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SUMMARY 

The addition of formate to oxidized cytochrome c oxidase 
(ferrocytochrome c:oxygen oxidoreductase, EC 1.9.3.1) causes the 
appearance of a hygh spin heme signal at g = 6 and a splitting of 
g = 3 signal to g = 2.98 and 3.07. When formate-cytochrome c oxi- 
dase is reduced, the g = 2.98 signal decreases significantly. The 
spectrophotometric studies showed that formate is a specific ligand 
to cytochrome 23. Data suggest that binding of formate to oxidized 
cytochrome c oxidase produces a ligand-23 interaction leading to 
the splitting of g = 3 signal hitherto considered as due to cyto- 
chrome 2. Thus both cytochrome 2 and 53 contribute to the reso- 
nance of g = 3 signal of cytochrome c oxidase. 

INTRODUCTION 

Cytochrome 2 oxidase catalyzes the four electrons reduction of 

oxygen to water with concomittant synthesis of ATP at site III of 

the mitochondrial respiratory chain. The catalytic site of the 

protein contains two hemes in the form of heme 2 and two atoms of 

copper (1,2). Electron paramagnetic resonance (EPR) studies of cy- 

tochrome E oxidase have showed the presence of various signals in 

the spectrum of the enzyme (3-8). The most accepted view at the 

present time is that a low spin signal at g = 3 is due to cytochro- 

me 2 while a high spin signal at g = 6 is due to 23- Minor signals 

between g = 2.6 and g = 2.2 due to heme a have been also described. 

A broad signal at g = 2 is assigned to both free radical and visible 

copper. In the oxidized enzyme, cytochrome a3 and Cu-a3 appear to 

be antiferromagnetically coupled and EPR silent (9). Formate has 
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been showed to bind only to the oxidized form of cytochrome c oxi- 

dase to give a formate- complex (10). Upon reduction of the oxi- 

dase, with ascorbate-TMPD, the formate-a3 complex remains oxidized 

while cytochrome 2 becomes reduced. However, an EPR study of cyto- 

chrome c oxidase with for-mate as ligand has not been reported pre- 

viously: such a study is reported in this paper. 

MATERIALS AND METHODS 

Chemicals : The ammonium sulfate used in the purification of cy- 
tochrome c oxidase was of enzyme grade and was obtained from 
Schwarz/Mann, Orangeburg, New York. Sodium cholate, Tween 80, 
dithiothreitol (DTT), TMPD (N,N,N',N'tetramethyl-p-phenyene 
diamine) and L-ascorbic acid, were purchased from Sigma Chemi- 
cals Co., St Louis, MO. For-mate was made with formic acid from 
Fisher, Sprinqfield, New Jersey. 
Cytochrome c oxidase purification : Beef heart cytochrome c oxida- 
se was isolated accordinq to the-Yonetani (11) procedure. Using 
as extinction coefficient 16 mM-l at 605 nm (121, preparations 
contained between 9 and 12 nmoles heme a/mg protein and were free 
of contamination from other hemoproteins. Sodium dodecyl sulfate 
polyacrylamide gel electrophoresis performed according to referen- 
ce 13, showed 6-7 bands as reported for beef heart cytochrome c 
oxidase by others (14,15). 
Spectroscopy : The determination of optical spectra of cytochrome 
c oxidase was carried out with a dual wavelength scanning spectro- 
Ehotometer built in the Johnson Foundation (16). 
EPR spectroscopy : About 250pM cytochrome c oxidase in 0.1 M 
whoswhate buffer, pH 7.4 was divided in 2 ml test tubes. 20 mM 
sodium formate was-added to each tube, followed by increasing con- 
centrations of dithiothreitol as reductant. The tubes were incuba- 
ted aerobically at 220C. At various intervals the reaction mixtu- 
res were transferred to calibrated 3 mm i.d. quartz EPR sample tubes 
and quickly frozen by immersion in a liquid mixture of isopentane 
and methylcyclohexane (5:l) at approximately 80°K. After freezing, 
the samples were maintained at liquid nitrogen temperature, until 
the EPR spectra were measured. The EPR measurements were carried 
out in a Varian E-109 or Varian E-4 spectrometer with sample tem- 
perature maintained at lOoK by a flow of liquid helium from an ex- 
ternal dewar through an Air Products cryo-tip control. 

