 
experimental conditions. The program uses an iterative technique to 
calculate the equilibrium concentration of complex species from knowl
edge of the total concentration of copper, ligands (histidine, formate, and 
acetate), and pH. 

Results and Discussion 

In this investigation the superoxide radicals were generated by 
pulse radiolysis of oxygenated aqueous solutions containing for
mate:18 

HCOONa1O, 
H2O w w v w 4 (HO2 ̂  O2

- + H+), H2, H2O2 (I) 

In the absence of competing reactants, superoxide radicals decay 
according to a pH-dependent mechanism:19"21 

HO2 ^ O2" + H+ (3) 

HO2 + HO2 — H2O2 + O2 (4) 

HO2 + O2" + H2O — H2O2 + O2 + OH" (5) 

O2" + O f + 2H2O — H2O2 + O2 + 2OH" (6) 

(9) Rotilio, G.; Agro, A. F.; Calabrese, L.; Bossa, F.; Guerrieri, P. G.; 
Mondavi, B. Biochemistry 1971, 10, 616. 

(10) Forman, H. J.; Evans, H. J.; Hill, R. L.; Fridovich, I. Biochemistry 
1973, 12, 823. 

(11) Richardson, J. S.; Thomas, K. A.; Rubin, B. H.; Richardson, D. C. 
Proc. Natl. Acad. Sci. US.A. 1975, 72, 1349. 

(12) Bielski, B. H. J.; Richter, H. W. J. Am. Chem. Soc. 1977, 99, 3019. 
(13) Bielski, B. H. J.; Schwarz, H. A. J. Phys. Chem. 1968, 72, 3836. 
(14) Kruck, T. P. A.; Sarkar, B. Can. J. Chem. 1973, 51, 3549. 
(15) Yatsimirski, K. B.; Vasilev, V. P. "Instability Constants of Complex 

Compounds"; Pergamon Press: Oxford, London, New York, 1960; p 149. 
(16) Klug-Roth, D.; Rabani, J. J. Phys. Chem. 1976, 80, 588. 
(17) Perrin, D. D.; Sayce, I. G. Talanta 1967, 14, 833. 
(18) Draganic, I. G.; Draganic, Z. D. "The Radiation Chemistry of 

Water"; Academic Press: New York, 1971. 
(19) Rabani, J.; Nielsen, S. O. J. Phys. Chem. 1969, 73, 3736. 

J. Am. Chem. Soc, Vol. 102, No. 15, 1980 4917 

Table I. Complex Species Present in Solution Containing Copper 
Acetate, Sodium Formate, and Histidine0 

species 

(CuHistH) 
(CuHiSt)2+ 

[Cu(HistH)2]"
+ 

[CuHiSt2H]3+ 

[CuHiSt2I
2+ 

[CuHiSt2OH] + 

[CuAc] + 

[CuAc2] 
[Cu(HCOO)I + 

[Cu(HCOO)2] 
[Cu(HCOO)3]-
[Cu (HCOO)4]

2-

logtf* 

14.20 
10.2 
26.9 
24.0 
18.5 
7.71 
1.67 
0.98 
1.57 
0.65 

-0.15 
0.40 

ref 

14 
14 
14 
14 
14 
14 
15 
15 
16 
16 
16 
16 

0 K* is the cumulative association constant for the species, e.g., 
Cu2+ + 2Hist ^ (CuHist2)

2+; K*= (CuHist2)
2+/(Cu2+)(Hist)2. 

Figure 1. Distribution of Cu(II) complexes in a solution containing 0.4 
mM histidine, 0.1 M formate, and 10.6 MM CU(CH3COO)2 . A = [Cu-
(HiStH)2J

4+; B = [CuHiSt2H]3+; C = [CuHist2]
2+; D = [CuHiSt2OH]+. 

All other complexes do not exceed the concentrations indicated over the 
pH range shown: [CuHiStH]3+ < 1.0 x 10"12 M; [CuHiSt]2+ S 1 X 10"10 

M; Cu(CH3COO)+ < 2 X 10"20 M; Cu(CH3COO)2 < 9 X IO"26 M; 
Cu(HCOO)+ < 9 X 10"" M; Cu(HCOO)2 < 1 X 10"18 M; Cu(HCO-
O)3" < 2 X IO"20 M; Cu(HCOO)4

2" < 5 X 10"21 M. 

