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Abstract

Benzoxaboroles are a class of boron-containing compounds with a broad range of biological 

activities. A subset of benzoxaboroles have antimicrobial activity due primarily to their ability to 

inhibit leucyl-tRNA synthetase (LeuRS) via the oxaborole tRNA trapping mechanism, which 

involves formation of a stable tRNALeu–benzoxaborole adduct in which the boron atom interacts 

with the 2′- and 3′-oxygen atoms of the 3′-terminal tRNA adenosine. We sought to identify other 

antibacterial targets for this promising class of compounds by means of mode of action studies, 

and we selected a nitrophenyl sulfonamide-based oxaborole (PT638) as a probe molecule because 

it had potent antibacterial activity (MIC of 0.4 μg/mL against methicillin-resistant Staphylococcus 
aureus) but did not inhibit LeuRS (IC50 > 100 μM). Analogues of PT638 were synthesized to 

explore the importance of the sulfonamide linker and the impact of altering the functionalization 

of the phenyl ring. These structure–activity relationship studies revealed that the nitro substituent 

was essential for activity. To identify the target for PT638, we raised resistant strains of S. aureus 
and whole genome sequencing revealed mutations in leuRS, suggesting that the target for this 

compound was indeed LeuRS, despite the lack of enzyme inhibition. Subsequent analysis of 

PT638 metabolism demonstrated that bacterial nitroreductases readily converted this compound 

into the amino analogue, which inhibited LeuRS with an IC50 of 3.0 ± 1.2 μM demonstrating that 

PT638 is thus a prodrug.
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Multidrug-resistant bacteria are a major threat to human health because they cause infections 

that are hard to treat and often life-threatening.1,2 Drug resistance arises by a variety of 

mechanisms, including conversion of a drug into inactive metabolites, modification of drug 

binding sites, changes in cell permeability or drug efflux, and the formation of bacterial 

populations, such as biofilms, that are less susceptible to antibiotics.3,4 One particularly 

problematic pathogen is methicillin-resistant Staphylococcus aureus (MRSA), which is 

resistant to numerous antibiotics, including most β-lactams,5 macrolides, fluoroquinolones, 

and aminoglycosides.6 The threat posed by multidrug-resistant pathogens such as MRSA 

underscores the need to develop antibiotics with novel mechanisms of action.

The benzoxaboroles are a versatile class of small molecules with potential utility as 

antibiotics because their selectivity and specificity can be tuned by minor structural 

modifications. Targets for these compounds include β-lactamases,7 PDE4 nucleotide 

phosphodiesterase,8 ROCK kinase,9 carbonic anhydrase,10 and leucyl-tRNA synthetase 

(LeuRS).11 The oxaborole scaffold can reversibly form covalent tetrahedral complexes with 

nucleophiles such as hydroxyl groups owing to the presence of the heterocyclic boron atom, 

which acts as a Lewis acid because it has an empty p orbital.12,13 Formation of such 

complexes is involved in LeuRS inhibition, which occurs via the oxaborole tRNA trapping 

(OBORT) mechanism (Figure 1), whereby the boron atom forms a tetrahedral complex with 

both hydroxyl groups of the ribose diol of the terminal 3′ tRNA adenosine. Enzyme 

inhibition via the formation of an enzyme–substrate adduct is also observed in other drug 

classes, such as the bacterial enoyl-ACP reductases, which are inhibited by isoniazid and 
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diazaborines.14,15 Anacor Pharmaceuticals has developed a number of oxaborole-based 

inhibitors of LeuRS from bacteria, fungi, protozoa, and other pathogens (Figure 1). 

