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Abstract—A newly isolated polyether monocarboxylic acid antibiotic, A204, is reported
here to affect the translocation of monovalent cations across mitochondrial membrane.
At 1 uM, A204 caused a complete inhibition of glutamate oxidation in valinomycin
or monazomycin-treated rat liver mitochondria in a K* medium. The antibiotic has
the following ion specificity: K* = Rb* > Na* = Cs* > Li*. Pyridine nucleotides
in intact mitochondria became oxidized upon addition of A204; however, A204 did
not affect respiration supported by succinate oxidation. It also causes the leakage of K+,
transient release of H*, and decrease of mitochondrial volume. The monovalent cation-
dependent hydrolysis of ATP in valinomycin- or monazomycin-treated mitochondria
was first activated and then inhibited at concentrations of A204 above 2 uM. The in-
hibitory effect of A204 on adenosine triphosphatase (ATPase) is also ion dependent, but
it is equally supported by Na*, K+ and Rb*. We can therefore classify A204 as a new
ionophore with properties shared by its predecessors, monensin, nigericin and dianemy-
cin, which induce ion permeability in biological membranes.

MONOCARBOXYLIC acid antibiotics like nigericin, dianemycin and monensin increase
monovalent cation permeability of biological and artificial membranes.* In isolated
preparations of mitochondria, these antibiotics inhibit cation uptake, the oxidation of
substrate,and the ion-dependent adenosine triphosphatase (AT Pase.)?'* A204 isa newly
discovered monocarboxylic acid antibiotic isolated from Streptomyces albus (NRRL
3384).% It is active against coccidial infection in chicks, a property shared with other
monocarboxylic ionophores.® The physical-chemical properties of A204 suggested a
possible polyether structure, and the nuclear magnetic resonance (n.m.r.) spectrum
of A204 resembled that of monensin, but suggested a difference in the number of
methoxyl groups.* The similarity in biological and chemical properties of A204 and
monensin led us to examine the effect of A204 on the transport of monovalent cations
in mitochondria.

MATERIALS AND METHODS

Preparation of rat liver mitochondria. Male albino rats derived from the Wistar
strain, weighing about 150 g each, were obtained from a local supplier. Rat liver
mitochondria were isolated and twice washed with 025 M sucrose.® Protein was
determined by a modified biuret method.”

* This work carried out at Madison was supported by the National Science Foundation.
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Glutamate oxidation. A Clark type electrode was used to measure respiration
polarographically at 30°. The medium contained: 0-17 M sucrose; 15 mM KCl; 6 mM
tris-phosphate, pH 7-4; 3 mM MgCl,; and mitochondrial protein of approximately
2-5 mg/ml. Monocarboxylic acid antibiotics at various amounts, 0-2 pg/ml valino-
mycin or 0-63 pg/ml monazomycin, and 10 mM glutamate were added in sequence at
about 30 sec apart. At each concentration of A204, at least duplicate determinations
were made. For ion specificity determination, KCl was replaced by an equal concen-
tration of LiCl, NaCl, RbCl or CsCl.

Cation-dependent adenosine triphosphatase measurement. At a final volume of 1 ml,
the incubation mixture contained: 0-225 M sucrose; 30 mM tris-HCI, pH 7-4; 20 mM
tris-acetate, pH 7-4; 30 mM monovalent cation chloride; and 6 mM ATP-tris salt at
pH 7-4. Either valinomycin, 0-1 ug/ml, or monazomycin, 15 pg/ml, was used as an
inducing agent. Incubation was initiated by adding 1 mg protein of mitochondria at
30° for 10 min. Trichloroacetic acid at 5%, was used to terminate the reaction, and the
extract, after centrifugation, was used for inorganic phosphate determination accord-
ing to the method of Fiske and Subbarow.®

Simultaneous measurements of oxygen consumption, H* and K* concentrations, and
light scattering. These measurements were carried out with the apparatus designed by
Pressman.® In a final volume of 5 ml, the reaction mixture consisted of: 0-2 M sucrose;
6 mM KCl; 4 mM triethanolamine (TEA) phosphate, pH 7-4; 3 mM MgCl,; 12 mM
succinate (TEA), pH 7-4; 10~¢ M rotenone; and 9-5 mg of mitochondrial protein.

