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Abstract: 18 

The quinazolinones are a new class of antibacterials with in vivo efficacy against methicillin-19 

resistant Staphylococcus aureus (MRSA). The quinazolinones target cell-wall biosynthesis and 20 

have a unique mechanism of action by binding to the allosteric site of penicillin-binding protein 21 

(PBP)2a. We investigated the potential for synergism of a lead quinazolinone with several 22 

antibiotics of different classes using the checkerboard and time-kill assays. The quinazolinone 23 

synergized with β-lactam antibiotics. The combination of the quinazolinone with the commercial 24 

piperacillin-tazobactam showed bactericidal synergy at sub-minimal-inhibitory concentrations of 25 

all three drugs. We demonstrated the efficacy of the triple-drug combination in a mouse MRSA 26 

neutropenic thigh-infection model. The proposed mechanism for the synergistic activity in 27 

MRSA involves inhibition of the β-lactamase by tazobactam, which protects piperacillin from 28 

hydrolysis, which can then inhibit its target PBP2. Furthermore, the quinazolinone binds to the 29 

allosteric site of PBP2a triggering the allosteric response. This leads to the opening of the active 30 

site, which in turn binds another molecule of piperacillin. In other words, PBP2a, which is not 31 

normally inhibited by piperacillin, becomes vulnerable to inhibition in the presence of the 32 

quinazolinone. The collective effect is the impairment of cell-wall biosynthesis, with bactericidal 33 

consequence. Two crystal structures for complexes of the antibiotics with PBP2a provide support 34 

for the proposed mechanism of action. 35 

 36 

  37 
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INTRODUCTION 38 

Methicillin-resistant Staphylococcus aureus (MRSA) is a significant public health threat. 39 

Every year 275,000 individuals in the United States are hospitalized with MRSA infections, 40 

resulting in 19,000 annual deaths (1). A major β-lactam-resistance determinant of MRSA is the 41 

mecA gene encoding penicillin-binding protein (PBP)2a (2). Activity of PBP2a is regulated by 42 

allostery (3-5).  The enzyme exhibits a sheltered active site (4, 6). However, interactions at the 43 

allosteric site by peptidoglycan, the major component of the cell wall, triggers a conformational 44 

change that opens the active site for a different peptidoglycan strand to enter it and undergo the 45 

cell-wall crosslinking reaction (4, 5). In the absence of an allosteric trigger, the active site is 46 

inaccessible to β-lactam antibiotics, rendering them obsolete in treatment of infections. The need 47 

for new antibiotics or antibiotic combinations remains high in the light of the global crisis on 48 

antibiotic resistance (7-9).  49 

The quinazolinones are a new class of orally bioavailable anti-MRSA antibacterials with in 50 

vivo activity (10). Compound 1 (Fig. 1) exhibits a minimal-inhibitory concentration (MIC) of 2 51 

µg/ml against MRSA NRS70, a volume of distribution of 0.3 l/kg, low clearance of 6.87 52 

ml/min/kg, a terminal half-life >20 h, absolute oral bioavailability of 50%, and showed efficacy 53 

in the mouse peritonitis model of infection (10). We demonstrated by X-ray crystallography that 54 

compound 1 binds to the allosteric site of PBP2a, whereby it facilitated conformational changes 55 

that resulted in opening of the active site  (10). In addition, compound 1 inhibits PBP1, an 56 

essential PBP for cell division in S. aureus (11). We recently reported on the structure-activity 57 

relationship for the quinazolinone class of antibacterials by evaluation of 77 synthetic analogs 58 

(12). A lead quinazolinone (compound 2; Fig. 1) has an MIC of 0.25 µg/ml against MRSA 59 

NRS70, a large volume of distribution of 3.58 l/kg, a terminal half-life of 6.5 h, low clearance of 60 

6.4 ml/min/kg, absolute oral bioavailability of 37%, and shows better efficacy than compound 1 61 

in the mouse neutropenic thigh-infection model (12). In this report, we investigated the 62 

synergism of compound 2 with β-lactam and non-β-lactam antibiotics. We have found that 63 

compound 2 synergized in combination with piperacillin (PIP) and tazobactam (TZB) and that it 64 

showed efficacy in the mouse neutropenic thigh model of MRSA infection.  65 

 66 

 67 

 68 
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MATERIALS AND METHODS  69 

 70 

Reagents. The antibiotics used in the study included oxacillin, cefepime, imipenem, 71 

meropenem, vancomycin, gentamicin, azithromycin, doxycycline, tazobactam (Sigma-Aldrich, 72 

St. Louis, MO), piperacillin (TCI, Portland, OR) and linezolid (AmplaChem Inc, Carmel, IN). 73 

The lead quinazolinone (compound 2) was synthesized as the sodium salt in our laboratory using 74 

methodology reported earlier (12).  75 

Microorganisms. MRSA strains NRS22, NRS70 (N315), NRS123 (MW2), NRS100 (COL), 76 

NRS119, NRS249, NRS384 (USA300), NRS386, NRS387, NRS483, NRS484, NRS714, VRS1, 77 

VRS2, VRS4 and methicillin-sensitive S. aureus (MSSA) strains NRS72, NRS77, NRS112 and 78 

NRS128 were obtained through the Network on Antimicrobial Resistance in Staphylococcus 79 

aureus (NARSA). ATCC29213 was purchased from American Type Culture Collection (ATCC, 80 

Manassas, VA). (Table 1) 81 

MIC determination. The MICs of compound 2 against these organisms were determined in 82 

cation adjusted Mueller-Hinton II broth (CAMHB-II, Becton Dickinson and Co., Sparks, MD) 83 

using the microdilution technique according to the Clinical Laboratory Standards Institute 84 

(CLSI) guidelines (13). The experiments were done in triplicate. 85 

Checkerboard assay. Compound 2 was tested against a panel of β-lactams and non-β-lactam 86 

antibiotics with ten MRSA strains and five MSSA  strains, to assess synergistic interactions 87 

using the checkerboard assay in 96-well plates (Corning Incorporated, Corning, NY), as 88 

described earlier (14). The fractional-inhibitory concentration (FIC) index was calculated for 89 

each combination per the methodology of Eliopoulos and Moellering (15). An FIC index of ≤0.5 90 

was considered synergistic, >0.5 to <2 indifferent, and >2 antagonistic. The experiments were 91 

done in triplicate.  92 

Time-kill assay. The synergistic combinations found using the checkerboard assays were 93 

further validated with time-kill assays performed in triplicate in CAMHB-II, as per the 94 

methodology of Eliopoulos and Moellering (15). The assay was done in 5-ml tubes and 95 

compound 2 was tested at 1x, 0.5x and 0.25x MIC in combination with PIP at 0.5x, 0.25x and 96 

0.125x MIC. Compound 2 at the above concentrations was also tested with the piperacillin-97 

tazobactam (TZP) combination at 8:1 ratio. The TZP combination was tested at 0.5x and 0.25x 98 

