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ABSTRACT Studies with methicillin-resistant Staphylococcus aureus (MRSA) strain
COL have shown that the optimal resistance phenotype requires not only mecA
but also a large number of “auxiliary genes” identified by Tn551 mutagenesis. The
majority of auxiliary mutants showed greatly increased levels of oxacillin resistance
when grown in the presence of sub-MICs of mupirocin, suggesting that the mecha-
nism of reduced resistance in the auxiliary mutants involved the interruption of a
stringent stress response, causing reduced production of penicillin-binding protein
2A (PBP 2A).
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All methicillin-resistant Staphylococcus aureus (MRSA) clinical isolates carry the mecA
determinant, most often accompanied by the regulatory genes mecI and mecR

and/or blaI and blaR (1, 2), which control expression of the oxacillin resistance pheno-
type. Transposon inactivation studies identified a large number of additional genes that
are not directly involved in the transcription or translation of mecA and yet had a
profound effect on the oxacillin resistance phenotype (3, 4). The earlier studies (4, 5)
identified five such genes in the so-called “fem” (factors essential for methicillin
resistance) mutants. A subsequent and more extensive transposon (Tn551) mutagenesis
study produced a surprisingly large library of additional so-called “auxiliary mutants,” in
which the resistance level of the parental MRSA strain COL was reduced by �10-fold (3,
6). Strain COL expresses antibiotic resistance in a homogeneous fashion: all cells in a
culture share a very high MIC value of 800 �g/ml oxacillin. In this strain, the transposon
inactivation library identified as many as 35 loci each with major impacts on resistance,
resulting in reduced and heterogeneous resistance to oxacillin (3, 6). This heteroge-
neous phenotype of auxiliary mutants is reminiscent of the antibiotic resistance phe-
notypes of most clinical MRSA strains (7–9).

While most auxiliary genes were identified in the laboratory by transposon mu-
tagenesis of strain COL, the impact of mutations in numerous genetic determinants on
the oxacillin resistance phenotype is not restricted to this library of Tn551 mutants but
was also detected in other S. aureus genetic backgrounds (see Table S1). Several
auxiliary genes identified by Tn551 mutagenesis exhibited reduced resistance level by
orders of magnitude of 1 �g/ml or less (Table 1).

The parental strain COL carries the mecA determinant on a type I staphylococcal
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cassette chromosome mec element (SCCmec) (10); the strain does not have any mecA
regulatory genes (mecI and mecR) or regulatory determinants of penicillin resistance
(blaI and blaR), and appropriate experiments demonstrated that mecA was intact in
each of the auxiliary mutants (6). Thus, the massive drop in �-lactam antibiotic
resistance by mutations in auxiliary genes was surprising, since most of these genes
were involved in diverse metabolic functions not associated with �-lactam resistance.

In a recent study, we used whole-genome sequencing to compare isogenic strains
of MRSA that differed only in their degrees of oxacillin resistance. Heterogeneously
resistant MRSA strains were converted to H*R mutants, which showed homogeneous
and high-level antibiotic resistance associated with a variety of different mutations (11,
12). A major result of this study was identification of the relA gene and the stringent
stress response as critical contributors to the resistance phenotypes of MRSA strains
(11–14). In addition to the relA gene, rpoB, encoding the �-subunit of RNA polymerase,
was another important determinant inducing a stringent stress response. An rpoB
mutant showed a stringent response profile even in the absence of the inducing agent,
guanosine tetraphosphate (ppGpp) (15).

Based on the comparison of 27 mutated genes in H*R mutants with those identified
in strain COL, it was possible to show that COL carried mutations in four genes relevant
for the resistance phenotype: in prsA (ribose-phosphate pyrophosphokinase), in gltX
(glutamyl-tRNA synthetase), in rplK (ribosomal protein L11), and in rpoB (the �-subunit
of DNA-directed RNA polymerase) (12). Strain COL also exhibits slow growth, which is
a typical phenotype of bacteria under stress. These observations suggest that in the
parental strain COL, the stringent stress response seems to be turned “on” without any
external inducers. We used this information to reexamine the resistance phenotypes of
several auxiliary mutants.

