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Escherichia coli sensitivity to tetracycline involves transport and accumulation
of the antibiotic within the cell by two different uptake systems: an initial rapid
uptake, which occurs over the initial 6 min of contact of the cell with tetracycline,
and a slower uptake system, which continues indefinitely and whose rate of
uptake is 1/10 that of the rapid system. Only the slow uptake system is blocked
by inhibitors of energy-driven systems; it appears to be particularly dependent
upon energy from oxidative phosphorylation. Although both uptake systems lead
to accumulation of intracellular tetracycline and contribute to the cell’s sensitivity,
the rapid uptake system appears to be the more important. While these studies
confirm active transport of tetracycline into the cell, they demonstrate that a
critical uptake system which appears insensitive to metabolic inhibitors occurs

initially.

The tetracyclines are effective bacteriostatic
antimicrobial agents. They were introduced in
the beginning of the 1950s and received wide-
spread acceptance because of their broad-spec-
trum activity against gram-negative as well as
gram-positive bacterial infections (17). The
drugs inhibit protein synthesis by interfering
with the binding of aminoacyl tRNA to the
ribosome-mRNA complex (36). The site of ac-
tion of the drug appears to be codon-anticodon
recognition (19).

Studies of tetracycline metabolism have dem-
onstrated active uptake of the drug into sensitive
cells (1, 15). However, the amounts of drug taken

up by different strains of Escherichia coli did.

not correlate with levels of sensitivity (32). We
have been particularly interested in this prop-
erty because we are concerned with the mecha-
nism of resistance to tetracycline, particularly

that mediated by plasmids (24, 25, 27). For this

reason we have investigated in more detail the
mechanism by which tetracycline is accumu-
lated in sensitive cells. From these studies we
have determined that the sensitive cell has two
uptake systems for tetracycline, only one of
which appears sensitive to metabolic inhibitors.
An initial uptake occurs, which appears to reach
an equilibrium with the tetracycline in the me-
dium after 6 min. A slow, second uptake system
then is evident, which accumulates tetracycline
over a period of hours. It is the slow uptake
system that is sensitive to energy inhibitors.

Expermments with mutants uncoupled in oxida-
tive phosphorylation confirmed the presence of
two uptake systems and indicated that sensitiv-
ity to the drug can be conferred by the rapid
uptake system alone.

MATERIALS AND METHODS

Bacterial strains and media. DO-1 is our subcul-
ture of E. coli K-12 strain CSH-1, received from T.
Watanabe in 1964. This strain has a requirement for
proline and methionine. Wild-type E. coli AN-180 and
its mutants AN-120 (uncA) and AN-283 (uncB) un-
coupled in oxidative phosphorylation (9) were received

. from J. Davies. They are designated DO-21, DO-22,
“and DO-23 respectively. L-broth (10 g of tryptone

[Difcol, 5 g of yeast extract, 5 g of NaCl, and 1 g of
glucose per liter, adjusted to pH 7) (22) was used for
most of these studies. Where noted, defined C medium
(11) and buffered saline (8.5 g of NaCl, 0.6 g of
Na;HPO,, and 0.1 g of gelatin per liter) (10) were used.

- . Tetracycline uptake studies. Uptake of tetracy-

cline was assessed by uptake of [7-°H]tetracycline,
which was received as a powder (0.6 to 1.0 Ci/mmol)
from New England Nuclear Corp. Fresh solutions of
the radioactive drug in methanol were prepared each
week, since breakdown products accumulate in solu-
tion and preferentially bind to cell walls (26, 27). For
uptake measurements in L-broth, cells were grown to
mid to late log phase (about 5 X 10° cells per ml) at
37°C, centrifuged, and resuspended in fresh L-broth at
37°C at 1.3 X 10° to 2.0 X 10° cells per ml. After a 5- to
15-min preincubation at 37°C with shaking, [*H]tet-
racycline was added at specified amounts and shaking
continued. Two methods were used to determine up-
take.
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Method 1. At different times after tetracycline
addition, 100-ul samples were removed, diluted 1:17 in
cold buffered saline (4°C), and centrifuged at 4°C
within 10 min to remove the cells from the free tetra-
cycline in the medium. The resultant cell pellets were
resuspended in buffered saline, and samples were used
for measurement of absorbance at 530 nm (Ass; with
a Coleman 101 spectrophotometer) and for measure-
ment of radioactivity (samples dissolved in Aquasol
from New England Nuclear Corp. were counted in a
Beckman LS-235 scintillation counter). From these
two determinations, the amount of [*H]tetracycline
per Asx unit (5 X 10° cells per ml) was calculated.
Counting efficiency was 35%. When the [*H]tetracy-
cline content of cells diluted into cold buffered saline
was compared with that of cells centrifuged at 37°C
out of labeling medium, only a minimal difference was
found, which could be accounted for by removal of
trapped media. If, however, cells were diluted or
washed in buffered saline at 23°C, 20% or more of the
accumulated radioactivity was lost with each washing.
Washing centrifuged cells in L-broth at 4°C also re-
sulted in significant loss of labeled tetracycline from
the cells.