The corresponding dissociation constant and second-order rate 
constants have recently been redetermined in our laboratory:22 

ATHO2 = (2.05 ± 0.39)IO"5 M or pATHo2 = 4.69 ± 0.08 

fc4 = (8.60 ± 0.62)105 M"1 s"1 

ks = (1.02 ± 0.49)108 M"1 s"1 and k6 < 0.35 M"1 s"1 

Superoxide radical decay is catalyzed by the presence of small 
amounts of histidine-complexed copper in solution. The sponta
neous dismutation reactions 4-6 return to the solution one molecule 
of O2 for every two superoxide radicals. Since the superoxide 
originates from molecular oxygen in solution, dismutation results 
in a net consumption of half as much oxygen as originally was 
converted to superoxide. If a solution of O2" (formed by irradiation 
of a formate solution at pH 10) is mixed with a copper-histidine 
solution in a chamber fitted with an oxygen electrode, the mea
sured oxygen consumption is identical with that observed when 
the same superoxide solution is mixed with a blank solution. This 
indicates that the stoichiometry for the overall reaction is the same 
in the presence and absence of the catalyst. 

(20) Behar, D.; Czapski, G.; Rabani, J.; Dorfman, L. M.; Schwarz, H. A. 
J. Phys. Chem. 1970, 74, 3209. 

(21) Bielski, B. H. J.; Allen, A. O. J. Phys. Chem. 1977, S/, 1048. 
(22) Bielski, B. H. J. Photochem. Photobiol. 1978, 28, 645. 
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Figure 2. Pseudo-first-order rate constants for disappearance of H02/Of 
at various pH values. [Cu(CH3COO)2] = 20.8 fiM, [histidine] = 0.4 
mM, [formate] = 0.1 M. Data corrected for spontaneous decay of 
H02/02". Different symbols represent data collected on different days. 

In determining the equilibrium distribution of copper in our 
solutions at a particular pH, one must consider several acetate, 
formate, and histidine complexes. The appropriate species and 
their cumulative association constants are presented in Table I.14"16 

The variation in concentration of the various histidine complexes 
with pH for a total copper concentration of 1.06 X 10"5 M is shown 
in Figure 1. Despite the potential for complications, only four 
of the complexes were present in concentrations above 10"10 M 
(see legend of Figure 1). The concentration of free copper is 
expected to be 10"13% of the total present. In these experiments 
most of the formate and histidine (because of the large excess over 
copper) is present in the uncomplexed form. Appropriate blank 
experiments showed no interfering reactions of superoxide radicals 
with these substances. 

Pseudo-first-order kinetics were observed for the decay of su
peroxide radicals (1-10 /uM) between pH 2.1 and 10.0 in the 
presence of a total copper concentration of 1-100 pM. No 
transient absorption other than that due to O2'/ HO2 was observed 
in the UV and visible range under our experimental conditions. 
Within experimental error, the decay traces showed no residual 
absorption changes. The observed first-order rate constant for 
the copper-histidine catalyzed disproportionation of superoxide 
radicals varies with pH as shown in Figure 2. 

Comparison of Figure 1 with Figure 2 strongly suggests that 
only one complex, (CuHiSt2H)3+, is responsible for the superoxide 
dismutase activity. Assuming that this hypothesis is correct, to 
compute the second-order rate constant the observed first-order 
rate constant is divided by the concentration of copper in the form 
of (CuHiSt2H)3+ at a given pH. Figure 3 shows the linear de
pendence of the pseudo-first-order rate constants on the concen
tration of this complex at pH 2.5 and 4.7. Similar plots for other 
pHs give the value of the second-order rate constant for 
(CuHiSt2H) 3+-catalyzed disproportionation of superoxide radicals 
as kli9 = (3.4 ± 0.9)108 M-1 s"1 between pH 2 and 7. At the 
extreme ends of the pH range studied, the data are not as reliable 
because of the very low concentrations of (CuHiSt2H)3+ (e.g., 10"10 

M at pH 10), and the concomitant large error. 
A profile such as that shown in Figure 2 could arise fortuitously 

if O2" reacted specifically with complex A, while HO2 reacted 
specifically with the complex C. Calculations show that such 
reactions would require rate constants several orders of magnitude 
greater than diffusion-controlled values to fit the experimental 
data. 

