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SUMMARY

Amobarbital, 10-® M, inhibited the conversion of orotate-2-1*C into RNA pyrimidines
of exponentially growing Bacillus cereus. The drug produced no effect on the growth rate
or oxygen uptake of the cells. Furthermore, the incorporation of adenine or uracil into
polynucleotides, of amino acids into protein, and of diaminopimelate into cell wall was
unaltered by amobarbital.

The effect on orotate incorporation was detectable at 10-* M amobarbital, increased
with higher concentrations of the barbiturate, and decreased as the concentration of oro-
tate in the medium was raised.

Studies to localize the effect eliminated the conversion to DNA, the interconversion of
RNA pyrimidines, the decarboxylation of orotate, the de novo biosynthesis of pyrimi-
dines, and the flavin-mediated interconversion of orotate and dihydroorotate as the
drug-sensitive step. It is concluded that amobarbital, probably as the undissociated com-
pound, markedly depressed the uptake of orotate into the cells. The otherwise unaffected
conversion of this pyrimidine precursor into nucleic acid pyrimidines was therefore lim-

ited. This amobarbital-orotate effect had properties of competitive inhibition.

INTRODUCTION

Previous investigations on the biochemi-
cal effects of a variety of growth-inhibitory
agents, such as carcinostatic drugs, anti-
biotics, and other metabolic inhibitors,
have been carried out in microbial systems,
and have helped to elucidate the mecha-
nisms by which these compounds produce
their pharmacological effects on the iso-
lated cell (1). The difficulties in under-
standing the biochemical mechanisms of
action of other drugs prompted the appli-
cation of some of these techniques to the

1A portion of this research was carried out in
partial fulfillment of the requirements for the
MS. in Pharmacology from The George Wash-
ington University, under the tenure of predoctoral
support from USPHS Training Grant 5 T1 GM
26.
Deceased April 20, 1967.

study of the cellular effects produced by
non-growth inhibitory agents. Although
drug-induced effects in microorganisms
need not reveal the mechanism of the ef-
fects in mammalian systems, they may
contribute to the understanding of signifi-
cant and universal features of the inter-
action of the drug with biological tissue.
The present studies were undertaken
when it was observed that amobarbital at
non-growth inhibitory concentrations pro-
duced a selective effect on the conversion
of the pyrimidine precursor, orotic acid,
into polynucleotides of Bacillus cereus (2).
Since amobarbital, like orotic acid, is a
pyrimidine derivative, the possibility of
some antimetabolic action was explored.

METHODS

Bacteral growth and sampling. Cultures
of Bacillus cereus 569H were incubated in
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a gyratory shaker at 37° in a medium con-
sisting of 0.026 M potassium phosphate,
2 X 10* M magnesium sulfate, 3 X 10 M
manganese sulfate, 13 X 10®M ferrous
ammonium sulfate, and 10g of casamino
acids per liter, pH 7.0. Supplementation of
the medium with pyrimidines, such as
uracil or orotate, exerted no effect on
growth. Growth was monitored turbidi-
metrically at 540 mu using a Bausch and
Lomb Spectronic 20 or Beckman DU spec-
trophotometer. Amobarbital and radio-
isotopes dissolved in water or 0.5% sodium
carbonate solution were added during the
logarithmic phase of growth, usually at a
turbidimetric reading (ODs,) of 0.2, cor-
responding to 0.2 mg dry weight per milli-
liter of bacterial suspension. These sup-
plementations had no effect on the pH of
the bacterial medium. For most radioactive
compounds 0.01-0.1 xC was added per
milliliter of medium, but labeled amino
acids usually required up to 1 uC per
milliliter of medium because of the diluting
effect of the amino acids in the growth
medium. Uptake of radioisotopes into cells
was measured by membrane (B-6 Bac-T-
Flex, Schleicher and Schuell Co., Keene,
New Hampshire) filtration of aliquots re-
moved from the bacterial cultures at fre-
quent intervals, and counting the radio-
activity of the filtered cells after washing
with saline. Corresponding aliquots were
precipitated at room temperature in 5%
trichloroacetic acid to determine the radio-
activity in the acid-insoluble fraction of
cells. The difference in radioactivity be-
tween saline and trichloroacetic acid-
treated cells represented the acid-soluble
fraction. Similarly, aliquots were treated
with 1 M KOH overnight to degrade RNA
without decomposing DNA, followed by
filtration (3).

