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SUMMARY

Heroin at a concentration which inhibits the transport of lysmne into Staphylococcus aureus

stimulates the incorporation of glycerol into the phospholipid fraction of the cells. The

stimulation is accompanied by an increased turnover of the major phospholipid, phos-

phatidylglycerol. Chromatographic examination of the lipid appears to show the presence
of new phospholipids, judged from changes in tile profile of elution from silicic acid columns

and the appearance of new radioactive spots on silicic acid-impregnated paper chromato-
grams. Chromatographic analysis of the new components and their hydrolytic products
shows that they colltaill phosphatidyiglycerol and diphosphatidylglycerol. (N-?sIethyl-”C)-
heroin is rapidly takell up by staphylococcal cells, but examination of that part of the

radioactivity appearing in phospholipids shows that this is contained in glycerol residues.

(7 , 8-3H)-Dihydroheroill is also taken up rapidly, and 3H is found in associatioll with phos-
pholipids; over 50% of this 3H dissociates from phospholipid on deacylation and chroma-

tography in polar solvents. Free heroin reacts with phosphatidyiglycerol in vitro to give
complexes whose elutioll profiles are the same as those obtained from drug-treated cells;
the “new components,” however, are found only when phospholipid turnover takes place in
the presence of the drug to give diphosphatidylglycerol.

Similar results have been obtained with levorphanol, dextrorphan (the optical isomer of
levorphanol), levallorphan, and naloxone. The elution profiles of phospholipid extracts

differ with the drug used but can again be reproduced by reaction of drug and phosphatidyl-

glycerol in vitro. “New components” are produced in each case and yield, after deacylation
and chromatography in 1 -propanol-ammonia-water, mixtures of phosphatidyiglycerol and

diphosphatidyiglycerol. Since tile same effects are obtained with narcotics (heroin, levor-
phanol), morphine antagonists (levallorphan, naloxone), arid dextrorphan, which is inactive
in man, it would appear that the antibacterial effects are not related to the effects of mor-
phine derivatives in man.

INTROL)UCTIOX Escherichia coli and suggested tilat this could
be due to leakage of the amine out of the

Heroin, levorpilanol, and levallorphan

have a variety of effects on the transport of cell. Greene and Magasanlk (3) have shown
amino acids into Staphylococcus aureus, some tilat levorphanol and levaliorphan cause E.

systems being stimulated, some irihibited, coli to leak nucleotides and galactosides

alid others unaffected (1). Simon, Cohen, and although the permeability changes do not
Raina (2) found that levorphanol brought affect all the small molecular weight sub-

about a decrease in the putrescine content of stances in tile “pool” of the cells. These re-
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sults suggest that tile (Irugs affect the mem-

branes of tile cells, and the l)reselit I)rtI)er

shows that a number of morphine derivatives

produce changes in the composition alid the
rate of turnover of the pllospholipid fraction

of S. aureus.

MATERIALS AXI) METHOI)5

The organism used tvas S. aureu.s I)uncani

grown for 15 hr at 25#{176}and prepared in

washed suspension as previously described

(4). Incubation conditions, extraction, frac-

tionation, and determination of lipids were

also performed as previously described (5).
The majority of the experiments were carried

out using a phosphate-buffered salts solution

(4); for investigatmoni of the mllcorporation of

32P-pilospilate, the solution was buffered
with 0.1 it tris(hvdroxvniethvi)aminome-

thane adjusted to pH 7.6 with 0.1 N HCI and
total phosphate adj usted to 1.0 mit.

Labeled compounds

(1 -‘4C)-Glyceroi (specific activity, 1.57

mCi/mmole), sodium (1 -‘4C)-acetate (2.9

mCi/mmole), 32P-phosphate, and (N-

methyl-’4C)-morphine hydrochloride (16.5

mCi/mmoie) were purchased from the

Radiochemical Centre, Amersham, England.
(7, S-3H)-Dihydromorphine hydrochloride
(specific activity, 2.5 Ci /mg) was kindly

given to us by Dr. H. W. Kosterlitz, Physiol-

ogy Department, University of Aberdeen.
The labeled morphine and dihydromorphine

were converted to heroul and diacetvidi-

hydromorphine, respectively, by solution,

with 4-6 mg of carrier, in 0.5 ml of pyridine

and 0.5 ml of acetic anhydride at 37#{176}for 3
days, followed by removal of the solvents,

solution in the minimum amount of ethyl

acetate, and addition of petroleum ether
(40-60#{176} fraction) until �t slight turbidity

appeared; on standing overnight in the ice

chest, the acetylated products crystallized

with 90-93 % yield. rlC.JAabeled phosphati-

dylglycerol was prepared by incubating cells

with (l-”C)-glyceroi (5), extracting tile lipid,

and fractionating tile lipid on silicic acid

columns as described below (CAl).

