
MOLEUtt,AH t’lIt tmit.U0LOGY, 7, 605-610

605

On the Mode of Action of Levallorphan on Escherichia coli:

Effects on Cellular Magnesium

i\f. A. DEVYNCK, P. IA. BOQUET, AND P. I’ROMAGEOT

Scrvit-e de Biochimie, Centre (l’Etudes .Vucl#{233}aire-s de Saclay, 91 Gif sur Yvette, France

E. .J. SmimoNn

Department of Medicine, New lork University Medical (enter, New York, New }orI- 10016

(Heceived April 8, 1971)

5UMiIA RY

Imiimil)iti(Inu of I Ime gromvl Im of E.s-dieiidi ia (‘0/i by lo’vm-uliorphan inmcn’emised imu effect ivo’nmess a.s I lie

mo-diuni conmeent ratiomi of �\ 1g��+ mm-mis do’emo’mmso’d. Imvo molecurles of lem’allorphminm mm(’n’(’
simowmi to conmmpo’te mvitlm 1 atom of i\Ig�, presimnumibly omi time cell surfmuce. Actim-o’ tranisport of

mm-mismtltered mi the presenmee of the drug, mumm(1this effect could he preveuuted by higim

conicenitratiomus (If Cmi�. Heduetiomm of eellulmmr ‘s1g#{176}�comitemit mu time pm’eso’ndo’ of iem-allorpimminm is

suggested to be omie possible cmmttse of gr’owtim imihmihitiomi.

I NTROtflJCTION

Mom’phmmnmamm dler’n-atrv(’s immlmibit lime gt’olmvt Ii

of hmucterimu (1, 2) as mm-eli mis mumminmai cells (3).

They also imuimmbit n’eplicmition of RXA phmmige

(4, 5) timid mints (6). Anmommg time niel tibohic

processes inmvest igmit cdl, r’ihosonmmul H XA symi-
thesis mm-mis j)r(’feremitmally dej)m’(’sSed by time

morpimmnumunm deu’ivmmtivo’s (7, S). This immimmhit iomi

of n’ihosonmmal HXA symmtimesms muppam’enmtlv

reflected a regulmutory imrocess I riggem’ed by

the thing m’atimer thmmum mmdirect effect- on tranm-
scriptioni (9, 10). We repom’t hmer’e a study of

time effect of Mg#{176}#{176}onm tlmo’ bmicteriostmitie

effect of li’vmmlborphmminm [t( - )-_V-mullyl-3-hmy-
droxymou’phiinmminu] omi Esc/iei’ie/iia- Co/i. It is

shomm-mm timat lem-milborpimani imumpmuirs time \Igtt

tranmsl)ort svst enmm. Time subseoiuemit depletion

of eellirbmuu’ i\ Ig+� could he a factor n’esponsihie

for time limmmitatioum of gm’ommthm.

itAl’EIIIALS ANt) ME-1-mmOu)s

E. (‘0/i K-12S mm-as gr’ommmm in mi nme(liumnlm

I)m’eviou5l� descm’ibed (5), donut muimuimmg2.0 g of

1 Career Scienutist of time Ilealtim Research Coon-

�i1 of the Cit�’ of Ness- \ork.

(XH1)2S01 , 0.0005 g (If 1’eS01 . 7H9�, 0.075 g

of I’I(’i, 7.5 g of irietimtiumolmmnminme, tutu! 0.135 g

of XaH2PO1 . H2( ) per lit en’. The nmuedmimumm

pH mm-mismmcliiiSt-i’(! 1(1 5. 1, followed by mmddbit ilIum

of 0.246 g of MgSO1 - 7H!O. Sodiutmu succitmate

(0.5 ; ) mmmd Difco (‘asamiumo acids (0.2

mm-em’etmddo’d mis sottt’ees of car’bomm. (n’omm-t im mm-mis

follommecl by m(’mmsurimmg limo’ mui)5(It’I)mintee mit-

� nnm imi mini Eppenudorf plmot omel em’. Via-

bility of time l)tidtet’iti was routinely (li-

t(’rnmumnm(’db by 1)itil itmg sumtab)le (bililtionus oh

ntrlm’ienmt agmmr. Unideu’ tIme eommdlilionis umsed iii

time present invest mgmil ion, no loss of vmabiht y

mm-mis olhs(’rved. limo’ loltal nmagmiesiimm donut cut

of 1 In’ orgmintisnmms mm-mis measured by mit otmmic

mul)sOt’I)t1(Ihi I)lmoIt�nmm(’l t’y, irsinug a Tech m’omm

,AA4 mist n’umenmt , ot’ by rmidioaei im-ity de-

ten’nminmatiomms iii limo’ (‘xperinmm(’uils mu mvlmichm

25Mg was ttse(l.