Method 2. A 100-ul sample of cells was diluted 1:25
in cold buffered saline and filtered within 10 min
through 0.4-um Nucleopore polycarbonate filters,
dried, and counted in Liquifluor (New England Nu-
clear Corp.) in toluene. Previous studies showed that
background absorption of [*H]tetracycline is low for
these filters, whereas it is high on Millipore mixed
cellulose acetate-cellulose nitrate filters, and on Mil-
lipore polyvinyl chloride filters. The number of Ass
units of the filtered cells was determined from the As3
of the labeling culture at the time of sampling. Count-
ing efficiency was 20%.

Results were the same (with corrections for count-
ing efficiency) whether uptake was measured by
method 1 or 2. Background for uptake was determined
by adding [*H]tetracycline to cells at 0°C and imme-
diately diluting them into cold buffered saline and
taking them through the procedure. Background was
5% or less of the 6-min uptake and is represented by
a point at time zero on graphs. Most of the background
was due to binding of [*H]tetracycline to the filters,
not to the cells. Uptake is expressed as counts per
minute per Asx unit. To compare experiments in
which slightly different amounts of radioactivity were
added to the medium, the uptake has been normalized
in all experiments to a standard concentration of 10°
cpm/ml added. To obtain the amount (in micrograms)
of tetracycline taken up per microgram of cell protein,
one can use the specific activity of the tetracycline
added (this value must be multiplied by 20/35 to allow
for quenching on the filters) and the conversion factor
of 300 ug of protein per Ass unit of cells. Specific
activities given in figure legends were determined by
the radioactivity measured in Aquasol. Intracellular
concentration of tetracycline was calculated assuming
that 1 mg of dry cells was equivalent to a 2.7-ul internal
volume (38). For DO-1 this value corresponded to 1.2
ul per Aszo unit.

To examine the uptake kinetics of cells grown in
enriched medium and assayed in minimal medium as
per Del Bene and Rogers (11), we harvested cells from
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an overnight stationary-phase culture grown in L-
broth and resuspended them at Ass = 0.1 or 4.0in C
medium. Uptake was determined by method 2 except
that the samples removed for Az = 0.1 were 0.5 ml.
Results were the same if uptake was measured in cells
grown in Trypticase soy broth and assayed as de-
scribed by Del Bene and Rogers (11).

Analysis of [*H]Jtetracycline taken up in 6 min.
DO-1 cells grown in L-broth to As» = 1.4 were col-
lected by centrifugation and resuspended in L-broth
at 37°C at different cell concentrations (As» = 4, 8,
11.7). [*H]tetracycline was added to give 1.3 x 10°
cpm/ml (1.1 ug/ml), and the cultures were incubated
with aeration. At 6 min 0.25 ml of each culture was
diluted into 2.5 ml of cold L-broth, and the cells were
centrifuged out of solution and washed once in 2.5 ml
of cold L-broth. The cells were then resuspended in
buffered saline, and the radioactivity per Ass unit was
determined. After 10 min of incubation, the remainder
of the culture at Asy = 11.7 was chilled, and the cells
were sedimented by centrifugation. The supernatant,
containing [*H]tetracycline, was added to freshly har-
vested cells at an Asx» of 3.3; after 6 min, the [°H}-
tetracycline taken up by these cells was determined.
The cells sedimented from the above Asy = 11.7
culture were washed twice in cold L-broth, and the
tetracycline was extracted from the cells with butanol-
10% acetic acid-methanol (4:2:1) at 37°C for 30 min.
The extract, containing 86% of the [*H]tetracycline in
the cells, was dried under N;, and the residue was
resuspended in L-broth. Fresh cells were added at Ass
= 5.7, and [°H]tetracycline uptake was determined at
6 min as above.

