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EM 49 (recently renamed octapeptin) is a membrane-active peptide antibiotic
that has been reported to affect the structure of bacterial membranes (K. S.
Rosenthal, P. E. Swanson, and D. R. Storm, Biochemistry 15:5783-5792, 1976).
In this study, it is shown that the effects ofEM 49 on bacterial metabolism are
similar to those of uncouplers of oxidative phosphorylation. EM 49 stimulated
bacterial respiration within a narrow concentration range corresponding to
minimum inhibitory concentrations and inhibited respiration at concentrations
comparable to minimum biocidal concentrations. In addition, the peptide
increased membrane proton perneability and lowered the adenosine 5'-triphos-
phate pool size. Parallel studies done with the related antibiotic polymyxin B
demonstrated that the two peptides differed considerably in their effects on
bacterial respiration. In contrast to EM 49, polymyxin B did not stimulate
respiration at any concentration. It is proposed that the primary action of EM
49 is to disrupt the selective ion permeability of the cytoplasmic membrane,
thereby relaxing the membrane potential.

A number of membrane-active antibiotics
have served as useful tools for studying the
structure and function of biological membranes
(13, 21, 24). Recently, a new peptide antibiotic,
EM 49 (recently renamed octapeptin), has been
isolated (17) that disrupts membrane structure
(19, 22). EM 49 resembles the polymyxins struc-
turally; however, the antimicrobial spectra of
these peptides are significantly different. Both
antibiotics are cyclic peptides containing a high
percentage of 2,4-diaminobutyric acid with a
fatty acid attached through an amide linkage.
However, the polymyxins are decapeptides con-
taining a 0:8 or C:9 fatty acid, and EM 49 is an
octapeptide containing a C:10 or C:11,8-hydroxy
fatty acid.

In this report, it is shown that the actions of
EM 49 on bacterial metabolism are analogous
to those of uncouplers of oxidative phosphoryl-
ation (29). The permeability of bacterial mem-
branes with respect to protons is rapidly in-
creased by EM 49, and bacterial respiration is
enhanced at concentrations of the antibiotic
corresponding to minimum inhibitory concen-
trations. At higher concentrations of the pep-
tide, comparable to minimum biocidal concen-
trations, respiration is inhibited. Previous
studies with immobilized EM 49 and polymyxin
B have established that these antibiotics can
affect bacterial respiration and growth by inter-
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acting with the outside surface of membranes
(12). Therefore, the mechanism for EM 49 ac-
tion must be distinct from uncouplers, such as
carbonyl cyanide m-chlorophenyl hydrazone
(CCCP) or ionophores (e.g., valinomycin),
which are capable of diffusing back and forth
across membranes (4, 21).

MATERIALS AND METHODS
Materials. EM 49 as well as Escherichia coli

strains SC 9251, SC 9252, and SC 9253 were supplied
by the Squibb Institute for Medical Research. Bacil-
lw-L subtilis GSY 201 was obtained from George
Ordal. CCCP, dicyclohexylcarbodiimide (DCCD),
dessicated firefly tails, and polymyxin B sulfate
were purchased from Sigma Chemical Co. Synthetic
medium contained 50 mM potassium phosphate,
0.12 mM MgCl2, 1 mM (NHS)2504, 20 mM sorbitol,
and 1 g of casein hydrolysate per liter at pH 7.0.
Minimal medium was that described by Davis and
Mingioli (2), with sorbitol substituted for glucose.
Low-ionic-strength medium was synthetic medium
diluted to 40% with distilled water.
Minimum growth-inhibitory concentration and

minimum biocidal concentration determinations
for aerobic growth. Antimicrobial activities were
determined in shaker culture. Antibiotics at vary-
ing concentrations were added to 10 ml of low-ionic-
strength medium, 0.1 ml of a late log-phase inocu-
lum was added, and the culture was incubated for
18 h at 37°C. Since the growth and respiration
effects were sensitive to ionic strength, media of
comparable ionic strength were used for both of
these studies. Minimum growth-inhibitory concen-
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tration is defmed as the minimum concentration of
antibiotic that completely prevented growth of the
bacteria, as monitored by light scattering with a
Klett spectrophotometer. Minimum biocidal concen-
tration is defined as the minimum concentration of
antibiotic at which there were no viable cells after
18 h at 37°C. Viable cell count was determined by
serial dilution and plating on nutrient agar.

