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Abstract

Bacterial expression of β-lactamase enzymes that hydrolyze β-lactam antibiotics contributes to the 

growing threat of antibacterial drug resistance. Metallo-β-lactamases, such as NDM-1, use 

catalytic zinc ions in their active sites and hydrolyze nearly all clinically available β-lactam 

antibiotics. Inhibitors of metallo-β-lactamases are urgently needed to overcome this resistance 

mechanism. Zinc-binding compounds are promising leads for inhibitor development, as many 

NDM-1 inhibitors contain zinc-binding pharmacophores. Here, we evaluated thirteen chelating 

agents containing benzimidazole and benzoxazole scaffolds as NDM-1 inhibitors. Six of the 

compounds showed potent inhibitory activity with IC50 values as low as 0.38 μM, and several 

compounds restored meropenem susceptibility of NDM-1-expressing E. coli. Spectroscopic and 

docking studies suggest ternary complex formation as the mechanism of inhibition, making these 

compounds promising for development as NDM-1 inhibitors.

Graphical Abstract

Zinc-binding benzimidazoles and benzoxazoles were investigated for inhibition of the clinically 

important metallo-β-lactamase NDM-1, which inactivates nearly all β-lactam antibiotics. Several 

potent inhibitors were identified with IC50 values as low as 0.38 μM. Top compounds restored 

susceptibility of NDM-1-expressing E. coli to meropenem. Spectroscopic and molecular docking 

studies suggest ternary complex formation as the inhibition mechanism.
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Introduction

β-Lactamases are bacterial enzymes that inactivate β-lactam antibiotics via hydrolysis, 

leading to drug resistance.[1] The metallo-β-lactamases, of which NDM-1[2][3] is a 

prototypical example, pose a particular clinical threat because of their broad substrate scope 

and insensitivity to most existing β-lactamase inhibitors, which inactivate serine active sites 

but not the zinc-containing active sites of metallo-β-lactamases.[4] Many of the known 

metallo-β-lactamase inhibitors are chelators that bind to the active site zinc ions, although 

none of these inhibitors are currently approved by the US FDA as β-lactamase inhibitors. 

Inhibitors of metallo-β-lactamases are urgently needed for β-lactam antibiotics to continue 

to be useful against highly resistant pathogens.

Zinc-binding compounds are a promising starting point in the search for inhibitors of 

metallo-β-lactamases, since most reported inhibitors interact with the active site zinc ions as 

their main inhibitory mechanism.[5] These zinc-binding inhibitors can be divided into two 

groups: inhibitors that remove zinc from the active site, and inhibitors that form a ternary 

complex with the zinc in the active site. Zinc-removing inhibitors include strong metal 

chelators such as EDTA; these compounds are effective inhibitors but interact with other 

metals and metalloproteins nonspecifically due to their high metal binding affinities and lack 

of features that specifically target metallo-β-lactamases. Inhibitors that form ternary 

complexes include sulfur-containing compounds such as D-captopril. In principle, this type 

of inhibitor can be more specific for the metallo-β-lactamase active site and less likely to 

cause the same undesirable off-target effects as metal-removing inhibitors.

Here, we investigated the NDM-1-inhibitory activity of a set of benzoxazole- and 

benzimidazole-containing compounds related to the bacterial natural product UK-1 (Figure 

1). UK-1 and truncated analogs such a 1 exhibit broad-spectrum anticancer activity, 

potentially by inhibiting topoisomerase II;[6] they also inhibit replication of the hepatitis C 

virus and inhibit the viral NS3 helicase.[7] Importantly, a number of these compounds have 

been shown to bind a variety of divalent metal ions, including zinc.[7b] Because the ability to 

bind zinc is a feature found in many reported NDM-1 inhibitors, we hypothesized that these 

compounds may exhibit NDM-1 inhibitory activity as well. We found that many of these 

chelators inhibit NDM-1 and restore the activity of a carbapenem antibiotic in NDM-1-

expressing E. coli. Analysis of the structure-activity relationship and absorption spectra of 

an NDM-1-inhibitor complex suggests a ternary complex forming mechanism of inhibition, 

and docking studies provide information about likely binding modes. These compounds, 

especially the most potent inhibitor compound 9 with a sub-micromolar IC50, provide 

promising leads for the development of NDM-1 inhibitors.
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Results and Discussion.

Design and synthesis of metal-binding benzimidazoles and benzoxazoles.

The structures of the chelators evaluated as NDM-1 inhibitors are shown in Figure 2. Each 

compound has a core based on a benzimidazole or benzoxazole ester, acid, or amide linked 

to a phenol, napthol, or quinoline to form a tridentate zinc-binding motif consisting of a 

combination of oxygen and nitrogen coordinating atoms.

Compounds 1–4 and 11–13 have been previously reported.[6c, 7b] Compounds 5–8 and 10 
were prepared by hydrolysis of the previously reported methyl esters.[7] Compound 9 was 

prepared by reaction of 6-benzyloxy-1-hydroxy-2-naphthoic acid (14) with methyl 3-

hydroxyanthranilate, acid-catalyzed cyclodehydration of the resulting amide (15) to form the 

benzoxazole ring, and hydrolysis of the ester (Scheme 1 and Scheme S1).

In vitro inhibition of NDM-1 by compounds 1–13.

