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Abstract

Pathogenic Gram-negative bacteria resistant to almost all β-lactam antibiotics are a major public 

health threat. Zn(II)-dependent or metallo-β-lactamases (MBLs) produced by these bacteria 

inactivate most β-lactam antibiotics, including the carbapenems, which are “last line therapies” for 

life-threatening Gram-negative infections. NDM-1 is a carbapenemase belonging to the MBL 

family that is rapidly spreading worldwide. Regrettably, inhibitors of MBLs are not yet developed. 

Here we present the bisthiazolidine (BTZ) scaffold as a structure with some features of β-lactam 

substrates, which can be modified with metal-binding groups to target the MBL active site. 

Inspired by known interactions of MBLs with β-lactams, we designed four BTZs that behave as in 

vitro NDM-1 inhibitors with Ki values in the low micromolar range (from 7 ± 1 to 19 ± 3 μM). 

NMR spectroscopy demonstrated that they inhibit hydrolysis of imipenem in NDM-1-producing 

Escherichia coli. In vitro time kill cell-based assays against a variety of bacterial strains harboring 
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blaNDM-1 including Acinetobacter baumannii show that the compounds restore the antibacterial 

activity of imipenem. A crystal structure of the most potent heterocycle (L-CS319) in complex 

with NDM-1 at 1.9 Å resolution identified both structural determinants for inhibitor binding and 

opportunities for further improvements in potency.
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Keywords

antibiotic resistance; inhibitors; bisthiazolidines; metallo-β-lactamase; NDM-1

Seven decades after the clinical introduction of penicillin, β-lactam resistance is a major 

public health problem, a situation aggravated by overuse of this class of antibiotics in 

hospitals and agriculture. A succession of increasingly potent penicillins, cephalosporins, 

and carbapenems was developed, with carbapenems now often being used as “last-resort 

therapies” for the treatment of β-lactam-resistant bacterial infections.1–3 The therapeutic 

efficacy of carbapenem antibiotics (imipenem, meropenem, ertapenem, and doripenem) is 

severely challenged by the appearance and spread of carbapenemases in Gram-negative 

bacteria. Carbapenemases include two types of enzymes: (i) those with an essential Ser 

residue in their active site, known as serine-β-lactamases (SBLs), and (ii) the Zn(II)-

dependent metallo-β-lactamases (MBLs). Whereas only a few SBLs (e.g., KPC-24,5) are 

capable of hydrolyzing carbapenems, most MBLs display an unusually broad substrate 

profile, being able to inactivate all bicyclic β-lactam antibiotics. The association of MBL 

genes with mobile genetic elements (and other resistance cassettes) facilitated the 

dissemination of these enzymes among prevalent pathogens such as Pseudomonas 
aeruginosa and members of the Enterobacteriaceae, making them serious clinical threats.6,7
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New Delhi metallo-β-lactamase-1 (NDM-1), originally found encoded by a multiresistance 

plasmid in Klebsiella pneumoniae,8 is one of the most widespread carbapenemases and has 

been identified in multiple pathogenic and environmental species7 on every inhabited 

continent. NDM-1 is a member of the B1 subclass of MBLs that represents the largest and 

most clinically relevant group of MBLs.

Crystal structures of NDM-19–11 reveal a dinuclear metal center in the active site, composed 

of two Zn(II) ions (Figure 1): one containing a tetrahedral coordination sphere (Zn1 site) and 

one in a trigonal bipyramidal coordination sphere (Zn2 site). The Zn1 site consists of a 

Zn(II) ion coordinated to residues H116, H118, and H196 and a water/hydroxide molecule 

(we have used the standard BBL numbering scheme12 throughout this paper). The metal ion 

at the Zn2 site is coordinated to residues D120, C221, and H263, a water molecule, and the 

formerly mentioned water/hydroxide. As with all MBLs, NDM-1 is not inhibited by 

commercially available (mechanism-based) serine-β-lactamase inhibitors, and clinically 

useful MBL inhibitors are not yet identified.13–16

Several papers reveal thiol-bearing carboxylate compounds, such as D- and L-

captopril,8,17–19 as well as carboxylate-bearing compounds such as a maleic acid derivative, 

ME1017,20 and rhodanine-derived ene-thiolates21 as active NDM-1 inhibitors. Natural 

products have also been reported to inhibit NDM-1 by “sequestration” of the essential Zn(II) 

cofactors.22 Inspired by these attempts, here we report the use of bisthiazolidines (BTZs) as 

a novel scaffold, replicating some features of β-lactam substrates, which can be readily 

synthesized with high yields, are capable of inhibiting NDM-1 in vitro, and can restore the 

efficacy of imipenem against pathogenic bacteria expressing NDM-1 in time kill assays. The 

crystal structure of NDM-1 in complex with the most potent inhibitor reveals details of the 

inhibitor binding interaction and provides a basis for further improvement of this scaffold.