AN2690,11 which has broad-spectrum antifungal activity, is one of the most effective US 

Food and Drug Administration–approved treatments for onychomycosis,16 while AN6426 is 

an inhibitor of the Mycobacterium tuberculosis LeuRS (minimum inhibitory concentration, 

MIC 0.13 μM, M. tuberculosis LeuRS IC50 0.09 μM),17 which also has antimalarial activity,
18 and inhibits the growth of Cryptosporidium and Toxoplasma.1920 Finally, AN3365, an 

aminomethylbenzoxaborole, binds to the editing site of Escherichia coli LeuRS with an IC50 

value of 0.31 μM and has broad-spectrum activity against Gram-negative pathogens (MIC 

0.5–4 μg/mL).21,22

Given the good drug-like properties of the oxaborole scaffold and given that both laboratory 

and clinical isolates show resistance to LeuRS-based inhibitors (arising mainly from 

mutations in the LeuRS editing domain),23,24 we sought to identify new antibacterial targets 

for this promising class of compounds. Building on the extensive medicinal chemistry 

efforts conducted by Anacor, we identified the nitrophenylsulfonyl-substituted 6-

aminobenzoxaborole PT638 as a probe molecule (Figure 1). This compound was previously 

reported to have a MIC value of < 0.2 μg/mL against S. aureus but to not inhibit LeuRS 

(IC50 > 200 μM).25 We conducted structure–activity relationship (SAR) studies to explore 

the importance of the nitro group, sulfonamide linker region, and oxaborole ring for 

biological activity. These studies revealed that the nitro group was essential for activity. 

However, whole genome sequencing of resistant bacterial strains suggested that this 

compound did in fact target LeuRS, despite the lack of enzyme inhibition. Investigation of 

the mode of action of PT638 revealed that this compound is reduced to the active species by 

nitroreductases in MRSA cells.

Results and Discussion

SAR for inhibition of bacterial growth

We began by determining the antibacterial activity of PT638 toward MRSA (ATCC 

BAA-1762) and found that the MIC was 0.4 μg/mL (Table 1). Similarly, we assessed the 

cytotoxicity of PT638 to Vero cells using an MTT assay and determined the IC50 to be ≥ 

100 μg/mL (Table 1). We subsequently performed SAR studies by synthesizing three series 

of PT638 analogues; specifically, we introduced modifications to the substituent on the 

phenyl ring (SAR1), to the sulfonamide linker (SAR2), and to the oxaborole ring (SAR3) 

and determined the antibacterial activity of the analogues, as well as their ability to inhibit S. 
aureus LeuRS (saLeuRS) (Figure 2, Table 1).

With the SAR1 analogues, we explored the importance of the 4-nitro group for antibacterial 

activity (Figure 2). We expected that a strongly electron-withdrawing group like the nitro 

group would be required for activity, and, in fact, removing the nitro group (PT649) or 

replacing it with an electron-donating methyl group (PT637) or methoxy group (PT661) did 

lead to 10-, 100-, and >250-fold increases in MIC, respectively. However, neither 

replacement of the 4-nitro group with another electron-withdrawing group such as a cyano 

moiety (PT657, MIC >100 μg/mL) nor relocation of the nitro group to the 2-position 
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(PT659, MIC 6.25 μg/mL) restored the activity to that of the parent compound. When we 

replaced the 4-nitro group with various 4-halogen atoms, we found that increasing the size 

of the halogen atom decreased the antibacterial activity: specifically, the 4-fluoro (PT636), 

4-chloro (PT651), and 4-bromo (PT654) analogues had MICs of 12.5, 100, and >100 

μg/mL, respectively. However, even the most active analogue (4-fluoro) had a MIC value 

that was 30-fold higher than that of PT638. In addition, activity did not depend on the 

position of the fluorine atom: the 2-fluoro (PT660) and 3-fluoro (PT653) analogues had 

MICs similar to that of PT636. Other substituents were also explored, but none of the 

resulting analogues, including 3-fluoro-4-nitro analogue PT650 and 4-amino analogue 

PT662, were as active as PT638. Collectively, these data attest to the critical importance of 

the 4-nitro group for antibacterial activity.