Calculation of permeability coefficient. The in-
itial rate of uptake (velocity) of tetracycline in nano-
grams per minute per Asyx unit was converted to
micromoles per second per square centimeter by as-
suming that 1 As3 unit equals 0.45 mg (dry weight) of
cells, and that 130 cm? of E. coli membrane surface
area equals 1 mg (dry weight) of cells, as is true for
Salmonella typhimurium (35). The initial internal tet-
racycline concentration was assumed to be zero, and
the permeability coefficient was then the velocity di-
vided by the external tetracycline concentration in
micromoles per cm® (20, 29).

Drugs and chemicals. Tetracycline-hydrochlo-
ride was obtained from Sigma; 2,4-dinitrophenol
(DNP) was from General Biochemicals. Sodium arse-
nate and sodium cyanide were obtained from Fisher.
Concentrations of DNP, arsenate, and cyanide used
were those which inhibited cell growth at least 80%.

Sensitivity to tetracycline. (i) By growth rate.
Sensitivity to tetracycline was assessed in cells growing
in L-broth or defined media. Growing cells were sub-
jected to challenge with different concentrations of
the drug. The lowest concentration that resulted in no
visible turbidity by eye after 15 h of growth at 37°C
with shaking, starting with an inoculum of 10* cells per
ml, was designated the minimal inhibitory concentra-
tion. That concentration which showed a 50% inhibi-
tion of growth rate after 90 min (starting with 2 x 107
to 3 x 107 cells per ml) was also determined and
designated ICso.

(ii) By rate of protein synthesis. At time zero, 20
to 35 uCi of [*S)methionine (New England Nuclear,



VoL. 14, 1978

550 Ci/mmol) per ml was added to cells resuspended
in L-broth at 37°C at Assx = 1.2 to 4.0. Samples of 25
ul were removed at various times (every 2 min until 25
min; thereafter, every 5 min) and spotted onto 2.3-cm
Whatman 3 or 3MM paper disks which had been
pretreated with trichloroacetic acid. Tetracycline was
then added to part of the culture, and sampling con-
tinued. After drying at room temperature for 30 to 60
min, all disks were processed simultaneously as de-
scribed (23) to evaluate [**S]methionine incorporated
into trichloroacetic acid-precipitable protein.

RESULTS

Biphasic uptake of tetracycline in sensi-
tive E. coli. E. coli DO-1 cells grown to mid to
late logarithmic phase in L-broth were centri-
fuged, resuspended at Ass = 2 to 4 (1 X 10° to 2
% 10° cells per ml), and incubated in the presence
of [*H]tetracycline. We emphasized experiments
in nutrient medium both to evaluate uptake in
a medium in which optimal growth is obtained
and to use the same medium in which the cells
had been grown. High cell density was chosen to
limit cell growth so that the uptake would be
seen in cells not undergoing extensive cell divi-
sion. Uptake of the drug demonstrated biphasic
kinetics: a rapid uptake, which ceased at the end
of approximately 6 min and a slow uptake, which
then became evident and continued for at least
2 h (Fig. 1A). The average rate of the rapid
uptake, evaluated from seven experiments, was
1.6 ng of tetracycline per min per Ass unit when
the tetracycline concentration in the medium

A.
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was 0.5 ug/ml. This corresponded to a permea-
bility coefficient (see above) of approximately
0.8 X 10~® cm/s. Both rapid and slow uptakes
were observed in cells preincubated in nonradio-
active tetracycline (Fig. 1A); both uptakes have
also been seen in logarithmically growing cells.
Since sensitivity to tetracycline was greater in
minimal medium (Table 1), and since uptake
studies of tetracycline have been done in differ-
ent laboratories using both enriched and mini-
mal media, we tested uptake in minimal medium
C as well. Biphasic uptake kinetics could also be
demonstrated, but only at the lower cell density
of Aso = 0.1 (Fig. 1B). At higher cell densities
(Aso = 4) in minimal medium C, the rapid
uptake system was greater than in enriched me-
dium and the slow uptake system was absent or
only minimally present; this finding was seen for
cells harvested from L-broth or C medium. Fur-
thermore, in minimal medium the rapid uptake
appeared to last longer (10 to 12 min) than
usually seen in L-broth (Fig. 1B).

