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SUMMARY

The disappearance of cellular putrescine observed when Escherichia coli cultures were

treated with levorphanol wa.s shown to be largely the result of an acceleration of putrescine
efflux produced by the drug. The efflux of putrescine from E. coli exhibited a stringent re-

quirement for metabolic energy. It was found to be greatly reduced by carbon source star-
vation, by treatment with metabolic inhibitors, or by low temperature. The efflux of putres-

cine stimulated by levorphanol was also virtually abolished by such treatments. Levor-.

phanol also inhibited the uptake of putrescine by E. coli cells. Evidence is presented which
indicates that the inhibition of uptake and the stimulation of efflux represent separate effects

of levorphanol. Competition between levorphanol and putrescine for a carrier or binding

site was ruled out by kinetic experiments, which showed that inhibition of putrescine up-

take by levorphanol was not competitive. The effect of levorphanol on the putrescine pool
wa.s readily reversible. Replenishment began without measurable delay upon removal of the
drug. Levorphanol also produced reversible alterations in the permeability of E. coli to
most, if not all, amino acids, spermidine, and K+. Possible mechanisms of the effects of
levorphanol on cell membranes are discussed.

INTRODUCTION

We have previously reported that levor-
phanol, a synthetic narcotic analgesic closely
related to morphine, inhibits bacterial

growth (1). A biochemical effect of the drug

observed in Escherichia coli was a prompt
and marked depression of RNA synthesis
(2). This inhibition was found to involve
predominantly the synthesis of ribosomal
RNA (3). In an effort to elucidate the mecha-
nism of action of levorphanol on ribosomal
RNA synthesis, the relation between the
drug and the polyamines, putrescine and

spermidine, was explored (4), since reports

from the laboratory of S. S. Cohen (5, 6)

This research was supported by United States
Public Health Service Grant MH 10227 and Health
Research Council of the City of New York Grant
U-1006.

‘Career Scientist of the Health Research
Council of the City of New York.

577

had provided evidence that these compounds
may be involved in the regulation of ribo-

somal RNA synthesis in E. coli. During that

investigation it was found that treatment of
E. coli cultures with levorphanol led to the

disappearance of most of the cellular putres-

cine pool (4). We suggested that this might
represent an effect on the cell membrane
resulting in an accelerated efflux of putres-
cine from cells into the medium.

Evidence for membrane effects of levor-

phanol in E. coli wa.s also obtained by Greene
and Maga.sanik (7), who reported a rapid
disappearance of cellular ATP and GTP and

an inhibition of the accumulation of thio-

methyl-�-n-galactoside. Effects of levor-
phanol and related drugs Ofl amino acid

transport and lipid metabolism in Slap/i y-

lococcus aureus were recently reported by

Gale (8, 9).

This paper describes a detailed study of



the effect of levorphanol on putrescine trauis-

port. Evidence is presented that the disap-

pearance of cellular putrescine is, indeed,
largely the result. of a drug-induced efflux of

putrescine into the medium.

The drug was also found to inhibit effec-
tively the uptake of ‘4C-putrescine by E. coli

cells. Our results indicate that the stimula-

tion of efilux and the inhibition of uptake

represent separate effects on puitresciiie

transport. I �evorphanol also alters the per-

meabilitv of E. cvii cells to other small ions

and molecules, including most, if not all,
amino aci(ls, spermidine, and K+. All these

effects were found to be readily reversible

upon removal of the drug.

�iATEIflAL5 AXI) METHOI)s

L. (oil strains K-i3 and 13 leu were

grow’li at 37#{176}with vigorous shaking in the

minimal me(hum of Nakada (10) with 0.5�

sodium lactate as the carbon source unless

indicate(l otherwise. Leucine (100 �g ‘ml)

was added to the cultures of the auxotroph.

Log phase cultures containing 2-3 X 10�

bacteria i )er milliliter were collected by cen-
trifugation, washed twice, �Ul(l resuspended

iii a mo(lihcat ion of me(hum 13 describe(l by

rf�h1. and Tabor (11). This medium con-

taitis 0.012 M potassium phosphate, 0.1 m�i

MgC12 , and 0.1 � sodium lactate at pH 7.3.

