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SUMMARY 

The oxidation of GSH by cytochrome 2 in buffered solution in 
the presence of EDTA requires GSSG as a catalyst. It appears 
that an intermediate complex between GSSG and GSH is more active 
in reducing cytochrome 2. During this electron transfer reaction 
ADP can be generated from AMP and inorganic phosphate. AMP and 
inorganic pyrophosphate yield ATP. This reaction, which uses 
common biological materials and occurs in aqueous medium, is a 
most interesting model for oxidative phosphorylation. It may 
involve the basic mechanism for coupling of phosphorylation to 
electron transport in mitochondria. 

Some years ago mixtures of GSSG and GSH were studied exten- 

sively with respect to their ability to induce lipid peroxidation 

and swelling-disintegration in mitochondria (1, 2) and with pure 

lipids (3). The mixture of GSSG and GSH seemed to have special 

properties. In further work it was observed that relatively low 

concentrations of phosphate and arsenate prevented the lipid 

peroxide producing effect of GSSG + GSH both with mitochondria (4) 

and with pure lipids (3). The possible reaction of Pi and arse- 

nate with an intermediate reactive complex of GSSG + GSH was con- 

sidered and the possibility of a biological role was pointed out 
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(4). However, since EIWA also interrupted lipid peroxidation 

induced by GSSG + GSH, it was not possible to be certain that 

the Pi and arsenate were doing anything beyond complexing traces 

of Fe 2+ needed to form and/or decompose lipid peroxides. Later 

work indicated that both cytochrome 2 (5) and non-heme Fe (un- 

published work) were involved in the complete sequence of forma- 

tion and breakdown of lipid peroxide in mitochondria. 

Studies of the reduction of cytochrome 2 in pure solution by 

GSSG + GSH mixtures led to the demonstration that there are two 

reactions for reduction of cytochrome 2 by GSH (6-g). One is 

metal catalyzed and greatly inhibited by physiological ionic 

strength. The other is GSSG catalyzed, is completely insensitive 

to changes in ionic strength, and is faster anaerobically than 

aerobically. The reaction is not limited to glutathione, as cer- 

tain other disulfides and thiols show similar behavior (9). The 

reaction is catalyzed in direct proportion to GSSG. It is not 

due to metal ion or a metal-GSSG complex. Our working hypothesis 

for the mechanism of this reaction (9) includes interaction be- 

tween GSSG and the initial GS- as well as the GS- and GS+ in a 

way which facilitates electron transfer and stabilizes both the 

first and the second oxidation products, possibly by electron 

sharing in a ring of three sulfur atoms. The product GS' might 

be involved in energy conservation reactions. The stabilization 

might be essential to give time for the GS+ to interact with 

phosphate before it is lost by interaction with H20, OH-, GS-, 

or GSw. 

GSSG probably catalyzes reaction of GSH with oxygen also, as 

there is a considerable reaction that is not eliminated by EDTA 

(lo), and the reduction of cytochrome c is more rapid if compe- 

ting oxygen is removed (9). Moreover, reduction of cytochrome c, 
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cytochrome 5, and cytochrome & in intact mitochondria is extreme- 

ly slow with GSH, rapid with GSSG + GSH (11). ElYTA was used in 

the latter experiments to prevent lipid peroxidation in the mito- 

chondria. In the absence of EIYTA (which prevents Pi-induced 

swelling), with lipid peroxidation suppressed by 5 mM Pi, GSSG + 

GSH appears to serve as a substrate for energy dependent Pi- 

induced swelling of mitochondria (12). 

