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[*Hlgentamicin uptake and killing were studied in three strains of gentamicin-resistant Staphylococcus
aureus possessing plasmid-encoded, gentamicin-modifying enzymes and in three isogenic, enzyme-free,
gentamicin-susceptible derivatives. At low (=2.0 pg/ml) concentrations of gentamicin, uptake by resistant
organisms was impaired compared with that of susceptible strains, and no killing was noted. In contrast, at
higher (2.5 to 10.0 pg/ml) concentrations (which were below the MIC for the resistant strains), rapid
gentamicin uptake similar to that seen in susceptible isolates was observed. Although growth inhibition at these
concentrations was apparent, there was no loss of viability in resistant strains. Consistently, the membrane H*-
ATPase inhibitor N,N’-dicyclohexyl carbodiimide caused resistant strains to take up low concentrations (1.0
pg/ml) of gentamicin at rates comparable to those seen in susceptible organisms without causing an associated
loss of viability. These studies show differences between gentamicin uptake in S. aureus and streptomycin
uptake in Escherichia coli (Dickie et al., Antimicrob. Agents Chemother. 14:569-580, 1978) regarding the
kinetics of uptake in resistant strains with plasmid-encoded aminoglycoside-modifying enzymes. Specifically,
they suggest that for 2-deoxystreptamine compounds such as gentamicin, ribosomal binding followed by
accelerated uptake and subsequent interference with cell growth may occur without invariably being associated

with lethal effect.

Clinical important resistance to the aminoglycoside-ami-
nocyclitol antibiotics in bacteria is generally associated with
plasmid-encoded aminoglycoside-modifying enzymes (4, 6,
15, 16). The mechanisms by which these enzymes mediate
resistance is unclear. Enzymatic modification per se does
not provide an adequate explanation since only a small
proportion of antibiotic is modified and bacterial cells are
able to grow in media containing active antibiotic (7, 8).
Moreover, the presence of aminoglycoside-modifying en-
zymes does not necessarily correlate with clinical resistance
™).

After initial ionic binding of aminoglycosides to the outer
surface of aminoglycoside-susceptible Escherichia coli and
Staphylococcus aureus cells, these bacteria actively take up
aminoglycosides (3, 24). Subsequent uptake occurs in a
linear fashion for a period of several minutes. The rate and
duration of this phase of aminoglycoside uptake are related
to the external drug concentration and the MIC, and it is
abolished by the addition of metabolic poisons. This first
energy-dependent phase (EDP 1) is followed by a second,
more rapid, aminoglycoside-induced phase of uptake termed
EDP II (8), which is also dependent on metabolic energy (3,
24). Streptomycin-resistant, R* E. coli, however, fails to
demonstrate the second energy-dependent phase (EDP II) at
antibiotic concentrations below the MIC (8). In strains
capable of 3'-adenylylation, intracellular streptomycin ap-
pears to be present in modified form (8) and adenylated
streptomycin demonstrates altered ribosomal binding in cell-
free preparations (31). These observations have suggested a
model in which the presence or absence of an inhibitory
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effect (i.e., drug resistance) is dependent upon a ‘‘competi-
tion’” between the rate of drug modification at the level of
the cytoplasmic membrane and the rate of drug transport
across this membrane barrier (7, 8). This model proposes
that as long as the rate of drug transport (EDP I) does not
exceed the maximal rate of drug modification, i.e., at
concentrations below the MIC, only modified drug is accu-
mulated and EDP II uptake does not occur. Since streptomy-
cin lethality appeared to be associated with EDP II kinetics
(3, 8), this model was consistent with earlier studies in
streptomycin-resistant rps/ (strA) E. coli mutants in which
the absence of EDP II was shown to correlate with impaired
ribosomal binding (5).

Preliminary studies performed in our laboratory with S.
aureus suggested that the kinetics of gentamicin uptake in
two resistant clinical isolates with 2"-o-phosphotransferase
[APH (2")] and 6'-N-acetyltransferase [AAC (6')] enzymes
differed from that described in streptomycin-resistant, gram-
negative bacilli (M. H. Miller, S. C. Edberg, M. A. Wexler,
and N. H. Steigbigel, Program Abstr. Intersci. Conf. Antimi-
crob. Agents Chemother. 18th, Atlanta, Ga., abstr. no. 286,
1978). Moreover, there are important differences recognized
between streptomycin (a streptidine) and gentamicin (a 2-
deoxystreptamine) regarding ribosomal binding and effects
on protein synthesis (12, 17, 28, 29).