Additions or modiheatiotis are given in the
legends to tables and figures. The culture was

shaken at 37#{176}for 30 miii to remove traces of

ammoiuum chloride and to deplete the
amino acid pool in order to minimize en-

dogell( )us polyamine sylit hesis. The concen-

tration an(l radioactivity of the ‘4C-puti’es-

cine or ‘4C-spermidine adde(l is in(licated in

the legends to tables and figures. For uptake

studies, 2-nil samples were removed at van-

ous time intervals, l’aj)i(llv filtered through

Milhipore filters (pore size 0.45 j�, diameter,

24 mm), an(l washed three times with cold
�vater.2 ( ‘o )rrect ions for physical adsorption

2 After I he ap��earaiice f I he j:tpei’ l)v ( W

Tahor (12) report jag I hat (((‘1 �‘hit i�ii ( tootirs

inaiii1� ii I lit ((lid, WC repeate(i 1 ntiIlll)er (If

eXJ)erinietits ist tog \Vat er at ruuiii 1emperat are f (I’

I he washing i)raeoitIr( aIi(i inaki tig (ort ala I hat

salni)ies were tiever (hilled. Na (ii IIeren(es were

found iii our 1(Stli Is.
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were made by subtracting radioactivity ad-

hering to bacteria treated in the same man-
ner at 40� For studies of efflux, cultures in

which putrescine uptake had beeii allowed

to proceed for 30 mm were centrifuged and

resuspended in the same medium free of

labeled putrescine (and of nonrada)active

putrescine unless otherwise indicated). Cul-

tures were incubated again, and samples
were removed at intervals and treated as

described above.

Studies of the labeling of the acid-soluble
pooi with various amino acids in the plesence

and absence of levorphanol were carried out

in the presetice �)f chloramphenicol (100

,�g ml) to minimize protein turnover. Pool
radioactivity was calculated by subtracting
acid-precipitable counts, obtained as de-

scribed previously (3), from total cell counts,
obtained as described above for the poly-
amines. Millipore filters were dried under an
infrared lamp and placed in counting vials

containing 10 ml of a toluene-based scintilla-

tion solution purchased as the concentrate

Permafluor from the Packard Instrument

Corporation. Samples were counted in a

Packard Tri-( 1arb liquid scintillation

counter.

Cellular K� content \V�15 measured by col-
lecting 4-ml aliquots of culture on HA Milli-

pore filters, washing with 0.3 M sucrose,

digesting with concentrated nitric acid, and
analyzing by flame photometry, using LiC1

as internal standard as described by Epstein

and Schultz (13). 42K influx was measured as

described by the same authors, and radio-
activity was measured in a Packard liquid

scintillation counter (14).
ATP determinations were performed for

us by l)i. F. \Velsch, 1)epartment of Bio-

chemistry, Dart mouth \ ledical School, using

the luciferin-luciferase assay (15).

The chemical determination of j)utrescine

in cells and growth me(lium was performed

by the method of llama and (‘ohien (5).

The radioactive putrescine, spermidine,

amino acids, and uracil were purchased from
New England Nuclear Corporation. IJnla-
beled put resciiie was obtained from \Ianti

Research Laboratories. The levorphanol was

a generous gift of Hoflmann-La Roche, Inc.
was purchased from Isoserve Corpora-

tion, Cambridge, Mass.
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RESULTS

The put rescine transport system. The traiis-
port of putrescine and other polyamines by

E. coli has been studied by Tabor and Tabor
(11). A number of features of the system

were reinvestigated, and the previous find-

ings were confirmed and extended.
Both the rate and extent of putrescine

uptake were found to be maximal in medium

B of Tabor and Tabor and were decreased by

changes in carbon source, pH, or ionic

strength. The uptake was particularly sensi-

tive to ionic strength. Thus, the addition of

0.12 �i NaC1 decreased the rate of uptake by
about SO %. Increasing the potassium phos-
phate concentration 10-fold to 0.12 ur vir-

tually abolished putrescine uptake. The sub-
stitution of lactate for glucose decreased
uptake by only 10 %. This latter change was

adopted in our experiments to permit better

control of pH because of the previously ob-

served dependence of levorphanol activity
on pH.

The uptake of putrescine by E. cvii is de-

pendent on temperature, with little uptake
occurring at 0#{176}.Nevertheless, deprivation of
a carbon source or treatment with metabolic
inhibitors, such as 2, 4-dinitroplienol or so-
dium arsenite, caused only a slight decrease
in putrescine uptake. Tabor and Tabor (11)
reported a 40 % decrease of putrescine up-

take upon removal of glucose. We found a

variable decre&se ranging from 10 to 30 %.

