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acetic acid. The various cellular phosphate com-
pounds were then separated and their radioactivi-
ties measured as previously described (7). In the
experiments to be described here only the acid-
soluble components of the cell were investigated
in detail. Preliminary experiments showed that
the effects of the various inhibitors used on P?
incorporation into the acid-insoluble phosphate
compounds of the cell were similar to those on
incorporation of P?*2 into the organic phosphates
of the acid-soluble fraction.

mycin and sodium malonate on P32 incorporation
were also investigated, and the results obtained on
addition of each of these compounds are given in
Table 1. It can be seen that similar results were
obtained when DNP, sarcomycin, or decanoate
was present, the incorporation of P?? into ADP,!
ATP, GPT, and UTP being markedly decreased
in all cases. Malonate had a similar though smaller
effect, and pleuramycin did not cause any signifi-
cant decrease in P? incorporation. It can also be
seen from this table that incorporation of P into

TABLE 1

THE EFFECTS OF VARIOUS METABOLIC INHIBITORS ON P3 UPTAKE AND
INCORPORATION BY EHRLICH ASCITES CELLS

muMOLES P3? INCORPORATED/ML CELLS

ADDITIONS Total

AMP ADP ATP GTP UTP P; insoluble

fraction
Nil 19 400 850 192 168 2950 215
DNP (0.05 mM) 36 208 3850 115 59 2100 166
Decanoate (1 mM) 0 48 108 52 18 1920 102
Sarcomycin (200 ug/ml) 8 72 47 42 (1] 2340 76
Pleuramycin (100 xg/ml) 29 430 895 342 3845 2060 180
Malonate (20 mM) 41 345 382 150 67 2860 167

The cells were incubated in air for 30 min.

at 87° C. in Krebs-Ringer phosphate solution,

pH 7.4, containing a total of 84.5 umoles phosphate/8 ml., in Warburg vessels in the presence
of approximately 100 uc. P®. At the end of the incubation period they were washed and frac-

tionated as previously described (7).

TABLE 2

THE EFFECTS OF VARIOUS INHIBITORS ON THE P3 INCORPORATION INTO
THE VARIOUS CONSTITUENTS OF THE ACID-SOLUBLE FRACTION OF
EHRLICH ASCITES CELLS IN THE PRESENCE OF 10 mM GLUCOSE

muMOLES P3? INCORPORATED/ML CELLS
INEIBITORS
AMP ADP ATP GTP UTP Py
Nil 18 286 1230 272 151 5270
DNP (0.05 mM) 28 316 1120 228 1438 38280
Decanoate (1 mM) 17 221 765 172 88 3850
Sarcomycin (200 ug/ml) 27 865 802 199 122 5000
Malonate (20 mM) 20 715 1130 346 162 38720

The cells were incubated under the conditions described in Table 1.

RESULTS

The effect of various tnhibitors on P incorpora-
tion by Ehrlich ascites cells.—One objective of the
present work was to show that decanoic acid un-
couples oxidation from phosphorylation in these
cells. The effects of this compound on the uptake
and incorporation of P* by Ehrlich ascites cells
were therefore compared with the effects of 2,4-
dinitrophenol (15) and sarcomycin (3), which are
known to give rise to such an uncoupling of oxida-
tion from phosphorylation. The effects of pleura-

Research.

the inorganic phosphate fraction of the cell was
much less sensitive to the presence of the com-
pounds used than was incorporation of radio-
activity into the organic phosphates.

When this experiment was repeated with the
further addition of 20 mm glucose to the incuba-
tion medium, the results shown in Table 2 were

1 The following abbreviations are used: AMP = adenosine
monophosphate; ADP = adenosine diphosphate; ATP = ade-
nosine triphosphate; GTP = guanosine triphosphate; UTP =
uridine triphosphate; P; = inorganic phosphate.
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obtained. On comparison of these results with
those quoted in Table 1 it is obvious that the in-
hibition of P32 incorporation into the acid-soluble
compounds of Ehrlich ascites cells by decanoate,
malonate, DNP, and sarcomycin was greatly re-
duced on addition of glucose. Pleuramycin again
appeared to have little inhibitory effect on P in-
corporation.

