
Interference of Barbiturates with Pyrimidine Incorporation

537
.lIol. P/iarmacol. 3, 537-548 (1967)

I. Amobarbital Inhibition of Orotate Uptake into Bacillus cereus

H. GEORGE MANDEL, HEDWIG M. OLIVER,’ AND MARGIT Rims

Dpartmeiit of Pharmacology, 7/ic George Washington University Sc/tool of .)!ethcine,

Washington, D. C. 20005

(Received Jimnc 9, 1967)

SUM MARY

Amobarbital, 10� M, inhibited the conversion of orotate-2-’4C into RNA pylmnlidimles

of exponentially growimig Bacillus cereus. Tile drug produced no effect on time growth rate

or oxygen uptake of time cells. Furthermore, the incorporation of adenine or uracil into
polynucleotides, of ammiino acids into protein, and of diaminopimelate into cell wall was

unaltered by amobambital.

The effect on omotate imicorporatuon was detectable at I 0� M amobambital, umlcreased

with higher concentrations of the barbiturate, amid d!ecmeased as time comleentration of oro-
tate in the medium was raised.

Studies to localize the effect elimllinated the commversiomm to i)NA, the interconversiomm of

RNA pyrimidines, tile c!ecarboxylation of orotate, the de nova biosynthesis of pvnimi-

dines, and the flavin-mediated imitercomiversion of orotate ammd 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. Time otimerwise unaffected
conversion of this pyrimidine precursor into nucleic acid pyrimnidines was therefore limll-

ited. This aflioi)arbital-orot.ate effect had! ProPerties of conmpetitive imlimibition.

INTRODUCTION

Previoums investigations on time 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 ilelped 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 mmiechanisms of
action of other drugs prompted the appli-
cation of some of these techniques to the
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stud!v of tile cellular effects Ploducec! by

mloml-gmowth inhibitory agents. Althouglm

drug-induced effects in mllicroorganisms

need not reveal the mechanismn of the ef-

fects iii mammalian systems, they may

contribute to tile unclenstammding of signifi-

cant and universal featumres of the intem-
action of the drug witim biological tissue.

The present studhes were undertaken

when it was observed that amobarbital at
non-growth inhibitory concentrations pro-

duced a selective effect on the conversion

of time l)Ymirnidine precursor, orotic acid,
imito pol�numeleotides of Bacillus cereus (2).

Simlce aniobarbital, like orotic acid, is a

pyninlidine derivative, time possibility of

some antimetabolic action was explored.

METHODS

I3aeterial qrowth (111(1 5(1 inplmng. Cultumes

of Bacillus cereus 56911 were incubated in



538 MANDEL, OLIVER, AND RIIS

Mol. P/i(lilliO(Ol. 3, 537-548 (1967)

a gyratomy simakem at 37 in a Ilmed!iufll comm-

sisting of 0.026 �r l)otassuumml pilospilate,

2 X 10� M mmiagilesiuni sulfate, 3 X 10’ �t

nianganese sumlfatc, 13 X 10� �t femrous

ammmnioniuni sulfate, aml(l 10 g of casamilino
acids icr liter, pH 7.0. Sumpplcmnentation of
the llledil.mmml �vitim 1)yrimidines, such as

uimacil or orotate, exerted no effect on

growth. Growtil was niolmitone(1 tumbicli-

metrically at 540 mj.t usimig a Bausch amid
Lomb Spectromlic 20 om Becknian DU spec-
tiopimotonletem. Anloba mbita 1 and radio-

isotol)es dissolved in water or 0.5% sodnmmll
carbonate solutiomi were add!c(1 during the

logarithmic phase of growth, usually at a
tumbidimetnic reading (0D.11) of 0.2, cor-

responding to 0.2 mug d!ry weigimt icr milli-

liter of bacterial sumspemlsion. These sup-

plemmlentatiomls had imo effect on the l)H of
time bacterial medmumni. For most radlioactive

compounds 0.01-0.1 1�C was addled per

lilillihitelof mmmediumn, bmmt labeled! aillillo

acids usimallv requmired! up to 1 1tC l)er
imiulhmliter of mediunl because of the d!ilutimlg

effect of time amino acids in the growth

lmiediumlml. Iptake of radiomsotopes into cells

was nmeasumred liv mimemlibramle (B-6 Bac-T-

Flex, Sclileicimer and Schuell Co., Keene,

�ew Hanipsiume) filtration of aliquots re-

moved from time bacterial (lmltures at fre-

quent intervals, and countimmg time madliO-

a(tivity of time filtered (ehls after washing

with salimle. Corrcspondimmg aliquots were

Ple(iI)itated at. 100111 temllpelatumle in 5%

tni(l mlomoacetic acid to (letermmiimle time madio-
activity in time acid-mnsolumble fraction of
cells. Time difleremmee umm lad!ioaetivitv be-

tween saiummc an(! tmiclmlomoacetic acid!-

tmeate(1 dells represented! time a(i( 1-soluble

fraction. Similarly, ahiquots weme treated
witim 1 M KOH ovemmmiglmt to (Iegmad!e RNA

\VitiiOlmt (!eeomnposing i)\A, followed by

filtration (3).
Iii these stumdies eompamisomls ame miiade

on a tunl)id!imiietnic (M)I)) matimer tlman time

basis to allow more camefully for minor

(iiffemences in initial cell mass amomig cul-

tunes. Time mnicroomgammismiis grew’ at iden-
tical mates in time presence ant! absence of

am mmoba nbita 1. Previous cxi cii mmmcmmt s with

v;uioums cimeinot hIeIaI)eUtid agcmmts I 4-6)

have (l(mmlOflstlatctl l (11)-c m(Iatjolmshij) he-

twccn tummi)uc!ity amid cell mints of i)acterial

cumltum’es evcm� umider con(hmt ions of growth

immimibitioml.

