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ABSTRACT: A heterologous expression system was used to
evaluate activation of BlaR1, a sensor/signal transducer protein
of Staphylococcus aureus with a central role in resistance to
β-lactam antibiotics. In the absence of other S. aureus proteins
that might respond to antibiotics and participate in signal
transduction events, we documented that BlaR1 fragmentation
is autolytic, that it occurs in the absence of antibiotics, and that
BlaR1 directly degrades BlaI, the gene repressor of the system.
Furthermore, we disclosed that this proteolytic activity is metal
ion-dependent and that it is not modulated directly by
acylation of the sensor domain by β-lactam antibiotics.

Over the past ∼60 years, Staphylococcus aureus has become
progressively more resistant to antibiotics, a trans-

formation that underscores why this organism has become a
clinical scourge.1−4 Among the mechanisms of resistance that
have emerged in this organism, that of inducible resistance to β-
lactam antibiotics is as elaborate as it is effective.5,6 Resistance
to β-lactam antibiotics in strains that have come to be known as
methicillin-resistant S. aureus (MRSA) is virtually complete.
A key player in resistance to β-lactam antibiotics in S. aureus is
the membrane-bound BlaR1 protein (Figure 1).5,7,8 This protein
decorates the surface of the plasma membrane with a sensor
domain that binds covalently to β-lactam antibiotics at Ser-
389.9−12 This information is transduced to the cytoplasmic end
of the protein, most likely through conformational
changes.9,13,14 This event is proposed to lead to activation of
the cytoplasmic domain of BlaR1, a putative metalloprotease,5

which either directly or through intervention of other effectors
degrades the gene repressor BlaI. This indirect involvement is
invoked for an as-yet-unidentified hypothetical regulator, the
product of the so-called R2 locus, designated subsequently as
BlaR2, unlinked to the penicillinase plasmid.5,15 The gene
repressor BlaI binds to the bla operator, thus repressing
transcription of the genes of the operon.16−19 Proteolysis of
BlaI derepresses transcription of the genes of the bla operon
for BlaI, BlaR1, and the PC1 β-lactamase, which it controls
(Figure 1).5,8,19−21 Expression of β-lactamase gives the pheno-
type of antibiotic resistance, but that for BlaR1 maintains
recruitment of resources for the manifestation of resistance.
Expression of BlaI sets the organism en route to transcriptional
repression, once the antibiotic challenge is no longer there.
Notwithstanding the long-standing interest in BlaR1, its low
expression level in S. aureus has been problematic in its study.
This study of heterologous expression of BlaR1 in Escherichia
coli was undertaken to address this difficulty and to dissect its
biochemical events. Most importantly, we documented the

steps inherent to the activity of BlaR1 itself, and the steps that
might require the hypothetical mediator protein BlaR2 from S.
aureus, if it were to exist. The expectation would be that BlaR2
would not be present in the unrelated E. coli, as this organism
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Figure 1. Schematic of the proposed mechanisms of activation and
turnover of BlaR1 and BlaI in response to β-lactam antibiotics in S.
aureus.
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has not undergone evolution of a resistance mechanism to β-
lactams akin to that of MRSA.

■ EXPERIMENTAL PROCEDURES
Expression of Recombinant BlaR1 in E. coli. The

previously described construct pET-24a(+)_blaRHis6x was
used to evaluate the expression of BlaR1 in E. coli.8 Briefly, the
blaR1 gene was amplified from plasmid pI258 of S. aureus
NRS128 using the polymerase chain reaction (PCR) and
cloned in vector pET-24a(+) (Novagen) between NdeI and
XhoI sites. This construct, designated pET-24a(+)_blaRHis6x,
allowed isopropyl β-D-1-thiogalactopyranoside (IPTG)-induci-
ble expression of BlaR1 in E. coli from the T7 promoter, with
eight additional amino acids at the C-terminus (LEHHHHHH)
(the first two amino acids introduced by the XhoI cloning site
and the His6x tag). Recombinant BlaR1 (designated
BlaR1.H6x) was expressed in E. coli BL21 Star(DE3) harboring
plasmid pET-24a(+)_blaRHis6x. The cells were grown at
37 °C until the OD625 reached 0.9, at which point the cultures
were rapidly cooled to 28 °C, protein expression was induced
by the addition of 0.5 mM isopropyl β-D-1-thiogalactopyrano-
side (IPTG), and cells were grown for 5 h at 28 °C. Membrane
proteins were prepared by ultracentrifugation from a 500 mL
culture, as previously described.8

