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Induction of a major outer membrane protein, Hi, in Pseudomonas aeruginosa
resulted in decreased susceptibility to gentamicin and streptomycin. Mutants
which overproduce protein Hi and cells in which Hi is induced in response to
growth conditions had altered kinetics of uptake and killing. It was further
demonstrated that gentamicin and streptomycin interact with the outer mem-
brane to permeabilize it to lysozyme and to increase the permeation of a chro-
mogenic f)-lactam, nitrocefin. Experiments with inhibitors of aminoglycoside
uptake showed that uptake was not required to increase permeability. Mg2e at 1
mM totally inhibited aminoclycoside-mediated outer membrane permeabilization.
We propose that the uptake and killing by these aminoglycosides requires
interaction with an Mg2e binding site at the outer membrane, permitting amino-
glycoside uptake into the periplasm.

Aminoglycosides are currently considered to
be among the few antibiotics useful in the treat-
ment of infections caused by Pseudomonas
aeruginosa. The discrepancy between in vitro
and in vivo susceptibility is a major problem in
aminoglycoside therapy (6, 8). The well-docu-
mented antagonism of aminoglycosides by di-
valent cations (18, 25) is one probable cause, and
development of adaptive (nonmutational) resist-
ance in vivo may also play a part. We recently
showed that, in P. aeruginosa, induction of a
major outer membrane protein, Hi, results in
resistance to polymyxins and ethylenediamine-
tetraacetate (EDTA) (21). The increase in outer
membrane protein Hi was accompanied by a
decrease in cell envelope Mg2". Mutants which
overproduce outer membrane protein Hi also
show enhanced resistance to aminoglycosides
(21), suggesting the involvement of an outer
membrane site, which could be protected by
outer membrane protein Hi, in the activity of
these antibiotics. We report here that P. aerugi-
nosa induced for outer membrane protein Hi,
either as a result of adaptation to growth in low
Mg2" or in mutants, has altered kinetics of ami-
noglycoside killing and uptake. Furthermore, we
demonstrate that aminoglycosides can perme-
abilize outer membranes to lysozyme and a 8-
lactam antibiotic by a mechanism which is ex-
tremely rapid and independent of aminoglyco-
side killing and energized uptake but is inhibited
by Mg2". Our results suggest a mechanism of
uptake across the outer membrane different
from the previously characterized hydrophilic

(porin-mediated) and hydrophobic pathways
(22).

MATERIALS AND METHODS
Bacterial strains. P. aeruginosa PA01 strain

H103 and its derivatives H181 and H185 were previ-
ously described (21). Strains H181 and H185 were
isolated as polymyxin-resistant mutants and were pre-
viously shown to demonstrate EDTA resistance and
low-level aminoglycoside resistance (21). The strA
mutant used was PA01264, obtained from D. Bradley
(Memorial University, St. John's, Canada).
Media and growth conditions. Liquid growth

media used were nutrient broth (Difco Laboratories,
Detroit, Mich.) and modified nutrient broth with de-
fined Mg2e content. Modified nutrient broth was pre-
pared by passing nutrient broth or nutrient broth with
0.5% (wt/vol) NaCl over Chelex-100 columns (Bio-Rad
Laboratories, Mississauga, Canada) to extract divalent
cations. The Chelex-treated medium was adjusted to
pH 6.95 before autoclaving and subsequently supple-
mented with 1.0 ml of trace ion mixture (1.78 mM
FeCl, 1.62 mM MnCl2, 2.45 mM CaCl2, 13.91 mM
ZnCl2, 4.69 mM H3B04, 0.67 mM CoSO4; sterilized by
shaking with chloroform) per liter and with MgSO4 to
the desired level. Before the addition of Mg2+, the
medium was virtually unable to support growth. Me-
dium supplemented with 0.5 mM Mg2 allowed growth
to levels as high as those obtained in untreated nutri-
ent broth and was termed Mg2e sufficient. Mg2e-defi-
cient medium contained 0.02mM Mg2+, which allowed
growth to 50 to 60% of the growth yield in Mg2+-
sufficient medium. The growth rate was not affected
by the Mg2e levels used. The addition of NaCl to
nutrient broth before Chelex treatment decreased the
batch-to-batch variation of growth rate in the modified
medium. Cultures were grown at 37°C with vigorous
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778 HANCOCK, RAFFLE, AND NICAS

shaking. Growth curves were determined in each me-
dium, an. it was established that an optical density at
600 nm (OD600) of 0.40 to 0.60 represented mid-loga-
rithmic-phase growth. Viable counts were performed
by plate counts on proteose peptone no. 2 agar in 3-ml
overlays of proteose peptone no. 2 containing 1.5%
agar.

