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SUMMARY

Levallorphan inhibits the synthesis of RNA, DNA, and protein by Escherichia coli.

The drug was found to cause an immediate, dramatic decrease in the amount of intra-

cellular ATP. Evidence is presented which suggests that the decrease in ATP concentra-

tion is a consequence of the stimulation of an ATPase. Similar results were obtained in
HeLa cells treated with levallorphan.

INTRODUCTION

It has been reported! by Simon �1) that
several synthetic analogs of the morphine

series are strong inhibitors of bacterial

growth. Simon attributes this effect to se-

lective inhibition of ribosomal RNA syn-

thesis (2, 3). We have studied the effects

of the most potent of these drugs, leval-
lorphan tartrate, on macromolecular syn-

thesis in Escherichia coli. This d!rug was
selected for study because it is not classi-

fied as a narcotic and! because it is more
soluble than its narcotic analog, levor-

phanol.

of this drug on energy metabolism. We find

that the drug brings about the disappear-

ance of intracellular nucleotide triphos-

phates.
A brief report of these results has been

published (4).

MATERIALS AND METHODS

Chemicals. Levallorphan tartrate and

levorphanol tartrate were gifts of Hoff-

mann La Roche, Inc. L-Leucine-1-’4C,

uracil-2-’4C and thymidine-2- 14C were ob-

tained from New England Nuclear Corpo-

ration at activities of 27.8, 25.4, and 26.4

N - CH2-CH CH2

Morphine

At a concentration of 5 mM, levallorphan
rapidly stops the synthesis of RNA, pro-

tein, and DNA. Because we found that the

synthesis of all Inacromolecules is stopped

by levallorphan, we investigated! the effect

1 Present addre&s, National Institutes of Health,

Bethesda, Maryland 20014.

mC/rnM, respectively. Guanine-8-’�C (32

mC/mi�i) was obtained from Schwa rz

BioResearch, Inc., and a(!enine-8-14C (31.3

niC/ni�i) was purchased from Nuclear

Chicago Corporation. Methyl-’4C-thioga-

lactoside (4 mC/mM) was obtained! from

New England Nuclear Corporation. Purine
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�uu I pvi’iinidine iiucleotides �vei’e Ol)taille(!

from SignTla Chemical Company. ONP(�

:111(1 IPIG \�‘(I’e purchased fi’oin \Iann Re-

Sd’�tI’ch Laboratories, Inc. Polyethylenei-
ininc w’:ts Ol)t�ti11((l froni Chenistrand Cor-

poratioir.
All otlir (lld’flhic,1lS were of reagent grade

afl(! I’d:t(lilV availal)le froni (OInflieIcial

su PP lieis.

B(lCtCll(1 . A Ifld’thiOfline-I’cquiring mutant

of E. co/i K12, ilfi’ Cavalli, was Obtained!

from 1)i’. S. E. Lui’ia. This strain is a de-
rivative of K12 58-161 \V-6) and has the

RC�1 cllat’adter � 5)

Escheriehia coil AB 1105 was a gift of

l)r. Loretta Leive. This strain is an auxo-

troph m’equiiing l)roline, histidline, and thia-
mine aIl(! (!OeS not contain the j3-galacto-

si(!e permease (i�z��)

Bacillus .subtili,s \V-23 (w’ild type) w’as

obtained from Dr. C. Levinthal.
Media. E.s’chcrichia coli was gi’o�vn at

370 on a synthetic medium, pH 7.0, con-

taming ler liter: 21.0 g of K2HPOI, 9.0 g

of KH2PO., 0.1 g of MgSO4, 2 g of

(Nil.1) 2��01, and 0.94 g of sodium citrate.
Glucose, at a final concentration of 0.1%
or sodiuln succiliate at a final concentra-
tion of 0.5% wei.e used! as carl)on sources.

Amino acid! requirements were supplied at

a concentration of 20 �ng/ml.
Bacillus subtilis \V-23 was grown at 37#{176}

in the minimal medium described above
with 0.1 % glucose as major carbon source.

Tt’yptone was addled! at a concentration of

0.1 mg/mI.

Cells were grown in flasks in a New

Brunswick shaker. Bacterial growth was

followed in a Klett-Summerson photoelec-

tric colorimeter with a 420 m� filter. Cells

were used routinely at a concentration of
2 to 3 )< 10� pe�� milliliter.

Ineorpora t ion (if U racil-’4C, levcine-14C,

(1.11(1 th1jmidine-’’C. Samples of I ml were

taken at timer! intervals from cultures in
the exponential phase of growth, added to
1 ml of cold 10% trichloroacetic acid and

allowed to st�iiid for 30 mm in the cold.

Abbreviations usedl OXPG o-nitrophenvl-

/3-galact osi(le: IPTG = isopnopyltluo-13-D-galacto-

si(le; TMC1 = met hvlthio-/3-n-galaetoside; mRNA

messenger RNA.

The samples fm’om the uracil-11C amid thy-
niidine- ‘4C labeled cultures �s’ere filtered

through iNlillipore filters (0.8 p. I)Ores, i\’Iilli-

Pole Corporation , Bedford, INIassachusetts)
ali(! washed with 5 volumes of cold 5%

trichlomoacetic acid!. The filters were glued
to 1)lanchets and! counted! in a low back-

ground!, Nuclear Chicago gas flow counter.

The saniples labeled with Ieucine-1’C were

placed for 30 mm in a �vater l)ath at 100#{176}
before being filtered an(l �vashed with tn-

chloroacetic acid.

Sucrose qradients. Crude extracts of cells
were prepared by grinding cells in the cold

with alumina according to the method of
Nakada et al. (6) . Linear sucrose gradients

from 5 to 20% were prepared and the crude

extracts w’ere layered on the gradients and
run in a Spinco Model L ultracentnifuge as

described l)y Nakada et al. (6) . After cen-

tnifugation the tubes were punctured and
drops were collected for the measurement
of optical density at 260 m1� and for anal-
ysis of radioactivity. Some samples were

pumped through a Gilford recording spec-

trophotonTleter which gave a continuous op-

tical (!ensity reading of the gradient. Drops
for radioactivity determinations were col-

lected from these gradients after they had

passed through the continuous-flow cuvette.
Ifl(lUCtiO a of f3-qalactosidase . f3-Galac-

tosid!ase was induced in E. coli 1)y addition

of IPTG to the culture to a final concen-
tration of 5 X 10� M.

Assay of f3-galactosidase. At timed in-
tervals I -nil samples were removed from

the culture amid pipetted into prechilled

tul)es containing one drop of toluene. The

tl.11)es were shaken vigorously and kept

chilled until all samples had been collected.
The activity of �-galactosidase was deter-

fliilied by the nate of hydrolysis of ONPG

according to the method of Pardee et

at. (7).

For permeability stu(Iies the rate of hy-

drolysis of ONPG by intact cells was
measured. A preinduced culture in the cx-

l)Omiential phase of growth was incubated
for 2 minutes with 100 �g/ml of chloram-
phenicol to stop further synthesis of f3-

galactosidase. From this culture I ml was

taken and addled to 0.3 ml of 0.0 13 M
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ONPG. The change in optical density at
420 mj.� was followed for 20 mm in a Zeiss

spectrophotometer.

Measurement of inRNA decay in B. sub-

tilis (8) . A culture of B. subtilis W-23 was
given 0.1 jtC/0.36 �g/ml of uracil-14C.
After 30 seconds actinomycin was addled to

the culture to a final concentration of
10 j�g/ml. Aliquots of 1 nil were removed
from the culture and! ad!dedl to an equal

volume of cold 10% trichloroacetic acid!,

filtered and washed as described! above.