The pH dependence of putrescine uptake

is shown in Fig. 1. The uptake exhibits a

broad optimum between pH 6.6 and 7.3 and
drops at both lower and higher pH values.

This finding appears to apply to both rate

and extent of uptake.

We have found that the efflux of putres-
cine from E. coii cells exhibits a strict re-

quirement for metabolic energy. When a
control culture of E. coii K-13 is placed ill a
medium devoid of a carbon source and

starved for 30 mm, it exhibits a considerable

reduction of the putrescine efflux normally

observed when this strain is incubated in a

complete growth medium (Fig. 2). The ex-

change with ‘2C-putrescine in the medium is

also greatly diminished.

Figure 3 shows that similar effects on

nutrescine exchange were produced by the
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FIG. 1. Tariation of pulrescine uptake b!, E. co/i

with pH

Cult tires of E. co/i 13 leu were ililubated in the

modified medium 13 described under M ATEIt1.�LS

ANt) METHODS, adjtlSte(1 to the 1)11 values shown.

‘4C-Putrescine (specific activity, 5 mCi mmole)

was added aI a final concentration (If 1 .t�t. 1)uring

I he period of ol)serval iou p11 vat ues remained

consl ant. Al iquots were removed at the indical ed

jut ervais and treated as described in the text.

FI(;. 2. Putrescine effluj’ in th(’ pre.�’(’nce and

absence of a carbon source

This experiment was performed with a culture
of E. co/i K-13 iii the triethanolamine-buffered

meditim described previously (2), couG aining

ammonium chloride as a source of nitrogen and

supplemented with leucine (100 �g ml) and, where

indicated, wit Ii sodium lactate (0.1%). The con-

(clot rat ion and specific activity of ‘4C-putrescine

used to label cells were the same as described in

Fig. 1. After 30 mm the lal)eled (ells were washed

and t real ed as described under M ATER I A is A ND

METHODS.

addition of the metabolic inhibitors 2,4-
dinitrophenol (2.5 m�i) and, though it was

less effective, sodium arsenite (1 m�i). Most
of the experiments of Tabor and Tabor (11)
were carried out in the presence of this con-
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FI(;. 3. Effect of metabolic inhibitors on 14C

putrescinc efflux induced by /evorphanoi and by

exchange with inediu at put rescine

A culture of E. co/i B leu was incubated in

medium B and labeled with ‘4C-putrescine. Cells

were washed with the same medium and resus-

pended in this medium with the additions shown

in the figure. 1)NP, 2,4-dinitrophenol.

centration of sodium arsenite to prevent

acetylation of polyamines. The rather slow-

rate of putrescine exchange observed by

these investigators may be explained by our
finding.

Nffect of ievorplianoi on putrescine e.fflux.
Analysis of E. coii cells for total and free

putrescine indicated that upon treatment

with levorphanol, 90 % of the putrescine dis-
appeared within 60 mm (4). At that time it

TABLE 1

Sample

Cell
putrescine

Cell _______________
Time putrescine Absorbance of

culture

j

Cell plus me- Medium
dium putrescine putrescine

Medium ___________________________
putrescine Absorbance of Cell

culture putrescine

Control

Levorphanol
Control

Levorphanol

Control

Levorphanol

Control

Levorphanol

a Sample was lost.

7.2

7.2

6.7

2.5

14.3
1.8

16.5

2.1

5.1 9.4

2.0 9.8

6.3 16.4
1.2 12.2

4.0 37.0

1.2 15.3

13.1

12.4

12.1
9.8

13.4
9.5

12.5
9.7

1.2

1.2

1.4
3.9

1.2
6.8

2.2

7.3

580 SIMON ET AL.

w-as suggested, but not proven, that this
represented putrescine efflux into the me-

dium. A similar experiment, in which putres-
cine was determined in both cells and me-
dium, is show-n in Table 1. In this experiment

the cellular putrescine content in levorpha-
- iiol-treated cells fell to 29 % of its initial
- value in 60 mm, while the amount of putres-

L.... cine in the control cells increased more than
20 40 60 2-fold. When the cellular putrescine levels

were corrected for differences in cell density
(determined from absorbance at 550 m�) of
the cultures, the control pooi was found to

be relatively constant within experimental
error, while the drug-treated cells lost 80 %
of their putrescine pool. Considerable
amounts of putrescine were found in the

medium of both control and treated cultures.