Antibiotics. Gentamicin sulfate was a gift from
Schering Corp. (Pointe Claire, Canada). Streptomycin
sulfate, tetracycline hydrochloride, chloramphenicol,
and benzyl penicillin were purchased from Sigma
Chemical Co. (St. Louis, Mo.). Nitrocefin was kindly
provided by C. O'Callaghan (Glaxo Group Research
Ltd., Middlesex, U.K.). Immobilized streptomycin was
prepared by following the method used by La Porte et
al. to attach polymyxin to agarose beads (16).

Killing by aminoglycosides. Bacteria were grown
in Mg2+_deficient or -sufficient medium to an OD600 of
0.5 to 0.6. Aminoglycoside treatment was carried out
by diluting the cells 100-fold into prewarmed (37°C)
assay medium (modified nutrient broth with additives
as described below for individual experiments) con-
taining streptomycin or gentamicin. The assay me-
dium was held at 37°C with shaking, and at defined
intervals, samples were removed, diluted in assay me-
dium, and plated for viable counts.

Streptomycin uptake assays. [3H]dihydrostrep-
tomycin (1.2 Ci/mmol; Amersham Searle, Oakville,
Canada) was diluted by the addition of nonradioactive
streptomycin to a specific activity of 50 juCi/mg of
streptomycin. Cells were grown by shaking at 37°C to
an OD600 of 0.5 to 0.6 in unmodified nutrient broth,
and the uptake assay was started by the addition, to
the growing cells, of streptomycin to the desired final
concentrations. At defined times, 1.0-ml samples were
removed, and the cells were collected by filtration onto
nitrocellulose filters (0.45 Mm; Millipore Corp., Bed-
ford, Mass.) which had been presoaked in 0.1 M LiCl
before use. The filtered cells were then washed twice
with 3 ml of 0.1 M LiCl, dried at 60°C for 1 h, and
then assayed for radioactivity in a toluene-based scin-
tillant. This method was based on those of Holtje (12)
and Bryan and Van Den Elzen (4) for streptomycin
uptake assays. Trial experiments demonstrated that
the filter preparation and washing techniques were
critical, as previously suggested (4, 12), but that either
of the above-referenced methods was satisfactory. Nu-
trient broth rather than modified nutrient broth was
the growth medium of choice since use of the latter
medium resulted in extremely variable binding of
streptomycin to filters.
Aminoglycoside-promoted lysozyme lysis.

Bacteria were grown to an OD60o of 0.4 to 0.5 in Mg2+-
sufficient modified nutrient broth, harvested by cen-
trifugation at 25°C, resuspended in prewarmed modi-
fied nutrient broth without added Mg2` at an OD600 of
about 0.8, and maintained at 37°C with shaking. Ly-
sozyme (Sigma Chemical Co.; final concentration, 20
,g/ml) and streptomycin (final concentration, 50 to
200,ug/ml) or gentamicin (final concentration, 2 to 50
yg/ml) were added simultaneously to cells, and 1.0-ml
samples were withdrawn at frequent intervals for
OD600 estimations in a Perkin-Elmer 124 spectropho-
tometer. During the experiment there was no evidence
of cell clumping. In experiments in which KCN, dini-

trophenol, or sodium azide (all from Sigma Chemical
Co. and used at final concentrations of 1 mM, 5 mM,
or 0.1% [wt/vol], respectively) was used, the addition
was made 2 min before the other additions. Chloram-
phenicol (to 500 yg/ml), tetracycline hydrochloride (to
100 ,g/ml), or MgSO4 (1 mM) was added, when nec-
essary, at the same time as lysozyme and the amino-
glycosides.
Aminoglycoside-mediated enhancement of ni-

trocefin permeability. Bacteria were grown to an
OD6wo of 0.5 to 0.6 on Mg2"-sufficient medium in the
presence of 0.2 mg of benzyl penicillin per ml to induce
chromosomal /B-lactamase production. Cells were har-
vested as above, washed in sodium phosphate buffer
(0.1 M, pH 7.0), and resuspended in the same buffer at
an OD600 of about 1.0. To 0.1 ml of cell suspension, 1
1 of a gentamicin solution was added to give a final
concentration of 10 to 100 ,g/ml. After 2 min at 25°C,
0.6 ml of nitrocefin (250 ,g/ml) was added, and hy-
drolysis of the nitrocefin was monitored spectropho-
tometrically by measurement of the increase in ad-
sorbance at 540 nm.