RESULTS AND DISCUSSION

Inhibition of MBLs present in Gram-negative bacteria is challenging for two main reasons: 

(1) covalent enzyme–intermediate (EI) adducts do not form during catalysis,1,23 and (2) their 

broad substrate spectrum, which for most MBLs results from a wide, open active site groove 

containing few (if any) specific sites for substrate recognition. The most critical 

consideration in the catalytic mechanism is the activation of a Zn(II)-bound water/hydroxide 

nucleophile and the stabilization, by the Zn(II) ion at the Zn2 site, of an anionic intermediate 

that forms during hydrolysis of some cephalosporins and carbapenems.24–26

Substrate recognition in MBLs is largely driven by interaction with the metal ions,27 

particularly Zn2.28 The β-lactam carboxylate present at position C3′ in penicillins and 

carbapenems and in position C4′ in cephalosphorins is able to bind Zn2, as well as to 

interact with a conserved charged residue at position 224, as seen in some of the structurally 

characterized enzyme–product (EP) or EI complexes.11,29,30 Hence, we sought to design an 

NDM-1 inhibitor scaffold replicating these interactions while at the same time considering 

other available data related to MBL–substrate interactions.
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The rationale for our design of BTZ inhibitors is as follows. We reasoned that bicyclic 

substrates are well recognized by MBLs. In contrast, monocyclic β-lactam compounds (such 

as the monobactam antibiotic aztreonam) do not bind productively, because binding through 

the sulfonate moiety to Zn2 orients the carbonyl group far away from the nucleophile.31,32 

Second, the tetrahedral bridgehead nitrogen of bicyclic β-lactam antibiotics is important for 

affinity, because γ-lactam analogues of the penicillins, which have a planar bridgehead 

nitrogen, are not substrates of the Bacillus cereus BcII MBL.33

On the basis of the substrate structural features outlined above, we envisioned that BTZs 

could mimic substrate recognition by MBLs (Scheme 1). The motivation is based on the 

ability of BTZs to (1) mimic a bicyclic β-lactam compound while being devoid of β-lactam 

functionality, (2) retain the bridging N and the carboxylate able to interact with Zn2, and (3) 

accommodate additional metal-binding groups targeting the essential Zn center.

The BTZ compounds include a free thiol, which is a high-affinity Zn(II) binding group, as 

well as a carboxylate, and present these with different relative orientations. The BTZs were 

synthesized by double condensation of aminothiols and the mercaptoacetaldehyde dimer, as 

shown in Table 1.34 We prepared four BTZs: L-CS319 and L-VC26 and their enantiomers. 

The use of penicillamine as a precursor endows these compounds with the C7 gem-dimethyl 

group present in penicillins (Scheme 1). This synthetic strategy allowed us to obtain the 

targeted compounds with high yields and diasteromeric ratios, starting from the readily 

available precursors, L- or D-cysteine (Cys) and L- or D-penicillamine (PNA). 

Unfortunately, attempts to isolate the minor diastereomer (the anti compound), failed in both 

cases for Cys or PNA.

We studied the effect of these BTZs on the initial rates of imipenem hydrolysis by NDM-1. 

This analysis revealed a competitive inhibition model with inhibition constants (Ki; Table 2 

and Figure S1) ranging between 7 and 19 μM. In all four cases, the progress curves reflected 

a single velocity for the onset of inhibition, and we did not observe a curvature of the 

reaction progress curves over a time scale where the uninhibited reaction progress curve is 

linear (Figure S2). These observations allowed us to discard time-dependent inhibition and 

the possibility of a two-state binding process, in contrast to what we have recently reported 

for inhibition of VIM MBLs by these BTZ compounds.35 The most active compound was L-

CS319. The observation that L-CS319 binds with greater affinity than D-CS319 (which 

features more penicillin-like carboxylate stereochemistry) suggests that thiol binding is the 

main determinant of inhibition, overriding stereochemical preferences involved in substrate 

binding. The penicillamine derivatives L- and D-VC26, bearing a gem-dimethyl group, were 

nearly 2 times less active than L-CS319.

To investigate uptake into bacterial cells and to observe in real time whether BTZs inhibited 

NDM-1 directly, we then tested the ability of these compounds to protect imipenem from the 

hydrolytic activity of NDM-1 in E. coli cells by following imipenem hydrolysis using 1H 

NMR.36 Addition of the four BTZs inhibited imipenem hydrolysis by bacterial cells (Table 2 

and Figure 2). L-CS319 was the most potent inhibitor in bacteria with an IC50 value of 23 

μM, whereas its enantiomer was 4.7 times less active, a difference within the same order of 

magnitude as that observed in the in vitro experiments. The main differences between 
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inhibitory potencies measured in vitro and in bacterial cells were observed for the gem-

dimethyl compounds, which displayed IC50 values between 180 and 200 μM, 1 order of 

magnitude less potent than L-CS319. The relatively high IC50 values for these compounds 

might arise from differences in cell permeability.

These results encouraged us to broaden our cell-based assays using three NDM-1-producing 

clinical isolates, Klebsiella pneumoniae Ca01.37, Acinetobacter baumannii 1.58, and 

Providencia rettgeri Ch01.27. Strikingly, our results showed between 7 and 3 log10-fold 

reduction of viable cell counts on exposure to sublethal concentrations of imipenem in the 

presence of the four BTZ inhibitors (Figures 3 and S7). Hence, these findings demonstrate 

the ability of these inhibitors to restore the activity of imipenem against NDM-1-producing 

clinical isolates. More noteworthy, because the outer membrane of Acinetobacter spp. acts as 

a substantial barrier against the penetration of antibiotics,37,38 our data show that penetration 

against difficult to treat pathogens is an extremely favorable property of these compounds. 

Finally, these compounds do not act as direct antimicrobials, as the BTZs independently do 

not decrease the viable cell number when compared to broth-only controls in in vitro time 

kill experiments (Figure S7).

