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FIG. 1. Silica gel column chromatography of radiolabeled
pseudomonic acids. Cell extracts were prepared and loaded onto a
silica gel column as outlined under Materials and Methods.
[®H]pseudomonic acid A (mupirocin) methyl ester was eluted from
the column as peak 3.

Mupirocin production. In order to determine whether P.
Auorescens 28710 retained the ability to overproduce mupi-
rocin, cells were incubated in the secondary medium with
varied methionine concentrations. Mupirocin production
was dependent on exogenous methionine addition, reaching
a maximum concentration of 160 pg/ml of culture with
methionine supplementation of 400 pg/ml. Less than 10 g of
mupirocin per ml of culture was produced with no added
methionine. The parent strain 2B10 was capable of produc-
ing 160 p.g of mupirocin per ml of culture without methionine
supplementation.

Mupirocin was preferentially labeled at the C-16 and C-17
positions with L-[methyl*H]- or L-[methyl-'*C]methionine
(7). The specific activity of [*H]methionine added to strain
28J10 was 150 mCi/mmol, and the specific activity of
[*H]mupirocin produced was 80 mCi/mmol, or a 3.7-fold
dilution of label (estimated 300 mCi/mmol with no dilution of
label) due to trace methionine in the soybean meal. Parent
strain 2B10 produced a 25-fold dilution of radiolabel under
similar conditions.

Three major radioactive peaks were isolated following
column chromatography (Fig. 1). Peak 3, representing 54%
of the material loaded onto the column, was identified by
TLC as mupirocin methyl ester. Removal of the methyl
group and conversion to the sodium salt produced a final
product which comigrated with authentic mupirocin on silica
gel TLC and contained 97% of the radiolabel.

Resistance training. B. subtilis SB23, S. aureus 730a, and
E. coli NK5148 developed resistance to mupirocin by train-
ing when 10° to 10’ CFU were used as an inoculum (Table 1).
However, when the inoculum size was reduced to 102 CFU,
no increase in mupirocin resistance developed during the
training procedure.

Transport of mupirocin into bacteria. Since changes in pH
and cell population are known to influence MICs (2), uptake
and MIC experiments were done under uniform conditions.
The uptake of [*H]mupirocin in B. subtilis SB23 was tem-
perature dependent (Fig. 2). In this experiment, at 30°C the
antibiotic reached a steady state of 1.2 pmol/pl of cell
volume (eightfold intracellular concentration) in 5 min. At
22°C cellular uptake had not reached saturation within 20
min. Reducing the temperature to 4°C resulted in a slow but
detectable uptake rate of 0.1 pmol/20 min. When SB23 cells
were preincubated with inhibitors of glycolysis (sodium
fluoride), electron transport (sodium cyanide and sodium
azide), or an energy-uncoupling agent (carbonyl cyanide
m-chlorophenyl hydrazone), the average uptake of mupiro-
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FIG. 2. Temperature-dependent uptake of mupirocin in B. sub-
tilis SB23. Concentrated cells (5.3 x 10° CFU/ml) in Lennox L broth
were incubated with [*H]mupirocin (0.1 pg/ml, 191 nM) at 30°C (@),
22°C (W), and 4°C (A) for the times indicated. Labeled cells were
processed as outlined under Materials and Methods. Results are
expressed as the mean value * standard deviation (n = 3).

cin after 20 min did not decrease more than 16% from that in
the control group (Table 2). Under similar conditions, the
energy-uncoupling agent and electron transport inhibitors
reduced methionine uptake by more than 78% (not shown).

B. subtilis strains SB23 (untrained) and SB23T (trained)
were compared for intracellular accumulation of mupirocin
at 22°C. After 20 min there was a greater than sixfold
accumulation of mupirocin in strain SB23 while the intrac-
ellular mupirocin concentration equaled the extracellular
concentration in strain SB23T (Fig. 3). Incubation of strain
SB23 with varied concentrations of mupirocin under steady-
state conditions (30°C/5 min) produced a maximum satura-
tion of 32 nM based on the reaction volume (Fig. 4). This
value calculates to 0.9 pmol of mupirocin per ul of cell
volume. The intracellular volume of B. subtilis determined
from *H,O uptake experiments was 6 X 10~° pul per cell;
therefore, the number of mupirocin molecules bound within
the cell was calculated to be 3,100. The apparent K, deter-
mined from the concentration needed to achieve half-satu-
ration of cellular binding sites was found to be 35 nM (from
the saturation isotherm, Fig. 4).

