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The electrical potential difference (Ay) across the membrane of Escherichia
coli was measured by the distribution of lipid-soluble cations and correlated with
resistance to dihydrostreptomycin, where resistance is presumed due to reduced
uptake of the drug. A good correlation between the two measured parameters
was found under all conditions tested, which included effects of several mutations,
inhibitors, changes in pH, and osmolarity. The most dramatic changes were seen
when pH was varied; in wild-type strains resistance increased more than 100-fold,
and Ay fell by 70 mV when pH was reduced from 8.5 to 5.5. These results were
interpreted as support for a model in which the uptake of the polycationic
aminoglycosides is electrogenic and therefore driven by Ay. The factor common
to mutations and conditions which increase resistance was a reduction in Ay. A
simple model was developed which relates the minimal inhibitory concentration

to the rate of aminoglycoside uptake and the rate of growth.

Resistance to aminoglycoside antibiotics is as-
sociated with a variety of metabolic lesions in
bacteria. Mutations producing resistance include
ones affecting the synthesis of heme (27, 29),
menaquinone (26, 28), cytochromes (6, 28), and
the proton-translocating adenosine triphospha-
tase (ATPase) (19). Because these mutations do
not alter the ribosomal site of aminoglycoside
action nor appear to result in inactivation of the
antibiotics, it has been assumed that resistance
in such mutants is due to reduced uptake of the
drugs into the cells. Reduced uptake has been
demonstrated in some cases (6, 8, 10, 28), making
this mechanism a reasonable explanation for this
type of resistance. This mechanism is of wider
interest, for it has been reported in some clini-
cally resistant strains (4). The coupling between
metabolic defects and resistance to aminoglyco-
sides was the subject of this study.

Mutations which produce resistance reduce or
abolish the conversion of energy from oxidation-
reduction reactions in the membrane to the syn-
thesis of ATP or other uses. The connection of
resistance with oxidative metabolism is sup-
ported by the observation that anaerobic growth
is associated with resistance to aminoglycosides
(5, 7). This type of resistance affects all amino-
glycosides regardless of specific structure. By
contrast, resistance in which R-factor-coded en-
zymes inactivate the drug or in which the ribo-
somal site of action is altered by mutation are
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specific for those aminoglycosides with the req-
uisite structural features (3). Therefore, some
relatively nonspecific property of the aminogly-
cosides must be involved. One common property
of all aminoglycosides is a large net positive
charge at physiological pH due to multiple
amino groups with a high pK. Any positively
charged molecule experiences a strong driving
force for entry into bacteria which maintain a
large electrical potential (Ay), interior negative,
across their membrane (22). A reduction in Ay
reduces this driving force and could decrease the
rate of aminoglycoside uptake to make the cells
resistant.

In this study, we examined a number of con-
ditions that alter Ay in Escherichia coli and
found a correlation between Ay and susceptibil-
ity to aminoglycosides. The results indicate that
the magnitude of Ay is an important determi-
nant of resistance to aminoglycosides. A prelim-
inary account of some of this work has been
presented previously (11).

MATERIALS AND METHODS

Bacterial strains. The strains of Escherichia coli
K-12 and their genotypes are listed in Table 1. The
hem-28 and unc-40 were obtained in selections for low-
level neomycin resistance after ultraviolet mutagene-
sis. The hem-28 mutant has a phenotype typical of
hem mutants described by others (27). The mutation
in this strain is close to and clockwise from cya near
min 85 on the current map of E. coli (2), indicating it
is either a hemC or hemD mutation. Strain TK1207 is
unable to grow on succinate, has less than 2% of the
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TABLE 1. Bacterial strains