MBLs are members of an extensive metalloenzyme superfamily that includes multiple 

human homologues.39 Candidate MBL inhibitors should therefore show selectivity for 

MBLs when compared to related human enzymes, as well as lack toxicity against human 

cells. Thus, we investigated the ability of the most potent inhibitor in vitro (L-CS319) to 

inhibit human glyoxalase II (hGlx2), an MBL superfamily member involved in oxoaldehyde 

degradation.40 Inhibition of hGlx2 was not observed at concentrations up to 100 μM L-

CS319 (data not shown). To extend this finding, we next tested the cytotoxicity of L-CS319 

against cultured mammalian cells. L-CS319 did not show toxic effects against HeLa and 

Hek 293 cell lines up to a concentration of 500 μM (Figure S8), indicating a lack of 

significant inhibitory activity of this compound against other essential human enzymes.

To characterize the mode of inhibition of NDM-1 by L-CS319, we determined a crystal 

structure of the complex. NDM-1 crystals were obtained in the P1 crystal form (four 

molecules in the asymmetric unit) described by Feng et al. (pdb 4RM530) and soaked with 5 

mM of inhibitor dissolved in DMSO, yielding a structure for the complex to a resolution of 

1.90 Å (above which value completeness in the high-resolution bin rapidly drops). 

Inspection of difference maps yielded clear evidence for the presence of bound ligand in all 

four molecules of NDM-1 (Figure S9), although crystallographic B-factors varied between 

individual chains (Table 3). Inhibitor binding has little effect upon the overall structure of 

NDM-1 (rmsd 0.647 Å between Cα atoms using SSMSuperpose41 compared to PDB 

accession 3SPU10). The main differences are in the conformation of the L3 (residues 61–65) 

and, to a lesser extent, L10 (residues 224–238) loops. Loop L3 is poorly defined in the 

complex (as evidenced by weaker electron density and elevated crystallographic B-factors) 

and could be modeled in its entirety for only one of the four molecules (Figure S10).

The inhibitor is bound to the NDM-1 active site, which contains two zinc ions bound to the 

canonical metal ligands of B1MBLs. The sulfur atom of the mercaptomethyl group is 

positioned nearly equidistant between the two zinc ions, displacing the bridging water/
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hydroxide molecule that is proposed to be the attacking nucleophile (Figure 4), but with 

little impact on the Zn1–Zn2 distance (3.7 vs 3.8 Å in the unbound form). The coordination 

geometry of the two zinc ions is tetrahedral, in contrast to the structure of unliganded 

NDM-1, which features a five-coordinated Zn2 ion, indicating that inhibitor binding is able 

to displace the second “apical” Zn2-bound water molecule that is a feature of many 

unliganded MBL structures. The carboxylate moiety does not bind Zn2, but instead makes 

hydrogen bonds with water molecules (Wat; Figure 4) that are themselves connected to Nε 
of K224.

Crystal structures have been deposited for complexes of NDM-1 with hydrolysis products 

(EP complexes) generated from a variety of β-lactams9,11,30 and with the thiol-containing 

captopril.11 Comparison of the BTZ complex with these structures (Figure 5) identifies both 

similarities in the interactions of these different ligands with NDM-1 and some features that 

are unique to BTZ binding. First, the position of the BTZ thiol, displacing the “bridging” 

water molecule, is very similar to that occupied by the free thiol of captopril or the 

carboxylate group of hydrolyzed meropenem, but differs from that of the bridging water 

present in EP complexes of penicillins or cephalosporins. Second, the Zn1–Zn2 distance 

resembles that observed in complexes with L-captopril (3.59 Å; pdb 4EXS) and hydrolyzed 

cefuroxime (3.83 Å; pdb 4RL0) but is considerably shorter than in EP complexes of 

penicillins and the cephalosporin cephalexin (ca. 4.6 Å) or, to a lesser extent, meropenem 

(pdb 4EYL; 4.05 Å). Third, the tetrahedral coordination geometry for both Zn1 and Zn2 

differs from the 5-and 6-co-ordination typically observed in EP complexes, but resembles 

that for the captopril structure. Lastly, the BTZ carboxylate group occupies a unique 

position, making water-mediated interactions with K224, whereas in all β-lactam EP 

complexes so far described the equivalent (C2 or C3) carboxylate is positioned to form a 

bridge between Zn2 and K224. The complex with L-captopril does not feature a Zn2–

carboxylate interaction. Hence, as in the case of β-lactam EP adducts of NDM-1, K224 

orients the inhibitor for binding to the dinuclear metal site. Mimicking the interaction of β-

lactams with the Zn(II) ions and/or K224 may be productive for the development of MBL-

specific inhibitors. Finally, the bridging N atom in the BTZ scaffold is far from the zinc ions 

(at a distance of 5.5 Å from Zn1 and 4.4 Å from Zn2), in contrast to what has been reported 

in different EP complexes and proposed for EI species. We attribute this difference to the 

presence of the thiol moiety, which we propose dominates binding to the metal site and, in 

so, doing limits the extent to which interactions of BTZs with NDM-1 fully mimic those 

made by β-lactams.

We recently obtained the crystal structure of L-CS319 bound to a related B1MBL, VIM-2, 

for which BTZ inhibition was described by a slow-binding model (see above). In this work 

we observed binding of L-CS319 to VIM-2 in two conformations. Binding of L-CS319 to 

NDM-1 resembles the more populated of these, in which the mercaptomethyl sulfur atom is 

also positioned between the two zinc ions, and the inhibitor carboxylate is also involved in 

interactions with the protein main chain. However, in the case of VIM-2, which lacks the 

conserved K224 found in NDM-1 (and most other subclass B1MBLs), the BTZ carboxylate 

instead contacts the main-chain carbonyl groups of N233 and (via a water molecule) C221. 

