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Methicillin resistance in Staphylococcus aureus is primarily mediated by the acquired penicillin-binding
protein PBP 2a, which is encoded by mecA. PBP 2a acts together with native PBP 2 to mediate oxacillin
resistance by contributing complementary transpeptidase and transglycosylase activities, respectively. In this
study, we have investigated a phenotype of B-lactam dependence in a clinical methicillin-resistant S. aureus
strain (strain 2884D) obtained by in vitro selection with ceftobiprole. 28884D, which grew very poorly in blood
agar, required the presence of the 3-lactam antibiotics to grow. On the basis of this observation, we hypoth-
esized that a gene or genes essential for growth were dependent on oxacillin induction. Identification and
analysis of genes regulated by oxacillin were performed by both real-time reverse transcription-PCR and
spotted microarray analysis. We found that mecA was constitutively expressed in strain 2884D and that the
constitutive expression resulted from perturbations in the two systems involved in its regulation, i.e., Mecl/
MecR1 (staphylococcal chromosome cassette mec type I) and Blal/BlaR1 (nonfunctional penicillinase operon).
PBP 2 appeared to be poorly induced by oxacillin in 2884D. Further analysis of the PBP 2 two-component
VraSR regulatory system showed that it was nonfunctional, accounting for the lack of response to oxacillin.
Together, these results support the notion that limited PBP 2 availability may have led 2884D to become

dependent on oxacillin-mediated mecA induction as a required survival mechanism.

Methicillin-resistant Staphylococcus aureus (MRSA) is an
increasingly common cause of nosocomial infections and now
is also appearing in community populations (25). The thera-
peutic agents available for the treatment of staphylococcal
infections have been limited as a result of acquired resistance
to the actions of the most active antimicrobials, especially
B-lactams. Methicillin resistance in S. aureus is mediated by the
acquisition of a new drug-resistant target, a penicillin-binding
protein (PBP), PBP 2a, which has a decreased affinity for
B-lactam antibiotics, but it can continue to cross-link the cell
wall once the native PBPs (i.e., PBPs 1 to 4) have been inac-
tivated. PBP 2a is encoded by the mecA gene, which is located
on a 21- to 67-kb genomic island called staphylococcal chro-
mosome cassette mec (SCCmec) (18). The transcription of
mecA can be regulated by two distinct but related sets of
regulatory genes. One of them is mecl/mecRI, which is located
upstream of mecA and which is divergently transcribed from
mecA. The second set is the homologous regulatory element of
staphylococcal penicillinase, blal/blaRI (23). Mecl and Blal
are repressors that can each repress mecA transcription as well
as blaZ transcription (10, 23, 33). In contrast, MecR1 and
BlaR1 are the corresponding sensor transducers which, in con-
trast to Mecl and Blal, are specific for the cognate repressors
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and cannot substitute for each other (23). Sensing of the sig-
nals of these transmembrane repressors occurs by binding of
one inducer to the extracellular sensor domain, which results in
the activation of the intracellular metalloprotease domain.
This protease cleaves the repressor, enabling the transcription
of either mecA through mecR1/mecl or blaZ through blaR1/
blal (1, 41).

Among other factors, one of the native staphylococcal PBPs,
PBP 2, is also required for the full expression of methicillin
resistance (29). PBP 2 is a high-molecular-weight class A PBP
with both transpeptidase and transglycosylase domains (29). In
the presence of high concentrations of methicillin, PBP 2 is
completely acylated; but its B-lactam-insensitive transglycosy-
lase domain is still required for resistance, implying that PBP
2a and PBP 2 functionally cooperate during growth in the
presence of B-lactams (27, 28). The cell wall of transglycosylase
mutants is enriched for shorter glycan strands. Therefore, the
cooperation between PBP 2a and PBP 2 has been proposed to
be a mechanism by which MRSA strains compensate for the
decreased cell wall cross-linking that results from the presence
of B-lactams by generating longer glycan strands (27, 28).

In addition to these observations, a B-lactam-inducible two-
component regulatory system (VraSR) consisting of a sensor
kinase (VraS) and a response regulator (VraR) has been found
to control B-lactam-dependent induction of PBP 2 transcrip-
tion as well as that of other cell wall biosynthesis genes (21). In
MRSA clinical strains, the disruption of VraSR results not only
in reductions of B-lactam and/or vancomycin MICs but also in
the reduction of PBP 2 transcription (7, 14, 21).
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In the present report we describe a clinical oxacillin-depen-
dent MRSA strain (strain 2884D) that was selected in vitro
with ceftobiprole, a novel broad-spectrum cephalosporin that
binds with a high affinity to PBP 2a and that is active against
MRSA and vancomycin-resistant S. aureus strains (8). Cefto-
biprole is stable in the presence of the class A penicillinases
produced by S. aureus and enteric gram-negative organisms
(16) and is relatively stable in the presence of some class C
B-lactamases produced by some enteric gram-negative organ-
isms (16). Oxacillin-dependent strain 2884D requires the pres-
ence of B-lactam antibiotics for growth, suggesting that the
expression of a gene or genes essential for growth is dependent
on induction by oxacillin. The purpose of this study was to
investigate the phenotype of B-lactam dependence and to de-
termine the potential involvement of oxacillin-dependent re-
sponsive genes in that phenotype.