RESULTS 

Fig. 1 illustrates the Soret region spectra of four states of 

cytochrome c oxidase. Spectrum 1 is that of the oxidized enzyme 

with a peak at 424 nm. The spectrum 2 is taken after 5 minutes 

incubation in the presence of 20 mM formate, showing a shift of 

4 nm to the blue. Spectrum 3 is the half reduced state (a 2+ 3-t a3 ) 
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Fig. 1 - Effect of formate on the absolute spectra of purified cy- 
tochrome 2 oxidase. 20)CM cytochrome c oxidase in 20 mM 
phosphate buffer plus 0.1% Tween 80, pH 7.4, at room tem- 
perature. (1) oxidized enzyme: (2) oxidized + 20 mM for- 
mate; (3) formate-cytochrome c oxidase reduced by DTT 
(aZ+a33+) and (4) fully reduced by dithionite. 

induced by the addition of dithiothreitol. The Soret peak of 

the a:' component remains at 420 nm, but the peak of reduced cyto- 

chrome 2 shifts to 446 nm. Upon addition of dithionite (spectrum 4), 

reduction of cytochrome a 
-3 

occurs, as seen by the peak at 444 nm. 

The o( band region around 600 nm did not show any significant change 

upon addition of formate to the oxidized form of the enzyme, but 

reduction of cytochrome a induced by ascorbate-TMPD or dithiothrei- - 

to1 showed the expected o( peak at 606 nm (spectra not showed). 

The EPR spectrum of oxidized cytochrome c oxidase and formate- 

cytochrome c oxidase is showed in Fig. 2. There were no significant 

changes in the intensity or position of the copper signal upon 

addition of formate to oxidized cytochrome c oxidase. The low spin 

heme signal at g = 3 was split to two new signals with resonance 

at g = 2.98 and 3.07. The band at g = 2.98 has amplitude similar 

to the g = 3 signal, while the g = 3.07 signal has approximately 
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Fig. 2 - EPR spectra of cytochrome c oxidase. 25OpM cytochrome c 
oxidase in vhosohate buffer 0.1 Dl, Tween 80 0.1%. pH 7.4; 
(A) oxidized en&me and (B) after addition of 20 rnh forma- 
te. Addition of formate produces an enhancement of g = 6 
signal and a splitting of g = 3 signal to g = 2.98 and 
g = 3.07. Conditions : temperature, lOoK; microwave power, 
10 mw: modulation amplitude, 20 G: microwave frequency, 
9.26 GHz. 

40% of the height of g = 2.98. Fig. 3 shows that, when formate- 

cytochrome E oxidase is reduced, the low spin resonance at g = 2.98 

decreases significantly. Table I shows the change in the amplitude 

of g = 2.98 and 3.07 after addition of reductant. Approximately 

70% of the signal at g = 2.98 disappeared upon consecutive addi- 

tions of dithiothreitol, while the magnitude of the signal at 

g = 3.07 remained unchanged. The high spin heme signal at g = 6 was 

also intensified upon addition of formate 

lute intensity of this signal varied from 

DISCUSSION 

(Fig. 21, although the abso 

preparation to preparation. 

In this work we have studied the interaction of formate with 

oxidized cytochrome c oxidase. For-mate binds to oxidized 23 and 
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Fig. 3 - EPK spectra of g = 3 region of formate-cytochrome 2 oxidase. 
25OpcM cytochrome E oxidase in phosphate buffer- 0.1 M plus 
0.1% Tween 80; (A) oxidized enzyme: (B) oxidized enzyme 
+ 20 mkl formate: (C), (D), (U) formate-cytochrome c oxidase 
after addition of 3.2 mM, 6.5 mM and 13 mM dithiothreitol 
as reductant. Conditions : temperature, lOoK; microwave 
power, 10 mW: modulation amplitude, 20 G: microwave fre- 
quency , 9. 26 GIIZ. 

induces a splitting of g = 3 signal of the unliganded enzyme into 

two resonances at g = 2.98 and g = 3.07. Spectrophotometric studies 

showed that addition of a reductant such as iYl'T or ascorbate-'TMPU 

TABLE I 
Effect of reductant on the g = 2.98 and g = 3.07 

resonance of fonnate-cytochrome 2 oxidase (a) 

g = 2.98 g = 3.07 

F-cytochrome c oxidase (b) 72 25 

F-cytochrome c oxidase 

+ 3.2 mM DTT 

+ 6.5 mM IYI'T 

+I3 mMDTT 

47 27 

44 27 

26 24 

(a) The values are expressed in arbitrary units. 