These interactions are present in both of the observed modes of BTZ binding to VIM-2. We 

consider it possible that these more plastic interactions involving the BTZ carboxylate 
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permit multiple modes of binding to VIM-2, resulting in the different mode of inhibition that 

is observed in solution experiments. Notably, VIM-2 R228, a residue previously proposed to 

substitute for K224 in many VIM enzymes, is not optimally oriented for H-bonding to the 

BTZ carboxylate and is present in two conformations, of which the second (conformer B; 

Figure S11) cannot participate in BTZ binding. This, together with our observation that a 

leucine substitution at position 228 has little impact upon BTZ affinity, further supports our 

contention that the BTZ carboxylate occupies a less well-defined binding pocket in VIM-2, 

compared to NDM-1. We also note that differences in the conformation of the L3 loop (see 

below) may also serve to shift the position of the BTZ bicyclic ring system in the major 

conformer of the VIM-2 complex, compared to its location in the present NDM-1 structure 

(Figure S11).

In addition to hydrogen-bonding and metal coordination interactions, the inhibitor makes 

hydrophobic contacts with residues M61 and V67 at the base of loop L3 and with W87 of 

loop L5. Mutagenesis studies on NDM-1 suggest that loop L3 is important in substrate 

recognition.42 Indeed, improvement in IMP-1 inhibition by a series of succinic acid 

derivatives was achieved by optimizing hydrophobic interactions in the active site.15 It is 

notable that the conformation of loop L3 varies in the different NDM-1 structures, with the 

meropenem EP and captopril complexes in particular differing from the native structure. 

Although caution must be exercised in making comparisons as loop L3 is generally less 

well-defined in NDM-1 structures, has relatively high B-factors, and is frequently involved 

in crystal contacts, we observe that in the BTZ complex loop L3 adopts a more “closed” 

conformation, overlaying the active site, than is the case for other structures so far reported 

(Figure 5). Indeed, the distance from the Zn1 (trihistidine) site to the Cα of G63 at the apex 

of the L3 loop varies between 17.9 Å (this structure), 20.1 Å (unliganded enzyme), and the 

complexes with hydrolyzed ampicillin (21.4 Å), hydrolyzed meropenem (18.4 Å), and L-

captopril (19.6 Å). We anticipate that the BTZ scaffold, particularly L-CS319, can be further 

decorated to improve recognition by hydrophobic moieties located in the L3 and L5 loops. 

We further note that the conformation of the L10 loop also differs between the native 

structure, the BTZ and captopril complexes, and the various β-lactam EP complexes, most 

likely as a result of contacts between the side chain of N233 and the EP carboxylate groups. 

Modifying the BTZ scaffold to enable exploitation of similar interactions may offer a further 

route to improving inhibitor potency.

In summary, we report the successful use of the bisthiazolidine scaffold as the basis for new 

inhibitors of the MBL NDM-1. All compounds efficiently inhibited NDM-1, with one 

showing low micromolar inhibition both in vitro and in bacterial cells, as well as the ability 

to restore carbapenem efficacy against NDM-1-producing clinical isolates. Two key 

elements of this compound are a thiol group that binds by bridging the two Zn(II) ions in the 

NDM-1 active site and a carboxylate that interacts with K224. The approach outlined herein 

provides a novel, efficient strategy for MBL inhibition, inspired by key elements of β-lactam 

binding and hydrolysis, and provides a flexible scaffold for further optimization.
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METHODS

Protein Preparation

For kinetic studies, the blaNDM-1 gene encoding the protein lacking the first 38 residues 

(including the leader sequence) was cloned between the NdeI and XhoI restriction sites of a 

modified version of the pET-28 (+) plasmid in which the thrombin cleavage site was 

replaced by a TEV cleavage site.43,44 The mature NDM-1 (residues 32–294, BBL 

numbering) was produced in Escherichia coli BL21(DE3). The bacterial culture was grown 

at 37 °C in M9 minimal media until it reached OD600 = 0.6. Then, NDM-1 production was 

induced by addition of 0.5 mM isopropyl β-D-1-thiogalactopyr-anoside (IPTG). At the time 

of induction of protein expression, the growth medium was supplemented with 0.5 mM 

ZnSO4. Cells were incubated overnight at 18 °C. All subsequent purification steps were 

performed at 4 °C. The cells were harvested and resuspended in 50 mM Tris-Cl, pH 8.0, 200 

mM NaCl and supplemented with 10 μg/mL DNase, 4 mM MgCl2, 2 mM 

phenylmethanesulfonyl fluoride (PMSF), and 10 mM β-mercaptoethanol. E. coli cells were 

disrupted by sonication (five cycles of 30 s with 1 min between), and the insoluble material 

was removed by centrifugation for 60 min at 15000g. The crude extract was loaded onto a 

Ni-Sepharose column equilibrated with buffer A (50 mM Tris-Cl, pH 8.0, 200 mM NaCl, 10 

mM β-mercaptoethanol), the column was washed with 100 mL of buffer A, and His6x-

NDM-1 was eluted with buffer B (50 mM Tris-Cl, pH 8.0, 200 mM NaCl, 10 mM β-

mercaptoethanol, 500 mM imidazole) using a linear gradient (0–100% buffer B, in 100 mL). 