1�ael o’m’imu mmet’e fill (‘r( ‘d tim u’ouglm \ I illipolu’(’

1T;� nmmenmi)u’anm(’s (0.45 �). Tin’ filters mveu’e

mmtisim(’(I mmitim 2 mmmlof cold buffet’ (i.e., gm’omm-tlm

rmuetbnrnm mm-ittm i\ I g1 � amid dmirl) am sources).

lot’ mul)sOt’pti(Ini �hm0tometm’y, tIme bmicteri:m

mmere resuspended mi 2 umml of distilled wmmteu’.
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‘lime pr’ecisioum (If I ime \Ig++ deterumminimmt ion

mmitim the Tecimt roti AA4 iuust.rurnmmenmt mm-as

::E5 � � . For’ (letem’nuiumatiomi (If 25.\!g, time \Iilii-

P(It’e nuenubrmmm ies mmere (1 ned ammd eoiruit ed
mi t.oluenme seimmtiilatiomm fluid mm a Pmickan’d

Tn’i-Carh liquid sciumt iilmmt ion sj)ect u’ommueter.

Imuflux of nummgmuesiuni iouis mm-misdo’tem’nmimied

mit 23#{176}mmil Ii logaritiinuic pimmiso’ i)mtcterimm gl-ommmi

iii tIme rm’es’ume’ of 0.15 mmmmi i’\Ig+�, mifter

mmmmsimmmugtimid u’estnspemisioum mm atm id(’ntticmil

flie(limtflicontmuuiimug 0.1) mmmii25�’sIg (2.4 numCi/

mnn(Ilo). Sannj)lo’s (1 nmil) mmen’e r’eummovecl

p(’riodieally, filto’red thmm’oimghi 0.45-u _\ I illipot’(’
HA filters, mmashed mmitim buff’em- ium om’d(’n’ to

remove mmdsom’hed �\ Ig++ ( 1 1 ) , cImied , mtnidl

eounmted. lime 1055 (II iuitm-miceilunhmm’ \lg��

mmas (leterminie(1 mit 37#{176}� time absenice of

extemnmal �\[g+± iotis. TIme Ilmicterimi, gn-ommmm

iii tue i�resemiee of 0.15 nmirm--I 2�’mIg�� (2

mi.mCi,/mnuole) fcu- tmmo geniem-atio)nms, mm-crc
iimin’vesteil by fiitrmmiiomm011(1 mesirspenmdedl in

mini �‘sIg�-free gu’owtlm nuedmimnmm. Time hinmdinmg
of 4mCa4t by expolnmemutmailv gu’owimmg (In’ganu-

isnns mm-misdetem-tmmitmed imm tIme pt’esetiee of 0.1

mM \[g+f. Aliquots of 1 mmml mven-e fiItem-ed,

mvmmsimed mvith 1 nml of (‘(lid1 distilled mm-titer

(cotmtainmimmg 0.6 �m (‘a4�), mitud (‘omntmted.

The finmmml conmcenmt i-mit monm (If’ Cmi+f mm-mis 1.1

j.t�n (0.23 nmCi /nmnmoie), pt’ovidimmg a lmim’ge

excess of time bolhm mi meimutioni to) tIme nmmuxmnmirnu

biniditmg capacity (If time cell. 45(’mi�� mm-mis

counted imm time stiumie nmminmni(’n- mis

4�(’�i+e mimud 2�.\1g�� mmeu’e ilt0d11d15 (If tin’