We first determined the basal level of guanosine pentaphosphate [(p)ppGpp] in the
parental strain COL, in an auxiliary mutant, RUSA239, and in an archaic MRSA strain,
UK13136, used as a control. COL maintained a 1.4-fold higher (p)ppGpp level than
RUSA239 and UK13136 (Fig. 1). In addition to the mutation in rpoB, this subtle elevation
of (p)ppGpp in COL rendered a substantial increase in oxacillin resistance. The auxiliary
mutant RUSA239 exhibited significantly decreased MIC value of oxacillin (0.25 �g/ml),
and the inactivated gene (SACOL1435) was identified as lysA (Table S1). The lysA gene
encodes a lysine biosynthesis protein, diaminopimelate decarboxylase. It has been

TABLE 1 Induction of stringent stress response by mupirocin: impact on the resistance
level and relative amounts of PBP 2A in auxiliary mutantsa

Mutation
no.b

Strain or
mutant

Inactivated
gene

MIC of oxacillin (�g/ml)
Relative amt of PBP
2A (%)c

None With mupirocind None With mupirocind

COL None �256 �256 100e 100
1 RUSA162 SACOL0181 32 �256 30 110
5 RUSA262 SACOL0830 1.5 128 10 90
6 RUSA235 murE (femF) 1 �256 20 95
8 SABS1 ptc1 0.38 �256 ND ND
11 RUSA209 glnR (femC) 0.19 �256 10 100
12 RUSA164 tkt 16 �256 ND ND
15 RUSA279 trpG 64 �256 ND ND
16 BB308 femA 0.094 0.094 ND ND
17 RUSA10 femB 0.032 0.064 0.5 5
19 RUSA239 lysA 0.25 �256 25 120
21 RUSA130 pbp2 48 �256 30 100
24 RUSA188 pepV 64 �256 ND ND
31 RUSA315 glmM (femD) 0.094 �256 0.5 95
aDetermination of MIC and amount of PBP 2A was performed three times independently, with similar results.
bMutation numbers as shown in Table S1.
cND, not determined.
dMupirocin (0.03 �g/ml) was added to the growth medium as a reagent to induce the stringent stress
response (11).

eThe amount of PBP 2A in COL was set to 100% as a control.
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reported that inactivation of lysA reduced the activity of �B factor (16, 17). The knockout
of sigB in COL drastically reduced the oxacillin MIC from 800 �g/ml to 100 to 200 �g/ml
(18, 19). The �B factor is one of the cell wall stress response regulators linked to
antimicrobial resistance (20). Inactivation of lysA in RUSA239 seems to make the
stringent response profile of COL relaxed through the reduced activity of the �B factor,
resulting in a decrease in (p)ppGpp. Moreover, induction of the stringent stress by
mupirocin was able to increase the antibiotic resistance of each of the auxiliary mutants
to the level of the parental strain COL (Table 1), suggesting that induction of the
stringent stress response is one of the key mechanisms responsible for the antibiotic
resistance level of MRSA isolates. These observations also indicate that most auxiliary
mutants are able to “interrupt” or “relax” the stringent stress response of strain COL by
somehow reducing the (p)ppGpp level. In two mutants, the femA and femB mutants,
which are responsible for incorporation of five glycine residues into the pentapeptide
of lipid II, the induction of stringent stress did not “correct” the low MIC value. These
particular mutants are known to carry alterations in the primary structure of the cell
wall peptidoglycan (21, 22).