We subsequently explored the contributions of the sulfonamide linker and the oxaborole ring 

with the analogues in the SAR2 and SAR3 series, respectively (Figure 2). We found that 

regardless of whether the phenyl ring carried a 4-nitro or 4-fluoro substituent, replacement 

of the sulfonamide linker with an amine or amide linker substantially reduced antibacterial 

activity. All three linker analogues are able to adopt similar, although not identical 

conformations, while replacement of the sulfonyl moiety with a carbonyl (amide) or 

methylene (amine) group reduces the number of hydrogen bond acceptors at this position to 

1 and 0, respectively (Figure S1). Thus, either the change in geometry and/or alteration in 

hydrogen bonding propensity may perturb binding to the target. In addition, the oxaborole 

ring was also critical for activity, as expected for molecules that might exert their activity via 

the OBORT mechanism; replacement of the oxaborole ring with a lactone (PT664) or a 

boronic acid group (PT663) dramatically reduced the activity.

Time-kill experiments and post-antibiotic effect of PT638

To further assess the antibacterial activity of PT638, we conducted time-kill experiments 

and determined the duration of the post-antibiotic effect following removal of the test 

compound from the medium. Treatment of MRSA cells with PT638 at concentrations 1, 4, 

and 16 times the MIC led to 1.8 log10, 2.2 log10, and 2.7 log10 cfu/mL reductions in cell 

numbers over 8 h, respectively (Figure 3A). That is, PT638 showed bacteriostatic activity 

over the course of 8 h, as indicated by the fact that the cfu reduction was <3 log10.26–28 In 

addition, the duration of the post-antibiotic effect due to the treatment of PT638 increased 

from 0.2 h at 0.25 × MIC to 1.5 h at 4 × MIC (Figure 3B). However, no further increase in 

the duration of post-antibiotic effect was observed above 4 × MIC, perhaps because this 

concentration was sufficient to saturate the target.

Inhibition of saLeuRS and target identification

Next, we used an aminoacylation assay to determine the ability of compounds with MICs of 

<10 μg/mL to inhibit saLeuRS. In agreement with previous reports, our data clearly show 

that PT638 did not inhibit saLeuRS (IC50 > 100 μM, Table 1). In addition, other nitro-

substituted analogues, such as PT659 and PT650, also did not inhibit saLeuRS; and PT649, 

which lacks any substituents, showed only weak activity (IC50 = 94 ± 2 μM). In contrast, the 

2-fluoro analogue (PT660) and the 4-amino analogue (PT662) had better activity than 

PT638, with IC50 values of 28 ± 1 and 3.0 ± 1.2 μM, respectively (Table 1, Figure S2).
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The potent cellular activity of PT638 combined with its inability to inhibit saLeuRS 

suggested that it might have some other target in MRSA. To assess this possibility, we 

generated resistant mutants by plating MRSA (ATCC BAA-1762) on Mueller–Hinton agar 

plates containing PT638 at 10 times the MIC. Colonies were obtained with a single-step 

selection of resistant strains. The frequency of resistance was determined to be 1.5 × 10−8. 

Three colonies were picked and were shown to have MICs of ≥ 3.125 μg/mL, which is at 

least 8 times the MIC of the parent strain. Genomic DNA was extracted, purified, and 

subjected to whole genome sequencing. However, in each case, the only mutations found 

were within the leuRS gene; the mutations were D343Y, G303S, and F233I, all of which are 

within the editing domain of saLeuRS (Table 2). Sequence alignment revealed that these 

three residues are conserved in various pathogens (Figure S3) and that the counterparts of 

D343 in E. coli, Streptococcus pneumonia, and M. tuberculosis are directly involved in 

binding the oxaborole inhibitors.17,22,29,30 The other two residues, F233 and G303, are not 

located in the binding pocket, and it is less clear how mutation of these residues leads to 

PT638 resistance. Nevertheless, our results clearly pointed to saLeuRS as the target for 

PT638, which led us to hypothesize that a metabolite of PT638 might be the cellular 

inhibitor of saLeuRS.