In these studies comparisons are made
on a turbidimetric (AOD) rather than time
basis to allow more carefully for minor
differences in initial cell mass among cul-
tures. The microorganisms grew at iden-
tical rates in the presence and absence of
amobarbital. Previous experiments with
various chemotherapeutic agents (4-6)
have demonstrated a close relationship be-
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tween turbidity and cell mass of bacterial
cultures even under conditions of growth
inhibition.

Ozxygen uptake studies. Oxygen uptake
was measured by the standard Warburg
technique at 37° (7). Cell cultures of
known bacterial turbidity were incubated
in Warburg vessels, and at the end of the
incubation the turbidity was again meas-
ured to assure agreement with that of a

parallel culture grown in a gyratory
shaker.
Chromatography. Descending chroma-

tography on Whatman No. 3 MM paper
included these solvent systems:

(a) 170 ml isopropanol, 44 ml concen-
trated HCI and water to 250 ml (adapted
from (8))

(b) 1M-ammonium acetate pH
ethanol, 3:7 (9)

(¢) isobutanol-ethanol-glacialacetic acid—
H.O, 50:15:5:30

(d) isopropanol-H.O, 70:30, with conc.
ammonia in tank (10)

(e) m-butanol-H.O, 86:14

Isolation and assays of nucleic acid
pyrimidines. Logarithmically growing cells
received one of the following radioactive
supplements: aspartate-4-*C, 0.04 xC/ml
medium; aspartate-3-*C, 0.5 xC/ml me-
dium; or orotate-2-*C, 0.6 mC/mMole,
0.008 xC/ml medium. The cultures were
subdivided, amobarbital was added to one
for a final concentration of 10-3M, the
other serving as control. When the turbid-
ity had approximately doubled, the cul-
tures were harvested by mixing with tri-
chloroacetic acid (final concentration 5%),
centrifuging, and hydrolyzing the cell re-
sidue in 1~ HCI at 100° for 1 hr. The
eluate was chromatographed in solvent (a)
and specific activities of pyrimidine nu-
cleotides were calculated from direct
counts on paper and, after elution, absorb-
ance values at the wavelength of maximal
absorption (11). More than 99% of the
radioactivity in the trichloroacetic acid-
precipitated residue from cells grown in the
presence of orotate-2-*C was extractable
with hot acid. After chromatography al-
most, all the counts were recovered in the
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areas corresponding to uridylate and cyti-
dylate.

Preparation of bacterwal extract. Bac-
terial cells were centrifuged at 12,000 g for
10 min and resuspended in 0.01 M Tris buf-
fer pH 7.8 containing 0.014 M magnesium
acetate and 0.06 M potassium chloride. The
suspension was then sonicated in a MSE
Model 60 W ultrasonic disintegrator for 5
min at 0°, followed by centrifugation for
10 minutes at 12,000 g.

Decarbozylation of orotate-7-*C. Incu-
bations were carried out in 25-ml Erlen-
meyer flasks each containing a small test
tube suspended over the incubate by means
of a wire coil inserted through the stopper.
The incubation mixture, all in 1 ml, con-
tained (in micromoles) :MgCl,, 2; Tris-
HCIl, pH 7.0 or 8.6, 200; phosphoribosyl-
pyrophosphate, 0.46; amobarbital, 1, or
saline; orotate-7-1*C, 0.006 (0.005 »C);
and cell-free extract equivalent to 20 ug
protein, as determined by the method of
Lowry et al. (12). The test tube contained
0.5 ml of hyamine to trap CO, (13). Incu-
bations which were carried out at 37° and
in triplicate were started upon addition of
orotate-1*C and were terminated at appro-
priate intervals by the addition of 0.5 ml
of 2N HCIO,. The flask was shaken for
another hour to complete the absorption of
CO. by the hyamine, which was then
transferred into a scintillation vial con-
taining 10 ml of a solution of 3 g of PPO
(2,5-diphenyloxazole) and 100 mg of di-
methyl POPOP [1,4-bis-2-(4 methyl-5-
phenyloxazolyl) benzene] per liter of tolu-
ene. A Nuclear-Chicago scintillation
spectrometer was used for counting.