Antibiotic activity under anaerobic conditions.
Media were prepared anaerobically by first boiling
and then aspirating the solution for 30 min with
nitrogen. Culture tubes were filled and sealed in an
anaerobic hood. An N2-CO2 mixture was utilized in
the culture tubes. The inoculum was prepared by
transferring E. coli SC 9251 three times under
anaerobic conditions. Antibiotic and 0.1 ml of the
anaerobic E. coli inoculum were added, and growth
was monitored by light scattering at several time
intervals up to 72 h.

Preparation of spheroplasts. Spheroplasts were
prepared by the lysozyme-ethylenediaminetetraac-
etate method (9). Before use, spheroplasts were
washed twice in minimal medium containing 20%
sucrose and then suspended in this same solution at
a density of 80 Klett units. The extent ofspheroplast
formation was monitored by phase-contrast micros-
copy and osmotic sensitivity upon dilution into dis-
tilled water. The efficiency of spheroplast formation
was estimated to be greater than 98%.

Proton influx after antibiotic treatment. Proton
flux was monitored by the method of Feingold (3),
with several modifications. E. coli was grown to
late log phase in nutrient medium. The cells were
harvested at 3,000 x g at 25°C for 15 min and
washed twice with 0.1 M tris(hydroxymethyl)amino-
methane-hydrochloride, pH 8.0, to increase the in-
tracellular pH. The cells were then washed twice in
50 mM KCI and suspended in the same solution at a
cell density of approximately 3 x 1010 cells per ml.
The cell suspensions were stirred, and the pH was
monitored continuously. Before each experiment,
the pH of a fresh cell suspension was brought to ap-
proximately pH 6.0 with 0.1 M HCI and allowed to
remain at this pH for 2 min. With the cell suspen-
sion at pH 6.0, polymyxin B, EM 49, DCCD, or
CCCP was added at various concentrations. These
reagents alone did not change the pH of a 50 mM
KCI solution.
Measurement of oxygen uptake. E. coli and B.

subtilis were grown to early log phase (80 to 110
Klett units) in synthetic medium and diluted to 35
Klett units with distilled water. Spheroplasts, pre-
pared as described below, were suspended in mini-
mal medium containing 20% sucrose at a density of
85 Klett units. Five milliliters of the bacterial or
spheroplast suspension was saturated with 02 by
gently bubbling air through the solution. Oxygen
uptake was monitored at 37°C in a stirred cell with
a Clark 02 electrode (Yellow Springs Instrument
Co.). The rate of oxygen uptake was monitored for
several minutes until a linear rate was established,
and then a solution of antibiotic in the same medium
was added and the rate of oxygen utilization was
continually monitored. Inhibition of the respiration
rate is expressed as the change in slope relative to
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the initial slope in the absence of added antibiotic.
Unless otherwise indicated, the extent ofrespiration
inhibition is reported for 0.2 min after addition of
the peptide. The dilutions affected by addition of
antibiotic were negligible, and addition of buffer or
growth medium containing no antibiotic was with-
out effect upon the rate of oxygen uptake.
Measurement of ATP pool sizes. Adenosine 5'-