Then, 100 μM His6x-NDM-1 was mixed with the TEV protease (1:50 TEV:His6x-NDM-1 

ratio), and the mixture was incubated for 16 h at 4 °C during dialysis against 100 volumes of 

50 mM Tris-Cl, pH 8.0, 200 mM NaCl, 10 mM β-mercaptoethanol. NDM-1 was then loaded 

onto a Ni-Sepharose column to separate it from the His6x tag, the uncleaved fusion protein, 

and the His6x-tagged TEV protease. NDM-1 was collected in the flow-through of the 

column with a purity >95%, as determined by SDS-PAGE. β-Mercaptoethanol was removed 

from the protein sample by one 12-h dialysis step of 100 μM NDM-1 against 100 volumes of 

10 mM HEPES, pH 7.5, 200 mM NaCl, 200 μM ZnSO4, followed by three 4-h dialysis steps 

against 100 volumes of 10 mM HEPES, pH 7.5, 200 mM NaCl. NDM-1 was concentrated 

using Centricon ultrafiltration devices (Millipore, Bedford, MA, USA) to a final 

concentration of 200 μM. Protein concentrations were determined from the absorbance at 

280 nm using a molar absorption coefficient45 (ε280) of 28500 M−1 cm−1. The average 

protein yield was 50 mg/L culture. For X-ray crystallography, NDM-1 lacking the first 26 

amino acids (including the leader sequence) was expressed from the pOPINF T7 vector.46 

Recombinant NDM-1 was expressed and purified according to the method of Rydzik et al.47 

and concentrated to 35 mg/mL by ultrafiltration.

Representative Synthesis of Bisthiazolidines.48

Synthesis of (2R,5S,8R)-8-Carboxylate-2-mercaptomethyl-1-aza-3,6-
dithiobicyclo[3.3.0]octane (L-CS319)—1,4-Dithiane-2,5-di-thiol (0.8 g, 5.0 mmol) and 

p-TsOH ac. (0.030 g,0.17 mmol) were added to a stirred suspension of L-cysteine (0.5 g, 4.1 

mmol) in ethanol (16 mL). The mixture was heated at reflux for 2 h. It was then cooled and 

poured into brine, extracted with CH2Cl2 (5 × 30 mL), dried (Na2SO4), and filtered, and the 

solvent was removed under reduced pressure. The residue was purified by chromatography 
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on SiO2 (1:3:0.1 EtOAc/hexane/AcOH) to give compound L-CS319 (0.830 g, 86%, syn/anti 
95:05) as a white solid: mp 103–104 °C; 1H NMR (CDCl3) δ 1.86 (t, J = 8.5 Hz, 1HSH), 

2.81 (dd, J = 8.5, 6.9 Hz, 2H), 3.11 (dd, J = 12.0, 4.2 Hz, 1H), 3.33 (dd, J = 11.4, 7.1 Hz, 

1H), 3.43 (dd, J = 11.4, 3.3 Hz, 1H), 3.55 (dd, J = 12.0, 5.8 Hz, 1H), 4.25 (dd, J = 7.1, 3.3 

Hz, 1H), 4.32 (t, J = 6.9 Hz, 1H), 5.05 (dd, J = 5.8, 4.2 Hz, 1H); 13C NMR ((CD3)2CO) δ 
34.0, 34.3, 39.2, 71.5, 74.5, 75.6, 172.1; HRMS calculated for C7H11NO2S3, [M + 

H]+ 238.0025, found 238.0033; [α]D = −57.7° (20 °C, AcCN, c 0.6).

Synthesis of (2S,5R,8S)-8-Carboxylate-2-mercaptomethyl-1-aza-3,6-
dithiobicyclo[3.3.0]octane (D-CS319)—An analogous route to the one described for L-

CS319, starting from D-cysteine, was used. The spectroscopic properties were identical to 

those obtained for L-CS319, [α]D = +63.1° (20 °C, AcCN, c 0.6).

Synthesis of (2R,5S,8R)-2-Mercaptomethyl-7-dimethyl-8-carboxylate-1-aza-3,6-
dithiobicyclo[3.3.0]octane (L-VC26)—An analogous route to the one described for L-

CS319, starting from L-penicillamine, was used. Purification by chromatography on SiO2 

(1:3, EtOAc/hexane) gave compound L-VC26 (89%, syn/anti 95:0.5): 1H NMR (CDCl3) δ 
1.52 (s, 3H), 1.62 (s, 3H), 1.89 (t, J = 8.7 Hz, 1HSH), 2.81 (m, 2H), 3.06 (dd, J = 11.7, 5.4 

Hz, 1H), 3.43 (dd, J = 11.7, 6.6 Hz, 1H), 3.80 (s, 1H), 4.31 (t, J = 7.3 Hz, 1H), 4.98 (dd, J = 

6.6, 5.4 Hz, 1H); 13C NMR (CDCl3) δ 28.0, 28.1, 32.0, 40.5, 55.1, 68.7, 75.7, 78.5, 170.4; 

HRMS calculated for C9H16NO2S3, [M + H]+ 266.0343, found 266.0330; [α]D = −45.2° 

(20 °C, MeOH, c 1.0).

Synthesis of (2S,5R,8S)-2-Mercaptomethyl-7-dimethyl-8-carboxylate-1-aza-3,6-
dithiobicyclo[3.3.0]octane (D-VC26)—It was prepared following an analogous route to 

the one described for L-CS319, starting from D-penicillamine. The spectroscopic properties 

were identical to those obtained for L-VC26; [α]D = +40.0° (20 °C, MeOH, c 1.0).