Strain Genotype Origin or reference
FRAG-5 F~ thirha lacZ gal (13)
kdpABCS5
TK1207 F~ thirha lacZ gal Ultraviolet mutant;
kdpABCS5 unc-40 derived from
FRAG-5
TK1208 F~ thi rha lacZ gal Spontaneous; from
kdpABCS5 unc-42 TK1207
TK1235 F thirha lacl gal Ultraviolet mutant of
kdpABC5 hem-28 lacl derivative of
FRAG-5

wild-type level of membrane ATPase (9), is defective
in proline transport, and has a mutation in the unc
cluster near min 83 of the map. These properties
indicate that it is a proton-leaky unc mutation. (12).
This mutant grows somewhat slowly on all media;
spontaneous mutations to more rapid growth arise
frequently. Strain TK1208, which carries one of these
mutations to more rapid growth, is neither resistant
to aminoglycosides nor defective in proline transport,
but remains unable to grow on succinate. The genetic
lesion in strain TK1208, here called unc-42, is a double
mutation combining the original unc-40 mutations
with a second, closely linked mutation which abolishes
the high proton permeability produced by unc-40.

Media. Minimal medium contained 10 mM
(NH,).SO4; 0.4 mM MgSO,; 0.5 mM K:HPO,; 1 mM
Na citrate; 6 pM FeSO,; and a buffer component,
which was usually 100 mM K N-2-hydroxyethylpi-
perazine-N’-2-ethanesulfonic acid (HEPES), pH 7.5.
To vary pH, 100 mM K-morpholineethanesulfonic
acid (MES) was used for pH 5.5 to 6.5, 100 mM K-
HEPES was used for pH 7 to 8, and 100 mM tris(hy-
droxymethyl)aminomethane (Tris)-chloride was used
for pH above 8. Glucose (50 mM) and 8 g of Casa-
mino Acids per liter were used as carbon and energy
sources, and vitamins at 1 mg/liter were added as
needed. Solid medium contained 15 g of agar per liter.

Antibiotic sensitivity. The minimal inhibitory
concentration (MIC) of dihydrostreptomycin was de-
termined by growth on solid medium. Mid-log phase
cells were diluted in minimal medium to a concentra-
tion of 10*/ml, and 0.02 ml of this suspension was
spotted on a series of plates, each differing from the
next by at most a twofold difference in drug concen-
tration. The MIC is the lowest concentration of drug
that prevented growth of any colonies visible with a
low-powered (%20) microscope after 24 to 36 h of
incubation at 37°C.

Electrical potential measurement. The magni-
tude of the membrane potential was determined from
the distribution ratio of lipid-soluble phosphonium
ions (25). Both [methyl-*H]triphenyl phosphonium
(TPMP) (New England Nuclear Corp.) and [*H]tetra-
phenyl phosphonium (TPP, kindly provided by H. R.
Kaback) were used with comparable results. Cells
growing in minimal medium were collected by filtra-
tion on a membrane filter, washed with and suspended
in 0.1 M Tris-chloride (pH 8.0) at 10° cells per ml and
incubated at 37°C for 10 min. Then Tris-ethylenedia-
minetetraacetic acid (EDTA) (pH 8.0) was added to 2
mM, and 5 min later MgCl; was added to 4 mM. The
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cells were collected by filtration, washed, and sus-
pended in 20 mM morpholinepropanesulfonic acid
(MOPS)-135 mM choline-chloride (pH 7.5) at 2 x 10°
cells per ml and kept on ice for up to 1.5 h until used.
For uptake assays, the cell suspension was diluted
with an equal volume of 135 mM NaCl-50 mM glu-
cose-20 mM K-MOPS (pH 7.5)-2 uM phenylcarbaun-
decarborane and incubated at 23°C for 10 min with
aeration. Uptake was initiated by the addition of la-
beled TPMP* or TPP*, usually to 10 uM. Samples of
0.5 ml were removed at intervals, washed with 5 ml of
10 mM MOPS-200 mM choline-chloride (pH 7.5),
dried, and counted in a Packard liquid scintillation
counter. Inhibitors were added to cell suspensions 10
min before initiation of uptake of the lipid-soluble
cation. For measurements of Ay at a different pH,
either K-MES (pH 5.5 to 6.5) or Tris-chloride (pH 8.0
to 8.5) was substituted for K-MOPS (pH 7.0 to 7.5) in
the post-EDTA suspension and washing buffers.