MATERIALS AND METHODS

Materials and media. Trypticase soy agar (TSA) II 5% sheep blood (BBL,
Sparks, MD) and Mueller-Hinton agar (BBL Microbiology Systems, Cock-
eysville, MD) with and without additives (Sigma, St. Louis, MO; United States
Biochemicals, Cleveland, OH) were used for the subculture and maintenance of
the S. aureus strains.

Bacterial strains. S. aureus 2884 was isolated from the sputum and nose of an
83-year-old woman on the day of hospitalization for a lower respiratory tract
infection. S. aureus was identified by use of the Pastorex Staph Plus kit (Bio-Rad,
Marnes la Coquette, France). The strain showed resistance to B-lactam and
fluoroquinolone antibiotics. Mutant strain S. aureus 2884D was selected as a
one-step mutant in the presence of ceftobiprole with a mutation frequency of
1.4 x 107'° Briefly, 0.1 ml of a heavy inoculum (1 X 10'°) was streaked and
selected on a Mueller-Hinton agar (Difco) plate containing 4% NaCl and 5 pg
of ceftobiprole. After 48 h of incubation at 37°C in air, the colonies were tested
for their susceptibilities to B-lactams.

Antibiotics. Standard reference powders and disks were obtained from Basilea
Pharmaceutica, Basilea, Switzerland (ceftobiprole); Aventis, France (penicillin
G and cefoxitin); Bristol-Myers Squibb, France (oxacillin and cloxacillin); Merck
Sharp & Dohme, Chibret, France (imipenem); and Glaxo SmithKline, France
(amoxicillin and amoxicillin clavulanate). Resistance to oxacillin, cefoxitin, pen-
icillin, ceftobiprole, amoxicillin clavulanate, and imipenem was determined ac-
cording to the guidelines of the Clinical and Laboratory Standards Institute
(CLSTI; formerly NCCLS) (24) and CASFM (12). Disk diffusion tests were per-
formed with disks obtained from Bio-Rad (Marnes la Coquette, France) for all
antibiotics except ceftobiprole; ceftobiprole disks were obtained from Basilea
Pharmaceutica. A 0.5 McFarland standard suspension was used as the inoculum
for a 100-mm-diameter Mueller-Hinton agar plate, upon which disks of oxacillin
(5 pg), cefoxitin (30 pg), ceftobiprole (30 pg), amoxicillin-clavulanic acid (20
1.g/10 pg), ofloxacin (5 pg), and imipenem (10 wg) were placed as they would be
for a routine disk diffusion test. The ranges of inhibition zone diameters were
determined according to the guidelines of the CLSI and CASFM.

Population analysis. Population analysis profiles were determined as de-
scribed previously (36). Overnight cultures were plated at various dilutions on
TSA plates containing a series of concentrations of oxacillin (Sigma-Aldrich),
and the bacterial colonies were counted after incubation of the plates at 37°C for
48 h.

Determination of SCCmec types. Chromosomal DNA was prepared by using a
QIAGEN (Valencia, CA) genomic DNA preparation kit according to the man-
ufacturer’s directions. SCCmec types were determined by the use of specific
primers for amplification of the key genetic elements mecA (primers mecAl and
mecA2), mecl (primers 214 and 215), and IS7/272 (primers F3 and mA2 and
primers F1 and B3) (38) and also by using those described by Oliveira et al. (26).
To detect the ccr gene complex, primers al, a2, o3, and B2 were used as
described previously (25). PCR was performed with a Tag PCR MasterMix kit
(QIAGEN, Valencia, CA) with a 50-pl reaction volume in a MiniCycler ther-
mocycler (MJ Research, Boston, MA). As SCCmec standards, we used S. aureus
strains COL (SCCmec type I), N315 (SCCmec type II), ANS46 (SCCmec type
III), and MW2 (SCCmec type IV).

Sequences analysis. Chromosomal DNA was prepared by using a QIAGEN
genomic DNA preparation kit, according to the manufacturer’s directions. PCR
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TABLE 1. Primers used for SCCmec typing and real-time RT-PCR

Procedure and primer Sequence
SCCmec typing
F3 o TTGGGTTTCACTCGGATG
. AACGTTGTAACCACCCCAAGA
Flo CACAATCTGTATTCTCAGGTCG
B3 ATTAGTGCTCGTCTCCACG
. AACCTATATCATCAATCAGTACGT
A3 e TAAACGCATCAATGCACAAACACT
O e AGCTCAAAAGCAAGCAATAGAAT
ATTGCCTTGATAATAGCCTCT
mecAl....oiiinnne. GGAGGATATTGATGAAAAAG
MECA2....ccoviurnnnnn GCTTCACTGTTTTGTTATTC
214.... .CGGATCCGAAATGGAATTAATATAATG
215.... CGGAATTCGACTTGATTGTTTCCTC
BlaR1-501................. TCAATCTCCAATAACTTTTTGG
BlaR1-1100... .GGATCTTTCGTTATGTACAG
BLAI-11463.............. ACAATCGTATCTCCTGACCTCGCA

Real-time RT-PCR
16S.eieeeeeee 562F-TCCGGAATTATTGGGCGTAA
682R-CCACTTTCCTCTTCTGCACTCA
613T-TGAAAGCCCACGGCTCAACCG*

BlaZ......cccccccuvunnnnne. 647F-CCTGCTGCTTTCGGTAAGACTT
783R-TCTTTTGGAACACCGTCTTTAA
TTAA
682T-TTCTTGTTTTCTTTGCTTAATTTTC
CATTTGCG*

BlaR.....cccoooviiiinn. 232F-AACCATAACATAAATACCACCAAA
CCTAT
342R-AACTAAAACTATCCAAATAACTGT
GCAGAT
264T-AATCCCAATTAAACTTATGGATAT
CTGTTGCGAACTCT

MECA.....cvvirrrnnne 512F-GTTAGATTGGGATCATAGCGT
CATT
657R-TGCCTAATCTCATATGTGTTCCT
GTAT
538T-TTCCAGGAATGCAGAAAGACCAA
AGCATGA?