triphosphate (ATP) levels were measured by the
firefly luciferase assay (10). These assays were per-
formed in standard scintillation vials. Measurement
of ATP-induced luminescence was started 20 s after
initiation of the assay and was monitored for 30 s
with a Beckman LS scintillation counter. ATP stan-
dards were prepared fresh with each set of determi-
nations, and the ATP assay cocktail was stable for
3 h. All determinations were done in triplicate,
with a standard error of 5% or less. For each
experiment, B. subtilis cultures were sequentially
inoculated every 20 min with a 1% inoculum. Cells
were then allowed to grow for 4 to 6 h, to a density
of 2.5 x 108 cells per ml, before treatment with EM
49 or polymyxin. Viable cell counts were deter-
mined before and after each experiment. Samples
of 0.1 ml were removed at various time intervals
after addition of EM 49 or polymyxin B and were
diluted into 0.4 ml of dimethyl sulfoxide (25°C)
followed by addition of 2.5 ml of ATP assay buffer
(4°C) 2 min later. ATP assay buffer contained 5 mM
NaAsO4, 20 mM glycylglycine, pH 8.0, and 4 mM
MgSO4. The samples were stored at 40C until they
were assayed. In one set of experiments, extracellu-
lar ATP was determined after treatment with 20 ,ug
of EM 49 per ml. These samples were filtered
through a 0.22-jgm filter to remove bacteria. For
experiments examining synergism between EM 49
and DCCD or CCCP, the peptide was introduced 6
min after the other reagent. This time period was
sufficient for the primary reagent to elicit its effect.

Assay for B. subtiliu chemotaxis. The microscope
assay of Ordal was used to study the actions ofEM
49 and polymyxin B on the motility of B. subtilis
(18).

RESULTS
Effects of EM 49 on bacterial growth and

respiration. Treatment ofE. coli or B. subtilis
with low concentrations of EM 49 resulted in
rapid changes in their rates of respiration.
Three strains of E. coli were examined, SC
9251 and two polymyxin-resistant strains de-
rived from this strain, SC 9252 and SC 9253. In
addition, the effects ofEM 49 on the respiration
of B. subtilis GSY 201 were also examined.
EM 49 was biostatic at concentrations of less
than 2 ,ug/ml and biocidal at higher concentra-
tions (Table 1). The peptide stimulated bacte-
rial respiration at low concentrations, corre-
sponding to minimum inhibitory concentra-
tions, and inhibited respiration at higher
levels, comparable to minimum biocidal con-
centrations.
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TABLE 1. Effects ofEM 49 and polymyxin B on bacterial respiration
Concn (g&g/ml)a

Antibiotic Strain Miinimum in- Optimum for Minimum bioci- Minimum for
hibitoryb respiration dal respiration in-hbtrb stimulationc hibitiond

EM 49 E. coli SC 9251 1.7 ± 0.1 2.0 ± 1.0 4.5 ± 0.2 4.6 ± 1.0
E. coli SC 9252 0.8 ± 0.2 0.5 ± 0.1 1.3 ± 0.3 1.5 ± 0.2
E. coli SC 9253 0.3 ± 0.1 0.6 ± 0.1 1.0 ± 0.2 1.2 ± 0.2
B. subtilis GSY 201 0.2 ± 0.1 0.2 ± 0.1 1.2 ± 0.1 0.7 ± 0.2

Polymyxin B E. coli SC 9251 1.2 ± 0.1 3.0 ± 1.0 0.3 ± 0.1
E. coli SC 9252 >100 >200 >200
E. coli SC 9253 >200 >200 >200
B. subtilis GSY 201 0.6 ± 0.1 0.9 ± 0.1 0.3 ± 0.1

a Average of three or more determinations.
b Minimal inhibitory concentration of the peptide that completely inhibited bacterial growth.
c Optimal concentration of the peptide for stimulation of the rate of respiration. The rate of respiration

was stimulated by EM 49 over a limited concentration range (Fig. 2) but not by polymyxin B at any
concentration.

d Minimal concentration of the peptide to inhibit the rate ofrespiration by 10% after 0.2 min oftreatment.