Inhibition Assays on NDM-1

Hydrolysis of imipenem by NDM-1 was monitored using a Jasco V-670 spectrophotometer 

by following the changes in absorbance at 300 nm using a Δε300 = −9000 M–1 cm–1. The 

reaction medium employed was 10 mM HEPES, pH 7.5, 200 mM NaCl, 50 μg/mL BSA, 

and 20 μM ZnSO4 at 30 °C. Reactions were carried out in 0.1 cm path length quartz cuvettes 

in a final volume of 300 μL, with a final enzyme concentration of 1 nM. Bisthiazolidines 

were dissolved in DMSO to a final concentration of 100 mM and then diluted 10-fold (to 10 

mM) in 10 mM HEPES, pH 7.5, 200 mM NaCl. Appropriate volumes of the 10 mM stock 

solutions were used to achieve the desired final concentrations. The final DMSO 

concentration in the reaction mixture was then maintained between 0.01 and 0.07%, which 

did not alter the enzyme activity (data not shown). The assay was initiated by the addition of 

NDM-1 to the mixture of substrate and inhibitor. In the presence of inhibitor, the initial 

phase of the time courses was linear but showed a decreased rate of hydrolysis with respect 

to the reaction in the absence of inhibitor. The initial rate of reaction for each substrate or 

substrate–inhibitor concentration, under steady state conditions (<5% of substrate 

consumed), was calculated from the slope of the initial linear phase of the respective time 

course. Inhibition constants (Ki) were evaluated by nonlinear fitting of the initial velocities 
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at various concentrations of the substrates and inhibitors, with the equations for different 

inhibition models as implemented in GraphPad 5.0. Best fits were obtained with the 

competitive inhibition model using the equation v0 = ((vmax × [S])/(KM × (1 + [I]/Ki) + [S])) 

(Figure S1). The inhibition constants (Ki) are shown with their corresponding standard 

errors obtained from the fit (Table 2). We obtained the Lineweaver–Burk plots for each 

bisthiazolidine from the fits to the competitive inhibition model using the equation (1/v0) = 

(1/vMAX) × ((1/[S]) × KM × (1 + ([I]/Ki)) + 1) (Figure S3). The bisthiazolidine inhibitors did 

not show a significant absorption spectrum, allowing us to discard possible interferences 

with the measurements (Figure S18).

Glyoxalase Activity Measurements

The inhibition analyses for hydroxyacylglutathione hydrolase, human glyoxylase II 

(hHAGH), were performed following the hHAGH assay from R&D Systems. The hHAGH 

assay was carried out using a BMG Labtech Pherastar FS microplate reader using UV-Star 

96 well plates (Greiner Bio-One). L-CS319 was screened at a single concentration (100 μM) 

in triplicate. The inhibitor was incubated for 10 min with the enzyme prior to addition of the 

substrate. The rate of hydrolysis of S-lactoylglutathione (0.5 mM, supplemented with DTNB 

(200 μM) to form a substrate mixture) by recombinant hHAGH (0.2 ng/μL) was monitored 

at 405 nm in the presence of L-CS319. EDTA was used as control. No inhibition was 

detected at these assay conditions.

E. coli Cell Preparations for Inhibition Studies

We constructed a plasmid for the periplasmic expression of NDM-1 (pMBLeNDM-1), in 

which the blaNDM-1 gene is under the control of the pLac promoter (Scheme S1). E. coli 
cells carrying the pMBLe vector (without the blaNDM-1 gene) or the pMBLeNDM-1 vector 

were inoculated into 10 mL of lysogeny broth (LB) medium in the presence of 25 μg/mL 

gentamicin and were grown with shaking (220 rpm) at 37 °C until cells reached OD600 = 

0.6. At that time, 100 μM IPTG was added for NDM-1 β-lactamase induction, and cells 

were grown for 2 h at 37 °C with shaking (220 rpm). Cell cultures were centrifuged at 1000g 
for 4 min at 4 °C, the supernatant was discarded, and the cell pellets were washed 

thoroughly by resuspending them in 1 mL of buffer (50 mM sodium phosphate, pH 7.0) and 

were then pelleted again by centrifugation (1000g, for 4 min at 4 °C). This process was 

repeated three times, and finally cells were resuspended in buffer to OD600 = 0.1 for NMR 

studies. Lastly, 500 μL of final cell suspensions (in 50 mM sodium phosphate, pH 7.0, at 

90% H2O/10% D2O) was placed in the NMR tube for data acquisition. Different 

concentrations of each compound and/or 500 μM of imipenem were added for estimation of 

the IC50 values. Supernatants from the cell suspensions were collected by centrifugation 

(1000g for 10 min at 4 °C) and then filtered through 0.22 μm filters.

Plating Colony Tests for NDM-1-Bearing E. coli Cells

We obtained serial 103, 104, 105, 106, 107, and 108-fold dilutions from stock suspensions of 

NDM-1-bearing E. coli cells. Then, we inoculated an LB-agar plate containing 25 μg/mL 

gentamicin with 10 μL drops of each dilution. The drops were allowed to dry on the plate, 

and the plate was incubated at 37°C overnight.
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1H NMR Measurements and Analyses

All spectra were acquired on a Bruker Avance 600 MHz spectrometer equipped with a TXI 

probe. We used a sweep width of 10204 Hz for 1D 1H NMR experiments. All spectra were 

acquired with 64 scans, and the temperature was kept constant at 25 °C. Water suppression 

was achieved by means of the excitation sculpting scheme; the water-selective 180 °C sine-

shaped pulse was 2 ms long. The FID was collected in 32K data points. A 1 Hz exponential 

line broadening function was applied prior to Fourier transformation. NMR spectra were 

processed and analyzed with TopSpin 3.0. All spectra in a given series were plotted at the 

same scaling ratio.