To shed further light on the mechanisms of the lethal effect
of this class of antibiotics, we investigated gentamicin and
streptomycin uptake as it relates to resistance in clinical
isolates with aminoglycoside-modifying enzymes and in iso-
genic derivatives selected for aminoglycoside susceptibility.

(The results of this study were presented in part at the 20th
Interscience Conference on Antimicrobial Agents and Che-
motherapy, 22 to 24 September, 1980, New Orleans, La.).
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MATERIALS AND METHODS

Organisms and susceptibilities. The clinical isolates of S.
aureus (LM 48, LM 102, LM 36) used in these studies were
resistant to gentamicin as determined by the standard Bauer-
Kirby technique (10). Each produced coagulase and ferment-
ed mannitol (24). MICs of gentamicin for these strains were
determined in nutrient broth supplemented with yeast ex-
tract (NBYE) as previously described (24) and were equal to
12.5 pg/ml (Table 1) (corresponding MICs in Mueller-Hinton
broth were =50 wg/ml). All three strains produced penicillin-
ase and were resistant to cadmium. In addition to the
resistances shown in Table 1, LM 48 was also resistant to
tetracycline and erythromycin and LM 102 was resistant to
chloramphenicol. SA 121 is a clinical isolate previously
described (23), and SA 121 strA is a one-step, high-level,
streptomycin-resistant mutant derived from it (selected by
plating SA 121 on agar containing 1,000 ug of streptomycin
per ml). RN 450 is a plasmid-free, gentamicin- and strepto-
mycin-susceptible S. aureus strain obtained from Richard
Novick, Public Health Research Institute of the City of New
York, Inc., New York.

- Selection of isogenic gentamicin-susceptible isolates. Genta-
micin-susceptible isolates were selected from each of the
three strains described above by incubating cells with vari-
ous subinhibitory concentrations of the intercalating dye
ethidium bromide (Sigma Chemical Co., St. Louis, Mo.)
(LM 36), or by overnight growth at 47°C (LM 48, LM 102) (1,
21). Subcultures were made on blood agar plates (BBL
Microbiology Systems, Cockeysville, Md.). After overnight
incubation, single colonies were then streaked, in duplicate,
onto the surface of nutrient agar plates with and without
gentamicin (5 pg/ml) (Schering Corp., Bloomfield, N.J.).
Identification and susceptibility testing of susceptible iso-
lates were performed as described for the parent strains.
Gentamicin MICs for these strains ranged from 0.1 to 0.4 pg/
ml in NBYE (Table 1). Other than loss of aminoglycoside
resistances (Table 1), no resistance markers present in the
parent strains were lost, except for chloramphenicol resist-
ance by LM 1021.

Plasmid transfer procedures. Plasmid transfer in mixed
cultures was performed as described by Jaffe et al. (15). The
recipient strain LM 200 is a mutant of S. aureus RN 450 that
was selected sequentially for chromosomal high-level resist-
ance to rifampin and streptomycin. Each of the donor strains
(LM 48, LM 102, or LM 36) and the recipient strain LM 200
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were incubated overnight in NBYE (pH 6.8), centrifuged,
combined, and suspended in transfer medium at a final cell
density of approximately 10'® CFU/ml. Gentamicin-resistant
progeny were selected in NBYE agar with gentamicin (10
ug/ml), rifampin (25 pg/ml), and streptomycin (1,000 pg/ml).
Isolates that grew on the selective media were characterized
as described above. Only transcipients of LM 48 were
isolated. The approximate transfer frequency was 10~° for
this strain (LM 250).

Plasmid DNA. Plasmid DNA was prepared from 500-ml
early stationary phase cultures by standard methods, as
previously described (11, 26, 27). Restriction endonucleases
were obtained from various manufacturers and used accord-
ing to their specifications. Agarose gel electrophoresis was
carried out in Tris-borate buffer at 2 V/cm for 16 h. Estimates
of plasmid size were made by comparing restriction frag-
ments with the migration of known molecular weight stan-
dards, and summing the sizes of the fragments.