Simultaneous measurement of respiration and redox-levels of pyridine nucleotides in
intact mitochondria. Oxygen consumption was measured with a vibrating oxygen
electrode purchased from American Instrument Company. Redox levels of pyridine
nucleotides were monitored by a fluorometer attachment to an Aminco-Chance dual
wavelength, split-beam spectrophotometer with appropriate filters for excitation at
366 nm and emission at >405 nm. The reaction mixture at 25° consisted of 0-25 M
sucrose, 10 mM KCl, 10 mM potassium phosphate at pH 7-4, and mitochondrial
protein at 15 mg/ml in a total volume of 3 ml. Subsequently, 10 umoles malate, 10
pmoles glutamate, 2 ug valinomycin and 6 pg A204 were added as indicated. The
increase of fluorescence denoted reduction of pyridine nucleotides.

Simultaneous measurement of mitochondrial volume changes and 8-anilino-naphthalene
sulfonic acid (ANS) fluorescence in intact mitochondria. Mitochondrial volume changes
were detected at 520 nm by the split-beam setting of the Aminco-Chance dual wave-
length, split-beam spectrophotometer, and the fluorescence of ANS was monitored
by using a fluorometer attachment with appropriate filters for an excitation at 366 nm
and emission at >450 nm. The fluorescence changes observed were not due to the
redox changes of pyridine nucleotides because mitochondria were pretreated with 13
uM rotenone. The reaction mixture at 25° contained: 0-25 M sucrose; 10 mM KCl;
10 mM tris-phosphate, pH 7-4; mitochondria, 0-92 mg/ml; and 13 pM rotenone in a
total volume of 6 ml. ANS in ethanol solution was then added to the suspension at
83 uM. The mixture was then divided into two cuvettes. Subsequently, reagents were
added to the reference cuvette which was facing the attached fluorometer. The follow-
ing reagents were added as indicated: 5 pmoles ATP-Mg, 2-5 ug valinomycin, 10 pg
A204, 5 ug oligomycin, 5 pM carbonyl cyanide (m-chlorophenyl hydrazine, m-Cl-CCP;
Calbiochem), and 6:6 mM succinate-tris, pH 7-4.

Antibiotics. Valinomycin, monazomycin and oligomycin were crystalline materials
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isolated by our company. Rotenone was obtained from S. B. Penick & Company.
All other biochemicals were purchased from Sigma.

RESULTS

The enhancement of mitochondrial metabolism by potassium was recognized as
early as 1952 by Pressman and Lardy.!? It was not until the discovery of ionophorous
agents such as gramicidin, valinomycin and monazomycin that the striking capacity of
mitochondria to take up monovalent cations upon the expenditure of respiratory
energy was realized.'! The reported uncoupling effects!? of these agents arise from
their stimulation of cyclic and steady state cation transport.

Such an effect of valinomycin on respiration of rat liver mitochondria is shown in
Fig. 1. In these experiments, both respiration and the redox levels of pyridine nucleo-
tides inside mitochondria were monitored. In experiment A, state 4 respiration of
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Fic. 1. Effect of valinomycin and A204 on oxygen consumption and redox levels of pyridine nucleo-

tides in intact rat liver mitochondria. The upward deflection of the O, trace represents disappearance

of oxygen in medium. The downward deflection of the lower trace indicates reduction of mitochon-
drial pyridine nucleotides. Experimental detail was described in Materials and Methods.

mitochondria was relatively slow, even in the presence of substrate, malate-glutamate.
The addition of valinomycin caused a 6-fold increase in respiratory rate which con-
tinued until the exhaustion of oxygen. During this sequence of additions, the redox
states of pyridine nucleotides were subject to cyclic changes. The addition of malate-
giutamate induced a complete reduction, whereas the addition of valinomycin caused
an oxidation exceeding the initial level followed by a return to the fully reduced level
when oxygen was exhausted. When A204 was added prior to valinomycin (experiment
B), the latter agent lost the ability to stimulate respiration and the pyridine nucleo-
tides remained in an oxidized state. When A204 was added after valinomycin (experi-
ment C), the activated rate of respiration was terminated and the pyridine nucleotides
were maintained in an oxidized state. Thus, A204 blocked the valinomycin-stimulated
oxygen uptake of mitochondria.