(b) Formate-cytochrome c oxidase. 
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to formate-cytochrome c oxidase produces a reduction of cytochrome 

2, while cytochrome a -3 remains oxidized under these conditions. 

EPR studies indicate a significant decrease in the resonance at 

g = 2.98 on adding those reductants, suggesting that this signal 

is due to cytochrome 2. The magnitude of the signal at g = 3.07 

remains unchanged under these conditions, implying that it is due 

to formate-liganded cytochrome a3. Our results suggest that the 

low spin heme signal in the unliganded oxidized enzyme at g = 3 

is heterogenous, and is composed by two superimposed signals due 

to cytochrome a and 23 respectively. These signals become resol- 

vable due to shift in position on addition of for-mate. These 

results would explain a number of anomalies of the g = 3 signal as 

reported bv Hartzell and Beinert (17) and by Wilson and associates 

(18). In addition, binding of formate intensifies the signal seen 

at g = 6 in the unlinganded oxidase. Because formate binds specifi- 

cally to cytochrome ~3, the intensification of the high spin signal 

further supports the view that this signal is attributable to cyto- 

chrome a -3' in accord with the report of Stevens et al. (19) on ni- -- 

tric oxide binding to the oxidase. But because of heme-heme inter- 

action in cytochrome c oxidase (5, 6), it is not yet possible to 

conclude positively that the high spin signal intensification by 

formate or nitric oxide binding can be attributed entirely to cy- 

tochrome a3. 

REFERENCES 

1. Lemberg, M.R. (1969) Physiol. Rev. 49, 48-121. 
2. Malmstr~m, B.G. (1974) Quarterly Reviews of Biophys. 6, 387-431. 
3. Beinert, H., and Palmer, G. (1965) in : "Oxidases and related 

redox systems” (King, T.E., Mason, H.S., and Morrisson, M., eds.) 
pp. 567-590. 

4. Van Gelder, B.F., and Beinert, H. (1969) Biochem. Biophys. Acta 
189, l-24. 

5. Wilson, D.F., and Leigh, J.S. (1972) Arch. Biochem. Biophys. 
150, 154-163. 

332 



Vol. 92, No. 1, 1980 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

6. Leigh, J.S., and Wilson, D.F. (1971) Biochem. Biophys. Res. 
Commun. 48, 1266-1272. 

7. Beinert, H., Hansen, R.E., and Hartzell, C.R. (1976) Biochem. 
Biophys. Acta 423, 339-355. 

8. Aasa, R., Albracht, S.P.J., Falk, K.R., Lanne, B., and Vanng&d, 
T. (1976) Biochem. Biophys. Acta 422, 260-272. 

9. Tweedle, M.F., Wilson, L.J., Garcia-Iniquez, L., Babcock, G-T., 
Palmer, G. (1978) J. Biol. Chem. 253, 8065-8071. 

10. Nicholls, P. (1976) Biochem. Biophys. Acta 430, 13-29. 
11. Yonetani, T. (1960) J. Biol. Chem. 235, 845-852. 
12. Chance, B. (1957) in : "Methods in enzymology", vol. IV (Cola- 

wick, S.P., and Kaplan, N.O., eds.) pp. 273-329. 
13. Keyhani, J., and Keyhani, E. (1975) Arch. Biochem. Biophys. 167, 

588-595. 
14. Kuboyama, M., Yong, F.C., and King, T.E. (1972) J. Biol. Chem. 

247, 6375-6383. 
15. Robinson, N.C., and Capaldi, R.A. (1977) Biochemistry 16, 375- 

381. 
16. Chance, B., and Graham, N. (1971) Rev. Sci. Instrum. 42, 941-945. 
17. HartzelI, C.R., and Beinert, II. (1974) Biochim. Biophys. Acta 

368, 318-338. 
18. Wilson, D.F., Erecinska, M., Gwen, C.S. (1976) Arch. Biochem. 

Biophys. 175, 160-172. 
19. Stevens, T.H., Brudvig, G.W., Bocian, D.F., and Chan, S.I. (1979) 

Proc. Natl. Acad. Sci. U.S.A. 76, 3320-3324. 

333 