Characterization of aminoglycoside-modifying enzymes.
The analysis of modifying enzymes was performed by the
method of Haas and Dowding (13). Crude lysates of S.
aureus were prepared by osmotic lysis of lysostaphin-treated
cells and incubated with radiolabeled acetylcoenzyme A or
ATP in the presence of appropriate aminoglycoside sub-
strates. The reaction mixture (containing modified radiola-
beled antibiotics) was spotted onto phosphocellulose paper,
washed, dried, and counted in a liquid scintillation counter;
the presence of counts significantly above control indicates
that acetylation, phosphorylation, or adenylylation of the
aminoglycoside substrate has occurred.

Media. The broth used for gentamicin uptake studies and
MICs was nutrient broth (BBL) supplemented with 0.1%
yeast extract (Difco Laboratories, Detroit, Mich.) NBYE.
Solid media used in these studies were NBYE plus 1.5% agar
(Difco), heart infusion agar (Difco), sheep blood agar (BBL.),
and Mueller-Hinton agar (BBL).

Aminoglycoside uptake and killing. For uptake studies,
strains were grown overnight in NBYE. Cells were diluted
1073 in NBYE, and growth was monitored until cells were in
log-phase growth at a density of ca. 1028 CFU/ml, as deter-
mined by measuring absorbance at 600 nm (Coleman spec-
trophotometer model 6-20/A). The relationship between ab-
sorbance and CFU/ml was established as previously
described (24). [**C]gentamicin was supplied by Schering
(bioactivity, 652 ug/mg; specific activity, 637 mCi/mmol).

TABLE 1. Characteristics of S. aureus strains used

S. aureus Aminoglycoside MIC (pg/m) Source/comment
strain phenotype Gentamicin Streptomycin

LM36 Gm", Str® 12.5 1.6 Clinical blood culture isolate

LM 361 Gm®, Str® 0.4 1.6 Derivative of LM36

LM 48 Gm'", Str* 12.5 62 Clinical blood culture isolate

LM481 Gm®, Str 0.1 62 Derivative of LM48

LM 102 Gm', Str* 12.5 ND“ Clinical blood culture isolate

LM 1021 Gm?®, Str® 0.1 ND Derivative of LM102

RN 450 Gm?®, Str® 0.2 1.6 Previously characterized plasmid-free strain

LM 200 Gm®, Str' 0.2 =1,000 - Derivative of RN 450 selected for resistance
to streptomycin and rifampin

LM 250 Gm", Str 12.5 =1,000 Gm' transcipient of LM 200 obtained from
mixed culture of LM 200 and LM 48

SA 121 Gm?®, Str® 0.4 1.6 Clinical blood culture isolate (23)

SA 121 strA Gm®, Str' 0.4 =1,000 Derivative of SA 121 selected for high-level

resistance to streptomycin

2 ND, Not done.
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[*Hlgentamicin (Amersham Corp., Arlington Heights, IIl.)
had a specific activity of 86 mCi/mmol (0.12 mCi/mg) and
was mixed with standard gentamicin powder (588 ng/mg;
Schering) to a final specific activity of 1 to 5 nCi/mg just
before use. [*H]dihydrostreptomycin sesquisulfate (Amer-
sham) (1.2 mCi/mg) was mixed with streptomycin powder
(Sigma) to a final specific activity of 5 to 10 wnCi/mg.
Radiolabeled aminoglycoside was then added to strains in
log-phase growth (at 37°C) in a rotary shaker bath to the
desired final concentration. Uptake was measured by peri-
odic sampling of 5-ml samples. Samples were immediately
filtered through membrane filters (Millipore Corp., Bedford,
Mass.), 0.45 pm pore size, and washed with 3% sodium
chloride as previously described (20, 24). The filters were
placed into counting vials and dried overnight. Samples were
counted in a Packard Tri-Carb liquid scintillation counter
after the addition of 10 ml of toluene containing (per liter) 5.0
g of 2,5-diphenyloxazole and 0.4 g of 1,4-bis-2-(5-phenyloxa-
zole) benzene. Amingolycoside uptake is expressed as total
uptake (nanograms of aminoglycoside) per 108 CFU (as
determined by absorbance at 600 nm).

For the determination of cell viability, 1-ml samples were
taken at indicated times and cell viability (CFU/ml) was
determined by the standard pour plate technique (10, 25),
using heart infusion agar adjusted to pH 5.0 to inhibit
aminoglycoside carry-over.

Chemicals. N,N-Dicyclohexylcarbodiimide (DCCD) (Sig-
ma) was prepared as a fresh solution (4 mM in 100% ethanol)
and was added to cultures simultaneously with gentamicin to
a final concentration of 20 uM DCCD.