MIC of the combination for the strains used. A control tube with no antibiotic was also included. 99 
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Synergy was defined as a ≥2-log10 decrease in CFU/ml between the combination and its most 100 

active constituent after 24 h, and if the colony count in the combination was ≥2 log10 CFU/ml 101 

below the starting inoculum. 102 

Electron microscopy studies. Bacteria in mid-exponential growth phase were treated 103 

overnight with 4x MIC of compound 2, 0.25x MIC of TZP, and the triple combination at the 104 

same concentrations. Following incubation, the cells were washed with PBS (3x) and applied 105 

onto poly-L-lysine (Santa Cruz Biotechnology, Dallas, TX) coated microglass coverslips 106 

(Electron Microscopy Sciences, Hatfield, PA) and incubated for 15 min. The cells were fixed for 107 

1 h with 2% gluteraldehyde, followed by washing with sodium cacodylate buffer at pH 7.4. The 108 

samples were fixed with 1% osmium tetroxide for 1 h and rinsed (3x) in buffer. The samples 109 

were then put through a graded ethanol series for dehydration, followed by critical-point drying. 110 

The slides were then mounted on scanning electron microscopy (SEM) stubs and sputter-coated 111 

with iridium to a thickness of 5 nM. Microscopy and imaging were done using the Magellan 400 112 

XHR Scanning Electron Microscope (FEI, Hillsboro, OR). 113 

PBP2a expression and purification. The mecA gene was cloned and was expressed, 114 

followed by purification of PBP2a to homogeneity as reported previously (4).  115 

PBP1 expression and purification. A gene for PBP1 was cloned without the sequence for 116 

the first 64 amino acids based on our sequence alignment with the related S. pneumoniae PBP2x. 117 

This gene was amplified by PCR and ligated into the multiple-cloning site of pET24a(+) 118 

designated pET24a-PBP1
N
; the recombinant plasmid was used to transform E. coli BL21 (DE3) 119 

for overexpression, followed by induction and protein purification of the N-terminal truncated 120 

PBP1. An overnight culture of E. coli BL21 (pET24a-PBP1
N
) (10 ml) was used to inoculate 1 l 121 

of LB-kanamycin (50 μg/mL) and grown at 37 °C with shaking (190 rpm) until the OD600 122 

reached 0.5 (approximately 3 h). Expression was induced with a final concentration of 0.5 mM 123 

isopropyl-ß- -thioglactopyranoside (IPTG) and shaking at 16 °C overnight (approximately 18 h). 124 

Cells were harvested by centrifuging at 4,700 g for 35 min at 4 °C and the pellet was 125 

resuspended in 25 mM HEPES buffer, pH 8.0, 150 mM NaCl (buffer A). The cells were lysed by 126 

mechanical means with 10 x 2-min cycles of sonification on ice and the debris pelleted by 127 

centrifugation at 20,200 g for 45 min at 4 °C. The supernatant (lysate) was loaded onto an S-128 

sepharose column (2.5 × 50 cm; 160 ml High S support resin) equilibrated with buffer A at 3 129 

ml/min. Proteins were eluted with a linear gradient of 0.15-1.00 M NaCl using buffer B (25 mM 130 
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HEPES, 1 M NaCl, pH 7.0) at 1 ml/min in 500 ml. The fractions containing the recombinant 131 

PBP1 (determined by SDS-PAGE) were combined and concentrated using a 10,000 MW-cut off 132 

centrifugal filter device to a final volume of 3 ml. The concentrate was loaded onto a Sephacryl 133 

S-200 size-exclusion column (2.5 x 100 mm; 300 ml Sephacryl S-200) with a syringe. Proteins 134 

were eluted with 300 ml buffer B at 1 ml/min. The fractions containing pure PBP1 (determined 135 

by SDS-PAGE) were combined and concentrated using a 10,000 MW-cut off centrifugal filter 136 

device.  137 

Bocillin FL competition assays. Active-site binding Bocillin FL to PBP1 was assayed as 138 

previously described (10). Briefly, a 1-µM solution of purified PBP1 was pre-incubated with 139 

varying concentrations of compound 2 for 10 min at 37 °C, at which point Bocillin FL (Life 140 

Technologies, Grand Island, NY) was added to a final concentration of 20 µM and incubated for 141 

an additional 10 min. The reaction mixture was quenched by addition of SDS-sample buffer and 142 

boiling before analyzing by SDS-PAGE. The fluorescence signal was quantified, plotted against 143 

compound 2 concentration, and the data were fit by non-linear regression using a previously 144 

reported equation (16). 145 

Intrinsic fluorescence assay. Allosteric-site binding affinity was determined using an 146 

intrinsic fluorescence assay, as previously reported (17). Briefly, purified PBP2a was allowed to 147 

react with 500 μM oxacillin for 45 min at room temperature in order to irreversibly (and 148 

covalently) block the active site, followed by removal of excess oxacillin using a protein-149 

desalting column. The acylated protein was quantified by intrinsic fluorescence using a Varian 150 

Cary Eclipse Fluorescence Spectrophotometer (Agilent Technologies, Santa Clara, CA) 151 

monitoring the excitation at 280 nm and scanning the emission from 300-425 nm. The decrease 152 

in the maximum fluorescence was quantified relative to the buffer control and plotted versus 153 

compound 2 concentration. Each experiment was performed in triplicate and the averaged data 154 

were fit by non-linear regression. Assays were performed in 25 mM HEPES buffer, pH 7.0, with 155 

1 M NaCl. 156 

Animals. Female ICR mice (6-8 weeks old, 20-25 g body weight, Harlan Laboratories, Inc., 157 

Indianapolis, IN) were housed in polycarbonate shoeboxes with bedding consisting of ¼-inch 158 

corncob (The Andersons Ind., Maumee, OH) and Alpha-Dri (Shepherd Specialty Papers, Inc., 159 

Richland, MI). Mice were maintained on a 12-h light/dark cycle at 72 °F and were given Teklad 160 

2918 irradiated extruded rodent diet and water ad libitum. All procedures were performed in 161 
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accordance with and with approval by the University of Notre Dame Institutional Animal Care 162 

and Use Committee. 163 

Neutropenic thigh infection study. The efficacy of the triple combination of compound 2 164 

with TZP compared to the individual compounds was evaluated in a mouse neutropenic thigh 165 

infection model (18). Briefly, mice (n = 8 mice per group) were rendered neutropenic by 166 

intraperitoneal treatment with 100 µl of a 50 mg/ml solution of cyclophosphamide (Alfa Aesar, 167 

Haverhill, MA, corresponding to 200 mg/kg), on days -4 and -1 prior to the infection. A bacterial 168 

inoculum of 0.1-ml of MRSA strain NRS70 at a final concentration of approximately 10
6
 169 

CFU/ml in brain-heart infusion broth was injected intramuscularly into the right thigh of all the 170 

animals. The infected animals were treated with either vehicle (5% DMSO, 25% Tween-80, 70% 171 

water), 40 mg/kg of compound 2, 24 mg/kg-3 mg/kg of TZP or a combination of compound 2 172 

and TZP. The drugs were administered subcutaneously (three doses) every 8 h starting 1 h after 173 

the infection. The animals were euthanized 24 h later (8 h after the last dose) and the infected 174 

thighs were harvested aseptically for bacterial counts. The uninfected thigh and terminal blood 175 

were also collected to measure drug levels.  176 

Statistical analysis. Statistical analysis was done using the Mann Whitney U test on 177 