The intracellular ion concentration at equilibrium
was the plateau level reached within 25 min minus
nonspecific uptake as determined by measuring the
amount of cation remaining after the addition of an
uncoupling concentration of either 1 mM dinitrophe-
nol or 20 uM carbonylcyanide m-chlorophenyl hydra-
zone. Intracellular concentrations were calculated by
the Nernst equation and a value of 2.5 ml internal
volume per g (dry weight) of cells (14).

RESULTS

The membrane potential in bacteria such as
E. coli is generated by the extrusion of protons
coupled to oxidative reactions in the cell mem-
brane. This process generates a potential for
protons, or protonmotive force (PMF), the term
introduced by Mitchell (21). The PMF consists
of an electrical component, represented by Ay,
and a proton concentration component given by
the difference in pH. Because the interior of
bacteria is maintained near pH 7.5. there is little
difference in pH across the membranes of cells
in medium at pH 7.5, so that almost all of the
PMF is expressed Ay (22).

Drugs commonly called uncouplers act to in-
crease the permeability of protons through the
membrane, reducing the PMF by discharging it.
At pH 7.5, uncouplers reduce Ay. Table 2 shows
the effect of 1 mM dinitrophenol on two sensitive
strains of E. coli. This concentration of uncou-
pler reduced the growth rate by 20% and mod-
estly increased resistance to dihydrostreptomy-

TABLE 2. Effect of 2,4-dinitrophenol on Ay and

MIC for dihydrostreptomycin
Dinitro-
. MIC
Strain 1:1:;1{(;1 Ay (mV) (ug/ml)

FRAG-5 0 —-142 0.5

1 -129 1
TK1208 0 -162 0.3

1 -133 0.5
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cin. Under the same conditions Ay showed a
moderate decrease in both strains, suggesting a
correlation between Ay and drug resistance.

A reduced PMF is associated with some unc
mutations (1). Strain TK1207 with the unc-40
mutation is presumed to have a reduced PMF
because it has a markedly reduced rate of proline
uptake, a process known to be driven by the
PMF (17). The reduced PMF in such unc strains
is due to abnormal leakage of protons through
the membrane portion of the proton-translocat-
ing ATPase. This leak can be blocked by dicy-
clohexylcarbodiimide (DCCD) (1, 24). As seen
in Table 3, strain TK1207 had a low Ay that
increased in the presence of 0.5 mM DCCD by
30 mV to values typical of wild-type strains. At
the same time the MIC was reduced by a factor
of 2. As control, we examined strain TK1208
with an wnc mutation not associated with a
proton leak. In this strain, treatment with
DCCD caused no change in MIC and only a
slight change in Ay, suggesting that the effect of
DCCD on strain TK1207 is due to a reduction
in the proton leak through the membrane com-
ponent of the ATPase.

The addition of salt is known to increase re-
sistance to aminoglycosides (20, 30) and to in-
hibit gentamicin uptake (10). We found that
such resistance was associated with a reduction
in Ay in both wild-type and mutant strains (Ta-
ble 4). In two of the strains 0.5 M NaCl allowed

TaBLE 3. Effect of DCCD on Ay and MIC for

dihydrostreptomycin
. DCCD MIC
- Strain. M) AY 7(mV) (ug/ml)
TKI1207 0 -120 12
0.5 -150 5
TK1208 0 -162 0.5
0.5 —155 0.5

TABLE 4. Effect of NaCl and sucrose on Ay and
MIC for dihydrostreptomycin

. Concn MIC
Strain Solute ™M) Ay (mV) (ug/ml)
FRAG-5 —° —~142 0.5
NaCl 0.5 -120 7
Sucrose 0.3 -114 10
TK1208 — -162 0.3
NaCl 0.5 —-114 5
Sucrose 0.3 -106 0.6
TK1207 — -120 12
NaCl 0.2 -96 28
Sucrose 0.3 -102 22
TK1235 — -106 5
NaCl 0.2 —55 24
Sucrose 0.3 ND* 15
% —, None.

