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Abstract

Methicillin-resistant Staphylococcus aureus (MRSA), an important human pathogen, has evolved 

an inducible mechanism for resistance to β-lactam antibiotics. We report herein that the integral 

membrane protein BlaR1, the β-lactam sensor/signal transducer protein, is phosphorylated on 

exposure to β-lactam antibiotics. This event is critical to the onset of the induction of antibiotic 

resistance. Furthermore, we document that BlaR1 phosphorylation and the antibiotic-resistance 

phenotype are both reversed in the presence of synthetic protein kinase inhibitors of our design, 

restoring susceptibility of the organism to a penicillin, resurrecting it from obsolescence in 

treatment of these intransigent bacteria.
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Staphylococcus aureus is a broadly antibiotic-resistant Gram-positive bacterium. β-Lactam 

antibiotics were the drugs of choice for treatment of infection by S. aureus, but a variant of 

this organism, methicillin-resistant Staphylococcus aureus (MRSA) emerged in 1961, which 

exhibits resistance to the entire class of β-lactams. This organism has been a global clinical 

problem for over half a century. The molecular basis for the broad resistance of MRSA to β-

lactams, which is incidentally inducible, was traced to a set of genes within the bla and mec 
operons. The BlaR1 (or the cognate MecR1) protein is a β-lactam antibiotic sensor/signal 
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transducer, which communicates the presence of the antibiotic in the milieu to the cytoplasm 

in a process that is largely not understood (Fig. 1).1-3 Signal transduction leads to activation 

of the cytoplasmic domain of BlaR1 (or MecR1), a zinc protease,2,4 which turns over the 

gene repressor BlaI (or MecI) in derepressing transcriptional events that result in expression 

of antibiotic-resistance determinants, the class A β-lactamase PC1 and/or the penicillin-

binding protein 2a (PBP2a; Figure 1).5,6

An intriguing aspect of this system is its inducibility. Upon exposure to the antibiotic, the 

organism mobilizes. Once the antibiotic challenge is withdrawn, the system reverses itself. It 

was argued that on exposure to antibiotics the cytoplasmic domain of the BlaR1 protein 

undergoes autoproteolysis, which would unleash the activity of the protease domain in 

degradation of the gene repressor BlaI.2 We have found that this autoproteolytic processing 

takes place in the absence of antibiotic as well,4 therefore, we have argued that proteolysis 

leads to turnover of BlaR1 itself as an event in the reversal of induction.7 Hence, the 

question became what accounts for activation of the cytoplasmic domain toward degradation 

of BlaI in manifestation of the antibiotic-resistance response. We report herein that BlaR1 

experiences phosphorylation at a minimum of one serine and one tyrosine in the cytoplasmic 

domain on exposure to β-lactam antibiotics. We also document that inhibition of this 

phosphorylation by small molecules reverses the methicillin-resistant phenotype, rendering 

MRSA susceptible to β-lactam antibiotics.

We investigated phosphorylation of BlaR1 in strain S. aureus NRS128 (also designated as 

NCTC8325). This strain, which has the bla but not the mec operon, was grown in the 

absence or in the presence of 10 μg/mL CBAP (2-(2’-carboxyphenyl)-benzoyl-6-

aminopenicillanate), a good penicillin inducer of resistance.7 In a series of experiments that 

are outlined in the Methods section and in the Supporting Information, we document by 

western-blot analysis using anti-phosphotyrosine and anti-phosphoserine antibodies that the 

cytoplasmic domain of BlaR1 is phosphorylated at least on one tyrosine and one serine 

(Figures S1 and S2). The same experiment performed with an anti-phosphothreonine 

antibody documented the absence of threonine phosphorylation.

If phosphorylation of BlaR1 is important for the manifestation of resistance, could resistance 

to β-lactam antibiotics be attenuated (or reversed) in the presence of protein-kinase 

inhibitors? The strain NRS128, used above, was substituted with S. aureus MRSA252 (also 

known as USA200) for the following experiments. This strain exhibits high-level resistance 

to β-lactam antibiotics due to its expression of PBP2a. Its genome has been sequenced8 and 

it harbors the transposon Tn552, which encodes BlaR1. BlaR1 of MRSA252 has 99% 

sequence identity to that of NRS128. The minimal-inhibitory concentration (MIC) of 

oxacillin (a penicillin) against this strain is 256 μg/mL, consistent with high-level resistance. 