Graphpad Prism 5.0 (GraphPad Software Inc., San Diego, CA).  178 

Dose preparation. Compounds were dissolved in 5% DMSO/25% Tween-80/70% water 179 

(vehicle) at the required concentrations. For subcutaneous injections, all the compounds were 180 

filter-sterilized using nylon membranes (0.2 µm, Pall Life Sciences, Port Washington, NY).  181 

Drug levels in plasma and thigh.   A 50-µl aliquot of plasma was quenched with 100 µl of 182 

internal standard in acetonitrile to precipitate protein. Control mouse plasma (50 µl) was spiked 183 

with standards of each compound (compound 2, PIP, and TZB) ranging from 0.05 µg/ml to 40 184 

µg/ml and quenched with 100 µl of internal standard in acetonitrile. Samples and standards were 185 

then centrifuged for 10 min at 12,000 g. The uninfected thighs were cut into small pieces and 186 

homogenized in an equivalent volume of acetonitrile containing internal standard and were 187 

centrifuged at 12,000 g for 20 min. Plasma and thigh supernatants were analyzed using a Waters 188 

Acquity Ultra Performance Liquid Chromatograph (UPLC, Waters Corp., Milford, MA) coupled 189 

with a triple quadrupole mass spectrometer (TQD, Waters, Milford, MA) with multiple reaction 190 

monitoring (MRM).  191 
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Mass Spectrometry. Acquisition parameters were as follows: Kinetex C18 column (2.6 μm, 192 

75mm x 2.1 mm), electrospray ionization positive mode (ESI
+
), flow rate 0.4 ml/min, capillary 193 

voltage 4 kV, cone voltage 30 V, and collision voltage 25 V. The solvent program was as 194 

follows: 90% A-10% B for 2 min, 6-min linear gradient to 10% A-90% B, hold for 2 min, where 195 

A is 0.1% formic acid-water and B is 0.1% formic acid-acetonitrile. The methods were linear 196 

between 0.05 and 40 μg/ml (R
2
 = 0.99) for compound 2. Multiple-reaction monitoring transitions 197 

were 393→274 for compound 2, 518→143 for PIP, 301.0→168.0 for TZB, and 300→93 for 198 

internal standard. Concentrations in the unknown plasma and thighs were determined using 199 

standard curve regression parameters relative to internal standard. 200 

Crystallization. Native PBP2a crystals were obtained by the sitting-drop vapor diffusion 201 

method at 4 ºC by mixing 1 µl of protein solution and 1 µl of precipitant solution containing 20% 202 

(w/v) PEG 1000, 880 mM NaCl, 100 mM HEPES buffer at pH 7.0, and 16 mM CdCl2. Drops 203 

were equilibrated against 150 µl of precipitant in the reservoir chamber. The complex of PBP2a 204 

with compound 2 and PIP, in the allosteric and the active sites, respectively (PBP2a:2:PIP, 205 

Complex 1), was obtained by the soaking of PBP2a crystals in the precipitant solution and 1 mM 206 

compound 2 for 8 h, then crystals were transferred into a solution containing the precipitant 207 

solution, 1 mM compound 2, and 4 mM PIP for 3.5 h. Complex 2 (PBP2a:PIP obtained in the 208 

presence of compound 2) was obtained by soaking PBP2a crystals in the precipitant solution 209 

containing 2 mM compound 2 for 10 min, followed by soaking into a solution with mother 210 

liquor, 2 mM compound 2, and 4 mM PIP for 15 min.  211 

Data collection, structure determination, and structure refinement. All crystals were 212 

cryo-protected in a 70:30 (v/v) mixture of paratone/paraffin oil before flash cooling at 100 °K. 213 

Datasets were collected using synchrotron radiation at beamline XALOC of the ALBA 214 

synchrotron (Barcelona, Spain) using a Pilatus 6M detector and were indexed and integrated 215 

using XDS (19) and AIMLESS (20). 216 

X-ray diffraction dataset for Complex 1 were collected using a wavelength of 0.979257 Å 217 

and diffracted up to 2.50 Å resolution. Crystals belonged to the orthorhombic space group 218 

P212121, with cell dimensions of a=81.17 Å, b=102.88 Å, and c=187.37 Å, and present two 219 

molecules in the asymmetric unit. The Complex 2 dataset were collected using a wavelength of 220 

0.979260 Å and diffracted up to 2.82 Å resolution. Crystals belonged to the orthorhombic space 221 
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group P212121 with cell dimensions of a=80.71 Å, b=105.01 Å, and c=185.62 Å, with two 222 

molecules in the asymmetric unit.  223 

The structures of both complexes were solved by the molecular-replacement method using 224 

the coordinates of the PBP2a native structure (PDB code 1VQQ) as the search model. The 225 

rotational and translational searches were performed using PHASER (21) followed by manual 226 

modeling using COOT (22)  and refined with PHENIX (23). All the statistics for data processing 227 

and refinement are showed in Supplemental Table 1. In Complex 1, the electron-density map 228 

allowed modeling of complete PBP2a molecules, a molecule of PIP at the active site, and a 229 

molecule of compound 2 at the allosteric site. However, the electron-density map for compound 230 

2 does not allow unambiguous orientation of the molecule at the allosteric site and was then 231 

removed from the model. In Complex 2, the electron density map allowed modeling of the 232 

complete PBP2a molecule in one chain, while the other presented disorder in the 2-3 loop, 233 

two molecules of PIP were found bound to the active sites of both chains. No electron density 234 

was found for compound 2 at the allosteric site in Complex 2. 235 

Results and Discussion 236 

Strains and the values of MICs. Several strains of S. aureus were tested against compound 237 

2 and vancomycin (Table 1). MICs for compound 2 ranged from 0.03 to 1 µg/ml, while those of 238 

vancomycin were 1-64 µg/ml (Table 1). Of the five methicillin-sensitive strains used in the 239 

study, ATCC 29213 (24), NRS72, NRS112, and NRS128 (NCTC8325), are β-lactamase-positive 240 

strains (25). The COL strain (NRS100) is the only β-lactamase-negative MRSA used in the 241 

study; it constitutively expresses mecA owing to the non-functional mecI-mecR system (26). 242 

While the COL strain is homogenously resistant to oxacillin, N315 (NRS70) is a prototype 243 

MRSA strain with heterogeneous resistance to oxacillin; this strain has an inducible mecA with 244 

the wild type mecI-mecR sequences (27, 28), and it is also β-lactamase-positive. In light of the 245 

fact that both resistance determinants are expressed in this strain, we selected it for use in our 246 

animal-infection models.  247 

Checkerboard assays. Checkerboard assays were carried out to assess the potential for 248 

synergistic activity of compound 2 with some of the commonly used antibiotics. Initially we 249 

tested three bacterial strains (MRSA strains NRS70 and NRS123, and the MSSA strain NRS128) 250 

against a panel of β-lactam and non β-lactam antibiotics. Compound 2 synergized with the β-251 
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lactams oxacillin (OXA), piperacillin (PIP), and imipenem (IPM) in NRS70 and NRS123 with a 252 

marginal FIC of 0.5 (Fig. 2). With cefepime (FEP) and meropenem (MEM), synergy was 253 

observed only in the strain NRS70. Combinations of compound 2 with non-β-lactam antibiotics 254 

(Figure 2) were indifferent. No synergy was observed in the MSSA strain NRS128. 255 