Characterization of outer membrane proteins.
Separation of outer and inner membranes and char-
acterization of outer membrane proteins by sodium
dodecyl sulfate-polyacrylamide gel electrophoresis
was carried out as previously described (10, 21).

RESULTS
Characterization of Chelex-treated nutri-

ent broth. A complex medium with defined
Mg2e content was devised to allow measurement
of the effects of Mg2e levels during growth on
subsequent aminoglycoside activity. Phosphate-
buffered minimal medium was judged unsuita-
ble, as high phosphate was found to inhibit
aminoglycoside activity. Tris(hydroxymethyl)-
aminomethane (Tris)-hydrochloride-buffered
medium was unsuitable because Tris itself can
act on the outer membrane in a manner similar
to aminoglycosides (see below). Thus, nutrient
broth was chosen as a starting medium because
of its relatively low Mg2" content (20) and prior
use in aminoglycoside uptake experiments (4).
Extraction of nutrient broth was effective in
reducing the level of divalent cations to quanti-
ties below those required for measurable growth.
After the replacement of divalent cations other
than Mg2e by addition of a trace ions mixture,
growth yields were dependent on the level of
Mg2e added, up to 0.2 mM Mg2e. The levels of
Mg2e required were comparable to those of the
phosphate-buffered minimal medium used pre-
viously (21). Sodium dodecyl sulfate-gel electro-
phoresis showed that the outer membrane pro-
tein patterns in modified nutrient broth were
similar to those seen in minimal medium (21).
Thus, wild-type cells (H103) grown in Mg2+-de-
ficient nutrient broth had outer membrane pro-
tein Hi induced to levels up to 116-fold higher
than cells grown in Mg2+-sufficient medium. The
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AMINOGLYCOSIDES AND OUTER MEMBRANES 779

polymyxin B-resistant mutants H181 and H185
produced high levels of protein Hi in both me-
dia. In both the mutants and the induced bac-
teria, outer membrane protein Hi appeared to
be the cellular protein present in the largest
quantity.
Effects of growth conditions and outer

membrane protein Hi induction on resist-
ance to killing by aminoglycosides. We pre-
viously demonstrated (21) that the polymyxin-
resistant isolates H181 and H185 had miniimal
inhibitory concentrations of gentamicin and
streptomycin fourfold higher than the parent
strain H103. It was suggested that the high levels
of outer membrane protein Hi in H181 and
H185 were responsible for the enhanced resist-
ance to aminoglycosides. To confirm this, H103
and its derivatives were grown in either Mg2e-
sufficient or Mg2e-deficient modified nutrient
broth and subsequently resuspended and tested
for aminoglycoside killing in a common assay
medium (Fig. 1 and 2). The parent strain H103
grown in Mg2+-sufficient medium was suscepti-
ble to a wide range of concentrations of genta-
micin (Fig. 1). Growth of H103 in Mg2e-deficient
medium, which induces outer membrane protein
Hi, resulted in a marked decrease in sensitivity
to killing at all gentamicin concentrations. The
level of resistance achieved was similar to that
seen for the polymyxin-resistant isolates H181
(Fig. 1) and H185 (data not shown) grown under
Mg2e-sufficient conditions.

Altered killing kinetics were also observed.

100 o

30-

., .
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3-

02 Oh 0.6 0.8 1.0
Gentamicin (jpg/mi)

FIG. 1. Comparison of gentamicin killing in the
wild-type strain H103 and in the outer membrane
protein HI-overproducing mutant H181 after growth
in Mg2 -sufficient or -deficient medium. The common
assay medium was modified nutrient broth without
added NaCI or Mg2 . Viable counts were performed
after 30-min exposure to thegivengentamicin concen-
trations. Symbols: A, H181 grown in 0.5 mM Mg2l;
0, H103 grown in 0.5 mM Mg2+; 0, H103 grown in
0.02 mM Mg2+.
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FIG. 2. Kinetics of killing by gentamicin (A) and
streptomycin (B). Assay medium was modified nutri-
ent broth (A) with 0.5 mM Mg2", containing 0.5 pg of
gentamicin per ml, and (B) with 0.5% (wt/vol) NaCl
and no added Mg2", containing 8 pg of streptomycin
per ml. Symbols: 0, H103 grown in 0.02 mM Mg2";
0, H103 grown in 0.5 mM Mg2+; A, H181 grown in
0.02 mM Mg2+; A, H181 grown in 0.5mM Mg2+.