We determined the ability of the compounds to inhibit the metallo-β-lactamase NDM-1 with 

an in vitro assay using purified NDM-1 enzyme. IC50 values were determined for the 

inhibition of enzyme-catalyzed turnover of the colorimetric β-lactamase substrate nitrocefin.
[8] Table 1 shows IC50 values for the inhibition of nitrocefin turnover by NDM-1. (For 

inhibition curves used to calculate IC50 values, see Figure S1.) Six of the compounds 

showed good inhibitory activity with IC50 values less than 10 μM, and 9 had the best activity 

with an IC50 of 0.38 μM. The presence of either a benzimidazole or benzoxazole core was 

not predictive of inhibitory activity, but a free carboxylic acid was essential. Interestingly, 

compounds with similar structures differing only in the position of the naphthalene group 

(compounds 5, 6, and 7) or placement of the benzyloxy group (compounds 8, 9, and 10) had 

different levels of inhibitory activity against NDM-1. If these chelators act by removing the 

zinc ions from the NDM-1 active site, as many reported NDM-1 inhibitors do, we would 

expect that the shape of the compounds and position of non-coordinating functional groups 

positioned away from the zinc coordinating moieties would not have a dramatic effect on 

inhibitory activity, since the zinc affinity of these isomeric compounds should be similar. 

Based on our observation that isomeric compounds inhibited differently, we hypothesized 

that inhibition depends on both chelating and non-chelating interactions within the protein 

active site to form a ternary complex between the protein, the metals, and the inhibitor, 

rather than a mechanism that relies on removal of zinc from the active site.

Top compounds restore carbapenem susceptibility of NDM-1-expressing E. coli.

The top five compounds from the IC50 screen (5, 7, 8, 9, and 13) were evaluated in bacterial 

culture to determine whether they could restore antibacterial activity of the carbapenem 

antibiotic meropenem, which itself has poor activity (MIC ≥ 64 μg/mL) in E. coli MG1655 

and UTI89 strains expressing NDM-1 due to inactivation by hydrolysis. To measure the 

effects of the compounds on the antibacterial activity of meropenem, a fixed concentration 

of each compound (100 μM) was added to a broth microdilution assay measuring the 

minimum inhibitory concentration (MIC) of meropenem. Importantly, none of the 

compounds tested inhibited growth of either bacterial strain on their own when treated at 

100 μM.
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Compounds 5, 8, 9, and 13 decreased the MIC of meropenem by at least 16-fold to 4 μg/mL 

or lower (Table 2). Only compound 7, which had the least favorable IC50 of the top five 

compounds, failed to restore meropenem susceptibility. Compound 9 had the best activity in 

this assay, with meropenem’s MIC restored to less than 0.5 μg/mL in both strains. These 

results are consistent with our enzyme inhibition assay, as many of the most potent NDM-1 

inhibitors showed the best recovery of meropenem, with 9 once again showing the best 

activity. This assay was repeated with compound 9 at a range of concentrations to 

demonstrate the dose dependence of its ability to restore meropenem susceptibility and 

determine its growth-inhibitory effects on its own at different concentrations. Compound 9 
reduced the MIC of meropenem at least 4-fold even when treated at only 25 μM and did not 

show any antibacterial activity on its own even when treated at 200 μM in either strain.

UV-Visible spectroscopy of NDM-1 treated with 9 suggests ternary complex mechanism.

As discussed earlier, we hypothesized that 9 is forming a ternary complex with the NDM-1 

active site and not removing zinc by chelation. UV-Visible spectroscopy was used to 

examine the interaction of NDM-1 with the top compound 9 to probe its mechanism of 

inhibition of NDM-1. If 9 is removing metal from the active site, we expect the absorption 

spectrum of 9 mixed with NDM-1 to resemble the sum of the spectra of zinc-bound 9 and 

apo-NDM-1. If a unique spectral signature is produced that is not present in the spectra of 9, 

its zinc complex, or NDM-1, this would suggest ternary complex formation as the inhibition 

mechanism.

Upon addition of one equivalent of 9 to NDM-1 and incubation at 37 °C in HEPES (50 mM, 

pH 7.2), a new feature at approximately 430 nm (indicated by the arrow in Figure 3) 

appeared that was not present in the absorption spectra of 9, its zinc complex, or NDM-1. In 

comparison, this spectral feature is not present when the assay is repeated with apo-NDM-1. 

This result is supportive of a stable ternary complex between 9 and the NDM-1 zinc active 

site rather than zinc removal.

Docking studies reveal key enzyme-inhibitor interactions.

To better characterize the interactions between compounds 1–13 and NDM-1, we performed 

computational docking studies of these molecules with a crystal structure of NDM-1. Of 

several structures of NDM-1 published with small molecules bound to the active site, we 

selected the crystal structure of NDM-1 in complex with hydrolyzed ampicillin at pH 7.3 

(PDB 5ZGR[9]) as the most attractive for these docking simulations because of its good 

resolution (1.15 Å), the presence of the hydrolyzed product of a common antibiotic, and the 

use of physiological pH to grow the crystals. The 5ZGR structure lacks the first 28 residues 

of the N-terminal signaling sequence.