RESULTS

Isolation of isogenic pairs of gentamicin-susceptible and
-resistant organisms and characterization of plasmids and
aminoglycoside-modifying enzymes. Three gentamicin-resis-
tant S. aureus strains (LM 36, LM 48, and LM 102) and
susceptible derivatives (LM 361, LM 481, LM 1021) selected
as described above were studied.

Overnight incubation of mixed cultures of the gentamicin-
resistant isolate LM 48 (Gm") and LM 200 (Rif", Str") and
subsequent selection with gentamicin, rifampin, and strepto-
mycin resulted in isolates resistant to all of these antibiotics
(LM 250). None of the other known markers of LM 48,
including penicillin resistance or resistance to cadmium or
arsenate ions, were cotransferred. No similar transcipients
were isolated for LM 36 or LM 102.

LM 36 and LM 48 each contained a single large plasmid,
pLIM 36 (52 kilobases [kb]) and pLJM 48 (46 kb), respec-
tively, which were not present in the gentamicin-susceptible
derivatives LM 361 or LM 481. pLJM 36 and pLJM 48 are
closely related to one another, having in common at least
five HindIll fragments (Fig. 1); similarly related cleavage
patterns obtained with endonucleases Haelll, Hhal, Mspl,
and EcoRI were also observed (data not shown). On the
basis of their HindIll and Haelll digests, pLIJM 48 and
pLJM 36 appear to be very closely related to the gentamicin
resistance plasmids previously identified by Jaffe et al. (16)
and Cohen et al. (4). The plasmid present in the gentamicin-
resistant transcipient LM 250 is identical to the plasmid
(pLJM 48) present in the donor strain LM 48 (Fig. 1). LM
102 contained three plasmids with molecular sizes of approx-
imately 48, 32, and 4.5 kb (data not shown). Restriction
digests of the plasmid DNA from this strain contained too
many bands to allow a rigorous comparison with plasmid
digests from LM 36 and LM 48. The HindIll and other
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FIG. 1. Agarose (0.7%) gel electrophoresis (2 V/cm, 16 h, Tris-
borate buffer) of restriction endonuclease Hindlll digests of plasmid
DNA in gentamicin-resistant strains; lane 1, LM 36: lane 2, LM 48:
lane 3, LM 250; lane 4, HindIll-digested DNA standard (sizes in kb
indicated on the right). The 9.5- and 2.5-kb fragments of LM 48 and
LM 250, and the 2.5-kb fragment of LM 36, were determined to be
doublet bands by direct fluorimetry of the ethidium bromide-stained
gel with the Shimadzu CS 910 scanning densitometer.

restriction digests of the plasmid DNA from LM 102, howev-
er, contained several bands in common with pLLJM 48 and
pLJM 36. Plasmids were absent in the gentamicin-suscepti-
ble derivatives LM 361, LM 1021, and LM 481.

Crude lysates of all strains were screened for aminogly-
coside-modifying activity as described above, using kanamy-
cin B, gentamicin C;, and C,, and amikacin as substrates.
Gentamicin-resistant strains (LM 36, LM 48, LM 102, and
LM 250) phosphorylated both kanamycin B and gentamicin
C,a and acetylated gentamicin C, 5, but not gentamicin C, as
determined by nitrocellulose binding of labeled substrate. In
contrast, the susceptible strains had no demonstrable amino-
glycoside-modifying activity. Broader substrate profiles with
kanamycin, gentamicin, tobramycin, amikacin, butirosin,
paromomycin, netilmicin, and lividomycin as substrates
confirmed these results (David Bobey, Bristol Laboratories,
Syracuse, N.Y.). This spectrum of activity is consistent with
the interpretations that all three resistant strains contained
AAC (6') and APH (2") enzyme activity (7). The cured
derivatives LM 361, LM 481, and LM 1021 demonstrated no
aminoglycoside-modifying activity.