A protein-kinase inhibitor library of 80 known compounds was tested in a 96-well format 

against strain MRSA252 for this screening. We first determined MICs (broth microdilution 

method)9 for all the inhibitors in the library, in case some of them might have antibacterial 

properties of their own, which could complicate our analysis. Indeed, a few of these 

compounds did exhibit modest antibacterial activity and they were not studied further. 

Subsequently, we investigated the bacterial growth in the presence of oxacillin 

concentrations of 256 (MIC), 128 (½ MIC), and 64 (¼ MIC) μg/mL and one of two fixed 
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concentrations of the protein-kinase inhibitors without antibiotic properties (0.7 μg/mL or 7 

μg/mL). This rapid initial screening identified compound 1 as meeting the selection criteria 

of lowering the MIC for oxacillin, which was followed up by the actual evaluation of the 

MIC of oxacillin against S. aureus MRSA252 in the presence of the inhibitor. Inhibitor 1 at 

7 μg/mL gave a reproducible four-fold decrease in the MIC of oxacillin for S. aureus 
MRSA252. The MIC of the kinase inhibitor alone against the same organism was ≥64 

mg/mL.

Next, we tested the effect of exposure of CBAP-induced NRS128 to this kinase inhibitor. 

Cultures were induced with 10 μg/mL CBAP in the presence of 0, 7, or 17 μg/mL of 

compound 1. Whole-cell extracts of these bacteria were analyzed for BlaR1 phosphorylation 

by western blot using anti-Phos-Ser and anti-Phos-Tyr antibodies. Compound 1 inhibited 

both the phosphotyrosine and phosphoserine kinase activities by as much as 70-90% (Fig. 

S3). Hence, compound 1 lowered the degree of phosphorylation of BlaR1, which resulted in 

the lack of induction of the bla system in the presence of CBAP and at the same time the 

MIC for oxacillin was attenuated.

Compound 1 is a known mammalian serine/threonine-kinase inhibitor.10,11 That this 

compound inhibited the formation of phosphoserine and phosphotyrosine moieties in the 

BlaR1 protein was an important observation indicating that the kinase domain had a distinct 

structure that might make it a useful target for drug discovery. We undertook optimization of 

the structure of compound 1 for inhibition of the bacterial protein kinase(s) that 

phosphorylates BlaR1. A total of 70 structural variants of compound 1 were synthesized and 

tested.

Diversification at the imidazole C2 position was achieved using the methodology of 

Gallagher et al. for construction of imidazoles,12 as shown in Scheme 1. Briefly, compound 

2 was treated with LDA, followed by Weinreb amide 3, to give the ketone 4. This 

intermediate was then allowed to react with various benzaldehydes in the presence of 

copper(II) acetate and ammonium acetate to give a library of C2-modified imidazoles.

For diversification at C4 and C5, we used metal-catalyzed coupling to sequentially install the 

desired rings onto the imidazole (Scheme 1). Thus, tribromoimidazole derivative 513 was 

subjected to a Suzuki reaction with 4-isobutylphenylboronic acid to give C2-substituted 

imidazole 6. Suzuki reactions performed on 4,5-dibromoimidazoles such as 6 usually result 

in a mixture of mono- and di-coupled products.14 Therefore, 6 was converted to stannane 7 
by lithiation and quenching with tributyltin chloride. Stannane 7 smoothly underwent Stille 
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coupling15-17 with either 4-iodopyridine or 4-fluoroiodobenzene to give 8 and 9, 

respectively. These intermediates were then subjected to Suzuki reactions with arylboronic 

acids or potassium aryltrifluoroborate salts, followed by deprotection to give the desired 

imidazole analogues.

We evaluated the new imidazole analogues for their ability to lower the MIC of oxacillin 

against MRSA in the same manner as for the kinase-inhibitor library. In addition to 

MRSA252, we expanded our investigation to include strains NRS12318 and NRS70,19 both 

of which have 95% sequence identities between their BlaR1 proteins and that of NRS128. 

Interestingly, NRS123 encodes for a nonfunctional MecR1 protein and lacks the mecI gene, 

therefore PBP2a expression in this strain is regulated by the bla operon. The MIC values for 

oxacillin against the strains NRS123 and NRS70 are 16 and 32 μg/mL, respectively. Our 

inhibitors 10, 11, and 12 exhibited remarkable activity in lowering the MIC of oxacillin. 

Notably, compounds 10, 11, and 12 at 7 μg/mL are active across all three MRSA strains 

(Table 1). The MIC of each inhibitor by itself was >64 μg/mL across all three strains.