Conversion of orotate to dihydroorotate
and carbamylaspartate. The incubation
mixture, all in 0.6 ml, contained (in
pmoles) MgCl,. 1; potassium phosphate
buffer, pH 7.2, 50; L-cysteine, 5; NADH,
0.18; orotate-7-*C, 0.04 (0.03 nC); amo-
barbital, 0.60, or saline; and cell-free ex-
tract equivalent to 400 ug protein. After
incubation at 37°, 0.1-ml samples were
removed at 0, 40, and 80 minutes, spotted
on Whatman No. 3 MM paper strips to-
gether with 0.2 mg each of orotate, dihy-
droorotate, and carbamylaspartate. The
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strip was subjected to electrophoresis (9)
for 4 hr at 1000V (20 V/cm) in 0.5M
formate buffer pH 2.75 and air dried; a
radioautogram was made. All the radio-
activity was concentrated in three distinct
areas which were identified as those of
orotate (total mobility 33-35 cm), dihy-
droorotate (23-25 cm), and carbamyl-
aspartate (14.5 cm). Orotate was located
by ultraviolet absorption; dihydroorotate
after spraying with 1 M KOH followed in
30 min by a 10% solution of dimethyl-
aminobenzaldehyde in conc. HCl-acetone,
(1:4 v/v) (14); and carbamylaspartate
by the dimethylaminobenzaldehyde spray
without prior alkali treatment. Distribu-
tion of radioactivity was calculated from
total counts of appropriate areas of the
paper using a gas-flow counter.

Synthests of dthydroorotic acid-2-'C.
Orotic acid-2-*C (0.5 mg, 2.1 xC) in 5 ml
of 0.001 x HCI plus 12.7 mg 5% rhodium
on alumina catalyst (K & K Laboratories,
Plainview, New York) was hydrogenated
at room temperature and atmospheric pres-
sure for 2 hr (15). Aliquots were removed
at intervals to monitor the decrease in
ultraviolet light absorption at 280 mpu. The
conversion was quantitative, as indicated
by the loss of absorbance, and dihydro-
orotic acid-*C was obtained after cen-
trifugation to remove the catalyst. Paper
chromatography in solvent system (a) re-
vealed a single radioactive band at Ry
0.66 characteristic of this compound.

Sources of chemicals. Adenine-8-'*C.
diaminopimelic acid-2-*C, orotic acid-2-
H4C from Calbiochem Co., Los Angeles,
California; bpL-aspartic acid-4-'*C from
Tracerlab, Waltham, Massachusetts; L-
lysine-U-C and glycine-2-*C from Volk
Radiochemical Co., Skokie, Illinois; methi-
onine-*S from Schwarz BioResearch In-
stitute, Orangeburg, New York; pL-phenyl-
alanine-3-*C, pL-aspartic acid-3-'*C, and
uracil-2-*C from Isotopes Specialties,
Burbank, California; orotic acid-6-1'C
from Research Specialties Co., Richmond,
California; orotic acid-7-*C from New
England Nuclear Corp., Boston, Massa-
chusetts; amobarbital from Eli Lilly Co.,
Indianapolis, Indiana; and 6-azauridine
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from Dr. Harry B. Wood, Drug Develop-
ment Branch, Cancer Chemotherapy Na-
tional Service Center, Bethesda, Maryland.

RESULTS

Selective effect of amobarbital on orotate
utilization. Amobarbital, 10-°M, had' no
effect on growth of exponential cultures of
Bacillus cereus, and bacterial morphology
was unchanged. As shown in Fig. 1, under
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Fic. 1. Effect of 10° M amobarbiltal on bio-
chemical actions of Bacillus cereus

Cells were grown in the presence and absence
of drug, and comparisons were made for similar
increases in bacterial turbidity. Oxygen uptake
was measured as described in Methods. Other
compounds labeled with *C were allowed to in-
corporate into cells which were then treated with
trichloroacetic acid, filtered, and radioassayed, as
described.