Gentamicin uptake and Killing in isogenic S. aureus strains.
Figure 2A shows a representative plot of uptake dose-
response curves for gentamicin in strains LM 36 (MIC, 12.5
ng/ml) and LM 361 (MIC, 0.4 pg/ml). At the lower gentami-
cin concentrations (1.0 to 2.5 pg/ml), there was diminished
gentamicin uptake in LM 36 as compared with the suscepti-
ble strain LM 361. As the external concentration of gentami-
cin was increased, accelerated rates of uptake were ob-
served. Notably, at 5 and 10 pg/ml, similar uptake was
observed in both susceptible and resistant strains. Figure 2B
demonstrates the effect of this concentration-dependent up-
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FIG. 2. (A) Dose-response data showing the relationship between external gentamicin concentration and [*H]gentamicin uptake in
gentamicin-resistant strain LM 36 (MIC, 12.5 pg/ml) at 1.0 (@), 2.5 (A), 5.0 (W) and 10.0 (®) pg/ml. Open symbols show data for gentamicin-
susceptible LM 361 (MIC, 0.4 pg/ml) at the same concentrations. (B) Rate of growth as a function of change in absorbancy (lower panel,
dashed lines) versus time and viability (upper panel, solid lines) of these strains. Symbols correspond to those used in A.

take on bacterial viability (upper panel) and on growth as
monitored spectrophotometrically (lower panel) for both
susceptible and resistant strains. The upper panel shows that
in the resistant strain (LM 36), as the gentamicin concentra-
tion was increased up to 10 pg/ml (MIC, 12.5 pg/ml), the
drug uptake observed in Fig. 2A was not associated with any
bactericidal effect. In comparison, the susceptible strain
demonstrated a decrease (2 to 5 log;o) in CFU/ml that was
proportional to the external gentamicin concentration. Stan-
dard time-kill studies over 24 h confirmed that there was no
bactericidal effect at all gentamicin concentrations that were
below the MIC for the resistant, plasmid-containing strain.
Importantly, however, growth measured spectrophotometri-
cally (Fig. 2B, lower panel) was shown to be diminished in
the susceptible strain at all concentrations of gentamicin, but
in the resistant strain only at concentrations above the
inductive concentration (that concentration associated with
accelerated uptake but below the MIC) of 2.5 pg/ml (one-
fifth the MIC for gentamicin). There was no effect on growth
monitored spectrophotometrically in LM 36 at subinductive
gentamicin concentrations (1.0 and 2.5 pg/ml) when com-
pared with a control not treated with gentamicin (data not
shown). Similar studies that determined dose-response ami-
noglycoside uptake, bactericidal effect, and growth mea-
sured spectrophotometrically in LM 48, LM 481, LM 102,
and LM 1021 gave identical results (data not shown).
Figure 3 shows drug uptake plotted as area under the
gentamicin uptake-time curves for the three pairs of gentami-
cin-resistant and -susceptible strains. In the susceptible
strains, uptake was proportional to external drug concentra-
tion at all drug concentrations tested. In contrast, for the
resistant strains, total uptake was impaired at the lower
concentrations. However, at higher but still subinhibitory

(below the MIC) concentrations, the amount of drug accu-
mulated for resistant strains increased markedly and thereaf-
ter appeared to be proportional to the external drug concen-
tration.

Effect of DCCD on aminoglycoside uptake and killing in S.
aureus. Figure 4A shows comparative gentamicin (1 pg/ml)
uptake and killing in gentamicin-resistant strain LM 36 with
and without the addition of the proton-translocating ATPase
(H*-ATPase) inhibitor DCCD. DCCD increases aminogly-
coside uptake in S. aureus by increasing the membrane
potential for drug transport due to its effect on the magnitude
of the electrical potential across the cytoplasmic membrane
).

The resistant strain (LM 36) showed decreased uptake as
compared with the susceptible strain (LM 361), and there
was no bactericidal effect (Fig. 4A). The addition of 20 pM
DCCD caused the resistant strain (LM 36) to take up
gentamicin at a rate comparable to that seen in the suscepti-
ble strain in the absence of DCCD, but there was no loss of
viability as determined by measuring CFU/ml. DCCD alone
at these concentrations was not lethal to S. aureus, and it
stimulated both gentamicin uptake and killing in LM 361
(data not shown), as has been previously described with
other gentamicin-susceptible S. aureus isolates (18, 24).