Interaction of the peptide with bacteria was

quite rapid. Changes in the rate of respiration
were detected within 10 to 15 s after addition
of EM 49 (Fig. 1). The effects of EM 49 on

bacterial respiration varied qualitatively and
quantitatively with peptide concentration. For
example, at concentrations less than the mini-
mum biocidal concentrations, EM 49 increased
the rate ofrespiration. At concentrations equiv-
alent to or greater than the minimum biocidal
concentrations, the antibiotic inhibited respi-
ration (Fig. 2). The maximum stimulation of
the respiration rate was 15 to 20%, with 100%

inhibition occurring at higher concentrations
of the peptide. The kinetics for inhibition ofB.
subtilis respiration by EM 49 were first order.
However, with E. coli, plots of the log of the
extent of respiration inhibition versus time
were not linear and could be fit by two or more
straight lines. In addition, inhibition of respi-
ration of B. subtilis compared with that of E.
coli was generally more rapid and occurred at
lower concentrations of EM 49. These differ-
ences between the susceptibilities of E. coli
and B. subtilis to EM 49 may be due to the E.
coli outer membrane system, which can func-
tion as a barrier for some antibiotics (14).
The data described above suggested that the

primary mechanism for EM 49 antibiotic activ-
ity might involve perturbation of bacterial res-

piration. To test this hypothesis, the minimum
inhibitory concentration of EM 49 for E. coli
SC 9251 was determined under anaerobic con-
ditions. The minimum inhibitory concentration
was identical under anaerobic and aerobic con-
ditions, 1.7 ,ug/ml. This suggests that the ef-
fects of EM 49 on respiration cannot be the
primary killing mechanism. The peptide does,
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FIG. 1. Effect ofEM 49 on respiration of E. coli
SC 9251. E. coli SC 9251, grown to early log phase
in synthetic medium, was diluted to 35 Klett units
with distilled water. The initial respiration rate of
the bacterial suspension was established (2 to 3
min), and then EM 49 was added. The bacteria
were treated with 2 (A) or 10 (B) pg ofEM 49 per
ml. The change in respiration rate 0.2 min after
treatment with 2 pg of EM 49 per ml was an
enhancement of 20%. Treatment of E. coli with
10 pg ofEM 49 per ml inhibited respiration within
10 s, and complete inhibition occurred after 5 min.

however, alter membrane permeability with
respect to several ions, including protons and
potassium (discussed below). These changes in
membrane permeability could explain the ef-
fects of the peptide on bacterial respiration and
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FIG. 2. EM 49 concentration dependence for the
initial change in respiration rate ofE. coli SC 9253.
E. coli SC 9253 was treated with varying concentra-
tions ofEM 49, and the rates ofoxygen consumption
were monitored as described in the text. The change
in respiration rate 02 min after treatment with EM
49 is reported. In the concentration range of 0.25 to
1.25 pg ofEM 49 per ml, the rate of02 consumption
was enhanced; at higher concentrations, the peptide
inhibited respiration.

the equivalent biostatic concentrations under
anaerobic and aerobic conditions. Even under
anaerobic conditions, an intact membrane
permeability barrier is required, and the mem-
brane potential is maintained by the Ca+,
Mg2+-adenosine triphosphatase (ATPase) (20).

Effects of polymyxin B on bacterial growth
and respiration. Polymyxin B and EM 49 af-
fected bacterial respiration and growth quite
differently. For example, E. coli SC 9252 and
SC 9253 were polymyxin resistant but very sen-
sitive to EM 49 (Table 1). EM 49 stimulated
respiration at low concentrations; polymyxin B
did not. Polymyxin B exhibited a concentra-
tion-dependent inhibition of bacterial respira-
tion that correlated, to a certain extent, with
minimum mhibitory and biocidal concentra-
tions (Table 1).
Treatment of E. coli SC 9251 or B. subtilis