Oxygen uptake studies. Oxygen uptake

WIIS measured 1)v the stamldard \Varbumg
technique at 37#{176} (7). Cell cumltures of

kmlown i)actcnial tuibidit V WCIC incubated

in \VamI)urg vessels, and at the end of the
imlcubation time turbidity was again meas-

uned! to assume agreenlemit with that of a
parallel eumitume giown in a gyratomy
shakem.

Cli 10 lii (I tOf/rap/l y . Descending chrorna -

tograplmy 011 Wilatmaml Xo. 3 MM PaieI

includled timese solvent systems:

(a) 170 mimi isopropanol, 44 miii concen-

trated HCI an(! watem to 250 miii adaptec!

from (8))
(b) 1 �t-amniommium acetate pH 7.5-

ethanol, 3:7 (9)

isoinmtammol-ethmammol-glacmalaeetic acid-

H�O, 50:15:5:30

(d) isoi)rOl)a11Ol-H�O, 70: 30, witim cone.

aimmimmonia iml tailk ( 10)

I e) n-butanol-I1�O, 86: 14
Isolation (111(1 (1SS(i lJ5 Of a (((l(C dL(idl

p�jiiniulines. Logamitimmicahly growing cells

received omie of time following radioactive

supplemiiemits: aspamtate-4-’’C, 0.04 p.C/nil

mnedmumni ; asl)amtate-3- i(’, 0.5 p.( ‘/1111 me-

diuni; or onotate-2-14C, 0.6 nlC/mllMole,

0.008 p.C mmml nmedium. Time cumltumnes were
sui)divided, ammmobambmtal �yas added to one
for a final concentration of 10 M, time

otimem serving as control. Wlmemm time turbui-

ity ha(! appmoXilllately doubled!, time cul-

tummes were harvested by ilmixing with tn-
ciiioloa(etic aci(! ( fimial dommecIltration 5%
centrifuging, and hydmolyzing time cell re-

sidume imi I x HC1 at 1000 for 1 hr. Time

elumate was chromilatographed in solvent (a)

anc! specific activities of pyninludine flu-

cleotides weme calculated fromn climect

counts oim paper and, after elutmon, ai)sorb-

amice values at the wavelength of imiaximmial

absorptioml (ii). More than 99% of the

radioactivity in time tmieimlomoacet.ic acid!-

precipitated 1esi(lue fmommm cells growmi in the

presemmce of onotate-2-1C ivas extractable
with hot acid. After clmmommiatograpimy al-

nmost all time (olmlits were recovered in tue
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areas commes�)ondhimmg to uni(lyhate an! cyti-

dylate.

Preparation of bacterial (.mtract. Butc-

terial cells were centnifugec! at 12,000 q for
10 nlin and resuspended in 0.01 M Tris huf-

fer pH 7.8 containimlg 0.014 �i rnagmlesiumli
acetate aml(1 0.06 �I l)otassuumli chloric!e. The

suspension was timemi sonicated in a MSE
Vlodel 60 W um!trasomlic c!isimitegrator for 5

nun at 0#{176},followed by centnifumgat.ion for

10 miiinutes at 12,000 g.
Decarboxylation of orotate-7-”C. Incu-

bations weme carried out imi 25-mill Erlen-

meyer flasks eachl contaimiing a small test

tube sumspendecl over time incubate l)y meam�s

of a wire coil inserted tlmrougim time stopper.

Time incubation mixture, all in 1 ml, con-
taimled (in micromiloles) :MgCl,, 2; Tris-

HC1, 1)11 7.0 or 8.6, 200; l)iiosphmoribosyl-

�yro�ilmos�iiiate, 0.46; amobarbital, 1, or
saline; orotate-7-1’C, 0.006 (0.005 p.C);
and cell-free extract equivalemmt to 20 jig

proteimi, as detemnmimled by time mnetimoc! of

Lowiy et al (12) . Time test tumh)e contaimied

0.5 in! of hvammne to trap CO2 (13). Incu-
bations winch were (ammie(! out at 37#{176}and

in triplicate weme started upon additiomi of

orotate-14C amid were ternmmmmatcd at appro-

i)miate intervals liv the ac!dutioml of 0.5 ml
of 2 N HC1O. The flask was shaken fom

ammother hour to complete tile absonptiomi of
CO2 by time hmyaniine, whmichm was timen

transferred immto a scintuhlatiomi vial con-
taining 10 ml of a solutioml of 3 g of PPO
(2,5-diphienyloxazole) and 100 ing of di-

nietimyl POP()P [1 ,4-bis-2- (4 mmmethvl-5-

phmenyioxazoiyl) bemlzene} per liter of tolum-
ene. A Nuclear-Cimicago sci imtihlation

speetnomiletel was used for coumnting.