Estimation of Radioactivity

The incorporation of “C-labeled glycerol

or 32P-phosphate was routinely estimated by

a ( �eiger-�\luller end wilidlow counter with
conventional scaler equipment ; 1 niMniole of
glycerol with �t specific activity of 1 .57 mCi/
mmoie = 284 cpm. Incorporation into

specific pilOs�)holipid5 was estimated by
monitoring chromatograms after location of

coniponienits by radioautography . Estima-

tiOlls of the 321) : ‘4C ratio in doubly labeled
materials utlld the distributioll of i4(’ arid 3H

oIl chromatograms were made either by cut-
tinig the chromatograms into 1 -em strips or

by cutting out components after location by
radioautography , placing tile paper strips in
vials, adding 0.25 ml of 2, 5-bis[2(5-tert-bu-

tyihenizoxazolyl)]-thiophene (BBOT) (4 mg/
ml), and estimating activity in a Packard

Tn -Carb scintillation spectrometer, model

3375. When chromatograms were run OIl

siiicic acid-impregnated paper, quenching

effects made it impossible to estimate with

any accuracy 14(1 and 3H on the same sample;

experiments were therefore run in parallel
with one label ill each incubation mixture.
Ullder tile conditions used, �4(� was estimated

with 55 � and 3H with 2 % efficiency.

Druqs

Heroin (diacetylmorphine), levorphanol

(/-3-hydroxy-N-methyimorphinan), dextror-
phutti (d-3-hydroxy -N-methylmorphinan),

and levallorphan (i-N-aliyl-3-hydroxy mor-

pilinan) were m�tde into solution as described

in the previous paper (1). Nrtloxone (i-N-

alivi - 7 , S - dihydro - 14 - hydroxynormor-

phiiiotie), a morphine antagonist, Wfl$ a prod-
uct of Endo Laboratories Pharmaceuticais

Inc., Garden City, N. V., and given to us by

Dr. Kosterlitz; a stock 0.1 it solution was

prepared in water. The drugs were used, in

eacil case, over that range of concentration

whicil produces approximately 50 % inhibi-

tion of the rate of transport of lysine into S.

aureus (1).

Chromatographic A nalysis of Lipids

For convenliellce, the stages used for in-

vestigation of the lipid! fraction are set out

below and �vill be referred to ill the text by

the abbreviations CAl, etc.

CAl. Lipid extract ill chloroform chroma-

tographed on silicic acid columns eluted with

ciilorOfOrfll cont�tining 0% (fraction A), 6%
(B), 15% (C), and 40% (D) methanol (5).
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CA2. Eluates from CAl taken down to a

small volume and chromatographed on silicic

acid-impregnated paper [Whatman SGSl or
prepared according to Manilletti, Erbland,

and Kochen (6)] and developed in diisobutyl

ketone-acetic acid-water (40:20:3) (7).

CA3. Compollents OR CA2 paper located
by radioautography, eluted with approxi-

mately 5 ml of chloroform-methanol (50:50
by volume) in stoppered tubes, and the solu-
tions saturated witil gaseous ammoma; left

for 5 days at room temperature and the
ammonia removed under vacuum. The so!-
vent residue was silaken with 1.0 ml of water

and 10 ml of ether; tue aqueous phase was
separated and freeze-dried.

CA4. Water-soluble hydrolysis products

from CA3 chromatographed on Whatman

No. 1 paper developed in (a) l-propanol-

ammonia (sp. gn. 0.SS)-water (60:30:10 by
volume), (b) 2-propanol-ammonia-water

(70:6:30 by volume), or (c) 2-propanol-con-

centrated HCI-water (17:44:36 by volume).
GAO. Components on CA4 paper located

by radioautography and eluted witil water;

hydrolyzed for 2 hr in 2 N HC1 at 105#{176};HCL
removed in vacuo.

CA6’. Hydrolysis products from CAS chro-

matographed on Whatman No. 1 paper in

1-propanol-ammonia-water as for CA4 (a).

CA7. Water-soluble products from CA3

chromatographed in two dimensions using

sec-butyl alcohol-formic acid-water (70:10:

20 by volume) in the first direction, followed
by phenol-water-ammonia (50:20:0.3 by

volume) in tile second.

Chromatoqraphy of Morphine Derivatives

This was carried out as described by
Mumer, Macheboeuf, and Cilerrier (8) on

0.5 M KC1-impregnated paper developed in

1 -butanol-concentrated HC1 (98:2 by vol-

ume) saturated with water.

Cell-Free Extract

Approximately 500 mg, dry weight, of
washed staphylococci were suspended in 2 ml

of ice-cold medium containing 0.005 M KC1,
0.01 M magnesium acetate, 0.01 it 2-mer-

captoethanol, and 0.1 �u Tnis-KH2PO4 buffer,
pH 7.9. An approximately equal volume of

glass Bailotini beads was added, and the

mixture was blended at 0#{176}in a higil-speed

micro-blender for three periods of 6 mmli,

allowing 2-mitt intervals in the ice bath be-
tween treatments. Tile beads were filtered

off on a sintered glass filter, and the broken

material was centrifuged for 20 mm at 2000

X g. The clear supernatant fluid was taken
as the cell-free extract. In the experiments

described below, 0.3 ml of this extract was

mixed with 10� cpm of ‘4C-labeled phos-

pilatidylglycerol in 0.02 ml of ethanol solu-

tion and 3-30 mit heroin or 2-10 mit levor-
phanol, etc. Reaction was stopped by plung-

ing the reaction tubes into a C02-acetone

freezing mixture; the contents of the tubes
were freeze-dried and lipid was extracted as

described for cell pellets.