( ‘onunuissmmrimmt a l’l’tmen’gie _\ t oniio�ue, Smicimuv,
i”rmmniee. Lo’mmmhiompimtium ttit’tt’tilo’ mmas ti g(’ii(’t’-

outs gift ft’onmm HofIimmammnm- -La Roelo’, 11usd,

S mm-it-zeila 11(1 -

1IE5YLis

]/�j4� (111(1 (/10W/It �i/i/1 thitol!/ (11(’(’t 0/ fetal-

Im-pliwi. IA’\all(Iullimaui (0.5 nmmmn)conmmllleleiv

iumimibited the gt’ommlii o�f K. co/i K-12S iui tIme

jlu’(’s(’ti(’(’ 01! 0.01 nun \ Ig#{176}�, bitt 1 Ii(’ guowt ii

u’mm-t(’ mm-mis ommly siigimtiy m’edue(’d wineui time

.\Ig�+ c(Imico’nmt rmil ilIum mmmis r’miised 1(1 10 mmi

l-’ig. 1). Mou’o’olv(’r, mmiismumg I hue _\Igi� dolti-

e(’uut u-mit l(Itt subso’quo’nit 1(1 h’m’tmilomphaum mu-

lmibit-ioum allommed I lit’ cull tire 1(1 m-esuumme

gtowtim, mis l(Iuig ti5 ti(I loss (If vitibilit�- imti(l

I mmkemu place ( l-ig. 2). rfim its, ill t Ito’ pn-eso ‘mice

of lem-allorphmami, I lie gt’omml ii u-mit(‘ h(’immim-(’(l mis

it hummite(i l)V I it(’ (‘XI(’t’uitil �\lg� ± loIti (‘(Itid(’ti-

t ratiomm. L�sk ci al. (12) found ilmat fom’ E.
(01? I�-12 0.001-0.003 mmn Mg�� mvas re-

9mm-edt fom- immilf-nmtmxinual gromvtim. In time

l)t’(’senmde of ievmillorpimmmmm, imowem-er’, time i\ 1g�+
doticemmtrmitioti n-equit-o’d mm-mis iuglmer’ timid, as

shmowmi mm I”ig. 3, rose wit ii immeu-emisinmg leval-

Ion’phmmimi coimmeenit rat ions. Thmus, levmullorplianm

Fuo;. 1. lledtiettoit of qi-mi-th tate tf E. coli K-12

��!J 0.5 inn! let-ulloiphan a-s a function of ifg++ con-
(en li-a/ion

#{149} �, 10 mM; C -0, 1 mit; A-----�,, 0.1
nuumu; A - A, 0.01 nut

2 3

1’ u(�. 2. Jm’c tei.5(il itf le a llorp/t (lit itt /t ibit ion by

(1(1(11 t�iit of .1Jq -

Levmillorplmmmnu - 2.1 nimmm, wmms added to mmcml ttune

(‘onutainuinug 10 mM Mg (a) anud to two cultitu-es

�vit lu 1 mm Mg (b anal e) - Cttlt mnre b was later
smtpplennenut ed wit ii Mg t t t a final (‘ouuceuut u’at itmut

of 11) nuuM.

2

-2 //

-6 -5 -4 -3 -2

eq Mq.+

l-’r u. 3. I)ele i_ill 10 (ill on ttf K. of ma goes iii on fm-

gi-omi’th pi-occ.s.s in t/te /)ic.seuce (if incica-sing conceit -

/ ia/ion-s of ic-a /loipha n

� is the gu-ttwt im u’:mne muettnut nit! cult mnres (genera-
I ittuus per hi mr ) ; � is I ut’ growl Ii rate mm time presence

of the ftil!t wi nug ct invent t nat ittns t tf levmillorphan

0 0, 0.4 ntumn; A A, 0.5 nn.mm; #{149}� 0.9

nut; � 0. 1.3 nummn.
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FnG. 4. Lineweaver-Burk plot for inhibition of

E. coli gmo-mt’th tate by levailorphan in the presence of

various JJg±�� concent rations

Mo amid �u are definmed in the legenmd to Fig. 3.
#{149}-#{149},0.I mM; A-A, 1 mM; U-I, 10 mM