The filters were glued to planchets and
counted in a low background counter.

Measurement of ATP by the firefly

method. Determination of ATP concentra-
tion was done according to the method!

of Holt (personal communication) using

crude extracts of firefly lanterns available

from Sigma Chemical Company. To extract

the nucleotides 1 nil of culture or 1 ml of

medium filtered free of bacteria was added

to 5 ml of 1120 and! placed! in a boiling

water bath for 10 mm. Aliquots of these
extracts were used! in the final assay.

A luciferin-luciferase prel)aration (Sigma
FLE-50) , 50 mg in 5 ml of cold 1120, was
vigorously shaken for 2 mm. The resulting

suspension was centrifuged! at 1 1 ,000 rpm
at 5#{176}for 35 mm. The clear yellow super-
natant solution was decanted amid kept at

00 for use in the ATP assay.
The amount of light emitted by the re-

action of ATP with this firefly extract was
measured in a Beckman model DU spec-

trophotorneter, previously adjusted to allow

no stray light into the cuvette chamber.
To a 3-ml cuvette 0.4 ml of (listilled water
was added and mixed with 0.2 nil of the
firefly extract on a Vortex .Jr. Mixer at low

speed to avoid foaming. Exactly 15 sec

later 0.2 ml of the boiled bacterial extract
or culture fluid! was added amid mixed! on
the shaker for 5 sec. The percent transmit-

tance of light was measured exactly 15 sec

after addition of the boiled bacterial ex-
tract or culture fluid. The values so ob-

taimied were corrected for the amounts of
light emitted when distilled water was

added to the firefly extract. This blank
varied considerably from extract to ex-

tract. This method gives linear results in

the range of 10� to 10� M ATP. Other

tniphosphates (UTP, CTP, and GTP) are

each about one-third! as active as ATP, and
ADP is about one-tenth as active as ATP.

Oxygen consumption. The nate of 02 con-

SUflil)tiOn was measured in a \Varburg ap-
paratus according to the niethod of Um-

breit (9).
Glucose metabolism. The (!isappearance

of glucose from a bacterial culture was

mneasure(! enzymically by means of the
glucosta t reagent ( \Vorthingtomi B iochemi -

cal Corporation) . This reagent contains the

enzymes glucose oxidase and peroxidase

which couple the oxidation of glucose

yielding H2O2 to the oxidation of a chromo-

gen. The enzyme an(1 chromnogen are sup-
plied separately as solids. They are each

dlissolve(! in water and! mixed to give a final
volume of 90 ml. Four milliliters of this

reagent was a(lded to 1 ml of culture and

allowed! to stand! at room temperature for

10 mm. The reaction was stopped by add-

ing one dlrop of 4 N HC1. The color (level-

oped was read in a Zeiss spectrophotometer
at 400 nit. Umider these condlitiomis a linear

standard curve is obtained with known
concentrations of glucose up to 0.2 mg/mI.

Isolation and thin-layer chro’inato�jraphy
(10) of nucleotides. The nucleotides of E.

coli K12 were labeled with adenine-”C or
guanine-’4C at a specific activity of 31.3

mC/mmole for one generation. The cells
were then filtered, resuspendled in fresh

medium free of radioactivity, and treated

with the drug for 10 nun. The cells and

medium were separated by filtration

through a Millipore filter (0.45 � pore

size) . The cells were resuspended to their
original volume with cold medium. Both
cells and! medium were treated with one-
half volume of 7% cold perchloric acid and

filtered free of material insoluble in
perchlonic acid. The nucleotides in the re-
sulting filtrate were adsorbed to 20 mg of
acid-washed! charcoal (Nonite). The char-

coal suspensions were shakemi for several

seconds in the cold, filtered on a Millipore
filter (0.45 � pore size), and washed with

5 ml of 1 m�i HC1; the nucleotides were

elutedi with 4 nil of a solution of ethanol,

i�r NH4OH, 1120 (66, 10, 133 I)y Volume)
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the l)H of which was 1 1 .3. The eluate �s’as

tliemi eVal)Oratedl to d!ryness using a filtered
air st.reani. The resulting i)O\\’der was ne-

sllSl)elu!e(! in 0.2 nil of (!istilled �vater. The
irucleotides in this solutiomi were separated
l�’ thin-layem’ clironiatography ( TLC ) ac-
(O1’dillg to thti� flid’tliO(! of Randlem’atIl ( 10 )

Thd’ rI�Jc 1)lItt(�S ��‘ere l)rePame! using a

mnixtum’e of the anionic exchange resin I)Ol�-
ethyleneimiiine (Polymiiin P, Chemnstrand!

COrl)OratiOn ) and cellulose ( \laclierey and
Nagel Company, MN300) . A solution of

100 g of l)O!�eth�’leneiIiiiIie in 250 mu! of

\\‘at(’r � adI�usted! to pH 6 with concen-
trate(.! HCl and (!ilutedl to 500 ml with
\V�tte1. Aliquots of 20 ml ��‘ere dialyzed

against. 4 liters of water for 24 hr. The don-

tents of each (halysis bag were (!iluted to
200 ml with water. FrOm this solution 130

ml �vas fluxed! with 20 g of cellulose POwd!et�

in a \\‘mnimig l)lend!or for 30 see, place(l in

the cold for al)Pmoxiliiately 30 mm, amid!

sl)Iead omi thimi plastic sheets by a rrI�c

sl)readk’m’ 1\IO(!el No. 61 1 ( 1)esaga Coin-
party, Heid!elberg, (erniany) . The plates

��‘ere allo�ved to dry overnight, and wem�e
themi washe(! once �vith water. A solutiomi of
10% NaCl was then allowed! to ascend to
5 (Iii, after which the plates �vem’e (!eveloped!
with (!istilled water. The Plates were tlieli

dried! and 5I)0tt(�(! with the nucleotide solu-
tions. Free bases and nuc!eosides w’ere

washe(! to the to1) of the l)lIite by allowing
water to ascend! the etitire height of the

J)lItte. The nucleotides were then sej)artlted!
l�r ascending chromatogra�)hy with 1 .1 i’�i

LiCI as the eluting solution. The chroniato-
grams were (Iried and counted in a Nuclear

Chicago strip counter. This muethod cleanly
separates ATP, M)P, and AMP, hut

arlenine nuclcot ides cannot easily be sepa-

rated from guanine nucleotides. Howevem’,

it was shown, by hydrolyzing the extracted
nucleoti(les with I N H2S0� at 1000 fom’ 1
hr and separating the resultimig bases and

nueleosides by electrophoresis in 0.03 xt

citrate buffer PH 4.1, that immider the comidi-
tions of labeling with ademne-1’C more

than 85% of the label in the extract resi(!ed

in ad!enine nucleotides. Thus essentially all
the counts on the TLC strip wem’e in

adenine nucleotidles.

ucLa cell StU(lleS. HeLa cells were

kimid!ly sul)plied! l�y Dm’. Sheld!omi Pemiman.
‘die cells wem’e growmi in spinner cultures

01) Eagle’s nied!ilmm with 7% honse serum.
Studies of the imicom’pom’at�on of labeled

comnpounds into !)I’Otein and RNA as well
as .tu(hies of (Iittnges in the miucleotide

comiil)ositiomi of the ucLa cell utilized! es-

sentially the samiie techniques as those dIe-

scribed above for l)acterial stu(li(’s.