Cloning, Expression, and Purification of T7.BlaI. The
blaI gene from plasmid pI258 of S. aureus NRS128 was
previously cloned in the lab to generate plasmid pET_blaI.17

To fuse an N-terminal T7.tag to BlaI (designated T7.BlaI),
which would allow for detection of the protein with antibodies
specific for the T7.tag, we amplified the blaI gene from plasmid
pET_blaI using Pfu Ultra II DNA polymerase (Stratagene) and
primers blaI_fw_BamHI (5′-cgcggatccatggccaataagcaagttg) and
blaI_rv_HindIII (5′- atgcaagcttttactttttactaatatcatttaaaatg)
(with BamHI and HindIII sites in bold, respectively). The
PCR product and pET-24a(+) vector were digested with
BamHI and HindIII endonucleases, purified from 1% agarose
gel, and ligated. The ligation mixture was transformed into
competent E. coli TOP10 cells. Colonies containing the
construct were selected on LB agar containing 50 μg/mL
kanamycin. Plasmids from different colonies were isolated and
sequenced. The construct was designated pET-24a(+)_blaI.
E. coli BL21 Star(DE3) competent cells were transformed with
plasmid pET-24a(+)_blaI, and transformant cells were selected
on LB/kanamycin/agar plates. The induction of the expression
of T7.BlaI and the protein purification conditions were the
same as those we described previously.17 The previously
described protocol for purification of BlaI allowed purification
of the 16.3 kDa T7.BlaI protein to homogeneity with a protein
yield of 5 mg/L of culture.
Incubation of Recombinant BlaR1.H6x with β-Lactam

Antibiotics. Three different protocols were compared for the
evaluation of the effect of β-lactam antibiotics on BlaR1 activity.
The first protocol consisted of the incubation of the cells with
the corresponding antibiotic after BlaR1 expression had taken
place (after induction of BlaR1 expression with IPTG, as
described above). For this, the cell pellet from a 500 mL culture
was suspended in 20 mL of buffer A [100 mM sodium
phosphate (pH 7.5) and 50 mM NaHCO3] supplemented with
the corresponding β-lactam antibiotic [455 μM oxacillin, 1 μM
Bocillin FL, or 20 μM 2-(2′-carboxyphenyl)benzoyl-6-amino-
penicillanic acid (CBAP), each at its final concentration]. As a
control, the cell pellet from a 500 mL culture was suspended in
20 mL of buffer A. The cells were incubated for 15 min at

37 °C, and afterward, the contents of the cells were liberated
and the membrane protein fractions prepared as previously
described.8 After ultracentrifugation, each pellet (membranes
with membrane proteins) was suspended in 0.5 mL of buffer A
with or without the corresponding β-lactam antibiotic (same
concentration used before). The total protein concentration
was determined using the BCA Protein Assay Kit (Pierce). The
same protocol was used to prepare E. coli membranes that did
not contain BlaR1, from a culture of E. coli BL21 Star(DE3)
cells transformed with pET-24a(+) (negative control). The
second protocol consisted of incubation with the β-lactam
antibiotic after preparation of the membrane proteins fraction.
After induction of protein expression with IPTG for 5 h at
28 °C, the membrane proteins fraction was prepared in buffer A
(no β-lactam antibiotic), as described before. For the evaluation
of the effect of β-lactam antibiotics, the corresponding
antibiotic was added to aliquots of the membranes containing
40 μg of total protein to reach a final concentration of 10 μM
Bocillin FL, 10 μM oxacillin, or 10 μM CBAP, and the mixture
was incubated for 10 min at 37 °C. The third protocol involved
incubation of the cells with oxacillin at sub-MIC concentrations
(76 and 152 μM) during the induction of recombinant BlaR1
expression with IPTG. The minimal inhibitory concentrations
(MICs) of β-lactam compounds were determined by the broth
microdilution method (Table S1 of the Supporting Information),
as recommended by the Clinical and Laboratory Standards
Institute.22 The MICs were determined in LB broth (same broth
used for cell growth and BlaR1 protein induction) using a
bacterial inoculum of 5 × 105 cfu/mL. All plates were incubated
at 37 °C for 20 h, before the results were interpreted. Subsequent
to BlaR1 induction and β-lactam exposure, the cells were
collected by centrifugation and membrane proteins were
prepared as previously described. The cell pellets and
membranes were suspended in buffer A with the appropriate
concentration of oxacillin (that is to say, that the proteins were
consistently kept in contact with the antibiotic).