S. aureus strains 730a (untrained) and 3000 (trained) were
compared for intracellular accumulation of mupirocin. Strain
730a concentrated mupirocin ninefold within 5 min of incu-
bation, while in strain 3000 the intracellular concentration
merely equilibrated with the extracellular concentration

TABLE 2. Effect of metabolic inhibitors on uptake of
[*H]mupirocin in B. subtilis

Mean mupirocin concn”

Inhibitor Concn (mM) (pmol/ul) = SD
None 1.03 + 0.04 (8)
NaCN 10 1.33 = 0.10 (4)
NaF 10 0.86 = 0.04 (4)
NaN, 10 1.19 + 0.02 (4)
CCCP* 0.1 0.87 + 0.03 (4)

“ Concentration of mupirocin per microliter of cell volume. The number of
trials is shown in parentheses.
# CCCP, Carbonyl cyanide m-chlorophenyl hydrazone.

1sonb Aq 020z ‘8z JaquanoN uo /610 wse oee//.diy woll papeojumoq


http://aac.asm.org/

160 CAPOBIANCO ET AL.

704

» o [
o o o
A A A

Cellular /Extracellular
w
o
A

201

1.04

0‘0 T T T T L 1

L]
0 5 10 20 30
Min. At 22°C
FIG. 3. Mupirocin uptake in B. subtilis: intracellular/extracellu-
lar concentration ratio versus incubation time. Cells were incubated
at 22°C with [*H]mupirocin as indicated in the legend to Fig. 2.
Symbols: @, strain SB23; W, strain SB23T. Results are expressed as
the mean value + standard deviation (n = 3).

(Fig. 5). The intracellular volume of strain 3000 was half that
of strain 730a. The maximum bound concentration of mupi-
rocin based on the reaction volume in strain 730a under
steady-state conditions was 37 nM (Fig. 6). This represents
1.5 pmol of mupirocin per pl of cell volume. The intracellular
volume for strain 730a was calculated to be 3 x 10™° ul per
cell. Therefore, the number of mupirocin molecules bound
within the cell was estimated to be 2,700. The apparent K ;s
at half-saturation were found to be 7 nM from the saturation
isotherm (Fig. 6) and 8.6 nM from a Scatchard plot (not
shown).

E. coli JE5506(pKD15), containing the plasmid which
overproduced isoleucyl-tRNA synthetase, accumulated 0.77
pmol of mupirocin per pl of cell volume after 60 min without
saturation. Antibiotic uptake in strain JES506(pSY363) was
much slower, accumulating 0.2 pmol of mupirocin per pl of
cell volume for the same time period. Intracellular
[®*H]mupirocin could not be measured accurately at higher
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FIG. 4. Mupirocin saturation isotherm for B. subtilis SB23:
bound versus unbound drug concentration. Cells were incubated
with varied concentrations of [*H]mupirocin at 30°C for 5 min.
Values represent mean + standard deviation (2 = 3). Based on the
reaction volume, the maximum bound mupirocin was 32 nM and the
apparent K, at half-maximum saturation was 35 nM.
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FIG. 5. Mupirocin uptake in S. aureus: intracellular/extracellular
concentration ratio versus incubation time. Cells (0.6 x 10'° to 1.6
% 10'° CFU/ml) were incubated at 22°C with [*H]mupirocin (0.1
pg/ml) as indicated in the legend to Fig. 2. Symbols: @, strain 730a;
W, strain 3000. Results are expressed as the mean value + standard
deviation (n = 3).

antibiotic concentrations by the methods outlined because of
the resulting higher background counts.