Subsequently we evaluated the checkerboard assay of compound 2 with an additional eight 256 

strains of MRSA and four strains of MSSA with OXA, PIP, IPM, and MEM. Compound 2 257 

synergized with PIP in all the MRSA strains, while synergy with OXA and IPM was observed 258 

only in six of eight MRSA strains. Synergy with MEM was seen only in one of the eight MRSA 259 

strains (Fig. S1). The transglycosylase activity of PBP2 is essential for peptidoglycan synthesis 260 

(29) and PIP inhibits the transpeptidase activity of PBP2. As we will outline below, compound 2 261 

binds to PBP1 and PBP2a. Thus, a PIP-compound 2 combination would inhibit the 262 

transpeptidase activity of PBPs 1, 2, and 2a, which we hypothesized would have a bactericidal 263 

effect. In order to determine if this combination shows bactericidal synergy in MRSA strains, we 264 

decided to further analyze the combination using time-kill assays.  265 

Time-kill assays. Compound 2 was tested at 1x, 0.5x and 0.25x MIC in combination with 266 

PIP at 0.5x, 0.25x, and 0.125x MIC. The combination of compound 2 at 0.5x MIC with PIP at 267 

0.5x MIC was better than either compound by itself but showed no significant bactericidal 268 

synergy (Fig. 3A). The combination of 2 and PIP at 0.25x and 0.125x MIC, respectively, was 269 

clearly antagonistic at 24 h. Bacteriostatic drugs such as 2 inhibit cell division without killing the 270 

bacteria, forcing them into stationary phase. Therefore, a bactericidal drug such as PIP is unable 271 

to act on non-growing cells, a phenomenon described as drug indifference (30), which might 272 

explain this observation. Earlier studies have also shown that antibiotics, especially β-lactams, 273 

are ineffective against dormant or non-growing S. aureus (31). These bacteria also produce β-274 

lactamase that is inducible and hydrolyzes PIP, which inactivates the antibiotic (32). At lower 275 

concentrations of PIP, we hypothesize that β-lactamase expression would be induced and able to 276 

effectively counter the action of PIP.  277 

Therefore, we decided to add tazobactam (TZB), a β-lactamase inhibitor, to the combination. 278 

PIP is a broad-spectrum penicillin and in combination with TZB  the spectrum of activity 279 

increases to include β-lactamase-producing organisms (32). PIP-TZB (TZP) was maintained at 280 

an 8:1 ratio, which is the clinically used ratio of the drug (33). For the time-kill assays, TZP 281 

concentrations were maintained at 0.5x MIC (32-4 µg/ml) for the strains tested. With the NRS70 282 
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strain, bactericidal synergy (>3-log reduction in CFU/ml) was observed when compound 2 as 283 

low as 0.25x MIC was combined with TZP (Fig. 3B). For NRS123, bactericidal synergy was 284 

observed at 0.5x MIC (Fig. 3C). For USA300, bactericidal synergy was observed only at 1x MIC 285 

of compound 2 in combination with TZP (Fig. 3D). In all three cases, ≥3 log reduction in colony 286 

counts was observed. The addition of TZB inhibits β-lactamase, allowing PIP to bind and inhibit 287 

PBP2. Additionally we tested NRS100, a β-lactamase negative MRSA strain, in time-kill assays 288 

(Fig. 3E). Synergy was observed with 0.5x MIC of compound 2 and 0.5x MIC of PIP, without 289 

the addition of TZB. Hence, this experiment supports the assertion that TZB serves as β-290 

lactamase inhibitor, as would be expected. 291 

Scanning electron microscopy. The morphological changes in the bacterial cells due to 292 

treatment with the triple combination of compound 2 with TZP were evaluated by SEM. MRSA 293 

NRS70 were imaged first (Fig. 4A), before the cells were exposed to the antibiotics. At the tested 294 

concentrations, no discernable damage to bacteria was observed with the bacteriostatic agent 295 

compound 2 (Fig. 4B) or with TZP (Fig. 4C) by itself. However, cell lysis was observed in the 296 

samples treated with the triple combination (Fig. 4D, white arrows).  297 

Quinazolinone binding assays for PBP1 and PBP2a. We had previously shown that 298 

compound 1 inhibits the allosteric site and also binds to PBP1 active site by intrinsic 299 

fluorescence and Bocillin FL assays, respectively (10). Binding of compound 2 to the allosteric 300 

site of PBP2a was assessed by intrinsic fluorescence quenching of purified PBP2a. For this 301 

assay, the active site of PBP2a was covalently modified first with long exposure to high 302 

concentration of oxacillin (17). The dissociation constant (Kd) for binding of compound 2 to the 303 

allosteric site of PBP2a in the oxacillin-PBP2a acylenzyme complex was determined at 7.4 ± 1.0 304 

µg/ml, which was similar to that for compound 1 of 6.9 ± 2.0 µg/ml (10). We also investigated 305 

inhibition of PBP1 by compound 2 using Bocillin FL, (34) a fluorescent penicillin.  In this assay, 306 

compound 2 competes with Bocillin FL, a covalent modifier of the active sites of PBPs. 307 

Compound 2 inhibits PBP1
N
 with an IC50 value of 38.6 ± 9.9 µg/mL, which is above the MIC of 308 

compound 2. We had previously found that compound 1 inhibits PBP1 of S. aureus ATCC 309 

29213, an MSSA strain, membrane preparations with an IC50 value of 78 ±23 µg/mL (10). The 310 

higher IC50 values relative to MIC can be explained by competition with a covalent modifier 311 

(Bocillin FL) of the active site compared to the noncovalent inhibitors compounds 1 and 2. In 312 

addition, the membrane environment or the presence of partner proteins might be necessary to 313 



 12 

give an IC50 value near the MIC range. Nevertheless, the results show that compound 2 binds to 314 

the allosteric site of PBP2a and to PBP1. 315 

Neutropenic thigh infection. We had shown that the triple combination of compound 2 with 316 

TZP was bactericidal by time-kill assays (Fig. 3B, 3C, and 3D). In order to assess the efficacy of 317 

the triple combination in vivo, we conducted a murine neutropenic thigh-infection study. The 318 

compounds were administered subcutaneously 1 h after the infection by strain NRS70 and two 319 

additional doses were given at 9 h and 17 h; the doses were selected from pharmacokinetic 320 

studies. The infected thighs were harvested and the bacterial density was quantified. Compared 321 

to the vehicle, the bacterial count in compound 2-treated mice was 0.78 log lower (p > 0.05), 322 

whereas the TZP-treated group was 1.02 log lower (Fig. 5). The triple combination-treated group 323 

had the bacterial density lowered by 2.12 log compared to the vehicle group (p < 0.001), 1.34 log 324 

lower than compound 2 by itself (p < 0.001) and 1.1 log lower than TZP by itself (p < 0.01). 325 

These results clearly indicate that the triple combination of compound 2 with TZP is efficacious 326 

in vivo.  327 

Concentrations of compound 2 at 8 h after the last dose were 9.24 ± 3.19 µg/ml in plasma 328 

and 3.94 ± 3.19 µg/g in the thighs in mice (n = 8 mice per group) that were given compound 2. 329 

In the triple-drug combination, concentrations of compound 2 were 9.92 ± 4.40 µg/ml and 2.85 ± 330 