To validate our docking methods, we attempted to re-dock the hydrolyzed ampicillin to this 

NDM-1 structure using five separate approaches, all of which have been previously used in 

numerous studies to screen databases for NDM-1 inhibitors: (i) Autodock Vina; (ii) 

Autodock (AD) with default Gastieiger charges for the receptor; (iii) AD with the charge of 

receptor zinc atoms set to +2 eV; (iv) AD with charge polarization of receptor zinc-

coordinating atoms (zinc depolarization +1.6 eV), and (v) Autodock4Zn (AD4Zn). 
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Autodock Vina has been used to identify antibiotic natural product inhibitors,[10] while 

method (ii) has been used to identify binding conformations of β-lactams[11] and 

antibacterial natural products that inhibit NDM-1.[12] Neither of these methods could be 

validated in our study so we moved on to method (iii), which was employed to emphasize 

zinc-ligand electrostatic interactions.[13] However, method (iii) returned unrealistically short 

zinc-ligand coordination bond lengths in our simulations, so we used method (iv) to examine 

a depolarized zinc ion model, and method (v) which is specific for zinc-binding proteins. 

Methods (i), (iii), and (v) were directly compared previously in the development of AD4Zn.
[14] AD4Zn has also been previously used to determine the structure-activity relationship of 

propionic sulfhydryl compounds to NDM-1.[15]

Of the five methods we examined, AD4Zn, method (v), showed the smallest deviation from 

the position of the hydrolyzed ampicillin in the X-ray crystal structure (Figure S2). AD4Zn 

was specifically developed to better account for zinc-coordinating compounds.[14] It uses an 

updated potential that was calibrated using zinc-containing crystal structures and 

implements directionality with the use of a pseudoatom and updated forcefield parameters. 

In our modeling, AD4Zn correctly oriented the hydrolyzed ampicillin in the NDM-1 active 

site with appropriate zinc coordinating atom bond lengths and only minor variation to the 

position of the non-coordinating phenyl group. Thus, we consider our implementation of 

AD4Zn to be validated for this study. Other docking methods returned alternate ligand 

orientations, positions, or unrealistic Zn–ligand coordination bond lengths.

Results of our docking studies between compounds 1–13 and NDM-1 using our validated 

AD4Zn protocol are found in Table 1, Figure 4, and Figures S3 and S4. The mean binding 

energies from docking correlated well with the IC50 values that were determined 

experimentally, with more inhibitory compounds returning a lower calculated docking 

binding energy. Every active compound was computed to have a mean binding energy less 

than −8.5 kCal/mol, which could be used as a cutoff for further in silico development of 

these compounds. Compound 9, which had the best activity in inhibition assays, also had 

one of the best docking scores, with a computed binding energy of −9.99 kCal/mol.

There are two notable exceptions to this trend. The docking results suggest that compound 

10 would be much more active than we observed experimentally and that compound 13 
would be less active. Compounds 9 and 10 are structurally identical except for the position 

of the benzyloxy group on the naphthol ring; its position in compound 9 makes the 

compound linear in shape, which leads to favorable interactions within the active site cleft. 

Compound 10, however, is predicted to coordinate to the zinc in a similar manner, and 

suitable poses and energies were predicted from the docking. Comparing the binding poses 

of compounds 9 and 10 (Figure 5) we see nearly identical positioning of the coordinating 

moieties. Compound 13, with an extra benzyl group on the benzimidazole ring, is a much 

more sterically bulky ligand, likely impacting the available coordination modes and resulting 

docking score.

The docked poses suggest that NDM-1-inhibitor interactions occur in the same general area 

of the active site cleft for all compounds (Figure S5). Tables 3 and S1 list the LigPlot-

identified interactions between each compound and NDM-1 residues, and Figure S6 shows 
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the position of the residues involved in binding compound 9. The dinuclear active site is 

composed of Zn1 coordinated by two surface-exposed His residues (His122, 189) and a 

buried His120, and Zn2 (labeled Zn302 in the crystal structure), coordinated by Asp124, 

Cys208, and His 250 (Figure S6). All of the active compounds are observed to bind to this 

Zn2 site via monodentate carboxylate coordination with computed Zn–O distance of 2.4–2.8 

Å. This result corroborates the functional assays indicating a free carboxylic acid to be 

essential for activity. The active inhibitors also display Zn–N interactions at approximately 3 

Å between the benzoxazole or benzimidazole nitrogen and Zn2, suggesting direct binding. 

In principle the phenolate O of these compounds could also serve in metal coordination, 

although the 4.5–5 Å O–Zn1 distance measured from the docked poses suggests it would be 

weak. Rather, the most active compounds docked with the phenolate hydrogen-bonded at ~3 

Å to Asn220 (Figure S4), a conserved residue in B1 and B2 metallo-β-lactamases that is 

located at the edge of the active site pocket in proximity to the Zn1 His3 site (Figure S6). 

The exceptions to this trend were 6 and 7, the docked poses of which positioned the 

phenolate away from both Zn sites and Asn220. The less favorable activity of 6 and 7 
compared to 5, 8, 9, and 13 reveals a structure-activity correlation regarding positioning of 

the phenolate within the active site.