Activation of prodrug PT638 by bacterial nitroreductases

Previous studies have shown that bacteria contain nitroreductases, such as NfsA and NfsB, 

that can reduce a variety of nitroheterocyclic compounds.31 For example, the antibacterial 

agent nitrofurantoin undergoes a reduction that is required for its activity against E. coli.32 

Enzymatic reduction of nitroaromatic compounds proceeds through a one- or two-electron 

mechanism33 in which the nitro group is reduced to an amine via nitroso and hydroxylamine 

intermediates.33,34 On the basis of this previous research, we hypothesized that PT638 
might in fact be a prodrug that needs to be activated by one or more nitroreductases in 

MRSA (Figure 4A). To test this hypothesis, we evaluated the metabolism of PT638 
following incubation with MRSA cell lysate for 48 h. Analysis by HPLC and LC-UV/MS 

revealed the formation of only one major metabolite, which had a shorter retention time than 

PT638 and which co-eluted with amino analogue PT662 (Figure 4B). LC-MS showed that 

this metabolite had a mass of 305.0771, which corresponds to the molecular ion of PT662 
(Figure 4C). These results indicate that PT638 was metabolized to PT662 by MRSA cell 

lysate.

Because NfsA and NfsB are the two major nitroreductases in bacteria,35 these enzymes were 

cloned and purified from MRSA, and their catalytic activities toward PT638 were assayed 

using NADH or NADPH as the co-substrate (Figure S4). PT638 was found to be a substrate 

for both nitroreductases but was reduced much more effectively by NfsB than by NfsA, with 

kcat/Km values of 1.0 × 106 and 5.2 × 104 M−1s−1, respectively (Table 3). Finally, although 

PT638 did not inhibit saLeuRS, amino analogue PT662 had an IC50 value of 3.0 μM (Table 

1). Thus, we propose that PT638 is converted into an active saLeuRS inhibitor in MRSA 

cells primarily by the action of NfsB.

Other antibacterial prodrugs have been discovered such as nitrofurantoin,32 mentioned 

above, and the anti-tuberculosis nitroimidazole PA-824.36 In these cases, antibacterial 
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activity is due to reactive intermediates, such as NO in the case of PA-824, formed during 

reduction of the nitro group that likely have multiple targets in the cell, and selection for 

resistance results in mutations in the enzymes responsible for prodrug activation including 

nfsA and nfsB for nitrofurantoin and a deazaflavin-dependent nitroreducase Ddn for 

PA-824.37 In contrast, no mutations were observed in nfsA and nfsB when selecting for 

resistance to PT638 but in the LeuRS target, supporting a specific mode of action in which 

reactive intermediates are not formed and in which mutations in the primary target are 

sufficient for resistance. In this regard, we note that the MIC of the ortho-nitro analog 

PT659 is ~ 10-fold higher than that of PT638 (MIC 0.4 and 6.25 μg/mL, respectively, Table 

1) and the IC50 value for inhibition of saLeuRS is reported to be ~10-fold greater for the 

corresponding amines in Xia et al.25 (IC50 1.9 and 15.4 μM, respectively). The 8-fold 

increase in antibacterial of PT638 compared to the aniline PT662 (MIC 0.4 and 3.1 μg/mL, 

respectively) is thus likely because the former is better at penetrating the bacterial cells and 

accumulates following activation. However, although PT662 is the only stable metabolite 

formed during activation of PT638, we cannot rule out the possibility that the activity of 

PT638 might partially be due to one or more reactive intermediates formed during 

bioactivation of PT638.

Conclusion

LeuRS is a common target for the oxaborole class of compounds, which inhibit this enzyme 

by forming an adduct with the terminal adenosine of the bound tRNA substrate. In an 

attempt to identify additional antibacterial targets for the oxaboroles, we selected the 

nitrophenylsulfonamide-substituted benzoxaborole PT638 as a probe for mode of action 

studies on the basis of reports that it has potent antibacterial activity toward S. aureus but did 

not inhibit LeuRS. We confirmed the antibacterial activity of PT638 toward MRSA (MIC = 