PBP2 ..o, 165F-CGGTGCTGAAACTTATTCACAATA
TAAT
249R-AGTGTATTGAGGTGTAAAGCCG
TTAA
196T-CCACACGTCTTTCGCTGCATTATC
AGG*

VraR ..o 93F-GAATCCTCCTTATTTAAAGGTGC
TTTC
174R-TTGGTGCAACGTTCCATATTG
121T-CCTCGATACGTGTACCTGAATCTG
GCAATG”

Blal.....cccovviiinniane. 265F-TAAACTGTATGGAGGGGATAT
GAAA
356R-TGTCTCGCAATTCTTCAATTTCTT
307T-GCGAAAAATGAAGAATTAAAT
AACY

“ Probe sequence.

amplification of the DNA sequences was performed to confirm the presence of
mecA, mecA-mecRI promoter operator sequences, blaZ-blaR1 promoter opera-
tor sequences, and blaR1 and blal regulators by use of the corresponding primers
shown in Table 1. A QIAGEN Tag PCR master mix kit was used for the
amplification reaction, and the thermocycling conditions were those recom-
mended by the manufacturer. Sequence analysis was performed by using the
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automated laser fluorescence technique with fluorescein-labeled oligonucleo-
tides (Applied Biosystems, Foster City, CA). Consensus sequences were assem-
bled from both orientations with Vector NTT Advance 10 software for Windows
(InforMax, Bethesda, MD). S. aureus N315 and S. aureus N315 plasmid pN315
(GenBank accession no. NC_003140) were used as controls.

PFGE. Pulsed-field gel electrophoresis (PFGE) was performed as described
previously (4, 22). The genomic DNA was prepared (2, 18) and digested with 10
U of Smal enzyme (New England, Biolabs, Beverly, MA). Separation was per-
formed in a CHEF-DRIII system (Bio-Rad Laboratories, Hercules, CA). The
resolved macrorestriction patterns were compared on the basis of the recom-
mendations of Tenover et al. (35). The relatedness of the strains was judged by
visual comparison of the banding patterns of samples run together in the same
gel, according to previously described criteria (35). Strains were considered
identical when their PFGE patterns contained the same numbers and sizes of
fragments.

Microarray transcriptional profiling of parental and oxacillin-dependent 2884
strains. Microarray transcriptional profiling was carried out with a spotted DNA
microarray containing 4,546 oligonucleotides (70-mer) covering the genomes of
S. aureus COL (2,654 open reading frames [ORFs]), S. aureus N315 (2,623
OREFs), S. aureus Mu50 (2,748 ORFs), MRSA 252 (2,744 ORFs), methicillin-
susceptible S. aureus MSSA 476 (2,619 ORFs), and pLW043 (62 ORFs). The
entire protocol for the printing of the DNA microarray slides, probe preparation,
and hybridization is described in detail at htpp//www.tigr.org/microarray
/protocolsTIGR.shtml. RNA was isolated from parental (strain 2884) and ox-
acillin-dependent (strain 2884D) cells harvested at exponential phase of growth
and resuspended in 500 wl QIAGEN RNeasy kit buffer RLT. The resuspended
cells were then transferred to Q-Biogene FastPrep Lysing Matrix B tubes. The
cells were disrupted in a FastPrep FP120 cell disrupter for 40 s at setting 6.0 and
placed on ice for 5 min. The disrupted cells were then centrifuged at maximum
speed (13,000 X g) for 15 min at 4°C. The aqueous phase was transferred to a
fresh 1.5-ml microcentrifuge tube, and 350 wl RLT buffer was added per 100 pl
sample. After centrifugation for 15 s at 8,000 X g, the supernatant was trans-
ferred to a fresh tube and 250 w1 100% ethanol was added per 100 pl sample. The
samples were then applied to a QTAGEN RNeasy mini column and processed
according to the manufacturer’s instructions. All RNA samples were analyzed by
spectrophotometry for determination of A,sy/A4,5, and gel electrophoresis to
assess their concentrations and integrities. The samples were then treated with
DNase (Ambion Inc., Austin, TX). cDNA probes were produced by reverse
transcription (RT) of RNA (2 ng) and were indirectly labeled with either Cy3 or
Cy5 dye (Amersham Biosciences, Piscataway, NJ). All hybridizations were done
with cDNA probes into which a minimum of 170 pmol of dye molecule per
microgram of cDNA produced was incorporated. TIFF images of the hybridized
arrays were analyzed by using TIGR Spotfinder software (http://www.tigr.org
/software/); the data set was normalized by applying the LOWESS algorithm
(block mode; smooth parameter, 0.33) and using TIGR MIDAS software (http:
/www.tigr.org/software/), and significant changes were identified with SAM (sig-
nificance analysis of microarrays) software (http://www-stat.stanford.edu/~tibs
/SAM/index.html). Several controls were used to ensure that the data obtained
were of good quality. First, each ORF was present in duplicate on the array.
Second, three independent RNA batches per strain were used. Third, the quality
of the RNA samples was checked in self-hybridization experiments. Finally, each
RNA preparation was used to make probes for at least two separate arrays for
which the incorporated dye was reversed (dye flip). Differential expression was
defined as a change of more then twofold in the amount of transcript compared
with that of the comparator strain.