Strain H103 grown in Mg2+-sufficient medium
showed a rapid loss of viability when exposed to
gentamicin in assay medium with 0.5 mM Mg2e
(Fig. 2A). The same strain tested in the same
assay medium was more resistant to killing by
gentamicin when grown before the killing assay
in Mg2-deficient medium. Strains H181 and
H185 were quite resistant regardless of growth
conditions, although their resistance could be
augmented by growth in the Mg2+-deficient me-
dium. Comparable results were obtained with
streptomycin (Fig. 2B), although higher levels of
antibiotic were required. The presence or ab-
sence of Mg2e in the assay medium did not affect
the relative resistance of cells grown in Mg2+-
sufficient or -deficient medium. However, addi-
tion of Mg2e to the assay medium did increase
resistance in all strains irrespective ofthe growth
conditions. Addition of 0.5% (wt/vol) NaCl to
the assay medium also had a slight protective
effect, but did not affect the above differences in
susceptibility (data not shown). In previous
studies (21), and using these media, the parent
strain H103 grown on Mg2+-deficient medium
and its mutant H181 grown on Mg2e-sufficient
medium were shown to have very similar outer
membrane protein Hi levels. The data pre-
sented in Fig. 1 and 2 demonstrate that these
strains under the above conditions were killed at
the same rate by aminoglycosides, strongly sug-
gesting that the effects described in Fig. 1 and 2
were related to the relative levels of outer mem-
brane protein Hi and correspondingly, inversely
related to the cell envelope Mg2e levels [21]. In
addition, growth of the mutant strain H181 un-
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780 HANCOCK, RAFFLE, AND NICAS

der Mg2"-deficient conditions led to a moderate
(twofold) increase in protein H1 levels (21) (com-
pared with the same strain grown under Mg2+-
sufficient concitions). Correspondingly, strain
H181 pregrown under Mg2"-deficient conditions
was more resistant to killing by gentamicin and
streptomycin (Fig. 2).
Streptomycin uptake in susceptible and

resistant strains. The pattern of streptomycin
uptake in both strains H103 and H181 (illus-
trated by a typical experiment in Fig. 3) followed
three-phase kinetics, as described by Bryan and
Van Den Elzen for other strains (4): an instan-
taneous binding phase, an early slow uptake
phase (EDP-I), and a later rapid uptake phase
(EDP-II). We performed an extensive series of
experiments in an attempt to demonstrate dif-
ferences in the apparent amount of streptomycin
binding to cyanide-treated i.e., non-streptomy-
cin-transporting [5] or untreated wild-type
strain H103 or mutant H181 cells. For five sep-

arate experiments done at eight different con-

centrations of streptomycin (data not shown),
statistical analysis of the data suggested that
there was no signficant difference (P > 0.5) in
aminoglycoside binding to the two strains. Thus,
any apparent differences in streptomycin bind-
ing to the two strains (e.g., as seen at 10,g/ml
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TIME (min)

FIG. 3. Uptake of[3H]streptomycin at two concen-

trations by the wild-type strain H103 and the outer
membrane protein Hl-overproducing strain H181.
Symbols: 0, H103, 2 ug of streptomycin per ml; 0,

H103, 10 pg of streptomycin per ml; A, H181, 2 pg of
streptomycin per ml; A, H181, 10 pg of streptomycin
per ml.

in Fig. 3) were shown by more careful analysis
not to be significant. Scatchard analysis of the
data from one experiment suggested on the order
of 2 x 107 to 5 x 107 potential binding sites for
streptomycin per cell. We consider that the large
number of nonspecific binding sites on the cell
(since there are only about 2 x 106 to 4 x 106
molecules of lipopolysaccharide per P. aerugi-
nosa cell) and the high-background filter ad-
sorption of streptomycin even under the strin-
gent washing procedures used (see Materials and
Methods) together obscured expected differ-
ences in aminoglycoside binding.
The major alteration in the kinetics of strep-

tomycin uptake seen in the resistant strain,
H181, was that at all concentrations of antibiotic
used transition from the early slow phase of
uptake (EDP-I) to the later rapid phase (EDP-
II) was delayed in the resistant strain (Fig. 4).
This difference was consistently observed in
seven separate experiments, each using several
levels of antibiotic.
Permeabilization of the outer membrane

by aminoglycosides. The ability of aminogly-
cosides and Tris-hydrochloride to alter outer
membrane permeability was investigated by ex-
ainiing the effect of these agents in promoting
lysis by lysozyme (Fig. 5 and 6). Lysozyme is
normally unable to penetrate the outer mem-
brane of gram-negative bacteria to reach its site
of activity, the peptidoglycan. As a control, we
confirmed that lysozyme alone did not cause
lysis of our strains. Treatment with gentamicin
alone resulted in a slow decrease in OD6oo, but
only after a prolonged delay (Fig. 5A). The com-
bination of lysozyme and gentamicin however,
led to very rapid cell lysis. At high levels of
gentamicin (10 to 25 ,ug/ml), there was a 90%
drop in absorbance within 1 min.