Conversion of orotate to thhydroorotate
and corba in ylaspa ito fe Time incubatiomi

muixtune, all in 0.6 miii, comltaimied (in

jimoles) MgCl2. 1; potassiuni j)imosphate
buffer, 1)11 7.2, 50; L-cysteine, 5; NADH,

0.18; orotate-7-’C, 0.04 (0.03 pC); anmo-
buimbital, 0.60, om sahimie; and cell-free cx-

tract equmivalemit to 400 jig P1Oteiml. After

incubatiomm at 37#{176},0.1 -mmml sammiples were

memmioved at 0, 40, and 80 mimiumtes, spotted

on Whiatnian No. 3 MM papei strips to-

gether witIm 0.2 mug each of onotate, dihmy-

d moorot ate. a 11(1 carl amv Ia �i a it at �. ‘Ii me

stii1) was sumh)�ccted to clcctmol)hmonesis (9)

for 4 him at 1000 V ( 20 V/cmii) in 0.5 rsi

fonmnatc buffer pFI 2.75 and air Inied ; a
madioautogramn �s’as macic. All the ra(!uo-

activity was concentrated in three distinct
am.eas wiiichm wei.e identified! as timose of

onotate (total mmiobility 33-35 cam) , (lilly-

droorotate (23-25 ciu) , and cambanmvl-

aspartate (14.5 emu) . Onotate was located

i)y ultraviolet absoml)tion ; diiiychmoorotatc

aftem s�)raying with 1 �i KOH followed in

30 mimi by a 10% solumtion of dimmiethyl-
almmimiobenzal(lehS’d!e imi cone. THICI-acetonc.
(1 :4 v/v) (14) ; alm(l carbIlliiVlasj)antat(

1)�’ time d!imnetiiylamllinobemlzahc!ehyde spray

without l)miOl’ alkali tieatnient. 1)itmibu-

tion of radioactivity was calculated fiommi

total counts of appno�)riate areas of the

pa��er using a gas-flow coumiter.
Synthesis of diii ?Jdroorot Ic a cal-?-’’ C.

Orotic acid-2-14C (0.5 mug, 2.1 p.C) in 5 mmml
of 0.001 N HCI i)lums 12.7 11mg 5% mhmothunm
on alummuina catalyst (K & K Labomatonies.

Plainview, New York) was hmydmogemmate 1
at room teimmperatuie ant! atinosphiemic �mits-

sure for 2 hr (15) . Ahiqumots weme rcmmmove I

at imiteivals to imionitom time decmcase imm

ultraviolet higimt absorption at 280 mimp.. lime

convensiomi was (luahititative, as mn(hi(atc(1

by time loss of ahsoniiammce, amid! di imydro-

omotic acid-’ ‘C � Oh)tamncd after cemm-
tnifugat ion to menmove time catalyst. Paper

chnomnatognapimy in solvemmt systemn I a 1 ic-

yea led a simig!e radioactive band it J?�

0.66 chiuti�icteiistic of this compound.

�Sources of Ciieifli(alS. A(lehluiic-8-’ (

d!iammmilmopimiielic aci(!-2- ‘( ‘, orot id inn 1-2-

‘‘C frommi Cal biocimemim Co., Los Angeles,

California ; DL-aspamtmc acud-4-’ ‘C frommi
Tracerlab. Wait imani, \ I assaclmusct t

lysine-[-1 ‘C aimt! giycine-2-’ ‘C fiotmi Volk

Radiochmemmcal Co., Skokie, Illimmois ; mimet lii-

onine-’S fnomii Scimwamz BioReseatcim 1mm-
stut ate, ( )rangc’hung, New Vomk ; DL-pimcmivl-

alanimme-3-’ ‘C, DL-aspart ic acud-3- ‘( . amid

uracil-2-’ ‘C frommi Isotopes S� iccialtics

Bumhank, (‘au fonmiia o1Oti( a(i, 1-6-’

fmomn Rcscam�lm pecualtics (io., Iliclmimmomid,

(ahifomnia ; omotic acid-7-’ ‘C fmomii New

F�nglammd Nuclear Corp., Bostomi, Massa-
eiiusctts almiOb)amhital frommm Eli Lilly Co.,
Tml(himtlm:11)Olis. 111(liamii mind 6-azaimmidimie
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from I)r. Harry B. Wood, Dmumg Develop-

ment Branch, Cancer Chemotherapy Na-

tional Service Center, Betimesda, Mam’yiand!.