Real-time RT-PCR. Oligonucleotide primers and probes (Table 1) were de-
signed with Primer Express 1.0 software from ABI Prism (Perkin-Elmer Applied
Biosystems, Foster City, CA) and purchased from Megabase Inc. (Evanston, IL).
The probes consisted of an oligonucleotide labeled with the reporter dye 6-car-
boxyfluorescein at the 5’ end and with the quencher dye N,N’',N'-tetramethyl-6
carboxytetramethylrhodamine at the 3’ end. RT-PCR was done with the Taq-
Man One-Step RT-PCR Master Mix Reagents kit, as described by the manu-
facturer (Perkin-Elmer Applied Biosystems). The RT-PCR mixture (25 pl) con-
tained 6.25 U of Multiscribe reverse transcriptase, 10.0 U of RNase inhibitor, 500
nM (each) gene-specific primer, 100 nM (each) probe, and 25 ng of total RNA
template. Amplification and detection of the specific products were performed
with an ABI Prism 7700 sequence detection system (Perkin-Elmer Applied
Biosystems) with the following cycle profile: 1 cycle at 48°C for 30 min, 1 cycle at
95°C for 10 min, and 40 cycles at 95°C for 15 s and 60°C for 1 min. The critical
threshold cycle (Cy) was defined as the cycle at which the fluorescence became
detectable above the background level and was inversely proportional to the
logarithm of the initial number of template molecules. For each primer-probe
set, a standard curve was plotted with C;-values obtained from the amplification
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FIG. 1. Disk diffusion tests for resistance to amoxicillin-clavulanic
acid (amox-cla), imipenem, oxacillin, and ceftobiprole in S. aureus
2884 (A) and S. aureus 2884D (B). A 0.5 McFarland standard suspen-
sion was used as the inoculum for a 100-mm-diameter Mueller-Hinton
agar plate upon which oxacillin (5 pg), amoxicillin-clavulanic acid
(20/10 wg), cefoxitin (30 wg), ofloxacin (5 pg), and imipenem (10 pg)
disks were placed as they would be for a routine disk diffusion test.
Resistance to these antimicrobials was determined according to the
guidelines of the CLSI and CASFM.

of known quantities of RNA isolated from strain S. aureus N315. The standard
curves were used to transform the C; values to the relative number of RNA
molecules. The amount of contaminating chromosomal DNA in each sample was
determined from control reactions in which the reaction mixtures did not contain
reverse transcriptase. The quantity of cDNA for each experimental gene was
normalized to the quantity of 16S cDNA in each sample. Each RNA sample was
run in triplicate.

RESULTS

Initial characterization of parental and oxacillin-dependent
S. aureus 2884. To determine whether strain 2884D, the ox-
acillin-dependent mutant, represented an isogenic derivative
of parental S. aureus 2884, we performed PFGE. Both the
parental 2884 and the oxacillin-dependent 2884D strains dis-
played identical PFGE profiles (data not shown). However,
they differed in their susceptibilities to antibiotics. In fact,
parental strain 2884 showed ranges of inhibition zone diame-
ters for oxacillin (15 mm), cefoxitin (13 mm), and amoxicillin-
clavulanic acid (16 mm) compatible with a heterogeneous
MRSA phenotype; but it was still susceptible to ceftobiprole
(disk zone diameter, 34 mm) (data not shown) (Fig. 1A), while
oxacillin-dependent strain 2884D grew around the B-lactam
disks only as satellite colonies; a very light growth appeared in
areas between the growth around the disks, demonstrating its
dependence on B-lactams for growth (Fig. 1B). Nevertheless,
both 2884 and 2884D were resistant to ofloxacin, indicating
that the antibiotic dependence of 2884D was observed only
with B-lactam antibiotics. These results were confirmed by
determination of MICs for parental strain 2884 (ceftobiprole
MIC, 2 pg/ml; oxacillin MIC, 64 pg/ml; cefoxitin MIC, 32
pg/ml; amoxicillin-clavulanic acid [Augmentin] MIC, 16 pg/ml;
and imipenem MIC, 8 pwg/ml). Due to the growth limitations of
the dependent strain, which grew only in the presence of 0.5
pg/ml of oxacillin, only the oxacillin MIC was determined,
resulting in values that were =256 pg/ml.