these conditions most biochemical effects
measured were unaltered. For example, in-
corporation of adenine-8-*C into nucleic
acid purines, of L-lysine-U-*C into pro-
teins (16) and of diaminopimelate-2-1*C
into cell wall (16) were normal (all com-
parisons made for similar turbidimetric
increases). Similarly, incorporation of
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methionine-**S, pL-phenylalanine-3-**C or
glycine-2-1*C proceeded unimpeded in the
presence of the drug. No effect on oxygen
consumption by the cells could be demon-
strated. The formation of nucleic acid
pyrimidines from uracil-2-*C as the pre-
cursor was unaffected. On the other hand,
with orotate-2-1*C or -6-*C, amobarbital
produced a pronounced selective inhibitory
action on incorporation of radioactivity
into the cells. As with uracil, almost all the
pyrimidine skeleton of the orotate taken
up by cells was recovered in the pyrimidine
nucleotides of nucleic acids. The effect of
amobarbital was immediate and the degree
of inhibition remained constant throughout
the experiments. Similarly, the incorpora-
tion of radioactivity from orotate pro-
ceeded without delay and its magnitude
was directly related to the increase in cell
mass. The drug effect was reversible, and
upon subculture in the absence of amo-
barbital the cells immediately began to
incorporate orotate in a manner similar to
that in control cells.

Concentration interrelationships of the
amobarbital-orotate  effect. Concentra-
tions of amobarbital of 10-* M inhibited the
uptake of orotate (Fig. 2), and a charac-
teristic dose-response curve was obtained
up to the limit of solubility of amobarbital
at about 4 X 10-% when growth was slightly
inhibited. Conversely, at a fixed concen-
tration of amobarbital, the concentration
of orotate also influenced the degree to
which amobarbital depressed the incorpo-
ration of the precursor into nucleic acid
pyrimidines. As the concentration of oro-
tate was increased, amobarbital exerted
less of an inhibitory effect (Fig. 3).

When these data are replotted by the
method of Hunter and Downs (17) a
straight line results, indicative of competi-
tive inhibition (Fig. 4). From this and
four similar experiments, the K; for amo-
barbital is 0.24 = 0.03 X 10-3, while the
K,, is calculated as 0.043 = 0.008 X 10-3 M.
The interrelationship between orotate and
amobarbital is more complex, however,
especially when values for lower concen-
trations of amobarbital are considered.
Although results plotted by the method of
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Dixon (18) for 10-®*M amobarbital also
suggest competitive inhibition, values at
lower amobarbital concentrations make
such a conclusion uncertain. Examination
of data by the method of Lineweaver and
Burk (19) reveals that at higher concen-

o
o
PR

o
>

AMOBARBITAL
CONTROL
1

(=]
n
P

UPTAKE INHIBITION BY AMOBARBITAL

40004

CPM

20001

o 2 ’ 10 20 i 100 200

[14c-oROTATE] x10%

Fia. 3. Effect of concentration of orotate-2-*C
on incorporation of radiocarbon into cell nucletc
acids tn the presence (@) and absence (Q) of
10* M amobarbital
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a=vi/v, where v and v, represent counts per
minute incorporated into control and amobarbital
cultures, respectively, and ¢ is concentration of
amobarbital.

trations of orotate the double reciprocal
relationship of orotate and radioactivity
incorporated is no longer linear.

Amobarbital effect on orotate incorpo-
ration at various pH values. Increasing the
pH of the bacterial medium from 7 to 8
produced a 40% decrease in incorporation
of orotate, whereas lowering the pH to 5
produced little if any reduction of the in-
corporation. Amobarbital potently inhib-
ited incorporation of orotate at all the pH
values tested, although the effect at pH 8
was slightly diminished (Table 1).

Localization of the Amobarbital Effect

Possibility of complex formation be-
tween amobarbital and orotate. The un-
likely possibility of a direct chemical
interaction between amobarbital and oro-
tate-1*C leading to a diminished supply of
orotate-*C for incorporation was tested by
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TaBLE 1
Effect of pH on amobarbital-induced inhibition
of orotate-2-1C incorporation

Cultures of Bacillus cereus were grown in media of
different pH containing orotate-2-4C (13 X 107 M)
for similar increases in bacterial turbidity in the
presence and absence of 10~ M amobarbital. Control
incorporation approximately 5000 cpm/2 ml of
bacterial suspension.