Conditions which are known to block trans-
port of aminoglycosides (5, 24) did not interfere
with the permeabilization of the outer mem-
brane to lysozyme (Fig. 5). Lysis by gentamicin
and lysozyme was very similar in the presence
or absence of cyanide, which is known to inhibit
aminoglycoside uptake, probably at the level of
the cytoplasmic membrane. In contrast, the lysis
mediated by gentamicin in the absence of lyso-
zyme was 100% inhibited by cyanide (Fig. 5A).
The uncouplers dinitrophenol and sodium azide
also had no effect on gentamicin-lysozyme lysis
(data not shown), indicating that the process did
not require an energized membrane. Chloram-
phenicol, which is known to prevent aminogly-
coside killing (13, 14, 24) and eliminate the late
rapid phase of aminoglycoside uptake (5), also
failed to inhibit lysis by gentamicin and lyso-
zyme (Fig. 5B). Because H103 is quite resistant
to chloramphenicol compared with most wild-
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AMINOGLYCOSIDES AND OUTER MEMBRANES 781

type P. aeruginosa strains, we also examined
the effect of tetracycline as an alternative inhib-
itor of protein synthesis and aminoglycoside kill-
ing (24; Fig. 50). Tetracycline in combination
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FIG. 4. Time required for initiation of rapid up-
take of streptomycin (EDP-II) in the wild-type strain
H103 (0) and the outer membrane protein Hi-over-
producing strain H181 (A). The points represent the
means of three experiments; the given lines were
drawn by linear regression analysis ofthepoints with
correlation coefficients (9) of 0.98 for H103 and 0.97
for H181.

with lysozyme caused some lysis, but at a rela-
tively low rate and after a slight delay. However,
it clearly did not interfere with the rapid genta-
micin-promoted lysozyme lysis. Ribosomally al-
tered strA mutants are resistant to very high
levels of streptomycin and do not show the late
rapid uptake phase of streptomycin (4). Strep-
tomycin-mediated lysozyme lysis was indistin-
guishable in the wild-type PA01 strain H103
and a strA mutant of PAO1 (data not shown).
As cyanide prevents aminoglycoside uptake

(4, 5) but did not prevent its effect on outer
membrane permeability, 1 mM KCN was used
in subsequent experiments. Figure 6 shows the
lytic activity of aminoglycosides and Tris in the
presence of cyanide. With gentamicin, lysis oc-
curred very rapidly and the percentage of cells
lysed was proportional to the amount of amino-
glycoside added. The same effect could be ob-
tained with streptomycin, but as in the killing
experiment, much higher levels of this antibiotic
were required. High concentrations of Tris (0.1
to 0.3 M) were also able to promote lysis by
lysozyme, although Tris-lysozyme lysis was rel-
atively slow. We also tried high levels of the
polyamines spermine tetrahydrochloride (300
,ug/ml) or spermidine trihydrochloride (500 Ag/
ml) with lysozyme. These combinations did not
result in lysis. We were unable to obtain pro-
motion of lysozyme lysis with streptomycin
bound to agarose beads through a 1-nm spacer,
although such immobilized streptomycin did
somewhat inhibit cell growth.

Aminoglycoside-promoted lysozyme lysis

100'
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TIME (min)

FIG. 5. Effects of inhibitors ofgentamicin uptake on gentamicin (25 pg/ml)-promoted, lysozyme (20 pg/ml)-
mediated lysis of the wild-type strain H103. (A) Effect ofcyanide (1 mM): x, no additions; A, gentamicin only;
0, gentamicin and KCN; A, gentamicin and lysozyme; *, gentamicin, KCN and lysozyme. (B) Effect of
chloramphenicol (500 ,.g/ml): V, chloramphenicol and lysozyme; 0, gentamicin and chloramphenicol; A,
gentamicin and lysozyme; 0, gentamicin, chloramphenicol, and lysozyme. (C) Effect of tetracycline (100 ,ug/
ml): V, tetracycline and lysozyme; 0, gentamicin and tetracycline; A, gentamicin and lysozyme; *gentamicin,
tetracycline, and lysozyme.
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FIG. 6. Promotion of wild-type strain H103 lysis by lysozyme (20 pg/ml) using gentamicin (A), streptomycin
(B), or Tris-hydrochloride (C) in the presence of 1 mM KCN. Symbols: (A) A, controls (25 pg ofgentamicin per
ml in the absence of lysozyme or lysozyme in the absence of gentamicin); V, 2 ug ofgentamicin per ml; 0, 5
,ug ofgentamicin per ml; *, 10 pg ofgentamicin per ml; x, 25 pg ofgentamicin per ml. (B) A, Controls (150 pg
of streptomycin per ml in the absence of lysozyme or lysozyme in the absence of streptomycin); 0, 75 pg of
streptomycin per ml; X, 150 pg of streptomycin per ml. (C) V, 5(X mM Tris-hydrochloride in the absence of
lysozyme, as a control; A, lysozyme but no Tris-hydrochloride; 0, 200 mM Tris-hydrochloride; *, 300 mM
Tris-hydrochloride; x, 500mM Tris-hydrochloride.