The inhibitors also have in common numerous hydrophobic interactions, notably with non-

buried zinc-coordinating residues that form both sites (Asp124, Cys208, and His250 of Zn1 

and His122 and His 189 of Zn2). Interactions within the deep pocket of the active site 

formed by Trp93, Gln123, Asp124, and His250 are also common to nearly all of the active 

compounds.[16] Interactions with Trp93 and Gly219, both shown to be important for activity 

and conserved in all class B1 metallo-β-lactamases, are also common.[17] Finally, every 

compound is docked with hydrogen bonding between the compound and Asn220 and 

hydrophobic interactions with Lys211, residues that are critical for substrate binding and 

catalysis.[18] It has been suggested that many NDM-1-inhibtor interactions alter the 

hydrogen bonding within the protein, reducing recognition of NDM-1 for β-lactams.[15] Our 

docking studies demonstrate the complementary nature of in silico molecular docking 

approaches with in vitro experiments to reveal structure-activity relationships. While the 

positioning of the phenolate, benzoxazole, and carboxylate within the active site is clearly 

favorable for both activity and docking, the lack of inhibitory activity for compounds 10 and 

11, the docked structures of which display all three of these favorable interactions, suggests 

additional factors are also important.

Conclusion

Here we have reported that benzimidazole- and benzoxazole-containing zinc chelators have 

inhibitory activity against the clinically important metallo-β-lactamase NDM-1. The top 

compound, 9, had an IC50 of 0.38 μM against purified NDM-1 enzyme. Compound 9 as well 

as several other hits restored the susceptibility of two NDM-1-expressing E. coli strains to 

meropenem, a carbapenem antibiotic that is usually not effective against carbapenemase-

producing bacterial strains. Spectroscopic evidence suggests that ternary complex formation 

is the primary mechanism used by 9 to inhibit NDM-1, rather than the metal removal 

mechanism displayed by many other NDM-1-inhibiting chelators. This conclusion is 

consistent with the structure-activity relationship observed for these compounds wherein 
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non-zinc-coordinating functional group positioning influenced inhibitory activity, suggesting 

that metal affinity is not the only determinant of inhibition. This mechanism is more 

desirable in inhibitors than metal removal, which is often nonspecific. Docking studies 

revealed likely binding modes of compounds to the active site, supporting an inhibition 

mechanism involving both zinc coordination and interactions with residues within and near 

the active site. Computed mean binding energies from docking analysis correlated well with 

experimentally determined IC50 values. The low inherent antibacterial activity of the 

compounds, their efficacy in restoring meropenem activity, and their use of a ternary 

complex mechanism to inhibit NDM-1 make these compounds favorable for development 

into specific metallo-β-lactamase inhibitors.

Experimental Section

Materials.

Purified NDM-1 enzyme was prepared[19] and generously provided by Professor Bo Li and 

her research group (University of North Carolina – Chapel Hill). Protein purity and identity 

was confirmed using ESI-MS (Agilent 6460 Triple Quadrupole LC-MS with Waters Atlantis 

T3 3 μm 3.0×100 mm column). UV-Visible spectra were acquired with a Cary 50 UV-Vis 

spectrometer.

Synthesis

General.—Thin layer chromatography (TLC) was done using EMD 60F glass-backed silica 

gel plates. Fisher Scientific silica gel 60 (230–400 mesh) was used for flash chromatography. 
1H NMR and 13C NMR spectra were collected using a JEOL ECX 400 MHz NMR 

spectrometer or a Bruker 500 MHz Avance III HD spectrometer. Chemical shifts are 

reported in ppm. High-resolution mass spectra were acquired with an Agilent G6224 LCMS-

TOF using an electrospray ionization source and a Series 1200 HPLC. Samples were 

analyzed on a Phenomenex C18 column using water/MeCN/0.3% formic acid as the mobile 

phase, a 0–100% gradient, a flow rate of 0.5 mL/min, UV detection at 254 nm, and positive 

ion MS. Purity of compounds 1–13 was assessed by HPLC using integration of 254-nm UV 

absorbance chromatograms (Figure S7) and found to be >85% for 1, >90% for 3–7, and 

>95% for 2 and 8–13 by this method, which over-estimates the contribution of strongly-

absorbing impurities that come from the cyclization reactions. By NMR, all compounds 

were >95% pure (Figures S8–S26).

Compounds 5–7[7b], 8, and 10[7a] were prepared by hydrolysis of the previously reported 

methyl esters:

General method for hydrolysis of methyl esters.—Methanol (1.0mL) and 5M NaOH 

(0.50 mL) were added to the methyl ester (0.03–0.035 mmol) and the mixture was heated to 

reflux for 18–22 h. The resulting mixture was cooled to rt and water (1.0 mL) and 6M HCl 

(1.0 mL) were added. After stirring to obtain a uniform suspension, the solid was collected 

by filtration, washing with water.
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2-(1-hydroxynaphthalen-2-yl)benzoxazole-4-carboxylic acid (5).—1H NMR (400 

MHz, DMSO-d6) δ 8.38 (d, J = 8.3 Hz, 1H), δ 8.11 (dd, J = 7.8 Hz, J = 0.9 Hz, 1H), 8.01–

7.95 (m, 3H), 7.71–7.54 (m, 4H). 13C NMR (100 MHz, DMSO-d6) δ 166.2, 164.9, 157.5, 

149.9, 139.1, 136.4, 129.8, 128.4, 127.8, 127.0, 125.6, 124.6, 123.6, 122.5, 122.1, 120.1, 

115.7, 103.4. HRMS calc. for C18H12NO4 [M+H]+ 306.0761; found 306.0768.