It is possible to compare the modes of action of
these inhibitors by correlating their effects on
respiration with their effects on the inhibition of
P32 incorporation into ADP and ATP. Such a com-
parison is shown in Table 8. It may be seen from

this table that DNP and sarcomyecin, although
without inhibitory effects on respiration, reduced
the extent of labeling of the adenosine polyphos-
phates by 64 and 90 per cent, respectively. De-
canoate inhibited respiration by 40 per cent but
inhibited incorporation of P into ADP plus ATP
by 88 per cent. It can be calculated from these
results that DNP, sarcomycin, and decanoate de-
creased the P:0 ratio by 70-90 per cent at the
concentrations employed. The effects of 20 mm
malonate, which are quoted in Table 3, show that
in the presence of this compound respiration and
phosphorylation were both reduced by about one-

TABLE 38

THE EFFECTS OF VARIOUS INHIBITORS ON RESPIRATION AND THE
P32 TURNOVER IN THE ATP PLUS ADP FRACTION

OF EHRLICH ASCITES CELLS

Relative - Estimated

Inhibitor respiratory Counts/min in ?enfe{:t'a ge

.. ATP plus ADP inhibition

activity of P:0

Nil 100 45,800 (—) 0
DNP (0.06 mM) 120 16,600 (64) 70
Sarcomycin (200 ug/ml) 100 4,400 (90) 90
Decanoate (1 mM) 60 5,500 (883 80
Malonate (20 mM) 50 26,300 (42 —-15

The cells were incubated as described in Table 1 in the presence of the
various inhibitors as noted above. The figures in parentheses refer to
the percentage inhibitions of P32 incorporation into the ATP plus ADP

fraction.
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CuART 1.—The effects of various concentrations of dinitro-

phenol (DNP) on P32 incorporation into the acid-soluble frac-
tions of Ehrlich ascites cells.

0

20001
o Pi
3
€ 1200
N -
% 1000
- ATP
K4
2
g
5001
AD
GTP
0O 04  I2 20

Decanoate Concentration (mM)

CHART 2.—The effects of various concentrations of de-
canoate on P incorporation into the acid-soluble fractions of
Ehrlich ascites cells.
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half, so that there was no evidence of any un-
coupling effect by malonate.

The concentrations of DNP and decanoate used
in the above experiments were those which gave
rise to approximately 80 per cent inhibition of in-
corporation of radioactivity into ATP. These con-
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CHART 8.—The time course of labeling of the ATP plus
ADP fraction with P*2, To one flask sufficient DNP was added
after 10 minutes to give a final concentration of 0.2 mm. Sub-
sequently, sufficient glucose was added after 85 minutes to give
a final concentration of 10 mm.

centrations were chosen on the basis of the experi-
mental results presented in Charts 1 and 2. In
these charts the concentrations of DNP and de-
canoate are correlated with the extent of P32 in-
corporation. The other acid-soluble organic phos-
phates present in the cells were affected in the
same way as ATP and ADP. It can be seen from
these charts that 1.0 mm decanoate or 0.05 mm DNP
virtually eliminated incorporation of radioactivity
into ATP and ADP, but the extent of labeling of
the inorganic phosphate of the cells was not great-
ly altered.

The effect of DNP and decanoate on the rate of
breakdown of ATP.—It is known that in the pres-
ence of DNP there is an increased rate of break-
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down of ATP in mitochondria prepared from liver
and other tissues (see, for example, Ref. 11). Ex-
periments were therefore performed in an attempt
to obtain information concerning the stability of
ATP within the Ehrlich ascites cells in the pres-
ence of DNP and decanoate. The cells were al-
lowed to incorporate P32 under the standard ex-
perimental conditions in the absence of glucose,
and samples were removed at various times. After
a suitable period, sufficient DNP or decanoate was
added to prevent further esterification of inorganic
phosphate to P3%labeled ATP, and further
samples were taken. Under these conditions there
was a rapid loss of radioactivity from the adeno-
sine polyphosphates, and within 5 minutes there
was almost complete loss of radioactivity from this
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CHART 4.—The time course of labeling of the ATP plus
ADP fraction with P32, To one flask sufficient decanoate was
added after 10 minutes to give a final concentration of 2 mm.
Subsequently, sufficient glucose was added after 85 minutes to
give a final concentration of 10 mm.

fraction. In the control flasks, to which no DNP
was added, there was a continued constant rate
of P32 incorporation into ATP plus ADP. Typical
results are presented in Charts 3 and 4. When the
chromatograms of the acid-soluble fractions were
examined under an ultraviolet lamp it was ap-
parent that the decrease in the radioactivity of the
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adenosine polyphosphate areas corresponded to the
almost complete disappearance of the ultraviolet
absorption of the ATP and ADP areas of the
chromatograms. There was, at the same time, a
great increase in the extent of ultraviolet absorp-
tion but not of the radioactivity in the area corre-
sponding to adenylic acid.