Isoleucine pools and isoleucyl-tRNA synthetase Kinetics.
Analysis of free amino acid pools revealed no major differ-
ences in isoleucine levels between B. subtilis strains SB23
and SB23T. Strain SB23 had 0.33 nmol of isoleucine per pl of
cell volume, while strain SB23T had 0.43 nmol per pl of cell
volume. However, in S. aureus, isoleucine levels were
elevated fourfold in strain 3000 compared with strain 730a.
Strain 730a had 0.26 nmol of isoleucine per pl of cell volume,
while strain 3000 had 1.06 nmol of isoleucine per ul of cell
volume. In strain 3000, levels of all of the amino acids
detected (16 amino acids), except alanine, arginine, and
tryptophan, were higher than in strain 730a (data not shown).

Dialyzed cell extracts from B. subtilis strains SB23 and
SB23T and S. aureus strains 730a and 3000 were used as
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FIG. 6. Mupirocin saturation isotherm for S. aureus 730a: bound
versus unbound drug concentration. Cells were incubated with
varied concentrations of [*H]mupirocin at 30°C for 5 min. Values
represent mean * standard deviation (n = 3). Based on the reaction
volume, the maximum bound mupirocin was 37 nM and the apparent
K, at half-maximum saturation was 7 nM.
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crude preparations for the isoleucyl-tRNA synthetase assay.
Preliminary testing demonstrated that [**Clisoleucine bound
to trichloroacetic acid-precipitable material in the crude
extracts and that this association was ATP dependent, heat
(90°C for 15 min) labile, and unaffected by preincubation
with tetracycline (20 pg/ml) and thus represented charging to
tRNA. Competition binding assays with unlabeled mupiro-
cin produced data which were used in a computer-generated
double-reciprocal plot of isoleucine concentration versus
binding velocity (not shown). The apparent K, s for isoleu-
cine in extracts from strains SB23, SB23T, and 730a were 2.9
(Vnaxs 6.6 pmol/pl per min), 2.7 (V,,.x, 14.0 pmol/pl per
min), and 0.4 (V. 4.4 pmol/pl per min) nM, respectively.
The apparent K;s for mupirocin in extracts from strains
SB23, SB23T, and 730a were 33.5, 71.1, and 23.8 nM,
respectively. No detectable enzyme activity was observed
with up to 40 pM [**Clisoleucine in dialyzed extracts from
strain 3000. Alternative enzyme isolation procedures have
not been explored at this time. No detectable alteration of
mupirocin occurred after incubation of crude extracts from
strains 730a and 3000 with [*H]mupirocin (19 pM, 37°C for
10 min) followed by extraction and isolation on TLC plates
(data not shown).

Mupirocin-resistant mutations in E. coli NK5148. We se-
lected 10 strains which showed elevated resistance to mupi-
rocin: MICs for eight strains were between 75 and 100 p.g/ml,
and MIC:s for 2 strains were between 100 and 200 pg/ml. The
mupirocin resistance phenotype was cotransducible with
thr-31::Tnl0 in only two of these strains, one from the 75- to
100-p.g/ml group and one from the 100- to 200-pg/ml group,
with cotransduction frequencies of 35 and 40%, respectively.
These frequencies were consistent with the known cotrans-
duction frequency of the thr and ileS loci in E. coli (15).
Mupirocin resistance in the remaining eight strains could not
be cotransduced with thr-31::Tnl0 even when an isogenic
derivative of NK5148 which had undergone a precise exci-
sion of Tnl0 from the thr locus was used. E. coli NK5148
was also trained for resistance to mupirocin, and several
mupirocin-resistant (MIC, >400 pg/ml) mutants were iso-
lated; however, full mupirocin resistance could not be ge-
netically transferred as a single event by using phage P1.
These data indicate that genetic loci other than ileS can be
altered in a manner resulting in increased resistance to
mupirocin.

Effect of increased isoleucyl-tRNA synthetase on mupirocin
resistance. The 60-fold increase in expression of isoleucyl-
tRNA synthetase by plasmid pKD15 did not lead to an
increase in MIC over that for the same strain containing
control plasmid pSY363 (MIC for both strains, 30 pg/ml at
30°C and 50 pg/ml at 37°C); however, the presence of
plasmid pKD1S5 did alter the kinetics of growth inhibition.
When mupirocin (50 pg/ml) was added to cultures of strains
containing either pKD15 or pSY363 growing in Lennox L
broth medium at 37°C, the strain containing pSY363 ceased
growing immediately, while the strain containing pKD15
doubled once in 60 min and then ceased growing (growth
curves not shown).

