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Abstract

The expression of the gene products in many methicillin-resistant Staphylococcus aureus (MRSA)
strains is regulated by the gene repressor Blal. Here we show that Blal is a mixture of monomer
and dimer at in vivo concentrations, binds to the operator regions preferentially as a monomeric
protein, and the measured dissociation constants and in vivo concentrations account for the basal
level transcription of the resistance genes. These observations for the first time provide a
quantitative picture for the processes that take place in the cytoplasm that lead to the induction of
antibiotic resistance factors to counter the challenge by p-lactams.

A problematic bacterial strain was identified in 1961 shortly after the introduction of the
second-generation penicillins to the clinic, which has since come to be known as methicillin-
resistant Staphylococcus aureus (MRSA) (1-3). MRSA remains to the present day as a
global scourge (4-8). A collection of acquired genes in MRSA confers resistance to virtually
all known B-lactam antibiotics. An inducible and highly regulated system in MRSA, known
as the bla operon, manifests its antibiotic resistance mechanisms by expression of the PC1 p-
lactamase (the product of the blaZ gene) and/or a unique penicillin-binding protein, PBP2a
(the product of the mecA gene). Expression of the PC1 B-lactamase is governed by a
membrane-bound B-lactam sensor/signal transducer protein, BlaR1, which senses the
presence of the antibiotic in the milieu and regulates transcription of the antibiotic resistance
genes, including its own (i.e., blaR1) (9-14). This regulation is via derepression of the
requisite genes by the proteolytic activity of the cytoplasmic domain of BlaR1 (15). It
degrades the gene repressor Blal (blal gene product), which leads to transcription of the
genes blal, blaR1 and blaz (Figure 1). The influence of Blal on gene transcription is central
in manifestation of the deleterious MRSA phenotype, a process that is the subject of
investigation in this report.

We amplified by PCR the blal gene of plasmid pl258 from S. aureus NRS128 (NCTC 8325)
and cloned it in plasmid pET-24a(+). The protein Blal was expressed and purified to
homogeneity (Supporting Information). The bla operator consists of two distinct binding
sites for the repressor, referred to as the R1 dyad (which is upstream of the blaR1 gene) and
the Z dyad (located upstream of the blaZ gene; Figure 1).

The R1 dyad contains an 18-bp palindrome, while the Z dyad contains an 18-bp imperfect
palindrome (16). A 13-bp linker separates the two dyads. We synthesized three pieces of
double-stranded DNA, corresponding to the full-length bla operator and the individual R1
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and Z dyads. One strand in each case was tagged by fluorescein at the 5’-end to make it
suitable for fluorescence anisotropy measurements on binding to Blal. The single-stranded
synthetic DNA pieces were purified by HPLC, before annealing with their partner strands
for use in anisotropy experiments. With these reagents in hand, we were poised to evaluate
interactions of the gene repressor with the regulatory regions of the bla operator.

Sedimentation equilibrium experiments showed that Blal is present in solution as both
monomeric and dimeric species, with a dissociation constant, Ky, of 1.61 £0.02 uM for the
monomer-dimer equilibrium (Supporting Information). Subsequently, we evaluated the
concentrations of Blal in living MRSA strains S. aureus NRS70 and NRS128. The results
were similar for both strains, with Blal concentrations of 2.3-6.4 uM (NRS128) and 1.3-3.6
UM (NRS70) in the cells at the exponential phase of growth and of 0.98-2.7 uM (NRS128)
and 0.75-2.1 mM (NRS70) in the stationary phase (Supporting Information). The
approximately three-fold range for these in vivo determinations is a factor of the measured
radii for S. aureus cells, which vary as much as 1.4-fold (17; 18). When this difference in
radii is taken to the power of three in calculation of the cell volume, the difference amplifies
to approximately three-fold. Based on the dimerization dissociation constant and the total
concentration of Blal in S. aureus, 45-70% of Blal in the exponential growth phase and 59—
78% in the stationary phase exist in the monomeric form. In the case of MRSA strains
exposed to the penicillin CBAP, a high resistance inducer (19; 20). we could not detect by
Western blotting the presence of any intact Blal, nor any accumulated fragments thereof.
This finding indicates that Blal is turned over effectively by the protease action of the
cytoplasmic domain of BlaR1 on exposure of the organism to the antibiotic.

Next, we evaluated binding of the purified Blal to the operator region of the bla operon by
fluorescence anisotropy (Figure 2). The anisotropy data were fit using equations derived for
different models (Supporting Information), taking into account the possibility of binding of
Blal as a monomer and/or dimer. The best fits were achieved for binding of Blal to the given
DNA stretch as a monomer (Kq1), as a second monomer binding to the complex of DNA-
Blal monomer (Kgp), and as a Blal dimer binding to DNA (Kg43)(Table 1). From the
consideration of the in vivo concentrations of Blal that we reported above and from the
results shown in Table 1, it is obvious that the Blal monomer binding to any of these
stretches of DNA is favorable. Furthermore, binding of the dimer to the Z dyad (that
controls transcription of the blaZ gene) alone or to the full-length operator appears to be
very favorable. The in vivo Blal concentrations would appear to disfavor largely the
possibility of the second monomer binding (the Ky, event), although in the case of the full-
length operator this might play a limited role in vivo (Table 1). Regardless, the in vitro
binding studies of Fig. 2, which were not limited by the in vivo concentrations of Blal,
indicate an influence on the change in DNA anisotropy for the full-length operon, as
revealed by a more favorable (among the three dsDNA pieces) Ky component. It is
important to note that the data did not fit to models of simultaneous binding of two Blal
monomers to any of the dSDNA or of simultaneous binding of two dimers to the two sites of
the full-length operator.