The phenotypes of methicillin resistance expressed by pa-
rental strain 2884 and oxacillin-dependent strain 2884D were
investigated by population analysis in Mueller-Hinton agar, as
described in Materials and Methods. As shown in Fig. 2, pa-
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FIG. 2. Phenotypic expression of methicillin resistance. Overnight
cultures from parental S. aureus 2884 (open triangles) and oxacillin-
dependent strain S. aureus (filled squares) strains were plated at var-
ious dilutions on TSA plates containing a series of concentrations of
oxacillin and incubated at 37°C for 48 h, after which the bacterial
colonies were counted. The results of a representative study are shown.
Two other experiments gave similar results. +oxa, growth in the pres-
ence of oxacillin.

rental strain 2884 expressed a curve typical of that for heter-
ogeneous methicillin resistance, with a more than 4-log-fold
decrease in the number of CFU/ml at oxacillin concentrations
of 1 pwg/ml. Strain 2884D displayed a homogeneous expression
profile, with the first 3-log-fold reduction in CFU/ml observed
only at concentrations of oxacillin =256 pg/ml (Fig. 2).
SCCmec types. The SCCmec type (type I) and key SCCrmec
genetic elements were identical between strains 2884 and
2884D. SCCmec type I contains a deletion of the entire mecl
gene and 45% of the mecRI gene, including the penicillin-
binding domain, with insertion of a truncated copy of 1S1272
(2, 3). Analysis of the mecA and the mecA-mecRI1 promoter
operator sequences of parental strain 2884 and oxacillin-de-
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pendent strain 2884D showed that they were identical to those
of wild-type strain S. aureus N315 (GenBank accession no.
NC_002745).

Transcription analysis of mecA. Among the genes for which
transcription is induced directly by oxacillin are pbp2 and
mecA, with pbp2 being essential for growth, while mecA is
essential for growth in the presence of oxacillin (5, 6, 21).
Therefore, we first investigated mecA expression levels by us-
ing real-time RT-PCR both in 2884 grown either in the ab-
sence or in the presence of oxacillin and in oxacillin-dependent
strain 2884D (Fig. 3A). Despite the difficulty of doing defini-
tive studies because the strain cannot be grown without oxacil-
lin, we attempted to grow 2884D in blood agar. Even though
growth was poorly observed, enough RNA could be extracted
to perform RT-PCR analysis. A marked fourfold increase in
the mecA mRNA content was observed in parental strain 2884
grown in the presence of 0.5 wg/ml oxacillin, while mecA ex-
pression in oxacillin-dependent strain 2884D grown either in
blood agar (without oxacillin) or in the presence of 0.5 pg/ml
oxacillin showed no significant changes compared to that de-
tected in strain 2884 grown in the presence of oxacillin (Fig.
3A). Since 2884D grown in the absence of oxacillin (blood
agar) displayed values similar to those observed in the pres-
ence of oxacillin, these results suggested that mecA expression
in 2884D may be constitutive. Moreover, these results were
consistent with the structural analysis of SCCmec, showing that
in 2884D both mecl and mecR1 were disrupted and, therefore,
could not regulate mecA transcription.

MecA expression, in addition to mecRI/mecRI, may also be
regulated by the blal/blaRI system, which also controls the
expression of the structural gene blaZ (10, 23, 33). We ana-
lyzed the penicillinase operon in both strain 2884 and strain
2884D in the presence or absence of 0.5 pg/ml of oxacillin. As
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FIG. 3. Determination of levels of expression of mecA (A), blaZ (B), and blal (C) by TagMan real-time RT-PCR in parental S. aureus strain
2884 and oxacillin-dependent strain 2884D. Relative values of the amount of specific mRNAs over 16S mRNA are shown on the vertical axis. #,
transcription was significantly greater for strain 2884 grown in the presence of oxacillin compared with that seen for the same strain grown in the
absence of oxacillin (SA2884+oxa and SA2884, respectively; P < 0.001); *, transcription levels were significantly lower in strain 2884D than in
strain 2884D induced with oxacillin (SA2884D and SA2884+oxa, respectively; P < 0.001).
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FIG. 4. Alignment of BlaR1 sensor transducer protein amino acid sequences. The differences in amino acids between parental strain 2884,
oxacillin-dependent strain 2884D, and wild-type S.aureus/N315 plasmid pN315 (GenBank accession no. NC_003140) are highlighted in boldface.

The premature stop codon in 2884D is represented by an asterisk.

shown in Fig. 3B, a 7.4-fold increase in the blaZ mRNA con-
tent in oxacillin-induced parental strain 2884 compared to that
in the corresponding uninduced strain grown without oxacillin
was observed (i.e., 851.8 = 45.2 and 114.6 + 4.5, respectively).
In contrast, no induction of blaZ expression was observed in
2884D grown in 0.5 pg/ml oxacillin (35.4 = 4.1), and similar
values were observed for 2884D grown in blood agar (31.2 =
3.9) (Fig. 3B). The same results were observed when the cells
were grown and induced with 1 pg/ml ampicillin (data not
shown). Furthermore, and in close correlation with the tran-
scription data, a colorimetric 3-lactamase assay revealed barely
detectable activity in 2884D (grown in the presence of oxacil-
lin) compared with that observed for strain 2884 induced with
oxacillin (i.e., 0.060 * 0.003 and 0.360 = 0.018, respectively).
The altered expression of B-lactamase observed in 2884D led
us to predict the existence of some alteration in either the
structure or the function of the Blal/BlaR1 regulators. There-
fore, blal, blaRI, as well as the promoter operator of blaR1/
blaZ in both isolate 2884 and isolate 2884D were amplified and
sequenced. The corresponding set of primers was designed on
the basis of the published sequences of the S. aureus N315
plasmid pN315 (GenBank accession no. NC_003140). The se-
quences of the blaR1/blaZ promoter operator in both 2884 and
2884D were identical, although the sequences of both strains
differed from the sequence of wild-type S. aureus N315 plasmid
pN315 at 5 nucleotides (data not shown). Similarly, analysis of
the blal sequences of 2884 and 2884D showed that they were
identical and differed from the sequence of the wild-type strain
at only one amino acid (T2A). On the other hand, analysis of
the sensor transducer BlaR1 revealed important changes (Fig.
4). Both parental strain 2884 and oxacillin-dependent strain
2884D harbored the same 7 amino acid substitutions compared
with the sequence of S. aureus N315 plasmid pN315. However,
2884D displayed the insertion of an extra T at nucleotide
position 453 (ACG—ATC; Thr1511le), causing a frame shift