2-(3-hydroxynaphthalen-2-yl)benzoxazole-4-carboxylic acid (6).—1H NMR (400 

MHz, DMSO-d6) δ 11.55 (bs, 1H), δ 8.76 (s, 1H), 8.13 (dd, J = 8.2 Hz, J = 0.9 Hz, 1H), 

8.05 (d, J = 7.8 Hz, 1H), 7.99 (dd, J = 7.8 Hz, J = 0.9 Hz, 1H), 7.81 (d, J = 8.3 Hz, 1H), 

7.61–7.57 (m, 1H), 7.56–7.52 (m, 1H), 7.49 (s, 1H), 7.40–7.36 (m, 1H). 13C NMR (100 

MHz, CDCl3) δ 166.1, 163.8, 154.3, 150.3, 139.4, 136.9, 129.9, 129.5, 127.8, 127.6, 126.8, 

126.3, 124.8, 122.6, 115.9, 112.7, 111.7. HRMS calc. for C18H11NO4 [M+H]+ 306.0761; 

found 306.0769.

2-(2-hydroxynaphthalen-1-yl)benzoxazole-4-carboxylic acid (7).—1H NMR (400 

MHz, DMSO-d6) δ 8.75 (d, J = 8.7 Hz, 1H), 8.19 (dd, J = 8.2 Hz, J = 0.9 Hz, 1H), 8.10 (d, J 

= 8.7 Hz, 1H), 8.00–7.95 (m, 2H), 7.68–7.64 (m, 1H), 7.59–7.55 (m, 1H), 7.47–7.44 (m, 

1H), 7.35 (d, J = 8.7 Hz, 1H). 13C NMR (100 MHz, DMSO-d6) δ 166.2, 165.2, 160.7, 150.2, 

138.4, 135.7, 131.2, 129.7, 129.2, 128.5, 127.7, 125.6, 124.5, 124.4, 121.9, 119.6, 116.0, 

103.0. HRMS calc. for C18H11NO4 [M+H]+ 306.0761; found 306.0767.

2-(7-benzyloxy-1-hydroxynaphthalen-2-yl)benzoxazole-4-carboxylic acid (8).—
1H NMR (400 MHz, DMSO-d6) δ 8.11 (d, J = 8.2 Hz, 1H), δ 7.99 (d, J = 7.8 Hz, 1H), 7.90 

(d, J = 9.2 Hz, 1H), 7.85 (d, J = 8.7 Hz, 1H), 7.78 (d, J = 2.3 Hz, 1H), 7.57–7.51 (m, 4H), 

7.42–7.38 (m, 3H), 7.34–7.30 (m, 1H). 13C NMR (125 MHz, DMSO-d6) δ 166.6, 164.9, 

157.7, 149.9, 139.2, 137.3, 131.8, 130.2, 129.0, 128.8, 128.4, 128.3, 127.6, 126.0, 125.4, 

123.3, 122.0, 120.4, 119.4, 115.1, 103.7, 69.9 HRMS calc. for C25H18NO5 [M+H]+ 

412.1180; found 412.1187.

2-(5-benzyloxy-1-hydroxynaphthalen-2-yl)benzoxazole-4-carboxylic acid (10).
—1H NMR (400 MHz, DMSO-d6) δ 8.12 (d, J = 7.3 Hz, 1H), δ 8.00–7.94 (m, 3H), 7.84 (d, 

J = 8.7 Hz, 1H), 7.57–7.52 (m, 4H), 7.44–7.40 (m, 2H), 7.36–7.33 (m, 1H), 7.28 (d, J = 7.8 

Hz, 1H), 5.32 (s, 2H). 13C NMR (100 MHz, DMSO-d6) δ 166.1, 164.8, 157.2, 154.3, 150.0, 

139.1, 137.4, 129.1, 128.5, 128.2, 128.1, 127.8, 127.4, 125.8, 125.7, 122.0, 121.9, 115.9, 

115.7, 114.0, 109.9, 104.0, 70.3. HRMS calc. for C25H18NO5 [M+H]+ 412.1180; found 

412.1188.

Ethyl 1,2,3,4-tetrahydro-2-bromo-6-benzyloxy-1-oxo-2-naphthalenecarboxylate 
(17).[20]—To compound 16 (0.9807 g, 3.02 mmol) was added acetic acid (6.0 mL) and 

sodium acetate (0.25 g, 3.0 mmol). The mixture was cooled over ice and pyridinium 

tribromide (0.967 g, 3.02 mmol) was added in small portions. The mixture was allowed to 

come to rt with stirring for an additional 22 h, then transferred to a separatory funnel with 

CH2Cl2 (100 mL), and washed with water (50 mL), saturated NaHCO3 (2 × 50mL), water 

(50 mL), and brine (50 mL). The organic phase was dried with MgSO4 and the solvent was 

removed in vacuo to give crude 17 as a dark brown oil (1.14 g, 93%). δ 1H NMR (400 MHz, 

CDCl3) δ 8.02 (d, J = 8.8 Hz, 1H), 7.43–7.32 (m, 4H), 7.35–7.27 (m, 1H), 6.90 (dd, J = 8.8, 

Jackson et al. Page 8

ChemMedChem. Author manuscript; available in PMC 2022 February 17.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



2.5 Hz, 1H), 6.78 (d, J = 2.6 Hz, 1H), 5.08 (s, 2H), 4.26 (q, J = 7.2 Hz, 2H), 3.15 (ddd, J = 

17.8, 9.7, 4.5 Hz, 1H), 2.99–2.85 (m, 2H), 2.54–2.44 (m, 1H), 1.26 (t, J = 7.2 Hz, 3H).