Incorporatiomi of leucine- 1’C an� I uridine-

‘4C into protein and RNA was stu(!ied by

exposing cells to the labeled! comiil)ound,

removing I -miil aliquots of the culture at

tililed! intervals, amid! �)ipetting themn into 4

nil of ice cOl(! Earle’s buffer. The cells were

themi collected irs’ centrifugation amidi resus-

Pemid!ed in 2 (!l’ol)S of water. One milliliter
of cold! 10% tricliloroacet.ic acid ��‘as addled!,

an(! the acidl-preci�)itabIe material was col-
lected on a ?�1ilIipore filter (0.8 � and
washe(! w’ith 5 volumes of cold! 5% tn-
chioroacetic acid!. The filters were dried,

glued! to planchets, and counte(! in a low

background countem’.
The nucleotides of HeLa cells were la-

beled for 15 minutes with adenosine-14C

(210 mC/niinole). The cells were centm’i-

fuged amid! resuspended in med!ium without
labeled a(!enosine bimt cont.aimiing 3 mM

levallorphan. After 10 iiiimi of dm’ug treat-

ment. the cells were centrifuged and resus-

pended in their original volume of Earle’s
buffer, and their miuclcotides were extracted

amid separated as described above for bac-

teria.

RESULTS

The Effect of Levallorphan on
Alacroinolecular Syn thesis

Figure 1 shows the effect of various con-
cemitratiomis of Idvallorphan omi the symithesis
of protein amid RNA, nieasuned by the in-

corporation into acid-insoluble material of

leucine-’4C and uracil-14C, respectively, by

E. coli K12. It.can he seemi that. at a 2 m�i
concentration of levallorphami uracil incor-
poration is more sensitive to the inhibitory

effects of the drug thami is leucine incorpo-

ration. However, this difference becomes
less a�)pareIit at high concentrations.
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Levallorphan at a concentration of 5 m�i

inhibits both protein and RNA synthesis

more than 90%. At this comicentratiomi

RNA synthesis is completely stopped al-

most immediately, whereas a lag of ap-
proximately 2 mimi is observed! before pro-
tein synthesis is completely imihibited!.

Figure 2 shows that at this same concen-
tration of 5 m�i the narcotic dlrug, levor-

phanol, is somewhat less potent an inhibi-

tom’ of protein and RNA synthesis than

00

z
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��r�tT#{163} �ii:
TIME, mm

Fio. 1. The effect of !evallorphan on the in-

corporation of exogenous leucine-’C and nradil-

lie into the trich!oroacetic acid-prccipitab!e free-

tion of the cells

(a) Leucine-14C (0.02 �zC/5 �rg/m1) and levall-

orphan were added at t = 0 to an exponentially

growing culture of E. coli K12. The following

concentrations of levallorphan were used : 5 m�i

(A); 3 mM (�) 2 mM (s); n�i (LI). The
control culture (0) received no (1mg. The amount

of incorporation of leucine-”C in each sample is

plotted as the percentage of the 15-mm control

sample which was 7700 cpm/ml.

(h) Uracil-14C (0.05 �zC/6�ig/ml) � added to

an identical set of cultures as in (a) . The amount

of incorporation of uracil-’4C in each sample is

plotted as the percentage of the 17-mm control

sample which was 12,500 cpm/ml.

levallorphan. Although levorphanol com-

pletely inhibits unacil incorporation within

5 mm, protein synthesis continues at a slow

rate for about 10 mm after drug treatment.

We chose to study levallorphan at a con-

centration of 5 m�, where the symithesis of

protein and of RNA is completely inhib-

ited, to investigate the mode of action of

these drugs. At this comicentration of
levallorphan no loss in cell viability, as

measured by colony counts on nutrient

agar, is obsem’ved after 10 mm of (mug
treatmemit., although 60 mimi of treatment
does cause an appm’oxiniately 25% loss of

viability. Recovery from the imihihition of
protein and RNA synthesis after short pe-

riods of levallorphan treatmnent is rapid,
as can be seen in Fig. 3. The cells were

treated! with 5 niM levallorphan fom’ 11 mum,
collected on a 1\lillipore filter, amid! washed!

with three volumes of dm’ug-free medium.

They were then resuspemid!ed! in a medium
contaiiiing either leucimie-”C om’ uracil-’’C

TIME #{149}mm

FIG. 2. The effect of lerallorphan and leror-

phano! on the incor/)oration of exogenous 1CUCiUC-

14C and nracil-’4C into the trichloroacetic acid

precipitable fraction of cells

(a) Leucine-”C (0.02 �iC/10 �tg/ml) �

to a culture of E. coli K12 at the sa�ne time as

5 mM levorphanol (#{149})or 5 mM levallorphan

(A). The control culture (0) received no drug.
The amount of incorporation of leueine-”C is

plotted as the percentage of the 30-mm control

sample which was 3390 cpm/ml.

(h) Uracil-”C (0.02 pC/36 �zg/ml) was added

to an i(lentical set of cultures as in (a). The

amount of incorporation of uracil-’C in each

sample is plotted as the percentage of the 30-mm
control sample which was 3230 cpm/ml.

without dh’ug. It is apparent fromn Fig. 3

that aftem’ l)eing washed! free of levallor-

phan the cells immediately begin to syn-
thesize protein at the same rate as the

untreated culture, whereas a lag of about
10 mm is observed before RNA synthesis

in the treated culture reaches the rate of
the control cultum’e. The absemice of a lag

in the recovery of protein synthesis sug-

gests that mR.NA might be protected from

decay by levallorphian treatment. It is clear
that the cells can recover rapidly and com-
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FIG. 4. SUCrOSe dcnsity-gradint airalysei of crude cell extracts /)repared from E. coli K12 cells

Cells were taken at (a) 60 mm after uracil-’4C (0.005 �C/0.3 (ig/ml) was added, and (b) 60 mm

after uracil-’C (0.005 �tC/0.3 �g/ml) was added in the presence of 5 mM levallorphan. Absorbancy at

260 m�t (Q); tnichloroacetic acid precipitable radioactive material (�.
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0 0 20 30 40 0 0 20 30 40

TIME mm

FIG. 3. Recovery from treatment with levallor-

/)/tafl

Cells were treatedl with 5 fliM levallorphan for

11 mm (A), collected on Millipore filters, and

washed three times with drug-free medlium. They

were then resuspended in a medium without drug
containing in (a) leucinc-”C (0.02 1iC/20 jig/ml)

or (b) uracil-’C (0.02 �C/45 j�g/m1). The amount

of incorporation of leucine-1C or uracil-’4C is

plotted as the percentage of the 45�minute control
sample (0) which was 705 cpm/ml for leucine-”C

ftfldl 530 cpm/ml for unacil-1C. The control cul-
ture was carried through filtration and washing

but received no pretneatment with drug.

pletely from the effects of a 10-mm treat-

ment with levallorphaii.
Since overall synthesis of RNA is

strongly inhibited by levallorphan, it was

of interest to see whether all forms of RNA
are equally affected by drug treatment. We

used sucrose gradients of cm’ude cell extracts

to determine whether any type of RNA is
umiaffected by levallorphian treatment. Fig-

ure 4 shows the effect of treating cells with

levallorphan for 60 mm in the presence of

uracil-’4C. Under these conditions the

uracil-14C counts appear in the nibosomes
and the soluble RNA of the control sample,

but virtually no counts appear in the
gradient of the drug-treated cells. Thus the

synthesis of both ribosomal and soluble

RNA is completely inhibited by treatment
with 5 m�i levallorphan.