The loss of ATP and ADP on addition of these
uncoupling agents was not an irreversible process.
The subsequent addition of glucose (25 minutes
later in the results presented in Charts 3 and 4)
led to a rapid relabeling of the ATP and ADP.

The rapid loss of radioactivity and ultraviolet
absorption from the areas of the chromatograms
corresponding to ATP and ADP on addition of
DNP and decanoate would seem to indicate that
there was rapid loss of these compounds from the
ascites cells. This loss could result from a cessation
of synthesis of ATP or from an increased rate of
breakdown of ATP or from both of these possi-
bilities. It has previously been shown (7) that, if
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CHART 5.—Time course of labeling of the ATP plus ADP
fraction with P32, After 30 minutes’ incubation the cells were
separated from the medium as described in the text and re-
suspended: 4, in fresh medium containing only P% phosphate
or B, in fresh medium containing only P3 phosphate plus 0.83
mM DNP.

Ehrlich ascites cells are permitted to incorporate
P32 and the radioactive phosphate in the medium
is then replaced by nonradioactive phosphate,
there is a rapid drop in the level of radioactivity
associated with the acid-soluble phosphate frac-
tions. Similar experiments have now been per-
formed, but either DNP or decanoate was present
in the fresh nonradioactive medium in which the
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cells were suspended. From the results shown in
Chart 5 it is apparent that the loss of radioactivity
from ATP under these conditions was much more
extensive in the presence than it was in the ab-
sence of DNP. A similar effect was observed when
decanoate was used. These results suggest that in-
creased breakdown of ATP must play some role
in the action(s) of DNP on the metabolic events

TABLE 4

THE EFFECTS OF VARIOUS INHIBITORS ON THE GLUCOSE
STIMULATED INCORPORATION OF P® INTO EHRLICH
ASCITES CELLS UNDER ANAEROBIC CONDITIONS

muMOLES P32 INCORPORATED/ML CELLS
INmIBITOR
ADP plus ATP Total insoluble
fraction fraction

Nil 1490 260
DNP (0.05 mM) 468 166
Decanoate (1 mM) 675 177
Sarcomycin (200 ug/ml) 966 263
Malonate (20 mM) 1186 289

The cells were incubated under the standard experimental
conditions in 10 mM phosphate buffer, pH 7.4, but the atmos-
phere was nitrogen instead of air, and 10 mM glucose was
present.

taking place in the Ehrlich ascites cell. This sug-
gestion was subjected to more direct examination
by an investigation of the effect of DNP on the
P32 turnover under anaerobic conditions in the
presence of glucose. Under these conditions the
oxidative synthesis of ATP could not occur, and
any inhibitory effects would have to be correlated
with increased ATPase activity. The results of
such an experiment are presented in Table 4. De-
spite the anaerobic conditions there was a signifi-
cant inhibitory effect of DNP and of decanoate on
both the P32 incorporation into ATP and also on
the P?® incorporation into the phospholipide and
“total insoluble” fractions. DNP is known to
stimulate anaerobic glycolysis (20, 21), but since
the stimulation is only about 30 per cent it seems
unlikely that the observed inhibitory effects were
due to increased lactic acid production. It should
be noted that in the same experiment there was
some effect on the P?*2 incorporation into ATP and
ADP on addition of sarcomycin but far less effect
on addition of malonate. Neither of these com-
pounds appeared to influence the rate of labeling
of the TCA-insoluble fraction. The extent of
labeling of the inorganic phosphate of the acid-
soluble fraction was but little affected by DNP,
decanoate, sarcomycin, or malonate. The ob-
served effects are therefore not due to a failure of
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the ascites cells to accumulate P3%-labeled phos-
phate.

The effects of p-glucosamine.—Previous results
(19) had indicated that p-glucosamine is not ac-
tively glycolyzed by Ehrlich ascites cells, although
it is known (8) to be phosphorylated. It was there-
fore of interest to determine the relative effects of
the uncoupling agents, DNP and decanoate, and

TABLE 5

THE EFFECTS OF VARIOUS SUGAR DERIVATIVES AND UN-
COUPLING AGENTS ON THE INCORPORATION OF P®# INTO
THE ATP PLUS ADP FRACTION OF EHRLICH ASCITES
CELLS