Although paper chromatography (26) of the
labeled tetracycline showed only one species,
tetracycline, we were concerned that the bi-
phasic kinetics might merely reflect uptake of
two different compounds, one a minor impurity
that had not been detected. To show that the
rapid uptake was transporting tetracycline and
not an impurity, we did two experiments (as
described in Materials and Methods: analysis of
[*Htetracycline taken up in 6 min).

Experiment 1. When cells at different con-

34-TETRACYCLINE (cpm x 10-3/4530)
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Fic. 1. Uptake of [*H]tetracycline by sensitive E. coli. (A) Resuspended DO-1 cells (Aso = 3.5) were
preincubated in L-broth with 0.5 pg of unlabeled tetracycline per ml for 0 (@), 20 (O), or 40 min (A) prior to the
addition (at the arrow) of 0.55 ug of [*H]tetracycline (specific activity, 1.8 X 10° cpm/ug) per ml. The
preincubations were begun so that [H]tetracycline was actually added to all cell preparations at the same
time. Uptake was assayed by the filtration method. (B) DO-21 cells were preincubated in C medium (As» =
0.1) without (@) or with (O) 1 mM DNP for 10 min prior to addition of [*H]tetracycline to the concentration

of 0.6 ug/ml (specific activity, 1.8 X 10° cpm/pg).
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TABLE 1. Sensitivity to tetracycline in various

media
. MIC®
E. coli - ICs®
strain Characteristics (1 broth) | o
DO-1 pro, met 0.8 1.0 0.75
DO-21 Wild type, arg, 0.45 1.0 0.75
thi
DO-22 uncA, arg, thi 1.1 1.7
DO-23 uncB, arg, thi 1.6 2.0
DO-23H  uncB, tetracy- 11.5 10.0
cline resistant

?ICs, Concentration showing 50% inhibition of
growth rate after 90 min; see text. Expressed in micro-
grams of tetracycline per milliliter.

4 MIC, Minimal inhibitory concentration, in micro-
grams of tetracycline per milliliter. L, L-broth (22); C,
C medium (11).

centrations were incubated with [*H]tetracy-.

cline in L-broth, the amount of tetracycline ac-
cumulated by the rapid uptake system was pro-
portional to the cell concentration (for Ass of
3.8, 7.4, and 11.7, the percentage of total tetra-
cycline taken up was 6.6, 10.5, and 15.8, respec-
tively). At the highest cell concentration used
(Ass = 11.7), the uptake was 16% of total [sH]
tetracycline, a value well above that of an im-
purity detectable by chromatographic methods.
When fresh cells (Ass = 3.3) were added to the
medium in which the Asy 11.7:cells had been
incubated, yet another 4.1% of total tetracyclme
was incorporated by the rapid uptake system,
again exactly propornonal to the cells present.
Thus no “impurity” was being removed from
the medium by the rapid uptake system.
Experiment 2. Alternatively, the radioactiv-
ity taken up in 6 min was extracted from the
cells and given to fresh E. coli at As3 = 5.6. If
this extracted radioactivity had presented an
impurity removed from the medium by 6 min,
100% of it should have been incorporated within
6 min by the fresh cells. However, only 7% was
taken up rapidly. Again, the amount was directly
proportional to the number of cells present. In
all instances, 1.37% of added labeled tetracycline
was taken up per Ass unit (about 5 X 10° cells).
These results indicated that the rapid uptake
kinetics were not manifesting an impurity in the
radioactively labeled tetracycline. Similar exper-
iments showed that the slow uptake system also
represented a large fraction of the total labeled
material and was therefore not an impurity.
Effect of inhibitors and cell mutations
upon the biphasic uptake of tetracycline.
The concentration of tetracycline reached
within the cell by 4 min (assuming an internal
cell volume of 2.3 X 10~® ul per cell based on 2.7
ul of cell water per mg of dry weight) (38) was 5
to 10 times higher than that in the medium.
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Thus, tetracycline appeared to be concentrated
in the cell by both the rapid and slow uptake
systems. The energy dependence of both rapid
and slow uptake systems was therefore investi-
gated.

