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In 1957 Skou showed that the 'microsomal' fraction from minced crab
nerves contained an adenosinetriphosphatase (ATP-ase) activated by
sodium and potassium ions, and he suggested that such an enzyme might
be involved in the active transport of sodium and potassium across cell
membranes. Evidence for this view has been provided by experiments
on red cell membranes, in which it has been shown that (i) a part of the
ATP-ase activity occurs only when potassium is present outside the cells
and sodium is present inside; this activity is accompanied by an influx of
potassium and efflux of sodium (Glynn, 1962a; Whittam, 1962): and (ii)
there are close resemblances between the ATP-ase and the ion transport
system especially in the way they are affected by cardiac glycosides
(Post, Merritt, Kinsolving & Albright, 1960; Dunham & Glynn, 1961).
Active transport in red cells is relatively sluggish. R. D. Keynes

(personal communication) has evidence, from measurements of heat pro-
duction, that in the electric organ of Electrophorus electricus ion pumping
is extremely active just after a discharge; it therefore seemed worth while
to examine the ATP-ase activity of this organ.
The experiments to be described fall into two groups and the paper will

therefore be presented in two parts. Part I describes experiments which
show that the microsomal fraction of electric organ is very rich in ATP-ase
activity, and that more than 90% of this activity has properties similar
to that part of the red cell ATP-ase that has been incriminated in active
ion transport. Similar findings have been reported recently by Albers &
Koval (1962) and Bonting & Caravaggio (1963). Part II describes experi-
ments which were designed to show whether the ion transport system in the
cell membrane and the system responsible for oxidative phosphorylation
in mitochondria were similar, and, in particular, whether ion transport
involved cyclical oxidation and reduction of intermediates. This problem
will be discussed more fully before the relevant experiments are described.
A brief account of the experiments reported here has already been

published (Glynn, 1962b).
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PART I: 'TRANSPORT ADENOSINETRIPHOSPHATASE'
IN ELECTRIC ORGAN

METHODS

Preparation of electric organ
Portions of electric organ were kindly supplied by Dr R. D. Keynes of the Institute of

Animal Physiology, Babraham. The eel was decapitated and the electric organ dissected out
and placed in a suitable Ringer's solution at room temperature (Keynes & Martins-Ferreira,
1953). As much fibrous tissue as could easily be removed was cut away, and a weighed
portion of the organ was homogenized in about twelve volumes of an ice-cold solution con-
taining (mmr): sucrose 250; trishydroxy-methylaminomethane-hydrochloride (tris-HCl)
pH 7 4, 30; and tris-ethylenediaminetetraacetate (tris-EDTA) 2. To homogenize the
material it was placed first in a 'Paladin' blender, 1 min at speed 2, and then in a 'Potter'
type Perspex-in-glass homogenizer, 15 sec with a motor-driven pestle. The homogenate
was centrifuged for 12 min at 1200 g to get rid of cell debris, bits of fibrous tissue, etc.,
and then for 15 min at 9000 g to remove mitochondria. If any floating bits of fatty material
were present they were removed by filtration through glass-wool. The 'microsomal' fraction
was then separated by spinning for 3 hr at 35,000 g and rejecting the supernatant. The
precipitate was resuspended in a small volume of the same solution-say twice the volume
of the original electric organ-and dispersed with a small Perspex-in-glass homogenizer to
give an opalescent fluid without any particles visible to the naked eye. This fluid was spun
for 10 min at 9000 g, the precipitate rejected, and the supernatant used as the enzyme
preparation. All centrifuging was done at between 0 and 10° C, and the final suspension
was stored in a refrigerator at 40 C, or frozen in dry-ice and acetone and stored at - 200 C.
Freezing does not seem to affect the activity of the preparation, but it is not known if there
is any advantage as the preparation loses very little activity in 3 weeks at 40 C, and stability
has not been investigated over longer periods.

Reagents
ATP was obtained from the Sigma Chemical Co., St Louis, AMissouri, as the crystalline

disodium salt or as the dipotassium salt.
Tris was the 'tris 121 grade' supplied by the Sigma Chemical Co.
Salts. NaCl and KCI were obtained 'spectroscopically pure' from Johnson Matthey and

Co. Ltd. MgCl2 was prepared from 'spectroscopically pure' Mg rod and A.R. grade HC1.
Tris-EDTA was made from the free acid that had been supplied by British Drug Houses Ltd
and recrystallized from hot water.