Ethyl 6-benzyloxy-1-hydroxy-2-naphthalenecarboxylate (18).—
Diazabicycloundecane (0.85 mL, 5.6mmol) in 2.0 mL of THF was added dropwise over 20 

min to a solution of crude 17 (1.13 g, 2.81 mmol) in 9 mL of THF. The reaction mixture was 

stirred for 22 h at rt under inert atmosphere, poured into 25 g of ice water, and acidified by 

adding 20 mL of 6M HCl. The resulting solid was collected by filtration, washed with water, 

and crystallized from methanol/water, giving 18 as brown crystals (0.5136 g, 57%). 1H 

NMR (400 MHz, CDCl3) δ 12.04 (s, 1H), 8.33 (d, J = 9.1 Hz, 1H), 7.75 (d, J = 8.8 Hz, 1H), 

7.52–7.46 (m, 2H), 7.46–7.31 (m, 3H), 7.23 (dd, J = 9.1, 2.4 Hz, 1H), 7.15 (dd, J = 5.5, 3.2 

Hz, 2H), 5.20 (s, 2H), 4.44 (q, J = 7.0 Hz, 2H), 1.45 (t, J = 7.1 Hz, 3H).

6-Benzyloxy-1-hydroxy-2-naphthalenecarboxylic acid (14).—4M aqueous KOH 

(1.0mL) was added to a solution of 18 (0.4744 g, 1.47 mmol in 4 mL of ethanol). The 

resulting solution was heated to reflux for 20 h, allowed to cool, and acidified with 50 mL of 

2M HCl. The resulting solution was extracted with ethyl acetate (3 × 50 mL) and the 

combined organic phases were washed with brine (2 × 50mL), dried over MgSO4, and 

filtered. Removal of the solvent provided 14 as a dark brown solid (0.3012 g, 70%). 1H 

NMR (400 MHz, DMSO-d6) δ 8.19 (d, J = 9.2 Hz, 1H), 7.70 (d, J = 8.7 Hz, 1H), 7.55–7.48 

(m, 2H), 7.46–7.39 (m, 3H), 7.39–7.31 (m, 1H), 7.30–7.19 (m, 2H), 5.26 (s, 2H).

Methyl 2-((6-benzyloxy-1-hydroxynaphthalene-2-carboxyl)amino)-3-
hydroxybenzoate (15).—To a solution of carbonyldiimidazole (0.20 g, 1.2 mmol in 6 mL 

of THF) was added 14 (0.30 g, 1.0 mmol) and the resulting solution was stirred at rt under 

nitrogen for 15 minutes. Methyl 3-hydroxyanthranilate (0.20 g, 1.2 mmol) was then added, 

the reaction mixture was stirred for 10 min and then heated to reflux for 24 h. The resulting 

mixture was cooled, diluted with water (50 mL) and extracted with ethyl acetate (3 × 50 

mL). The combined organic phases were washed with water (50 mL) and brine (50 mL), 

dried over MgSO4, filtered and the solvent removed to provide crude 15 (0.46 g), which was 

used in the next step without further purification.

Methyl 2-(6-benzyloxy-1-hydroxynaphthalen-2-yl)benzoxazole-4-carboxylate 
(16).—Toluene (11 mL) was added to a flask containing crude 15 (0.223 g, 0.503 mmol) 

and pyridinium p-toluenesulfonate (0.253 g, 1.01 mmol) and the flask was fitted with a Dean 

Stark trap and refluxed under nitrogen for 20 h. After cooling, the mixture was transferred to 

a separatory funnel with 40 mL of CH2Cl2 and 40 mL of saturated NaHCO3 and separated. 

The aqueous phase was extracted with additional CH2Cl2 (2 × 40mL) and the combined 

organic phases were washed with water (75 mL) and brine (75 mL), dried over MgSO4, and 

filtered. After removal of the solvent, the dark brown solid obtained was purified by flash 

chromatography[21] using 100% CH2Cl2 as the eluent. Fractions containing a spot with Rf = 

0.39 were combined and the solvent was removed to provide 16 as a light brown solid (55.9 

mg, 26%, two steps). 1H NMR (400 MHz, CDCl3) δ 8.43 (d, J = 9.2 Hz, 1H), 8.07 (d, J = 

7.8 Hz, 1H), 7.95 (d, J = 8.7 Hz, 1H), 7.79 (d, J = 8.3 Hz, 1H), δ 7.51–7.20 (m, 9H), 5.22 (s, 

2H), 4.09 (s, 3H).
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2-(6-benzyloxy-1-hydroxynaphthalen-2-yl)benzoxazole-4-carboxylic acid (9).—
To solution of 16 (30.0 mg, 0.0705 mmol in 0.44 mL of THF) was added 5M NaOH (0.24 

mL) and the resulting mixture was refluxed for 27 h. The reaction was cooled to rt and the 

heterogeneous mixture was acidified with 5 mL of 1M HCl in a separatory funnel with 10 

mL of ethyl acetate; the phases were separated, and the aqueous phase was extracted with 

additional ethyl acetate (2 × 10 mL). The combined organic phases were washed with brine 

(25 mL), dried over MgSO4, and the solvent removed to provide 9 as a yellow solid (208 

mg, 72%). 1H NMR (400 MHz, DMSO-d6) δ 8.28 (d, J = 9.2 Hz, 1H), 8.09 (d, J = 8.3 Hz, 

1H), 7.98–7.93 (m, 2H), 7.54–7.30 (m, 9H), 5.26 (s, 2H). 13C NMR (125 MHz, DMSO-d6) 

δ 166.2, 165.1, 159.5, 157.6, 149.8, 139.3, 138.4, 137.1, 129.0, 128.5, 128.4, 127.7, 125.6, 

125.4, 123.3, 121.6, 119.4, 119.3, 119.1, 115.7, 108.6, 101.7, 70.0. HRMS calc. for 

C25H18NO5 [M+H]+ 412.1180; found 412.1187.