Detection of Bocillin FL-Acylated BlaR1.H6x Protein.
After incubation of the bacteria expressing BlaR1 with Bocillin
FL and preparation of the membrane protein fraction (or after
incubation of the previously prepared membrane protein
fractions with Bocillin FL), the proteins of the different
membrane fractions were resolved by sodium dodecyl sulfate−
polyacrylamide gel electrophoresis (SDS−PAGE) (12% gels),
and the proteins covalently bound to Bocillin FL were detected
by scanning the gel in a Storm Scanner in the fluorescence
mode (excitation wavelength of 450 nm and emission
wavelength of 540 nm). As a negative control, we used
membrane protein preparations from E. coli BL21 Star(DE3)
transformed with plasmid pET-24a(+). As a positive control,
we expressed the sensor domain of BlaR1, BlaRS, as a soluble
and active protein in the cytoplasm of E. coli.9 BlaRS in whole
cell extracts (soluble fraction) or purified BlaRS was labeled via
incubation with 1−10 μM Bocillin FL in buffer A for 10 min at
37 °C prior to loading of the sample for protein separation by
SDS−-PAGE.

T7.BlaI and BlaI Proteolysis Assays. To evaluate the
proteolysis of T7.BlaI or BlaI by BlaR1 expressed and inserted
into E. coli membranes, 50 ng of purified T7.BlaI or BlaI
(25 ng/μL) was incubated for 1 or 2 h at 37 °C and 256 rpm, with
40 μg of E. coli membrane protein preparations with BlaR1.H6x
prepared in the absence or presence of β-lactam antibiotics.
As a control for possible T7.BlaI or BlaI proteolysis by E. coli
proteases, 50 ng of purified T7.BlaI or BlaI protein (25 ng/μL)
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was incubated with 40 μg of E. coli membrane preparations
without BlaR1 [from cells transformed with vector pET-
24a(+)] prepared in the presence of β-lactam antibiotics. The
total volume in the reaction was kept constant at 23 μL in all
cases, and where necessary, the volume was completed with
buffer A. A second control consisted of incubation of 50 ng of
purified T7.BlaI or BlaI (25 ng/μL) in buffer A (same final
volume). To evaluate the effect of the metal chelating agent
ethylenediaminetetraacetic acid (EDTA) on proteolysis of
T7.BlaI by BlaR1, the membranes (with or without BlaR1)
were incubated with different concentrations of EDTA for 18 h at
15 °C and 220 rpm prior to the incubation with T7.BlaI. Stock

solutions of 1, 10, and 100 mM EDTA in buffer A were prepared
from a 0.5 M EDTA solution (pH 8.0). After treatment of the
membranes with EDTA, 50 ng of purified T7.BlaI (25 ng/μL) was
added to 40 μg of E. coli membrane protein preparations with
BlaR1.H6x and incubated for 1 or 2 h at 37 °C and 256 rpm. T7.BlaI
or BlaI was detected by Western blotting (Supporting Information).
In addition, aliquots of the membrane proteins fraction with BlaR1
were incubated with 1× Complete EDTA-free Protease Inhibitor
Cocktail (Roche) or with 3 mM Pefabloc SC (Roche) for 18 h at
15 °C and 220 rpm prior to the incubation with T7.Blal.