RESULTS

Effects of Drugs on Incorporation of Glycerol

into Lipid

Figure la shows the effects of heroin,

levorphanol, and levallorphan, at a concen-

tration in each case which gives 40-50 %
inhibition of lvsine accumulation (1), On the

incorporation of glycerol into the lipid frac-

tion. In each case a marked increase in

incorporation occurred and, as demonstrated
previously (5), the radioactivity was asso-

ciated solely with glycerol residues in the
lipid. The extent of the stimulation varied
from experiment to experiment. Of the drugs

tested, heroin gave the greatest increase and

at concentrations of 30-60 m�u sometimes

doubled the incorporation of glycerol. Figure

lb silows the corresponding labeiing of the

fatty acid fraction by ‘4C-acetate; under the
same conditions the drugs showed inhibitory

effects, heroin again having the most marked
effect.

The major component of the lipid which

was labeled under these conditions was phos-
phatidylglycerol, which, as shown previously
(5), is in a state of turnover. Figure 2 shows

the effect of suspending labeled cells in excess
unlabeled glycerol with and without ileroin
after incorporation had proceeded for 20

mm. The release of radioactivity from the

lipid fraction was markedly accelerated by

the presence of heroin whether the first in-

corporation took place in the presence or

absence of drug. Similar results were ob-
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Fig lo

FIG. 1. Effect of drugs on the incorporation of

fraction of S. aureus

Cells were incubated at 0.2 mg dry weight per milliliter in buffered salts solution containing 0.3 mM

glucose, 0.1 mr�i glycerol-(1-”C) (specific activity, 1.57 mCi/rnniole) in part a (unlabeled glycerol inn

part b), arid 0.05 m� sodium acetate-(1-14C) (specific activity, 2.9 mCi,/mmole) mi part 1) (trnilabeled

acetate in part a) with the drugs shown. Reaction stopped by rapi(l cooling, arid lipid was extracted arid
counted. �, no drug; 0, 30 m�t heroin; A, 2 mit levorphanol; �, 2 mm levallorphan.

tamed with levorpilanol, dextrorphan, nab-
xone, or levallorphan at 2 mit concentration.

No significant turnover, in the presence or

absence of heroin, could be demonstrated for
the labeling of the lipid fraction taking place

as a result of the incorporation of ‘4C-acetate.

Examination of the Lipid Fraction

Figure 3a (upper grapil) silows the elution
profile obtained on eluting the glycerol-

labeled lipid fraction from silicic acid
columns with methanol-chloroform mixtures

(CAl). Fraction A, eluted with chloroform
alone, contains neutral lipid; B (6%
methanol-94 % chloroform), further neutral
lipid and phosphatidic acid; C (15% meth-

anol-85 % chloroform), phosphatidyigiycerol
and diphosphatidylglycerol; D (40 % meth-

anol-60 % chloroform), further phosphati-

dyiglycerol and its lysyl ester. Diphosphati-
dylglycerol and the lysyl ester of phosphati-

dyiglycerol form only minor components

under tile experimental conditions used here,

with a short incubation period in tile absence

of added amino acids. It can be seen from

Fig. 3a that 30 mit heroin resulted in little
change in tile radioactivity eluted in frac-

tions A and B but gave a marked increase in

C aiid D, the eiution profile in C being differ-
ent from the control in that a new compo-

tient � eluted within the first three samples

collected after change of solvent. Tile eluates

from eacil fraction were further examined by

chromatography on silicic acid-impregnated

papers developed with diisobutyl ketone-
acetic acid-water (CA2). Radioautography
showed the expected spots of pilosphatidyl-

glycerol (R� = 0.45) in fractions C and I),

but the lipids from heroin-treated cells

showed further components with R, = 0.6 in

botll C and D. These new substirulces in C

and D found after heroin treatment will be
referred to as tile “H components” below.

Figure 3b (lower graph) shows the cor-
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FIG. 2. Turnover of ‘4C-glycerol in lipid of S. aureus in the presence and absence of heroin

Cells were incubated at 0.2 mg dry weight per milliliter in buffered salts solution containing 0.3 mis
glucose and 0.1 mM “C-glycerol (1.57 mCi/mmole) alone (S) or with 30 mM heroin (0). After 30 mm at

37#{176},cells were centrifuged down arid resuspended in 0.3 mit glucose and 10 mit glycerol with (0) or with-

out (�) 30 mit heroin.

responding profiles for extracts from cells
labeled with glycerol in tue presence of either

levallorphan or ievorphanol. In the case of

levallorphan, three major changes from the

control can be seen: a marked increase in

radioactivity eluting in fraction B; a decrease
in the total activity in fraction C, with
evidence of a new component eluting in a
position similar to that obtained with ilerOili;

and a marked decrease in tile radioactivity of

fraction I). Radioautograms (CA2) again

showed new material with RF = 0.6 (some-
times streaking to 0.8) in fractions B and C.