RESULTS

Selective effect of amobarbital on orotate

utilization. Amobarbital, i0� �r, lmacl no

effect on growth of exponential cultures of
Bacillus cereus, and bacteria! moi’pimology

was unchanged. As shown in Fig. 1, under

0

0

b

C-

��CIL_t�TATE

�OD4,

Fic. 1. Effect of iO’r�i aniobarbital on bio-

chemical actions of Bacillus cercus

Cells were grown in the presence and absence
of drug, and comparisons were muade for similar

increases in bacterial turbidity. Oxygen uptake
was measured as described in Methods. Other

compoumnds labeled with ‘�C were allowed to in-

corporate into cells which were then treated with
trichloroacetic acid, filtered, and radioassayed, as
described.

these conditions mnost biochemical effects

measured were unaltered. For examuple, in-

corporation of adenine-8-’4C into numcleic
acid purines, of L-lysine-U-14C immto pro-

teins (16) and of diaminopimelate-2-’4C
into cell wall (16) were normimal (all comu-

panisons made for similar tuihidmmctnic
increases) . Simiiilarly, ineorpomat ion of

methionine-32S, DL-pimcmiylalamiimle-3-14 C or
glycine-2-’4C pnocee(lcdl umiimpeded in the

presence of time d!nug. No effect on oxygen
consumption by the cells could be demon-

strated. The formation of nucleic acid
pyrimidines from unacil-2-14C as the pre-

cursor was unaffected. On the other hand,
with orotate-2-’4C or -6-’4C, amobarbital

produced a i)m’Omiounced selective inhibitory
action on incorporation of radioactivity

into time cells. As with uracil, almost afl the

pyrimmiucline skeleton of the orotate taken
up by cells was recovered iii the pyrimidine

nucleotid!es of miumc!eic acids. The effect of

aniobambital was imnmmicc!iate an(! the degree

of inimibition renmained! comistant thm’oughout

the expem’imiiemits. Simmiilam’ly, tue incorpora-

tiomi of radioactivity from omotate pm’o-

ceeded! witlmoumt c!elay and its magnitud!e

was dlirectlv m’elated to the increase in cell

mass. rFiie drug effect was reversible, and

upomi subemmltumme ill the absence of amo-
bam’bital the cells immImned!iately began to

mmicorpom’ate omotate in a mannem’ similar to
timat in commtrol cells.

Concentration interrelationships of the
arncmba ib ital-orota te effect. Concentra-

tions of aimiobarbital of 10’ M inhibited the

uptake of orotate (Fig. 2), and a charac-

teristic (!ose-mesponse cumrve was obtaine!

up to the limit of solubility of aniobarbital

at about 4 X 10� when growth was slightly
inhibited. Comivcmsely, at a fixed! concen-

tration of amnobarbital, the concentration

of orotate also influenced the degree to

which aniobambit al depressed time imicorpo-

mation of the pmecumrsor imito nucleic acid

pyrimmdines. As the concentration of oro-
tate was immcreasec!, amiiobarbutal exerted
less of an mnimibitomy effect (Fig. 3).

When these data mime replottec! by the

method of Hunter and Downs (17) a

straight line results, indicative of competi-

tive inhibitiomi (Fig. 4). From this amid
four similar expenimmients, the K1 for amo-

barbital is 0.24 ± 0.03 X 10�, while the
K,,, is calculatec! as 0.043 ± 0.008 X 10’ M.

The intem’relationship between orotate and
amobarbital is mimore complex, howevem’,
especially wiiemi values for lower concen-

trations of anioi)am’bmtal am’e considered.
Althoumghm i’esults plotted! by tue method of
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FIG. 2. Effect of concentration of am obarbm tat

on incorporation of radiocarbon from orot ate-

2-’4C into trichloroacetic acid-trea ted cells (it uc!eir

acids)

Amobarbital, 0, 0; A 10 ‘sr; �, 3 x 10
#{149},10’ iii Concentration of 2-”C-orotale, 13 x

iO-6M.

Dixon (18) for 10� M aniobarbital also

suggest competitive inhibition, values at

lower amobarbital concentm’ations make
such a conclusion uncertain. Examination

of data by tue method of Lineweaver amid
Burk (19) m’eveais that at iiigher coneen-

0 20 00 200

[‘4C-OROTATE] x106

FIG. 3. Effect of concentration of orotate-2-’4C

on incorporation of radiocarbon into cell nucleic
acids in the presence (�) and absence (0) of

1O� M amobarbital

Bottom, incorporation values; top, ratio of in-
corporation in the two cultures.

200

[14C_OROTATE] � I0�

Fmc. 4. Plot of orotate incorporation data from

Fig. 3 by the method of hunter and Downs (17)

a v/v, wimere v and v, represent counts per
minute incorporated into comitrol and a.mobarbital

cultures, respectively, and i is concentration of

amobarhi t al

trations of orotate tue double reciprocal
relationship of orotate and m’adioactivity

incorporated is no longer linear.

Ainobarbital effect on orotate incorpo-

ration at various pH values. Increasimig tue

1)11 of the bacterial mediumim fronm 7 to 8
produmeed a 40% decrease in incorporation

of orotate, whereas lowem’ing the pH to S
pnodumced little if any i’e!umction of time in-

corporation. Amobarbital potently inhib-

ited incorpomation of orotate at all the pH
values tested, although the effect at pH 8

was slightly diminished (Table 1).