®ND, Not determined.
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reasonable rates of growth and produced over a
10-fold increase in MIC and reduction in Ay of
22 to 48 mV. In the two mutants in which the
high salt concentration virtually abolished
growth, the lower concentration of 0.2 M pro-
duced two- to fivefold increases in MIC and
sizable reductions in Ay. We examined the effect
of a non-ionic solute, sucrose, and found similar
effects (Table 4). The concentration of sucrose
used here, 0.3 M, is the osmotic equivalent of
0.17 M NaCl, indicating that osmotically equiv-
alent concentrations of sucrose are at least as
effective as NaCl in producing resistance. Thus
the important parameter here appears to be
osmolarity, not ionic strength. The mechanism
whereby Ay is reduced when osmolarity is in-
creased is not known, but the correlation further
supports a connection between resistance and
Ay

A wider range of values of Ay was achieved by
varying external pH. As external pH was re-
duced, the pH difference increased, resulting in
a compensatory fall in Ay such that the sum of
the two, the PMF, remained virtually constant.
Our results (Fig. 1) are similar to those reported
by others (31). It is known that reducing external
pH markedly increases resistance to aminogly-
cosides (30), an effect illustrated by our data in
Fig. 2. The effects of external pH are another
example, and a very striking one, of the corre-
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Fic. 1. Variation of Ay with external pH. The two
strains examined were grown in medium at the in-
dicated pH, and Ay was measured at the same pH as
described in the text. Each point is the average of
several measurements performed in a single experi-
mendt.
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F16. 2. Effect of external pH on MIC for dihydro-
streptomycin in the four strains used in this study.
Data for strain TK1207 do not extend below pH 6
because this strain does not grow at more acidic pH.

lation between Ay and resistance to aminogly-
cosides.

To simplify the quantitative analysis of our
results, we combined data in Fig. 1 and 2 and in
Tables 2 through 4 for the single plot of Fig. 3.
This figure shows the relationship of the loga-
rithm of the MIC to Ay. In spite of some scatter,
there is a reasonably good correlation between
these two parameters. The solid line in Fig. 3,
drawn by the method of least squares, is log
MIC (ug/ml) = 3.3 — 0.025 Ay (mV). The cor-
relation coefficient, r, is —0.84.

Resistance to two other aminoglycoside anti-
biotics, kanamycin and neomycin, was also
measured under many of the conditions studied
here. In each case the relative changes in MIC
were identical within experimental error to those
observed for dihydrostreptomycin. We thus infer
that the correlation between resistance and Ay
is true for the three aminoglycosides we studied
and is probably true for all aminoglycosides.

DISCUSSION

The mechanism of aminoglycoside uptake is
not well understood. Holtje has suggested that
uptake is by a transport system for polyamines
(18). This model is not readily reconciled with
some findings of Bryan and colleagues (6), nor
with the discordant effects of polyamine starva-
tion on polyamine and aminoglycoside transport
(10). Nor is this model supported by the fact
that mutants resistant from loss of a specific
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transport system have not been reported (8).
Although it is possible that the transport system
involved is essential, we prefer the view that
aminoglycosides enter by many different trans-
port systems, which have slight affinity for ami-
noglycosides. Candidates for such uptake in-
clude systems for sugars, aminosugars, polya-
mines, and amino acids. If uptake is by many
different systems, any competitive effect by sub-
strates of one system would probably be small,
accounting for the failure to observe competition
by a large number of substrates each tested
singly (8). We assume that uptake of the poly-
cationic aminoglycosides by all systems is elec-
trogenic so that changes in the driving force
have a profound effect on the rate of uptake. For
the PMF-driven proline and lactose transport
systems of E. coli, it is known that a reduction
in the driving force markedly reduces the rate of
uptake (23).