0.4 μg/mL) and then synthesized a series of 6-substituted benzoxaborole analogues for SAR 

studies. These studies showed that the nitro group, the sulfonamide linker, and oxaborole 

ring were all important for antibacterial activity and that any modification of the nitro group 

led to at least a 4-fold increase in the MIC relative to that of the parent compound. Although 

a LeuRS aminoacylation assay confirmed that PT638 did not inhibit saLeuRS, selection for 

resistance to PT638 and subsequent whole genome sequencing revealed mutations in the 

editing domain of saLeuRS. Bacterial cell lysate was found to convert PT638 into amino 

analogue PT662, which inhibited saLeuRS with an IC50 of 3 μM. In addition, PT638 was 

shown to be a substrate for the bacterial nitroreductase enzymes NfsA and NfsB, confirming 

that the nitro analogue is a prodrug that is reduced into the active pharmacophore in bacterial 

cells.

Materials and Methods

Antibacterial activity

Minimum inhibitor concentrations (MICs) were determined using MRSA strain ATCC 

BAA-1762. Bacteria were cultured to mid-log phase (OD600 = 0.6, 108 cfu/mL) in cation-

adjusted Mueller–Hinton (CAMH) medium at 37 °C in an orbital shaker. An inoculum of 

106 cells per well was placed in transparent 96-well plates and treated with inhibitor at final 
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concentrations ranging from 0.2 to 100 μg/mL. The MIC was defined as the minimum 

concentration at which a well showed no obvious growth by visual inspection.

Time-kill experiments

MRSA (ATCC BAA-1762) was grown in CAMH medium to mid-log phase (OD600 = 0.6, 

108 cfu/mL) at 37 °C in a shaker and then diluted 100-fold into fresh medium. PT638 or an 

equal volume of vehicle (DMSO) was then added to give concentrations 1, 4, or 16 times the 

MIC. Cultures were then shaken at 37 °C for 8 h. Kill curves were obtained by sampling the 

cell cultures at various times and plating serial dilutions on Mueller–Hinton agar. Colony 

forming units (cfus) were counted after incubation of the plates overnight at 37 °C. Each 

experiment was repeated at least twice.

Post-antibiotic effect

MRSA (ATCC BAA-1762) was grown in CAMH medium to mid-log phase (OD600 = 0.6, 

108 cfu/mL) at 37 °C in a shaker and diluted 100-fold into fresh medium containing either 

PT638 or an equal volume of DMSO. After the culture was shaken for 1 h at 37 °C, PT638 
was washed out by diluting the culture 1000-fold into fresh CAMH medium. The diluted 

cells were incubated in a shaker at 37 °C for an additional 5 h. The regrowth of MRSA cells 

was monitored by taking 100 μL of cell culture per hour and plating serial dilutions on 

Mueller–Hinton agar plates. The plates were incubated at 37 °C overnight, after which cfus 

were counted. The post-antibiotic effect was calculated as the time difference required for 

the number of compound-treated cells (cfus) to increase 1 log compared to the number of 

untreated cells. Each experiment was repeated in triplicate.

Generation of PT638-resistant strains and whole genome sequencing

MRSA (ATCC BAA-1762) was grown in CAMH medium to a cell density of 109 cfu/mL 

and then 100 μL of the cell culture was plated on Mueller–Hinton agar containing PT638 (4 

μg/mL, 10 × MIC). After incubation at 37 °C for 48 h, three colonies were picked, and the 

genomic DNA was purified using a GenElute Bacterial Genomic DNA Kit (Sigma). Whole 

genome sequencing was performed by Admera Health.