Localization of the Ainobarbital Effect

Possibility of co inplex format ion be-

tween amobarbital and orotate. Time un-

likely possibility of a direct chiemical
interaction between anmobarbital and oro-
tate-1’C leadimig to a diminished supply of

onotate-’ ‘C fom’ mncom’poratiomi was tested by
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TABLE 1

Effect of pH on amobarbital-induced inhibition

of orotale-2-14C incorporation

Cultures of Bacillus cereus were growmm in media of

different p11 containing orotate-2-’40 (13 X 10-6 31)

for similar increases in bacterial turbidity in the
presence and absence of 10� 31 amobarbital. Control

iiicorporat ion approximately 50(X) cpm/2 ml of

bacterial suspelision.

p11

1telative
iiicorporat 11)11

.�mol marl)

itI(o11)o1’atiol

ii al-

i %
indi,ced

of control

LX1)t . I LX1)t . 2

5

6

7

S

11)2

104

(100)

52; 71

-�
29

21
43

3!
-.

24
44

two pmoce( Iuime�. (a) (‘hmmonmatograimms ( sol-

�cmit systemmis (a) , �d) and (e) ) of bacterial
mimediumii containing orotate-’ ‘C lmad identi-

(Iii distril)utiomi of maduocarbon in time pmes-
ence om’ absence of amiiobam’bital. (b) The

pam’tition m’mitio of amimobam’bital imm mimi n-

bumtyl cimlom’ide-pH 8.5 Tnis buffer systemn

was unaltered by time pmesence of om’otate,

even when oi’otate was pi’esemit at twice the

molar concentration of anioharbital.

Incorporation into DNA. Imi this and all

subsequent. expem’imemmts time concentration

of orotate-’’C was 13 X 10� M unless

otherwise specified. Foi lowing gmowtim of

B. (‘ereus in the pmestiice of orotat,e-’’C,

less thami 10% of the radioactivity in time

cell fraction insoluble in cold! tnichloroace-

tic acid resisted solubilization by KOH.

This m’esidumal fm’action has been comicluded

to contain all the DNA (3) . Ammiobarbital

l’e(!umce(l the incorporation of m’adiocarbon

into the K(i)H-insolumbhe fractiomi to the
sammie extemit as that imito time acid-insoluble

fm’action. Tue magnitumde of the amilobarbi-

tmil effect observed! imm time acid!-wasimed cells
as well as the lack of a pam’ticumlar effect on

time alkali-treated! cells m’uilcdoumt any spe-

cific drug effect. on incorporation into

1 )NA.
]borinatioii of R.\A p,Jiiln idiflcS. Time

total commversion of exogenous orotate-1’C

immto the p��miniid!ine mnmclcotudes of RNA
was miieasumm’ed by calculating their specific

activities (Table 2) . Alt hmoumgil time activity

valumes were shmamplv diminished! when cells

��ere growim to time same fiuial tumm’bidity in

time pmesemmte of 10 �‘S1 amuoi)am’l)ital, the

svntimeses of RNA cytidylate aimd urudylate

fiomn orotate-’ ‘C � (lccm’eased! hr�’ simiiilam’

extents, imidicating timat. both pathmways
were (leplcsse(! equui lly. Frommi time mmmoiam

activities of time isolated cvtid!vlate and

the orot ate-’ ‘C used fom labeling (141 cpmmm
pci’ mmm,mole( , amid time mehative gm’owtim of

dells before mimic! aftei’ time add!ition of the

isotope, it is calculated that only about

1 5� of pymmimmitlimits svntimesizec! were die-

TABLE 2

Effect 0 amobarbita! on pyrimidine biosynthesis front different !abe!ed precursors

lick t ive IU( )lmt1 a (1 ivit ics of I)Vrimi(li flC ribomononi ,ileot ides fj.� � II NA a ft �r growing Ba(�il1idS cereus

W itli iij)J)rOpIiml te st �pJ)lemc11 Is. �or detmti Is see \ lethods.

‘C-Pvrin,idi,,es isolated.

1�xpt .

�‘\o.

.�n,ohar1t,tal
1 IL3 51

( )rotate

1 .3 X 1()�
It NA rvt Riviate

((.1)I),/z,,�ruoJe )

r(lmltive :I(tiViti�S

�--___________________________________________
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i’ived froimi exogemmous om’otate. Simice ulmi(lummc

5’-phosphate (UMP) is believed to be the

miiajor ifltemHled!iat.e in the conversiomi of

orotate to time two RNA pynimmdim�cs, the

block by amobambital, therefore, must have

preceded the fom’mation of that iimter-
mediate.

Forrn,ation of U.31P front orotate. The
conversion of orotate-2-14C to UMP was cx-

amined in a cell-fm’ee systeni of B. cereus
in which U?sIP and its catal)ohite, uI’id!ine,

were isolated by chromatography, usimig

solvent system (b) . Although almiol)arbital

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 amiiobarbital effect,

as has been showmi in Fig. 3.
In more critical exi)eninients, thmei’efore,

orotate-7-14C was incubated! with cell-free

extract in the �reseiice or absence of 10� M

amoharbital, anc! c!ecarboxylatiomi was
measured by trapping and! counting ‘‘Cft.