Whole-Cell IC50 Measurements and Analyses

We confirmed that imipenem is sufficiently stable in buffer or in the presence of E. coli cells 

lacking carbapenemases (Figure S4). However, when a 500 μM imipenem solution was 

exposed to a suspension of E. coli cells expressing NDM-1, the carbapenem was degraded 

within 9–15 min (Figure 2). Cell lysis leading to NDM-1 leakage into the medium was not 

observed, confirming that the reaction occurred within the bacterial periplasm (Figure S5). 

Cell viability after 1 h of incubation during the NMR measurements was verified (Figure 

S6).

We then performed the IC50 measurements according to the procedure of Dalvit and co-

workers.49 To evaluate the potency of the inhibitors we calculated the percentage of the 

inhibition seen 15 min after the initiation of the reaction using eq 1

(1)

where [Sw] and [Sw/o] are given by the integrals of the substrate signals (between 1.21 and 

1.18 ppm of imipenem in this case) in the presence and absence of inhibitor, respectively. 

[STOTAL] is the sum of [Sw/o] and [Pw/o] or [Sw] and [Pw], where [Pw] and [Pw/o] are the 

integrals of the product signals (between 1.17 and 1.12 ppm of hydrolyzed imipenem in this 

case) in the presence and absence of the inhibitor, respectively. IC50 values can be obtained 

by fitting the data of percent inhibition versus inhibitor concentration to eq 2

(2)

where [I] is the concentration of the inhibitor and n is the cooperativity factor. The IC50 

values are presented with the corresponding standard errors obtained from the fit (Table 2).

Crystallization and Structure Determination

We used a version of NDM-1 lacking the first 26 amino acids at a concentration of 35 

mg/mL. Crystals were obtained from 100 mM MES, pH 6.5, 25% (w/v) PEG 2000 

monomethyl ether and soaked for 10 min in a solution of mother liquor containing 5 mM of 

the bisthiazolidine L-CS319 and 5% dimethyl sulfoxide (DMSO), before transient transfer 
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to mother liquor supplemented with 25% glycerol and snap-freezing in liquid nitrogen. X-

ray diffraction data were collected on a Pilatus M2 detector mounted on beamline I04-1 of 

the Diamond Light Source synchrotron radiation facility (Didcot, UK). Data were integrated 

using the program XDS50 with space group assignment by POINTLESS51 as implemented 

in the XIA2 crystallography pipeline,52 and scaled and merged using SCALA53 as part of 

the CCP4 crystallography suite.54 The structure was solved by molecular replacement using 

PHASER55 with unliganded NDM-1 (pdb 3SPU)10 as a search model. The model was 

rebuilt using Coot56 and refined using PHENIX.57 The quality of the final structure was 

assessed with MolProbity.58

Cytotoxicity Assays

HeLa/HEK 293 cells were seeded (5000 or 2000 per well, respectively) in normal DMEM 

using 96-well plates. After 24 h, the wells were closed and supplemented with the inhibitor 

(final DMSO concentration - 1%). Following a further 24 h incubation period, 20 μL of 

tetrazolium (MTS, CellTiter96Aqueous One Solution (Promega)) was added to the medium 

in each well. The plate was incubated at 37 °C with 5% CO2 for 4 h in the dark before the 

absorbance was read at 495 nm to determine cell proliferation values.

In Vitro Time Kill Study

Three clinical strains expressing NDM-1 as the only MBL were employed for these 

experiments (Table S1).59 NDM-1-producing Klebsiella pneumoniae (imipenem MIC = 8 

mg/L), Providencia rettgeri (imipenem MIC = 64 mg/L),59 and Acinetobacter baumannii 
(imipenem MIC = 128 mg/L) were cultured overnight at 37 °C in Muller Hinton broth 

(MHB) supplemented with 50 mg/L ampicillin. The following day, 1.5 μL of the overnight 

cultures was inoculated in 1 mL of MHB to obtain a bacterial suspension of approximately 

106 CFU/mL. To examine the effects of the novel bisthiazolidine compounds on bacterial 

growth, the bacterial suspensions were grown at 37 °C under different conditions: MHB 

alone (growth control) or supplemented with 0.4% DMSO (growth control), sublethal 

concentrations of imipenem (4 mg/L for K. pneumoniae and 16 mg/L for A. baumannii and 

P. rettgeri), 100 mg/L of each inhibitor, or a combination of imipenem and inhibitor. 

Samples (10 μL) were removed at time intervals of 100, 300, and 500 min of exposure, and 

serial dilutions were performed on MHB. The number of viable cells was determined by 

spotting 20 μL of each dilution on Muller Hinton agar (MHA). The plates were incubated at 

37°C overnight, and the numbers of colonies were counted. Results shown are the mean of 

three biological replicates.

The inhibitors do not have any antimicrobial effect on their own, as differences could not be 

detected in viable cell number between inhibitor-exposed cells and broth-only controls 

(Figure S7).