The effect of 20 uM DCCD on streptomycin uptake was
determined in the susceptible strain SA 121 and its single-
step, high-level streptomycin-resistant mutant SA 121 strA
(Fig. 4B). In SA 121 at 20 pg of streptomycin per ml, 20 pM
DCCD stimulated the uptake of streptomycin, as has been
previously shown with gentamicih in this strain (24). In SA
121 strA (MIC > 1,000 p.g/ml), there was little stimulation of
streptomycin uptake and no bactéricidal effect relative to
that seen in streptomycin-susceptible SA 121. Moreover, 20
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FIG. 3. Total gentamicin uptake as a function of external drug concentration in resistant (®) and susceptible (O) isolates. LM 36 and LM
361 are shown in the left panel, LM 48 and LM 481 in the middle panel, and LM 102 and LM 1021 in the right panel.

M DCCD stimulated gentamicin uptake in both SA 121 strA
and SA 121 (data not shown). These studies further support
the specificity of the effect of DCCD on membrane energiza-
tion (9). Moreover, they suggest both that a ribosomal
binding sink is required to demonstrate EDP II kinetics (2, 3)
and that there are multiple ribosomal binding sites for
gentamicin (2, 12, 28, 29).

DISCUSSION

The aminoglycoside-resistant strains studied (LM 36, LM
48, and LM 102) had aminoglycoside-modifying enzymes
commonly found in gentamicin-resistant isolates of S. au-
reus and Staphylococcus epidermidis (22, 30, 31). LM 250,
the gentamicin-resistant transcipient of LM 200 (derived
from plasmid-free RN 450) was found to possess the same
aminoglycoside-modifying activity as the donor strain LM
48. The gentamicin-susceptible isolates (LM 361, LM 481,
and LM 1021) selected from gentamicin-resistant clinical
isolates had lost the APH (2'')- and AAC (6')-modifying
enzymes present in resistant strains.

Studies of the plasmid content of gentamicin-resistant
clinical isolates confirmed that both LM 48 and LM 250
contained a plasmid (pLJM 48) of 48 kb that yielded identical
cleavage patterns with HindIII and other restriction endonu-
cleases. LM 36 was found to contain a similar, although not
identical plasmid (pLJM 36) that was absent in the gentami-
cin-susceptible derivative LM 361. The simplest interpreta-
tion of the cleavage pattern of pLJM 36 and pLJM 48 would
be that pLLJM 36 carries two insertions relative to pLJM 48.
By comparison with published data, these plasmids are
closely related to plasmids previously identified in gentami-
cin-resistant strains (4, 16). These data suggest that the AAC
(6')- and APH (2'')- modifying enzymes associated with
gentamicin resistance in LM 36 and LM 48 are encoded by
genes carried by pLJM 36 and pLJM 48.

Kinetic studies examining the uptake and lethal effect of
the aminoglycoside gentamicin in isogenic susceptible and
resistant strains of S. aureus demonstrated that at higher
external drug concentrations (inductive concentrations), up-
take in resistant and suceptible strains was similar. In

contrast, when resistant cells are exposed to subinductive
concentrations of gentamicin, decreased uptake is observed
as compared with uptake in susceptible stains. Notably, how-
ever, when the inductive external concentration of gentami-
cin is reached, there is diminution of the rate of cell
replication as determined spectrophotometrically in resistant
as well as susceptible strains. Despite this growth inhibition
associated with gentamicin uptake, there is no loss of
viability of resistant strains, as measured by ability to form
colonies in agar.

Studies with DCCD confirm our data indicating that
gentamicin uptake is not necessarily associated with a bacte-
rial lethal effect. We have recently shown that DCCD (a
proton translocating ATPase inhibitor) increases the magni-
tude of the electrical potential across the cytoplasmic mem-
brane (9). Previous studies from our laboratory have demon-
strated that DCCD increases the uptake of gentamicin by
susceptible strains at both inhibitory (24) and subinhibitory
gentamicin concentrations (18) in a dose-dependent manner.
Although 20 uM DCCD stimulates gentamicin uptake in the
plasmid-containing, gentamicin-resistant isolates, there is no
associated loss of viability noted.

Since the accelerated gentamicin uptake seen in resistant
strains is not associated with a bactericidal effect, uptake
could represent increased extracytoplasmic binding rather
than transport. This is highly unlikely because (i) concentra-
tion-associated uptake is shown to diminish the rate of cell
replication spectrophotometrically, suggesting that cellular
uptake, ribosomal binding, and partial drug effect have
occurred; (ii) as noted above, in gentamicin-susceptible
strains, DCCD stimulates both uptake and killing in a dose-
dependent fashion, suggesting that DCCD-associated amino-
glycoside uptake correlates with drug transport; (iii) in both
susceptible and resistant (plasmid containing) S. aureus (24)
and E. coli (3) cells, surface aminoglycoside binding is
virtually instantaneous, and continued incubation is associ-
ated with uptake only in the presence of oxidative energy.