Ouabain (strophanthin G) was obtained from British Drug Houses Ltd. The solid was

dissolved in 80% (v/v) ethanol (A.R. grade) and the alcoholic solution diluted with water.

Assay of ATP-ase activity
Incubation was carried out in 5 ml. graduated tubes with glass stoppers. The reaction

was started by the addition of ATP in a volume of fluid equal to one tenth of the total
volume, so that the cooling effect was small. Incubation was generally carried out at 370 C.
This is warmer than the eels' natural environment, but in preliminary experiments
phosphate formation was linear with time over 20 min, so the enzyme was not being
damaged by the high temperature. In a single experiment in which activities at 30 and 370 C
were compared, total activity was only about 13% less at the lower temperature, but a

smaller fraction of the activity was sensitive to ouabain. At the end of the incubation period
the tubes were transferred to an ice bath and ice-cold trichloroacetic acid (55 g/100 ml.) was

added to give a final concentration of 5 g/100 ml. Inorganic phosphate was estimated in
this solution by the method of Fiske & Subbarow (1925), or of Weil-Malherbe & Green (1951).
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RESULTS

The effects of sodium, potassium and ouabain

Characteristic features of the fraction of the red cell ATP-ase involved
in ion transport are that activity requires the simultaneous presence of
sodium and potassium, as well as magnesium, and that activity is com-
pletely inhibited by cardiac glycosides at a concentration of 10-5 g/l. The
results ofan experiment to determine the effect of the absence ofpotassium
on the microsomal ATP-ase are shown in Table 1. Table 2 shows the results

TABLE 1. The effects of the absence of K, of ouabain and of sodium lauryl sulphate on
microsomal ATP-ase from electric organ

Activity
(m-mole

orthophosphate
liberated/I.

original organ/
Condition 30 min)

Control 35.9
37-2
33-5

K absent 3-2
3.3
3.5

Ouabain present (7 x 10-5 g/l.) 2-1
2-6
2-3

Na-lauryl sulphate present 3-2
(0-5 g/100 ml.) 3-3

Na-lauryl sulphate (0-5 g/100 ml.) 2-9
+ ouabain (7 x 10-5 g/l.) 3-2

3.3

Incubation medium (mM): Na 60; K 16; Mg 3-2; ATP 3; tris 22; EDTA 0-2; sucrose 25.
Temp. 370 C; pH 7-4. The tubes were placed in the water-bath 10 min before the addition
of ATP.

of a similar experiment to determine the effect of the absence of sodium.
In each experiment the cardiac glycoside ouabain caused a reduction in
activity similar to that produced by absence of the univalent ion. In the
experiment summarized in Table 2 there was a large ATP blank, and
the difference between the sodium-deficient tubes and the ouabain tubes
is not significant. (The cause of the large blank is that the potassium
salt of ATP is relatively unstable at 40 C, so that nearly a fifth of the ATP
had broken down before the start of the experiment.) The results given
in Tables 1 and 2 are from experiments on different preparations, and the
activities are not directly comparable, but taken together they show that
more than 90% of the total ATP-ase activity requires the simultaneous
presence of sodium and potassium and is inhibited by ouabain.
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TABLE 2. The effects of the absence of Na, and of ouabain on microsomal ATP-ase
from electric organ

Activity
(m-mole

orthophosphate
liberated/l.

original organ/
Condition 20 min)

Control 48
48
50

Na absent 1
3
4

Ouabain (3 x 10-' g/l.) 5
4
5

Incubation medium (mM): Na 67; K 16; Mg 3-2; ATP 3; tris 20; EDTA 0414; sucrose
16.7; ethanol 0-3% (v/v). Temp. 370 C; pH 7-4. The tubes were placed in the water-bath
10 min before the addition of ATP. This experiment and that of Table 1 were performed on
different preparations and the activities are not directly comparable.

The effect of sodium lauryl sulphate
It seemed possible that the small amount of activity that remained in

the presence of glycosides represented enzyme that had come 'unhitched'
from the transport mechanism during the preparation. If it did, one might
hope to 'unhitch' more of the enzyme by treating the preparation with a
detergent. The results with sodium lauryl sulphate (0 5 g/100 ml.) presented
in Table 1 show that this does not occur. The glycoside-sensitive fraction
is completely abolished but the residual activity is not affected.