In order to investigate the effect of

levallorphan on the synthesis of mRNA,

we treated the cells with levallorphan for
2 mm in the presence of uracil-14C. Figure
5 shows that in the control sample the
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Fia. 5. Sucrose density-gradient analysis of crude cell extracts pne pared from E. coli KL3

Samples were taken at: (a) 2 mm after uracil-’1C (0.02 �tC/0.07 �tg/ml) was added and (b) 2 mm

after uracil-’4C (0.02 trC/0.07 �rg/ml) was added together with 5 m’vi levallorphan. Absorhancy at. 260

mn/L is a tracing of the actual graph obtained by pumping the gradient through a Gilford rel’ording

spectrophotometer. Trichloroacetic acid-preeipitable radioactive material (s).
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counts appear in the area generally as-

cribed to mRNA. In the drug-treated sam-

plc no radioactivity was incorporated into

this or any other fraction. Therefore, it is
clear that the synthesis of mRNA is also

inhibited by levallorphan.

To determine whether the effect on

mRNA synthesis is the primary effect of

levallorphan, we investigated the kinetics
of the inhibition of mRNA synthesis by

measuring the effect of levallorphan on the

induction of �-galactosidase. Cells growing

on sodium succinate as the carbon source

were induced with 5 X 10� M IPTG and

treated at various times with levallorphan.
Figure 6 shows that no enzynie is formed
when the drug is added together with the

inducer or 2 mm after the inducer. Ad!di-

tion of the drug 20 mm after the inducer
halts enzyme synthesis imnie(!iately. rFliis

result differs dramatically fi’om that ob-

tained with actinomycin, which is kmiown
to block the synthesis of mRNA (11).

Leive (12, 13) has showmi in EDTA-treatec!

E. coil that actinoniycin treatmnemit results

in inhibition of mRNA synthesis ; however,

�-galactosidase sl)ecific mRNA presemit he-
fore actinomycimi treatmemit is expressed!

after addition of this drug. Thus, it appears
that levallorphan’s actiomi is unlike that of
actinomycin.

If the imihibition of RNA synthesis were

the primary mode of action of levallorphan,

preexisting mRNA would i)e expected to

decay, as was found after actimiomycin

treatment of E. coil by Leive (13) and of

B. subtilis by Levinthal et al. (8). To in-

vestigate this point a culture of E. coil K12

was exposed to uracil-14C for 30 sec and

was then treated with levallom’phan. Figure
7 shows that little decrease in acid insolu-
ble counts is observed after levallorphami

treatment. Siiice we have already showmi

that levallorphan completely inhibits

mRNA synthesis, the fact that preexisting
mRNA does not (!ecay after drug treatment
suggested! that levallom’phan might actually

stabilize preformed mRNA. This idea was
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supported! by the earlier observation that
recovery of i)m’Oteimi synthesis after wasliimig

cells free of levallorphami occurs without

lag (see Fig. 3) whereas RNA symithesis

does not begin until about 10 mm after

levallorphan hiIls been remnoved. A direct

test of levallorphami’s ability to protect

mR.NA against decay was performed in

‘� 20

C

w
U)

0

U)

0
C.)

� 10

30

TIM E,min

FIG. 6. Kinetics of f3-galactosidase in(luction

Esc/tenichia coli K12 was grown in minimal
fliedlilim �vith sodium succinate as the carbon

source. At I = 0, 5 x 10� M IPTG was addled to

the culture. The culture was split, andl 5 n��i

levallonphan was addled to subcultures at 0 mm

(s), 2 mm (s), and 20 mm (A). The control

culture received no drug (0).

B. subtilis by utilizing the mnethod of Fan

et al. (14). B. subtilis was used in these
expem’imemits because of its sensitivity to

actinomnycin (8). Protein and RNA syn-

theses were shown to be inhibited by 5 mM

levallorphan in B. subtilis to the sanie ex-

tent as in E. coil, i.e., more than 90%. A

culture of B. sub tills was given a 30-second

pulse of uracil-14C and was then treated

with actinoniycin in the presemice and ab-

sence of levallorphan. Figure 8 shows the
decay curve for mRNA after actinomycin

treatment. It is clear from the figure that

levallorplian protects about 75% of the

mR.NA from (!ecay. Treatment with leval-

lomphan had the same effect as, in the ex-

pem’iment.s of Fan et ai. (14), the arrest. of

E

C

U,

U

>-
I-

>

I-

C.)

0

a

FIG. 7. Stability of trichloroacetic acid-precipi-

table radioactive material after treatment with

le vallorphan

Unacil-’C (0.05 (iC/0.18 �tg/ml) was added to

an exponentmallv growing culture of E. coli K12
at t = 0. At 2 mm the culture was split and 5

m�m levallorphan (A) was added to half of the

culture. No dirug was added to the control culture

(0).

energy metabolism. These authors have
shown that mRNA is protected from decay

when B. sub tills, a strict aerobe, is placed!

under anaem’ohic comiditions.

Since levallorphan was shown to inhibit
the synthesis of RNA and protein coni-
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FIG. 9. The effect of levallorphan on the in-

corporation of exogenous thymidine-’C into the

trichloroacetic acid-precipitable fraction of the

cells
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FIG. 8. Decay of trichloroacetic acid-precipi-

table radioactive material in the presence of

actinomyctn and levallorphan in. Bacillus subti!is
W-23

An exponentially growing culture of B. subtilis
W-23 was given a 30-sec pulse of uracil-”C (0.1

��C/0.36 �ig/ml). The culture was then split; one

half was treated with actinomycin 10 �g/ml (0),
the other half was treated with actinomycin 10

�g/ml and 5 mM levallorphan (A). The tn-

chloroacetic acid-precipitable radioacti ye material

at 30 sec gave 495 cpm/ml.

pletely, it was of interest to investigate the

effect of this drug on DNA synthesis. We
used the incorporation of thymi(!ine-1 1C
into acid-insoluble material by E. coli as

a measure of DNA symit.hesis. Figure 9
shows that the synthesis of DNA is com-

pletely inhibited after 4 mimi of treatment

with the drug. Thus levallorphan inhibits

the syntheses of all three macromolecules

studied.

The Effect of Levaliorphan on ATP

Since all macromolecular symitheses are

stopped and mRNA is stabilized after

treatment with 5 m� levallorphan, the ef-
fect of this drug on intracellular ATP con-
cemitration was studied. A culture of E. coil

K12 was treated with 5 m�i levallorphan.

Samples of the whole culture and samples

Thymidine-’4C (0.05 �tC/0.5 �g/ml) was added

to an exponentially growing culture of E. coli

K12 at t = 0 along with 5 m�t levallorphan (A).
The control culture (0) received no dlrug.

of med!ium filtered! free of bacteria were

pipetted into boiling water. These extracts
were assayed for ATP as described in Ma-

tenials and �Iethods. Figure 10 shows the
effect of levallorphan on the level of ATP
(curve A) in the whole culture, (curve B)

in the medium, and (curve C) imiside the
cells, i.e. (A)-(B). It is apparemit that after
levallorphiami treatment there is a rapid
decrease imi ATP, which is followed! by a
slower leakage of ATP into the medium.

Thus, the inhibitom’y effects on the synthe-
ses of macromolecules described above can

be accoumited fom’ by the loss of imitracellu!ar
ATP after levallorphan treatment.