In the extracts obtained from levorphallol-

treated cells, the elution j)nOfile (CAl) some-

times resembled that of heroin-treated cells

and sometimes appeared a� silown in Fig. 3b,
with enhanced activity in fraction C eluting

in sample tubes 3-5; radioautograms (CA2)

again showed the presence of material with
RF = 0.6 in fractions C and D. Table I

demonstrates the distribution of radioactiv-

ity in the various fractions obtained by

column and paper chromatography; the

proportion of phosphoiipid radioactivity

found in new components running at R� =

0.6 varies from 12 (6 mit naloxone) to 61 %

(2 mit levalborphan).

Table 1 shows that the radioactivity ap-

pearing in the front of tile 15 % methanol
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FiG. 3. Elu lion profile of lipid extract from S. aure us after treatment wit/i (a, upper) 30 on .1! heron n (A-

- -A) or (b, lower) 2 mit lerallorphan (�- - or 2 nil! leiorphanol (A- - -A), or ui th no drug (a, -

-#{149}); (b, 0--0)

Cells were inicinhat ed wi iii ‘4C-glvrerol as inn Fig. 2; a 10-rug sanniple was ext racr ed arid I ipnd was piinrml

onto a silicic acid (1.5 g) column ; eluted with (hloroforrn (unit aininig O� (frart ion A), 6� (fract ion 13),

15% (fract ion C), or 40� methanol (fraction I)). Cuts were I akeni at 2.0 nil, arid rail i oaet i vi I V

determined.

elution i�esolves ii ito t�vo components, of

which the major one corresponds in I?� value
with phosphatidyiglycerol. Naloxone differe(l
from the other drugs tested in that tue
amount of radioactivity incorporated into
the lipid fraction as a whole was significantly

decreased compared with the control witi i-

out drug; the distribution obtained was

similar to tilat obtained with heroin.

l’igure 2 shows the course of the release of

radioactivity from labeled lipid when excess
unlabeled glycerol, with or without heroin, is

added to the iticubmitioti niixture. Ilie lipid

extracts have been exanline(l (a) after label-

ing for 20 miii with ‘C-glyceroi, (h) after a

further 30 mm in the presence of excess tint-

labeled glycerol, and (c) as in (b) with the
additioni of 30 I11M hieroini. (‘hromatograpliic

ILI1aIV51S (CA2) of (‘Al fractionis C an(l 1)
from (a) arid (b) showed the expected pat-
tern \Vithi phosphatidyiglycerol as the major

cofllpollenlt, but the lipid from (c) showed the

pieseiice of H components as �vehi as j)hios-
phatidyigiycerol. Similar results were oh-



Drug

Experiment 1
None

30 m� heroin

2 mM levorphariol

2 mit levallorphan

Experiment 2
None

30 fliM heroin

6 mis naloxone

CAl fraction B
(6% methanol),

tubes 1-9

RpO.455 Rp 0.6

cpm cpm

750
120

170

1,550

200
3,900

780

7,500

850
190

220

1,740
300

740

Tubes 1-3

R,o.45 RpO.6

cpm cpm

2, 150b

170

14,510

2,950

3,975
2,045

4,250

4,050

3,450
30

16,100
3,940

2,250
660

CAL fraction D
(40% methanol),

Tubes 4-11 tubes 1-5

Rp 0.45 Rp 0.6 RF 0.45 Rp 0.6

cpm cpm cpm rpm

ll,300b 6,74#{216}b

1,970 9,980

770 200

4,245 3,540
1,055 1,260

2,280 440

760 200

15,990 10,740
120

4,830 11,070
680 330

6,090 5,730

90 550

Total
phospho-

lipid

cpm

20,940

290

26,630
5,470

11,960

8,260
7,750

12,510

31,030
340

32,220
6,690

14,370

2,040

140 E. F. GALE

TABLE 1

Distribution of “C-labeled glycerol in phospholipid fractions of S. aureus after

incubation in the presence of heroin or related drugs

Washed cells (10 mg, dry weight) were incubated at 37#{176}and a density of 0.2 mg/ml in buffered salts

solution containing 0.3 fllM glucose, 0.1 mit ‘.‘C-labeled glycerol (specific activity, 1.57 mCi/mmole),
and drug at the concentrations given below. Reaction was stopped after 30 minI by cooling; lipid was

extracted and chromatographed first (CAl) on a silicic acid column (approximately 1.5 g), eluted with
chloroform-methaniol mixtures (as in Fig. 3), and collected in 2-nil samples. Eluates were combined as-

shown and chromatographed (CA2) on silicic acid-impregnated paper developed in diisobutyl ketone-

acetic acid-water; components were detected by radioautography, eluted, and counted. Values are-

normalized to initial activities.

a Stage CA2 !?� values are shown throughout.
Identified as phosphatidylglycerol.