DISCUSSION

The experiments that have been described show that the electric organ
is rich in ATP-ase activity, and that most of this activity behaves like
the 'transport ATP-ase' of red cells. With a homogenized preparation it
is of course impossible to observe active transport, so that direct correla-
tion of transport and ATP-ase activity is impossible; nevertheless, the
predicted association of plentiful (Na+K)-activated ATP-ase with a
vigorously transporting tissue is found, and it is unlikely that this associa-
tion is fortuitous. If the (Na + K)-dependent ATP-ase activity is expressed
in terms of the dry weight of the microsomal preparation, the rate of
splitting is about 0-33 ,umole/mg min. The (Na+K)-dependent ATP-ase
activity of red cell ghosts expressed in terms of the dry weight of the
ghosts is about 400 times less. Since this work was done, Bonting &
Caravaggio (1963) have published the results of a much more complete
investigation ofthe distribution of (Na+ K)-activated ATP-ase in different



tissues, which show a good correlation between ion transport and ATP-ase
over a very wide range of activities. Red cells and electric organ come at
opposite ends of the range.

PART II: THE RELATION BETWEEN ION TRANSPORT
AND OXIDATIVE PHOSPHORYLATION

If the system responsible for the transport of sodium and potassium
ions is associated with a magnesium-activated ATP-ase bound to the cell
membrane, it bears at least a superficial resemblance to the system re-
sponsible for oxidative phosphorylation in mitochondria. For in the
absence of oxidizable substrates mitochondrial particles will show Mg-
activated ATP-ase activity (Cooper & Lehninger, 1957; Lardy, Johnson &
McMurray, 1958), and in the presence of oxidizable substrates they appear
to bind potassium ions (Gamble, 1957). The mechanism of oxidative
phosphorylation is not known, but it is clear that oxidation of the substrate
takes place by the passage of hydrogen atoms or electrons along a chain
of intermediary carriers, each of which undergoes oxidation and reduction
in a cyclical fashion, and that some of these intermediate steps are coupled
to the synthesis of ATP from ADP and inorganic phosphate. In 1961
Chance, and independently Klingenberg & Schollmeyer (1961), showed
that under certain conditions the oxidative phosphorylation system could
be made to run backwards, so that the splitting of ATP was accompanied
by the passage of electrons the 'wrong way' along the carrier chain. If
the oxidation and reduction of one or more of the carriers occurred at
different sites, the process of 'reductive dephosphorylation' could be
responsible for the active transport of ions. It seemed worth while to seek
evidence that might show whether a mechanism of this kind could be
operating in sodium and potassium transport across cell membranes, and
the electric organ ATP-ase provided a convenient material with which to
work.
The investigation has followed three lines. First, the effects on the ATP-

ase of two supposedly specific inhibitors of oxidative phosphorylation have
been determined. Secondly, the ATP-ase has been treated with a number
of oxidizing and reducing agents in the hope that if one or more of the
hypothetical intermediates was held entirely in its oxidized or reduced
form the whole reaction chain might be stopped. Thirdly, direct spectro-
scopy has been used in an attempt to identify intermediates known to
occur in the oxidation chain in mitochondria.

METHODS

The preparation of the electric organ and the method of assaying ATP-ase activity
were described in Part I.
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Oiygomycin, in alcoholic solution containing 1 mg/ml., was a gift from Dr J. B. Chappell
of the Department of Biochemistry, Cambridge. The catalase preparation was a gift from
Dr E. C. Webb of the same Department. Other reagents were obtained from British Drug
Houses Ltd. or Messrs Hopkins & Williams Ltd; where necessary they were neutralized
before use.

RESULTS

The effect of 2:4-dinitrophenol
In mitochondria dinitrophenol at concentrations of 0-2 mM uncouples

oxidative phosphorylation and greatly stimulates ATP-ase activity. The
results presented in Table 3 show that in the microsomal fraction of electric
organ 1 mM dinitrophenol affects neither the (Na + K)-activated ATP-ase
nor the small amount of ATP-ase activity that occurs in the absence of
potassium.

TABLE 3. The lack of effect of 2:4-dinitrophenol (DNP) on the microsomal ATP-ase
from electric organ

Activity
(m-mole

orthophosphate
liberated/l.

original organ/
Condition 20 min)

Control 53-1
53-0
56-6

DNP (I mM) 56-6
54-6

K absent 4-0
3-0

DNP (1 mM), K absent 3-1
2-5

Incubation medium (mM): Na 64; K 16; Mg 3-2; ATP 3; tris 20; EDTA 0-2; sucrose
25. Temp. 370 C; pH 7-1. The tubes were placed in the water-bath 10 min before the ad-
dition of ATP.