The Effect of Levailorphan on

Cell Permeability

In order to determimie whether the leak-

age of ATP imito the med!iumii observed after

levallorphami treatment reflects a general

effect of the drug omi permeability we incas-
ured the ability of E. coil to take up amid!

to concentrate galactosides in the presence

of the drug. It has beemi showmi by Koch

(15) that the pel’mease-med!iated entry of
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FIG. 10. 7’/ie effect of lei’allorp/ian on A7’P

concentration

A culture of B. coli K12 was treated �vith

levallorphan to a final concentration of 5 mr�i. At

timed intervals samples of 1 nil of whole culture

(curve A, 0) or 1 iiil of medium filtered free of

bacteria (curve B, �) were pipetted into 5 ml of

boiling water. The ATP concentrations of these

extracts were assayed using the firefly method as

described in Materials and Methods. The results

are plotted as the percentage of the ATP con-

cemitration of the whole culture at t = 0, which
was 3.2 x 106 � AT!’. Curve C (#{149})represents

the intracellular ATP concentration which is the

dhfference between curve A and curve B.

galactosides into the cell is not d!ependent

on energy metabolism, whereas the active
comicentration of ga!actosides within the
cell is energy depend!emit. Since levallorphan

treatment causes a loss of imitracellular

ATP, it was predhcted that treatment with

this (Irug should! cause accumulated galac-
tosides to leak out of the cell. To test this

pre(!iction E. coil K12 growing omi succinate
as a carl)on source was ind!uced with 5 X
l0� M IPTG, allowed to accumulate the

nonmetal)olizable ga lactoside, TMG- 1’C,

amid! was then treated with levallorphan.

The aniount of radioactive TMG within
the cell was measured! by collecting the

eells on a Milhipore filter and counting the

filters in a gas flow coumiter. Figure 11

shows t hat., as predicted!, immedhiately after

hevallorphan treatmnent the accumulated

TMG is lost.

The rate of entry of metal)Olizah)le galac-

tosides such as ONPG should miot. be af-

FIG. 11. The effect of !cval!orphan on 7’MG-

14c accumulation by E. coli K12

A preinduced culture of E. coli K12 growing

on succinate as a carbon source was treated at
-2 mm with 100 jzg/ml chloramphenicol to stop

further protein synthesis. At t = 0 the culture was

exposed to “C-TMG (0.01 �tC/14.7 jig/mi). After

16 minutes the culture was split : one half re-
ceived 5 ni�i levallorphan (A) ; the other half

received no levallorphan (0). Samples of 1 ml
were PiPetted onto Millipore filters (0.45 �z) and

rapidly washed with 3 volumes of cold medium
containing no drug.

fected by levahlorphan treatment unless
this d!rug alters the permeability of the
cell. r� investigate this a culture of E. coil

K12 containing ami inducible permease for

lactose was grown on succinate as a carbon

source and! induced with 5 X 10� M IPTG.
The intact cells were then exposed to 4 rn�i

ONPG amid the mate of o-miitrophenol P’�

(luctiomi was measured! spectrophotometri-

cally. Figure 12 shows that the rates of
hydrolysis of ONPG by whole, permease-
containing cells are virtually identical imi

the presence amid! absence of levallorphan.

As a further demonstration that levallor-
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that the entry of ONPG into this per-
measeless strain is not enhanced by treat-

ment with levallorphami. Thus, it is clear
that levallorphan neither imicreases nor de-

creases the rate of entry of galactosides

into permease positive or negative cells,

although it readily stops the cells from

concentrating TMG-14C.

We also investigated the effect of leval-
lorphan treatment on the permeability of

the cells to macromolecules. The cell pro-
teimis were prelabeled with leucine-14C for

30 mm. The culture was then treated with

levallorphan in the presence of cold leu-

cine. Samples of the whole culture and the
IS 20 medium were assayed for acid-precipitable

counts. Table 1 clearly shows that leval-

lorphan does not cause proteimis to leak out

into the medium.

It appears therefore that the leakage of
ATP into the medium following treatment

with levallorphan does not reflect a general

change in the permeability of the cell mem-

brane.

TABLE 1
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FIG. 12. The effect of levallorphan on the rate of

()NPG hydrolysis by whole cells

A preinduced culture of E. coli (it, z�, y�) was

first treated with 100 jtg/ml of chloramphenicol to

stop further /3-galactosidase synthesis and then
exposed to 4 mr�i ONPG in the presence (�)
and absence (��) of 5 m�s levallorphan. The rate
of ONP production by whole cells was measured

spectrophotometrically. The same experiment was
performed in E. coli AB11O5 (i�, z�, y) in the

presence (A) and absence (0) of 5 m� levallor-

phan.

phan does not have a general effect on
permeability a similar experiment was done

using E. coli AB11O5, a mutant lacking the

permease for lactose. Again cells growing

on succinate were induced with IPTG and
then exposed to ONPG in the presence of

levallorphan. It is apparent from Fig. 12

The Effect of Levaiiorphan on

ATP Synthesis

A possible cause of the rapid decrease imi

intracellular ATP concentration seen after
levallorphan treatment might be the arrest

of ATP synthesis. This might occur

through interference with respiration or

oxidative phoshorylation.

The effect of levallorphan on the respira-

tion of E. coil was studied using a War-
burg apparatus. Figure 13 compares cells

7’he absence of leakage of protcin in cells treated wit/i !erallorphan

A culture of Escherichia coli K12 was prelabeled with leucine-’4C (0.02 �C/l0 .zg/ml) for 30 mm. After

30 mm a 100-fold excess of cold leucine was added and the culture was split. Half was treated with 5 m�i

levallorphan; the other half received no drug. The radioactivity of the trichioroacetic acid-precipitable

material in both the whole culture and the medium filtered free of cells was determined.

Time after drug
addition

Control Levallorpi ian 5 mM

Cells + Cells +
(mm) medium Medium medium Medium

0 4060a 460 4060 460

5 - 450 - 320

10 4950 494 4260 300

a Values are expressed as counts per minute per milliliter.
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effect of levallorphan on glucose
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FIG. 13.
consii rnption

A culture of E. co!i K12 growing on glucose

as a carbon source was treated at t = 0 with

5 m� levallorphan (A). Timed samples of the

whole culture were assayedl for glucose by the

glucostat method (see Materials and Methods).

20 The control culture (0) received 100 �zg/ml of
chloramphenicol to stop growth.

The effect of levallorphan on oxygen
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Samples of a culture of E. coli K12 growing

exponentially on glucose were placed in Warburg

vessels at. 370, At t = 0 5 m�i levallorphan was

added to one culture from the side arm of the

vessel (A). At the same time 100 ag/nil of
chlonamphenieol was added to the control culture

(0). The amnount of oxygen consumed was mea-

sured direct ly from the manometer.

treated with levallorphan with cells whose
growth is arrested by chloramphenicol. It

is apparent that the oxygen uptake is the
same in both cases. Similarly, as shown in
Fig. 14 the rate of dhsappearance of glu-
cose from the culture is unaffected by
levallorphan treatment. It is therefore clear
that the decrease in ATP concentration

seen after levallorphan treatment is not
due to the d!rug’s interferemice with respira-

t.ion.

That levallorphan does not produce its
effect on ATP concentration by uncoupling

oxidative phosphorylation is apparent from

the fact that the drug is an effective in-
hibitor of macromolecular syntheses in a

condition where oxidative phosphorylation

does not take place. Figure 15 shows that

in E. coil K12 which had been adapted to

anaerobic growth on glucose for many gen-
erations levallorphan promptly arrests pro-

tein amid RNA symit.hesis in the absence of
oxygen.