and the introduction of a premature stop codon at amino acid
position 156 (Fig. 4).

Transcription analysis of blal/blaR] regulators by real-time
RT-PCR revealed undetectable levels of blaR1 in strain 2884D
compared to those determined in strain 2884 induced with
oxacillin (0.05 = 0.002 and 211.1 = 15.2 specific BlaR1/16S
mRNAs, respectively). Similarly, analysis of the blal mRNA
revealed a pronounced increase in expression levels in 2884
exposed to oxacillin (Fig. 3C), while no changes in expression
were determined in 2884D, for which the values remained low
under all conditions (Fig. 3C). Together, these results indicate
that the penicillinase operon (BlaR1/Blal-BlaZ) is impaired in
2884D, and given the constitutive expression of mecA, it does
not appear to be involved in its regulation.

Transcription analysis of PBP 2. Recent studies have shown
that the expression of high-level resistance requires the coop-
erative functioning of PBP 2a (mecA) and the penicillin-insen-
sitive transglycosylase domain of PBP 2 (28). These observa-
tions brought back into focus the possibility that a functional or
structural alteration of the native PBP 2 may be linked to the
dependence mechanism observed in 2884D. The level of ex-
pression of PBP 2 was then determined by real-time RT-PCR
with RNAs from both parental strain 2884 (with or without
oxacillin) and 2884D (grown in blood agar either without ox-
acillin or with oxacillin). As shown in Fig. 5A, a 3.5-fold in-
crease in the level of transcription of PBP 2 was observed
in oxacillin-induced strain 2884 compared to that observed in
the corresponding uninduced strain 2884 (1,278.4 + 63.9 and
363 = 18.15, respectively). Surprisingly, independently of the
growing conditions, the expression of PBP 2 in oxacillin-de-
pendent strain 2884D was significantly reduced in comparison
to that in induced parental 2884 (i.e., 442.25 + 22.11 and
1278.43 £ 6.39, respectively).

In order to determine the mechanism associated with the
lack of oxacillin-mediated PBP 2 induction in 2884D, we se-
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FIG. 5. (A) Analysis of pbp2 mRNA expression by TagMan real-
time RT-PCR. Relative values of the amount of pbp2 mRNA com-
pared with the amount of 16S mRNA are shown on the vertical axis. #,
the transcription of pbp2 with oxacillin induction is significantly greater
than that seen in the absence of oxacillin (SA2884+oxa and SA2884,
respectively; P < 0.001); *, the transcription of pbp2 is significantly
lower in strain 2884D induced with oxacillin than in strain 2884 in-
duced with oxacillin (SA2884D+oxa and SA2884+oxa, respectively;
P < 0.001). (B) Quantitation of vivaSR mRNA by TagMan real-time
RT-PCR in S. aureus isolates. Relative values of mec4A mRNA over
16S mRNA are shown on the vertical axis. #, the transcription of
vraSR is significantly in the presence of oxacillin greater than in the
absence of oxacillin (2884+oxa and 2884, respectively; P < 0.001); *,
the transcription of vraSR is significantly lower in 2884D induced with
oxacillin than in 2884 induced with oxacillin (2884D+oxa and
2884 +oxa, respectively; P < 0.001).

quenced a 3.696-kb fragment that included the full-length se-
quence of PBP 2 and the upstream region, i.e., the P1-P2
promoters and the prfa gene. The corresponding set of primers
was designed on the basis of the published sequence of S.
aureus N315 (GenBank accession no. NC_002745). Alignment
of the amino acid sequences of 2884 and 2884D and the amino
acid sequence of wild-type strain S. aureus N315 showed a
point mutation located at the transglycosylase domain of PBP
2 (nucleotide 588; Cys197Tyr). Since this mutation was present
in both 2884 and 2884D, we inferred that these changes could
not account for the differences in the levels of expression of
PBP 2 observed.

Transcription of VraSR two-component regulatory system.
The transcription of PBP 2 as well as that of other cell wall
biosynthesis genes is under the control of a B-lactam-inducible
two-component regulatory system (VraSR) consisting of a sen-
sor kinase (VraS) and a response regulator (VraR) (21). We
examined the regulation of PBP 2 by the VraSR two-compo-
nent regulatory system by transcriptional analysis performed
with the same RNAs described above, i.e., RNAs from 2884
(grown with or without oxacillin at 0.5 pg/ml) and 2884D
(grown in blood agar either without oxacillin or in the presence
of 0.5 pg/ml oxacillin). As shown in Fig. 5B, the level of ex-
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pression of vraSR was markedly induced (~10-fold) by oxacil-
lin in parental strain 2884 (i.e., from 328.8 = 12.9 to 3,579 =
178.9 in the absence and in the presence of oxacillin, respec-
tively). By contrast, the levels of VraSR remained low in 2884D
(i.e., 744.5 = 32.7 and 3,579 *+ 178.9 for 2884D and 2884 grown
in the presence of oxacillin, respectively). Thus, these results
indicate that the PBP 2 regulator VraSR is not responsive to
the induction of oxacillin in 2884D and, therefore, may account
for the lack of PBP 2 induction observed in this strain.