The effects of oligomycin
The characteristic effects of oligomycin on oxidative phosphorylation

and ATP-ase activity in mitochondria (see p. 462) were produced with
concentrations of oligomycin of 1-3 ,ug/ml. Table 4 shows the results of
an experiment to test the effect of oligomycin on the microsomal ATP-ase
of electric organ. At a concentration of 3-3 ,tg oligomycin/ml. the ATP-ase
activity is about 49% inhibited; at 10lg oligomycin/ml. inhibition is
75 %.IHigher concentrations were not tried, as the alcohol in which the
oligomycin was dissolved begins to inhibit at concentrations much above
1%. The above figures refer to inhibition of the total ATP-ase activity
when sodium, potassium and magnesium are all present. The results in
Table 4 suggest that the small amount of activity that occurs in the
absence of potassium may also be sensitive to oligomycin, though the
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quantity of phosphate split in the absence of potassium is so small that
the figures are not reliable.

If oligomycin at a concentration of 10 ,ug/ml. caused 75% inhibition of
the (Na+ K)-activated ATP-ase, it seemed worth while to see if it had
any effect on active transport. As it was not possible to measure transport
in electric organ the experiment was performed on red cells. Three-week-old
red cells from a blood bank were washed three times, suspended in suitable
media containing glucose (see Table 5) and incubated at 370 C. After 315 min
the cells were spun down, washed three times with about twelve times
their own volume of isotonic KCI, lysed with distilled water and analysed
for sodium. Under the conditions of the experiment control cells showed
a net loss of sodium (Table 5), cells in which active transport had been

TABLE 4. The effect of oligomycin on the microsomal ATP-ase from electric organ

Activity
(m-mole

orthophosphate
liberated/l.

original organ/
Condition 20 min)

Control 55.0
56-1
55.4

Oligomycin (3.3 ,tg/ml.) 28*9
27-9

Oligomycin (10 jg/ml.) 15-7
14-0

K absent 4-3
3.9

K absent, oligomycin 2-1
(10 tg/ml.) 1-5

Incubation medium (mM): Na 64; K 16; Mg 3-2; ATP 3; tris 20; EDTA 0-14; sucrose
16-7; ethanol 1 % (v/v). Temp. 370 C; pH 7-4. The tubes were placed in the water-bath
10 min before the addition of ATP.

TABLE 5. The effect of oligomycin on sodium extrusion from intact red cells

Na content Change in Na
of cells content of cells

(m-mole/l. cells) (m-mole/l. cells)

Initial 1853
18-1

Final control 16-0 -2*4
15-5

Final ouabain (2 x 1O-' g/l.) 21-5 +3-21
21-2

Final oligomycin (10 /Lg/ml.) 18-7 +0 45
18-5

Conditions of incubation. Duration 315 min; temp. 370 C; pH 7-2. Medium (mM):
Na 150; K 5; Mg 1; phosphate 3; glucose 11; ethanol 1 % (v/v); haematocrit 10 %. Before
being added to the suspending media the cells were washed three times with a chilled
solution similar in composition to the control suspending medium.
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inhibited with ouabain showed a net gain. With 10 ,ug oligomycin/ml.
the cells showed a net gain, though it was a smaller gain than that found
in the presence of ouabain. The results suggest that oligomycin was
causing partial inhibition of active transport, though a conceivable
alternative explanation would be that pumping was not affected but that
the oligomycin made the cells very slightly more leaky to sodium.

TABTL 6. The effects of hydrogen peroxide and of reducing agents on the microsomal
ATP-ase from electric organ

Activity Activity
(m-mole in the

orthophosphate presence of
liberated/I. ouabain

original organ/ (7 x 10-5 g/l.)
20 min)