Mg�t

seemed to limit thi(’ availability of Mg� to

the bacteria. The possibility that \1g�� mm-mis

removed by cimelationi to levallorpimanu mm-mis

considered, but studies of ultraviolet spec-

tra, XMR, amid potentiometric cimamiges

shomved no evidemmce of chelation.2

Time possibility mm-as tested timat leval-

lorpimmmnu might act mis a monovalent cat iomi

competing wit-h Mg�� for cellular binding
sites. If Mg mm-crc considered as a subst rat e
for a putative enzyme system that limits time

groms-t ii rate, time �\ lichaclis- \ lent en eqirat ion

could be formally utilized. This equation mm-as

modified, based on the assumption thmit 2

molecules of levallorpimanm compete wit ii 1

atom of Mg+t Figure 4 shomvs a Linemveaver-
Burk plot of j�o/� (mvhere �#{176}is the gromvth

rate mi the tibsenuce of levallorphan, �, mm the
presence of drug mis a functioii of time square

of leyallorphani concentration for differenmt
Mg� concentrations). Time graph shmomm-s
competitie mmbet mmTeen levallorpiman ammd \ fg++.

The in Imihit ion constant of levallonph mimi
(K� = [X - Lev2]/[X] [Lev]2, wimere X is the

divalenit himiding site) for time “system” mvas

found to be 2 X 10g. Time appmiremmt Km fon’

�\lg++ for gromm-th mm-as calcmnlated to he 4 X

10� M.

It was of imiterest to examinme mmhmetlmer

othmcr cations could reverse the bacterio-

static action of levallorpiman. (1a� mm-as ef-

fective, but less so than Mg�, as depidtedi

2 M. A. I)evynmck, P. L. Boqmnet, P. Frommigeot

and E - J - Sinmtnu, ltuul)mthlished observat ions.

in Fig. 5. Spermidinme (1.5 mmn) immmclmmslight

effect, but hmigimer concemmtn’mit iotms could nmot
he tested simice limo-v wer(’ iumiuihiIor�-, Earlier

mmotk (9) immid shown a more sigmiificanml

n’eversmui by spernnidinme. TI i is discrepau icy
mmiv he the result of dmffem’eumces in I ito’ st u’aiuis

of E. CO/i employed.

This led its to stirdv I ho’ effect of levmmi-

lorpimanm on the Mg++ I rmimmspon’t system. Iui
time pn-o’senmce of levallorphmani, tii(’ u-ate (If

lahelimmg of cells by 25.\lg mm-mis ro-duced to mm

greater extent than time growth rate (Fig. 6);

timus, mmdecrease mm I-ho’ cellular magtiestumtuu

content- mm-as anticipmil o’d, ummless limo’ ro’duc-

tionm in influx was conupeuismit ed for by to de-

crea.se in efflu.x.

Ca++ (10 m�i) restored 2�\Ig excimanige arid

time grommthi rate nemmn’ly to nrnn’mmml. 1mm limo’

l)r(’s�’nmce of I m�t K(X, ito 2’’mlg exehmmnmge

005L

-� 03

02

Fn;. 5. Piotectim-e effect of � Ca4, and -s-per-

)Iii(IiiiC on reduction of grow/h ialt- by lem’allorphan

Levallorphani (2.2 mit) wmms ad(le(1 as indiemited

by the minnow, in the lreseumce of 10 mit Mg44 (a),

10 mum Ca�� (b), 1.5 nimM spernuidiuue (r), or nuo addi-

tion (d).

v7�

01 7
�200�

- 4

-8.100 0�4f ._- - -

- -

0 20 40 60 80 lOOm.n

Fmu. 6. Cellulai- oplaA-e of mWg

Levallorphauu, KCN, mud/or (‘mi�’ were mmdded

15 nminu i)eft)re the addititmuu of 2�Mg. #{149} - - -�, ctuu-

I u-uI ; A -- A, 0.6 nun levallorphanu ; A- A, 1.2

mmmii levmmllorphan; 0-0, 1 mit KCN; C - - C

1 limit KCN -1-- 1.2 numM levallorpimmmnu ; El -- ---U, 10

nummn CmiCl2 -1- 1.2 nmmn levmillttrphani.
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occurred, mu mign-(’eni(’mit mmitii time ro’pon’t by

Silvi-r (13). This inilmibitioni of exciiarmge by

KCN mm’a,s not rey(’rsed by time simultanmeous

mudditionm of levahlorphmani.
TIme ro-diuced rmite of 25\Ig influx mi time

Presence of lo’m’allorpimanm could be aceom-

j)mtmued by mudecrease eitho’r in Mg++ efflux or
iii the inmtrmtcellular magniesium pool. rho

immvostigate timese alternatives, 2�\lg efflux

mmmLs measured under conditions such timat-

time influx mm-as negligible, i.e., mmith bacterimu

I)r(’iioilSlY labeled mmith 2s-\Ig and limo-nm re-
sUSpellde(1 iii Mg++_free nuediunu. Figure 7
slmows tiimit conutrol orgminuisnis iost about