Transcriptional profiling between parental and oxacillin-
dependent 2884. To complement our observations on the func-
tional role of the regulatory pathways related to oxacillin re-
sistance or dependence, we compared the gene expression of
parental strain 2884 and oxacillin-dependent strain 2884D,
both of which were grown in the presence of oxacillin at 0.5
pg/ml. Pairwise comparisons, performed in triplicate, between
these two isogenic isolates were made (Table 2). The results
are based on a series of statistical analyses (filtering) in which
the ratios of Cy3 and Cy5 were converted to log, values and the
cutoff was set at above 1 (present) or below —1 (absent). Table
2 shows the most relevant genes that were found to be differ-
entially expressed between strains 2884 and 2884D. The most
significant changes in oxacillin-dependent strain 2884D were
those related to the penicillinase operon, which included Blal/
BlaR1-BlaZ. Marked decrease in the levels of expression of
genes encoding B-lactamase (blaZ SAP012_N315) and the cor-
responding repressor (blal SAP010_N315) were observed. In
addition, the two-component sensor histidine kinase VraSR,
represented by ORFs SA1667_N315 and 2390_COL, also ap-
peared to be downregulated (Table 2). These results were
consistent with the reduction in the levels of expression of blaZ
and vraSR, determined by real-time RT-PCR analysis (Fig. 3B
and 5B, respectively). Among the genes with increased tran-
scription, mecA was found to be upregulated (SA0038_N315),
as determined by real-time RT-PCR analysis (Fig. 3A). Other
genes showing significant changes were related to stress and
metabolic pathways (Table 2).

DISCUSSION

In the present study we have investigated the phenotype of
B-lactam-dependent strain 2884D, a clinical MRSA strain that
was obtained by in vitro selection with ceftobiprole, a novel
cephalosporin with a broad spectrum of activity against MRSA
(8,9, 13, 17, 19). The phenotypes of antibiotic dependence
have previously been described in vancomycin-dependent en-
terococci (i.e., Enterococcus avium [30, 34], Enterococcus fae-
calis [37], and Enterococcus faecium [20]). In Staphylococcus,
an earlier report described the emergence of a B-lactam-depen-
dent coagulase-negative strain that displayed a phenotype similar
to the one that we have described in the present study (39).
However, the previous studies did not analyze the potential mech-
anisms responsible for the antimicrobial dependence. This is the
first report describing a MRSA strain in which its growth im-
proved remarkably in the presence of B-lactam antibiotics.

We hypothesized that a gene or group of genes responsive to
oxacillin induction should be required for growth in this strain.
Therefore, the experiments delineated in this study were de-
signed to investigate the involvement of known oxacillin-de-
pendent elements. We found, first, that mecA was expressed in
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TABLE 2. Differential gene expression in parental S. aureus strain 2884 and oxacillin-dependent S. aureus strain 2884

ORF Gene Product or putative function Fold change
SA1518_N315 citZ SA1518 N315, citrate synthase 11 +3.64
SA1557_COL ccpA SA1557 COL, catabolite control protein +4.79
SA2098_N315 SA2098 N315, “ORFID:SA2098, hypothetical protein, similar to +6.12

glycerate dehydrogenase”

SAV1002_Mu50 SAV1002 Mu50, conserved hypothetical protein +3.34
SA2740_COL SA2740 COL, ribosomal protein L34 +3.99
SA0229_N315 SA0229 N315, hypothetical protein, similar to nickel ABC transporter +9.03
SA0958_COL SA0958 COL, general stress protein 13 +9.60
SA2150_COL fmtB SA2150 COL, FmtB protein +6.82
SA1585_N315 SA1585 N315, ORFID:SA1585, proline dehydrohenase homolog +4.36
SA1437_COL SA1437 COL, “cold shock protein, CSD family” +4.48
SA0807_N315 mnhG SA0807 N315, Na*/H™ antiporter subunit +9.61
NTLOSSA0562 MRSA 252, putative glycosyltransferase; NTLOSSA0562_MRSA252 +2.99
SA1941_N315 dps 67559 NTORF2007 SA1941 N315, general stress protein 20U +4.32
SA0038_N315 mecA 67921 NTORF0040 SA0038 N315, PBP 2’ +3.4