Since levallom’phan does not appear to in-
liibit respiration or oxidlative phosphioryla-
tion we investigated the fate of ATP after

!rug treatment in greater dletail. E. coil

K12 growing on minimal medium with glu-
cose as a carbon source was prelabeled for

omie gemieration with adenine-14C and!

treated with 5 mM levallorphan. After

treatment, the cells and medium were sepa-

rated by filtm’atiomi and each was extracted!
amid chromatographed as described. Figure
16 shows the actual peaks obtained by
counting the chromatograms in a Nucleam’

Chicago strip counter. It is apparent froni

the figure that most. of the label in the con-
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FIG. 15. The effect of lei’allorphan on the in-

corporation of exogenous leucine-14C and uraci!-

la-c into the trichioroacetic acid-precipitable frac-

lion of cells growing anaerobically on glucose

(a) At t = 0 leucine-14C (0.03 5C/1 �g/ml) was

added to a culture of E. coli K12 which had been

growing anaerobically (under argon and C02) for

many generations. Levallorphan (A) was added
to a final concentration of 5 m� at the same
time as the leucine-14C. An identical culture with-

out drug served as a control (0).
(b) At t = 0 uracil-’4C (0.01 5C/5 �g/ml) and

5 mM levallorphan (A) were added to E. coli

K12 growing anaerobically. An identical control

culture received no drug (0).

trol cells is in the form of ATP and that

no label is found in the control medium. In
contrast, after 10 mm of levallorphan
treatment almost no ATP is seen inside the
cell. An increase of intracellular ADP and
AMP is observed in the treated cells, as
well as leakage into the medium of nucleo-
tides mostly in the form of AMP. Table 2

presents the same as well as additional
data in a different form. The radioactive
peaks were cut out and weighed. An arbi-

trary value of 100 was assigned to the in-
tracellular ATP peak of the control cul-
ture. All other peaks were assigned a value
relative to this ATP peak. It can be seen
from Table 2 that nucleotides continue to

leak from the cell after 10 mm of levallor-
phan treatment. By 20 mm almost no

adenine nucleotides remain inside the cell
and most of the label can be accounted for
in AMP and ADP found! in the medium.

Similar results are shown ill Table 2 fom’
treatmemit of cells with the miarcotic amialog
of le’vallorphan, levorI)hialiol. In comitrast to

these results, the table shows that treat-
merit of cells with chloramphenicol neither

decreases the ATP concentration in the cell
nor causes the leakage of nucleotides into

the medium. Thus, the effect on nucleotides

after levallorphan and levorphanol treat-
ment is not merely a reflection of the ar-
rest of protein synthesis.

Since experiments described earlier had
suggested! that levallorphan does not inter-
fere with respiration or oxidative phos-
phorylation, we compared the adenine nu-
cleotide levels in a levallorphan-treated

culture with those of a culture whose ATP
synthesis was limited by sodium azide.

Table 2 shows that sodium azide treatment

causes neither the ATP concentration to

decrease nor nucleotides to leak from the

cell. However, since azide may have other
effects than the arrest of ATP synthesis,
another method of stopping ATP produc-

tion was used.
Escherichla coil K12 was grown on mini-

mal medium with succinate as the sole
carbon source. Under these conditions ATP

l)roduction can occur only through oxida-
tive pathways. The culture was prelabeled
with adenine-14C for one generation and
was then filtered free of label. It was di-

vided into two parts ; one was treated with

5 mM levallorphan for 10 mm, the other
was placed under an anaerobic condition.

It can be seen from Table 3 that the effect
of levallorphan treatment on succinate
grown cells is siniilar to that on glucose
grown cells shown in Table 2. After 10

minutes of drug treatment no ATP remains
inside the cells. Most of the original

adenine-14C label is found in the medium
as adenosine or adenine rather than as

AN’IP, which is the case with cells growing

on glucose. Surprisingly, in contrast to

these results the culture whose ATP syn-
thesis is stopped! for 10 mm by being de-
prived of oxygen shows almost no change

in ATP concentration and no leakage of
nucleotides into the medium. Nonetheless,
Fig. 17 demonstrates that placimig cells
growimig on succinate acutely imito anaero-

hiosis immned!iatelv arrests the symithesis of
1)0th RNA amid protein. Stopping ATP symi-
thesis thus al)pears dluite d!ifferemit than
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TABLE 2
The effect of inhibitors on adenine nueleotides of E. coli K12 during aerobic growth on glucose

Cultures of E. coli K12 were prelabeled with adenine-’4C (10 �iC/21.6 ,.ig/ml) for omie generation, filtered free

of label, and resuspended in medium without radioactive adenine. They were then treated as indicated in the

tal)le, after which the cells and medium were separated by filtration and the nucleotides of each fraction were
extracted and separated as described in Materials and Methods. The thin-layer chromatograms were counted

in a strip counter as shown in Fig. 16. The radioactive peaks obtained were themi cut out and weighed. The

intracellular ATP peak of the control culture was assigned an arbitrary value of 100, and all other peaks were

assigned a value relative to this peak. Experiments 1 and 2 in this table are the same experiments shown in

Fig. 16.

Adenosine

or
Experiment Treatment ATP ADP AMP adenine

1. Cells None 100 13 24 13

Medlium 10 0 0 0

2. Cells 5 m�m levallorphan, 10 mm 0 19 4S 0

Medlium 20 0 72 0

3. Cells .5 m�i levallorphan, 20 mm 0 0 10 0

Medium S 30 132 0

4. Cells 5 m�t levorphanul, 10 mm 5 33 2,5 0

Medium 26 25 75 0

5. Cells 100 �ig/ml chloramphemitcol, 10 mimi 88 38 27 0

Medium 4 0 0 0

6. Cells 10 m�m Na azide, 10 mimi 90 37 32 0

Medlium 0 0 0 0

E
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FIG. 16. 7’he effect of lezallorp/ian on adenine nucleotides

A culture of E. eoli Kl2 growing exponentially on glucose as a major carbon source was prelabeled

with adenine-14C (10 �tC/21.6 �zg/ml) for one generation, filtered free of label, and resuspended in

medium without radioactive adenine. The culture was split and placed on a New Brunswick shaker

at 37#{176}for 10 nun in the l)resemice (b) and absence (a) of 5 mii� levallonphan. At 10 mm the cells

and medium �s’ere separate(I by filtration and the nucleotides of each fraction were extracted aIRl

separated on TLC as described in Materials and Methods. The graphs obtained by eountmng the

thin-layer clinomnatognammis in a stnmii i’ounten are shown in the figure. The radioactive peaks were

identified by the UV ahsom’I)tH)Ii d)f known nucleotides run on each chromatogrmim.

466
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TABLE 3
Time effect of levallorphan on adenine nucleotides of E. coli K12 growing on succinate

Cultures of E. coli K12 growing on succinate as the sole carbon source were labeled with adenine-m40 as

described in Table 2.

Adenosine
or

Experiment Treatment ATP ADP AMP adenine

1. Cells None 100 41 10 0

Medium 0 0 0 0
2. Cells 5 m�t levallorphan, 10 mm 0 16 16 0

Medium 0 0 0 82

3. Cells Argon CO1 10 mm 105 47 18 0

Medium 0 0 0 0

4. Cells Argon COT, 10 miii + 5 m�m levallorphan 102 31 22 0

Medium 0 0 0 0

levallorphan treatment with respect to the

changes seen in the nucleotide pools.

It was of interest to investigate the effect
of stopping ATP symithesis in the presence

of levallorphan. Prelabeled, succinate-

grown cells were placed in an anaeroic con-

dition at the same time as levallorphan

treatment was begun. Table 3 shows that

FIG. 17. The effect of acute anaerobiosis on the incorporation of exogenous leucine-14C and uracil-

14c into the trichloroacetic acid-precipitable fraction of E. coli K12 growing on snccinate as a carbon

800 Tee.

(a) Leucine-14C (0.1 5C/5 �g/ml) was added at t = 0 to a culture of E. coli K12 growing ex-

ponentially on succinate as a major carbon source. At 10 mm the culture was split and either treated
with 5 mM levallorphan (A) ; placedi in an oxygen-free atmosphere, i.e., argon CO2 (I) ; or placed

in an oxygen-free atmosphere in the presence of 5 m�s levallorphan (fl). The control culture was

continually aerated and received no drug (Q).
(b) Tjracil-’4C (0.04 5C/4.8 �g,/ml) was added to a culture of E. coli K12 growing aerobically on

succinate as in (a). At 10 nun the culture was split and treated as described in (a).