2.00 µg/g in plasma and thighs, respectively. Concentrations of PIP and TZB in all groups were 331 

below the limit of quantification (0.1 µg/ml for PIP and 0.5 µg/ml for TZB) at 8 h after the last 332 

dose, consistent with the reported half-lives of 1 h (35). 333 

Crystal structures of antibiotic complexes with PBP2a. We have not succeeded in 334 

crystallizing PBP1 to date, but we have done so for PBP2a. The crystal structure of the ternary 335 

complex PBP2a:2:PIP complex (Complex 1) was solved at 2.5 Å resolution (Table S1). Best 336 

crystals were obtained by overnight soaking of native PBP2a crystals into a mother liquor 337 

containing 1 mM compound 2 and then soaking for 3.5 h into a mother liquor containing 1 mM 338 

compound 2 and 4 mM PIP. The structure of Complex 1 identifies compound 2 within the 339 

allosteric site and PIP covalently bound to the active site (Fig.6 and Fig. S2A). Acylation of the 340 

catalytic S403 by PIP is observed together with movement (compared with the apo state) of 2-341 

3 loop containing the gatekeeper residue Y446, with the attendant creation of a network of 342 

hydrogen bonds with the active-site residues to accommodate PIP (Fig. 6). Previously observed 343 

changes at the 3 and the N-terminus of 2 (where catalytic serine is located) are also seen, in 344 
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particular the twist in the 3 strand that has been observed in all other complexes with -lactams 345 

(4, 36), which was attributed to the sequence of events leading to serine acylation by the 346 

antibiotic (36). We observed density in the allosteric site that can be mapped to compound 2. The 347 

bulk of the compound is seen within the density, with the exception of the ethynylphenyl group 348 

at 5 o’clock (Fig. S2A), which is a mobile element within the complex.  349 

Different crystallographic experiments were performed in which soaking times were 350 

decreased for both compound 2 and PIP. The crystal structure of PBP2a:PIP (Complex 2) (Fig. 351 

S2B) was obtained after 10 min soaking with compound 2 (2 mM) and then 15 min additional 352 

soaking with PIP (4 mM, see methods). In Complex 2 there was no electron density for 353 

compound 2 at the allosteric site, however PIP was clearly identified attached to the catalytic 354 

S403 (Fig. S2B) in both monomers (chains A and B) of the asymmetric unit. This result indicates 355 

that even short incubation times with compound 2 were sufficient to promote opening of the 356 

active site of PBP2a to allow binding by PIP. In order to further validate the effect of compound 357 

2 in PIP inhibition, the same crystallization experiment yielding Complex 2 was performed by 358 

keeping the concentration and incubation times for PIP the same (4 mM and 15 min), but in the 359 

absence of compound 2. Diffraction data sets collected for these crystals were consistent with 360 

that of the apo conformation for PBP2a with the unoccupied active site in the closed 361 

conformation. This finding further validates that the presence of compound 2 is necessary for 362 

access to the active site by PIP, per the allosteric model.  363 

Complex 2 presents unique structural features with relevant mechanistic implications. As 364 

previously mentioned, both chains show PIP attached to S403. However, the protein backbone 365 

for Complex 2 presents larger deviations from the apo structure and from Complex 1 (Fig. S3). 366 

Consistent with the concept of allosteric triggering by compound 2, chain A in Complex 2 367 

presents the lid covering the active site, the 2-3 loop, and a segment of the helix 3 368 

completely disordered (residues 417-457) (Fig. S3). PIP in Complex 2 shows a small number of 369 

hydrogen-bond interactions (Fig. S3) compared with PIP in Complex 1 (Fig. 6). There is no twist 370 

in the 3 strand, despite S403 of Complex 2 seen acylated by PIP (Fig. S4). Therefore, Complex 371 

2 represents an intermediate state during allosteric rearrangement and stabilization of the 372 

covalently bound -lactam at the active site. This complex reveals that the observed twist in the 373 
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3 strand on acylation is likely produced during accommodation of the antibiotic within the 374 

active site after acylation. 375 

Mechanism of action and concluding remarks. Our proposed mechanism of action is 376 

summarized in Fig. 7. TZP is a clinically approved combination drug against β-lactamase-377 

producing organisms. However, the combination is ineffective against MRSA strains that harbor 378 

PBP2a, since PIP—and most other β-lactams—cannot inhibit this PBP. Compound 2 is a 379 

quinazolinone antibiotic that targets staphylococcal PBPs and inhibits bacterial growth. Although 380 

the quinazolinone by itself is bacteriostatic in vitro, when compound 2 at concentrations as low 381 

as 0.25x MIC is combined with PIP (an inhibitor of PBP2) and TZB (a β-lactamase inhibitor) 382 

bactericidal synergy is observed (Fig. 3B). Compound 2 also binds to the allosteric site of PBP2a 383 

and triggers opening of the active site, which then becomes accessible for binding by PIP. The 384 

activation of PBP2a is documented in microbiological experiments and by X-ray crystallography 385 

in the present work. We also document that compound 2 binds to PBP1, which further 386 

complements the inhibition of PBP2 by PIP. In the MRSA NRS70 strain used in our in vivo 387 

experiment, TZB functions to protect PIP from being hydrolyzed by the class A β-lactamase.  388 

We found that the triple combination of quinazolinone 2 with TZP shows efficacy both in 389 

vitro and in a clinically relevant mouse infection model. With this strategy, β-lactam antibiotics 390 

can be resurrected from obsolescence for clinical use in synergistic combinations (37) with sub-391 

inhibitory concentrations of newer antibiotics. This strategy mitigates the complications 392 

associated with emergence of resistance in preserving antibiotics for clinical use. 393 

 394 

  395 
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Tables and Figures 396 

Table 1: MIC values of compound 2 against a panel of Staphylococcus aureus strains 397 

Strain HA/CA 
SCC 

type 
PFGE type 

MIC (µg/mL) 

2 VAN 

VRS4
a
 HA IV USA100 0.25 64 

NRS22
b
 HA II USA600 0.25 8 

NRS386 HA/CA IV USA700 0.125 1 

NRS387 Pediatric IV USA800 0.125 1 

NRS483 CA IV USA1000 0.25 1 

NRS484 CA IV USA1100 0.125 1 

NRS714 HA IV USA800 0.125 2 

NRS249 HA IV 
Isolated from 

France 
0.125 2 

NRS70 

(27, 28) 
HA II USA100 0.25 1 

NRS123 

(38) 
CA IV USA400 0.125 2 

VRS1
a
 

(39) 
HA II USA100 1 64 

VRS2
a
 

(39) 
HA II USA100 0.25 32 

NRS384 

(27, 40) 
CA IV USA300 0.03 1 

NRS100 

(26) 
 I  0.25 2 

NRS119
c
 

(41) 
HA IV  0.125 1 

ATCC29213
d 

(24) 

MSSA Standard quality control 

strain used in laboratory 
0.03 1 

NRS72
 d

 

(42) 

MSSA476; hypervirulent community 

acquired; USA400 
0.06 1 
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NRS77 
MSSA (RN1); Derived from 

NCTC8325 blaZ negative 
0.125 1 

NRS112
 d

 
MSSA (MN8); High density 

pathogenic variant 
0.03 1 

NRS128
d
 

(25) 