SAP012_N315 blal SAP012 N315, penicillinase repressor —8.88
SAP010_N315 blaZ SAP010 N315, B-lactamase; SAP010_N315 —4.26
SA1667_N315 vraR Two-component sensor histidine kinase homolog —-2.71
SA2390_COL vraR SA2390 COL, “sensory box histidine kinase, putative” —2.49
SA0249_N315 SA0249 N315, cell division and morphogenesis-related protein —3.20
SA2273_N315 SA2273 N315, hypothetical protein —2.89
SA2257_N315 SA2257 N315, conserved hypothetical protein —3.93
SA1462_COL SA1462 COL, thymidylate synthase —3.36
SAV1176_Mu50 SAV1176 Mu50, conserved hypothetical protein —6.83
SA0105_N315 SA0105 N315, hypothetical protein —3.68
SA1686_COL SA1686 COL, histidyl-tRNA synthetase —3.14
SA1259 _N315 dfiA SA1259 N315, dihydrofolate reductase -4.99
SA1478_COL 67658 ORF01035 SA1478 COL, alanine dehydrogenase —20.43

both parental strain 2884 and oxacillin-dependent strain
2884D and, second, that 2884D was a type I SCCmec strain;
i.e., it contained a combination of a type I ccr and a class B mec
element (IS7272-AmecRI-mecA). On the basis of these struc-
tural studies of SCCmec, it was predicted that regulation
through MecR1/Mecl in 2884D was nonfunctional. MecA in-
duction involves cleavage of the cognate repressor (Mecl for
MecR1 and Blal for BlaR1), which is specific for each induc-
er’s homologous repressor (23, 33). In previous studies, we
have shown that in some clinical isolates Mecl is inactivated or
modified by deletion or mutation, leaving mecA regulated
solely by the Blal/BlaR1 system (31, 32). However, in the
present case, our results suggested that BlaR1 and Blal were
not involved in the regulation of mecA in 2484D and were active
only in parental strain 2884, as demonstrated by the oxacillin-
induced expression of blaZ by this strain and the B-lactamase
production by this strain. Moreover, our data suggested that
the penicillinase operon, including the Blal repressor, which,
as mentioned above, can also regulate MecA expression (1,
41), was not transcriptionally active in 2884D. Therefore, in a
context determined by the absence of both the Mecl/MecR1
and the Blal/BlaR1 inhibitory systems, mecA expression be-
comes constitutively expressed. As was the case in 2884D,
unregulated mecA expression has also been observed previ-
ously in S. aureus 450 M, in which no mec or bla regulatory
sequence (Amecl/Ablal) is present (31). An interesting feature
in 2884D was that increased mecA transcription appeared to be
associated with a slight production of BlaZ in the context of
low levels of the Blal repressor. This observation opens the
possibility to further studies investigating the role and/or
existence of other unknown regulators of the Bla system.

It is well established that the resident PBPs (i.e., PBP 1 to
PBP 4) are involved in the assembly of the bacterial cell wall
peptidoglycan (5). Once these PBPs are inactivated by -lac-
tam antibiotics, the strategy of B-lactam resistance requires the
addition of the new acquired PBP 2a which has a decreased
affinity for B-lactam antibiotics but which can still continue to
cross-link the cell wall (15). However, recent observations have
demonstrated that inactivation of the transglycosylase domain,
but not the transpeptidase domain, of PBP 2 in §. aureus
prevents the expression of B-lactam resistance, despite the
presence of mecA (28). The finding that PBP 2 activity is
needed to express resistance may suggest that PBP 2a has a
protective effect on cell wall biosynthesis. In our case, the level
of expression of PBP 2 in oxacillin-dependent strain 2884D was
significantly decreased compared to that in induced parental
strain 2884. Thus, these results raise the possibility that a
minimal level of expression of PBP 2 is still required to com-
plement the constitutively expressed PBP 2a.

Previous studies have demonstrated that the two-component
regulatory system VraSR controls the induction of PBP 2 by
B-lactam antibiotics (14, 21, 40). In fact, disruption of VraSR
leads to a reduction in the level of B-lactam resistance of
MRSA strains because of an inhibited transcriptional response
(14, 21, 40). Our findings showed a dramatic reduction in the
level of VraSR induction in oxacillin-dependent strain 2884D,
which was grown in the presence of oxacillin, compared to that
in oxacillin-induced parental strain 2884. These observations
led us to conclude that the VraSR regulator is not responsive
to the induction of oxacillin in 2884D, and therefore, we may
assume that the lack of PBP 2 induction observed in this strain
reflects a failure in its regulation. Our results also point to the
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fact that since PBP 2 is poorly regulated by the VraSR two-
component regulator, in the presence of oxacillin, PBP 2a
(mecA) becomes important for survival. In this case, given that
mecA is not being regulated through its known regulators
(i.e., Mecl/MecR1 and Blal/BlaR1), it is plausible that unreg-
ulated MecA production is necessary as a compensatory mech-
anism for survival. Recently, Boyle-Vavra et al. have proposed
that the vraS/vraR regulatory system may play a critical role in
the response to B-lactams by MRSA strains (7). Those authors
found, similar to our observations for strain 2884D, in-
creased mecA expression in a vraS mutant with SCCmec type
IV (i.e., the strain harbored deleted portions of mecl/
mecR1). This effect did not appear to be mediated solely by
Blal/BlaR1, which, as they and others have suggested, may
support the notion that a factor other than BlaR1 or MecR1
may be involved in the induction of blaZ and mecA, respec-
tively (11).

Finally, the role of genes related to stress response and meta-
bolic pathways whose transcription appeared to be altered in
oxacillin-dependant strain 2884D may also be important to com-
pensate for survival. However, the involvement of these genes in
the mechanism of dependence in 2884D was at this point beyond
of the scope of the present study. In summary, the present study
provides evidence of the existence of a particular phenotype of an
S. aureus strain dependent on oxacillin for survival.
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