The ratio of medium putrescine to cell pu.

trescine was also relatively constant in the

control culture, while it increased from 1.2 to

7.3 in the levorphanol-treated cultures. The
major portion of the putrescine lost from the

cells was thus recovered in the medium.

Experiments with ‘4C-labeled putrescine
provided confirmation that the cell putres-

cine decrease is largely the result of efflux.
The lefthand portions of Figs. 2 and 3 show

that cells previously labeled with ‘4C-putres-

Effect of letorphanol on total putrescine content of E coli cells and medium

E. coli K-13 was incubated in minimal medium with 0.5% glucose as carbon source. Analysis was

carried out on 200-mi aliquots of the cultures by the method of Raina and Cohen (5). The values repre-

sent nanornoles of total putrescine (free and acetylated) per milliliter of culture. The concentration of

levorphanol was 1.35 mrs.

)flifl

0 6.2 62

10 6.2 5.8
10 4.5 4.2
25
25
60

60
120
120
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cine manifest a rapid loss of radioactivity
upon treatment with levorphanol. In the

experiment depicted in Fig. 2, levorphanol
effects a marked increase in the already con-
siderable effiux of putrescine show-n by E.
coli K-13 in a complete growth medium. The

effect of levorphanol was more striking in the

experiment show-n in Fig. 3, in which E. coil
B leu incubated in a nitrogen-free medium
showed little spontaneous leakage of putres-

cine.
Figures 2 and 3 also show- that the levor-

phanol-induced efflux is virtually abolished
when cells are deprived of a carbon source or
treated with 2, 4-dinitrophenol. Treatment
with sodium arsenite slow-s dow-n the efflux.
The stimulation of efflux by levorphanol w-as

also effectively prevented by keeping the
cultures at 4#{176}.

Analysis of medium radioactivity by paper
electrophoresis revealed the presence of free

and acetylated putrescine. No other radio-
active molecules w-ere detected.

Effect of pH and magnesium concentration

on levorphanoi-induced efflux. Figure 4 reveals
that pH has a marked influence on the ef-
fectiveness of levorphanol in accelerating the

effiux of putrescine, quite analogous to our
previous finding that pH influences the abil-
ity of levorphanol to inhibit bacterial growth

amid RNA synthesis (1, 2). While levorphanol
at 1.3 m� caused a rapid efflux of radioac-

tivity at pH 7.8, it was virtually ineffective

at pH 5.8 even at a concentration of 3.6 m�i.

10 20 30 10 20 30

MINUTES

FIG. 4. Effect of pH on -stimulation of putrescine

efflux by levorphanol

E. coli B leu cells labeled with ‘4C-putrescine
were incubated in medium B adjusted to the p11

values shown. The pH remained constant through-

out the experimental period. The specific activity

of ‘4C-putrescine was the same as in Fig. 1.

1020 102030

MINUTES

Fiu. 5. Effect of lem’orphano/ on 14C-putres-cine

uptake and efflux in the absence of a carbon source

Experiments were carried out as usual with

E coli B leu in medium B, but the uptake of

putrescimie was studied in the absence of a carl)on
source. Effitux was measured in the absence as well

as the presence of a carbon source. 1)uring efilux,

“C-putrescine was added at the concentration at

which ‘4C-putrescine was used for uptake (1 Mi!).

Again in agreement with our finding coti-
cerning the inhibition of RNA synthesis, the
addition of high concentrations of mag-

nesium to the medium reduced or prevented
the levorphanol-induced loss of cellular pu-

trescine. A concentration of levorphanol (1.3

m�i) which stimulated putrescine efflux

markedly at 0.1 miI Mg2+ was without effect
at 10 mM Mg2�.