Site-Directed Mutagenesis of the blaR1 Gene and
Cloning for Expression in E. coli. To produce the BlaR1
mutants H201A/H205A and S389A, we utilized the
QuikChange II XL site-directed mutagenesis kit (Stratagene,
La Jolla, CA). Plasmid pET-24a(+)_blaRHis6x was used as the
DNA template. For the mutant H201A/H205A, two non-
overlapping mutagenic primers were used: BlaR_M2_fw (5′-
atgctgctgctaaaaatagagatactttacatttaattatc), which introduced the
H205A mutation, and BlaR_M2_rv (5′-attcagccaatattatatattt-
tagtcttttgtcaattac), which introduced the H201A mutation into
the reverse complementary strand. The same protocol was

Figure 2. Recombinant BlaR1 expressed in E. coli is a membrane-
bound protein and is proteolyzed, an event that is not modulated by β-
lactam antibiotics. (A) Detection of BlaR1.H6x in different cell
fractions, in the absence of β-lactam antibiotic or after incubation with
455 μM oxacillin, 1 μM Bocillin FL, or 20.6 μM CBAP. Abbreviations:
P, cell debris pellet after centrifugation of the lysed cell extract
(approximately 40 μg of protein); S, soluble fraction after ultra-
centrifugation (40 μg of protein); M, membrane fraction after
ultracentrifugation (6 μg of protein). (B) Comparison of the
BlaR1.H6x fragments observed after incubation of membrane proteins
with buffer or with 10 μM CBAP, oxacillin, or Bocillin FL. In this case,
the antibiotics were added after preparation of the membranes and
incubated for 1 h at 37 °C. In each case, a total of 6 μg of membrane
proteins was resolved by SDS−PAGE. In panels A and B, recombinant
BlaR1 was detected by Western blotting, using antibodies specific to
the C-terminal His6x tag. The arrowheads for each panel indicate the
60 kDa band corresponding to full-length BlaR1 and the 36.6 kDa
band corresponding to the C-terminal fragment BlaR1_284−585.
Numbers on the right indicate the positions of migration of the
molecular mass markers (kilodaltons). BlaR1 fragmentation gives a
major fragment of 33−35 kDa, which was previously shown to
correspond to a membrane-anchored protein fragment with a
theoretical mass of 36.6 kDa, with the same N-terminal sequence as
the fragment found in S. aureus (F284NGKKSLLKR...).

Figure 3. Fragmentation within the cytoplasmic domain of BlaR1.H6x
in E. coli is an autoproteolytic event. (A) The wild-type (WT) and
mutant (E202A, H201A/H205A, and S389A) BlaR1.H6x proteins
were detected in whole cell extracts (40 μg of protein), after induction
of protein expression by IPTG for 5 h at 28 °C. Noninduced samples
correspond to whole cell extracts from aliquots taken before
supplementation of the cultures with IPTG. The negative control
consisted of cells transformed with the empty expression vector [pET-
24a(+)]. (B) Detection of full-length BlaR1.H6x and the BlaR1_284−
585_H6x fragment in membranes, for the wild-type (WT) protein and
the E202A, H201A/H205A, and S389A mutants. In each case, 6 μg of
total membrane protein was separated by SDS−PAGE. Recombinant
BlaR1 was detected by Western blotting, using antibodies specific to
the C-terminal His6x tag. Numbers on the right indicate the positions
of migration of the molecular mass markers (kilodaltons).
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applied to obtain the S389A single mutant of BlaR1, using two
overlapping mutagenic primers: BlaR_M4_fw (5′-ggtattctcc-
taatgcaacttataaaatttatttagc) and BlaR_M4_rv (5′-gctaaataaattt-
tataagttgcattaggagaatacc). After mutagenesis, the nucleotide
sequence for the gene producing each mutant enzyme was
verified, and the genes were recloned between the NdeI and
XhoI sites of the pET-24a(+) expression vector, to give
plasmids pET-24a(+)_blaRH6x_H201A/H205A and pET-
24a(+)_blaRH6x_S389A, respectively. To produce the
E202A single mutant of BlaR1, we conducted two PCRs to
amplify two halves of the blaR1 gene from DNA template pET-
24a(+)_blaRHis6x. To design the primers, we analyzed the
region surrounding the GAA codon that encodes E202 in
BlaR1 for the introduction of a unique endonuclease restriction
site. Substitution of the GAA codon (Glu) for GCG (Ala)
introduced the desired mutation and generated an SphI
recognition site, which was appropriate for the mutagenesis
strategy because there is no such site in the wild-type blaR1
sequence. In the first PCR, we amplified a fragment
encompassing nucleotides 1−611 of blaR1 using a forward
oligonucleotide that introduces an NdeI site [primer
blaR_NdeI_fw (5′-gatatacatatggctaagttattaataatgagc)] and a
reverse primer that introduces an SphI site and the E202A
mutation [primer blaR_E202ASphI_rv (5′-gcatacgcatgcaatatta-
tatattttagtc)]. The purified PCR product was digested with
NdeI and SphI endonucleases, and the resulting fragment was
purified from a 1% agarose gel. In the second PCR, we
amplified a fragment encompassing nucleotides 594−1755 of
blaR1 using a forward oligonucleotide that introduces an SphI
site, and the E202A mutation [primer blaR_E202ASphI_fw (5′-
aatattgcatgcgtatgctcatgc)] and a reverse primer with a XhoI site
[primer XhoI_blaR_rv (5′-gtgctcgagttggccatttaaaac)]. The
purified PCR product was digested with SphI and XhoI