DISCUSSION

Elucidation of the mechanism by which mupirocin enters
bacterial cells would clarify the possible role of transport in
. resistance-trained organisms, resistant gram-negative bacte-
ria, and resistant clinical isolates. The inability of mupirocin
to penetrate the membrane of gram-negative species was
offered as an explanation for the different MICs between a
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wild type and a cell wall-deficient mutant of E. coli (11, 14).
We have made similar observations for a heptoseless lipo-
polysaccharide mutant (rfaC) of Salmonella typhimurium (4)
which had a 30-fold decrease in mupirocin MIC compared
with a normal strain. The rate of uptake of mupirocin in the
outer membrane-defective organism was three- to fourfold
greater than in the wild type (unpublished data). Aside from
membrane permeability, alterations in the affinity of isoleu-
cyl-tRNA synthetase for mupirocin and changes in substrate
pools can also affect bacterial susceptibility to the antibiotic
(11, 13, 14).

The present study demonstrated that mupirocin diffuses
passively across the bacterial membrane by an energy-
independent but temperature-dependent process. Several
metabolic inhibitors tested at concentrations which inhibit
methionine uptake in our system do not inhibit mupirocin
uptake. Energy uncouplers such as carbonyl cyanide m-
chlorophenyl hydrazone are capable of collapsing the pH
gradient (ApH) and to a lesser extent the potential gradient
(A¥). These data show that mupirocin uptake does not
involve an active transport process requiring energy. The
decrease in antibiotic uptake with lower incubation temper-
atures is consistent with the effects of temperature on
membrane fluidity (23, 25, 26) and argues against the pres-
ence of a membrane facilitator. The only known energy-
independent facilitated uptake system in the bacterial cyto-
plasmic membrane is the glycerol facilitator, which is
insensitive to temperature changes (10).

When strains of E. coli, isogenic except for the varied
production of isoleucyl-tRNA synthetase, were incubated
with mupirocin for 1 h, a fourfold increase in accumulation
of antibiotic was observed in the overproducing organism,
indicating that this enzyme was the internal driving force for
uptake. The rate and extent of mupirocin accumulation in
untrained bacteria were assisted by binding to intracellular
sites, since intracellular concentrations in sensitive B. sub-
tilis SB23 and S. aureus 730a were eight- to ninefold higher
than the extracellular concentration of antibiotic. With ad-
justment for equilibrium, the amount of bound mupirocin at
saturation was calculated to be 3,100 and 2,700 molecules
per cell for B. subtilis SB23 and S. aureus 730a, respectively.
These data compare well with the published concentrations
of isoleucyl-tRNA synthetase (1,053 molecules per genome,
or about 2,000 to 3,000 per cell) in E. coli (20). In contrast,
mupirocin merely equilibrated across the membrane of
trained bacteria, most likely owing to the lack of access to
intracellular binding sites. If the defect in the trained organ-
isms were related to membrane structure changes rather
than the lack of binding to isoleucyl-tRNA synthetase, the
uptake, though depressed, should still have resulted in
antibiotic accumulation in time. Since this accumulation did
not occur, changes in membrane composition were ruled
out. Kinetic analysis of crude isoleucyl-tRNA synthetase
preparations from B. subtilis strains SB23 and SB23T dem-
onstrated that although the affinity for the substrate isoleu-
cine was the same for the two preparations, there was a
twofold difference in mupirocin binding affinity. This differ-
ence in mupirocin binding affinity alone could not cause the
decreased rate of uptake and the lack of accumulation
observed with strain SB23T, suggesting that an additional
mechanism was operating. The lack of detectable enzyme
activity in the enzyme preparation from S. aureus 3000 was
consistent with an alteration in enzyme structure and possi-
ble instability after isolation. The lack of enzyme activity
even at 40 uM isoleucine was consistent with this conclu-
sion. In fact, the increase in concentration of 13 amino acids
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indicated that a change had occurred which affected several
tRNA synthetase species. Recently (9), a high-molecular-
weight complex of tRNA synthetases was isolated from
bacteria. This type of complex is similar to those observed in
eucaryotes and suggests that spatial organization may regu-
late activity of tRNA synthetases. A change in functioning of
this complex could also explain the increased pool levels of
13 amino acids in trained S. aureus 3000. Although undetec-
ted in cell extracts, isoleucyl-tRNA synthetase must be
active for growth of strain 3000; therefore, this enzyme must
be structurally altered. The lack of antibiotic accumulation
in strain 3000 could be explained by alteration in enzyme
affinity for isoleucine and the intracellular increase in this
substrate. These changes could also affect the binding af-
finity of the enzyme for mupirocin. The enzymatic alteration
of mupirocin by strain 3000 was discounted after incubation
with cell extracts produced no change in label migration on
TLC plates.