Two mechanisms can be proposed for the catalytic activity of 
the (CuHiSt2H)3+ complex. Mechanism I (Scheme I) is similar 
to the currently accepted mechanism for superoxide dismutase 

Figure 3. Pseudo-first-order rate constants for disappearance of H02/02" 
as a function of [CuHiSt2H]3+ at two pH values. [Histidine] = 0.4 mM, 
[formate] = 0.1 M, [Cu(CH3COO)2] = 4-50 iM for pH 2.5 (O); 
[Cu(CH3COO)2] = 2-20 nM for pH 4.7 ( • ) . 

catalysis4 (reactions 1 and 2) in which Cu(II) is reduced to Cu(I) 
and reoxidized to Cu(II) in a cycle as illustrated in reactions 7 
and 8. Mechanism II (Scheme II) suggests the formation of an 
intermediate Cu(II)-superoxide radical complex in reaction 9 
which can further react with another superoxide radical in a 
dismutation step, reaction 10. The latter reaction is analogous 
to reaction 5, the fast step in the spontaneous disproportionation 
of superoxide radicals. Although the formation of a transient 
complex between 02~/H02 and metal cations/metal chelates has 
been suggested and/or observed in the past,23"35 no evidence exists 
for such a complex with copper-histidine. 

Scheme I 

(CuHiSt2H)3+ + O2- — (CuHiSt2H)2+ + O2 (7) 

(CuHiSt2H)2+ + O2" 2H+ -* (CuHiSt2H)3+ + H2O2 (8) 

Scheme II 

(CuHiSt2H)3+ + O2" — [(CuHiSt2H)3+-O2-] (9) 

[(CuHiSt2H)3+-O2-] + O2- + 2H+ — 
(CuHiSt2H)3+ + H2O2 + O2 (10) 

A similar set of equations can be written for the HO2 species. 
Overall the catalytic disproportionation of superoxide radicals 
(H02/02~) is described for either mechanism by 

-d[02-] /df = 2fc7,9[Curataly8t][02-] = Ic0UO2-] (H) 

Expression II was derived assuming that the reverse of steps 7 
and 9 proceed at a much slower rate than the sum of the forward 
reactions 7 and 8 and 9 and 10, respectively. An additional 

(23) Gray, R. D. / . Am. Chem. Soc. 1969, 91, 56. 
(24) Zuberbuhler, A. HeIv. Chim. Acta 1970, JJ, 669. 
(25) Rabani, J.; Klug-Roth, D.; Lilie, J. J. Phys. Chem. 1973, 77, 1169. 
(26) Valentine, J. S. Chem. Rev. 1973, 73, 235. 
(27) Kozlov, Yu. N.; Berdnikov, V. M. Russ. J. Phys. Chem. (Engl. 

Transl.) 1973, 47, 338. 
(28) Meisel, D.; Levanon, H.; Czapski, G. J. Phys. Chem. 1974, 78, 779. 
(29) Valentine, J. S.; Curtis, A. B. J. Am. Chem. Soc. 1975, 97, 224. 
(30) Zuberbuhler, A. D. In "Metal Ions in Biological Systems"; Sigel, H., 

Ed.; Marcel Dekker: New York, 1976; Vol. 5, p 235. 
(31) Buxton, G. V.; Green, J. C; Sellers, R. M. / . Chem. Soc, Dalton 

Trans. 1976, 2160. 
(32) Sellers, R. M.; Simic, M. G. J. Am. Chem. Soc. 1976, 98, 6145. 
(33) Bulkowski, J. E.; Burk, P. L.; Ludmann, M. F.; Osborn, J. A. J. 

Chem. Soc, Chem. Commun. 1977, 498. 
(34) Bielski, B. H. J.; Chan, P. C. J. Am. Chem. Soc. 1978, 100, 1920. 
(35) Bielski, B. H. J.; Shiue, G. G. In "Oxygen Free Radicals and Tissue 

Damage", Ciba Foundation Symposium 65, Excerpta Medica: Amsterdam, 
1979; p 43. 
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assumption, that &8 and kw are much larger than k-, and k9, 
respectively, is borne out by the observation that the base-line 
absorbance of (CuHiSt2H)3+ is unchanged after the reaction. With 
these two assumptions, both mechanisms predict the observed 
pseudo-first-order disappearance of superoxide radicals. 

Since we could not distinguish kinetically between mechanisms 
I and II, we hoped to observe an absorbance peak due to the 
complex [(CuHiSt2H)3+-O2"]. A shift in the absorption maximum 
from 245 to 270 nm of O2" upon attachment to metal cations had 
been reported earlier.32'34'35 Unfortunately, we were unable to 
detect such a shift in the presence of up to 40 ̂ M (CuHiSt2H)3+. 
Attempts to increase the complex concentration were prevented 
by the high absorbance of histidine in the region where the complex 
is expected to absorb. From our experience with the [Cu11-
O2"-Cu11P+ complex,36 significantly higher concentrations of 
(CuHiSt2H)3+ may be necessary to consume all O2" radicals in 
reaction 9 and thus prevent reaction 10 from occurring and de
pleting the [CuHiSt2H-O2"]2+ concentration. We also cannot 
rule out the possibility that a dinuclear complex between 
[(CuHiSt2H)3+-O2"] and a second (CuHiSt2H)3+ may be formed 
under conditions of high concentration of the copper complex. 