In/i ibition of putrescine uptake by iei’orp/i a-

itol. The accumulation of ‘4C-putrescine by

E. coli was found to be markedly reduced by

levorphanol. The results depicted in Fig. 5

provide evidence that reduced accumulation

is not merely a reflection of the increased
rate of putrescine efflux but represents a
separate inhibition by levorphanol of putres-

cine uptake. It is apparent that putrescine
uptake was inhibited even in the absence of
a carbon source. Under identical conditions
(no carbon source, addition of 1 �u putres-

cine), levorphanol caused no acceleration of
efflux even at 1.3 mu. The inhibition of
accumulation was therefore clearly not the

consequence of increased efflux. Nor can in-
creased efflux be readily explained by pre-

vention of putrescine re-entry, since entry is

blocked to the same extent in the presence
amid absence of a carbon source, while rates

of effiux differ greatly. \ loreover, putrescine
uptake was found to be the most levor-

phanol-sensitive reaction so far observed by
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‘40-PUTRESCINE UPTAKE

FIG. 6. Effect of 0.2 lit.!! /cvor pha not on putrescine

uptake and R.VA .synthesi.s

A log phaSe (ulltIre of E. coti B leu was incu-

bated in medium B to which were added 2%

NH4CI, leucine (100 �g’ml), amid 0.1% lactate.

“C-Putrescine was added to a portion of the cul-

ture, and aliquots were treated as described under

MATERIALS AND METHOI)S. To another portion of

the culture, 14C-uracil (0.02 zCi Mg’ml) was added.

Aliquots (2 ml) were collected in an equal volume

of 10% trichloracetic acid and washed three times

with 5% trichloracetic acid on a Millipore filter.

1)ried Millipore membranes were counted as de-

scribed under B ATERIALS .�Ni) METHODS.

pH73

� �o � u� �o

MINUTES

Fa;. 7. Effect of pH on inhibition of putre.scine

uptake by /evorphanol

E. co/i B leu was incubated in meditim B
adjuste(1 to the appropriate pH values. ‘4C-

Putrescine wits added at zero time, and uptake of

ra(lioactivitv wa� measured at indicated intervals

as deS(ribed uln(ler MATERIALS .SND METhODS.

US. Figure 6 indicates that putrescine uptake

was decreased 70 % by 0.22 m�t levorphanol,

a concentration vi ual lv without effect on

RNA synthesis under identical conditions.

The stimulation of efflux, how-ever, is mini-

ma! at 0.4 m� amid requires 1 m� or more
levorphanol for a clear-cut effect. Finally,

inhibitioti of ul)take was less sensitive to

changes in pH than the acceleration of

effiux. Figure 7 indicates that, while levor-

phanol becomes a more effective inhibitor as
the pH is raised, this increased effectiveness
is less striking than that seen in Fig. 4 for

stimulation of efflux.
A TP ieee/s in ievorp/tanoi-treateci E. coii

cu/lures. Table 2 shows the level of ATP in

E. co/i in the presence of several concentra-

tions of levorphanol. These determinations
w-ere carried out in a culture suspended in

the mtrogen-free mediuni (see MATERIALS

AND METHODS) used for most of the transport

studies. A similar determination in a loga-
rithmically growing culture of E. co/i B in a

complete minimal medium gave an ATP
level of 10 nmoles/mg dry weight. The re-
sults with levorphanol were similar to those
shown here. A slight decrease in ATP level
w-as observable at, or slightly above, 1 mu
levorphanol. At the levels at which putres-

cine uptake is strongly inhibited (0.2-0.4

mu), no decrease of ATP content was seen.

Kinetics of putrescine uptake. The possi-
bility that the inhibition of putrescine up-

take might be due to competition between

putrescine and levorphanol for a binding site

TABLE 2

Effect of levorphanol on ATP level of E. co/i

A log phase culture of E. co/i B leu was resus-

pended in the nitrogen-free medium used for the

transport studies (see MATERIALS AND METHODS).

At 15 and 45 mm after levorphanol addition, 1-mi

aliquots of the culture were treated with 0.1 ml of

cold 5.9 is perchloric acid Precipitates were re-

moved by Millipore filtration, and filtrates were

neutralized with 5.0 �s KOH. KCIO4 precipitates

were removed by centrifugation. All steps were

carried out at 0_40. The supernatant solutions
were frozen and kept at -20#{176}until analyzed The

ATP determinations were carried out by means of

the luciferin-luciferase assay (15).

Levorphanol
ATP

-

15 mm 45 mm

Fail nnzolesmg dry wE

0 4.3 4.7

0.22 5.4 6.3

0.45 5.1 5.4

0.90 5.4 4.7
1.8 2.2 1.5
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or a carrier w-as explored by studying the

kinetics of putrescine uptake. To obtain
linear rates of uptake, which permitted the
calculation of initial rates, the experiments

were carried out with bacterial cultures di-
luted 5-10-fold. The Km of the putrescine

uptake system for its substrate was found to
be about 1 j�u (0.8-1.25 pM in three experi-
ments), which is somewhat higher than the
value (0.2 pu) reported by Tabor and Tabor
(11).