It is evident fromim Fig. 5 that amobarbital

producec! mio inhiil)ition of time mate of de-
earboxylation, whethmen measured at l)H

8.6, where the reaction was optimal, or at

7.0, at wimich the cells were nonmiiahly grown.
Possible interconversion of orota te am!

dihydroorot ate. Giuditta and Strecker (20)

Imave demonst mated thmat amoi.)anbital ant!

other barbiturates are capable of ininh)it -

ing braimi NADH d!elmydrogeliase ammd timat

this iniiibition is competitive with NADH

(21). Time sensitivity of flavopm’otein en-

zymes to barbiturates (22) amidl time me-

ported inhibition by barbitunic acid of

(lihydroorotic dehyc!m’ogemiase (23, 24), amm-

otiier flavoprotein, suggested tlmat the lat-

ten enzyme might be involvedl imi the up-

take of exogenous orotate into cells for the
subsequent metabolism into cellular pym’imi-

dines. Time reduction of orotate to dihiydm’o-

orotate is a reversible reaction which has

been d!efliOnstrated in aem’obic bactem’ia (25),
and the convem’sion appears essemitial when
growth of cells is based on omotate as the

carbon soumnce (24). Even thoumgh there is

no evidence thmat this reversible reaction is

involved in biosynthesis f rom exogenous

orotate, it was necessam’y to rule out the

j)ossil)ihity that. amnObanb)utai Pm1m’titthlY

blocked tue NADH-mediated m’ec!uction to

dihiydroom’otate, amid that less dihydrooro-
tate was therefore available for direct comm-

version to nucleic acid pynmmic!ines. Since
carbamylaspartate does miot serve as a

pyrimidine precumrson of growing B. ceren�s

cells (11) two types of studies were carried
oumt: (a) the mate of convem’sion of orotate
to t lihvd!noomot ate and carbamvlaspart ate

a-
C,

MINUTES

FIG. 5. Eqeet of amnoharbital on in mitro Ic-

carboxylation of orolate-7-”G

See Methods for details; 0� control itmcuhat ion
mixture ; #{149},10� si a,,,o1)arI)1tal-sup�)len1ented in-

cubation nhixtur(.

by cell-free extracts was muensured ammd

found to be unaffected by the iresence of
10’ �i amobarbital (Table 3); (b) dihmydmo-

orotate-2-14C was synthesized and its in-
corporation into cells was measured. As

shown imi Fig. 6, the inhibitory effect of

amobarbital on time incorporation of dihy-
droorotate was similar to that of orotate.

It was concluded, thei’efome, that the amiio-

barbital-induced imihibition of the conver-

sion of orotate to nucleic acid pyrimimidines

was not locahizedi at time dihydroorotic de-

hiyc!rogenase step.
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Fic. 6. Effect of amobarbital on incorporation

of radioactivity from dihydroorotate-2-”C into

cells, followed by trichloroacetic acid treatment

Q; control cimlture; #{149},10’ M amobarhital ciii-
ture.
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De novo pyrimidine biosynthesis. In

order to evaluate the observed decrease of

incorporation of orotate with respect to
total nucleic acid pyrimimidine biosynthesis,

experimiments were performmied using aspar-

tate-14C as the source of labeled RNA
pyrimiiidines. Table 2 demonstrates that

amobarbital had no effect on the conver-
sion of aspartate to RNA cytidylate or

uridylate, implying that pyrimidines were

heimmg syntimesi zed nom’mally in the presence

of amobarbital. Surpm’isimi gly , 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

pym’imidinc precursors hmas not been cx-

eluded for time B. cereus system, in con-

trast to that of Escherichia coli (26) , the
relatively inefficient conversion of orotate

to J)yrimnidines probably accounts for the
imiability by orotate to exert feedback in-

imibition following its anabohism or to di-
lute the de novo pathmway. In any case, the

major discrepancy between these results

and those when time 1’C soimnce was orotate

(Table 2) suggested that time observed dm’ug

effect was not related! to pym’imidine bio-

synthesis but to time immmpeded entry of
exogenous orotate into time cell, which thus

limited time otherwise unaffected conversion

to nucleic acid pyrimimidimmes.