Enzyme inhibition assays.

Compounds were serially diluted in 96-well plates in HEPES buffer (50 mM, pH 7.2) and 

incubated with NDM-1 (1 nM) for ten minutes at rt. Nitrocefin (20 μM) was added and a 

PerkinElmer Victor3 V multilabel plate reader was used to monitor the absorbance at 492 

nm over 30 min at rt. The slope of the absorbance increase was normalized to the maximum 

slope of all concentrations tested of each compound. This activity was plotted against 

log(concentration) of the compounds and GraphPad Prism software was used to calculate 

IC50 values and confidence intervals.

Microbiology.

Preparation of E. coli strains expressing β-lactamases was described previously.[22] Prior to 

all experiments, E. coli carrying the appropriate plasmids was streaked onto LB agar 

containing 100 μg/mL ampicillin and 50 μg/mL kanamycin. A single colony was used to 

inoculate 2 mL of Mueller-Hinton broth containing 100 μg/mL ampicillin and 50 μg/mL 

kanamycin, which was then incubated at 37 °C, 200 rpm, for 16–18 h. This overnight culture 

was diluted 1:500 in fresh broth and used as the working culture. Meropenem was serially 

diluted 2-fold in Mueller-Hinton broth to final concentrations ranging from 0 to 64 μg/mL in 

clear, flat-bottomed 96-well plates. The working culture, spiked with inhibitors at 

concentrations of 25–200 uM or no additional treatment was then added to the 96-well plate, 

giving a final inoculum dilution of 1:1000 (5 × 105 to 1 × 106 CFU/mL) and final volume of 

100 μL per well. Wells containing media only were included to verify sterility. Plates were 

incubated for 20 h at 37 °C, 200 rpm. Plates were covered with AeraSeal film (Sigma-

Aldrich) during incubation to minimize evaporation. Bacterial growth was evaluated by 

measuring the optical density at 600 nm (OD600) using a PerkinElmer Victor3 V multilabel 

plate reader at 0 and 20 h. The 0-h time point data were subtracted from the 20-h data to 

remove background signal from the media and absorbance of compounds. The minimum 

inhibitory concentration (MIC) was defined as the concentration at which no detectable 

growth occurred after 20 h of incubation (background subtracted, normalized OD600 < 

0.010). Three or four biological replicates were performed for each MIC determination. If a 

different MIC was determined for different replicates, the most common value was used. 

Rarely, if MICs varied by more than 2-fold between replicates or a single most common 

value was not observed, the MIC was represented as a range of values.
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Docking

Ligand and receptor preparation.—Molecular structures of each compound were 

drawn, 3D optimized in ChemSketch, and saved as PDB files. These structures were 

adjusted for the correct protonation state at pH 7.4 and geometry optimized (MMFF94) in 

Avogadro (v 1.1[23]). Ligand PDB files were then converted to AutoDock PDBQT format 

using the prepare_ligand4.py script of AutoDockTools (ADT, v1.5.7rc1[24]). The crystal 

structure of NDM-1 in complex with hydrolyzed ampicillin at pH 7.3 (PDB 5ZGR[9]) was 

imported into PyMol (v2.5[25]), where all Chain B atoms and non-catalytic water molecules 

were removed. The hydrolyzed ampicillin was extracted as a validation ligand. The 

prepare_receptor4.py script of ADT with the deleteAltB option was used to remove lower 

occupancy residue positions from the 5ZGR X-ray crystal structure.

Docking methods.—Five different docking methods were examined: i) Autodock 

Vina[26]; ii) Autodock (AD, v4.2.6[27]) with no modification to Gasteiger charges; iii) AD 

with zinc atoms set at +2 eV; iv) AD with charge distribution to ligating zinc atoms (+0.2 eV 

charge added to atoms: HIS120 Nε, HIS122 Nδ, ASP124 O, HIS189 Nε, Cys208 S, and 

His250 Nε), with Zn charge set to +1.6 eV to account for zinc depolarization, and v) 

Autodock4Zn[14] (AD4Zn). Dockings were performed in ADT with a grid box (90 × 90 × 

60) centered above and between the two active site zinc (−5, −20, 27) with spacing set to 

0.375 Å. Autodock4Zn docking used the same PDBQT input files and gridbox with the 

addition of the Tz pseudo atoms and updated Autodock4Zn potentials. New grids were 

recalculated for each method, ligand starting coordinates were randomly set and docked with 

the Lamarckian genetic algorithm[28] pseudo-Solis & Wets local search, using default 

settings from ADT except for the number of runs (ga_run) was set to 50 for AD and AD4Zn 

and the exhaustiveness was set to 64 for Vina. Cluster analysis was performed to group 

docked solutions within 2 Å RMSD, and the mean cluster energy and the binding pose with 

the lowest energy solution in the lowest energy cluster were used for the accepted solution.
[29] The lowest energy binding pose of the docked solutions were visualized and figures 

generated in PyMol and LigPlot+ (v2.2[30]).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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IC50 half maximal inhibitory concentration