endonucleases, and the resulting fragment was purified from a
1% agarose gel. The two PCR fragments, digested with endo-
nucleases as described above, were cloned between the NdeI
and XhoI sites of the pET-24a(+) expression vector, to give
plasmid pET-24a(+)_blaRH6x_E202A. The correct cloning and
sequence of all the genes were verified before protein expression.
Three sequencing reactions were required to cover the complete
blaR1 gene, and to sequence the constructs for the E202A and
H201A/H205A mutants, we used primer BlaR_SA_seq2 (5′-
ttaaaagtgtaattgacaaaagac), apart from the T7 promoter and T7
terminator primers. For S389A blaR1, the third sequencing
reaction was conducted using primer BlaR_SA_seq1, as for wild-
type blaR1.8 The mutant proteins were expressed in E. coli BL21
Star(DE3), following the same protocol described for the wild-
type enzyme. All mutant proteins were expressed as C-terminal
His6x tags (as was the case for wild-type BlaR1-H6x).

■ RESULTS AND DISCUSSION

We expressed BlaR1 in E. coli BL21 Star(DE3) cells using
construct pET-24a(+)_BlaRHis6x, which allows IPTG-indu-
cible expression of BlaR1 with a C-terminal His6x tag under the
control of a T7 promoter. Three protocols were followed to
evaluate the effect of β-lactam antibiotics on BlaR1 activation.
In the first protocol, bacteria harboring recombinant BlaR1
were exposed to different β-lactam antibiotics after induction of
BlaR1 expression. The second procedure consisted of
expression of BlaR1, isolation of the membrane fraction, and
subsequent incubation with different β-lactam antibiotics. The
level of expression of BlaR1 in E. coli was low but nonetheless
significantly higher than in the case in S. aureus.8 BlaR1 was
detected by Western blot analysis using antibodies specific to
the C-terminal His6x tag. As shown in Figure 2A, recombinant