We then evaluated the ability of compounds 10, 11, or 12 to inhibit phosphorylation of 

BlaR1 at tyrosine residues in NRS70 extracts. The bacteria were grown with CBAP 

induction in the absence and presence of 0.7 μg/mL or 7 μg/mL compounds 10, 11, or 12, 

and analyzed by western blot using antibody against phosphotyrosine (Fig. 2A). The 

presence of 7 μg/mL inhibitor almost completely abolished tyrosine phosphorylation of the 

BlaR1 fragment in all cases. However, no inhibition of serine phosphorylation was seen with 

any of these synthetic compounds, even at 17 μg/mL (Fig. S4). This was in contrast to the 

case of the lead 1, which had inhibited both. This argues for the critical nature of tyrosine 

phosphorylation for regulation of BlaR1.

As we propose that phosphorylation activates the bla system, abrogation of phosphorylation 

should have an effect on expression of the resistance determinant(s). We have shown this to 

be the case in attenuation of the level of β-lactamase (product of the blaZ gene, Fig. 1). To 

document this, we monitored hydrolysis of the chromogenic β-lactam nitrocefin at A500 by 

the β-lactamase expressed in the CBAP-induced NRS70 culture media, according to the 

methodology reported previously.7 The initial rates of the reaction in the presence of 7 

μg/mL compound 10, 11, or 12 were normalized to the activity in the absence of inhibitor 

(Fig. 2B). As expected, the presence of compounds 10, 11, or 12 decreased the β-lactamase 

activity by ~70-80%, congruent with the MIC data and the western-blot analysis. However, 

we cannot rule out off-target effects of these compounds, as there exist other protein targets 

for phosphorylation, and inhibition of the kinase(s) responsible would also impair these 

processes.
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An observation by Tamber et al. that an stk1(pknB) gene knockout strain of the USA300 

strain showed lower MIC values for β-lactam antibiotics is of interest.20 The gene stk1 (also 

known as pknB) encodes a highly conserved broad-specificity protein kinase in S. aureus 
that phosphorylates its substrates on serine, threonine, or tyrosine.21,22 To confirm Stk1 is a 

protein target of the inhibitors in this study, we cloned the gene and expressed and purified 

Stk1 from S. aureus NRS70 (Fig. S5). We found that compounds 10, 11, and 12 inhibit Stk1 

autophosphorylation with IC50 values of 3.1 ± 0.8 μg/mL, 5 ± 1 μg/mL, and 6 ± 1 μg/mL, 

respectively. The compounds also inhibit phosphorylation of myelin-basic protein (MBP) by 

Stk1, with IC50 values of 2.1 ± 0.6 μg/mL, 4 ± 1 μg/mL, and 6 ± 1 μg/mL, respectively (Fig. 

S6).

We have shown in the present report that the BlaR1 protein of MRSA is phosphorylated in 

response to the challenge by β-lactam antibiotics, a step that is crucial in the signaling events 

leading to the induction of antibiotic resistance. The breadth of kinase/phosphatase-regulated 

processes in bacteria is likely vastly greater than is appreciated presently.23-25 This BlaR1 

study represents the first insight as to the molecular-level regulation of a key resistance 

pathway in an important human pathogen. The documentation that inhibition of 

phosphorylation by small molecules reverses the MRSA phenotype makes available a new 

strategy to bring β-lactam antibiotics back from obsolescence in treatment of this insidious 

organism.

METHODS

General procedure for synthesis of triarylimidazole analogues with variation at C2 of the 
imidazole ring (Method A)

A literature procedure was followed.12 Compound 4 (1.0 equiv.), the aldehyde (1.1 equiv.), 

Cu(OAc)2·H2O (0.3 equiv.), and NH4OAc (10 equiv.) were dissolved in AcOH (7.5 mL/

mmol 4), and the mixture was stirred at 110 °C for 1.5 h. The solution was then cooled to 

room temperature and was added to a mixture of conc. NH4OH (3× volume of AcOH used) 

and ice. After stirring for 10 minutes, the mixture was extracted with EtOAc, and the 

combined organic layer was washed with brine. The organic solution was dried over 

anhydrous Na2SO4, the suspension was filtered, and the solvent of the filtrate was removed 

in vacuo. Purification of the residue by flash chromatography gave the desired products in 

typical yields of 40-50%.

