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SUMMARY: Evidence for the involvement of Cu(II1) in an enzymic 
reaction (that cata,lyzed by D-galactose oxidase) is reported. 
Superoxide dismutase inhibits the rate of the D-galactose 
oxidase catalyzed reaction and causes a small increase in the 
EPR signal due to Cu(I1). Both ferricyanide and superoxide 
activate the enzyme (frequently 4 fold or greater) and cause 
a decrease (to essentially zero in some cases> in the intensity 
of the EPR signal. These and other results suggest that in 
its catalytic cycle the enzyme oscillates between Cu(I) and 
Cu(II1) with superoxide bound to a Cu(II) state being only a 
fleeting intermediate. The Cu(II1) enzyme is apparently the 
oxidant which converts the primary alcohol function of galac- 
tose to an aldehyde. 

D-galactose oxidase (galactose: O2 oxidoreductase; 1.1. 

3.91, which catalyzes the reaction of eq. 1, was discovered by 
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Cooper et al. (1) in 1959 but most of its properties were 

subsequently described by Horecker and his coworkers (2). The 

enzyme has a molecular weight of ca. 55,000 daltons and con- - 

tains 1 atom of copper per molecule as its sole cofactor. 

Early EPR data (3) indicated that the majority of the copper 

in the resting enzyme exists in the Cu(II) state, and that the 
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TABLE I. Effects of Some Additives on the Rate of the 

Galactose Oxidase Catalyzed Reactiona 

Additives Rate of 02 uptakeC 

EDTA SOD Fe(CN)6-3 02" (nmoles/min/ml) 

-.4 

t 12 

t -1 

t t -1 

t 23 

t t 23 

t t t 24 

tb t 20 

aReaction Conditionq: 25OC; 0.01 to 0.02M phosphate, pB 7.0 to 
7.1; [O 1 = 2.5x10 M; [gal$ctosel = 0.09M; [catalasel = 2ug/m;i 
[galact& oxidas31 = 2x10 M; aQd whgn present, CEDTAI = 5x10 M; 
CFe(CN) - ]  q lo- M; [SOD] = lo- M. 02* generated photochemically 
in situ6by a flavin-EDTA system (7) consisting of 1OmM EDTA and 
3.3uM flavin (3-carbethoxymethyl-lo-methylisoalloxazine). 'Rate 
measured using a Gilson Oxygraph equipped with a Clark electrode; 
the reported rate is twice the observed rate because catalase 
is present. 

addition of galactose does not appreciably change the intensity 

of the EPR signal. In an earlier report (4) we briefly noted 

that superoxide dismutase (SOD) (5) inhibits, and ferricyanide 

increases the rate of the D-galactose oxidase catalyzed reac- 

tion. These and other effects have now been investigated 

further and are reported here. 

RESULTS AND DISCUSSION 

Kinetic Data. The effects of various additives on the 

rate of the D-galactose oxidase catalyzed reaction are summa- 

rized in Table I. In the absence of all additives the rate 
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varies from day to day but in the presence of EDTA a repro- 

ducible rate is obtained. Trace metal ion impurities, whose 

concentrations could vary, thus apparently cause some inhibi- 

tion. The absence of any effect of EDTA on the inhibition by 

SOD indicates that the trace metal ions are probably inhibiting 

the reaction by the same mechanism that SOD does, i.e., by 

removing 027 from solution. It is known that trace metal ions 

catalyze the disproportionation of 02: while EDTA complexes of 

these ions do not (6). In those experiments (Table I) showing 

inhibition by SOD, the rate starts off more rapidly but slows 

to the reported rate after a few minutes reaction time. 

The activation by ferricyanide shows saturation-type 

kinetics, and at 10 -3 M ferricyanide the rate is near the maxi- 

mum achievable. Since both ferricyanide and 027 activate the 

enzyme by comparable amounts, ferricyanide apparently performs 

the same function that 027 usually does. The lack of any effect 

of EDTA and SOD on the ferricyanide activation is consistent 

with this conclusion. The following two observations indicate 

respectively that neither the 02; nor the ferricyanide is react- 

ing stoichiometrically when they increase the rate of 0 
2 uptake: 

(1) the control for the final experiment listed in Table I con- 

tained no galactose oxidase and less than 5% as much 02 reacts 

compared to when the enzyme is present (the same amount of 0 : 2 

should be formed from the flavin system in both experiments), 

(2) in the experiment where all of EDTA, SOD, and ferricyanide 

are present, more than 300 molecules of O2 react per molecule of 

ferricyanide converted to ferrocyanide (limit of detection). 