Amobarbital-induced
incorporation % of control

Relative
pH  incorporation Expt. 1 Expt. 2
5 102 — 31
6 104 29 —
7 (100) 21 24
8 52; 71 43 44

two procedures. (a) Chromatograms (sol-
vent systems (a), (d) and (e)) of bacterial
medium containing orotate-*C had identi-
cal distribution of radiocarbon in the pres-
ence or absence of amobarbital. (b) The
partition ratio of amobarbital in an n-
butyl chloride-pH 8.5 Tris buffer system
was unaltered by the presence of orotate,
even when orotate was present at twice the
molar concentration of amobarbital.
Incorporation into DNA. In this and all
subsequent experiments the concentration
of orotate-*C was 13 X 10°M unless
otherwise specified. Following growth of

MANDEL, OLIVER, AND RIIS

B. cereus in the presence of orotate-*C,
less than 10% of the radioactivity in the
cell fraction insoluble in cold trichloroace-
tic acid resisted solubilization by KOH.
This residual fraction has been concluded
to contain all the DNA (3). Amobarbital
reduced the incorporation of radiocarbon
into the KOH-insoluble fraction to the
same extent as that into the acid-insoluble
fraction. The magnitude of the amobarbi-
tal effect observed in the acid-washed cells
as well as the lack of a particular effect on
the alkali-treated cells ruled out any spe-
cific drug effect on incorporation into
DNA.

Formation of RNA pyrimidines. The
total conversion of exogenous orotate-1+C
into the pyrimidine nucleotides of RNA
was measured by calculating their specific
activities (Table 2). Although the activity
values were sharply diminished when cells
were grown to the same final turbidity in
the presence of 10°M amobarbital, the
syntheses of RNA cytidylate and uridylate
from orotate-'*C were decreased by similar
extents, indicating that both pathways
were depressed equally. From the molar
activities of the isolated cytidylate and
the orotate-'*C used for labeling (141 cpm
per mpmole), and the relative growth of
cells before and after the addition of the
isotope, it is calculated that only about
15% of pyrimidines synthesized were de-

TABLE 2
Effect of amobarbital on pyrimidine biosynthesis from different labeled precursors
Relative molar activities of pyrimidine ribomononucleotides from RNA after growing Bacillus cereus
with appropriate supplements. For details see Methods.

HC-Pyrimidines isolated,
relative activities

Expt. Amobarbital  Orotate RNA cytidylate
No. Precursor 103 ™ 1.3 X 10*M  (cpm/mumole) Cytidylate Uridylate
1 Orotate-2-4C - 8.8 (100) 85
+ 23 23
2 Orotate-2-4C - 13.0 (100) 80
+ 23 19
3 Aspartate-3-4C - - 16.5 (100) 100
+ - 99 105
- + 97 105
4 Aspartate-4-14C - - 1.4 (100) 100
+ - 93 96

Mol. Pharmacol. 3, 537-548 (1967)
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rived from exogenous orotate. Since uridine
5’-phosphate (UMP) is believed to be the
major intermediate in the conversion of
orotate to the two RNA pyrimidines, the
block by amobarbital, therefore, must have
preceded the formation of that inter-
mediate.

Formation of UMP from orotate. The
conversion of orotate-2-*C to UMP was ex-
amined in a cell-free system of B. cereus
in which UMP and its catabolite, uridine,
were isolated by chromatography, using
solvent system (b). Although amobarbital
did not affect the formation of UMP plus
uridine from orotate, the possibility re-
mained that the relatively high concentra-
tions of orotate necessitated by this tech-
nique might reverse any amobarbital effect,
as has been shown in Fig. 3.

In more critical experiments, therefore,
orotate-7-1*C was incubated with cell-free
extract in the presence or absence of 103 M
amobarbital, and decarboxylation was
measured by trapping and counting *CO..
It is evident from Fig. 5 that amobarbital
produced no inhibition of the rate of de-
carboxylation, whether measured at pH
8.6, where the reaction was optimal, or at
7.0, at which the cells were normally grown.