Penetration of orotate into cells. The
commtent of radioactivity in the acid-soluble

fraction of cells glowing in orotate-2-14C

medium iii time presence and absence of

amobarbitai was examined next. Figure 7
indicates that time total radioactivity in this

fraction was sharply dimmminisimed by drug

treatment. Exammmination of these pool fm’ac-

tions by paper chmroniatography (solvent

systeni (b) revealed mmmaimmly compounds of

unacil and cytosimie (11) amid nomme of oro-
tate. Time relative distm’ibution of radio-

activity anmong the coimipommemits was un-

TABLE 3

Conversion of orotate-’4C to dihydroorotale and earbamylaspartate

Cell-free ext racts of Bacillus cereus were incubated with orotate-7-’4C. At 0, 40, and 80 nminutes of inci,ba-
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 carbanmylaspartate

Amobarbit al

103 �m 0’ 40’ 80’ 0’ 40’ 50’ 0’ 40’ 80’

- 97.6 75.4 72.7 2.4 22.7 24.1 0 1.9 3.2
- #{182}17.7 76.6 (15.1 2.3 21 .5 30.6 0 1 .9 4.3

+ #{182}16.9 76.6 (12.9 2.7 21.7 33%) 0.4 1.7 4.1

+ #{182}17.2 75,9 62.(( 2.0 22.2 25.9 0.5 1.9 12.1
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a-
C-)

FIG. 7. Effect of amnobarbital on incorporation

of radioactivity from orotate-2-”C into acid-

soluble pool fraction of cells

Each value represents time difference between

radioactivity in cell samples washed with saline
and with tricimloroacetic acid. 0, control culture;
S 10-’ M amobarbital culture.

C-
C)

affected by growth in time presence of

anmobarbital.

To further localize time effect of anmo-
barbital at the step of entry of orotate

into the cell rather than during the subse-
quent reactions, experiments were carried

out using orotate-7-14C to preclude label-

ing of uracil derivatives in the cell follow-

ing decarboxylation. However, after growth

of cells with their labeled compound, most

of time radioactivity associated with the
microorganisms was not in time acid-soluble
fraction where orotate would be expected.
Instead, thme radioactivity was precipitable

withm tricimloroacetic acid (Fig. 8) appar-

ently because 14Co. liberated by decar-

boxylation immediately labeled the grow-

ing cells. Nevertheless, Fig. 8 reveals tiiat

much less radioactivity fromn orotate-7-’ ‘C
was presemmt in cells grown in the presence
of amobambital than in its absence. The

addition of sodium bicarbonate to time bac-

teiial suspensiomms to dilute any �4CO3 re-
leased into the mnedium lowered time in-

corporation of radioactivity into the acid-

insoluble fraction without appm’eciably

affecting that iii the acid-soluble fraction.

FIG. 8. Effect of amobarbital on incorporation of radioactivity from orotate-7-’4C 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

tricimloroacetic acid-soluble and insoluble fractions; 0 control culture; #{149},10� M amobarbital culture;

�, 0.2 x 10� M 6-azauridine culture; N, 0.2 X 10� as 6-azauridine plus 10� M amobarbital culture.
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I”IOW(\el, fme(luent. 5J)Omat!ic results himmmited

time usefulness of thus pl’occd!umme.

Time normimally extrenme!y smimall orotate

l)001 of the cells couli! be emihmance(l by the
use of 6-azaumid!ilme, a pyrimimi(!imle almalog
whmicim l)le\elits (!ecarboxylation of oro-

ti(lVlate to uni(!vlate (27) . Time cells ac-

cumimulatedi ra(!ioactivity when grown in

time presence of orotate-7-’4C plus 6-aza-

uridimme, and! under timese cond!itions mimost

of time rad!ioactivity was recoveredi in time

a cic!-soluble fiact ion . Cimmommmatognaphy

(solvent (c) ) of extracts fm’ommmwashed! cells

grown iii this manner revealed that most

of time m’ecovene(! label was associated with

om’otate and! orotidine. After about 20 mm

of growthm imi time presence of azaumid!ine,

however, cells sud!denly but consistently

lost radioactivity, amid! timem’eafter time con-

tent of labeled! commmpounds fluctuated! con-

sic!erably. It is clear frommi time mesults of

Fig. 8, mnakimmg use of time azaunidline pro-

cedumre, timat. the intracellular pool of oro-

tate commipounds was greatly c!iimminished by

amoham’bital treatment. Since ammmobarbit.al
imas been shown not to affect conversion of

om’otat.e to orotid!ylate or to unidylate (see

Fig. 5) it cami be commcllmd!ed that ammioharbi-

tal mmmust have imped!edl specifically time

step (s) of penetration of orotate from the

mmmediumm iiito time acid!-SOlUi)le fraction of

time ((II.

DISCUSSION

Microbial systenms niay serve a useful
role in time d!evelopmmment of model systems

for time study of phmarmimacological action of
mmolmchemothmem’apcutic agents. Recent stud-

1(5 by Siimmomm and Vaim Pmaag (28) imave

simowmm that high concentrations of time nar-

cotic analgesic, levoiphianol, (lepress time

svnt.imesis of RNA in Escherichia coil cul-

tunes. Gold!stein (29) has found in this
bacterial system that. iuihibition of D-ala-

miimie oxid!ase by barbital is followed by de-

repm’ession of this cnzynme, and has sug-

gested time use of time nmicroorganism as a

mmmodel for studying ac!dict.ion, or upon

washout of barbital, withmc!rawal.