Expt. 1
Control 40-0 2-5

39-2 1-9
Hydrogen peroxide (5 mM) 14-0

14-4
13-5

Expt. 2
Activity
in the

absence of K
Control 53-1 4-0

53-0 3-0
56-6

Sodium dithionite (1 mM) 46-4 2-0
45-7 4-1

Ascorbic acid (10 mM) 38-9
47-5

Ascorbic acid (10 mm) +p-phenylene-diamine 44-1 4-0
(1mM) 44-6 3-9

Ascorbic acid (10 mM) +p-phenylene-diamine 45-4
(1 mM) + catalase 45-1

Expt. 3
Activity
in the

presence of
ouabain

(7 x 10-5 g/l.)
Control 93-4 2-0
K borohydride (1-3 mm) 63-6 3-4

66-9 0-6

Incubation media. Expts. 1 and 3 (mM): Na 60; K 16; Mg 3-4; ATP 3; tris 22; EDTA 0-2;
sucrose 25; ethanol 0-7 % (v/v). Temp. 370 C; pH 7-4. Expt. 2 was performed on the same
preparation, under the same conditions and at the same time as the experiment presented in
Table 3. In all three experiments the tubes were placed in the water-bath 10 min before the
addition ofATP. (The absolute values of the activities in Expt. 3 may be wrong.)

The effects of oxidizing and reducing agents, and of sulphydryl reagents
Table 6 shows the effects on the microsomal ATP-ase activity of

5 mm hydrogen peroxide; 1 mm sodium dithionite; 1-3 mm potassium boro-
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hydride; 10 mm ascorbic acid; 10 mm ascorbic acid together with 1 mM
p-phenylenediamine; and 10 mm ascorbic acid plus 1 mm p-phenylene-
diamine in the presence of a trace of catalase. The p-phenylenediamine
was used in the hope that it might be able to penetrate lipoprotein mem-
branes where more hydrophilic reducing agents could not. The catalase
was intended to remove any trace of hydrogen peroxide that might have
been formed by oxidation of the ascorbic acid.

TABLE 7. The effects of 'sulphydryl reagents' on the microsomal ATP-ase from
electric organ

Activity
(m-mole

orthophosphate
liberated/I.

original organ/
Condition 20 min)

Control 52-1
48-4
53-3

K absent 4-6
4-8

Iodoacetamide 10-3M 51-3
48-5

10-2M 7-2
11-7

o-Iodosobenzoate 10-4M 17-1
18-5

10-3M 7-0
3-4

p-Chlormercuribenzoate 10 4M 2-4
1-5

10-3M 0-7
0-9

Incubation medium (mM): Na 64; K 16; Mg 3-2; ATP 3; tris 20 plus amount required
to neutralize o-iodosobenzoate or p-chlormercuribenzoate; EDTA 0-2; sucrose 25. Temp.
370 C; pH 7-1. The tubes were placed in the water-bath 10 min before the addition of
ATP.

It is clear that the reducing agents all had much the same effect, causing
20-30 % inhibition. Hydrogen peroxide produced more severe inhibition
(65 %) but this cannot be regarded as evidence that the over-all process
involves cyclical oxidation and reduction, since hydrogen peroxide would
oxidize sulphydryl groups. A number of further experiments (see Table 7)
showed that it was possible to produce partial or complete inhibition of
the microsomal ATP-ase with a variety of sulphydryl reagents, some of
which were not oxidizing agents.

Direct spectroscopy

A suspension of the microsomal fraction in a solution containing (mM):
sucrose 250; tris-HCl, pH 7-4, 30; and tris-EDTA 2, was diluted about
tenfold with water, so that it was sufficiently translucent to allow measure-
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ments of absorbancy to be made with a Beckmann recording spectro-
photometer. Each millilitre of the diluted suspension contained the
microsomal fraction from about 50 mg of original tissue. The suspension
was divided into two parts; one served as a control and a trace of solid
potassium borohydride was added to the other. A comparison of the light
absorbed at wave-lengths from 270 to 650 m,u showed no significant
difference. A small amount of hydrogen peroxide was added to the control
portion and the spectra were again compared. The hydrogen peroxide
caused a slight decrease in absorbancy below about 340 m,t, progressively
more marked as the wave-length was reduced, but there were no signs of
any characteristic absorption bands.

