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We investigated possible cross talk between endogenous antioxidants glutathione, spermidine, and gluta-
thionylspermidine and drug efflux in Escherichia coli. We found that cells lacking either spermidine or
glutathione are less susceptible than the wild type to novobiocin and certain aminoglycosides. In contrast,
exogenous glutathione protects against both bactericidal and bacteriostatic antibiotics. The glutathione pro-
tection does not require the AcrAB efflux pump but fails in cells lacking TolC because exogenous glutathione

is toxic to these cells.

In Escherichia coli and other Gram-negative bacteria, the
major mechanism responsible for high levels of intrinsic resis-
tance to antibiotics is active efflux, which decreases effective
concentrations of drugs in the cytoplasm and periplasm (14).
This efflux is carried out by multidrug efflux pumps comprising
an inner membrane transporter from the resistance-nodula-
tion-cell division superfamily, a periplasmic membrane fusion
protein (MFP), and an outer membrane channel. The best-
characterized example of such pumps is AcrAB-TolC from E.
coli, which forms a protein conduit spanning the entire two-
membrane E. coli envelope (15). Among substrates of AcrAB-
TolC are a broad range of antibiotics, detergents, dyes, organic
solvents, and hormones.

Results of recent studies suggested that in addition to inhib-
iting specific intracellular targets, bactericidal antibiotics in-
duce production of hydroxyl radicals, which are eventually
responsible for cell death (6). Thus, besides drug efflux, the
intracellular processes responsible for protection against oxi-
dative damage might contribute to antibiotic resistance. E. coli
cells produce two highly abundant compounds implicated in
protection against reactive oxygen species: glutathione (GSH)
and spermidine (SPE) (3, 13, 18). In addition, glutathionyl-
spermidine (GSP), a conjugate of GSH and SPE, was also
proposed previously to play a role in protection against oxida-
tive stress (17). Whether these antioxidants protect E. coli cells
against bactericidal antibiotics and how this protection is re-
lated to drug efflux remain unclear.

To investigate the possible contribution of endogenous an-
tioxidants to protection against bactericidal antibiotics, we
measured MICs of antibiotics and detergents for strains lack-
ing GSP synthetase (AgspS), GSH synthetase (AgshB), and
SPE synthetase (AspeE). In addition to gspS, the E. coli chro-
mosome contains ygiC and yjfC genes, which encode proteins
with significant homology to the C-terminal GSP synthetase
domain of GspS (2). The high level of conservation of catalyt-
ically important residues in YgiC and YjfM suggested that
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these proteins could be GSP synthetases (5). We therefore
constructed a mutant lacking ygiBC, yjfMC, and gspS and in-
vestigated its antibiotic susceptibility as well.

The mutants were either obtained from the Keio collec-
tion or constructed using the N Red recombination approach
(4). The MICs were determined by using Luria-Bertani (LB)
medium supplemented with 2-fold-increasing concentra-
tions of antibiotic as described before (19). As shown in
Table 1, E. coli cells that do not produce GSH and SPE did
not become hypersusceptible to any of the tested com-
pounds. Furthermore, MICs of amikacin and kanamycin
increased 16-fold for AspeE cells and 4-fold for AgshB cells.
In addition, AgshB cells were 8-fold less susceptible to no-
vobiocin. Thus, endogenous SPE and GSH do not protect
against antibiotics and, in some cases, are synergistic with
them. The synergistic interactions between polyamines and
aminoglycosides were reported before and attributed to in-
teractions at the binding sites on ribosomes (8, 9, 12). It is
surprising that similar interactions between GSH and cer-
tain antibiotics exist. Interestingly, although the AgspS mu-
tant showed the same level of susceptibility as the wild type
(WT), GD108 cells, lacking all three GSP enzymes, were
4-fold more susceptible than the WT to norfloxacin but not
to other tested antibiotics. This result suggested that
GSP enzymes function in the same, norfloxacin-sensitive
pathway.

We next constructed strains that in addition to lacking an-
tioxidants contained a deletion in the tolC gene, encoding an
essential outer membrane component of multiple efflux pumps
(1). As found previously, all AfolC mutants were highly sus-
ceptible to erythromycin, novobiocin, and norfloxacin but not
to aminoglycosides and ampicillin (Table 1), presumably be-
cause the latter are not substrates of the major efflux pump
AcrAB-TolC. In agreement with this conclusion, tolC deletion
did not abolish an increase in the MICs of amikacin and
kanamycin caused by the loss of SPE but completely elimi-
nated the increase in MICs of novobiocin for AgshB cells. On
the other hand, Afol/C mutants lacking antioxidants became 2-
to 4-fold more susceptible to norfloxacin, suggesting that these
compounds contribute to the intrinsic resistance against this
antibiotic. Although this contribution is not readily detectable
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TABLE 1. Susceptibilities of E. coli strains to antibiotics

MIC? (ug/ml) of:

Strain Genotype
ERY NOV NOR AMI SPE KAN AMP
BW25113 WT 32 32 0.04 1 25 0.78 5
GD100 ArolC 1 1 0.01 1 12.5 0.78 5
JWO0117-1 AspeE 32 64 0.02 16 25 12.5 5
JW2914-1 AgshB 64 256 0.04 4 25 6.25 10
JW2956-1 AgspS 64 64 0.02 2 25 1.56 10
GD108 AygiBC AyjfMC AgspS 64 32 0.01 1 25 1.56 5
GD106 AtolC AspeE 1 1 0.005 8 25 6.25 5
GD107 AtolC AgshB 1 1 0.0025 2 12.5 3.125 5

“ ERY, erythromycin; NOV, novobiocin; NOR, norfloxacin; AMI, amikacin; SPE, spectinomycin; AMP, ampicillin; KAN, kanamycin.

in cells producing functional TolC, it becomes apparent in the
absence of efflux.