Possible interconversion of orotate and
dihydroorotate. Giuditta and Strecker (20)
have demonstrated that amobarbital and
other barbiturates are capable of inhibit-
ing brain NADH dehydrogenase and that
this inhibition is competitive with NADH
(21). The sensitivity of flavoprotein en-
zymes to barbiturates (22) and the re-
ported inhibition by barbituric acid of
dihydroorotic dehydrogenase (23, 24), an-
other flavoprotein, suggested that the lat-
ter enzyme might be involved in the up-
take of exogenous orotate into cells for the
subsequent metabolism into cellular pyrimi-
dines. The reduction of orotate to dihydro-
orotate is a reversible reaction which has
been demonstrated in aerobic bacteria (25),
and the conversion appears essential when
growth of cells is based on orotate as the
carbon source (24). Even though there is
no evidence that this reversible reaction is
involved in biosynthesis from exogenous
orotate, it was necessary to rule out the

INHIBITION BY AMOBARBITAL
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possibility that amobarbital partially
blocked the NADH-mediated reduction to
dihydroorotate, and that less dihydrooro-
tate was therefore available for direct con-
version to nucleic acid pyrimidines. Since
carbamylaspartate does not serve as a
pyrimidine precursor of growing B. cereus
cells (11) two types of studies were carried
out: (a) the rate of conversion of orotate
to dihydroorotate and carbamylaspartate

7-'%c-0ROTATE
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=
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F1e. 5. Effect of amobarbital on in vitro de-
carbozylation of orotate-7-"C

See Methods for details; O, control incubation
mixture; @, 10°* M amobarbital-supplemented in-
cubation mixture.

by cell-free extracts was measured and
found to be unaffected by the presence of
10-3 M amobarbital (Table 3); (b) dihydro-
orotate-2-1*C was synthesized and its in-
corporation into cells was measured. As
shown in Fig. 6, the inhibitory effect of
amobarbital on the incorporation of dihy-
droorotate was similar to that of orotate.
It was concluded, therefore, that the amo-
barbital-induced inhibition of the conver-
sion of orotate to nucleic acid pyrimidines
was not localized at the dihydroorotic de-
hydrogenase step.
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CPM

AODg40
Fic. 6. Effect of amobarbital on incorporation
of radioactivity from dihydroorotate-2-*C into
cells, followed by trichloroacetic acid treatment
Q; control culture; @, 10° M amobarbital cul-
ture.

De novo pyrimidine biosynthesis. In
order to evaluate the observed decrease of
incorporation of orotate with respect to
total nucleic acid pyrimidine biosynthesis,
experiments were performed using aspar-
tate-1*C as the source of labeled RNA
pyrimidines. Table 2 demonstrates that
amobarbital had no effect on the conver-
sion of aspartate to RNA cytidylate or
uridylate, implying that pyrimidines were
being synthesized normally in the presence

MANDEL, OLIVER, AND RIIS

of amobarbital. Surprisingly, however.
exogenous orotate (even at 10 times the
usual concentration) did not diminish the
conversion of aspartate to pyrimidines
either (Table 2). Although the remote pos-
sibility of separate pathways for the two
pyrimidine precursors has not been ex-
cluded for the B. cereus system, in con-
trast to that of Escherichia colt (26), the
relatively inefficient conversion of orotate
to pyrimidines probably accounts for the
inability by orotate to exert feedback in-
hibition following its anabolism or to di-
lute the de novo pathway. In any case, the
major discrepancy between these results
and those when the *C source was orotate
(Table 2) suggested that the observed drug
effect was not related to pyrimidine bio-
synthesis but to the impeded entry of
exogenous orotate into the cell, which thus
limited the otherwise unaffected conversion
to nucleic acid pyrimidines.

Penetration of orotate into cells. The
content of radioactivity in the acid-soluble
fraction of cells growing in orotate-2-14C
medium in the presence and absence of
amobarbital was examined next. Figure 7
indicates that the total radioactivity in this
fraction was sharply diminished by drug
treatment. Examination of these pool frac-
tions by paper chromatography (solvent
system (b) revealed mainly compounds of
uracil and cytosine (11) and none of oro-
tate. The relative distribution of radio-
activity among the components was un-

TaBLE 3
Conversion of orotate-*C to dihydroorotate and carbamylaspartate
Cell-free extracts of Bactllus cereus were incubated with orotate-7-44C. At 0, 40, and 80 minutes of incuba-
tion samples were removed and fractionated by paper electrophoresis. Distribution of radioactivity in three
bands corresponding to orotate, dihydroorotate, and carbamylaspartate is reported as percentage of total
recovery (about 5000 cpm in each instance). For details of incubation and assay see Methods.