CAl fraction C (15% methanol)

tamed if tile “chase” experiment was per-

formed in the presence of levalborphan or

levorphanol: in the former case components

with R� 0.6 again were eluted in fraction B
as well as C. The new components are thus

obtained not only when glycerol is incor-

porated in the presence of the drugs but also

when previously labeled lipid turns over in

their presence. Gale and Folkes (5) have

shown previously tilat there is a net loss of
radioactivity from the lipid fraction during

“chase” experiments of this nature; Table 2
shows that this net loss is considerably in-
creased when the chase is carried out in the
presence of heroin or levallorphan. The
“lost” radioactivity can be recovered quan-

titatively from the medium supernatant in
all cases. The flux of glycerol through the

lipid fraction is therefore increased in the
presence of these drugs.

Effect of Removal of Drug

Experiments 3 and 4 of Table 2 show the

effect of incubating cells with labeled glycerol
in the presence of either heroin or levallor-

phan, centrifuging the cells down, and re-

suspending them in the absence of drug for a

further period of incubation. In the heroin-

treated cells, the second incubation in glu-

cose and unlabeled glycerol resulted in a re-

distribution of radioactivity (CAl and CA2)

so that most now appeared in the normal
positions for phosphatidylglycerol; there was

considerable loss of radioactivity from the
lipid fraction as a whole, the loss occurring

mainly in the components running on silicic

acid paper at R� 0.45. A similar redistribu-

tion occurred when tile second incubation

took place in buffer alone, but the loss was

then smaller. Similar cilanges were found with



TABLE 2

Effect of heroin and levallorphan on the distribution of “C-labeled glycerol in

phospholipid fractions of S. aureus during lipid turnover

Cells were incubated in 10-mg quantities at a density of 0.2 mg dry weight per milliliter in buffered
salts solution containing 0.3 mis glucose and 0.1 mM 1.’C-labeled glycerol (specific activity, 1.57 mCi/
mmole) with or without drugs as shown below. After 20 mini at 37#{176},cells were centrifuged down arid one
10-mg sample was taken for lipid examination; other samples were resuspended at 0.2 mg/ml for 20

mm in (a) buffered salts solution alone, (b) buffered salts solution containing 0.3 mis glucose and 10
mM glycerol, (c) as in (b) + 30 mit heroin, or (d) as in (b) + 2 mis levallorphani. Fractionation and

estimations were performed as described in Table 1.

Phospholipid

Expt. First incubation

Second
incuba-

tion

CAl fraction B
(6% methanol),

tubes 1-9

Rp 0.45� R� 0.6

CAl fraction C (15% methanol)

Tubes 1-3

RFO.45 RpO.6

Tubes 4-il

R,s’ 0.45 0.6

CAl fraction D
(40% methanol),

tubes 1-5

R�0.45 Rp0.6 Total Loss

cpm

1 No drug

No drug

No drug

2 No drug

No drug

No drug

3 30 m� heroin

30 m� heroin

30 mM heroin

4 2 mM levallorphan

2 mis levallorphan

2 mit levallorphan

2 mis levallorphani

cpm

910

(b) 820

(c) 640

1,935

(b) 1,880

(d) 1,770

2,850

(b) 290

(a) 310

10,820

(b) 570

(a) 1,260

(d) 1,160

cfrnn

130

100

200

50

80

2,360

1,050

2,910

2,730

8,000

4,290

5,900

13, 760

c�m

1,420

1,250

3,020

1,440

1,610

3,780

14,980

730

1,100

1,720

3,985

600

490

cprn

80

500

2,280

30

450

4,450

4,320

2,410

1,840

1,360

375

1,660

530

c�m

15,860

10, 770

1,060

10,450

6,590

1,230

4,190

9,070

17,070

3,010

5,760

1,750

750

cpm

700

90

350

290

430

550

360

360

530

790

cpm cpm cfinr

6,500 24,690

210

7,900 20,740

600 3,560
4,140

300

8,860

3,480 12,560

5,550 19,375

80

5,990 16,690
620 2,665

370
50

7,150
7,210 5,095

4,350
130

26,370
5,790

8,890

i 250
5,800�

1,240

2,460�
160

2,960�
1,760

4,620
160

450�

180

18,980

6,000 7,180

24,280

6,360 1,620

18,010
9,880

13,275
6,785 7,830
8,230
8,250 11,410

2,850
15,360 9,680
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a Stage CA2 RF values are shown throughout.

levallorphan-treated cells although, in the

experiment quoted, the net loss was less

when glucose and glycerol were present

during the second incubation than when this

took place in buffer alone. A further buildup

of material running with R, 0.6 took place

when drug was present in the second incuba-

tion as well as the first.