MSSA derived from NCTC8325; 

blaZ positive 
0.5 1 

a 
Vancomycin resistant strain; 

b
 heteroVISA strain; 

c
 Linezolid resistant strain with MIC of 32 398 

µg/mL against linezolid; 
d
 β-lactamase positive MSSA strains. References are given in 399 

parentheses. ATCC 29213 was obtained from American type culture collection (ATCC) and all 400 

the other strains were obtained from BEI resources. HA- hospital acquired; CA- community 401 

acquired 402 

 403 

 404 

Figures 405 

 406 

 407 

 408 

FIG 1 Chemical structures of quinazolinones 1 and 2. 409 

 410 
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  411 
FIG 2 Checkerboard assay to assess the interactions of compound 2 with β-lactams and non-β-412 

lactam antibiotics against three Staphylococcus aureus strains. Synergy was seen only in MRSA 413 

strains (NRS70 and NRS123, both strains produce PBP2a) and with β-lactams, such as oxacillin, 414 

piperacillin, imipenem, meropenem and cefepime. NRS128 is a MSSA strain. OXA, oxacillin; 415 

PIP, piperacillin; IPM, imipenem; MEM, meropenem; FEP, cefepime; VAN, vancomycin; DOX, 416 

doxycycline; GEN, gentamicin; LZD, linezolid; AZM, azithromycin. 417 

 418 
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 419 

 420 

 421 

 422 

 423 

FIG 3 Time-kill assays with compound 2 in combination with PIP and TZP.  (A), Combination 424 

of compound 2 at 0.5x MIC with PIP at 0.5x MIC in MRSA NRS70 showed no significant 425 

bactericidal synergy, while the combination with PIP at 0.25x and 0.125x MIC was clearly 426 

antagonistic. The orange line represents PIP at 0.5x MIC and the purple lines represent 427 

combination of compound 2 at 0.5x MIC with PIP at 0.5x (solid line), 0.25x (dashed line) and 428 

0.125x (dotted line). (B), Compound 2 at 0.5x MIC (solid line) and 0.25x MIC (dashed line) in 429 

combination with TZP at 0.5x MIC in MRSA NRS70. (C), Compound 2 at 0.5x MIC in 430 

combination with TZP at 0.5x MIC in MRSA NRS123. (D), Compound 2 at 0.5x MIC (solid 431 

line) and 1x MIC (dashed line) MIC in combination with TZP at 0.5x MIC in MRSA USA300. 432 

(E), Compound 2 at 0.5x MIC in combination with 0.5x MIC of PIP in NRS100 (COL) strain, a 433 

β-lactamase negative MRSA strain. 434 

 435 

 436 

 437 

 438 

 439 
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 440 

FIG 4 Compound 2 in combination with TZP damages MRSA NRS70, as documented by SEM. 441 

(A), Control cells without antibiotic treatment. (B), Cells treated with compound 2 at 4x MIC 442 

overnight. (C), Cells treated with TZP at 0.25x MIC. (D), Cells treated with the triple 443 

combination of compound 2 with TZP. Magnification is 35,000x. Scale bar is 2 µm. 444 

 445 

 446 

 447 

 448 

 449 

 450 

  451 
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  452 

 453 

 454 

 455 

 456 

FIG 5 Compound 2 in combination with TZP shows efficacy in the neutropenic thigh infection 457 

model. Mice (n = 8 per group) were infected intramuscularly on the right thigh with MRSA 458 

strain NRS70 (10
5
 CFU per thigh). Three doses of compound 2 (40 mg/kg), TZP (32 mg/kg of 459 

TZB and 4 mg/kg of PIP), triple combination, or vehicle were administered subcutaneously 460 

starting at 1 hour after infection and every 8 hours, for a total of three doses.  The triple 461 

combination of compound 2 with TZP was significantly better than either compound 2 (p 462 

<0.001) or TZP (p < 0.01) by itself. Mean ± SEM; * p < 0.05, ** p < 0.01, *** p < 0.001 by 463 

Mann Whitney U test with two tails. 464 

 465 

 466 
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 467 

 468 

 469 

 470 

FIG 6 Three-dimensional structure of the ternary complex PBP2a:2:PIP (Complex 1). Molecular 471 

surface of Complex 1 with compound 2 and PIP in spheres (yellow and orange for carbon atoms 472 

respectively). Right, detailed view of residues interacting with ligands at allosteric and active 473 

sites. Polar contacts represented as dotted lines. 474 

  475 
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  476 

 477 

 478 

FIG 7 Proposed mechanism of action of the triple combination of compound 2 and TZP.  479 

Inhibition of β-lactamase (BlaZ) by TZB protects PIP from hydrolysis (*PIP = hydrolyzed PIP). 480 

Intact PIP by itself cannot bind to PBP2a as the active site is closed (PDB code: 1VQQ). 481 

Compound 2 binds to PBP2a and triggers the allosteric response of the enzyme (PDB code: 482 

4CJN), opening the active site to binding by PIP (ternary complex; present work), which shuts 483 

down cell-wall biosynthesis by this enzyme. In addition, compound 2 binds to PBP1 to interfere 484 

with cell-wall biosynthesis. PIP can also inhibit the bifunctional PBP2 and prevent cell-wall 485 

crosslinking by the enzyme. The concurrent inhibition of PBP1, PBP2a, PBP2, and β-lactamase 486 

results in bactericidal synergy. The functional domains are indicated as TP (transpeptidase) and 487 

GT (glycosyltransferase); PIP, piperacillin, TZB, tazobactam.  488 

  489 
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Supplemental Tables and Figures 490 

 491 

 492 

 493 

 494 

 495 

 496 

 497 

 498 

 499 

 500 

 501 

 502 

 503 

 504 

 505 

 506 

 507 

 508 

 509 

 510 

 511 

 512 

 513 

 514 

 515 

 516 

 517 

 518 

 519 

Supplemental Table 1. Crystallographic Data
*
. 

 PBP2a:2:PIP 

(Complex 1) 

PBP2a:PIP 

(Complex 2) 

Data Collection 

Statistics 

  

Wavelength (Å) 0.979257 0.979260 

Space group P 21 21 21 P 21 21 21 

a, b, c (Å) 81.17,102.88,187.37 80.71,105.01,185.62 

Α β γ 90,90,90 90,90,90 

Resolution range 

(Å) 

49.50-2.50 (2.58-2.50) 46.41-2.82 (2.92-2.82) 

Unique reflections 55031 (5419) 38700 (3819) 

Completeness (%) 99.77 (99.76) 99.61 (99.58) 

Multiplicity 13.1 (13.3) 8.7 (8.7) 

CC1/2 0.99 (0.82) 0.99 (0.83) 

Rpim 0.032 (0.49) 0.025 (0.68) 

Avg. I/σ (I) 15.9 (1.5) 11.4 (1.0) 

Refinement 

Statistics 

  

Resolution range 

(Å) 

49.50-2.50 46.41-2.82 

Rwork/Rfree 0.22/0.29 0.26/0.30 

No. atoms   

Protein 10227 9888 

Water 111 112 

Ligand 97 93 

Root-Mean-Square 

Deviations 

  