As the stringent stress response induces PBP 2A production (23), we examined the
transcription and translation of the mecA determinant in two auxiliary mutants,
RUSA239 and RUSA262, in which the inactivated genes are SACOL1435 and SACOL0830,
respectively (6). The mecA transcripts in these auxiliary mutants were maintained at
the same level as in the parental strain COL (Fig. 2A). Surprisingly, the inactivation of
auxiliary genes caused reduced PBP 2A expression by as much as 5- and 10-fold in
RUSA239 and RUSA262, respectively, compared with that of strain COL (Fig. 2B),
resulting in decreased oxacillin resistance. This suggests that relaxation of the stringent
stress response in auxiliary mutants causes a reduction in PBP 2A production on the
translational or posttranslational level but not on the level of transcription. Moreover,
the mecA mRNA in the mutants was increased at most 2-fold in the presence of
mupirocin, while the amount of PBP 2A was increased 6- to 9-fold in these mutants,
compared to their level in the absence of mupirocin (Fig. 2A and B). This finding implies
that the mupirocin-induced stringent stress response affected the translational or
posttranslational level but not transcription of the mecA determinant in auxiliary
mutants RUSA239 and RUSA262. The recovery of antibiotic resistance to parental levels
in mutants RUSA239 and RUSA262 (and in most of the other auxiliary mutants as well)
by mupirocin is most likely related to the increased production of PBP 2A (Table 1)

FIG 1 Basal levels of (p)ppGpp in UK13136, COL, and RUSA239. COL exhibited homogeneous oxacillin
resistance, while a heterogeneous resistance phenotype was shown by UK13136, an archaic MRSA
isolate, and RUSA239, an auxiliary mutant of COL. The amount of (p)ppGpp in COL was determined to
be about 1.4-fold higher than in UK13136 and RUSA239. “Induced” (UK13136 plus mupirocin) in the first
column is a positive control for (p)ppGpp induction by 60 �g/ml mupirocin. The experiment was carried
out triplicate, and the averages and standard deviations of the data are shown in the graph.
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through an unknown mechanism facilitating the translation or membrane integration
of PBP 2A.

The profound effect of induction of the stringent stress response by mupirocin on
the antibiotic resistance phenotype of S. aureus was demonstrated in strains in which
the phenotype was based on either the mecA or in the more recently identified mecC
determinant (Fig. S1A) (24). Induction of the stringent stress response also increased
�-lactam resistance in S. sciuri strain SS37 (Fig. S1B), which carries mecA1, an evolu-
tionary precursor of mecA (25–27). In contrast, the oxacillin MIC value remained
unaltered (MIC, 2 �g/ml) in the presence of mupirocin in strain M100 (a laboratory
mutant of MSSA strain 27s), in which the mechanism of resistance is not associated with
mecA but with a mutation(s) in pbpC encoding the native PBP 3 protein (28, 29). The
introduction of three different auxiliary mutations into strain M100 caused only a minor
reduction in MIC value (Table S2), in contrast to the massive change in resistance level
demonstrated in the background of MRSA strain COL.

In conclusion, strain COL exhibits the stringent response profile regardless of
external stress, such as nutrient starvation, cell wall-active agents (i.e., �-lactams), and
high salt, because it carries mutations in rpoB as well as in prsA, gltX, and rplK. The mecA
gene is a key determinant of antibiotic resistance in all MRSA strains, including COL.
Inactivation of auxiliary genes in strain COL may cause shutting off of the rpoB-induced
stringent response, resulting in a phenotype that is typical of most MRSA strains: low
PBP 2A production and a heterogeneous resistance profile. Auxiliary mutants are able
to revert their phenotypes to that of the parental strain COL when the ppGpp-
dependent stringent stress response is turned on by mupirocin (Fig. 3).

Auxiliary genes are critical factors for resistance of MRSA strains to �-lactam anti-
biotics by ensuring an optimal level of resistance. Many auxiliary genes required for
high-level �-lactam resistance are involved in important cellular events, such as cell wall
biosynthesis and cell division. Investigators have tried to develop compounds that