Incorporation of 32P-Phosphate

Experiments were carried out, as above,

with ‘4C-labeled glycerol and 32P-phosphate
in the presence and absence of ileroin and

levallorphan; the lipids were extracted and

chromatographed (CAl and CA2), and the
32p. ‘4C ratio was determined on materials
running with R, 0.45 and 0.6 on CA2. In



142 E. F. GALE

controls without drug, the maui I)1105

phatidyiglycerol (RF 0.45) component gave

a1 ratio of 3.7 (me�tl1 of six values ; range

3.5-4.1) ; in tile presence of either heroin or

levallorphan, the RF 0.45 components gave
essentially the same ratio while the RF 0.6

components gave 5.9 (n = 6; range, 4.1-
6.7). Tables 1 and 2 show that small amounts

of activity occur at R� 0.6 in the controls;

tiliS gave �t 321) : ‘4C ratio of 6.5.

Nature of the New Com/)onents

Chi’omatographic exani ination of deacylated

pro(lucts. Preparations of phospholipid were
made from cells incubated, its above, with

‘4C-labeled glycerol in the presence and

absence of heroin or related drugs. Fractions
were examined by chromatograplly (CAl -

CA6). Phosphatidylgiycerol from control in-

cubations without drug gave, at stage CA4
in 1-propanol-ammollia solvent, a single spot
with R� 0.52, corresponding to glycero-

phosphorylglycerol. Extracts from drug-

treated cells gave two components at stage
CA2, varying in the CAl elution according

to the drug as described above, and running

with R� values 0.45 and 0.6. At stage CA4,

the CA2 components with R� 0.45 all gave a

single spot, R5. 0.52, corresponding to gly-

cerophosphioryiglycerol. The CA2 compo-
nents with R� 0.6 ran at stage CA4 with R�

0.4, with sometimes a faint spot visible at
R� 0.25-0.3. Thus tile H components gave

rise to Hi (glycerophosphoryiglycerol) and a
second material, H2, with R� 0.4 in CA4. No
differences at stage CA4 were observed be-
tween the “new components” obtained after
heroin treatment and those obtained after

treatment with other drugs, despite tile

different CAl elution profiles. Tile CA4, R�

0.4 components (H2 and equivalent compo-
nents obtained with the other drugs) ran in

the three solvents listed in MATERIALS AND

METHOI)S as CA4 (a-c) with the same R�

values as those for the minor phospholipid

occurring in extracts from control cells and
running with RF. 0.6 at stage CA2.

Glycerophosphorylgiycerol, Hi, H2, and

the CA4 R� 0.52 and 0.4 components were
hydrolyzed in acid and rechromatographed

in stages CA5 and CA6 using glycerol aIld

glycerophosphate as markers. All gave gly-

cerol and glycerophosphate after hydroly-

sis; Hi onie series of experiments, tile glycero-
pilosphate to glycerol ratio of radioactivity

for glycerophosphorylglycerol, ill , and CA4

RF 0.52 was 1.15 (0.9-1.4, n = 7), and for

112 and CA4 R� 0.4 it was 2.4 (1.7-3.0, n =

6) whether obtained from cells treated with

heroin, levorphanol, or levallorphan.
The results so far indicate that lipid from

heroin-treated cells contains phosphatidyl-
glycerol and an H component that gives,

after deacylation, glycerophosphoryiglycerol

and another substance hydrolyzing in acid

to yield a mixture of glycerol and glycero-

phosphate but containing a higher content of

phosphate than phosphatidylglycerol itself.

Tile chromatographic properties of this sec-
ond substance correspond to a minor compo-
nent of the phospholipid from control cells;

this component runs in the same position as

diphosphatidylglycerol. A sample of synthe-
tic triglycerol diphosphate was obtained

from Professor Baddiley; deacylated H2

corresponded in R� value with triglycerol

diphosphate in 2-propanol-HC1, 2-propanol--

ammonia, and 1-propanol-ammonia (CA4).
The two substances co-chromatographed in

the two-dimensional system CA7. The same

results were obtained with the corresponding

components from cells treated with levallor-

phan, levorphanol, naloxone, or dextror-

pllafl.

Results with labeled heroin. The results

described in the previous paragraphs suggest

that heroin, and the related drugs used, com-

plex with phosphatidyiglycerol alld that

these complexes separate as new phospho-
lipid components in some of the chromato-
graphic procedures used. To test this possi-

bility, cells were incubated with (a) glucose,

unlabeled glycerol, and 20 m�s (N-methyl-
14C)heroin and, in parallel, (b) glucose,
�C�labeled glycerol, and 20 m�s unlabeled

heroin. Tile lipids were extracted and chro-

matographed on silicic acid columns and

papers as usual. Immediate adsorption of

labeled heroin onto the cells occurred; at
heroin concentrations less than 7 m�s there

was a linear relationship between the amount
of drug adsorbed and its concentration in the

medium, and no significant increase took

place during incubation over 30 mm at 37#{176}.