A representative kinetic experiment, in

which putrescine concentrations w-ere varied

over a 5-fold range in the presence and ab-
sence of levorphanol, is plotted according to
the method of Lineweaver and Burk in Fig.

8. It can be seen that the inhibition is not
competitive over the range of concentrations

studied.
Reversibility of levorphanol effects. The ef-

fects of levorphanol on putrescine transport,

just like those on bacterial growth and RNA
synthesis, are readily reversible upon re-
moval or dilution of the drug. The experi-
ments in Fig. 9 show this reversibility for the

levorphanol-depleted putrescine pool and the

inhibition of RNA synthesis in the same
culture of E. co/i, and at the same time
inquire into the relationship betw-een cellu-

lar putrescine concentration and rate of

RNA synthesis. The results show that re-
plenishment of the putrescine pool begins at
a linear rate (when expressed per cell) im-

mediately upon removal of the drug. The
rate of RNA synthesis becomes essentially

normal after a lag of no more than 3 mm.
RNA is thus made at or near the normal rate
when the cellular putrescine pool is less than
20 % of its normal size.

Transport of other small inn/ecu/es by E. co/i
in the presence of levorphanol. The effects of

levorphanol on putrescine transport led us to
examine its effect on the transport of other
small molecules and ions. Experiments on the

transport of the amino acid leucine are show-n
in Fig. 10. In the presence of levorphanol

there is some accumulation of ‘4C-leucine in
the acid-soluble pool of chloramphenicol-
treated E. coli during the first 5 miii, fol-
low-ed by a rapid loss of most of the radio-
activity. When levorphanol is added after
labeling of the leucine pool, over 90 c/� of the

acid-soluble radioactivity is lost w-ithin 15

/�41

-1.0 -0.50 0 050 10 150

4 X 10-6

FIG. 8 Lineweaver-Jiurk plot of kinetic experi-

ment of putrescine uptake in the presence and ab-

sence of levorphanol

The concentrations of “C-putrescine used were

1, 2, and 4 MM at the specific activity of 5 noCi/

mmole Initial rates were calculated in terms of

uptake (counts per minute) per minute from the

linear portions of the uptake curves. Cultures of

E. co/i B leu in medium B were diluted 10-fold to

3-5 X HF cells ml to facilitate the determination
of initial rates The size of the aliquots taken for

filtration and counting was increased to 5 ml to

provide adequate radioactivity at short intervals

1k�

m� 50 � 1 1 1

8 co�TSoL/

6�
4+-

�

5 10 15 20 25 30
MINUTES

FIG. 9. Reversibility of levorphanol effect on

putrescine pool and RVA synthesis

E. co/i B leur cells were grown in complete

minimal medium (see MATERIALS ANt) METHII)DS).

The culture was treated with 1.35 m�i levorphanol
for 30 mm, centrifuged to remove the drug, and

placed in drug-free medium Levorphanol was

added again to the portion of the culture used to

measure RNA synthesis in the presence of drug.

“C-Uracil incorporation into the acid-precipitable
portion was measured in 15-mi portions of the

culture as described in Fig. 6. Total cell put rescine

was determined in 200-mI aliquots by the method

of Raina and Cohen (5).

mm. Figure 11 shows that incorporation of

several other amino acids into the acid-
soluble pool was also decreased upon

levorphanol treatment. A mixture of 16
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FI(�. 10. Effect of levorphanol on leucine transport

E. co/i B leir was incubated in medium B and

treated with chloramphenicol (100 �g/ml). ‘4C-

Leucine (0.2 MC1/1.3 ag/nil) was added at zero

time. Levorphanol was added in the concentra-

tions indicated at zero time amid at 10 mm (mdi-

cated by the arrow). Samples were taken at

indicated intervals, and acid-soluble radioactivity

was measured as described under MATERIALS AND

METHoDS.