TABLE 4

The effect of levallorphan on adenine nucleotides of E. coli K12 growing anaerobically on glucose

Cultures of E. coli K12 growing anaerobically on glucose were labeled with adenine-’mC as described in

Table 2.

Adenosine
or

Experiment Treatment. ATP ADP AMP adenine

1. Cells None 100 0 0 0
Medium 0 0 17 0

2. Cells 5 m�i levallorphami, 10 mimi 0 0 11 0
Medium 22 58 22 0
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the dm’ug d!OeS not cause any decrease imi

ATP concentration under these condlitions.

That anaerobiosis per se is not sufficient

to stop drug action is seen from Fig. 15
and Table 4. A culture of E. coil K12
adapted to gm’owth on glucose undem’
anaerobiosis for many generations was pre-

labeled for one generation with ademiine-

14C prior to treatment with levallorphan.
It is apparemit from Table 4 that the effect

of levallorphan treatment on cells growing
anaeroi)ically on glucose is similar to that

found for cells growing aerobically on glu-
cose, i.e, intracellular ATP is destroyed
amid nucleotides leak into the medium.

The effect of levallorphan treatment on

guanine miucleotid!es was also studied. E.

coil K12 growing aerobically on glucose

was prelabeled with guanine-14C in the
presence of a 5-fold excess of cold adlenine

to minimize the conversion of guanimie to

adenine nucleotides. Cells wem’e treated with
5 mM levallorphan for 10 mm, amid the
milmcleotidles were extracted and separated!

as described above. Table 5 shows that the
effect of levallorphan on guanine nucleo-

tides is similar to that on adenine nucleo-

tidies. The GTP comicentration within the
cell decreases after 10 mm of drug treat-

ment, amid leakage of GMP and GDP is

observed. These results could either reflect
an event secondary to ATP loss or the

destruction of all of the nucleoside triphos-

phates.

The Effect of Levaiiorphan on HeLa Ceiis

Levallorphan, an analog of morphine,

causes a dramatic decrease in intracellular

tm’iphosphate concentrations and a cessa-

tiomi of niacromolecular syntheses in bac-
teria. Because of the obvious pharmaco-

logic significance of narcotic compounds,

it was of interest to see whether levallor-

phian action on mammalian cells was simi-
lar. Therefore, we studied the effects of

levallorphan on HeLa cells. Figure 18
shows the effect of various comicentrations

of levallorphan on leucine-14C incorpora-

tiomi by HeLa cells. Cells were exposed to

leucine-’4C at time 0 and the drug was

addled 5 mm later. It is apparent from Fig.
18 t.hat protein synthesis is essentially
stopped within 5 mm of adding 3 m�x

levallorphan. At this concentration of drug

TABLE 5

7’lme effect of lerallorp/uiii on guanine nucleotides in E. coli K1f�

Cultures of E. coli growing on glucose as a carbon source were prelabeled with guanine-’4C (10 .zC/21 �sg/

ml) for one generation and then treated as dlescribed in Table 2. The intracellular GTP peak of the control

(‘ultUre was assigned a value of 100, and all other peaks were assigned a value relative to this peak.

Experimemit Treatment (TP GDP GMP

1. Cells Xone 1(X) 34 0

Medium 7 7 0

2. Cells 5 m�i levallorphami, 10 mimi 34 38 0

Medium 7 84 0
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FIG. 18. The effect of levallorphan on the
incorporation of exogenous leuc’ine-’4C into the

trichioroacetic acid-precipitable fraction of HeLa

cells
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HeLa cells growing in spinner culture were

(‘XpOsed to leucine-14C (0.3 4uC/1 �g/ml) at t = 0.

At 5 mm the culture was split and treated with

the following concentrations of levallorphan:

105M (0); 10�4M (#{149});or 3x 10’M (A). The

control culture received no drug (0).

RNA synthesis is also stopped as can he
seen in Fig. 19. Imi this experiment HeLa
cells were exposed to leucine-’4C or uridine-
‘�C at the same time as drug treatment

was begun. Essemitially no incorporation
of either labeled compound! is observed in

treated cells.

The effect of levallorphami on the miucleo-
t.ides of HeLa cells was studied in ami ex-

periment similar to those described above
with bacteria. Adenine nucleotidles wem’e
labeled with adenosine-14C for 15 niimi. The
cells were then washed free of the label
amid resuspended for 10 mm in medlium

containing 3 m�i levallorphan. Cellular

nucleotides were extracted with perchloric

acid in a similar nianner to that describedi
above for bacteria, separated by TLC andl

coumited in a strip counter. Table 6 shows
the m’esults of such an experiment. Treat-

ment of HeLa cells with 3 m�r levallorphan

causes a loss of about 60% of the intra-

cellular ATP. A concomitant increase in

intracellular AMP and ADP is observed

which miearly accounts for the loss of label

from ATP. Although the destruction of
ATP is not as complete in HeLa cells as in
bacteria, it is of sufficient magnitude to
suggest that in HeLa cells levallorphan
prod!uces its inhiiI)iti0fl of RNA and protein
synthesis as a result of its effect on ATP

(oncemltration.

DISCUSSION

The results presented in the preceding
section show that treatment of E. coil with

5 ni�i levallorphan promptly arrests the
synthesis of protein, DNA, and all classes
of RNA. The fact that upon treatment
with the drug the intracellular ATP is

rapidly converted to ADP and AMP which,
together with a remnant of ATP, leak into
the medium accounts well for the arrest of

the synthesis of macromolecules, since in
the absence of ATP energy-requiring re-
act.iomis cannot proceed!.

The cause of the disappearamice of ATP
is not obvious; eithem’ the inhibition of

ATP formation or the acceleration of ATP
hydrolysis 1)y the drug could be respon-

sible. We investigated, therefore, the effecl

of sodium azidie, a drug knowmi to interfere
with ATP synthesis, omi the intracellular
level of ATP. We found that this poison
arrests the synthesis of macromolecules,

but causes very little change in the imitra-

cellular ATP level (Table 2) . Similarly,
oxygen deprivation in cells using succinate
as the sole source of energy, promptlY ar-
reste(i the synthesis of maem’oniolecules, l)ut

failed! to cause a significant. m’e(iuctiOn in the
level of ATP (Fig. 17, Table 3). It would
appear, therefore, that the arrest of ATP
production neither reduces the level of ATP
significantly, nor causes leakage of nucleo-
tidies imito the medium. However, the cvi-
dience for this � is not. conipletely con-
vincing. For example, sodium azide might
have other effects than inhibition of ATP
synthesis: it might reduce the rate of for-

mation of precursors of protein audi nucleic

acids. Similarly, depriving cells growimig on
simccinate of oxygen, may prevent. the syn-
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FIG. 19. The effect of

of ucLa cells

lem allorphan on the incorporation of exogenous it LC�1 e-’ ‘C and undue-’ ‘C

(a) Leucine-1C (0.16 �C, 0.5 j�g/mnl) was addedi to a spinner culture of HeLa cells at the same

time as 3 m� levallorphan (A). The control culture received no drug (0).
(h) Uridine-’C (0.03 �C/O.29 �zg/ml) was added to an identical set of ctmltimres as in (a).

thesis of such precum’som’s from succinate.
In that CaSe, the symithesis of macromole-

cules could only 1)I’Oceed at the cost of the

amino acids amid nucleoti(ies already pres-
ent in the intracellulam’ pools and might
come to a halt diue to the lack of a re-

quired! buildimig l)lock, before a significant
portion of the imitracellular ATP has been

utilized. We did not imivestigate the effect
of supplying the oxygen-deprived cells with
a mixture of the amino acidis required for

pm’oteimi symit.liesis and miucleosides, since
componemit.s of this mixtum’e, such as serine

amid adenosine, can serve as sources of en-
ergy under anaerobic conditions.