Cloning, expression, and purification of saLeuRS

The leuRS gene from MRSA cells (ATCC BAA-1762) was amplified with primers 

5′CGCGGATCCGTGTTGAATTACAACCACAATC3′ and 

5′CCGCTCGAGTTATTTAGCTACAATATTGAC3′. The amplified leuRS gene was cloned 

into a pET28a vector so that a His-tag was encoded at the N-terminus of the protein. After 

sequencing, the pET28a-leuRS plasmid was transformed into E. coli BL21(DE3) cells, 

which were then grown overnight in 10 mL of Luria-Bertani (LB) medium containing 50 

μg/mL kanamycin. Then the overnight culture was inoculated into 1 L of LB medium 

containing kanamycin at the same concentration, and the cells were grown until the OD600 

reached 0.6. One mM Isopropyl β-D-1-thiogalactopyranoside (IPTG) was added to induce 

protein expression, and the culture was shaken overnight at 20 °C. Cells were harvested by 

centrifugation at 5000 rpm for 10 min at 4 °C. The cell pellet was resuspended in 30 mL of 

His-binding buffer (50 mM Tris-HCl, 150 mM NaCl, 5 mM Imidazole, pH 7.9), and the 
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bacteria were disrupted by sonication. Cell debris was removed by centrifugation at 40,000 

rpm for 60 min at 4 °C, and the clear supernatant was loaded onto a His-bind column (1.5 

cm × 15 cm) containing 4 mL of His-bind resin (Novagen) that had been charged with 10 

mL of charge buffer (Ni2+). The column was washed with wash buffer containing 60 mM 

imidazole, and the protein was eluted from the column with elution buffer containing 500 

mM imidazole. Fractions containing protein were loaded onto a size-exclusion column 

(Superdex 75, GE Healthcare) and eluted with 60 mM 4-(2-hydroxyethyl)-1-

piperazineethanesulfonic acid (HEPES) buffer (pH 8.0) containing 30 mM NaCl and 30 mM 

MgCl2 to remove imidazole.

LeuRS aminoacylation activity assay

The aminoacylation reaction was performed in a 50 μL reaction volume with 7 nM saLeuRS, 

15 μM E. coli total tRNA (Roche), 20 μM 3H-leucine (174.6 mCi/mmol), and 4 mM ATP in 

50 mM HEPES-KOH buffer (pH 8.0) containing 30 mM MgCl2, 30 mM KCl, 0.02% (w/v) 

bovine serum albumin, and 1 mM dithiothreitol. Unless stated otherwise, the test compound, 

saLeuRS, and E. coli total tRNA were pre-incubated for 20 min before the reaction was 

initiated with 4 mM ATP. At specific times, tRNA was precipitated by the addition of 10% 

(w/v) trichloroacetic acid. The precipitate was collected with a 0.45 μm microcentrifugal 

filter (Thomas Scientific F2517-2) and washed twice with 100 μL of 5% trichloroacetic acid, 

and then the filter was counted with a liquid scintillation analyzer (Tri-Carb 2900TR, 

PerkinElmer).

IC50 values were determined at various concentrations of compound (Figure S2) and data 

were fit to a 4 parameter IC50 equation in GraphPad Prism 4 after constraining the Hill slope 

to a value of 1. Each experiment was performed in triplicate.

Cytotoxicity

The in vitro cytotoxicity of PT638 and PT662 was determined using Vero cells (ATCC 

CCL-81). Cells were grown in Dulbecco’s Modified Eagle Medium (DMEM) with 10% 

fetal bovine serum and then aliquoted into a 96-well tissue culture plate to give 2 × 104 cells/

well. After incubation for 24 h at 37 °C in 5% CO2, the media was aspirated and replaced 

with serum-free DMEM. After an additional 1 h of incubation, PT638 or PT662 was added 

to give a final concentration ranging from 0.2 to 100 μg/mL. Following incubation for 24 h 

at 37 °C in 5% CO2, cell viability was assessed by means of an MTT assay (Vybrant MTT 

Cell Proliferation Assay Kit). The absorbance of each well was measured at 570 nm and the 

data were used to determine compound cytotoxicity (IC50).