FIG. 11. Transport of amino acids in the presence

and absence of levorphanol

The experiment was performed as indicated in
the legend to Fig. 10. To permit the presentation

of different experiments in the same figure, the

acid-Soluble radioactivity is plotted as a per-

centage of the control value at 10 mm. The con-

(elitration of levorphanol was 1.35 mis. Specific

activities were: “C-serine, 0.01 MC1’0.33 ,zg/ml;

14C-lvsine, 0.1 MCi2 �g ml; 3H-tryptophan, 0.06
pCi 1.6 �g ml; amino acid mixture (3H), 0.1

pCi,O.� � ml. #{149},control; 0, levorphanol.

labeled amino acids from an algal hydroly-

sate also show-ed this declilie, indicating that
most amino acids are probably affected.

Figure 12 shows the inhibition by levorph-

anol of the uptake of the polyamine spermi-

dine. While the effect is not as striking as
that described for putrescine, the inhibition

is real and reproducible. When cells previ-

ously labeled with 14C-spermidine are treated

with levorphanol, there is no detectable dis-
appearance of radioactivity from the cells.
This may be due to the binding of most of

the cellular spermidine to macromolecules.
The reduced accumulation of thiomethyl-

�-D-galactoside reported by Greene and

1\iagasamk (7) at 10 mu levorphanol (or 5

mu levallorphan) was confirmed by us and

found to occur even at 1.3 mu levorphanol.3
The cellular K+ concentration w-as de-

creased in the presence of levorphanol, but

the relatively small effect (30-50 %) could
have resulted from leakage from a small

number of damaged or dead cells. We there-
fore measured K± influx by the tw-o methods
depicted in Figs. 13 and 14. The reaccumula-
tion of K� by K�-depleted cells as well as the
influx of 42K into normal E. co/i was de-
creased by levorphanol.

As already seen with putrescine transport,

all of the above effects of levorphanol w-ere
readily reversible upon dilution or removal of

the drug.

1)ISCUSSION

In the course of this investigation a num-

ber of interesting features of putrescine
transport in E. co/i were studied. One of

these is the nature of the pH dependence of

putrescine uptake first reported by Tabor
and Tabor (11). The uptake of basic com-
pounds generally increases w-ithi rising pH,

w-hile that of putrescine declines above pH

7.3. This result is difficult to interpret. The

increase in uptake of basic compounds with

pH is usually thought to be the consequence

of increased concentration of the more per-
meable unprotonated base molecules at
higher pH. In the case of putrescine, we sug-

gest that this may be more than offset by the

pH dependence of the state of ionization of a
functional group of a carrier or binding com-

ponent for putrescine.

Another feature of putrescine transport w-e
have observed is the stringent requirement

N. Wurster and E. J. Simon, unpublished oh-

servat ions.
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for metabolic energy exhibited by the efflux

of putrescme from E. co/i cells. We found
that ‘4C-putrescine efflux, whether spontane-

ous, induced by levorphanol, or the result of
exchange w-ith medium putrescine, is greatly
reduced by carbon source starvation or by

treatment with inhibitors of energy metabo-
lism, such as 2, 4-dinitrophenol or sodium

arsenite. Since the effect is seen in cultures
incubated in media lacking a source of nitro-
gen, it is not likely to be the result of inter-

ference with putrescine biosynthesis. In

agreement with Tabor and Tabor (11), w-e

observed little effect on putrescine uptake by

energy source starvation or metabolic in-

hibitors. Our results suggest, therefore, that
putrescine efflux is an energy-requiring proc-
ess analogous to that recently reported for

magnesium efflux from E. co/i by Lusk and

Kennedy (16).
Our conclusion that the inhibition of up-

take and the stimulation of effiux of putres-
cine represent tw-o separate effects of

levorphanol rests on the following findings:

(a) inhibition of uptake is quite marked at
intervals at which loss of putrescine by efflux
is negligible, especially in the absence of a
carbon source; (b) uptake is more sensitive
to levorphanol than efflux; and (c) the in-
hibition of putrescine uptake is less sensitive
than the acceleration of effiux to changes in

pH. The possibility that the apparent stimu-

uptake

‘4C-Spermidine (004 pCi/0.01 pmole,’ml) was

added to a culture of E co/i B leu in medium
B Aliquots were taken at indicated intervals

and treated as described under MATERIALS AND

METHODS. #{149},control; 0, 0.67 mit levorphanol; A,

1.35 DIM levorphanol.

I ii�i I
520253035

MINUTES

FIG. 13. Effect of /em’orphanol on reaccu,nulalzon

of K� by K4-dep/eted E. co/i

A log phase culture of E. co/i B letr in tn-

et hanolamine-h uffered minimal medium was

washed with cold distilled water and resuspended

in K+_free medium. After removal of an aliquot

to determine the zero time KR concentration,

KC1 was added to a final concentration of 20

pliq/ml The culture was divided and levorphanol

added as follows: S control; 0, 0.7 mM; �, 1.0

ml!; A, 16 mit. Aliquots of 4 nil were removed at

the indicated intervals and analyzed for K+ as

described under MATERIALS AND METHODS.