We have now studied the GSSG catalyzed oxidation of GSH by 

cytochrome 2 in the presence of Pi and AMP, and PPI and AMP, 

along with an enzymatic system for trapping ADP or ATP. ATP 

synthesis is followed by NADPH formation (increase in A 340 m, in 
a system consisting of hexokinase, adenylatekinase if Pi Is used, 

glucose, glucose-6-phosphate dehydrogenase and NADP. In some ex- 

periments 6-phosphogluconate dehydrogenase was also added to 

double the amount of NADPH derived from each glucose-6-phosphate 

formed. Whether a single or double yield of NADPH is desired is 

largely a matter of convenience, but it does minimize errors in 

A340 readings and add specificity to identification of the pro- 

ducts. Most experiments were conducted with a Zeiss spectropho- 

tometer, with cytochrome 2 in the blank cuvette against which the 

initial 340 nm reading was balanced. Some experiments were done 

with an American Instrument-Chance dual wavelength spectrophotom- 

eter 340-371 run. The details of the methods are presented in the 

legends to the Tables. 

The reduction of cytochrome 2 by GSH + GSSG is rapid under 

the anaerobic, pH 8.0 conditions used, and with generous supplies 

of trapping enzymes the phosphorylation keeps pace and stops when 

the cytochrome 2 is all reduced, in l-2 minutes under the condl- 

tions used. The only components essential for cytochrome 2 re- 

duction are GSH and GSSG. The reduction of cytochrome 2 was not 
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measured in the routine experiments following AZ40 because of 

lack of instrumentation for the simultaneous measurements. The 

amount of the trapping enzymes added routinely was such that the 

reduction of NADP was also complete in 2-3 minutes. Lower 

amounts resulted in the A A34O proceeding at a slower rate, pre- 

sumably measuring ADP or ATP formed in a more rapid reaction re- 

lated to cytochrome 2 reduction by GSH. 

TABLE I 
FORMATION OF ADP FROM AMP + PI DURING OXIDATION OF GSH + GSSG BY 

CYTOCHROME c. ESSENTIAL COMPONENTS. 
ADP generated was measured by NADPH formation by the trapping 

system, adenylatekinase + hexokinase + glucose + glucose-6-phos- 
phate dehydrogenase, and NADP. Cytochrome c was all reduced within 
2 min. All cuvettes contained 45 mM Tris*Hcl pH 8.0, 1 mM EDPA, 1 
mg/ml BSA, 4.5 mM MgCl 25 mM glucose. 
were flushed thorough$'with nitrogen. 

The cuvettes and solutions 
The reaction was started 

by adding GSH which had been placed in the plunger compartment of 
The American Instrument Co. anaerobic cuvettes. NADPH was measured 

%%P 
nm in a Zeiss spectrophotometer, 1 cm light path. cyto- 

c was placed in the blank cuvette and the balance adjusted 
so that initial readings on experimental cuvettes were O-0.1. The 
absolute A340 was about 0.250 higher than the initial reading.25'. 

Cuvette No. 1 
Components and 
final concentration 12 3 4 5 6 7 8 9 10 
Cytochrome 2 24 pN + + + + + + + + + 
GSH 1fi -+++++;+++ 
GSSG 11 mM ++-+++++++ 

% 
1mM +++-++++++ 

10 mM ++++-+++++ 
Hexokinase 90 kg/ml +i-+++++++- 
Adenylatekinase 5u.g ml + + + + + - + + + + 
Glucose-6-PDH 0.5 /ml + + + + + + + + - + Id 
NADP 0.3 mM +++++++-++ 
Initial A340 x 1000 078 058 038 058 048 048 042 018 056 058 

Started with GSH 
A3ko x lOtO 1 min 080 170 032 056 020 020 042 018 056 056 

2 min 020 042 020 II ' 5 min 
082 175 034 - 056 
082 175 034 058 020 020 042 020 O$ 056 

aA340 x 1000 4 117 -4 o -28 -28 o 2 o -2 
Calculated @I UP 018.7 0 0 0 0 0 0 0 0 ~ 
* The sources of enzymes were as follows: Cytochrome 2, Sigma Type 
III and VI; hexokinase, Sigma V and Boehringer; glucose-6-phos- 
phate dehydrogenase (G-6-PDH), Sigma and Boehringer; glutathione 
reductase; Sigma and Boehringer. The sources of other materials 
were: GSH, Calbiochem and Sigma; 
MgC12, 