Examination of the kinetics of gentamicin uptake (Fig. 2),
as well as that of total uptake (Fig. 3), suggests that at the
highest external drug concentrations uptake is greater in the
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FIG. 4. (A) ['*C]gentamicin accumulation at 1 ug/ml in gentamicin-resistant S. aureus LM 36 (MIC of gentamicin, 12.5 ug/ml) with (A) and
without (@) 20 uM DCCD. Uptake in the gentamicin-susceptible strain LM 361 without DCCD (O) is also shown. Dashed lines show
corresponding bacterial killing. (B) [*H]streptomycin uptake at 20 pg/ml in streptomycin-susceptible SA 121 with (A) and without (O) 20 uM
DCCD. Dark symbols show corresponding data for a single-step, high-level, streptomycin-resistant mutant of SA 121 (MIC, =1,000 p.g/ml).

Corresponding killing is shown (dashed lines).

resistant than in the susceptible strains. This observation,
however, probably represents inhibition of the cellular pro-
cesses or Kkilling of susceptible strains and a secondary
decrease in the antibiotic uptake measured for these strains.
Furthermore, it has recently been suggested that, in suscep-
tible E. coli, aminoglycosides themselves diminish the mag-
nitude of the electrical potential across the cell membrane
().

Previous studies measuring streptomycin uptake in resis-
tant E. coli (ribosomal binding strA mutants and aminoglyco-
side-modifying R* clinical isolates) have demonstrated EDP
I but not EDP II kinetics (3, 8). Ribosomes from strA
mutants do not bind native streptomycin, and this failure of
binding mediates resistance (5). In a similar fashion, plas-
mid-mediated modification of streptomycin also alters bind-
ing affinity to ribosomes of susceptible strains (8, 31). These
data suggested that in gram-negative bacilli, the occurrence
of EDP Il is associated with susceptibility, and that ribosom-
al binding is required for this phase of uptake to occur.
Moreover, these studies suggested that strategically located,
membrane-associated modifying enzymes mediate resist-
ance when the rate of modification exceeds the rate of
transport as described by EDP I (2, 8).

Recently, Hurwitz et al. (14) have demonstrated that the
absence of streptomycin accumulation seen in sirA mutants
of E. coli can be overcome by the addition of puromycin
which, like the aminoglycosides themselves, induces prema-
ture termination of the nascent protein chain and a subse-
quent increase in the number of runoff ribosomes. By this
manipulation, these authors were able to induce EDP II-type
accumulation kinetics in the resistant strain without causing
loss of cell viability. Whether these observations are due to

an increase in the ribosomal binding sites, as suggested, or
are secondary to some other alteration of cell function, is not
clear from the available data. However, these observations
provide additional evidence that the ability, under certain
circumstances, to dissociate the phenomenon of deficient
aminoglycoside uptake from that of resistance is not limited
to S. aureus, nor to a specific aminoglycoside.

Our studies suggest that there are important differences
between the kinetics of gentamicin uptake in S. aureus with
gentamicin-modifying enzymes, and streptomycin uptake in
the streptomycin-resistant R* E. coli (8) regarding the
complex relationships between rate of uptake, drug modifi-
cation, ribosomal binding, and resistance. These differences
were anticipated because of the recognized differences be-
tween the effects of streptomycin and gentamicin on protein
synthetic events (initiation, chain elongation, miscoding,
termination, etc.) and ribosomal binding (2, 12, 28, 29).
However, there are additional variables that may play a role
such as differences between aminoglycoside-modifying en-
zymes (6, 7) and between 30S ribosomes of gram-negative
and gram-positive bacteria (23). We are not aware of any
studies examining the effects of modified deoxystreptamine
aminoglycosides (i.e., gentamicin, tobramycin, amikacin) on
ribosomal binding and protein synthesis. Clearly, such stud-
ies are important.

In any event, regardless of these mechanistic consider-
ations, it is important to point out, given the observations
presented here, that an understanding of enzyme-mediated
aminoglycoside resistance requires studies with 2-deoxy-
streptamine aminoglycosides, as well as with streptomycin.
This is particularly true since most clinically useful amino-
glycosides belong to the former class of compounds (19).
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