Cloning, expression, and purification of NfsA and NfsB

The nfsA gene from MRSA (ATCC BAA-1762) was amplified with primers 

5′CTAGCTAGCGTGTCAGATCATGTATATAATC3′ and 

5′CGCGGATCCCTATCGCTGTATTAAGCCTG3′. The nfsB gene from the same strain 

was amplified with 5′CTAGCTAGCATGAGCAATATGAATCAAACAATTATG3′ and 

5′CGCGGATCCTTATTCTTTTGGTCCAACCC3′. The amplified nfsA (nfsB) gene was 

cloned into a pET28a vector so that a His-tag was encoded at the N-terminus of the protein. 

After sequencing, the pET28a-nfsA (pET28a-nfsB) plasmid was transformed into E. coli 
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BL21(DE3) cells, which were then grown overnight in 10 mL of LB medium containing 50 

μg/mL kanamycin. Then the overnight culture was inoculated into 1 L of LB medium 

containing kanamycin at the same concentration, and the cells were grown until the OD600 

reached 0.6. IPTG (1 mM) was added to induce protein expression, and the culture was 

shaken overnight at 20 °C. Cells were harvested by centrifugation at 5000 rpm for 10 min at 

4 °C. The cell pellet was resuspended in 30 mL of His-binding buffer (50 mM Tris-HCl, 150 

mM NaCl, 5 mM imidazole, pH 7.4), and the bacteria were disrupted by sonication. Cell 

debris was removed by centrifugation at 40,000 rpm for 60 min at 4 °C, and the clear 

supernatant was loaded onto a His-bind column (1.5 cm × 15 cm) containing 4 mL of His-

bind resin (Novagen) that had been charged with 10 mL of charge buffer (Ni2+). The column 

was washed with washing buffer containing 30 mM imidazole, and the protein was eluted 

from the column with elution buffer containing 500 mM imidazole. Fractions containing 

protein were loaded onto a size-exclusion column (Superdex 75, GE Healthcare), which was 

eluted with 50 mM Tris-HCl buffer (pH 7.4) containing 150 mM NaCl to remove the 

imidazole. The concentrations of NfsA and NfsB were determined from the flavin 

absorbance at 450 nm.

Nitroreductase activity assay

The nitroreductase assay was performed in 50 mM Tris-HCl buffer (pH 7.4), containing 5 

mM EDTA at RT in a total reaction volume of 500 μL. Reactions were initiated by the 

addition of NfsA or NfsB to a final concentration of 45 nM and the consumption of 

NAD(P)H was continuously monitored at 340 nm. The kcat and Km values were determined 

at a fixed concentration of NAD(P)H (60 μM NADPH for NfsA, 60 μM NADH for NfsB) 

and by varying the concentration of PT638 (6.25–1500 μM). Initial velocities as a function 

of substrate concentration were fit to the Michaelis–Menten equation using GraphPad Prism 

4. Each experiment was performed for triplicate.

PT638 metabolite analysis

MRSA (ATCC BAA-1762) was grown in 20 mL of CAMH medium to log phase (OD600 = 

0.6). Cells were harvested by centrifugation and then resuspended in 5 mL of lysis buffer (50 

mM Tris-HCl, 100 mM NaCl, pH 8.0). Cells were lysed by sonication, and cell debris was 

removed by centrifugation. The supernatant was then incubated with 4 μg/mL PT638 at 

37 °C. After 3, 24, and 48 h, 500 μL of cell lysate was removed and extracted twice with 

ethyl acetate. The organic layers were combined, and the solvent was removed by rotary 

evaporation. The residue after rotovapping was then dissolved in 300 μL of 50% MeCN/H2O 

and analyzed by HPLC with a Phenomenex C18 column (250 × 4.6 mm). A linear gradient 

at a flow rate of 0.8 mL/min was used, with absorbance detection at 254 nm. Solvent A was 

water, and solvent B was acetonitrile. The percentages of solvent B at times t were as follow: 

t = 0–5 min, B = 5%; t = 5–35 min, B = 5–100%; t = 35–40 min, B = 100%; t = 40–50 min, 

B = 100–5%; t = 50–55 min, B = 5%.

The sample taken at 48 h was also analyzed by LC-MS using an Agilent LC-UV-TOF 

system consisting of a 1260 uPLC, a UV–vis diode-array detector, and a TOF mass analyzer. 