All of the above kinetic experiments taken together thus 

indicate that removal of 0 T 2 from the actively catalyzing system 

gives an inactive form of the enzyme, while the addition of 927 
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Figure 1. EPR spectra of galactose oxidase under various 
conditions. Spectra were taken on a Varian E-9 EPR Spectrometer 
under the following conditions: Frequency, 9.15 GHz; microwave 
power, 30mW; modulation amplitude, 10 gauss; time constant, 0.3 sec.; 
scanning rate 125 gauss/min; temperature, 87OK. Samples4contain: 
65uM galactose oxidase (prepared as previously described >, 0.02M 
phosphate buffer (pH 7.11, 2ug per ml catalase, and the following 
additives: A, none; B, O.lM galactose; C, l.OmM ferricyanide; D, 
O.lM galactose and l.OmM ferricyanide after 2 min at room tempera- 
ture; E, 33uM flavin (3-carbethoxymethyl-lo-methylisoalloxazine)? 
1OmM EDTA, exposed to room light for 2.5 min.; F, background cavity 
signal. 

or ferricyanide increases the amount of an active form. The rest- 

ing enzyme, and the actively catalyzing system in the absence of 

additives, apparently have a mixture of active and inactive forms. 

The observed stoichiometry of the activation, and the lag in the 

inhibition by SOD, indicate that at least 300 turnovers occur with 

the active form (or forms) of the enzyme before a molecule of 02T 

leaks out to give the inactive form. In order to clarify the 

nature of the inactive and active forms some EPR experiments were 

performed. 
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Fe{ 
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Scheme 1 

EPR Data. Spectra A and B of Fig. 1 confirm the earlier 

report (3); a large proportion of the resting enzyme must exist 

as Cu(II) and galactose does not appreciably change the intensity 

of the signal. However, sharpening of the superhyperfine split- 

ting on adding galactose is seen. The system which gives spectrum 

B is essentially anaerobic because the dissolved O2 would be 

exhausted after 4 turnovers. Thousands of turnovers are required 

in order to obtain the SOD inhibition. Thus, for EPR experiments 

with SOD present a tenfold lower concentration of galactose 

oxidase was used, and the EPR spectra (not illustrated) were 

correspondingly poorer. However, under other conditions similar 

to those of B in Fig. 1, but with SOD (lo-'M) present, the intensity 

of the Cu(I1) signal increases 20 to 30% after 1000 to 10,000 

turnovers have occurred. This result, taken in conjunction with 

the kinetic results, implies that a Cu(I1) form of the enzyme is 

inactive catalytically. 

Spectrum C (Fig. 1) shows that the Cu(I1) signal almost 

completely disappears when ferricyanide at a concentration which 

gives essentially complete activation is added to the resting 

enzyme. Thus a Cu(II1) species, or possibly a Cu(I1) in close 
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proximity to a radical, must be a catalytically active form. The 

species is relatively stable because the ferricyanide can be 

dialyzed out over a period of hours with only a slight return of 

the Cu(I1) signal (experiment performed by G. C. DuBois). When 

amounts of ferricyanide comparable to the amount of resting 

enzyme are mixed, the decrease in the Cu(I1) signal indicates 

that the Cu(II1) form has only a slightly higher reduction 

potential than ferricyanide. 

The addition of ferricyanide to galactose oxidase with 

galactose present causes a decrease in the intensity of the Cu(I1) 

signal (spectrum D, Figure 1) but some of it remains after 2 min 

at room temperature. Ferricyanide can replace 02 as an electron 

acceptor (at a rate less than 10-j that of 02), so under the 

conditions of D the enzyme is turning over and a Cu(I1) form is 

an expected intermediate. The addition of 02: to the resting 

enzyme causes a decrease in the Cu(I1) signal (spectrum E) but 

also the superhyperfine structure is lost. This signal is not 

altered by adding ferricyanide and is probably due to an EDTA 

complex of Cu(I1). Thus, under these conditions some of the 

copper is lost from the enzyme, probably from a Cu(I) state 

which is believed to be labile. This could accumulate under 

the O2 starvation conditions of the experiment. 