Time present observation of a specific

effect of aummoharbital Oh time iimcorporat ion

of orotate immto lmueleic acid!s of growing

i)actemial cells \vmis (oumsi(!emed! of intemest

fom sevemal reasoums. Time coihmcid!ence of a

i)y�rim1midine drug, ammmobambital, affecting time
mnetabo!isnm of an internmediate in pynimimi-

dine biosynthesis, orotate, suggested a po-

temmtial antinictabohie role of time barbiturate

wimichi niighmt l)rovid!e basic ilmfonmation on

its biocimenmical actions. It is also known

thmat anothmer pyrimimidline d!enivative, 6-aza-

uracil, as a nibounononucleotide, interferes
with time symitimesis of pyrimidines from oro-

tate (27, 30) , amid l)moduces central nervous

system depression iii various species (31).

The conceimtration of amimobarbital required

to elicit the response on orotate uptake in
B. cerens (Fig. 2) is close to that in brain

during anesthiesia (0.5 mmmi) (32) . There is
little informatiolm as to a possible role of

orotate in braiim l)yrimnidine biosynthesis,

but it is doubtful whether this highly ion-

ized ummolecule (iK1 2.4) can pass the

blood! brain barrier. When injected intra-

cisternally or immtnaventm’icu!arly into rats

or cats, hmowevem’, it effectively serves as a

precursor for brain pyrinmidines (30, 33).
Our l)mesent study was undertaken to

localize time observed drug effect at a bio-

cimemmmicai level. From time evidence pre-

sented, it appears thmat the drug does not

affect pyrimidine i)iosyntimesis as such. The

l)Ossible intcrferemmce of amobarbital with
dihmydroorotic dehmyd!nogeumase, a NAD -

linked flavoprotein system sensitive to high

concentratiolms of barhituric acid (23), was

Sl)cci fically excluded!. Furthmernmore, these

authmom’s had found imo sensitivity to ham-

bital in this systenm. Time lack of growth

inimii)ition by ammiobambita!, time normal in-

corpom’atioim of macil into nucleic acids by

a lmcroonganisnm that has no pyrimidimme

m’equircnments, the unaltered colmversion of

aspartate to RNA polynucleotides, and! time

lack of semmsit.ivity to amobarbit.al of time

various intemmediary reactions indicat(

timat time d!nug mmmust act at an earlier stage

in time ihmcorporation of orotate. Iimdeed, time

cells’ uptake of orotate-2-14C was found to

be immhiihited by ammmobarbital (Fig. 7) al-
timougim none of the radioactivity in the

acid-soluble pooi fraction was present as

omotate. Time usual expenimmmelmts to measure

cell pemmetmation of a eolmipoumndl were imot
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applicable because of time immsignificammt 1)001

of om’otate per se. Time use of orotate-7-14C

in commiiiiiiation with 6-azaunid!ine to i)lock

omotidylate d!ecarhoxylase ( 27) confimniedl

that. time aniobami)ital effect was localized

at time step of entry of orotate fmom time

nmediunm into time cell.

It is quite possible timat tue pemmetratiomi
of omotate into time cell is mediated by a

permmmease systemim associated! with time bac-
terial membrane ( 34) . Suchi a permimease

systemim has stereospecificity, and! compoummds

with closely related configurations as, fom

instance, anmobarbital, nmay commmpete for

time carrier systemmm. Sucim a permease sys-

tem would be constitutive m’ather thmaum

inducible since the incorporation of radio-
activity from ‘4C-orotate begimms immedi-

ately and! quantitatively is directly related

to time cell mass.
Time onset of time amobarbital effect is

immediate, and the mesponse d!oes not in-

crease with timimc. Timus, it is unlikely thmat

any mmmetabohite of anmobarbital has i)een

produced by the bacteria which is mespomm-

sible foi’ time observed drug effect. How-

ever, somime catabolism of barbituric acid

and barbital may take place in bacterial
cultures (35-37).

Time chammge in pH of time mediunm (Table
1) produces several effects which cannot

be evaluated clearly. Because of the low

pK,, of orotate, less timaim 1% of timat conm-

pound would be present as time uimdisso-

ciated fornm even at pH 5. Anmobarbital,
however, with a p1L of 7.9, would i)econme

appreciably more ionized as the pH of time

rned!ium approached 8, and the reduced

utilization of orotate incorporation suggests

that it is ommly time undissociated forni of

amobarbital wimich is active. However,

growth of cells at pH 8 imlay also alter

other biochmemical functions of the mimicro-

organisms, as denmommstrated by time de-

creased incorporation of orotate.
Time partial reversal of time d!rug effect

by increasing concentrations of orotate re-

veals a competitive relationship between

the reactants. As has been mentioned, thus

interaction is mumore complicated, however.
Altimoughi time various mmmetimo(!s of kimmetic

ammalysis weme designed for a imure enzyme

svstemim, thmeim’ extension for the 1)I’esent pur-

Pose would! be reasonal)!e if ammmobari)ital
inhibits only at omme step which timen be-
comes rate-limiting. Unfom’tunately, the use

of whole cells, as well as the multistep me-
action sequence nmeasured do not fulfill this

rigid requirement.

It appears, therefome, that amobarbital

specifically antagonizes the process whmich

allows orotate to enter the cell. Time stm’uc-

tural resenmblammce between time two pyrimi-

(!immes probably accounts for this amitago-

miism, and will l)c the subject of time mmext

report.
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