In S. aureus NRS128, the bla operon is present in the low-copy plasmid pl1258 (~5 copies
per cell) (21), for which we estimate the in vivo concentration at 5-15 nM, based on the
aforementioned variability of the cell radii. This in vivo determination, in conjunction with
the dissociation constants of Blal and dsDNA and the in vivo concentrations of Blal that we
disclosed above, indicates that the system has evolved to be exquisitely responsive to small
fluctuations of the Blal concentration, which is modulated by the proteolytic activity of
BlaR1, once exposed to the antibiotic in the milieu. That is to say, proteolysis of a small
fraction of Blal within the cytoplasm would liberate a sufficient amount of the DNA from
repression to allow manifestation of antibiotic resistance. Our simulations of these
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parameters based on the three binding equilibria that are operative simultaneously and the in
vivo Blal concentrations revealed that as much as 10% of the DNA should be uncomplexed
by Blal within MRSA in the absence of antibiotic. The implication of this observation is that
these genes should be “leaky”, indicating that they would undergo a basal level of
transcription, in the absence of antibiotic. This is exactly what is seen (16;22).

A different situation was observed for binding of Blal from Bacillus licheniformis to the
three operator sequences in the bla operon of the same organism (23). In this case, no Blal
monomer.DNA complex was observed in band shift assays. Furthermore, the dissociation
constants that were evaluated were in the low nanomolar range, hence tighter binding. The
total Blal concentration in B. licheniformis is 1.9 uM (23), similar to the concentrations that
we measure for Blal in S. aureus, but the dimer/monomer dissociation constant in B.
licheniformis was evaluated at 25 pM, much larger than that of S. aureus, which indicates
that Blal is present mainly as monomer in the cytoplasm of B. licheniformis. The absence of
Blal monomer.DNA complex indicates that in B. licheniformis two favorable sequential
events of monomer binding to DNA have to occur with a high degree of cooperativity (23),
which was observed. Based on our disclosure here, the situation in S. aureus is different,
which reveals the evolution of distinct regulatory systems in these two bacterial genera.

Whereas the structure of Blal bound to the bla operator DNA is not known to date, the X-
ray structure of the Blal dimer in complex with a 32-bp dsDNA corresponding to the mec
palindromic operator has been solved (24). One difficulty in elucidating the structure of the
monomer complex with DNA is that the concentrations of Blal and DNA needed for
crystallization are well above the dissociation constants for formation of the dimer.DNA
complex (Kq2 and Kg3), and hence the prevailing complex under the crystallization
conditions would be the dimer.DNA complex.

As stated previously, the parameters here described for binding of Blal to the two sequences
in the operator region indicate a basal level of transcription of the bla operon in S. aureus
which is critically important for the formation of sufficient Blal to maintain transcriptional
regulation and of sufficient BlaR1 and minimal B-lactamase as vanguards against the initial
exposure to the antibiotic. Once exposure to the antibiotic takes place, the protease domain
of BlaR1 is unleashed by its activation—through an unknown mechanism—for degradation
of Blal, which derepresses the genes to allow full-blown production of BlaR1 and the -
lactamase to meet the challenge of the antibiotic. To put it succinctly, Blal in MRSA has
evolved for its relatively poor ability to bind to the bla operon (nanomolar to micromolar)—
in contrast to the case of the B. licheniformis—positioning the system just on the threshold
of derepression of the genes that it controls.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
The sensor and repressor proteins of the bla operon are involved in the onset of p-lactam
resistance in MRSA.
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Figure 2.

Fluorescence anisotropy measurement of Blal binding to DNA. The lines show the
corresponding fits to the model shown in Scheme 1, where the equilibrium between Blal
monomer and dimer is characterized by Kq. The equations used are described in Supporting
Information. The panel on the right is the same as the image on the left panel, except that the
plot is given for a more narrow concentration range.
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Ky
DNA+M <~ DNAM

Koo
DNAM+M == DNA.D

K3
DNA+D < DNAD
Scheme 1.

Model for Blal binding to DNA. Designations M and D denote Blal monomer and dimer,
respectively.
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Table 1

Binding of Blal to dsSDNA. Dissociation constants obtained from the fit of the anisotropy data to the model
presented in Scheme 1. The anisotropy data were fit using equation E1, shown in Supporting Information.

Kai (UM)  Kgz (M) Kgz (UM)

R1 dyad 08+0.1 20+1 10+2
Z dyad 0.05+0.04 10.7+0.3 03+0.3
R1-Zdyads 0.45+0.07 26+0.1 0.72+0.07
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