First we tested the effects of energy inhibitors
on uptake. Arsenate (an inhibitor of the synthe-
sis of high-energy phosphates) (21), DNP (an
uncoupler of oxidative phosphorylation from
electron transport) (21), and cyanide (an inhibi-
tor of electron transport) (21) all decreased or
stopped the slow tetracycline uptake in L-broth
while, unexpectedly, the rapid uptake was un-
changed (Fig. 2). These effects were seen, for

DNP

Control

2 CN
DNP

H-TETRACYCLINE (cpm x 10 As30)

1 1 It 1 1 1 1 1 A

o 10 30 50 70 90
TIME (min)

FiG. 2. Effect of energy inhibitors on tetracycline
uptake by DO-1 cells in L-broth. (A) DO-1 cells in L-
broth (Asx = 4.6) were preincubated for 13 min with-
out any inhibitor (®) or with 0.7 mM DNP (O) or 10
mM sodium arsenate (A). PH]teb'acyclme (specific
activity, 2.1 X 10° cpm/pg) was added to give 10 pg/
ml final concentration. At 34.5 min, 7 mM more
arsenate was added to the arsenate tube because the
effectiveness of arsenate as assayed by growth inhi-
bition declined by 35 to 40 min. Uptake was assayed
by the filtration method. (B) DO-1 cells in L-broth
(Asx = 2.6) were preincubated for 18 min without any
inhibitor (@) or with 0.7 mM DNP (O) or 2 mM
sodium cyanide (A). [*H]tetracycline (specific activ-
ity, 1.8 X 10° com/pg) was added to give 0.63 ug/ml.
Uptake was assayed by the centrifugation method,
but values have been multiplied by 20/35 to correct to
the lower counting efficiency of the filter method. In
this experiment, a clear distinction between rapid
and slow uptake was not observable, and the rapid
uptake as drawn appears more prolonged than usual.
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DNP at least, at both high and low concentra-
tions of tetracycline, at values at, below, or 10-
fold above the minimal inhibitory concentration
(Fig. 2). As in L-broth, the initial uptake in C
medium was insensitive to DNP, whereas the
second uptake was sensitive (Fig. 1B). The two
uptake systems were thus clearly separable.
Only the slow uptake system was affected by
energy inhibitors; it appeared to require oxida-
tive phosphorylation and electron transport.

We next examined tetracycline uptake in two
cell mutants uncoupled for oxidative phospho-
rylation, so-called unc mutants (9). The uncA
mutant lacks the Mg®* Ca’*-dependent adeno-
sine triphosphatase activity that is necessary for
oxidative phosphorylation; the uncB mutant,
while possessing this activity, is defective in a
part of the adenosine triphosphatase-membrane
complex which couples electron transport to
ATP synthesis (18). Although the parent strain
of these mutants exhibited typical biphasic up-
take kinetics (Fig. 1B), the unc mutants had
only a rapid uptake, as exemplified by uncB in
Fig. 3. This finding further confirmed that oxi-
dative phosphorylation was involved in the slow
uptake system only.

Loss of accumulated tetracycline. When
cells labeled with tetracycline for 5 min were
filtered and resuspended in L-broth at 37°C
without tetracycline, there was a rapid loss of
the drug from the cells, about half being lost
within 2 to 5 min. A two- to four-times-slower
loss was seen upon resuspension after 60 min of
uptake. Rapid efflux was also observed when
cells were diluted into medium containing unla-
beled tetracycline. Greater than 90% of all ac-
cumulated [*H]tetracycline was lost from the
cells. Thus a rapid exchange of tetracycline be-

104 e o DO-23 .

00-23H

'l A
o 10 20
TIME (min)

FiG. 3. Tetracycline uptake in DO-23 and in DO-
23H, a mutant of DO-23 resistant to higher tetracy-
cline levels. Cells were resuspended in L-broth at Asx»
= 4.0. [’ HJtetracycline was added to give 0.8 pg/ml
(1.8 X 10° cpm/pg), and uptake was measured by the
filter method.

W-TETRACYCLINE (com x 10-2/As30)
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tween the medium and the cells occurs contin-
uously.

Relationship of the two tetracyline up-
take systems to inhibition of protein syn-
thesis. We found that both tetracycline uptake
systems, the one energy dependent and the other
energy independent, were contributing to the
drug’s inhibition of cellular protein synthesis.

First we measured the rate of protein synthe-
sis in DO-21 cells in the presence or absence of
0.5 ug of tetracycline per ml. [**S]methionine
was added to the culture, and its incorporation
into protein with time was measured as de-
scribed in Materials and Methods. At the same
time, the culture was examined for kinetics of
uptake of tetracycline. We found that about 30%
inhibition of protein synthesis occurred within 6
min in accord with tetracycline entering the cell
by the rapid uptake system (Fig. 4). A slowly
increasing inhibition occurred thereafter, reach-
ing about 70%. These results demonstrated that
the rapid uptake system was effective in putting
tetracycline into its antibacterial site in the cell,
and that the slow uptake does eventually con-
tribute to inhibition of protein synthesis.