could also be demonstrated for cells resuspended
in 10 mM Tris-hydrochloride, pH 7.4, or 10 mM
HEPES (N'-2-hydroxyethylpiperazine-2-eth-
anesulfonic acid) buffer, pH 7.2, in the absence
of a carbon source. This amount of Tris-hydro-
chloride was insufficient to promote lysozyme
lysis in the absence of aminoglycoside (Fig. 6C
and 7). The addition of 1 mM Mg2e to such cells

completely inhibited gentamicin-mediated lyso-
zyme lysis of cells (Fig. 7), although some os-

motic effects remained, as demonstrated by the
slight swelling of cells. The extent of the inhibi-
tion observed with 1 mM Mg2e was similar to
the inhibition of aminoglycoside uptake ob-
served by Bryan and Van Den Elzen after ad-
dition of divalent cations during transport ex-

periments (4).
Permeabilization of the outer membrane by

gentamicin in strain H103 was also examined by
measuring the hydrolysis of a chromogenic ,B-
lactam, nitrocefin. An increased rate of hydrol-
ysis in intact nongrowing cells would indicate
increased permeation of the 8B-lactam through
the outer membrane to the periplasmic ,B-lacta-
mase. The rate of hydrolysis could be increased
3.5-fold over that of untreated strain H103 cells

by pretreatment with 100 ,ug of gentamicin per
ml and 1.7-fold with 10 pig of gentamicin per ml
(the actual concentrations of gentamicin present
during the assay were 15 and 1.5 jig/ml, re-

spectively). Treatment with 50 mM EDTA in-
creased the rate of hydrolysis 10-fold.

100-
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c 40.

20-

20 40 60
TIME (min)

FIG. 7. Inhibition by Mg"+ of gentamicin-pro-
moted, lysozyme-mediated lysis of wild-type strain
H103. Cells were resuspended in 10 mM 7ris-hydro-
chloride (pH 7.4) with the noted additions. Symbols:
A, control with 1 mM MgSO4, no lysozyme or genta-
micin added; 0, 15 pg of gentamicin and 20 pg of
lysozyme per ml in the presence or absence of 1 mM
KCN; *, as for 0 with the addition of 1 MM MgSO4.

DISCUSSION
The results of this study demonstrate that the

outer membrane of P. aeruginosa is a major
determinant of aminoglycoside activity. Re-
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AMINOGLYCOSIDES AND OUTER MEMBRANES 783

cently (21), we established that outer mem-
brane protein Hi overproduction is accompa-
nied by a reduction in cell envelope Mg2e con-
tent, both in the mutants H181 and H185, which
constitutively overproduce protein Hi, and in
wild-type cells overproducing protein Hi in re-
sponse to low Mg2e. The results suggested a
linear reciprocal relationship between the
amount of protein Hi and cell envelope Mg2"
levels. In both mutants and wild type, high levels
of protein Hi were associated with increased
resistance to killing and lysis by polymyxin and
EDTA (21). We have now shown that protein
Hi-overproducing cells are also relatively resist-
ant to killing by aminoglycosides (Fig. 1 and 2).
Our previous data (21) suggested that EDTA
and cationic antibiotics such as polymyxins and
aminoglycosides act by removing or replacing
Mg2e at a site on the lipopolysaccharide. This
suggests that protein Hi exerts its effect by
replacing Mg2e at this site, protecting it from
these agents.
The increase in resistance to aminoglycosides