GSSG, ADP, ATP, and NADP, Sigma; 
glucose, K HP0 

AR., BSA, i' 
and EDPA, Mallinckrodt A.R.; Tris, Sigma 

Armour'cry talline bovine serum albumin. 
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In Tables I and II phosphorylation by the complete system 

at more or less optimal conditions is shown (cuvette 2). The 

effect of omitting components is compared with the complete 

system. Table III shows variations in GSH and GSSG concentration. 

The evidence indicates ADP formation from AMP + Pi (13) 

(Table I). Adenylatekinase must be added to get ATP for trapping 

by the hexokinase reaction. The essential components are cyto- 

TABLE II 
FORMATION OF ADP FROM AMP + PI AND ATP FROM AMP + PPI DURING 

OXIDATION OF GSH + GSSG BY CYTOCHROME C. ESSENTIAL COMPONENTS 
AND ENZYMATIC IDENTIFICATION OF THE glucose&phosphate AND NADPH 

FORMED BY ATP TRAPPING ENZYMES 
ATP and ADP were measured enzymatically as indicated in 

Table I. All cuvettes contained 45 mM TriseHCl pH 8.0, 1 mg/ml 
BSA, 1 mM EDTA, 24 CLM cytochrome 2, 10 mM GSSG, 4.5 mM MgCl 
hexokinase go 
genase 0.04 U 

25 mM glucose, glucose-6-phosphate deh&o- 
and 0.3 mM NADP. Cuvettes and solutions were 

flushed thoroughly with nitrogen. Temp. 25'. 

Component and 
final concentration 
GSH 1mM 
PO4 1mM 

Started with GSH 
IA340 x 1000 1 min 

' 3 min 
,I 

II :: 5 min 
7 min ,l ' 10 min ,I ' 17 min 

IGSSG Reductase* 

Cuvette No. 
12 3 4 5 6 7 8 9 10 11 
- + + + + + + + + + f 
+++++------ 

- - - - +----++ 
+ + - + + - + - + + f 
+ + + - + - - + + - -I- 
- - - - - + + + + + f 

048 048 048 038 088 038 058 050 041 038 042 

048 og8 020 040 252 016 100 050 135 094 092 
048 145 020 040 270 016 140 052 170 128 115 
048 160 020 040 285 016 146 053 195 142 194 
048 160 020 040 285 016 150 053 215 181 225 

016 150 053 219 183 267 
219 183 291 

0 112 -28 -22 3 178 145 249 
o 18 o Fl '2 01 g; 0 29 12 20 

130 120 105 
078 060 ..I-, 060 wg 

* The sources of enzymes and other substances were the same as 
in Table I, with the following addition: 6-phosphogluconate 
dehydrogenase (6-P-GDH), GSSG reductase (0.6 pg/ml), Sigma. 

364 



Vol. 40, No. 2, 1970 BIOCHEMICAL AND BIOPHYSICAL RESEARCH COMMUNICATIONS 

TABLE III 
FORMATION OF ADP FROM AMP + PI DURING OXIDATION OF GSH + GSSG BY 

CYTOCHROME C. EFFECT OF 02, pH, GSH AND GSSG CONCENTRATIONS 
In addition to the components listed all cuvettes contained 

45 mM Tris-HCl pH 7.6 or pH 8.0, 1 mM EIYTA, 1 mg/ml. BSA, 4.5 
mM MgCl 23 mM glucose, 24 pM cytochrome c, 1 mM P and the ADP 
trappin$'enzyme system consisting of hexokinase 90 bi ml, 
6-p dehydrogenase 0.7 Kg/ml, adenylate kinase 0.9 pg ml, and NADP / 

glucose. 