Bond length (Å) 0.010 0.007 

Bond angles (deg) 1.36 1.29 

Ramachandran 

favored/outliers (%) 

94.9/0.7 93.2/0.4 

Residues in the AU 1275 1234 

PDB code 6Q9N 6H5O 
*  

Values between parentheses correspond to the highest resolution shell 
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 520 

FIG S1 Checkerboard assay to assess the interactions of compound 2 with four β-lactam 521 

antibiotics against four additional MSSA strains (A-D) and eight additional MRSA strains (E-L). 522 

Compound 2 synergized with PIP in all the MRSA strains (FIC ≤ 0.5). With OXA and IMP 523 

synergy was observed in six MRSA strains, whereas with MEM synergy was seen only in one 524 

MRSA strain. No synergy was observed in MSSA strains. OXA, oxacillin; PIP, piperacillin; 525 

IPM, imipenem; MEM, meropenem 526 
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 528 

 529 

FIG S2 Electron-density maps for (A), PBP2a:2:PIP (Complex 1) and (B), PBP2a:PIP (Complex 530 

2). 2Fo-Fc maps contoured at 1 for electron-density maps of active-site ligands, and at 0.8 for 531 

compound 2 at the allosteric site. Two rotating aromatic rings in panels A (right image) and 532 

panel B (left image) are outside the electron density. 533 

 534 

 535 

 536 

FIG S3 Three-dimensional structure of PBP2a: PIP (Complex 2). (A), Chain A; arrow indicates 537 

the position where the 2—3 loop would be located. Right, detailed view of residues 538 

interacting with PIP at the active site. (B), Chain B. 539 
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 541 

 542 

FIG S4 Stereoview showing structural changes in 3 strand (residues 597-602) observed in 543 

PBP2a:PIP (Complex 2, C2) versus PBP2a:2:PIP (Complex 1, C1) and apo structure (PDB code 544 

1VQQ). In Complex 2 the twist of the 3 strand, observed in Complex 1 and in all other reported 545 

PBP2a complexes with -lactams, is not fully developed. While G599 moves away from the apo 546 

conformation to avoid clashes with the carboxylate moiety of PIP, residue T600, forming the 547 

conserved oxyanion hole with S403, is present in Complex 2 at 1.3 Å from the final position in 548 

Complex 1. 549 

 550 

FUNDING INFORMATION 551 

This work was supported by grant AI116548 (to M.C.) and AI104987 (to S.M.) from the 552 

National Institutes of Health and by grant BFU2017-90030-P from the Spanish Ministry of 553 

Science, Innovation and Universities (to J.A.H.). R.B. was supported by training grant 554 

T32GM075772 and by an individual Ruth L. Kirschstein National Research Service Award 555 

F31AI115851 from the National Institutes of Health. The SEM work was partially supported by 556 

the University of Notre Dame Integrated Imaging Facility. 557 

 558 

ACNOWLEDGEMENTS 559 

We thank Tatyana Orlova for assistance with SEM imaging and the staff from the ALBA 560 

Synchrotron Facility for help during crystallographic data collection. 561 

 562 

  563 



 27 

References 564 

1. Klein E, Smith DL, Laxminarayan R. 2007. Hospitalizations and deaths caused by 565 

methicillin-resistant Staphylococcus aureus, United States, 1999-2005. Emerg Infect Dis 566 

13:1840-1846. 567 

2. Katayama Y, Ito T, Hiramatsu K. 2000. A new class of genetic element, 568 

staphylococcus cassette chromosome mec, encodes methicillin resistance in 569 

Staphylococcus aureus. Antimicrob Agents Chemother 44:1549-1555. 570 

3. Fuda C, Hesek D, Lee M, Morio K, Nowak T, Mobashery S. 2005. Activation for 571 

catalysis of penicillin-binding protein 2a from methicillin-resistant Staphylococcus 572 

aureus by bacterial cell wall. J Am Chem Soc 127:2056-2057. 573 

4. Otero LH, Rojas-Altuve A, Llarrull LI, Carrasco-Lopez C, Kumarasiri M, 574 

Lastochkin E, Fishovitz J, Dawley M, Hesek D, Lee M, Johnson JW, Fisher JF, 575 
Chang M, Mobashery S, Hermoso JA. 2013. How allosteric control of Staphylococcus 576 

aureus penicillin binding protein 2a enables methicillin resistance and physiological 577 

function. Proc Natl Acad Sci U S A 110:16808-16813. 578 

5. Mahasenan KV, Molina R, Bouley R, Batuecas MT, Fisher JF, Hermoso JA, Chang 579 

M, Mobashery S. 2017. Conformational Dynamics in Penicillin-Binding Protein 2a of 580 

Methicillin-Resistant Staphylococcus aureus, Allosteric Communication Network and 581 

Enablement of Catalysis. J Am Chem Soc 139:2102-2110. 582 

6. Lovering AL, Gretes MC, Safadi SS, Danel F, de Castro L, Page MG, Strynadka 583 

NC. 2012. Structural insights into the anti-methicillin-resistant Staphylococcus aureus 584 

(MRSA) activity of ceftobiprole. J Biol Chem 287:32096-32102. 585 

7. Dodds DR. 2017. Antibiotic resistance: A current epilogue. Biochem Pharmacol 586 

134:139-146. 587 

8. WHO. 2014. Antimicrobial resistance: global report on surveillance 2014.  World Health 588 

Organization, Geneva,  589 

9. Tyers M, Wright GD. 2019. Drug combinations: a strategy to extend the life of 590 

antibiotics in the 21st century. Nat Rev Microbiol 17:141-155. 591 

10. Bouley R, Kumarasiri M, Peng Z, Otero LH, Song W, Suckow MA, Schroeder VA, 592 

Wolter WR, Lastochkin E, Antunes NT, Pi H, Vakulenko S, Hermoso JA, Chang M, 593 
Mobashery S. 2015. Discovery of antibiotic (E)-3-(3-carboxyphenyl)-2-(4-594 

cyanostyryl)quinazolin-4(3H)-one. J Am Chem Soc 137:1738-1741. 595 

11. Pereira SF, Henriques AO, Pinho MG, de Lencastre H, Tomasz A. 2007. Role of 596 

PBP1 in cell division of Staphylococcus aureus. J Bacteriol 189:3525-3531. 597 

12. Bouley R, Ding D, Peng Z, Bastian M, Lastochkin E, Song W, Suckow MA, 598 

Schroeder VA, Wolter WR, Mobashery S, Chang M. 2016. Structure-Activity 599 

Relationship for the 4(3H)-Quinazolinone Antibacterials. J Med Chem 59:5011-5021. 600 

13. Clinical Laboratory Standards Institute. CLSI. 2012. Methods for Dilution 601 

Antimicrobial Susceptibility Tests for Bacteria That Grow Aerobically. Wayne, PA. 602 