Percent of radioactivity

As orotate As dihydroorotate As carbamylaspartate
Amobarbital
10 M o 40 80’ o’ 40 80’ o 40 80’
- 97.6 75.4 72.7 2.4 22.7 24 .1 0 1.9 3.2
- 97.7 76.6 65.1 2.3 21.5 30.6 0 1.9 4.3
+ 96.9 76.6 62.9 2.7 21.7 33.0 0.4 1.7 4.1
+ 97.2 75.9 62.0 2.0 22.2 25.9 0.8 1.9 12.1

Mol. Pharmacol. 3, 537-548 (1967)
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@, 10 M amobarbital culture.
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affected by growth in the presence of
amobarbital.

To further localize the effect of amo-
barbital at the step of entry of orotate
into the cell rather than during the subse-
quent reactions, experiments were carried
out using orotate-7-*C to preclude label-
ing of uracil derivatives in the cell follow-
ing decarboxylation. However, after growth
of cells with their labeled compound, most
of the radioactivity associated with the
microorganisms was not in the acid-soluble
fraction where orotate would be expected.
Instead, the radioactivity was precipitable
with trichloroacetic acid (Fig. 8) appar-
ently because *CO, liberated by decar-
boxylation immediately labeled the grow-
ing cells. Nevertheless, Fig. 8 reveals that
much less radioactivity from orotate-7-1¢C
was present in cells grown in the presence
of amobarbital than in its absence. The
addition of sodium bicarbonate to the bac-
terial suspensions to dilute any **CO, re-
leased into the medium lowered the in-
corporation of radioactivity into the acid-
insoluble fraction without appreciably
affecting that in the acid-soluble fraction.

TCA Sol.

\ B Tca sl

T
0.1

A0D5,0

Fia. 8. Effect of amobarbital on incorporation of radioactivity from orotate-7-*C into cells washed

with saline

Cultures A and B were grown in the usual procedure. Cultures C and D received 6-azauridine to
inhibit decarboxylation of orotidylate. Vertical bars represent distribution of radioactivity between
trichloroacetic acid-soluble and insoluble fractions; O, control culture; @, 10~ M amobarbital culture;
[, 0.2 X 10° M 6-azauridine culture; M, 02 X 10° M 6-azauridine plus 10* M amobarbital culture.
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However, frequent sporadic results limited
the usefulness of this procedure.

The normally extremely small orotate
pool of the cells could be enhanced by the
use of 6-azauridine, a pyrimidine analog
which prevents decarboxylation of oro-
tidylate to uridylate (27). The cells ac-
cumulated radioactivity when grown in
the presence of orotate-7-1*C plus 6-aza-
uridine, and under these conditions most
of the radioactivity was recovered in the
acid-soluble fraction. Chromatography
(solvent (c)) of extracts from washed cells
grown in this manner revealed that most
of the recovered label was associated with
orotate and orotidine. After about 20 min
of growth in the presence of azauridine,
however, cells suddenly but consistently
lost radioactivity, and thereafter the con-
tent of labeled compounds fluctuated con-
siderably. It is clear from the results of
Fig. 8, making use of the azauridine pro-
cedure, that the intracellular pool of oro-
tate compounds was greatly diminished by
amobarbital treatment. Since amobarbital
has been shown not to affect conversion of
orotate to orotidylate or to uridylate (see
Fig. 5) it can be concluded that amobarbi-
tal must have impeded specifically the
step(s) of penetration of orotate from the
medium into the acid-soluble fraction of
the cell.

DISCUSSION

Microbial systems may serve a useful
role in the development of model systems
for the study of pharmacological action of
nonchemotherapeutic agents. Recent stud-
ies by Simon and Van Praag (28) have
shown that high concentrations of the nar-
cotic analgesic, levorphanol, depress the
synthesis of RNA in Escherichia coli cul-
tures. Goldstein (29) has found in this
bacterial system that inhibition of p-ala-
nine oxidase by barbital is followed by de-
repression of this enzyme, and has sug-
gested the use of the microorganism as a
model for studying addiction, or upon
washout of barbital, withdrawal.