GSY 201 with concentrations of polymyxin B
greater than 0.3 ,ug/ml inhibited respiration
within 10 to 15s (Table 1). Although the growth
of E. coli SC 9251 was equally susceptible to
EM 49 and polymyxin B (miniimum inhibitory
concentrations were 1.7 and 1.2 ,ug/ml, respec-
tively), EM 49 stimulated respiration at these
concentrations. The extent of respiration inhi-
bition caused by polymyxin B after 0.2 min of
treatment increased with peptide concentration
(Fig. 3).
The respiration of the two polymyxin B-re-

sistant strains, E. coli SC 9252 and SC 9253,

Polymyxin B Concentrotion (pg/rm)
FIG. 3. Polymyxin B concentration dependence for

inhibition ofE. coli SC 9251 respiration. Inhibition
of the respiration rate was determined as described
in the text, and the reported values are for 02 min
after treatment with polymyxin B. No stimulation of
respiration was observed at any concentration of
polymyxin B.

was unaffected by polymyxin B up. to 200 pg/
ml (Table 1). Again, the correlation between
the concentration dependence for antibiotic ac-
tivity and effects upon bacterial respiration
suggested either a causal relationship or a
common mode of inhibition.

Effects of EM 49 and polymyxin B on
spheroplast respiration. The cytoplasmic
membrane has been implicated as a target for
both polymyxin B (23, 28) and EM 49 (22),
although both peptides can inhibit growth and
respiration of gram-negative bacteria solely by
interaction with outer membranes (12). To di-
rectly study the interactions between these
peptides and cytoplasmic membranes, the in-
fluence of polymyxin B and EM 49 on sphero-
plast respiration was examined. In addition,
the role of the outer membrane as a determi-
nant for polymyxin resistance was evaluated
by comparing spheroplasts made from E. coli
SC 9251, SC 9252, and SC 9253. The latter two
strains are resistant to polymyxin B.
Treatment of spheroplasts with EM 49 af-

fected their rates of oxygen uptake in a way
analogous to its effect whole cells. The rate of
respiration for E. coli SC 9251 and SC 9253
spheroplasts was stimulated 5 to 10% at concen-
trations ofEM 49 in the range of 1 to 2 Ig/ml
(Fig. 4A). The effects of EM 49 on SC 9252
spheroplast respiration were not examined in
this concentration range. At higher concentra-
tions of the peptide, the rates of respiration
were ihhibited to an extent that depended upon
EM 49 concentration. As with whole cells, the
changes in 02 uptake were rapid. The data in
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FIG. 4. Concentration dependence for the effiects
of EM 49 (A) and polymyxin B (B) on spheroplast
respiration. Spheroplasts were prepared from E. coli
SC 9251 (0), SC 9252 (a),and SC 9253 (0) by the
method of Kaback (9). Before use, the spheroplasts
were washed twice with minimal medium containing
20% sucrose and suspended in the same medium at
a density of 80 Klett units. The rates of respiration
were determined as described in the text, and the
percentages of inhibition or stimulation of respira-
tion after 0.2 min of treatment with the peptides are
reported.

Fig. 4 represent the change in respiration rate
after 0.2 min of treatment.
Polymyxin B had no effect on the growth or

respiration of E. coli SC 9252 or SC 9253 at
concentrations of the peptide below 100 ,ug/ml
(Table 1). In contrast, the respiration of spher-
oplasts from all three strains was quite suscep-
tible to polymyxin B (Fig. 4B). At concentra-
tions greater than 5 ,ug/ml, respiration was
rapidly inhibited, and the extent of inhibition
increased with polymyxin concentration. The
concentration dependence for inhibition of
spheroplast respiration cannot be directly com-
pared to that for whole cells, since 20% sucrose
was present for stabilization of the sphero-
plasts. High concentrations of sucrose have

been observed to influence the effects ofEM 49
and polymyxin B on bacterial respiration (K.
S. Rosenthal and D. R. Storm, unpublished
data). Although the respiration of all three
spheroplast preparations was inhibited by po-
lymyxin B at concentrations as low as 5 ,ug/ml,
SC 9251 spheroplasts were still more suscepti-
ble to polymyxin B than were SC 9252 or SC
9253 spheroplasts. These data indicate that the
resistance of E. coli SC 9252 and SC 9253
respiration to polymyxin B was due, at least in
part, to their outer membranes.