MINUTES

FIG. 14. Effect of levorphanol on uptake of 42K

by E co/i

To a cuil t ure of E. (-oil B leu growing loga-
rithmicall�- in tnet hallolamine-buffered minimal

medium was added 42K (0.3 pCi 3.7 pEq/ml).
Aliquots of 2 ml were removed at the indicated

intervals and analyzed for 42K content as described

under MATERIALS .�ND METHODS. S control; 0,
0.45 mit levorphanol; �, 0.81 mit levorphanol.

lation of effiux results entirely from preven-

tion of re-entry of putrescine into the cells is
made unlikely by the finding that rates of
efflux induced by levorphanol in the presence
and absence of a carbon source differ mark-

edly, while entry is inhibited to about the
same degree under both conditions.

The question was raised whether the in-
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N. Wurster, P. Elsbach, E. J. Simon, P. Pettis

and S. Lebow, unpublishe(1 observations.

hibition of putrescitie uptake could be cx-

plained by conipet ition between two basic
compounds, levorphano 1 and putrescine, for

a binding site or a carrier. This possibility
is-as ruled out by experiments on the kinetics

of putrescitie uptake in the presence and

absence of levorphanol, ivi uich showed that

the inhibition was not competitive.

The findings reported here, together with
those of Greene and Magasanik, also in E.
co/i (7), and the results of Gale in �S. aureus

(8, 9), provide evidence that levorphanol
alters the properties of bacterial cell mem-

branes. Recent studies on the effect of

levorphanol on the electrical activity of the

giant axon of the squid (17) and on phago-

cytosis and the concomitant metabolic

changes in rabbit leukocytes4 show- that
this effect extends to other biological sys-

tems.

The manner in which levorphanol affects

the properties of membranes is hot under-
stood. Greene and Magasanik have sug-

gested that the primary effect of levorphanol
is on the cellular level of ATP and therefore

on available metabolic energy. Our findings

indicate that a loss of cellular ATP can be
observed at or slightly above 1 mu levorph-

anol. The hypothesis that the primary action
of levorphanol is on the supply of metabolic

energy is placed in doubt, however, by the

observation that not all of the effects of

levorphanol are consistent with it. Thus the

inhibition of putrescine uptake is quite
marked at concentrations of levorphanol
which have no effect on the level of ATP.

\loreover, the stimulation of put rescine

effiux by levorphanol is directly opposite to
the effects of treatments presumed to result

in energy deprivation, and, indeed, the stim-
ulation of efflux by levorphanol is prevented

by carbon source deprivation and treatment

with metabolic inhibitors. The increase in
phospholipid turnover observed by Gale in
S. aureus is also difficult to reconcile w-ith a

mechanism involving loss of metabolic

energy.

Another hypothesis we tend to favor at

this time is a direct effect of levorphanol on

the cell membrane. Support for this idea de-

rives from the alterations in phospholipid

metabolism observed in S. ant-ens (9) and in
J4 CO/i.’ The breakdow-n of ATP might be a

secondary effect resulting from the stimula-

tion of a membrane ATPase, frequently ob-

served in mammalian cells after membrane

damage but not yet reported in bacteria.
The effects on the membrane produced by

levorphanol must be relatively subtle ones,

since the�- are readily reversible and since
certain other membrane changes are not

brought about by the action of levorphanol.
Thus, the rate of uptake of o-nitrophenyl-�-

n-galactoside by li. co/i is unaffected (7). The

sensitization of E. co/i RNA synthesis to in-

hibition by actinomycin D, readily accom-
plished by treatment with EDTA (18), is not

seen after treatment with levorphanol.

It w-ill be of considerable interest to in-

vestigate the mechanism by which levorph-

anol alters the properties of cell membranes

and to determine w-hether or not this effect is
related to the inhibition of RNA synthesis by

the drug.
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