14. Janardhanan J, Meisel JE, Ding D, Schroeder VA, Wolter WR, Mobashery S, 603 

Chang M. 2016. In Vitro and In Vivo Synergy of the Oxadiazole Class of Antibacterials 604 

with beta-Lactams. Antimicrob Agents Chemother 60:5581-5588. 605 

15. Eliopoulos GM, Moellering, R.C., Jr. 1996. Antibiotics in laboratory medicine, 4th ed. 606 

Williams & Wilkins, Baltimore, Maryland. 607 



 28 

16. Dzhekieva L, Kumar I, Pratt RF. 2012. Inhibition of bacterial DD-peptidases 608 

(penicillin-binding proteins) in membranes and in vivo by peptidoglycan-mimetic 609 

boronic acids. Biochemistry 51:2804-2811. 610 

17. Fishovitz J, Rojas-Altuve A, Otero LH, Dawley M, Carrasco-Lopez C, Chang M, 611 

Hermoso JA, Mobashery S. 2014. Disruption of allosteric response as an unprecedented 612 

mechanism of resistance to antibiotics. J Am Chem Soc 136:9814-9817. 613 

18. Craig WA, Andes DR. 2008. In vivo pharmacodynamics of ceftobiprole against multiple 614 

bacterial pathogens in murine thigh and lung infection models. Antimicrob Agents 615 

Chemother 52:3492-3496. 616 

19. Kabsch W. 2010. Xds. Acta Crystallogr D Biol Crystallogr 66:125-132. 617 

20. Evans PR, Murshudov GN. 2013. How good are my data and what is the resolution? 618 

Acta Crystallogr D Biol Crystallogr 69:1204-1214. 619 

21. McCoy AJ, Grosse-Kunstleve RW, Adams PD, Winn MD, Storoni LC, Read RJ. 620 

2007. Phaser crystallographic software. J Appl Crystallogr 40:658-674. 621 

22. Emsley P, Lohkamp B, Scott WG, Cowtan K. 2010. Features and development of 622 

Coot. Acta Crystallogr D Biol Crystallogr 66:486-501. 623 

23. Afonine PV, Grosse-Kunstleve RW, Echols N, Headd JJ, Moriarty NW, 624 

Mustyakimov M, Terwilliger TC, Urzhumtsev A, Zwart PH, Adams PD. 2012. 625 

Towards automated crystallographic structure refinement with phenix.refine. Acta 626 

Crystallogr D Biol Crystallogr 68:352-367. 627 

24. Soni I, Chakrapani H, Chopra S. 2015. Draft Genome Sequence of Methicillin-628 

Sensitive Staphylococcus aureus ATCC 29213. Genome Announc 3. 629 

25. Boudreau MA, Fishovitz J, Llarrull LI, Xiao Q, Mobashery S. 2015. Phosphorylation 630 

of BlaR1 in Manifestation of Antibiotic Resistance in Methicillin-Resistant 631 

Staphylococcus aureus and Its Abrogation by Small Molecules. ACS Infect Dis 1:454-632 

459. 633 

26. Lemaire S, Fuda C, Van Bambeke F, Tulkens PM, Mobashery S. 2008. Restoration 634 

of susceptibility of methicillin-resistant Staphylococcus aureus to beta-lactam antibiotics 635 

by acidic pH: role of penicillin-binding protein PBP 2a. J Biol Chem 283:12769-12776. 636 

27. Arede P, Ministro J, Oliveira DC. 2013. Redefining the role of the beta-lactamase locus 637 

in methicillin-resistant Staphylococcus aureus: beta-lactamase regulators disrupt the 638 

MecI-mediated strong repression on mecA and optimize the phenotypic expression of 639 

resistance in strains with constitutive mecA expression. Antimicrob Agents Chemother 640 

57:3037-3045. 641 

28. Oliveira DC, de Lencastre H. 2011. Methicillin-resistance in Staphylococcus aureus is 642 

not affected by the overexpression in trans of the mecA gene repressor: a surprising 643 

observation. PLoS One 6:e23287. 644 

29. Pinho MG, de Lencastre H, Tomasz A. 2001. An acquired and a native penicillin-645 

binding protein cooperate in building the cell wall of drug-resistant staphylococci. Proc 646 

Natl Acad Sci U S A 98:10886-10891. 647 

30. Levin BR, Rozen DE. 2006. Non-inherited antibiotic resistance. Nat Rev Microbiol 648 

4:556-562. 649 

31. Eng RH, Padberg FT, Smith SM, Tan EN, Cherubin CE. 1991. Bactericidal effects of 650 

antibiotics on slowly growing and nongrowing bacteria. Antimicrob Agents Chemother 651 

35:1824-1828. 652 



 29 

32. Bryson HM, Brogden RN. 1994. Piperacillin/tazobactam. A review of its antibacterial 653 

activity, pharmacokinetic properties and therapeutic potential. Drugs 47:506-535. 654 

33. ZOSYN®. (piperacillin, tazobactam). 655 

34. Zhao G, Meier TI, Kahl SD, Gee KR, Blaszczak LC. 1999. BOCILLIN FL, a sensitive 656 

and commercially available reagent for detection of penicillin-binding proteins. 657 

Antimicrob Agents Chemother 43:1124-1128. 658 

35. Wise R, Logan M, Cooper M, Andrews JM. 1991. Pharmacokinetics and tissue 659 

penetration of tazobactam administered alone and with piperacillin. Antimicrob Agents 660 

Chemother 35:1081-1084. 661 

36. Lim D, Strynadka NC. 2002. Structural basis for the beta lactam resistance of PBP2a 662 

from methicillin-resistant Staphylococcus aureus. Nat Struct Biol 9:870-876. 663 

37. Gonzales PR, Pesesky MW, Bouley R, Ballard A, Biddy BA, Suckow MA, Wolter 664 

WR, Schroeder VA, Burnham CA, Mobashery S, Chang M, Dantas G. 2015. 665 

Synergistic, collaterally sensitive beta-lactam combinations suppress resistance in 666 

MRSA. Nat Chem Biol 11:855-861. 667 

38. Baba T, Takeuchi F, Kuroda M, Yuzawa H, Aoki K, Oguchi A, Nagai Y, Iwama N, 668 

Asano K, Naimi T, Kuroda H, Cui L, Yamamoto K, Hiramatsu K. 2002. Genome 669 

and virulence determinants of high virulence community-acquired MRSA. Lancet 670 

359:1819-1827. 671 

39. Kos VN, Desjardins CA, Griggs A, Cerqueira G, Van Tonder A, Holden MT, 672 

Godfrey P, Palmer KL, Bodi K, Mongodin EF, Wortman J, Feldgarden M, Lawley 673 
T, Gill SR, Haas BJ, Birren B, Gilmore MS. 2012. Comparative genomics of 674 

vancomycin-resistant Staphylococcus aureus strains and their positions within the clade 675 

most commonly associated with Methicillin-resistant S. aureus hospital-acquired 676 

infection in the United States. MBio 3. 677 

40. Tenover FC, Goering RV. 2009. Methicillin-resistant Staphylococcus aureus strain 678 

USA300: origin and epidemiology. J Antimicrob Chemother 64:441-446. 679 

41. Tsiodras S, Gold HS, Sakoulas G, Eliopoulos GM, Wennersten C, Venkataraman L, 680 

Moellering RC, Ferraro MJ. 2001. Linezolid resistance in a clinical isolate of 681 

Staphylococcus aureus. Lancet 358:207-208. 682 

42. Wong H, Louie L, Lo RY, Simor AE. 2010. Characterization of Staphylococcus aureus 683 

isolates with a partial or complete absence of staphylococcal cassette chromosome 684 

elements. J Clin Microbiol 48:3525-3531. 685 

 686 