Increased proton permeability. It has been
previously reported that polymyxin B (28) af-
fects the selective permeability of bacterial
membranes and stimulates the release of cyto-
plasmic components into the media. Because of
the proposed role of the membrane proton po-
tential for oxidative phosphorylation (30), the
influence ofEM 49 on membrane proton perme-
ability was examined. An artificial proton po-
tential was established by preincubating E.
coli SC 9251 in a pH 8.0 tris(hydroxymethyl)
aminomethane-hydrochloride buffer to increase
the intracellular pH, followed by washings and
resuspension in unbuffered 50 mM KCl at pH
6.0. Addition ofEM 49 at 15 ,ug/ml resulted in
an increase of 0.12 pH units (Fig. 5). At the
density of cells used in these experiments (3 x
1010 cells per ml), the minimum concentration
of EM 49 at which measurable proton flux
could be detected was 10 ,ug/ml. The peptide
concentration dependence for this phenomenon
cannot be directly compared to that for inhibi-
tion of growth or respiration since the density

62

61C P25MM

__X 2 4 b 6 W10 1
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FIG. 5. Proton efflux upon EM 49 treatment. The
pH ofa cell suspension, prepared as described in the
text, was monitored before and after addition of20
jg ofEM 49 per ml. CCCP, dissolved in ethanol,
was added to a concentration of2.5 pM. Ethanol by
itself had no effect on the pH of the cell suspension.

EM4920Mq/lI
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of cells used in the latter experiments was
several orders of magnitude lower. The weak
organic acid uncoupler CCCP caused a change
of 0.4 pH units under identical conditions. If
the pH change mediated by CCCP represents
complete relaxation of the proton gradient,
then EM 49 was only partially effective in this
respect. When the membrane potential is re-
laxed by an uncoupler, the cells attempt to
maintain the proton gradient through ATP
hydrolysis catalyzed by the Ca2 ,Mg2+-ATPase
(18, 27). If it is assumed that the Ca2+,Mg2+-
ATPase counteracts the effects ofEM 49, then
inhibition of this enzyme should enhance the
proton flux stimulated by EM 49. DCCD is a
potent inhibitor of the Ca2+,Mg2+-ATPase (5).
Pretreatment of cell suspensions with 12.5 mM
DCCD resulted in a proton flux of 0.08 pH
units (Fig. 6A). Upon addition of EM 49 to
DCCD-pretreated cells, there was an additional
increase of 0.3 pH units. A similar effect was
obtained when the order of these two reagents
was reversed, and CCCP had no additional
effect (Fig. 6B). Thus, synergism between
DCCD and EM 49 gave a proton flux compara-
ble to CCCP. Addition of CCCP to cells pre-
treated with DCCD gave the expected results;
i.e., a net change of 0.4 pH units. These obser-
vations support the proposal that the increase
in proton permeability stimulated by EM 49 is
partially counteracted by the Ca2+,Mg2+-ATP-
ase. It would be predicted on the basis of the
observations cited above that EM 49 treatment

Time (minuts)