2-(4-tert-Butylphenyl)-4-(4-fluorophenyl)-5-(4-pyridyl)imidazole (10)

This product was synthesized by reacting 4 with 4-tert-butylbenzaldehyde according to 

Method A. Purification by flash chromatography (silica, 100% CH2Cl2 to 95:5 CH2Cl2/

MeOH) gave the product as a yellow powder (49%). 1H NMR (600 MHz, CD3OD) δ 1.37 

(s, 9H, C(CH3)3), 7.20 (t, 2H, J = 8.8 Hz, ArH), 7.52-7.56 (m, 6H, ArH), 7.93 (d, 2H, J = 8.8 

Hz, ArH), 8.43 (br s, 2H, ArH); 13C NMR (150 MHz, CD3OD) δ 31.8, 35.8, 117.0 (d, 2JCF 

= 21.3 Hz), 123.3, 125.7, 127.0, 127.1, 128.2, (d, 4JCF = 2.2 Hz), 129.3, 130.3, 132.2 

(d, 3JCF = 7.9 Hz), 143.5, 149.6, 150.3, 153.9, 164.4 (d, 1JCF = 246.8 Hz); HRMS (ESI): 

calcd for C24H23FN3 372.1871, found 372.1881 [MH]+.
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2-(4-Ethylphenyl)-4-(4-fluorophenyl)-5-(4-pyridyl)imidazole (11)

This product was synthesized by reacting 4 with 4-ethylbenzaldehyde according to Method 

A. Purification by flash chromatography (silica, 100% CH2Cl2 to 95:5 CH2Cl2/MeOH) gave 

the product as a yellow powder (48%). 1H NMR (600 MHz, CD3OD) δ 1.28 (t, 3H, J = 7.6 

Hz, CH3), 2.72 (q, 2H, J = 7.6 Hz, CH2), 7.21 (br s, 2H, ArH), 7.35 (d, 2H, J = 8.2 Hz, 

ArH), 7.53-7.55 (m, 4H, ArH), 7.91 (d, 2H, J = 8.2 Hz, ArH), 8.44 (br s, 2H, ArH); 13C 

NMR (150 MHz, CD3OD) δ 16.2, 29.9, 117.0 (d, 2JCF = 22.4 Hz), 123.3, 127.3, 128.5 

(d, 4JCF = 4.5 Hz), 129.4, 129.6, 132.3 (d, 3JCF = 7.9 Hz), 135.1, 143.6, 147.3, 149.7, 150.3, 

164.5 (d, 1JCF = 246.9 Hz); HRMS (ESI): calcd for C22H19FN3 344.1558, found 344.1572 

[MH]+.

2-(4-iso-Butylphenyl)-4-(4-fluorophenyl)-5-(4-pyridyl)imidazole (12)

This product was synthesized by reacting 4 with 4-iso-butylbenzaldehyde according to 

Method A. Purification by flash chromatography (silica, 100% CH2Cl2 to 96:4 CH2Cl2/

MeOH) gave the product as a yellow crystalline solid (49%). 1H NMR (600 MHz, CD3OD) 

δ 0.94 (d, 6H, J = 6.8 Hz, CH2CH(CH3)2), 1.92 (nonet, 1H, J = 6.8 Hz, CH2CH(CH3)2), 

2.56 (d, 2H, J = 6.8 Hz, CH2CH(CH3)2), 7.21 (t, 2H, J = 7.8 Hz, ArH), 7.30 (d, 2H, J = 8.2 

Hz, ArH), 7.53-7.55 (m, 4H, ArH), 7.91 (d, 2H, J = 8.2 Hz, ArH), 8.43 (br s, 2H, ArH); 13C 

NMR (150 MHz, CD3OD) δ 22.9, 31.6, 46.3, 117.0 (d, 2JCF = 22.4Hz), 123.3, 127.1, 128.6, 

129.3, 129.6, 130.4, 130.9, 132.3 (d, 3JCF = 7.9 Hz), 143.6, 144.7, 149.7, 150.2, 164.4 

(d, 1JCF = 248.0 Hz); HRMS (ESI): calcd for C24H23FN3 372.1871, found 372.1860 [MH]+.

Detection of BlaR1 phosphorylation in presence of antibiotic

As we had disclosed in a recent publication on fragmentation of BlaR1 during the course of 

induction, we detect a cleavage at position S283-F284 of BlaR1.7 This proteolytic cleavage 

cuts the BlaR1 protein into two fragments of roughly equal sizes (approx. 30-31 kDa). 