UNCOUPLING AGENT ADDED

SUGAR ADDED
Nil 0.67 mu 0.05 mym
decanoate DNP
Nil 1495 1100 859
Glucose (10 mM) 2065 1770 2490
Glucosamine (10 mM) 790 247 228
2-Deoxyglucose (10 mM) 446 46 70

All figures refer to mumoles P32 incorporated into the ATP
plus ADP fraction/ml packed Ehrlich ascites cells after incu-
bation under the experimental conditions described in Table 1.

the phosphate acceptor, glucosamine. The results
obtained in such experiments are presented in
Tables 5 and 6. The presence of 10 mm glucos-
amine led to a decrease of approximately 50 per
cent in the extent of labeling of the ATP plus
ADP fraction, and, since the effect was more than
additive to those of both DNP and decanoate, it
might indicate a different site of action. The effect
of all these agents was almost completely reversed
in the presence of 10 mm glucose (Table 6). It
should be noted that the presence of 2-deoxyglu-
cose, which is also known (12) to be phosphorylat-
ed in ascites cells, led to results which were much
the same as those obtained on addition of glu-
cosamine.

DISCUSSION

The results presented above show that the gen-
eral pattern of the inhibitory effects of decanoate
on the phosphate metabolism of Ehrlich ascites
cells is very similar to that produced by DNP.
Both these compounds inhibit the incorporation
of P* into the organic phosphate constituents of
the cell at concentrations which have little effect
on the respiratory activity. It has also been dem-
onstrated that these compounds have a diminished
effect, in the presence of glucose, on the incorpora-
tion of P32 into the organic phosphate fractions.
This result confirms that of Rabinovitz et al. (16),
who showed that the addition of glucose largely

Research.

reverses the inhibitory effect of DNP on glycine
incorporation into protein by Ehrlich ascites cells.

The addition of DNP or decanoate led to an
almost complete loss of P*%-labeled ATP and ADP
within 5 minutes under the present experimental
conditions. A similar conclusion has already been
reached (13) in studies of the effect of DNP on the
rate of glycine incorporation into protein by
Ehrlich ascites cells. The experiments in which
the P?2 of the incubation medium was replaced by
P31 suggested that a rapid interchange of P* with
P3 occurred but that, at equilibrium, there was
still labeled adenosine polyphosphate left in the
system. When such experiments were repeated and
DNP or decanoate included in the fresh incuba-
tion medium, the results obtained led to the con-
clusion that all the radioactivity was lost from this
fraction, probably by hydrolysis of the phosphate
esters coupled with the exchange between P32 and
P3. The results of the anaerobic experiments with
DNP and decanoate confirmed this conclusion
that the presence of uncoupling agents in ascites
cells leads not only to a prevention of ATP synthe-
sis but also to an increased rate of ATP removal.
The removal of ATP from ascites cells presumably
leads initially to the formation of ADP although,
in the present experiments, no evidence was ob-
tained to suggest an accumulation of P%-labeled
ADP from P#*-labeled ATP as a result of the addi-
tion of the uncoupling agents.

TABLE 6

THE EFFECT OF GLUCOSE ON THE INCORPORATION OF P3*
INTO THE ADENOSINE POLYPHOSPHATES IN THE PRES-
ENCE OF DNP, DECANOATE, AND GLUCOSAMINE

GLUCOSBE CONCENTRATION¥

INHIBITOR ADDED
Nil 10 mu
Nil 1364 1474
DNP (0.05 mM) 857 1462
Decanoate (1 mM) 576 1851
Glucosamine (10 mM) 510 1190

* All fi
plus ADP fraction/ml packed Ehrlich ascites cells after incuba-
tion under the experimental conditions described in Table 1.

refer to mumoles P* incorporated into the ATP

Direct spectroscopic analysis has led Chance
and Hess (5) to suggest that the delicate balance
between the systems controlling ADP concentra-
tion in ascites cells may ultimately control the
respiratory metabolism of these cells. The results
obtained with glucosamine and 2-deoxyglucose,
which are phosphorylated but not glycolyzed, are
certainly in accord with this suggestion. They de-
crease the extent of labeling of the ATP plus ADP
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fraction and render the remaining phosphoryla-
tions much more sensitive to the presence of the
uncoupling agents. It is of interest to note that
Le Page and Greenlees (14) have shown that the
presence of glucosamine leads to a decreased rate
of glycine incorporation into tumor proteins. Fur-
ther, in 1949, Harpur and Quastel (9) interpreted
the inhibitory effect of glucosamine on acetyl-
choline synthesis in acetone-dried beef brain ex-
tracts as being due to a depletion of the available
ATP.
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