DISCUSSION

The idea that the transport ofions might be coupled directly to oxidation-
reduction reactions arose from the work of Lund (1928) and Stiehler &
Flexner (1938). Many variations of this idea have been suggested, perhaps
the best known being the hypothesis of Conway & Brady (1948) and
Crane & Davies (1948) linking gastric hydrochloric acid secretion with
oxidation by the cytochrome system. In oxidation through the cyto-
chrome chain, H atoms are oxidized to H+ ions at the beginning and
O atoms are reduced to OH- ions at the end. If the beginning and end
of the chain are at opposite sides of a membrane, then a flow of electrons
along the chain will be accompanied by secretion of H+ ions at one surface
of the membrane and of OH- ions at the other. With the aid of suitable
shuttles or selectively permeable membranes the primary transport of
H+ and OH- ions can, in theory, be made to drive uphill movements of
ions of other species. The attractiveness of this hypothesis is that in many
tissues ion transport occurs only in association with oxidation through
the cytochrome system, and that, as far as the primary transport of H+
and OH- ions is concerned, there is no need to postulate the existence of
unknown intermediates. Nevertheless, as a general explanation of ion
transport it is not acceptable for the following reasons:
(i) Active transport of sodium and potassium ions in mammalian red cells
has many features in common with the transport of these ions in nerve
and muscle (Glynn, 1957) but the energy for it comes from glycolysis not
respiration (Maizels, 1951).

(ii) The hypothesis predicts that only four univalent ions should be trans-
ported for each molecule of oxygen used. In frog skin (Zerahn, 1956;
Leaf & Renshaw, 1957), frog muscle (Frazier & Keynes, 1959) and possibly
in gastric mucosa (Crane & Davies, 1951; but cf. Conway, 1953) there is
evidence that this ratio may be exceeded.
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(iii) There is now strong evidence that ATP can provide the energy for
active transport (see Dunham & Glynn, 1961, for summary and references).
In 1952 Davies & Krebs considered the conclusion of Crane & Davies

(1951) that up to 12 H+ ions could be secreted by the gastric mucosa for
each molecule of oxygen used, and pointed out that such high ratios
might occur if hydrogen ion transport was being driven by phosphate-
bond energy through a reversal of the reactions normally coupling oxida-
tion of pyridine nucleotides, flavoproteins or cytochromes with ATP
synthesis. At that time it was not known if these coupling reactions were
reversible, though it was known that, in the reversal of glycolysis, energy
from ATP was used to reduce phosphoglycerate to phosphoglyceralde-
hyde. The demonstration by Chance (1961) and Klingenberg & Schollmeyer
(1961) that 'reductive dephosphorylation' could occur in mitochondria
obviously makes Davies & Krebs's hypothesis extremely attractive.
But however attractive this hypothesis may be as an explanation of

hydrogen-ion secretion, the experiments described in the present paper
provide little evidence that it can be applied to the active transport of
sodium and potassium. The spectroscopic evidence is entirely negative;
the inhibition by hydrogen peroxide may be discounted as a sulphydryl
effect; and the effect of the reducing agents is too small to be used as an
argument that redox mechanisms are involved. This leaves only the results
with oligomycin.

Oligomycin is known to inhibit oxidative phosphorylation in intact mitochondria, but
if the mitochondria are treated with uncoupling agents like dinitrophenol, so that respiration
is unaccompanied by phosphorylation, oligomycin has no effect (Lardy et al. 1958). In
submitochondrial particles prepared ultrasonically oligomycin inhibits phosphorylation
but does not affect respiration (Lardy et al. 1958). Oligomycin inhibits the ATP-ase activity
that can be induced in intact mitochondria by treatment with uncoupling agents; it also
inhibits the ATP-ase activity shown by ultrasonic particles in the presence of magnesium
ions (Lardy et al. 1958). Both in intact mitochondria and in submitochondrial particles the
ATP-32P1 exchange that accompanies the splitting of ATP is inhibited (Lardy et al. 1958;
Kulka & Cooper, 1962). All these observations suggest that the site of action of oligomycin
lies beyond the stage of electron transfer.
Now it is known that arsenate stimulates mitochondrial respiration and induces ATP-ase

activity in intact mitochondria (Crane & Lipmann, 1953; Azzone & Ernster, 1961), and
stimulates the Mg2+-activated ATP-ase in submitochondrial particles (Wadkins, 1960).
These effects can be antagonized with inorganic phosphate, which acts competitively, and
they can be prevented with oligomycin (Wadkins, 1960; Azzone & Ernster, 1961). If the
effects of arsenate are due to 'arsenolysis'-and the competitive effect of phosphate makes
this likely-then the fact that oligomycin prevents both the stimulation of respiration and
the induction of ATP-ase activity is most simply explained by supposing that arsenate and
oligomycin act at the same site and that this is the site at which phosphate is taken up.