Figure 4. Detection of BlaR1 covalently linked to the fluorescent penicillin Bocillin FL in membrane protein preparations. (A) Acylation of wild-type
BlaR1.H6x by Bocillin FL in membrane protein preparations from bacteria incubated for 15 min at 37 °C with buffer or buffer supplemented with
1 μM Bocillin FL before cell disruption: negative control (binding of Bocillin FL to E. coli PBP proteins), membrane protein preparations from
cultures of E. coli BL21 Star(DE3) cells transformed with pET-24a(+) (pET) and incubated with Bocillin FL; lanes 1 and 2, 40 and 80 μg,
respectively, of membrane proteins from E. coli cells transformed with pET-24a(+) and incubated with Bocillin FL; lanes 3 and 4, 40 and 80 μg,
respectively, of membrane proteins from E. coli cells transformed with pET-24a(+)_BlaRH6x (BlaR1.H6x), without antibiotic; lanes 5−7, 40, 60, and
80 μg, respectively, of membrane proteins from E. coli cells transformed with pET-24a(+)_BlaRH6x (BlaR1.H6x) and incubated with Bocillin FL;
lanes 8 and 9, 40 and 80 μg, respectively, of total soluble proteins from E. coli BL21 Star(DE3) cells expressing BlaRS, incubated with Bocillin FL for
15 min at 37 °C. The two fluorescently labeled bands detected in the BlaR1.H6x extracts incubated with Bocillin FL correspond in size to the 60 and
36.6 kDa bands detected by Western blotting using the antibodies specific to the C-terminal His6x tag. (B) Acylation of wild-type (WT) and mutant
(E202A, H201A/H205A, and S389A) BlaR1.H6x by Bocillin FL in membrane protein preparations. After preparation of the membrane protein
fraction, 40 μg of total proteins was incubated with 10 μM Bocillin FL (in a total volume of 15 μL) for 10 min at 37 °C. As a control, 0.1 μg of
purified BlaRS was incubated with 10 μM Bocillin FL (in a total volume of 15 μL) for 10 min at 37 °C. In panels A and B, the proteins were
separated by SDS−PAGE and the Bocillin FL-labeled bands were detected using a Storm scanner in the fluorescence mode. Numbers on the right
indicate the positions of migration of the molecular mass markers (kilodaltons).
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BlaR1 localized to the membrane fraction (60 kDa full-length
protein), and the fragmentation of BlaR1, to give the previously
characterized 36.6 kDa fragment,8 took place in the absence of
antibiotic. Incubation with CBAP, oxacillin, or Bocillin FL did
not increase the degree of BlaR1 fragmentation: the pattern did
not change nor did the relative quantities of the protein bands
(Figure 2). In S. aureus, the level of BlaR1 in the membrane in
the absence of the challenge by β-lactam antibiotics is very low
(the basal level), and it increases upon exposure to the
antibiotic, because of the regulatory events of the system.5,8 To
better reproduce the situation in S. aureus, we evaluated a third
protocol. The incubation with β-lactam antibiotics was
performed simultaneously with the induction of BlaR1
expression with IPTG. For this purpose, BlaR1 expression
was conducted in the presence of sub-MIC concentrations of
oxacillin. This antibiotic was selected on the basis of MIC
values determined for ampicillin, oxacillin, imipenem, and
ceftazidime (Table S1 of the Supporting Information) and on
the basis of the previously determined dissociation constants
(KS) for the antibiotics with the sensor domain of BlaR1.9 To
ensure that a significant fraction of BlaR1 in E. coli would be
acylated by the β-lactam antibiotic, the concentration of
antibiotic required for the sub-MIC assay should be higher
than the KS value for the antibiotic with the sensor domain of
BlaR1. Of the four antibiotics that we examined, oxacillin was
the one with MIC values sufficiently high for this condition to
be met (Table S1 of the Supporting Information).
Furthermore, we have recently shown that oxacillin is one of

the best inducers of the bla system in S. aureus,8 and hence, its
selection is appropriate for the evaluation of induction of BlaR1
in this heterologous system. As disclosed for the other two
protocols described above, there was no increase in the degree
of BlaR1 fragmentation upon exposure to sub-MIC concen-
trations of oxacillin (76−152 μM) during induction of BlaR1
expression by IPTG (Figure S1 of the Supporting Information).
The cytoplasmic domain of BlaR1 has the ...H201EXXH...

sequence motif within it, which is conserved in metal-
loproteases as the requisite zinc-binding site.23 Residues His-
201 and His-205 are proposed to be involved in zinc ion
coordination, with Glu-202 serving as the general base that
promotes a water molecule for the hydrolytic function.5 With
mutagenesis at these sites, we attempted to document whether
the observed BlaR1 fragmentation is autolytic or catalyzed by a
different protease. Mutant proteins E202A and H201A/H205A
showed significant reductions in the level of accumulation of
the 36.6 kDa BlaR1 fragment (Figure 3). This experiment
within the heterologous expression system revealed that the
process is autolytic, either in an intramolecular or in an
intermolecular sense. To further investigate whether acylation
of the surface sensor domain by β-lactam antibiotics directly
resulted in activation of the cytoplasmic domain, we prepared
the S389A BlaR1 mutant protein. In terms of its fragmentation
behavior, as evaluated by Western blot analysis of the
membrane proteins fraction, the S389A BlaR1 mutant protein
behaved very much like the wild-type protein, notwithstanding
the fact that it cannot be acylated by the antibiotics (Figure 3).