Bryan and colleagues have proposed that ami-
noglycosides enter cells by transport on quinones
or other components of the electron transport
chain (8). More recently, they have modified the
model to include Ay as the driving force for entry
via electron transport components (6). In our
view, the available data do not support any
direct role of electron transport, only an indirect
role in creating and maintaining Ay, which serves
as a driving force. The role of Ay is strongly
supported by our data. Every condition we stud-
ied, whether a mutation, addition of an inhibitor,
change in external pH, dr change in osmolarity,
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F1c. 3. Composite plot of all data obtained in this
study, showing the relationship between the loga-
rithm of the MIC for dihydrostreptomycin and Ay.
The solid line, drawn by the method of least squares,
is log MIC (ug/ml) = 3.3 — 0.025 Ay (mV). Dashed
lines represent the range of variation expected from
random errors as mentioned in the text.
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showed corresponding changes in resistance and
Ay. If an electron transport component, for ex-
ample, a cytochrome, were involved in transport,
then the hem mutant we studied would have
much higher resistance than would be predicted
on the basis of Ay, because it would have both
a lower driving force and lost the uptake system.
Data for the hem mutant fit well the data for
other conditions included in Fig. 3, indicating
that such unusual resistance is not seen. The
increased sensitivity to and uptake of aminogly-
cosides in some mutants that overproduce ter-
minal respiratory enzymes are readily explained
by the evidence of a greater driving force (6) and
therefore do not require any specific role of these
enzymes in transport.

The validity of using lipid-soluble cations to
measure Ay in bacteria has recently been dem-
onstrated in giant E. coli, in which direct meas-
urements of the potential can be made with
microelectrodes (15). Our measurements of Ay
are subject to an error of about + 10 mV based
on variations we saw in values obtained under
the same conditions on different days. The meas-
urement of MIC by twofold dilution assay results
in a standard deviation factor of 1.2 (16). The
combination of these random errors, indicated
by the dashed line in Fig. 3, accounts for a good
deal of the scatter in our data. We thus conclude
that the value of Ay is the major determinant of
aminoglycoside resistance in the types of mu-
tants and under the conditions studied here
where reduced uptake appears to be the mech-
anism of resistance. However, not all of our
scatter is likely to be accounted for by random
errors of measurement. Some of the more ex-
treme variations, such as the 10-fold difference
in MIC for very similar values of Ay (Table 3,
data with DCCD) suggest that other factors also
play a role, albeit a minor one, in this type of
resistance.

To obtain a quantitative relationship between
the rate of uptake of a drug and the sensitivity
to the drug, we developed a simple model. In
growing cells, the concentration of drug inside
represents a balance between uptake and the
dilution produced by cell growth. For our anal-
ysis, we assume the accumulated drug does not
exit and is biochemically unchanged, that cells
are in balanced exponential growth so that the
ratio of area to volume is constant, and that
uptake under given conditions is proportional to
the surface area of the bacteria. Let A be the
area in square centimeters, V be volume in cubic
centimeters, J the influx rate per unit area in
micromoles per minute per square centimeter, &
be the growth rate constant per minute, and
subscripts 0 and ¢ refer to time of drug addition
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and a later time, respectively. The total amount
accumulated at time ¢ is:

j JAdt = j JAce*dt = JAs(e™ — 1) /k
0 ]

Cell volume at time ¢ is Voe so the concentra-
tion C of drug at time ¢ ls C JAo(e® - 1)/
kVoe™. When ¢ is large, e* is large relative to 1;
thus this expression becomes C = JD/k, where
D is the ratio of area to volume, A/V.

This result states that the concentration ulti-
mately reached in the cell is directly propor-
tional to the influx rate JJ and inversely propor-
tional to the growth rate k. The MIC is the
minimal external concentration at which inter-
nal concentration ultimately reaches the lethal
concentration. The dependence of C on growth
rate explains the well-known fact that rapidly
growing bacteria are more resistant to a number
of antibiotics, including the aminoglycosides
(30). The effect of growth rate contributes only
a part of the variance in the data of Fig. 3,
because growth rates varied by only shghtly
more than a factor of 2. The major effect seems
to be the dependence of J on Ay. This depend-
ence is very steep; the MIC doubles for each 12
mV reduction in Ay (Fig. 3). A steep dependence
of influx on Ay is consistent with uptake of a
polycationic compound by electrogenic trans-
port.
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