If this view of oligomycin action is correct, the inhibition of electric-
organ ATP-ase, or of sodium transport in red cells, by oligomycin provides
no evidence that redox mechanisms are involved. It does, however,
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suggest that there may be a relation between the 'transport ATP-ase'
and the stage of oxidative phosphorylation at which inorganic phosphate
is incorporated. The idea that two such fundamental processes as ion
transport and oxidative phosphorylation might share a common step or
steps is attractive, though it should be remembered that the evidence
for it rests entirely on the supposed specificity of the inhibitory action of
oligomycin. If the sharing of oligomycin sensitivity does denote a common
step, then it is interesting that light-induced phosphorylation in Rhodo-
spirillum rubrum is also inhibited by oligomycin (Baltscheffsky & Balt-
scheffsky, 1960).

SUMMARY

1. The 'microsomal' fraction of the electric organ of Electrophorus
electricus has been found to be very rich in ATP-ase activity. More than
90% of this activity requires the presence of both Na and K, as well as
Mg, and is inhibited by ouabain. It therefore has the characteristic features
of the 'transport ATP-ase' of red cells.

2. Sodium lauryl sulphate (0.5 g/100 ml.) completely inhibits the
ouabain-sensitive ATP-ase activity but leaves the residual activity
unaffected.

3. 2:4-dinitrophenol (1 mm) has no effect on the ATP-ase activity.
Oligomycin at a concentration of 3 ug/ml. inhibits about half the activity,
and at a concentration of 10 ,g/ml. inhibits just under three quarters of
the activity. Oligomycin also causes partial inhibition of the active Na
extrusion from intact red cells.

4. The effects of a number of reducing and oxidizing agents on the
microsomal ATP-ase have been investigated. The reducing agents cause
about 20-30 % inhibition; hydrogen peroxide (5 mM) causes about 65%
inhibition.

5. Partial or complete inhibition ofthe ATP-ase activity can be obtained
with several sulphydryl reagents.

6. Comparison of the absorption spectrum of the microsomal prepara-
tion in the oxidized and in the reduced state shows no trace of cytochromes,
flavoproteins, ubiquinone or pyridine nucleotides.

7. It is concluded that
(i) the microsomal fraction is rich in 'transport ATP-ase';
(ii) there is no convincing evidence that oxidation-reduction reactions
are involved, but
(iii) the sensitivity to oligomycin may imply that ion transport and
oxidative phosphorylation share a common step.

I should like to thank Dr R. D. Keynes for supplying the electric organ, Dr J. B. Chappell
for a gift of oligomycin and for much useful advice, and the Medical Research Council for
a grant for apparatus.

463



464 I. M. GLYNN

REFERENCES

ALBERS, R. W. & KOVAL, G. J. (1962). Properties of the sodium-dependent ATPase of
Electrophorus electricus. Life Sciences, 5, 219-222.

AZZONE, G. F. & ERNSTER, L. (1961). Compartmentation of mitochondrial phosphorylations
as disclosed by studies with arsenate. J. biol. Chem. 236, 1510-1525.

BA-LTSCHEFFSKY, H. & BALTSCHEFFSKY, M. (1960). Inhibitor studies on light-induced
phosphorylation in extracts of Rhodospirillum rubrum. Acta chem. scand. 14, 257-263.

BONTING, S. L. & CARAVAGGIO, L. L. (1963). Studies on sodium-potassium activated
adenosine triphosphatase. V. Equivalence of enzyme activity and cation flux in six
tissues. Arch. Biochem. Biophys. (in the Press).

CHANCE, B. (1961). Energy linked cytochrome oxidation in mitochondria. Nature, Lond.,
189, 719-725.

CONWAY, E. J. (1953). A redox pump for the biological performance of osmotic work, and
its relation to the kinetics of free ion diffusion across membranes. Int. Rev. Cytol. 2,
419-445.

CONWAY, E. J. & BRADY, T. (1948). Source of the hydrogen ions in gastric juice. Nature,
Lond., 162, 456-457.

COOPER, C. & LEHNINGER, A. L. (1957). Oxidative phosphorylation by an enzyme complex
from extracts of mitochondria. IV. Adenosine-triphosphatase activity. J. biol. Chem.
224, 547-559.

CRANE, E. E. & DAVIES, R. E. (1948). Electrical energy relations in gastric mucosa.
Biochem. J. 43, xlii-xliii.