With 10 m�i herom, zero time adsorption

amounted to about 750 mj.imoles/mg dry
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weight of cells, and this increased to SSO on

incubation. On fractionation, tile drug was

extracted in the lipid fraction and radio-

activity was eluted from silicic acid columns
(CAl) in all fractions: 12% in A, 70� in B,
16% ill C, and 2% in D. On chromatography

ill CA2, free heroin smeared from tile origin
to around R, 0.2. Radioautograms of lipid
fractions C arid D from cells incubated with
(N-methvl-”C)-heroin showed, in addition

to material near the origin, radioactivity

corresponding ill position to phosphatidyl-

glycerol and the H component. On stage CA4

chromatography radioactivity was found in

positions corresponding to Hi and H2. After

elution and hydrolysis CA5 and CA6 showed
radioactivity in positions corresponding to

glycerophosphate and glycerol, none at the
R� of heroin or morphine. Prolonged acid
hydrolysis liberated all the radioactivity as
glycerol: it appeared that demethylation of

the N-methyl-’4C group had taken place
followed by incorporation of l-’4C residues
into glycerol.

A parallel experiment was carried out with
(7, S-3H)-dihvdroheroin; in CA2 chromato-

grams heavy concentrations of 3H were found
near the origin and peaks of radioactivity

were also found in areas corresponding to
phosphatidylglycerol and H components;
assuming that this radioactivity represented

dihydroheroin or its nor-N derivative, tile
ratio of drug to glycerol incorporated varied
from 0.2 to 3.5 in different experiments aIld

with different components. Tile areas cor-
responding to the lipids were eluted, alld the
material was carried to stage CA4; between

50 and SO % of the 3H now ran with an

equal to that of heroin markers, the re-
mamder being located in the glycerophos-
phorylglycerol or H2 position. Acid hydroly-
sis showed that this latter activity was asso-

ciated witil glycerol or glycerophosphate so

that a small amount of 3H had been incor-
porated into glycerol residues. Comparing

the molar ratios of (N-methvl-’4C)-heroin to
(7 , S-3H)-dihydroheroin on parallel samples,

material running near the origin (CA2) in

fraction C gave a value of 1 against 0.13 for

that in fraction D. It seems probable that
some demethylation of heroin or dihydro-

heroin occurred in these experiments and

that some of the nor derivative was asso-

ciated with phosphatidylglycerol and di1)hos-
phatidyiglycerol at stage CA2 but separated

at stages CA3 and CA4.
It was of interest to know whether heroin

\\.ils deacviated ill the course of incubation
with �. aureus, especially �l1 view of the

effect of heroin on acetate incorporation

(F�ig. ib). After the experiment in which cells

were incubated with (N-methyl- r4(l ) -Ileroili,
radioactive material was eluted from the
chromatogram origins (CA2) for lipid frac-

tiolls A, B, and C and also was recovered
from the incubation medium ; in all cases the
labeled material ran with heroin markers in

the chromatographic system of Munier et al.

(8).
Reaction of heroin with phosphatidylglycerol

in vitro. There is strong absorption of heroin

by staphylococcal cells and the drug is cx-
tracted along with the lipids in the methods
used above. Consequently lipid extracted
from heroin-treated cells comes into contact
\Vitll the drug during tile extraction proce-

dures and subsequent fractionation. The
question therefore arises whether the com-

plexes observed between heroin (or related

drugs) alid lipid in the presence of staphy-

lococci are produced as a result of metabo-
lism or direct interaction. ‘4C-lAabeled phos-
phatidylglycerol was prepared by incubating

cells with “C-labeled glycerol, as above, ex-
tracting tile lipid, and fractionating the

extract on silicic acid columns (CAl). Phos-
phatidyiglycerol was then incubated in Tris

buffer, pH 7.5, with heroin or levallorphan
with and without a cell-free extract of

staphylococci prepared as described under

MATERIALS AND METHODS. It �V’LS possible to

produce all tile changes in CAl elution pro-
files described in Fig. 3 by mixing ‘4C-phos-
phatidylglycerol, cell extract, and heroin or

levailorphan and extracting at zero time.