Second, we evaluated protein synthesis in DO-
1 cells by pulsing them for 2 min with [*S]-
methionine at various times after addition of 1.4
ug of tetracycline per ml. Once again, inhibition
of protein synthesis occurred within 3 min of
tetracycline contact, and this inhibition there-
after increased slowly with time. With this con-
centration of tetracycline, the initial inhibition
was 50%.

Third, we examined tetracycline effect on
growth and protein synthesis in the uncB mu-
tant, which lacked the slow uptake system. De-
spite absence of the slow uptake system, the unc
mutants are only about twofold less sensitive to
tetracycline (Table 1). This sensitivity clearly
indicated that the rapid uptake of tetracycline
led to intracellular antimicrobial activity and
was not the result of nonspecific adherence of
drug to the cell wall. When the effect of tetra-
cycline on protein synthesis in uncB (DO-23)
was examined, we saw that, in contrast to results
with wild type (DO-21), the inhibition of protein
synthesis remained constant for over 60 min (the
time of the experiment) (Fig. 4), in agreement
with a lack of slow uptake in uncB (Fig. 3).

Uptake as a function of tetracycline con-
centration. Previous investigators (16, 31) have
found tetracycline uptake in E. coli to be unsa-
turable, thus implying no carrier transport mol-
ecule. Having discovered that two tetracycline
systems were involved in uptake, we examined
them separately for evidence of saturability.

Uptake of total tetracycline by the rapid sys-
tem deviated only slightly from being strictly
proportional to the tetracycline concentration in
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F1G. 4. Inhibition of protein synthesis after addi-
tion of tetracycline to DO-21 and DO-23 cells. The
rate of protein synthesis for both control and tetra-
cycline-treated cells at a given time was defined as
the slope of the [**S]methionine incorporation curve
at that time. It was approximated by finding the slope
of the best straight line through four points bracket-
ing that time, two on either side, using the method of
least squares. Percent inhibition = 100% — 100%
(slope of tetracycline treatment/slope of control). The
time is shown in minutes after addition of tetracy-
cline. The amounts of tetracycline were chosen to
inhibit the two strains equally: DO-21 (@), 0.53 pg/ml;
DO-23 (O), 2.6 ug/ml.

the medium from 0.34 to 176 ug/ml (Fig. 5), and
in other experiments up to 380 pg/ml (0.8 mM).
The rapid uptake system was thus not saturable,
at least up to 0.8 mM. Using the same method
on the slow uptake system, we found that the
rate of slow uptake between 45 and 105 min after
tetracycline addition remained proportional to
the tetracycline concentration over a range from
1 to 400 pg/ml; however, at earlier time points
after tetracycline addition (10 to 40 min), the
rate of slow uptake appeared to show some
saturation. These results for the slow uptake are
as yet, therefore, inconclusive.

Effect of inhibitors of protein and ribo-
nucleic acid synthesis upon uptake. There
was no effect in DO-1 cells on either rapid or
slow uptake systems by chloramphenicol (25
pug/ml) or rifampin (200 pg/ml), which com-
pletely inhibit cellular protein synthesis and
RNA synthesis, respectively, at these concentra-
tions. These inhibitors were added 30 min before
the tetracycline.

Isolation of cellular mutants resistant to
high levels of tetracycline. Since unc mutants
appeared to have only one uptake system, we
postulated that cellular tetracycline resistance
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mutants might be more easily isolated. We have
isolated many such mutants with resistance to
up to 10 ug of tetracycline per ml by selection
for spontaneous mutations through stepwise di-
lution into increasing amounts of tetracycline.
These mutants are presumably multistep mu-
tants. By this method, no such mutants were
isolatable from the parent DO-21.

We studied the uptake of tetracycline in one
of the high-level resistance mutants, DO-23H.
There was a marked reduction in uptake by the
rapid uptake system (Fig. 3), which correlated
with the reduced sensitivity of this strain to
tetracycline. At 7.5 min the ratio of uptakes was
6; the ratio of sensitivities was about 5 (Fig. 3,
Table 1). The results were further confirmation
that the rapid uptake system was critical to
cellular sensitivity to tetracycline.