CRANE, E. E. & DAVIES, R. E. (1951). Chemical and electrical energy relations for the
stomach. Biochem. J. 49, 169-175.

CRANE, R. K. & LIPMAN-N, F. (1953). The effects of arsenate on aerobic phosphorylation.
J. biol. Chem. 201, 235-243.

DAVIES, R. E. & KREBS, R. E. (1952). Biochemical aspects of the transport of ions by
nervous tissue. Biochem. Soc. Symp. 8, 77-92.

DUNHAM, E. T. & GLYNN, I. M. (1961). Adenosinetriphosphatase activity and the active
movements of alkali metal ions. J. Physiol. 156, 274-293.

FISKE, C. H. & SUBBAROW, Y. (1925). The colorimetric determination of phosphorus.
J. biol. Chem. 66, 375-400.

FRAZIER, H. S. & KEYNES, R. D. (1959). The effect of metabolic inhibitors on the sodium
fluxes in sodium-loaded frog sartorius muscle. J. Physiol. 148, 362-378.

GAMBLE, J. L., JR. (1957). Potassium binding and oxidative phosphorylation in mito-
chondria and mitochondrial fragments. J. biol. Chem. 228, 955-971.

GLYNN, I. M. (1957). Sodium and potassium movements in nerve, muscle, and red cells.
Int. Rev. Cytol. 8, 449-480.

GLYNN, I. M. (1962a). Activation of adenosinetriphosphatase activity in a cell membrane
by external potassium and internal sodium. J. Physiol. 160, 18-19P.

GLYNN, I. M. (1962 b). An adenosinetriphosphatase from electric organ activated by sodium
and potassium and inhibited by ouabain or oligomycin. Biochem. J. 84, 75P.

KEYNES, R. D. & AIARTINs-FERREIRA, H. (1953). Membrane potentials in the electro-plates
of the electric eel. J. Physiol. 119, 315-351.

KLINGENBERG, M. & SCHOLLMEYER, P. (1961). ATP controlled redox states of respiratory
carriers under the influence of DPNH-hydrogen accepting substrates. Biochem. Biophys.
Research Communs. 4, 323-327.

KuITEA, R. G. & COOPER, C. (1962). The action of oligomycin on the inorganic phosphate-
ATP and ADP-ATP exchange reactions of digitonin particles. J. biol. Chem. 237, 936-939.

LARDY, H. A., JOHNSON, D. & MCMURRAY, W. C. (1958). Antibiotics as tools for metabolic
studies. I. A survey of toxic antibiotics in respiratory, phosphorylative and glycolytic
systems. Arch. Biochem. 78, 587-597.

LEAF, A. & RENSHAW, A. (1957). Ion transport and respiration of isolated frog skin.
Biochem. J. 65, 82-90.

LUND, E. J. (1928). Relation between continuous bio-electric currents and cell respiration.
J. exp. Zool. 51, 265-291.

MAIZELS, M. (1951). Factors in the active transport of cations. J. Physiol. 112, 59-83.



ELECTRIC ORGAN ATP-ASE 465
POST, R. L., MERRITT, C. R., KINSOLVING, C. R. & ALBRIGHT, C. D. (1960). Membrane

adenosine-triphosphatase as a participant in the active transport of sodium and potassium
in the human erythrocyte. J. biol. Chem. 235, 1796-1802.

SKOU, J. C. (1957). The influence of some cations on an adenosinetriphosphatase from
peripheral nerves. Biochim. biophy8. Acta, 23, 394-401.

STIEHLER, R. D. & FLEXNER, L. B. (1938). A mechanism of secretion in the chorioid plexus.
The conversion of oxidation reduction energy into work. J. biol. Chem. 126, 603-617.

WADKINS, C. L. (1960). Stimulation of adenosinetriphosphatase activity of mitochondria
and submitochondrial particles by arsenate. J. biol. Chem. 235, 3300-3303.

WEm-MALHERBE, H. & GREEN, R. H. (1951). The catalytic effect of molybdate on the
hydrolysis of organic phosphate bonds. Biochem. J. 49, 286-292.

WHITrAM, R. (1962). The asymmetrical stimulation of a membrane adenosinetriphosphatase
in relation to active cation transport. Biochem. J. 84, 110-118.

ZERAHN, K. (1956). Oxygen consumption and active sodium transport in isolated and
short-circuited frog skin. Acta phy8iol. 8canld. 36, 300-318.
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