Mechanism. All the kinetic and EPR results are consistent 

with the minimal mechanism shown in Scheme 1. It is proposed 

that the Cu(II1) and Cu(I) forms of the enzyme are in the usual 

catalytic cycle with 02: bound to a Cu(I1) enzyme being also a 

fleeting intermediate. The 02" apparently dissociates from this 

intermediate once in several hundred or thousand turnovers to 

give a Cu(I1) enzyme which is out of the catalytic cycle and 

inactive catalytically. Only when it is reacted with a one- 
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electron reagent (ferricyanide, 027, etc.) can it return to the 

cycle as indicated. The resting enzyme is presumably a mixture 

of the Cu(I1) and Cu(II1) forms with the Cu(II) form usually 

predominating (about 75% of the total). In the actively cata- 

lyzing system an equilibrium between the inactive Cu(I1) form 

and the cycle intermediates is apparently established; the 

position of the equilibrium (and thus the catalytic rate) would 

be expected to depend on conditions, including the involvement 

of unknown trace one-electron reagents either generated by, or 

present in the complex reaction system. 

Some non-enzymic Cu(III1 compounds are known, and Cu(II1) 

is believed to be the oxidant in a chemical system (8) very 

analogous to the galactose oxidase reaction. Thus, treatment 

of various Cu(II) amine complexes with superoxide leads to the 

oxidation of the ligand to aldehyde and ammonia. The superoxide 

is apparently involved in the conversion of the Cu(I1) complex 

to a Cu(II1) complex as proposed for the present enzymic reaction. 

The conversion of alcohol to aldehyde by the Cu(II1) enzyme 

probably proceeds as shown in eq. 2. This type of mechanism has 

0-CHR - 
Lu 

Cu(I)---O=CHR f H+ (2) 
H 

been previously discussed (9,101 and is closely analogous to that 

for the chromate oxidation of alcohols (9,ll). 

In view of the relatively mild conditions (0,: or ferricyanide) 

required to convert the Cu(II) form of galactose oxidase to a 

Cu(II1) form, one suspects that Cu(II1) may be an intermediate in 

many other cuproenzyme catalyzed reactions as well. The conclusion, 

that the lack of an EPR signal for copper enzymes indicates the 

copper is present as Cu(I), or that two Cu(II)'s are in close 

proximity, must now be considered inoperative. 

339 



Vol. 55, No. 2,1973 BlOCHEhKAL AND BiOfWYSlCAL RESEARCH COMMUNlCATfONS 

Acknowledgement: This research was supported by a research grant 
from the National Institute of Arthritis, Metabolic and Digestive 
Diseases. C.R.H. is an established investigator of the American 
Heart Association. 

References. 

1. 

2. 

3. 

4. 

5. 
6. 

7. 

a. 
9. 

10. 

11. 

Cooper, J.A.D., Smith, W., Barila, M., and Medina, H. (1959) 
J. Biol. Chem., 234, 445. 
Kelly-Falcoz, F.,reenberg, H., and Horecker, B.L. (1965) 
J. Biol. Chem., 2, 2966 and references therein. 
Blumberg, W.E., Horecker, B.L., Kelly-Falcoz, F., and Peisach, 
J. (1965) Biochim. Biophys. Acta, 96, 336. 
Hamilton, G.A., de Jersey, J., and Adolf, P.K. in "Oxidases 
and Related Redox Systems" (Proc. 2nd Int. Symp., 19711, 
T.E. King, H.S. Mason, and M. Morrison (eds), University Park 
Press, Baltimore, in press. 
McCord, J.M., and Fridovich, I. (1969) J. Biol. Chem., 244,6049. 
Klug, D., Rabani, J., and Fridovich, I. (1972) J. Biol.Chem., 
247, 4839. 
Massey, V., Strickland, S., Mayhew, S.G., Howell, L.G., Engel, 
P.C., Matthews, R.G., Schuman, M., and Sullivan, P.A. (1969) 
Biochem. Biophys. Res. Comm., 36, 891. 
Anbar, M. (1965) Adv. in Chemistry Series, 49, 126. 
Hamilton, 
Hamilton, 

G.A. (1969) Adv. in Enzymology, 32, 55. 
G.A. (1971) in "Progress in Bioorganic Chemistry," 

E.T. Kaiser and F.J. Kezdy teds), Wiley-Interscience, New Yor$ 
Vol. 1, p. 83. 
Wiberg, K.B. (1965) in "Oxidation in Organic Chemistry, Part A," 
K.B. Wiberg (ed), Academic Press, New York, p. 69. 

340 