FIG. 6. Synergistic effects ofEM 49 and DCCD
on proton efflux. The pH of a cell suspension, pre-
pared as described in the text, was treated first with:
(A) DCCD (12.5 mM) followed by EM 49 (10 pgl
ml); (B) EM49 (10 pg/ml) and then 3 min later with
DCCD (12.5 mM). CCCP was added after 10 min in
experiment (B).
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should depress intracellular levels of ATP. The
antibiotic caused a rapid decrease inB. subtilis
ATP concentrations (Fig. 7). The ATP concen-
trations of untreated controls increased some-
what during the course of these experiments;
however, this was due to continued bacterial
growth. At 15 ,ug/ml, EM 49 depressed ATP
levels 85% compared with untreated controls.
Because of the sensitivity of this assay for
ATP, it was necessary to use relatively concen-
trated suspensions of bacteria (2.5 x 108 cells
per ml). Therefore, the EM 49 concentration
dependence for effects on ATP pool size cannot
be directly compared to the concentration de-
pendence for effects on bacterial respiration or
growth inhibition. The latter deterninations
were made with bacterial suspensions of 105 to
106f bacteria per ml. A measurable drop in
ATP concentrations occurred within 1 to 2 min
after addition of EM 49. In one set of experi-
ments, extracellular ATP was determined after
removal of bacteria by filtration. No extracel-
lular ATP was detected with EM 49-treated B.
subtilis. When bacterial cells were pretreated
with DCCD and then EM 49, the rate of ATP
decline was three times less than that with
EM 49 alone. EM 49 had analogous effects on
the E. coli ATP pool size. This result is consist-
ent with the proposal that relaxation of the
membrane potential by EM 49 stimulates ATP
hydrolysis by the Ca2+,Mg2+-ATPase. EM 49
treatment of B. subtilis also stimulated the
release of K+. However, the significance of this
effect is difficult to evaluate since a relatively
minor percentage of the total cellular K+ was
released. For example, approximately 2% of

720

_540 >

E360_\
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0.ISO[
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FIG. 7. Decrease in ATP pool size of B. subtilis
by EM 49 or CCCP treatment. B. subtilis GSY 201
was untreated (-) or treated with 10 (A), or 15 (0)
pg ofEM 49 per ml or with CCCP at 025 and 2.5
pM (U) after 5 h ofgrowth. Aliquots of the cultures
were removed and assayed as described in the text.
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the intracellular K+ was released after 20 min
of treatment with EM 49 at 20 ,ug/ml.

Effect of EM 49 on the motility of B.
subtilis. Recent studies have demonstrated the
importance of the bacterial membrane poten-
tial for B. subtilis chemotaxis (18, 26). Uncou-
plers, such as CCCP, cause a transient period
of tumbling, which is also elicited by chemotac-
tic repellents. EM 49, but not polymyxin,
caused B. subtilis to tumble. This response
occurred only at EM 49 concentrations in the
range of 0.2 to 0.9 ,ug/ml, which compared
favorably with the concentrations of EM 49
that stimulated respiration. Higher concentra-
tions of EM 49, or polymyxin greater than 0.5
,ug/ml, completely inhibited bacterial motility.

DISCUSSION
Bacterial oxidative phosphorylation occurs

in the cytoplasmic membrane and is dependent
upon the integrity of the membrane for mainte-
nance of a transmembrane proton gradient.
Alteration ofmembrane permeability can affect
both respiration and ATP production. For ex-
ample, an uncoupler such as CCCP, dinitrophe-
nol, or trifluoromethoxycarbonylcyanidephenyl-
hydrazone relaxes the membrane potential
(16), increases the rate of respiration (4), in-
hibits ATP production (30), stimulates ATP
hydrolysis by the Ca2 , Mg2+-ATPase (18, 27),
and influences bacterial chemotaxis (18). EM
49 affected bacterial metabolism in a similar
manner. However, unlike the weak organic
acids mentioned above, EM 49 uncoupled oxi-
dative phosphorylation only within a narrow
concentration range of the peptide. At higher
concentrations, EM 49 inhibited respiration
and motility and caused more extensive per-
meability changes. The effects at EM 49 on
bacterial respiration were quite rapid and cor-
related with the biological activities of the
peptide. The primary effect of EM 49 appears
to be disruption of the membrane permeability
barrier. Under comparable conditions, the ear-
liest detectable changes in proton permeability,
rates of oxygen consumption, and ATP concen-
tration were observed at 5, 10, and 60 s, respec-
tively. However, the sensitivity of the assays
used to follow these various parameters varied
considerably, which imposes serious limita-
tions on comparative kinetic studies.
Although the mechanism for alteration of