In principle, the dioxygen complex should be formed through 
the direct reaction of the cuprous complex with molecular oxygen. 
Because of the disproportionation of Cu(I) above pH 2, we were 
unable to perform experiments at the optimum pH, 4.5. We 
therefore attempted to form the related complex [Cu-
(HiStH)2

4+-O2"] by reacting the doubly protonated cuprous 
complex, Cu(HiStH)2

3+, with O2 in a stopped-flow spectropho
tometer. The Cu(HiStH)2

3+ complex was formed by dissolving 
excess CuCl in deoxygenated 0.1 mM histidine solution at pH 
2. The small amount of Cu(I) so formed is expected to complex 
strongly with histidine.24 At this pH, we do not observe absorption 
which can be attributed to the dioxygen complex. The absorption 
attributable to Cu(I) decays by reaction with O2 at a rate ^ n = 
(4.0 ±0.4) 104M"1 s"1 a tpH2: 

[Cu(HiStH)2J
3+ + O; [Cu(HiStH)2

4+-O2"] *=± 
[Cu(HiStH)2]

4+ + O2" (11) 

As a result of the above observations, we were unable to dis
tinguish experimentally between mechanisms I and II. Theoretical 
considerations, however, favor mechanism II, as will be discussed. 
At present there is considerable controversy over the structure 
of copper-histidine complexes. A recent reference37 summarizes 
the five proposed structures for (CuHist2)

2+. At pH 4.5, the singly 
protonated (CuHiSt2H)3+ reaches its maximum concentration. 
The work of Kruck and Sarkar14 points to the imidazole as the 
likely group for protonation and suggests a five-coordinated oc
tahedral structure for (CuHiSt2H)3+ (Figure 4a). The free axial 
site would be occupied by a loosely bound water and easily ac
cessible to 02"/H02. The dioxygen adduct would have a structure 
such as that shown in Figure 4b. That metals can bind O2 as a 
ligand was shown from crystal-structure studies of Co and Fe 
complexes.38'39 The active complex, (CuHiSt2H)3+, is unique in 
that one imidazole nitrogen is protonated, leaving just one octa
hedral site accessible to 02~/H02. Recent NMR and pulse ra-
diolysis studies of the active site of bovine superoxide dismutase 
suggest that there is one coordination site free on the copper center 
and that this site becomes available through protonation of the 
bridging imidazole group.40,41 

(36) Bielski, B. H. J.; Shiue, G. G. In ref 35, p 52. 
(37) Camerman, N.; Fawcett, J. K.; Kruck, T. P. A.; Sarkar, B.; Cam-

erman, A. / . Am. Chem. Soc. 1978, 100, 2690. 
(38) Collman, J. P.; Gagne, R. R.; Reed, C. A.; Halbert, T. R.; Lang, G.; 

Robinson, W. T. J. Am. Chem. Soc. 1975, 97, 1427. 
(39) Brown, L. D.; Raymond, K. N. Inorg. Chem. 1975, 14, 2595. 
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Figure 4. (a) Proposed octahedral structure for the active complex, 
(CuHiSt2H)3+ (see ref 14). (b) Proposed octahedral structure for the 
dioxygen adduct. 

Although five-coordinated cuprous complexes have been pro
posed,42 they appear to be limited to complexes with rigid mac-
rocyclic ligands. In general, cuprous ion is tetrahedrally coor
dinated. Although to the best of our knowledge there is little hard 
evidence, it has been suggested unlikely that a catalytic reaction 
sequence would go through an intermediate that requires rear
rangement of the ligands from octahedral to tetrahedral coor
dination.36 

The superoxide dismutase activity of simple copper-amino acid 
complexes has been investigated before.16,43"45 In one case, 
(CuHist2)

2+ was found to have some dismutase activity, measured 
by its ability to suppress the xanthine-xanthine oxidase induced 
reduction of cytochrome c.43 These studies have traditionally been 
carried out near physiological pH, where our results indicate that 
only a small fraction of the active complex exists. The present 
study illustrates that computed second-order rate constants based 
on the amount of metal cation added may lead to erroneous results 
since a mixture of complexes may be formed and not all complexes 
possess the same catalytic activity. 
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