The LC eluent consisted of a gradient of solvent A (water with 0.1% formic acid) and 

solvent B (acetonitrile). The percentages of solvent B at times t were as follows: t = 0–1 min, 
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B = 5%; t = 1–31 min, B = 5–95%; t = 31–33 min, B = 95–99%. Compounds were detected 

by monitoring absorbance at 287 nm. Mass data were collected with an in-line mass 

spectrometer (G6224A oaTOF) in positive-ion mode.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
OBORT mechanism and oxaborole-based enzyme inhibitors.
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Figure 2. Structure–activity relationships (SARs) for inhibition of bacterial growth.
Three series of analogues were synthesized to explore SAR associated with the substituent 

on the phenyl ring (SAR1), the sulfonamide linker (SAR2), and the oxaborole ring (SAR3). 

MIC values (μg/mL) against MRSA (ATCC BAA-1762) were determined by broth 

microdilution; values of < 10 μg/mL are indicated in red.
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Figure 3. Time-kill experiments and post-antibiotic effect of PT638.
(A) Cell viability of MRSA (ATCC BAA-1762) treated with PT638 at 1, 4, and 16 times the 

MIC or with vehicle (DMSO) over the course of 8 h. (B) Post-antibiotic effect of PT638. 

Recovery of bacterial growth was measured after 1 h of exposure to PT638 at 0.25, 0.5, 1, 4, 

and 16 times the MIC and subsequent washout. Values are means of three independent 

replicates, and error bars indicate the standard deviations.
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Figure 4. Formation of PT662 in MRSA cell lysate treated with PT638.
(A) Reduction of PT638 to aniline PT662 by nitroreductases in MRSA cells. (B) HPLC 

analysis of PT638 metabolites extracted from MRSA cell lysate at 3, 24, and 48 h. PT638 
had a retention time of 23.2 min, and the major metabolite had a retention time of 20.7 min, 

which was identical to that of synthetic PT662 standard. (C) High-resolution LC-UV/MS 

spectra of sample obtained after incubation for 48 h. The major metabolite had a retention 

time of 9.65 min with [M + H]+ = 305.0771 and m/z = 156.0081. NTRs, nitroreductases.
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Table 1.

Biochemical activities of oxaboroles with MIC values <10 μg/mL

Compound Structure IC50 (μM)
a

MIC
b
 MRSA (μg/mL) Cytotoxicity

c
 Vero cells (IC50 μg/mL)

PT649 94 ± 2 6.25 N.D.

PT638 >100 0.4 ≥100

PT650 >100 1.56 N.D.

PT659 >100 6.25 N.D.

PT662 3.0 ± 1.2 3.125 ≥100

PT660 28 ± 1 6.25 N.D.

a
IC50 values were measured by means of a radiolabeled LeuRS aminoacylation assay.

b
MIC against MRSA ATCC BAA-1762 was determined using a broth microdilution method.

c
Cytotoxicity was determined with Vero cells using an MTT cell viability assay. All measurements were performed in triplicate and standard errors 

are reported.

N.D., not determined.
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Table 2.

PT63-resistant mutant stains

Strain MIC shift
a Mutation Protein

1 16-fold D343Y

saLeuRS editing domain2 8-fold G303S

3 8-fold F233I

a
The MIC shift was determined from the MIC of the mutant strain compared to that of the wild-type MRSA strain (ATCC BAA-1762).
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Table 3.

Reduction of PT638 by NfsA and NfsB
a

Enzyme kcat (s−1) Km (μM) kcat/Km (M−1s−1)

NfsA 43.8±7.0 840±260 5.2×104

NfsB 45.3±0.9 45±3 1×106

a
Initial velocities were monitored at 340 nm at a fixed concentration of NAD(P)H (60 μM NADPH for NfsA, 60 μM NADH for NfsB) and varied 

concentrations of PT638 (6.25–1500 μM). Data were fit to the Michaelis–Menten equation.
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