Zhang et al. identified another fragmentation site nearby, namely R293-R294.2 In order to 

process these protein samples for identification of the phosphorylation sites, Staphylococcus 
aureus NRS128 was grown in LB media to OD625 = 0.7, then was allowed to grow an 

additional three hours at 37 °C in the absence or presence of 10 μg/mL CBAP, a good 

inducer of the bla system. Extracts were prepared as previously described7 in buffer 

containing 50 mM Tris pH 7.5, 150 mM NaCl, 2 mM EDTA, 0.55% SDS, 2.5% Triton 

X-100, and Halt Protease and Phosphatase Inhibitor Cocktail (Thermo Scientific, Waltham, 

MA, U.S.A.) and analyzed by western blot using antibodies against phosphothreonine, 

phosphotyrosine, and phosphoserine. A ~30 kDa protein band was detected by the 

phosphotyrosine and phosphoserine specific antibodies only in cell extracts of S. aureus 
cells grown with CBAP (Figure S1). This band was not detected by the phosphothreonine 

antibody.

Initially, we had an abundance of Protein A and other immunoglobulin-binding proteins 

detected in the western blot, which ran in the range of 40-60 kDa and precluded 

visualization of the full-length BlaR1. To overcome this, we subsequently cleared all S. 
aureus extracts of Protein A and other immunoglobulin-binding proteins by incubation with 

IgG Sepharose (GE Healthcare, Little Chalfont, UK) for 1-2 h at room temperature with 

gentle agitation. After a brief centrifugation, the total protein in the supernatant was 
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quantified by a BCA assay and 20 μg was loaded onto an 11% SDS-PAGE gel. Following 

electrophoresis, samples were transferred to a nitrocellulose membrane in a 10 mM CAPS 

(pH 11) buffer containing 10% methanol. Membranes were blocked in 3% BSA for 

phosphoserine blots or Blotto (3% BSA, 3% milk in TBS) for phosphotyrosine blots. HRP-

conjugated primary antibody was applied in either 1% BSA/TBST (phosphoserine, Abcam, 

Cambridge, UK) or 1.1% milk/TBST (phosphotyrosine, 4G10 Platinum, EMD Millipore, 

Billerica, MA, U.S.A.). Phosphoserine blots were developed with Pierce ECL Substrate 

(Thermo Scientific) and phosphotyrosine blots were developed with SuperSignal West Dura 

Extended Duration Substrate (Thermo Scientific), then exposed to X-ray film for an 

appropriate amount of time (30-600 s).

Monitoring β-lactamase expression by nitrocefin assay

The media from CBAP-induced cultures grown in the absence or presence of 7 μg/mL 

compounds 10, 11, or 12 was separated from the cells by centrifugation at 3200 g, at 4 °C 

for 30 min. The absorbance of hydrolyzed chromogenic nitrocefin was monitored at 500 nm 

at room temperature for 5 min by adding 100 μM nitrocefin to 1 mL culture media. The 

initial rates of the reactions were determined by linear regression and the activity was 

normalized to the activity in the absence of inhibitor to give % activity.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
The bla system includes the β-lactam-antibiotic sensor/signal transducer protein BlaR1, 

which is acylated by the β-lactam antibiotics in the extracellular sensor domain (BlaRS). 

This initiates signal transduction through the membrane to the proteolytic domain (BlaRcyt), 

which autoproteolyzes at S283-F284. The BlaI repressor protein binds to the bla operon, 

which is comprised of genes that encode BlaI, BlaR1, and the PC1 β-lactamase (blaZ). 

Degradation of BlaI by the cytoplasmic protease domain of BlaR1 leads to derepression and 

transcription of the genes. BlaR1 is phosphorylated on the cytoplasmic side in response to 

the exposure of S. aureus to β-lactam antibiotics. The cognate mec operon encodes the 

corresponding MecI (gene repressor), MecR1 (antibiotic sensor/signal transducer) and 

PBP2a (penicillin-binding protein 2a, the antibiotic-resistance determinant).
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Figure 2. 
The effect of compounds 10, 11, or 12 on BlaR1 tyrosine phosphorylation and β-lactamase 

activity. (a) Whole-cell extracts of NRS70 after induction with CBAP in the absence or 

presence of 0.7 or 7 μg/mL compounds 10, 11, or 12 were cleared of Protein A and other 

immunoglobin-binding proteins by incubation with IgG Sepharose and analyzed by western 

blot using antibodies against phosphotyrosine. (b) β-Lactamase activity of the culture media 

after induction with CBAP in the absence or presence of 7 μg/mL compounds 10, 11, or 12.
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Scheme 1. 
Synthesis of imidazole analogues with (a) C2 and (b) C4/C5 diversifications of the 

imidazole.
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Table 1

MIC values of oxacillin (μg/mL) against MRSA strains in the absence and in the presence of inhibitors 10-12 
(7 μg/mL)

Strain No inhibitor 10 11 12

MRSA252 256 2 16 4

NRS123 16 8 4 4

NRS70 32 4 0.5 0.5
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