FIG 2 Relative amounts of mecA mRNA and PBP 2A in two auxiliary mutants. (A) The mecA transcript of
parental strain COL (lane 1) is the same level at those of auxiliary mutants RUSA239 (lane 2) and RUSA262
(lane 3) in the absence of mupirocin. In mupirocin-treated auxiliary mutants (lanes 4 and 5), the mecA
mRNA was increased at most 2-fold compared with mupirocin-untreated ones (lanes 2 and 3). (B) Relative
amounts of PBP 2A on the cytoplasmic membrane of COL (lanes 1 and 4), RUSA239 (lanes 2 and 5), and
RUSA262 (lanes 3 and 6) were determined by Western blotting. The PBP 2A intensity of COL without
mupirocin was used as a standard to calculate the relative amounts of PBP 2A. In the absence of
mupirocin, PBP 2A in RUSA239 (lane 2) and RUSA262 (lane 3) were lower by as much as 5- and 10-fold,
respectively, compared to that in COL (lane 1). PBP 2A in auxiliary mutants (lanes 5 and 6) was elevated
to the same level as COL by mupirocin. PBP 2A amount in COL was consistent regardless of mupirocin
treatment. The ratios of mecA mRNA and PBP 2A were calculated through three independent experi-
ments. The average of each ratio is shown in the figure.
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target auxiliary factors and show synergistic antimicrobial activities with well-known
�-lactam drugs (30). An important and novel line of investigation is focusing on the
discovery of inhibitors that shut off the stringent stress response and target GTP
pyrophosphokinase encoded by relA and on synthesizing (p)ppGpp (31). A combination
of these inhibitors with �-lactam antibiotics may provide novel ways to overcome the
potential toxicity of the drugs by rendering better efficacy at a lower dosage. The
discovery of inhibitors against auxiliary factors should also broaden the spectrum of
targets for the treatment of drug-resistant staphylococcal infections.

MATERIALS AND METHODS
Susceptibility of auxiliary mutants to oxacillin. Tests for the susceptibility of S. aureus COL and the

auxiliary mutants to oxacillin were done by the Etest (bioMérieux, Inc.) that involved spreading small
aliquots of overnight cultures (diluted to an optical density at 620 nm [OD620] of 0.08) on tryptic soy agar
(TSA) plates (occasionally also containing 0.03 �g/ml mupirocin to induce the stringent stress response),
followed by placing oxacillin Etest strips on the plates (11). The MIC values of oxacillin were evaluated
after incubation at 37°C for 24 h, according to the Etest reading guide distributed by bioMérieux, Inc. In
more-detailed tests of susceptibility, cultures were plated for population analysis profiles (PAPs) (8) on
TSA plates containing a range of concentrations of oxacillin with or without mupirocin in the agar
medium.

Determination of the basal level of (p)ppGpp. The basal level of (p)ppGpp (GDP, 3=-di-phosphate)
in an archaic MRSA UK13136 strain, COL, and an auxiliary mutant (RUSA239) was determined as
previously described, with some modification (14). A 5-ml culture of cells grown in low-phosphate
medium containing 100 �Ci/ml [32P]orthophosphate was harvested at an OD of 0.5 and extracted with
50 �l of 5 M formic acid by repeating freeze/thaw cycles four times, followed by incubation for 30 min
on ice. Cells were removed by centrifugation at 20,000 � g for 5 min at 4°C. The extracted samples (15
�l each) were spotted on polyethyleneimine-cellulose F thin-layer chromatography (TLC) plates, which
were developed with 1.5 M monopotassium phosphate (pH 3.5) to separate the phosphorylated
nucleotides. 32Pi-labeled nucleotides were visualized with a Typhoon9400 image scanner, and nucleotide
spots were quantified by the ImageQuant software. The amounts of (p)ppGpp were described as
fractions of total guanine nucleotides, including GTP and (p)ppGpp.

The sample extracted from UK13136 treated with 60 �g/ml mupirocin at 15 min before harvest was
used as a positive control for the identification of (p)ppGpp spots on TLC plates.

Transduction of three auxiliary mutations into strain M100, a methicillin-resistant laboratory
construct. Auxiliary mutations identified in mutant strains RUSA130, RUSA235, and RUSA262 were
transduced with phage 80�, as previously described (32), into the recipient strain M100 (28, 29).
Transductants were selected using erythromycin.