The present observation of a specific
effect of amobarbital on the incorporation
of orotate into nucleic acids of growing
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bacterial cells was considered of interest
for several reasons. The coincidence of a
pyrimidine drug, amobarbital, affecting the
metabolism of an intermediate in pyrimi-
dine biosynthesis, orotate, suggested a po-
tential antimetabolic role of the barbiturate
which might provide basic information on
its biochemical actions. It is also known
that another pyrimidine derivative, 6-aza-
uracil, as a ribomononucleotide, interferes
with the synthesis of pyrimidines from oro-
tate (27, 30), and produces central nervous
system depression in various species (31).
The concentration of amobarbital required
to elicit the response on orotate uptake in
B. cereus (Fig. 2) is close to that in brain
during anesthesia (0.5 mmM) (32). There is
little information as to a possible role of
orotate in brain pyrimidine biosynthesis,
but it is doubtful whether this highly ion-
ized molecule (pK, =2.4) can pass the
blood brain barrier. When injected intra-
cisternally or intraventricularly into rats
or cats, however, it effectively serves as a
precursor for brain pyrimidines (30, 33).
Our present study was undertaken to
localize the observed drug effect at a bio-
chemical level. From the evidence pre-
sented, it appears that the drug does not
affect pyrimidine biosynthesis as such. The
possible interference of amobarbital with
dihydroorotic dehydrogenase, a NAD-
linked flavoprotein system sensitive to high
concentrations of barbituric acid (23), was
specifically excluded. Furthermore, these
authors had found no sensitivity to bar-
bital in this system. The lack of growth
inhibition by amobarbital, the normal in-
corporation of uracil into nucleic acids by
a microorganism that has no pyrimidine
requirements, the unaltered conversion of
aspartate to RNA polynucleotides, and the
lack of sensitivity to amobarbital of the
various intermediary reactions indicate
that the drug must act at an earlier stage
in the incorporation of orotate. Indeed, the
cells’ uptake of orotate-2-1*C was found to
be inhibited by amobarbital (Fig. 7) al-
though none of the radioactivity in the
acid-soluble pool fraction was present as
orotate. The usual experiments to measure
cell penetration of a compound were not
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applicable because of the insignificant pool
of orotate per se. The use of orotate-7-*C
in combination with 6-azauridine to block
orotidylate decarboxylase (27) confirmed
that the amobarbital effect was localized
at the step of entry of orotate from the
medium into the cell.

It is quite possible that the penetration
of orotate into the cell is mediated by a
permease system associated with the bac-
terial membrane (34). Such a permease
system has stereospecificity, and compounds
with closely related configurations as, for
instance, amobarbital, may compete for
the carrier system. Such a permease sys-
tem would be constitutive rather than
inducible since the incorporation of radio-
activity from *C-orotate begins immedi-
ately and quantitatively is directly related
to the cell mass.

The onset of the amobarbital effect is
immediate, and the response does not in-
crease with time. Thus, it is unlikely that
any metabolite of amobarbital has been
produced by the bacteria which is respon-
sible for the observed drug effect. How-
ever, some catabolism of barbituric acid
and barbital may take place in bacterial
cultures (35-37).

The change in pH of the medium (Table
1) produces several effects which cannot
be evaluated clearly. Because of the low
pK, of orotate, less than 1% of that com-
pound would be present as the undisso-
ciated form even at pH 5. Amobarbital,
however, with a pK, of 7.9, would become
appreciably more ionized as the pH of the
medium approached 8, and the reduced
utilization of orotate incorporation suggests
that it is only the undissociated form of
amobarbital which is active. However,
growth of cells at pH 8 may also alter
other biochemical functions of the micro-
organisms, as demonstrated by the de-
creased incorporation of orotate.

The partial reversal of the drug effect
by increasing concentrations of orotate re-
veals a competitive relationship between
the reactants. As has been mentioned, this
interaction is more complicated, however.
Although the various methods of kinetic
analysis were designed for a pure enzyme
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system, their extension for the present pur-
pose would be reasonable if amobarbital
inhibits only at one step which then be-
comes rate-limiting. Unfortunately, the use
of whole cells, as well as the multistep re-
action sequence measured do not fulfill this
rigid requirement.

It appears, therefore, that amobarbital
specifically antagonizes the process which
allows orotate to enter the cell. The struc-
tural resemblance between the two pyrimi-
dines probably accounts for this antago-
nism, and will be the subject of the next
report.
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