DISCUSSION

Sensitivity to tetracycline in E. coli has been
linked previously to an active accumulation of
the drug within the cell (1, 15). Our studies,
however, suggest that while some active accu-
mulation does occur and represents about half
the uptake in 40 min in L-broth, a critical uptake
occurs within 6 min by a rapid system which
appears to be unaffected by any energy inhibi-
tors used.

Quantitative reexamination of earlier work
suggests that it may not be completely divergent

1.0

T=TTYTTTY

01

LAY |

0.01

tet in cells ( pg/As30)

T=TrTTrreT

§

1 10
tet in medium (ug/ml)

100

F1G. 5. Rapid uptake of tetracycline (tet) as a func-
tion of tetracycline concentration in medium. [*H]-
tetracycline at different specific activities was added
to DO-1 cells suspended at Asx = 4.4 in L-broth.
Tetracycline uptake after 4 min was determined and
is plotted here as a function of the tetracycline con-
centration in the medium using log-log coordinates.
The dotted line represents an intracellular concen-
tration equal to the concentration in the medium,
assuming an intracellular volume of 1.2 ul per 5 x
10° cells (Asx unit) (see the text).
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from the present observations. Del Bene and
Rogers saw a nonlinear, probably biphasic up-
take in C medium (11), and found that the total
uptake in a 30-min period was inhibited only
30% by 0.1 mM azide. This is similar to the
DNP-effected 25% inhibition after 30 min that
we saw in C medium (Fig. 1B). Franklin and
Godfrey (15) did not measure uptake kinetics;
the uptake after 1 h in a minimal medium, after
subtraction of the zero time value, had an abso-
lute requirement for glucose. This result might
be explained if the zero time value was very
large and included tetracycline accumulated by
the rapid uptake system. Franklin and Higgin-
son (16) described an uptake which ceased after
7 to 10 min in an enriched medium. They may
have been observing only the rapid uptake sys-
tem in their medium; no studies on energy re-
quirements for the uptake were presented. We
have noted lack of detectable slow uptake in
some enriched as well as minimal media (unpub-
lished data). Shipley and Olsen (34) reported
that for E. coli and S. typhimurium in various
media, DNP and azide never inhibited tetracy-
cline uptake more than 50%. In general, then,
earlier experiments are not in contradiction to
the existence of an energy-independent rapid
uptake in E. coli. It is also possible that the
different media used for uptake measurements
by different groups in conjunction with different
methods of washing and determining the
amount of tetracycline in cells have previously
obscured the existence of two uptake systems.

Our studies here indicate that both the en-
ergy-insensitive rapid uptake and the energy-
dependent slow uptake systems transport tetra-
cycline to cellular sites which cause inhibition of
protein synthesis. Both systems are in constant
flux, as is shown by the rapid loss of tetracycline
from cells diluted into drug-free media contain-
ing unlabeled drug. Such rapid release of drug
corresponds to the known reversibility of the
antibacterial activity of tetracycline. We have
previously shown that about 75% of tetracycline
accumulated by both systems in 45 min is lo-
cated within the cell, 15% is in the periplasm,
and 7% is bound to the outer cell membrane
27).

A few observations on the mechanism of tet-
racycline uptake can be made. It seems possible
that the mildly hydrophilic tetracycline mole-
cule passes through the outer membrane of the
cell by diffusion through protein-lined “pores”
(28) rather than through the lipid membrane
layer. This idea results from the finding that cell
mutants missing most of the lipopolysaccharide
of the outer membrane (“deep rough mutants”)
do not have increased sensitivity to tetracycline
(2, 28) or altered uptake (unpublished data);
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these mutants do have increased sensitivity and
permeability to lipophilic substances which en-
ter presumably by diffusion directly through the
more exposed phospholipids of the membrane
(and not through pores). Furthermore, the tolF
mutants, which have little or no outer membrane
porin 1la, show a 1.5- to 2.0-fold decreased sen-
sitivity to tetracycline (3, 8, 13).