MIC minimum inhibitory concentration

MBE mean binding energy

THF tetrahydrofuran
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Figure 1. 
The bacterial natural product UK-1 and truncated analog 1.
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Figure 2. 
Structures of benzimidazole and benzoxazole zinc chelators synthesized and evaluated as 

NDM-1 inhibitors.
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Figure 3. 
UV-Visible spectrum of (A) NDM-1 treated with 9, compared to the spectrum of 9 and its 

zinc complex and (B) apo-NDM-1 treated with 9.
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Figure 4. 
Comparison of experimentally determined IC50 values with computed mean binding energy 

(MBE) from the lowest energy cluster using the AD4Zn method. The docking score is 

shown as the mean cluster binding energy of the lowest energy cluster from AD4Zn analysis 

(see methods). Compounds labeled inactive showed no activity or were insoluble at ligand 

concentrations ≥40 μM (see Table 1).
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Figure 5. 
Binding poses of compounds 9, 10, and 13 shown in 3D (left) and as LigPlots (right). The 

protein backbone is shown as a cyan ribbon model with the N-terminus at the top and C-

terminus at the bottom of each and the active site cleft facing forward. The two zinc ions in 

the 5ZGR active site are shown as green spheres. The compounds are colored by element 

type with carbon atoms shown in yellow. For LigPlots: Compounds are shown with purple 

bonds and amino acid residues are shown with orange bonds. Hydrophobic interactions are 

indicated with residues labelled in black. Hydrogen bonds, bonds to zinc, and bonding 

residues are shown and labeled in green. Zn302 in the LigPlots represents the Zn2 site by 

Asp, Cys, His. The complete series of binding pose LigPlots are provided in the Supporting 

Information (Figures S3 and S4).
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Scheme 1. 
Reagents and conditions: (a) carbonyldiimidazole, methyl 3-hydroxyanthranilate, THF; (b) 

pyridinium p-toluenesulfonate, toluene, reflux, 26%, 2 steps; (c) NaOH, water/THF, reflux, 

72%.
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Table 1.

IC50 values for the inhibition of NDM-1-catalyzed turnover of nitrocefin by compounds and computed mean 

binding energy (MBE) from docking studies to the NDM-1 active site.

Compound IC50 (μM) 95% CI (μM)
[a]

Computed MBE
[b]

 (kCal/mol)

1 >40 - −6.98

2
>20

[c] -
−6.56

3
>20

[c] -
−7.94

4 >40 - −7.69

5 0.74 0.44–1.1 −9.70

6 9.8 8.6–11 −9.50

7 8.5 7.5–9.6 −9.20

8 2.3 1.6–3.2 −10.16

9 0.38 0.22–0.55 −9.99

10 >40 - −9.79

11 >40 - −8.31

12 >40 - −8.14

13 5.4 4.4–6.4 −8.57

[a]
95% CI = 95% confidence interval for the IC50.

[b]
MBE = mean binding energy.

[c]
Compounds 2 and 3 were not soluble above 20 μM and did not inhibit activity by more than 50% at 20 μM.
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Table 2.

Recovery of meropenem susceptibility in E. coli MG1655 and UTI89 expressing NDM-1.

Treatment Meropenem MIC (μg/mL)

E. coli MG1655 E. coli UTI89

Meropenem alone 64 >64

Meropenem + 100 μM 5 4 ≤0.5

Meropenem + 100 μM 7 64 64

Meropenem + 100 μM 8 2 4

Meropenem + 100 μM 13 2 1

Meropenem + 25 μM 9 16
4–8

[a]

Meropenem + 50 μM 9
1–4

[a] ≤0.5

Meropenem + 100 μM 9 ≤0.5 ≤0.5

Meropenem + 200 μM 9 ≤0.5 ≤0.5

[a]
Ranges are given where differences were consistently observed between biological replicates.
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Table 3.

Interactions between active compounds and NDM-1 residues from docked structures by LigPlot+. The 

complete table for all compounds is provided in the Supporting Information (Table S1).

Compound H-bonding interactions Hydrophobic interactions

5 Asn220, Zn302 Ile35, Val73, Trp93, His122, Gln123, Asp124, Glu152, His189, Cys208, Lys211, Gly219, 
His250

6 Asp124, Cys208, Asn220, 
Zn302

Val73, Trp93, His122, Gln123, Glu152, His189, Lys211, Gly219, His250

7 Ans220, Zn302 Ile35, His189, Cys208, Lys211, Asp212, Ala215, Ser217, Gly219, His250, Ser251

8 Asn220, Zn302 Ile35, Val73, Trp93, His122, Gln123, Asp124, Glu152, His189, Cys208, Lys211, Gly219, 
His250

9 Asn220, Zn302 Ile35, Val73, Trp93, His122, Gln123, Asp124, Glu152, Gly153, Met154, His189, Cys208, 
Lys211, Gly219, His250

13 Asn220, Zn302 Ile35, Val73, Trp93, His122, Gln123, Asp124, His189, Cys208, Lys211, Gly219, His250
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