The uptake of mupirocin in trained organisms was propor-
tional to the antibiotic concentration. In untrained organ-
isms, a saturable rate of uptake was observed. These data
suggest that mupirocin enters the cell by passive diffusion
and that the net flux of the antibiotic into the cell was
influenced by access to the intracellular binding site, isoleu-
cyl-tRNA synthetase. In B. subtilis sensitive strain SB23,
intracellular binding sites were saturated at 0.9 pmol/pl of
cell volume with extracellular concentrations of >0.1 uM
(0.05 pg/ml). Resistant strain SB23T, without the internal
driving force for uptake, would require an external concen-
tration of 0.9 pM (0.5 pg/ml) mupirocin in order to achieve
internal equilibration of drug at the levels approaching
saturation of the binding sites observed with strain SB23.
This concentration was within the margin of error for the
MIC for strain SB23T and indicated that the differences in
MICs between trained and untrained organisms were related
to the access of mupirocin to intracellular binding sites.

In S. aureus sensitive strain 730a, intracellular binding
sites were saturated at 1.5 pmol/pl of cell volume with
extracellular concentrations of >0.1 pM, and resistant strain
3000 should equilibrate at this intracellular level with an
extracellular concentration of 1.5 pM (0.8 pg/ml). This
concentration was well below the MIC (100 pg/ml) for strain
3000 and indicated that factors other than transport were
involved in the high MIC. Antibiotic resistance (as it relates
to MICs) was not caused by direct alteration of transport but
was dependent on changes in access of mupirocin to the
isoleucyl-tRNA synthetase target.

We examined the nature of training for resistance (a
phrase used in current literature) to mupirocin and conclude
that it is simply the result of the additive selection of
independent mutational events which occur at the frequency
of spontaneous mutation. This explains why training does
not occur unless a sufficiently large inoculum is used at each
stage to ensure that a resistance mutation will be present in
the population. Our genetic studies with E. coli as a model
system show that high-level trained resistance cannot be
transferred as a single genetic event linked to the ileS locus.
Additional studies revealed that spontaneous or mutagen-
induced single-step resistance to mupirocin can involve
genetic changes at loci other than the structural gene for the
mupirocin target, ileS. These data further support our con-
tention that several possible genetically based biochemical
alterations can contribute to development of mupirocin
resistance. In this regard, one of the possible resistance
mechanisms considered, elevation of the target enzyme
isoleucyl-tRNA synthetase, did not lead to an increase in the
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MIC of mupirocin, but only to a much greater time required
for inhibition of cell growth. This is not too surprising when
one considers the extreme excess of mupirocin over the
amount of target enzyme at the MIC of 50 pg/ml with an
inoculum of 10 cells (95 uM mupirocin compared with 50 fM
isoleucyl-tRNA synthetase-binding sites). The rate of uptake
of mupirocin was increased in this organism; however, the
additional binding sites may have extended the time required
to achieve saturation.

In summary, both the rate and extent of mupirocin accu-
mulation in the gram-positive bacteria studied were assisted
by the binding to intracellular isoleucyl-tRNA synthetase.
Without the influence of this binding site, the antibiotic
diffused passively across the membrane and was not con-
centrated intracellularly. Antibiotic resistance in the mupi-
rocin-trained organisms tested was dependent on factors
involving access to the intracellular binding target rather
than changes at the cell membrane.
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