Since the rapid uptake is insensitive to energy

inhibitors, it probably occurs via either passive
or facilitated (carrier-mediated) diffusion.
Within 6 min an equilibrium of binding of tet-
racycline to internal cellular components present
in great excess may be attained. The apparent
5- to 10-fold concentration of tetracycline within
the cell may be due to such binding rather than
to an energy-dependent gradient of free tetra-
cycline. The rate of uptake of tetracycline by
the rapid system, with a permeability coefficient
of about 0.8 X 10~® cm/s, is not out of line with
permeability coefficients observed for passive
diffusion of polar compounds through artificial
bilayer lipid membranes (20) or through outer-
membrane pores (29); on the other hand, the
rate of uptake by the rapid system is not incom-
patible with facilitated (i.e., carrier-mediated)
diffusion. Therefore, the rate of the rapid uptake
does not help in distinguishing between passive
and facilitated diffusion as the uptake mecha-
nism.
Lack of saturability of the rapid uptake also
does not distinguish between the two mecha-
nisms. Generally one expects a facilitated mech-
anism to exhibit saturability with increasing sub-
strate concentrations, while passive diffusion
will not. In our case, however, a lack of satura-
bility up to 0.8 mM may only mean that a much
higher concentration is needed, as would be ex-
pected if tetracycline were using the uptake sys-
tem of another substrate. In this regard also,
technical difficulties should be noted, involving
the insolubility of tetracycline above this value
unless the medium is acidic and the leakage of
molecules from the cells at high tetracycline
levels (30).

A rapid uptake for chlorotetracycline has also
been observed in Staphylococcus aureus, using
an increase in chlorotetracycline fluorescence as
a measure of its uptake (12). This reaches a
maximum by 10 min at 25°C. The S. aureus
uptake, however, is unlike that described here
for E. coli in that it can be inhibited significantly
by energy inhibitors such as azide, cyanide, and
omission of glucose and is saturable with a K,
of 107 uM for chlorotetracycline and 254 uM for
tetracycline (12).

The difficulty in isolating chromosomal mu-
tants resistant to high levels of tetracycline may
relate to the fact that there are normally two



208

uptake systems for the drug. Mutants in either
one of the uptake systems would be unselected
since tetracycline would be accumulated by the
other uptake system. This may explain our abil-
ity to isolate mutants with higher-level resist-
ance to tetracycline from unc mutants, which
lack a slow uptake system. The nature of the
mutation(s) affecting rapid uptake is under in-
vestigation. It may result from altered diffusion
rates of tetracycline entry and exit (e.g., due to
a decrease in numbers of carrier molecules or
pores), decreased internal binding constants, or
decreased numbers of binding sites.

1t would appear somewhat paradoxical that
bacteria have retained through evolution an ac-
tive uptake of a substance that could inhibit
their growth. Thus it seems more reasonable to
find that the initial uptake of tetracycline does
not apparently include such an active process.
Transport of some antibiotics, however, has
been linked to active uptake systems (6, 14),
including the secondary uptake of tetracycline
as shown here. It is probable that the uptake
systems used by antibiotics are those required
also for important cell metabolites, although no
evidence for this was seen for the uptake of
aminoglycoside antibiotics (7).

The slow uptake system for tetracycline ap-
pears to be unlike any previously described
transport system in E. coli. Like that for gluta-
mine and several other amino acids (5, 37), it
appears to be lost upon osmotic shock of cells
(unpublished data) and is sensitive to arsenate
and the unc mutation under aerobic conditions.
Glutamine uptake, however, was only partially
lowered in unc mutants and by DNP or cyanide
in wild-type cells if glucose was the substrate,
suggesting that both glycolytic ATP and ATP
from oxidative phosphorylation could be used
for glutamine uptake (4, 5). In the case of tetra-
cycline, however, the complete inhibition of the
aerobic slow tetracycline uptake system by DNP
or cyanide in the presence of glucose in normal
cells and by the unc mutation suggests that ATP
derived only from oxidative phosphorylation is
used for the slow tetracycline transport. In sup-
port of this, preliminary experiments showed no
slow tetracycline uptake to be present under
anaerobic conditions (unpublished data). The
apparent functional distinction between glyco-
lytic ATP and ATP from oxidative phosphoryl-
ation suggested by our data is unprecedented
and requires further work for verification; it is
possible that side effects of the inhibitors (see 5,
33) or unknown properties of the unc mutations
have obscured the precise energy requirements
of the slow uptake system. Whatever the mech-
anism, the slow uptake system requires energy,
whereas the rapid uptake system does not. Un-
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der anaerobic conditions the rapid system, un-
like the slow, is present (unpublished data); this
rapid uptake system could, therefore, be the
only one relevant to inhibition of sensitive E.
coli residing in the anaerobic environment of the
avian and mammalian intestine.
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