The effect of A204 on the oxidation of glutamate was then examined. In KCI med-
ium, valinomycin-induced oxygen uptake was usually higher than that induced by
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monazomycin. As the concentration of A204 increased, respiration activated by
either inducer fell and reached about the same end point (Fig. 2a). The degree of
inhibition in both cases was almost identical at each concentration of A204 (Fig. 2b).

The inhibition of glutamate oxidation depended on the monovalent cation used in
the medium (Fig. 3). A204 inhibited most strongly with medium containing K* or Rb*
in either monazomycin-treated (left panel) or valinomycin-treated (right panel) mito-
chondria. When monazomycin was the inducer A204 imposed a 40 per cent inhibition
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Fic. 2. Inhibition of glutamate oxidation by A204. (A) Rate of oxygen uptake was plotted against
concentration of A204, (B) Same result was expressed as percentage of inhibition. Experimental
conditions were described in Materials and Methods.

200 E
=
2 MONAZOMYCIN-INDUCED VALINOMYCIN-INDUCED
: 150 {K RV
3
=z
E
S~
€
P
< 100 4
=
=
s
=
:;. 50 q +A 204
S
=
o
e k] e T ¥ 5 L
oS o7 09 11 113 5 17 13 18 17

IONIC RADIUS OF ALKALI METAL CATIONS IN oA

FiG. 3. Inhibition of glutamate oxidation by A204 in the presence of various monovalent cations.
Experimental conditions were described in Materials and Methods.
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in medium containing Na* or Cs*. However, A204 did not inhibit oxygen uptake in
Cs* medium when valinomycin was the inducer. The difference of A204 action in
Cs* medium probably originated from some unknown difference of the two inducing
agents. A204 was least active in Li* medium. These results were presented as percent-
age of inhibition as shown in Fig. 4.

The action of A204 was further examined by the simultaneous measurements of
oxygen uptake, cation movements and light scattering of mitochondria (Fig. 5). As
seen earlier, valinomycin induced oxygen consumption and swelling of mitochondria
as it caused the withdrawal of K* from the medium and the extrusion of H* into
the medium (left panel). After the mitochondrial cations reached a new steady state,
5 pg/ml of A204 reversed the K* movement and caused contraction of volume (middle
panel). At a final concentration of 10 pg/ml A204 reversed both traces only half way.
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Fi1G. 4. Ion specificity of A204 in inhibition of glutamate oxidation. Data obtained from Fig. 3

However, at each addition of A204, H* was first released and was then slowly taken
up by the mitochondria. The residual amount of K+ was released with additional
influx of H* when 0-2 pg/ml of nigericin was added. At this point, contraction of
mitochondrial volume was complete. The sequence of events was reversed when A204
was added before valinomycin (right panel). In all three cases, the succinate-supported
respiration continued at accelerated rates after the addition of valinomycin and was
not affected by A204. This is consistent with the effect of other monocarboxylic iono-
phores which only inhibited oxygen uptake with glutamate, a-ketoglutarate or malate
as substrate.?

Valinomycin induces the hydrolysis of ATP as a result of its ability to facilitate
active cation uptake into the mitochondria. Figure 6 shows that A204 potentiated that
effect at low concentration and became inhibitory as the concentration was increased
beyond 2 ug/mg of mitochondrial protein. A204 itself induced some hydrolysis of ATP.
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F1G. 5. Effect of valinomycin and A204 on H* and K* transport, light-scattering changes, and oxygen

consumption supported by succinate. A downward deflection of the K+ trace represents a decrease

of its concentration in the medium or uptake of K* by the mitochondria. An upward deflection of

the H* trace represents an increase of its concentration in the medium. An upward deflection of light

scattering (L.S.) is associated with swelling of the mitochondria. The indicated additions were:

10~7 M valinomycin, 25 pg A204, twice (middle panel), or 50 ug A204 (right panel) and 1 pg nigericin.
Other conditions were described in Materials and Methods.
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FiG. 6. Effect of A204 on the hydrolysis of ATP in mitochondria. In the absence of A204, the control
rate of ATP hydrolysis was 0:68 umole/mg of protein and the valinomycin-induced rate was 2-51
pmoles/mg of protein. Experimental conditions were described in Materials and Methods.
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The inhibition of ATP hydrolysis also depended on the cation species used in the

incubation medium (Fig. 7). A204 at 3 ug/mg of protein inhibited most when the
cation was Na*, K+ or Rb*. The effect was less with Cs*, and no effect was found in
medium containing Li*.