23 % of their magmm(�iunu, which mvas th(’n

u0’mil)SOrhed as ro-ported by Webb (14). 1mm

I he presemuce of levallorpimaim, timis loss of

cellular magnesium reacii(’d 50 % mi 45 mini.
The initial rate of Mg++ efflux was the smumo’

mmitli mind ivitimout levallorpimanu, but mm-mis
niotmibli’ reduced in tim(’ presenmct- of cyanide.

Timus, this c/flux was energy-depeumdenmt mmmd

niol a diffusion proco-’ss as postulated by

\Vebb (14). Little, if any, of lime nmag-

muesium released was reabsorbed in time pres-

enice of lcvallorphamm, alt Imoughm, as simomm’nm iii

Fig. 6, the Mg� pump mm-as still operating

but- at mi slomver m’ate. As mmcomitrol, tolitemie

treatment mm-as slmomvnu to promote time loss of

miboumt S5 % of the initimul \1g�� content.

Time addition of C’a� mm-it-li levallorplmanm

did not prevent tIme initial loss of 28Mg, but

allowed time co-il pump to functiorm no-ar

nuormai capacity timid thereby to regaimm Mg�+
lost mm-hiile gromvt ii cont mmcd -

A liet-alioti- of ce/lu/au- ma#{231}jnesiuni con/cit I by

lei’al/oi-p/tan. Time decremise of the cellular

Mg conmtemmt in the l)res(’nicc’ of levai-

lorpimani is simomvnm itt Fig. S. Ummder nmormmil

conditions tIme co’ll conit o’mmt of magtmesium,

mis mm-elI mis tim(’ mimoumit of cmilcium bomnnd,

iuicreased exponentially, as (lid time cell

PoPulmit iO)ti. After addil lOti of levallon’plman,
iio)mm-eyer, the binidinmg of calcium r-etnmtinuecl

pt’opori-monal to I In’ ahsorbmmumeo’ of time culture
but time nmagnesium conitenut do’ereased im-

niedimilelv. It mm-mis tlmeu’o-fore of initer’est to

comptire tlmo’ eo’hlultur conit emit of mmignmesium

mi orgamuisms mm-hose gm’omm-tim i’mite mm-as either

immilted by nimignmesium starvtitiotm or reduced

by lo’vmullor’phmuni (50% of limo-’ imiitimml m’ate). 1mm

ho)thm cmises no loss of Vimih)ilitV mm-misohsem-yed,

�������11

H

2 - 20 40 - - 60 80 mm.

FIG. 7. Effiux of tmmMg from E. coli cells

Bacteria growmi in the presence of 2tMg were
filtered and resuspended in anm Mg�-free meditmm.
Addit-ions of levallorphanu, CaCI2, toluene, and

KCN were made at- zero tinme. #{149}-�, control;

A-A, 1.2 mum levallorphanm; 0-O, 1 mM

KCN; V - - - -7, 1.2 mM levallorphan + 1 mM KCN;

- - -, 10 mm CaC12 + 1.2 mum levallorphan;

0- - -0, 10 nmM CaCI2 ; A ---A, 1c tolinene.

4.

T:iz 11

FnG. 8. tmmMg an(1 45Ca contents- of E. coli cells

before and after iem’a/lorphatt treat went

Levallorphanm (1.1 nmut) was added as iuudicated

by the arrow to cmultmures conutaimiinmg tm8Mg (50 MM,

2 numCi/mmole) (O------O) (In 4mCa (1.1 MM, 0.23

mCi/mnmole) --- -I) iii time presence of 0.1 mum

Mg44. Absonbanc-e of the cmult-mtrewas followed at

546 nm (#{149}--#{149})-

timid time \fg++ conitemut mm-as equal to) 13.6

/2atonLs/ 10n cells, as compared to 19.5 IL-

mit-onus for commtrol co’hls. Timims, levallorphan

shifted time baiammee belmveeni external \ fg++
mind cellular nmagmiesi urn content.