conferred by protein Hi is smaller than that
seen for polymyxins. This could be due to alter-
native binding or uptake sites for aminoglyco-
sides, a requirement for fewer binding sites for
aminoglycoside activity, or to a lower affinity of
aminoglycosides for the proposed lipopolysac-
charide binding site. Schindler and Osborn (23)
have demonstrated that polymyxin has a higher
affinity for Salmonella typhimurium lipopoly-
saccharide than does Mg2+, whereas others have
demonstrated that moderately high levels of
Mg2e are necessary to inhibit polymyxin activity
(6). In the case of aminoglycosides, antagonism
by Mg2e occurs at quite low Mg2e levels, and
this competition tends to mask the protective
effects of protein Hi when the protein is iriduced
by growth in low Mg2". Thus, in minimal inhib-
itory concentration measurements of aminogly-
coside susceptibility, P. aeruginosa cells in low
Mg2e are apparently more susceptible than cells
in high Mg2e. When the differential competitive
effects of Mg2e are eliminated by comparison of
loss of viability in a common assay medium (Fig.
1 and 2), cells grown in Mg2e-deficient medium
are actually more resistant to aminoglycoside
killing than cells grown in Mg2+-sufficient me-
dium.
Aminoglycoside uptake in both Escherichia

coli and P. aeruginosa has been shown to occur
in three consecutive phases (4,.5): an initial rapid
electrostatic binding, followed by an early slow
uptake phase (EDP-I) and a later rapid uptake
phase (EDP-II). The binding is energy indepen-
dent, whereas the two latter phases are energy
requiring and occur only in presence of an en-

ergized cytoplasmic membrane and electron
transport (4, 5). EDP-ll may coincide with or
follow the onset of loss of viability, since both
EDP-II and lethality can be inhibited with
chloramphenicol (4, 13) and do not occur in
ribosomally resistant (strA) strains (4). Altera-
tion of ribosomal affinity in other mutants also
affects uptake (1). Comparison of streptomycin
uptake in wild-type strains with uptake in re-
sistant mutants which overproduce protein Hi
showed that in the resistant strains the late
rapid phase EDP-ll was always delayed (Fig. 3
and 4). It would thus appear that the outer
membrane has a critical influence on the events
required to initiate EDP-II. Somewhat similar
delays in the onset of EDP-ll have been ob-
served for certain E. coli mutants with altered
ribosomal affinity to aminoglycosides (1). How-
ever, since our mutant was selected for resist-
ance to polymyxin and EDTA, and since ribo-
somal effects are usually specific to given ami-
noglycosides, we consider it to be unlikely that
our mutants also have ribosomal alterations.
Furthermnore, we previously demonstrated (21)
that single-step revertants of strains H181 and
H185 to polymyxin susceptibility had low levels
of protein Hi on Mg2'-sufficient medium and
had wild-type aminoglycoside and EDTA sus-
ceptibilities, suggesting that the different phe-
notypic alterations in the mutants had a com-
mon basis.
The increase in resistance seen in outer mem-

brane protein Hi-overproducing strains cannot
be attributed to a general decrease in outer
membrane permeability. The major pore-form-
ing protein (porin or protein F) is not signifi-
cantly reduced in amount in protein Hi-over-
producing strains (this study; 21). Furthermore,
susceptibility to both carbenicillin and tetracy-
cline (which use the so-called hydrophilic [porin-
mediated] pathway in E. coli [22]) is not altered
in these strains (21), and their growth rate on
Mg2e-deficient media is unaffected (this study;
21), suggesting that the porin is functionally
normal. This suggests that the hydrophilic path-
way (22) of passive permeation through the hy-
drophilic pores formed by porin (11, 22) may not
be the major route taken by aminoglycoside
antibiotics in P. aeruginosa. Although the large
pore size of P. aeruginosa (11) would not be
expected to offer any barrier to permeation of
such antibiotics, there is evidence that most of
the pores at any given time are not in an active,
open state (R. Benz and R. E. W. Hancock,
manuscript in preparation). Preliminary studies
ofa severely porin-deficient P. aeruginosa strain
isolated in our laboratory has shown no decrease
in aminoglycoside suceptibility. However, it is
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possible that in other organisms in which a
greater proportion of porins are in the active
state (2) and there are less Mg2e binding sites on
the cell surface (3), the hydrophilic pathway of
antibiotic uptake may offer an alternative, effi-
cient means of streptomycin permeation (9).
Streptomycin action in such organisms should
be, and is, less affected by Mg2e antagonism (18).
An alternative explanation for our results