The antibiotic A204 also caused shrinkage of mitochondrial volume and changes in
membrane conformation. In Fig,. 8, the upper traces represent volume changes and the
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Fic. 7. Ton specificity of A204 in inhibition of the ion-dependent adenosine triphosphatase. A204 at
3 pg/m] and inducer, 0+ 1 pg/ml of valinomycin or 15 pg/mi of monazomycin, were used. Experimental
conditions were described in Materials and Methods.
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Fic. 8. Effect of A204 on mitochondrial volume changes and membrane conformational changes as

indicated by 8-anilino-naphthalene sulfonic acid (ANS) fluorescence. The upward deflection of the

upper trace (transmission at 520 nm) represents an increase in mitochondrial volume. The lower trace

represents conformational changes of the mitochondrial membrane as indicated by ANS fluorescence.
Experimental conditions were described in Materials and Methods.
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bottom traces show the changes of fluorescence of 8-anilino-naphthalene sulfonic acid
(ANS), a probe which senses conformational changes of the mitochondrial membrane.!?
In the presence of ATP, no volume changes took place, aithough ATP induced
additional binding of ANS. The addition of valinomycin induced an increase in trans-
mission of light, suggesting an increase in mitochondrial volume. The subsequent
addition of A204 caused a decrease in light transmission due to shrinkage of mito-
chondria. The fluorescence of ANS was first decreased with valinomycin and then
increased with A204, indicating the unfolding and folding of the membranes res-
pectively.

The valinomycin-induced swelling and membrane conformation of mitochondria
depended on either ATP hydrolysis, which was oligomycin-sensitive, or respiratory
energy by the oxidation of succinate (experiment B). These processes were also sensi-
tive to an uncoupling agent, m-Cl-CCP (experiment C). A204 exerted an effect on the
membrane only when mitochondria were swollen by an earlier addition of valino-
mycin (compare experiments A and B with C).

DISCUSSION

A204 inhibited the mitochondrial cation pump which was induced either with
valinomycin or monazomycin. Consequently the cation-dependent adenosine tri-
phosphatase was inhibited. Associated with the inhibition of cation uptake, A204 also
caused shrinkage of mitochondria. These properties were shared with nigericin,
dianemycin and monensin.

The extensive number of carboxylate ionophores now known makes it possible to
construct meaningful structure and ion specificity for comparisons. Antibiotics with a
higher molecular weight tend to have a higher limit in the size of cations with which
the antibiotic exhibits activity. Monensin (670) is most active against Na*, nigericin
(736) against K*, and A204 (960) against Rb* and Cs* to a lesser degree. Diane-
mycin (958) is an exception because it does not discriminate between any alkali metal
cations;'4 perhaps the molecule of dianemycin is a more flexible one. A comparative
study on the molecular structures of both A204 and dianemycin would be informative
in this regard.

The question of the primacy of cation transport over substrate transport in mito-
chondria has been raised.!® The experiments, as illustrated in Fig. 1, might serve to
provide insight into this question. When valinomycin stimulated respiration in mito-
chondria, it also caused an oxidation of pyridine nucleotides (experiment A). The
oxidized state of the coenzymes was maintained even when respiration was inhibited
by A204 (experiment C). Apparently the extra mitochondrial malate and glutamate
were not available to donate electrons for the respiratory chain. However, when only
A204 was added (experiment B), the fully reduced coenzymes were slightly oxidized.
The subsequent addition of valinomycin slowly oxidized the coenzymes to the maxi-
mum level. The kinetic patterns seem to suggest that valinomycin induced cation
transport, which in turn activated respiration to its upper limit. The availability
of substrates into mitochondria would not keep pace with the demand and kept
the coenzymes in a more oxidized level. The findings are therefore consistent with the
idea that cation transport has led to the secondary entry of substrates into the
mitochondria. %16
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