The observation, shown in Table 3, that

levallorphan does not produce a drop in

the ATP level of succinate-grown cells de-

prived of oxygen would be in good agree-

ment with the concept that the drug arrests
synthesis of ATP, but that in these cells

the lack of building blocks prevents the

exhaustion of the ATP.

However, it is difficult to see at what

stage of ATP synthesis levallorphan might

exert its inhibitory effect. The drug causes

TABm.E 6
7’he cued of lerallorp/a.n on adenine n ucleot ales in HeLa cells

A spinier culture of HeLa cells was prelabeled with adenosimie-�C (10 �C/25 �zg/miil) for 15 mimi, collected

by (‘entrifugatiomi :111(1 resuspemidledl imi medium without labeled adenosine for 10 n�in in the presemiee and

absemice of 3 m�i levallorphan. The cells were then collectedl by cemitrifimgation audI their nueleotides were

extracted amid separated as descrihedl in Materials and Methods. The peaks obtainedi by counting the

chromatogranis were cut out and weighed. An arbitrary value of 100 was assigned to the control peak of

ATP; all other peaks were assigned relative values according to their weight.

1.

Experiment.

(‘ells

Treatment ATP AI)P AMP

Name 100 17 0

2. Cells 3 nut levallorphan, 10 mimi 41 26 12
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a loss of intracellular ATP ill cells growing

on glucose in the presence, as well as the

absence of oxygen (Table 4, Figs. 15 and

16) ; consequently, levallorphan cannot be
considered to act by uncoupling oxidative
phosphorylation. Moreover, the drug-
treated cells metabolize glucose as fast and

with the same uptake of oxygen as un-
treated cells (Figs. 13 amid 14) ; conse-

quently levallorphan cannot be considered
to act by inhibiting the energy-producing
reactions.

The failure to demonstrate an effect of
levallorphan on energy production, sug-

gests that the drug acts by stimulating the
hydrolysis of ATP. We could not demon-

strate a stimulation of the already high
ATPase activity of cell extracts by levall-

orphan. However, this failure may reflect
the fact that the destruction of the cell
membrane activates the very ATPase we
wish to study. The failure of levallorphan

to cause a reduction of the ATP level when
added to cells deprived of oxygen in a

medium containing succinate as source of

energy, appears to contradict a direct
stimulation of ATP hydrolysis by the dirug.

However, this finding may reflect the in-

ability of levallorphan to enter a cell whose
metabolism has been arrested or the fact

that the drug has to be chemically altered
by oxidation or dehydrogenation to be-

come effective.
On the balance, we favor the view that

activation of an ATPase is the mode of

action of levallorphan. Although not stud-
ied in great detail, Fig. 2 and Table 2 in-
dicate that similar conclusions can be made
for levorphanol, the narcotic analog of

levallorphan.
The leakage of nucleotides into the

medium observed after levallorphan treat -

ment could either be secondary to the loss

of intracellular ATP or a direct effect. of

the drug on cell permeability. Figure 12
shows that levallorphan treatment dioes miot

change the rate of entry of galactosides

into E. coil whereas it. does stop the a’-

cumulation of TMG-14C (Fig. 11). These

results are consistemit. with an effect omi

ATP concentratiomi, and not. a change imi cell
permeability. In addition, the time course

of leakage of nucleotides is such that AMP
and ADP first increase in concentration imi-

side the cell before they completely leak

out (Table 2) . This is consistent with the
hypothesis that ATP is converted to ADP

and AMP inside the cell, and as a result
of the loss of ATP the nucleotides can no
longer be held within the cell against a
concentration gradient.

Our results and conclusions on the mode

of action of levallorphan and levorphanol
d!iffer from those of Simon et ai. (2, 3).

Using lower drug concentrations (1-2 mM)

these authors have presented evidence that

levorphanol is a selective inhibitor of

ribosomal RNA synthesis. They have re-

ported that at low levels of levorphanol
DNA, protein, mRNA, and transfer R.NA
continue to be synthesized, but ribosomal

RNA is not made (3) . In view of our
studies showing such a dlramatic decrease

in intracellular ATP concentration after

tm’eatment with 5 mr’i levallorphan and

levorphanol, it is not unreasonable to as-
sume that the low concentrations of drug

used by Simon could! prodiuce the situation

of “shift dowmi” (16) . In other such situa-
tions wherein a culture is shifted from good

to relatively poor growth conditions it has
been shown that ribosomal RNA symithesis
is selectively inhibited (17) . Thus, the Se-

lectivity reported by Siniomi probably re-

fleets the “shift down” COfldiitiOmis caused by

marginal comicentrations of the drug. The
fact that Simon et ai. (18) have also re-

ported selective inhil)ition of rihosomal

RNA synthesis with (linitrophenol, a
known uncouplimig agent., supports the con-
tention that they are ol)serving the results

of “shift down” in the case of both dimiitro-

phenol and levorphanol.
We have shown that levallorphan and

levorphianol P1’Odiuce both a strong inhihi-
tion of macromolecular syntheses and a
dleerease in imitracellular ATP concemitration
in bacteria. In a recemit paper Cousin et ai.

(19) have reportedi a remarkably similar

situation in the therniosensitive mutant E.

coil CR 341-T28. Although this mutant
will grow well at. 300, it does not make

RNA, DNA, or protein at. 40#{176}.These au-

thors have shown that the level of ATP in
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these cells decreases dramatically when

they are placed at 40#{176}.Although this mu-

tamit has not heemi studiie(! extensively, it

may prove to be a �)hysi0l0gical example
of time same effect caused by levallorphan
and levorphanol.

Because of the importance of narcotics

in clinical medicine it was of interest to
see whether the same results found in bac-

teria were to be obtained! also in ma.m-

malian cells. We have shown that levallor-
phan acts in HeLa cells (Figs. 18 and 19

amid Table 6) in a similar way as in bac-

tem’ia. Iii a recent paper Notehoom amid
Mueller (20) also present evidence that

levallorphan imlhil)its RNA and protein syn-
thesis imi IleLa cells. Moreover, using cx-

tracts of HeLa cells they were unable to

ShOW any effect of levallom’phan on the in

vitro synthesis of RNA or protein. We also

could iiot show immhil)itiomi by levallorphan
of protein synthesis in vitro using E. coil

extracts. Notebooni’s results are consistent
with the suggestion that levallorphan’s pri-

mary actiomi imi HeLa cells is the destruc-

tion of ATP.

The decrease iii ATP that we observed

after treatimig HeLa cells with levallorphan

niay i)e relate! to its mechanism of action

in producimig analgesia in humans (Arthur

S. Keats, personal communication). Al-

though the eomicemitration of d!rug needed in
the present studiies are far higher than

those needed to produce amialgesia, it is

possible that selective neurons are more

sensitive to the drug than are HeLa cells.
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