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1. 
Structure of NDM-1 (PDB code 3SPU). The enzyme contains a dinuclear metal center in the 

active site, comprising two Zn(II) ions: one with a tetrahedral coordination sphere (Zn1, 

coordinated to residues His116, His118, and His196 and a water/ hydroxide molecule) and 

one in a trigonal bipyramidally coordination sphere (Zn2, coordinated to residues Asp120, 

Cys221, and His263, a water molecule, and the water/hydroxide molecule). Zinc ions and 

water molecules are represented as gray and red spheres, respectively. The amino acid side 

chains are colored according to atom type. The protein main chain is color-ramped from the 

N-terminus (blue) to the C-terminus (red). This figure was generated using PyMol 

(www.pymol.org).
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Figure 2. 
Carbapenem hydrolysis inhibition in E. coli cells by BTZs. (Left) Remaining imipenem 

concentration, as determined from the 1H NMR spectrum, after a given incubation time with 

NDM-1-bearing E. coli cells, in the absence or in the presence of different concentrations of 

each bisthiazolidine. (Right) Determination of the IC50 from the plots of the percentage of 

inhibition as a function of compound concentration using eq 2.
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Figure 3. 
BTZs restore the in vitro activity of imipenem against NDM-1-producing K. pneumoniae 
(A), A. baumannii (B), and P. rettgeri (C). Bacteria were grown at sublethal concentrations 

of imipenem alone (4 μg/mL for K. pneumoniae and 16 μg/mL for A. baumannii and P. 
rettgeri) or in combination with 100 μg/mL of each compound. Viable cells were recovered 

at 100, 300, and 500 min. Results shown are the mean of three biological replicates ± SD.
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Figure 4. 
Crystal structure of the NDM-1:L-CS319 complex. Inhibitor L-CS319 interacts with both 

zinc ions via its sulfhydryl group. The carboxylate group interacts with K224 through two 

water molecules (Wats). Zinc ions and water molecules are represented as gray and red 

spheres, respectively. Hydrogen bonds and zinc coordination bonds are shown as black 

dashes and hydrophobic interactions as gray dashes. Protein main chain is color-ramped 

from the N-terminus (blue) to the C-terminus (red). The figure was generated using PyMol 

(www.pymol.org).
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Figure 5. 
Comparison of NDM-1:L-CS319 complex with other NDM-1 structures. Overlay of 

structure of NDM-1:L-CS319 complex (green) with structures of NDM-1: (a) unliganded 

NDM-1 (magenta, pdb 3SPU); (b) complex with hydrolyzed ampicillin (yellow, pdb 3Q6X); 

(c) complex with hydrolyzed meropenem (cyan, pdb 4EYL); (d) complex with L-captopril 

(salmon, pdb 4EXS). Carbon atoms are colored as above, other atoms as standard. Zinc ions 

(gray spheres) and active site residues from the NDM-1:L-CS319 complex structure are 

shown. This figure was generated using Pymol (www.pymol.org).
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Scheme 1. 
Benzylpenicillin and Imipenem Substrates of NDM-1 and the Bisthiazolidine (BTZ) 

Scaffold
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Table 1

Synthesis of Bisthiazolidines L-CS319, D-CS319, L-VC26, and D-VC26

aminothiol R1 product yielda (%) dr syn:antib

L-Cys H L-CS319 86 95:05

D-Cys H D-CS319 80 95:05

L-PNA Me L-VC26 89 95:05

D-PNA Me D-VC26 76 99:01

a
Yields were determined on the basis of isolated pure compounds.

b
dr, diastereomeric ratio, was calculated on the basis of 1H NMR well-defined signals.
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Table 2

Inhibition of NDM-1 by Bisthiazolidines

L-CS319 D-CS319 L-VC26 D-VC26

Ki (μM)[a] 7 ± 1 19 ± 3 18 ± 3 12 ± 1

IC50 (μM)[b] 23 ± 2 109 ± 9 200 ± 10 180 ± 10

[a]
Competitive inhibition of NDM-1-catalyzed imipenem hydrolysis by bisthiazolidines.

[b]
IC50 of bisthiazolidines for imipenem hydrolysis by E. coli cells expressing NDM-1.
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Table 3

Data Collection and Refinement Statistics

data collection

processing XDS/SCALA

beamline DLS I04-1

space group P1

cell dimensions (Å) a = 46.57, b = 69.02, c = 69.65
α = 87.39°, β = 88.21°, γ = 76.75°

wavelength (Å) 0.9200

resolutiona (Å) 28.47–1.90 (2.00–1.90)

total reflectionsa 183229 (24469)

unique reflectionsa 62122 (8848)

completenessa (%) 93.5 (91.0)

redundancya 2.9 (2.8)

I/(sig I)a 17.4 (5.4)

Rmerge
a (%) 0.045 (0.195)

refinement PHENIX

total reflectionsa 62116 (2595)

resolutiona (Å) 27.88–1.90 (1.93–1.90)

Rcryst
a (%) 15.4 (18.7)

Rfree
a,b (%) 18.2 (24.3)

RMS bond length (Å) 1.179

RMS bond angle (Å) 0.008

protein atoms 6763

water molecules 624

% residues in Ramachandran regionsc (favored/allowed/disallowed) 98.3/1.7/0

B-factor (protein)d 19.6

B-factor (ligand)e 33.6

B-factor (water molecules) 29.9

PDB accession code 4U4L

a
Data for the highest resolution shell are in parentheses.

b
Rfree was calculated with 5% of the reflections omitted.

c
Calculated using MolProbity.

d
19.2, 19.2, 18.3, 21.6 for chains A–D, respectively.

e
46.3, 37.0, 34.5, 45.3 for chains A–D, respectively, refined at full occupancy.
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