Witil levallorphan the elution profile shown
ill Fig. 3b was obtained in the absence of cell
extract; with heroin the zero time changes

were enilanced by the presence of cell e�-

tract. The heroin profile in Fig. 3a waS ob-
tamed in tile presence of 3 mM heroin; if the
concentration was raised to 10-30 nui, the

CAl profile resembled that obtained with 2

mM ievallorpilan with a highly active peak in
in fraction B. When (N-methvl-”C)-heroin

was added with unlabeled phosphatidvl-
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glycerol, the radioactivity profile cor-

responded to that obtained in parallel sam-

pies containing labeled phospholipid and
unlabeled heroin. In the tests with heroin,
incubation for 30 mm at 37#{176}in the presence

of cell extract enhanced the change in profile
from the normal phosphatidyiglycerol distri-

bution toward the “heroin picture” ; with

levallorphan incubation generally had the
opposite effect, ill that a cilange toward the
control distribution took place. Eluates cor-

responding to profile peaks were combined

and chromatographed as CA2 ; with two
exceptions described below, only one radio-
active spot appeared on radioautograms, and

that corresponded to phosphatidylglycerol.
The associations of drug and phosphatidyl-

glycerol that give rise to the CAl profiles

thus dissociate at stage CA2. In two experi-
ments some degree of turnover of phos-

phatidyiglycerol occurred as judged from a
loss of radioactivity from the lipid extract

and the appearance of a trace of activity cor-
responding to diphosphatidylglycerol at

stage CA2 radioautograms; in these experi-

ments small amounts of the H components

could be seen on CA2 radioautograms. The
formation of H components-and similar
materials with other drugs-follows upon

turnover of phosphatidylglycerol with the
production of diphosphatidylglycerol (5),
whose CAl elution profile is again aitered in

the presence of the morphine derivatives.
Action of dextrorphan. At a late stage in

these investigations dextrorphan, the iso-

mer of tile levorphanon structure, became
available arid was tested in the various sys-

tems described above. At equimolar concen-
trations, no significant differences could be
observed in the effects of the two substances
on the uptake of aspartate, lysine, or proline,

the incorporation of glycerol, the turnover of
phospholipid, or reaction with phosphatidyl-
glycerol in vivo and in vitro.

DISCUSSION

Previous results (1-3) have suggested that

drugs such as heroin, ievorphanoi, and leval-
lorphan may affect the bacterial membrane.

The work described in this paper shows that
these drugs, together witil naloxone and

dextrorphan, have tilree major effects on the

lipid of S. aureus : (a) an initial increase in

the rate of synthesis of phospholipid, (b) an
increased rate of turnover of phosphatidyl-
glycerol, and (c) an increased flux of glycerol
through the lipid fraction. Chromatographic

analysis of lipid extracted from drug-treated
cells apparently showed the presence of new
phospholipid components. The CAl elution
profiles of these extracts differed with the
drug used for treatment, but it has been
found that the profiles can be reproduced by

mixing phosphatidylglycerol and drug in
vitro and so presumably reflect the elution

properties of phospholipid-drug complexes.
The fact that cell extract enhanced the for-

mation of these complexes in some cases may
be due to changes in the partition of the drug
between lipid and aqueous phases on addi-
tion of the extract. On CA2 chromatog-
raphy, phospholipid extracts from drug-
treated cells showed the presence of compo-
nents other than phosphatidylglyceroi, but

deacylation and chromatography in more
polar solvents resolved these into mixtures of
glycerophosphorylglycerol and triglycerol

diphosphate. Tile new component obtained
after treatment of cells with heroin gave rise
at stage CA4 to both glycerophosphoryl-
glycerol (Hl) and triglycerol diphosphate

(H2), with tile release of 3H-labeled material
when 3H -dihydroheroin wa.s initially present.

Experiments with labeled heroin showed that
strong, nonspecific absorption of drug by
cells takes place and that the drug is re-
moved in the lipid extracts, so giving rise to

the possibility of complexes forming in vitro,

while results with (7 , S-3H)-dihydroheroin
suggest that part, at least, of the morphine

nucleus becomes associated with phospho-
lipid at stages CAl and CA2. Diphosphati-

dylglycerol is formed during the turnover of
phosphatidyglycerol in S. aureus (5), and
turnover is increased by the presence of the
drugs used. The CAl elution profiles of both

phospholipids are altered by the presence of
these drugs and there is ItO reason to suppose

that the “new components” are anything
more than phospholipids separating in new

positions in CAl and CA2 as a result of
associations with tile drugs or their nor

derivatives. Whether tile formation of such

complexes gives rise to the increased turn-
over in the presence of the drugs remains to
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be investigated. It is clear that the morphine

drugs can form lipid-soluble complexes witil
phospholipid, and it seems probable that

changes in membrane properties would
follow the formation of these substances in

vivo.
No differences have been observed be-

tween the effects of the various morphine

derivatives tested; of these, levallorphan and
naloxone are morpiline antagonists while

dextrorphan is without analgesic or toxic ac-

tion in man. It therefore appears that the
effects described for growth-limiting concen-

trations of S. aureus are not related to the
effects obtained, at considerably lower con-

centrations, on the nervous system in ani-
mals. It is perhaps not surprising that S.
aureus lacks the refined specificity seen in the
central nervous system, and it may be that
alteration of pilosphohpid metabolism plays

a part at a more specific level in the mamma-
lian system. It is of interest that Mule (9)

observed increased turnover of phospholipids
in guinea pig central cortex slices in the
presence of 1-10 m�s morphine or nalorphine
but found the drugs to be without effect
at 0.01-0.1 mu.
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