350 c1M. Except for cuvette No. 3 the cuvettes and solutions were 
flushed thoroughly with nitrogen. The experiments were started 
by adding the GSH, which was in the plunger cap of the anaerobic 
cuvette. Temp. 25'. 

65 20 16 -13 

chrome c, GSH, GSSG, AMP, Pi and the enzymatic trap. The neces- 

sity for adding adenylatekinase to get ATP from AMP + Pi indi- 

cates that the system does not contain adenylatekinase activity 

as an impurity in the other enzymes or inherent in the intermedi- 

ate in the GSH + GSSG + cytochrome 2 reaction. The absence of 

NADPH formation with controls containing AMP and enzyme trap, but 

deficient in some other essential component,indicates that the 

NADPH formation is not due to small amounts of ADP or ATP in the 

AMP. AMP was first used at 10 mM with the hope of trapping some 

energized phosphate. Later experiments indicated that 10 mM is 

probably optimal but 5 mM sometimes gave equal yields. Reducing 

the AMP below 3 mM rapidly decreased the yield of ATP. 
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When PPI was substituted for Pi, ATP was formed directly 

from AMP without adenylatekinase being present. The reaction was 

slower and the yield of ATP was somewhat lower. With adenylate- 

kinase present 2 NADPH are formed per mole of ATP, as would be 

expected. IMP did not substitute for AMP with either Pi or PPI. 

Since A34O was being used as a measure of ATP formed, it was 

important to establish that the LLA~~O was really due to NADPH 

formation by the trapping enzyme system and not due to some in- 

crease in A34O because of changes in cytochrome 2 or formation of 

some intermediate or product in the reaction. For example, trans- 

fer of one electron from GSH to cytochrome c would result in a 

GS* radical, and some free radicals absorb at 340 nm. Only GSH 

and GSSG are essential for reduction of cytochrome 2, and the 

A34o decreases slightly. However, the presence of Pi and AMP 

introduced new possibilities for intermediates. 

Several lines of evidence indicate that the DA34O is due to 

NADPH and not other intermediates. First, no AA340 is seen if 

hexokinase, glucose-6-phosphate dehydrogenase or NADP is omitted, 

with or without Pi and AMP present, but the GSSG + GSH continues 

to rapidly reduce the cytochrome 2. Secondly, the nA340 does 

arise from oxidation of glucose-6-phosphate, for addition of 6- 

phosphogluconate dehydrogenase results in a double yield of NADPH 

as the 6-phosphogluconate is enzymatically oxidized one step fur- 

ther. Thirdly, the addition of glutathione reductase after the 

reaction is complete results in disappearance of the nA340 be- 

cause with the excess GSSG already present there is enzymatic 

reoxidation of NADPH. 

Other possible reactions for producing ATP or glucose-6-phos- 

phate have been considered. However, the necessity for 

adenylatekinase and hexokinase as well as AMP constitutesfairly 
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strong evidence that AMP functions via ADP formation with the sub- 

sequent formation of glucose-6-phosphate by the known pathway 

rather than some more direct transfer of phosphate to yield 

glucose-6-phosphate. Each alternate hypothesis requires several 

hypothetical reactions and all of the known requirements for 

glucose-6-phosphate formation are not explained. 

The ATP generation reported here occurs in aqueous medium 

with purified biological compounds and is not dependent on submi- 

tochondrial particles, vesicles or coupling factors. It gives 

good yields, with little or no side reaction under optimal condi- 

tions. This phosphorylating reaction is coupled to a recently 

identified electron transfer which requires disulfide as a cata- 

lyst. It is clear that the GSSG, which facilitates rapid elec- 

tron transfer to cytochrome 2 in pure solution (9) and to cyto- 

chrome 2 in mitochondria (ll), is also involved in the energy 

conservation mechanism. The key intermediate would be GS* or 

GS+, perhaps stabilized by GSSG. 

1. 

2. 

3. 

4. 

5. 
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