might be that protein Hi is a magnesium-bind-
ing outer membrane protein which also binds
gentamicin and streptomycin and thus specifi-
cally limits access of aminoglycosides to porin.
However, as described in Results, we could dem-
onstrate no signficant differences in the binding
of streptomycin to our mutant strain H181 with
high protein Hi levels when compared with our
wild-type strain H103. In addition, at a strepto-
mycin concentration with which we could dem-
onstrate a large difference in killing of strains
H181 and H103 (Fig. 2B) less than 0.5% of the
added streptomycin became bound to cyanide-
treated cells, suggesting that binding did not
significantly alter the effective concentration of
stieptomycin in the medium. Also, we previously
demonstrated that mutant strains have less
Mg2e in their outer membranes, suggesting that
protein Hi is probably not a specific Mg2+-bind-
ing protein (21). Finally, the above alternative
does not explain aminoglycoside-mediated per-
meabilization of outer membranes or the unus-
ually high Mg2+ antagonism of aminoglycosides
in wild-type P. aeruginosa (18). Thus, the above
alternative model seems unlikely, although we
cannot rigorously exclude that binding of ami-
noglycosides to protein Hi contributes to the
phenotype of the mutants.
The ability of aminoglycosides to interact with

the outer membrane and promote a significant
alteration in its permeability was shown by both
cell lysis in the presence of lysozyme and ami-
noglycosides and increased hydrolysis of nitro-
cefin in the presence of gentamicin. Lysozyme is
normally inactive on gram-negative bacteria as
it is unable to penetrate the outer membrane to
reach its site of activity, the peptidoglycan. Pre-
vious studies have demonstrated that either
polymyxin or EDTA can permeabilize the outer
membrane to lysozyme (3, 15, 16). In this study
we have shown that gentamicin, streptomycin,
and, to a lesser extent, Tris-hydrochloride over-
came this penetration barrier, allowing lysozyme
to attack the peptidoglycan and lyse the cells.
Lysozyme itself is known to bind to outer mem-
branes (7), and this ability may contribute to the
efficiency of its permeation in aminoglycoside-
treated cells. This is further suggested by the
relatively inefficient gentamicin-mediated per-

meabilization of outer membranes to nitrocefin,
a chromogenic f,-lactam. In fact, this implies
that aminoglycoside-mediated permeabilization
has some specificity for cationic substrates such
as lysozyme and aminoglycosides (see below).
The permeabilization we observe cannot be

attributed to aminoglycoside killing as we have
shown that it occurs under conditions in which
aminoglycosides are known not to be trans-
ported or lethal (5, 14), such as in chloramphen-
icol- or KCN-treated cells, and can occur even
in ribosomally resistant strA strains. This differ-
entiates the effects we describe from the extreme
outer membrane disruptions in aminoglycoside-
treated cells, as has been seen in electron micro-
scope studies (15). Such disruptions occur only
under conditions resulting in cell death.
Aminoglycosides are clearly able to promote

the passage of other molecules through the outer
membrane, and it seems likely that they are also
capable of promoting their own transport. We
have observed that the amounts of gentamicin
and streptomycin required to cause permeabili-
zation of outer membranes to lysozyme (Fig. 6)
are 10- to 20-fold higher than the concentrations
resulting in rapid cell killing (Fig. 2). This may
be explained by the different sizes of the mole-
cules involved, since killing would involve per-
meabilization to the aminoglycosides them-
selves, which are molecules of 500 to 600 daltons,
whereas aminoglycoside-promoted lysozyme
lysis would involve permeabilization to lyso-
zyme, a protein of 14,000 daltons. In the latter
case, a more extreme disruption of the outer
membrane would be required. We propose that
aminoglycoside uptake and killing requires in-
teraction with an Mg2" binding site at the outer
membrane. This interaction promotes uptake of
the antibiotic into the periplasm, permitting fur-
ther transport at the level of the cytoplasmic
membrane. We observed that Mg2+ was able to
completely inhibit aminoglycoside-mediated
permeabilization to lysozyme. This inhibition,
coupled with the results of killing experiments
with protein Hi-overproducing strains, strongly
suggests that the site of aminoglycoside activity
at the outer membrane is an Mg2e binding site.
Competition at the level of the outer membrane
may well explain the unusually high antagonism
of aminoglycosides by divalent cations (18, 25)
in P. aeruginosa, although it is probable that
other sites of competition also exist. Our results
also suggest that the ability of a~ninoglycosides
to promote ptrmeabilization of the outer mem-
brane may in fact be a major determinant in
their activity. We have shown that gentamicin
is more active than streptomycin in inducing
permeability to lysozyme. This difference is
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closely reflected by their relative effectiveness
as measured in killing assays or minimal inhibi-
tory concentration determinations. In this light,
it is interesting that some of the new antipseu-
domonal aminoglycosides differ from their par-
ent compounds largely in their efficiency of
transport (17) rather than in their inhibition of
ribosomal function. Improved ability to interact
with the outer membrane could, in part, account
for their increased transport.
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