Figure 5. Proteolysis of T7.BlaI and BlaI by recombinant wild-type and mutant (E202A, H201A/H205A, and S389A) BlaR1.H6x and the effect of
protease inhibitors. (A) A 40 μg total protein aliquot of membrane preparations with recombinant wild-type (WT) BlaR1 and its mutants was
incubated with 50 ng of purified T7.BlaI for 1 h at 37 °C and 256 rpm (in a final volume of 23 μL). As a control, T7.BlaI was incubated with buffer A.
(B) Membrane preparations containing recombinant wild-type (WT) BlaR1.H6x and the S389A and E202A mutants were preincubated in buffer A
or buffer A supplemented with 13 mM EDTA for 18 h at 15 °C and 220 rpm, prior to incubation with T7.BlaI. Wild-type BlaR1.H6x was also
preincubated in 1× Complete EDTA-free Protease Inhibitor Cocktail (Roche), which inhibits all proteases with the exception of metalloproteases. A
50 ng aliquot of purified T7.BlaI was then added to each membrane protein preparation and incubated for 1 h at 37 °C and 256 rpm. (C) Membrane
preparations containing recombinant wild-type BlaR1.H6x or its H201A/H205A mutant or without BlaR1 [prepared from E. coli BL21 Star(DE3)
cells transformed with pET-24a(+); lanes labeled as pET] were preincubated in buffer A or buffer A supplemented with 13 mM EDTA for 18 h at
15 °C and 220 rpm, prior to incubation with T7.BlaI. In panels A−C, the proteins in the samples were separated by SDS−PAGE in 15% gels, and
T7.BlaI was detected by Western blotting, using antibodies specific to the T7 tag. (D) A 40 μg total protein aliquot of membrane preparations with
recombinant wild-type (WT) and mutant BlaR1.H6x was incubated with 50 ng of purified BlaI for 1 h at 37 °C and 256 rpm (in a final volume of
23 μL). As a control, BlaI was incubated with buffer A. The proteins in the samples were separated by SDS−PAGE in 15% gels, and BlaI was
detected by Western blotting, using antibodies specific for purified BlaI (anti-BlaI antibodies). Numbers on the right indicate the positions of
migration of the molecular mass markers (kilodaltons).
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Significantly, this experiment indicated that BlaR1 autoproteol-
ysis is not modulated by the presence or absence of the
antibiotic. Hence, elimination of the site of β-lactam acylation
in the sensor domain did not result in the loss of the
autoproteolytic activity of BlaR1.
To document that the recombinant proteins expressed in

E. coli had a functional sensor domain, we evaluated acylation of
the different BlaR1 variants by the fluorescent penicillin Bocillin
FL, which would give rise to protein bands that would become
fluorescent upon binding to the antibiotic. After exposure of the
membrane protein preparation harboring the wild-type BlaR1
protein to Bocillin FL, both the full-length protein and the
major fragmentation product (36.6 kDa) were detected as
fluorescent bands, labeled with Bocillin FL (Figure 4). The
S389A mutant protein would not be expected to become
fluorescent, as the site of acylation by the antibiotic (S389) has
been mutated to alanine, which was exactly the case. The two
mutant variants in the ...H201EXXH... sequence motif (E202A
and H201A/H205A) showed largely the full-length version of
the protein, as the lack of the metal-binding site or of the amino
acid that promotes the hydrolytic water molecule eliminated
the opportunity for autolytic fragmentation. As a control
experiment, the purified recombinant surface domain, BlaRS,
was shown to bind to the same antibiotic with the attendant
detection of fluorescence. One notices additional bands in the
membrane preparations harboring the wild-type and mutant
versions of BlaR1, which are also present in membrane protein
preparations from cells harboring the empty expression vector
(lane pET); hence, they are not BlaR1-related. These additional
bands are due to penicillin-binding proteins of E. coli, which
also bind to the fluorescent penicillin Bocillin FL.24,25 Similar
results were obtained when whole cells were exposed to
Bocillin FL before cell lysis and the preparation of the
membrane protein fraction (Figure 4).
The expression of BlaR1 in the heterologous E. coli system