Northern blotting of the mecA gene. In order to determine the effect of mupirocin on mecA gene
transcription, Northern blotting was carried out as previously described, with slight modifications (11).
The parental strain COL and auxiliary mutants RUSA239 and RUSA262 (3, 6) were grown overnight and
then diluted 1:200 in fresh tryptic soy broth (TSB) with and without 0.03 �g/ml mupirocin. The bacterial
cultures were collected for total RNA extraction when the culture density (OD620) reached 0.75. Total
RNAs were isolated using the RNeasy kit (Qiagen), according to the manufacturer’s instructions. RNA (2.5
�g) from each strain was loaded for electrophoresis on a 1.2% agarose-0.7 M formaldehyde gel in 0.5�
morpholinepropanesulfonic acid (MOPS) running buffer. Separated RNAs were transferred to a nylon
membrane using TurboBlotter (Whatman) and fixed by UV cross-linking, and then the ethidium bromide-
stained RNAs were visualized by UV illumination of the transfer membrane in order to quantify the
transferred RNAs. The probe used for detecting the mecA transcripts was a 500-bp PCR product of
chromosomal DNA from S. aureus strain COL. The probe was labeled using Amersham Ready-To-Go DNA
labeling beads (GE Healthcare) with [�-32P]-dCTP. The probe was hybridized with RNA at 65°C in an SDS
hybridization solution containing 5� SSPE (1� SSPE is 0.18 NaCl, 10 mM NaH2PO4, and 1 mM EDTA [pH
7.7]; Invitrogen), 5� Denhardt’s reagent (Invitrogen), 0.5% SDS, and 100 �g/ml salmon sperm DNA

FIG 3 Proposed model for the mechanism of lower resistance in auxiliary (Aux) mutants.
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(Invitrogen). The washed membrane was exposed to a phosphor screen for 5 h and scanned on a
Typhoon9400 image scanner.

Titration of PBP 2A on the plasma membrane. Membrane fractions were prepared from S. aureus
COL and its auxiliary mutant derivatives, according to the method described previously (12). The strains
were grown in 200 ml of TSB with and without 0.03 �g/ml mupirocin at 37°C. The relative amounts of
PBP 2A on the plasma membrane were determined in each of the isolates using Western blotting. All
cultures were harvested at an OD620 of 0.5, washed, and resuspended in 3 ml of 20 mM Tris-HCl (pH 7.6)
containing 1� Halt protease inhibitor cocktail (Thermo Fisher Scientific, Inc.), 10 mM MgCl2, 100 �g/ml
lysostaphin, 100 �g/ml lysozyme, 50 �g/ml DNase I, and 50 �g/ml RNase A. The cells were incubated for
1 h on ice and disrupted by sonication with a pulse of 40% output for 5 min. The supernatants were
transferred to ultracentrifuge tubes after centrifugation at 7,000 � g for 20 min. Membrane fractions
were collected by centrifugation at 100,000 � g for 1 h. The collected membranes were resuspended in
20 mM Tris-HCl (pH 7.6) and stored at �70°C. The concentration of total membrane proteins was
determined using a bicinchoninic acid (BCA) assay.

Membrane proteins (80 �g) were loaded on the polyacrylamide gel (8% resolving gel, 4% stacking
gel) for SDS-PAGE. The primary anti-PBP 2A antibody and the secondary horseradish peroxidase
(HRP)-conjugated antibody (0.5 mg/ml; PerkinElmer) were diluted to 1:15,000 and 1:10,000, respectively.

ChromPure human IgG Fc fragment (Millipore) was added to the blocking solution at a final
concentration of 3 �g/ml in order to prevent the antibodies from nonspecific binding. Pierce ECL 2
substrate (Thermo Fisher Scientific, Inc.) was used for visualization of PBP 2A bands after the X-ray film
exposure.

SUPPLEMENTAL MATERIAL

Supplemental material for this article may be found at https://doi.org/10.1128/AAC
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