I) ISC’USSION

Time data preso’nited tibove establish that

tIme level Of L. (‘0/i gromvtim inhibition by
levallorphanm is a fund iomi of tIme externmal

Mg� conmcemmtr’atiomm: time lomver the Mg�

comueenmtratiomm, tim(’ nioro’ l)roniOUniced mm-ill be
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P. L. Boqtuet, M. A. l)evvnck, mind P. Fronma-

geot, nmanmmscript in preparation -

the inuhibition of grommth by a given drug

conicemit rat-ion.
\fg++ is accumulated mi E. coli by an

active transport system, as reported by

Silver (13) and Lusk arid Kennedy (15), in

which the influx and effiux processes mire

coupled. Levallorpimani apparently alters time

active transport of Mg++ and unbalarmc’s
influx amid efflux. Time latter process con-

tinues in the presence of levallorphan, mvhile

the influx process is impaired and, in con-

trast to normal organisms, does not operate

at very iomv external �\ Ig++ concentrations.

It should he pointed out that energy-pro-

ducing systems are required for stimulation

of Mg++ efflux by levallorphan.
The comicemitrations of levallorplman used

in the present mvork do riot cause a depletion

of the ATP pool,3 but much higher concen-
tratiorms can induce other changes leading to
a decrease of the ATP pool, as reported by
Greene and Magasanik (2).

To understand the mode of action of

levallorphan, it is important to note that
Ca++ partially reverses the effects of leval-

lorphan on Mg� transport, despite the fact
that Ca� does not compete with i\fg++ for
cellular Mg� uptake. In addition, Ca� is

not concentrated by an active transport

system in E. coli (16). Calcium arid mag-
miesium mire bound to time cell mm-all, arid
particularly to lipopolysaccharides (17), amid
play a role in the maintermance of the proper
structure of time cell envelope. Thus, it is
likely that) the antagomuism betmveen Ca+±
amid levahlorphmanm takes place at time surface

of the cell.
Time displacement. of externmal (1a� or

Mg++ by levallorpiman, enihaniced by time
lipophilic character of time drug, might in-

duce subtle structural chanigo’s mi time cell
membrane, altering some active trammsport
systems without promoting emiergy-imudepemid-

enut permeation. Alterations of other tranis-
port systems by morpiiinan derivatives hmive
beemi reported. Gale (1�) showed that heroimi
and levallorpharm increased the rate of trans-

port into Slap/i ylococcus aureus of some
muminio acids, such as aspmmrt-ate and alanine,

arid inhibited that of lysino- murid prolino-,

mmit.im coniconnitamut imilmihiliomi of protein syli-

timesis. Simon et al. (19), mm-orking mvitii E. coli

and levorphanol, obso-rm-ed an alteratiomi of

time permeability of cells to put-rescimie,
amino micids, spermidine, amid J�+#{149}Tim us,

levallorplman may disturb a number of per-
meation processes, each of mm}mich nuight limit)
gromsth , and since it. has I)eemi shomvn that

bacterial RNA arid i\Ig� conitemmts gemieraily
vary together (1 1), a decrease of time gromvth

rate mmould generally be accompanied by a

reduction in RXA amid Mg� contemmts. Homv-

em’er, the regulatory process coupling Mg++

and RNA contents cannot account for arm

alteration of time Mg++ transport. system.

In the presence of levallorphan, E. co/i

K-12 seem-s to mimic the E. coil mutammt
isolated by Lusk et ai. (12), wimich requires
eitimer higii ‘ilg++ comicentrmition.s or simul-

tamieous addition of Ca++ for gromvtim.

We are timerefore led to suggest that time
inhibition of Mg�� transport- may contribute

to the reduction of time gromvth rate of E. coli

by levallorphanm.
Most of the effects obso-rved in the pres-

ence of lem-allorpimamm resemble those observed

by Silver et al. (20) iii time presence of various

polyamnines such as Iimrro’diamine. All timese

effects are thought to) be secondary to struc-
tural changes in time cell mo-nubrane, as smug-

gested by studies on th(- interaction of leval-

lorpiman with E. coli spheroplmists (21) timid
by the altered phospimolipid metmiholism

seen mi levorphano)1-treated bacteria (22, 23).
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