GSH was previously reported to protect E. coli cells from
fluoroquinolones and aminoglycosides when added to growth
medium, presumably by neutralizing hydroxyl radicals,
which are involved in the action of these bactericidal anti-
biotics (10, 11). Therefore, we next investigated whether
TolC is needed for this GSH-mediated protection against
antibiotics. Consistent with findings of previous studies, the
addition of increasing concentrations of GSH protected WT
E. coli from norfloxacin and kanamycin (Table 2). In the
presence of 15 mM GSH, the MICs of norfloxacin and
kanamycin were 32-fold higher than those in the absence of
GSH. Interestingly, GSH protection, up to a 4-fold increase
in MICs, was also seen with erythromycin, a bacteriostatic
antibiotic which presumably does not induce oxidative dam-
age in cells. This result suggested that GSH action is
broader than protection against oxidative damage.

Albeit to a lesser extent, protection against norfloxacin and
kanamycin by exogenous GSH in AtlC cells could also be
seen, suggesting that this GSH activity does not require func-
tional TolC (Table 2). In agreement with this evidence,
W4680AE cells, lacking the efflux pumps AcrAB and AcrEF
that function with TolC, were protected against norfloxacin by
GSH. Thus, GSH protection is not dependent on drug efflux
but is more efficient in the presence of TolC and efflux pumps.
However, the eftects of GSH on erythromycin differed for
AtolC and AacrAB AacrEF cells. Significant, up to 8-fold, GSH
protection against erythromycin could be seen for AacrAB
AacrEF cells but not for AfolC cells. The difference between
these two mutants is further evident from their different sus-
ceptibilities to GSH. A 15 mM concentration of GSH was
highly toxic to AfolC cells, as demonstrated by complete inhi-
bition of growth (Fig. 1B). In contrast, only slight reduction of

the growth rate was found for WT and AacrAB AacrEF cells
(Fig. 1A and data not shown). These results suggest that de-
fects in AtolC cells make them susceptible to GSH and that the
lack of protection against erythromycin in these cells is likely
due to GSH toxicity.

In contrast to GSH, even at the 64 mM concentration, the
exogenous SPE was well tolerated by Azo/C mutants. No effect
on MIC:s of antibiotics was found for exogenous SPE (data not
shown).

Taken together, these results show that endogenous GSP
and SPE modulate the susceptibility of E. coli to antibiotics.
However, only certain antibiotics are affected, suggesting
that this modulation occurs at antibiotic binding sites. In
contrast, exogenous GSH increases MICs of various fluoro-
quinolones, aminoglycosides, and erythromycin (this study
and references 10 and 11). The effect of GSH is profound
only when it is present in the medium, suggesting that its
protective action is likely localized to the periplasm (Table
2). There is a growing body of evidence that GSH is ex-
ported into the periplasm and might play an important role
in this cellular compartment as well. An ABC-type trans-
porter, CydDC, originally identified by its requirement for
assembly of the cytochrome bd-type terminal oxidase of E.
coli, exports both cysteine and GSH into the periplasm (16).
Also, glutaredoxin 3 exported into the periplasm promotes
disulfide bond formation. This activity is not dependent on
DsbB and requires the GSH biosynthetic pathway in the
cytoplasm (7). Although the role of GSH in the periplasm
remains obscure, it might be involved in the assembly of
cytochromes and disulfide bonding in proteins (16).

It is not immediately clear why GSH is toxic to AzolC cells.
But the decreased growth of the WT in the presence of 15 mM
GSH suggests that GSH is toxic when it accumulates at high
concentrations in the periplasm. The inhibitory effect of GSH

TABLE 2. MICs of norfloxacin, erythromycin, and kanamycin in the presence of increasing concentrations of GSH*

Norfloxacin MIC (wg/ml) with GSH
concn (mM):

Erythromycin MIC (ug/ml) with
GSH concn (mM):

Kanamycin MIC (pg/ml) with GSH
concn (mM):

Strain Genotype
0 5 10 15 0 5 10 15 0 5 10 15
BW25113 WT 0.04 0.16 0.64 1.28 128 512 512 512 1.56 25 50 50
GD100 AtolC 0.01 0.02 0.08 - 4 4 4 - 1.56 25 50 -
W4680AE AacrAB AacrEF 0.005 0.01 0.02 0.16 4 4 8 32 ND ND ND ND

¢ —, no growth; ND, not determined. Strain W4680AE contains a kanamycin resistance cassette.
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FIG. 1. Exogenous GSH is toxic to AtolC cells. Shown are growth
curves for strains BW25113 (A) and GD100 (B) in LB medium sup-
plemented with 0, 5, 10, and 15 mM GSH.

is amplified in GD100 cells, which are under metabolic and
membrane stress (5). Thus, it is likely that high concentrations
of GSH in the periplasm compromise functions of membrane
proteins.
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