reported here, in the absence of other proteins from S. aureus,
also allowed us to document for the first time in vitro that
BlaR1 is able to degrade purified BlaI directly, with no
involvement of another intermediary protein (Figure 5A). The
proteolytic activity was abrogated upon incubation of BlaR1
with EDTA, which indicates that this activity is metal ion-
dependent (Figures 5B,C and 6). Furthermore, consistent with
the lack of inducibility of the BlaR1 autolytic activity upon
exposure to antibiotics, we did not see a difference between the
rate of BlaI degradation in the presence and absence of
antibiotic (Figure 6). No proteolytic activity was observed
when BlaI was incubated with E. coli membrane preparations
that lacked BlaR1. Importantly, the purified T7-BlaI was also
degraded in the presence of membranes from bacteria that
expressed S389A mutant BlaR1, and this activity was also
inhibited by treatment with EDTA (Figure 5A,B). The two
mutant variants at the ...H201EXXH... sequence motif (E202A
and H201A/H205A) resulted in a total lack of discernible pro-
cessing of BlaI, and no difference was observed in the presence
or absence of EDTA with these mutant proteins (Figure 5A−C).
The same results were obtained when nontagged wild-type BlaI
was used as the substrate (Figure 5D).
In this study, we document that the membrane protein BlaR1

from S. aureus is expressed in an active form in E. coli. In
addition, the data show that the same mutations that prevent
activation of the system in response to antibiotics in S. aureus
resulted in abrogation of the ability of BlaR1 both to
autoproteolyze and to degrade BlaI. Even though the bla

operon is constituted by three genes, experiments conducted in
S. aureus do not allow us to rule out the possibility that other
proteins could be involved in the activation cascade or that
other systems could be in cross-talk with the bla system. The
experiments reported here with wild-type BlaR1 and the
mutant variants expressed in E. coli membranes, in the absence
of other S. aureus proteins, allowed us to conclude that BlaR1
has an autoproteolytic activity, which is not enhanced by mere
acylation of the sensor domain by antibiotics, as is understood
to be the case presently. Last, but not least, we were able to
show that BlaR1 can directly act on BlaI and degrade it (metal
ion-dependent activity). Hence, no other S. aureus protein is

Figure 6. Proteolysis of T7.BlaI catalyzed by recombinant BlaR1.H6x
in the absence and presence of β-lactam antibiotics and inhibition of
proteolysis by preincubation of BlaR1.H6x with EDTA. (A)
Membrane preparations with recombinant BlaR1.H6x in the absence
of antibiotic or in the presence of 1 μM Bocillin FL were preincubated
in buffer A or buffer A supplemented with increasing concentrations of
EDTA (0.13, 1.3, and 13 mM) for 18 h at 15 °C and 220 rpm, prior to
incubation with T7.BlaI. (B) Membrane preparations with recombi-
nant BlaR1.H6x in the absence of antibiotic or in the presence of
20.6 μM CBAP were preincubated in buffer A or buffer A supplemented
with increasing concentrations of EDTA (0.13, 1.3, and 13 mM) for
18 h at 15 °C and 220 rpm, prior to incubation with T7.BlaI. (C)
Membrane preparations with recombinant BlaR1.H6x in the presence
of 1 μM Bocillin FL and E. coli membranes without BlaR1 [prepared
from E. coli BL21 Star(DE3) cells transformed with pET-24a(+)] in
the presence of 1 μM Bocillin FL (pET + Bocillin) were preincubated
in buffer A or buffer A supplemented with increasing concentrations of
EDTA (0.13, 1.3, and 13 mM) for 18 h at 15 °C and 220 rpm, prior to
incubation with T7.BlaI. The lane labeled Pef corresponds to
membranes preincubated with the protease inhibitor Pefabloc SC
(3 mM), which belongs to the family of sulfonyl fluorides that irreversibly
block serine proteases. In panels A−C, after the corresponding
treatment of the membranes with BlaR1, 50 ng of T7.BlaI was
incubated with the corresponding membrane preparation (40 μg of
total protein) for 2 h at 37 °C and 256 rpm. The proteins in the
samples were separated via SDS−PAGE in 15% gels, and T7.BlaI was
detected by Western blotting, using antibodies specific for the T7 tag.
Numbers on the right indicate the positions of migration of the
molecular mass markers (kilodaltons).
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involved in the process, because such a protein would be
unlikely to be present in the membrane of the unrelated
bacterium E. coli. We do not rule out the possibility of the
involvement of such a mediator in other steps in signal
transduction at this point. The recombinant BlaR1 in E. coli
merely did not show modulation of its metalloprotease activity
in response to the antibiotic. It is possible that this hypothetical
mediator, if present in S. aureus, would enhance the rates of
these processes in response to antibiotics (Figure 1).
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