membrane permeability by EM 49 or poly-
myxin has not been defined, certain aspects of
this process are now more clearly understood.
These antibiotics bind to and disrupt the struc-
ture of phospholipid and lipopolysaccharide ag-
gregates (4, 15, 22). The permeability of phos-
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pholipid liposomes for polar molecules has been
shown to be increased by polymyxin B (7, 8).
Inhibition of bacterial growth, binding of the
antibiotics to membranes and lipids, and per-
turbation of membrane structure are all specif-
ically inhibited by Ca2+ and Mg2+ ions (6, 11,
22, 25). These observations suggest that poly-
myxin and EM 49 may competitively displace
magnesium or calcium from negatively charged
phosphate groups on membrane lipids. In ad-
dition, the fatty acids attached to polymyxins
or EM 49 are crucial for antibiotic activity,
indicating that the fatty acid tails may insert
into the hydrophobic domain of the membrane
(25). The combination ofthese interactions may
be sufficient to alter packing of the membrane
lipid bilayer, thereby increasing the rates of
diffusion of polar or charged molecules across
the membrane. At concentrations of EM 49
exceeding the minimum inhibitory concentra-
tion, there are general membrane permeability
changes with the efflux of cytoplasmic compo-
nents (22). However, at lower concentrations of
EM 49, corresponding to minimal inhibitory
concentrations, which result in stimulation of
respiration, these general permeability changes
were not detected. It is proposed that low con-
centrations of EM 49 cause structural changes
within the lipid bilayer sufficient to allow leak-
age of protons, resulting in relaxation of the
membrane proton gradient. Inhibition of respi-
ration at higher concentrations of EM 49 or
polymyxin B may reflect extensive membrane
damage, resulting in the efflux of metabolites
used for reducing potential in electron trans-
port or disorganization ofthe electron transport
chain.

Although EM 49 and polymyxin B have sim-
ilar structures, their biological activities and
effects on respiration were quite distinct. The
most striking contrast between the two pep-
tides was the stimulation of 02 uptake at low
concentrations of EM 49 that was not observed
at any concentration of polymyxin B. Presum-
ably, these differences in antibiotic activity
and effects on 02 uptake are attributable to
the structural differences between the two an-
tibiotics. In this respect, it is notable that
polymyxin B is a decapeptide with a covalently
attached C:8 or C:9 fatty acid and that EM 49 is
an octapeptide containing a (3-hydroxy C:10 or
C:11 fatty acid. Both peptides are polycations
containing five to six diaminobutyric acid resi-
dues; however, phenylalanine and threonine
residues in polymyxin B are replaced by leucine
residues in EM 49 (19). Which of these struc-
tural differences is responsible for the differ-
ences in activity between EM 49 and polymyxin
B is not known. However, the fact that rela-
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tively minor structural alterations produced
significant changes in the activities of these
peptides with respect to bacterial respiration
suggests that their interactions with mem-
branes may involve some degree of specificity.

It is quite interesting that the respiration of
the two polymyxin-resistant strains, E. coli SC
9252 and SC 9253, was insusceptible to poly-
myxin B, whereas their corresponding sphero-
plasts were very susceptible to the peptide.
This indicates that the polymyxin resistance of
these two strains was partially due to their
outer membranes. The role of the outer mem-
brane as a barrier, particularly for specific
antibiotics, is well established (14), and these
data support the implied barrier function of
the gram-negative outer membrane system.
Compositional analysis of membranes from E.
coli SC 9251, SC 9252, and SC 9253 have shown
several compositional changes, none of which
correlated clearly with polymyxin resistance
(22). In summary, these peptides are useful
tools for studying the structure and function
ofbacterial membranes and provide interesting
model systems for examining lipid-peptide in-
teractions.
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