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ABSTRACT The design of inhibitors against metallo-β-lactamases (MBLs), the largest 
family of carbapenemases, has been a strategic goal in designing novel antimicrobial 
therapies. In this regard, the development of bicyclic boronates, such as taniborbac
tam (TAN) and xeruborbactam, is a major achievement that may help in overcoming 
the threat of MBL-producing and carbapenem-resistant Gram-negative pathogens. Of 
concern, a recent report has shown that New Delhi MBL-9 (NDM-9) escapes the inhibitory 
action of TAN by a single amino acid substitution with respect to New Delhi MBL-1 
(NDM-1), the most widely disseminated MBL. Here, we report a docking and computa
tional analysis that identifies that “escape variants” against TAN can arise by disruption 
of the electrostatic interaction of negative charges in the active site loops of MBLs 
with the N-(2-aminoethyl)cyclohexylamine side chain of TAN. These changes result in 
non-productive binding modes of TAN that preclude reaction with the MBLs, a phenom
enon that is not restricted to NDM-9. This analysis demonstrates that single amino acid 
substitutions in non-essential residues in MBL loops can unexpectedly elicit resistance to 
TAN.
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T he emergence and spread of antibiotic resistance is an issue of major concern in 
public health (1). In particular, the rapid evolution and dissemination of carbape

nem-resistant Enterobacterales is threatening the use of these life-saving drugs (2, 3). 
Metallo-β-lactamases (MBLs) are zinc-dependent enzymes that confer resistance to most 
β-lactam antibiotics, including carbapenems. Moreover, all known MBLs are carbapene
mases, representing one of the main targets to inhibit in order to prolong the lifetime 
of these antibiotics. Among them, the New Delhi MBL (NDM), Verona integron-encoded 
MBL (VIM), and Imipenemase (IMP) families, with 61, 86, and 100 variants, respectively, 
represent the main clinical challenge (2, 4–6). The administration of β-lactam inhibitors 
together with a β-lactam antibiotic has proven to be a successful strategy to address 
resistance (7). However, MBL inhibition has proven to be challenging due to the large 
diversity of these enzymes. At the moment, MBL inhibitors are not yet clinically available, 
but this scenario may change soon.

Recent progress in this field came from the development of boronic acid transition 
state inhibitors (BATSIs) that represent a new family of MBL inhibitors (8–12). These 
compounds are susceptible to nucleophilic attack by the zinc-bound hydroxide, which 
is the nucleophile responsible for β-lactam hydrolysis by MBLs, mimicking the reaction 
catalyzed by these enzymes in bacteria. This reaction gives rise to a stable covalent 
boron-oxygen bond in such a way that these compounds remain bound to the enzyme 
active site (Fig. 1A).

Vaborbactam is an already approved cyclic boronate paired with meropenem for 
the treatment of complicated urinary tract infections (13, 14). However, vaborbactam 
is not able to inhibit MBLs. Instead, bicyclic boronates have been developed as potent 
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MBL inhibitors. Taniborbactam (TAN) and xeruborbactam (XER) are bicyclic boronates 
currently under clinical trials that can target some of the most clinically relevant MBLs 
(Fig. 1B). TAN has demonstrated potent inhibitory activity against clinically relevant 
MBLs, with the notable exception of IMP-like enzymes (8). The TAN/cefepime combi
nation has completed a phase III clinical trial and is currently under FDA review for 
approval, with promising efficacy against a wide range of multidrug-resistant Gram-neg
ative bacteria, including carbapenem-resistant isolates. However, a recent report has 
revealed that NDM-9, a clinical variant of NDM, is refractory to inhibition by TAN (15, 16). 
This variant differs from NDM-1 by a single amino acid substitution, Glu149Lys (class B 
β-lactamases numbering), that predates the development of this inhibitor since it was 
initially reported in 2014 (17, 18). These results suggest that the inhibitory action of 
TAN can be bypassed by a single escape mutation. More recently, some of us reported 
that NDM-30 (a single Asp236Tyr substitution compared to NDM-1) and VIM-83 (a single 
Glu149Lys substitution compared to VIM-1) can also escape the inhibitory effect of 
TAN by single mutations (C. Le Terrier, C. Viguier, P. Nordmann, A. J. Vila, and L. Poirel, 
submitted for publication). TAN resistance is a rare but emerging threat that needs to 
be monitored and addressed to preserve the efficacy of this promising drug combina
tion. With this in mind, we aimed to understand the molecular basis by which NDM-9 
and other MBLs are not inhibited by this compound using docking simulations and 
electrostatic surface calculations.

RESULTS

Structural analysis of docking simulations

The Protein Data Bank (PDB) crystal structures of NDM-1 [PDB 6RMF (19)] and VIM-2 
[PDB 6SP7 (8)] upon reaction with TAN reveal that inhibition of MBLs by this compound 
depends on two important interactions at the active site: (i) the formation of a covalent 
bond between the boron atom and the oxygen from the hydroxide bound to Zn1, 
leading to a tetrahedral boron geometry that mimics the transition state of the reaction 
mechanism; and (ii) the coordination of the carboxylate group of TAN with the Zn2 ion 
that mimics the interaction of the carboxylate moieties of β-lactam antibiotics with MBLs. 
In addition to these interactions subtended by the bicyclic core of TAN with the metal 

FIG 1 (A) Adduct formed by a bicyclic boronate at the active site of a B1 MBL [based on Protein Data 

Bank structure 6SP7 (8)]. For clarity, hydrogen atoms are omitted and only the bicyclic boronate scaffold 

of the ligand is shown. (B) Chemical structures of taniborbactam and xeruborbactam.
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ions of the inhibited enzymes, the N-(2-aminoethyl)cyclohexylamine side chain interacts 
with the carboxylate group of Glu149 present in loop L2 and Asp236 located in loop L10 
(Fig. 2A).

NDM-9 is not inhibited by TAN (15), and this can be attributed to the single amino 
acid substitution present in this variant, in which the Glu residue is replaced by a 
positively charged Lys. We hypothesized that this change could have an impact on 
binding, even though this residue is located outside the active site of the enzyme. More 
recent evidence has revealed that other mutations can also elicit resistance to TAN in 
other B1 MBLs (experimental data from the literature are summarized in Table S1). We 
therefore decided to explore this hypothesis by running a series of docking simulations 
of TAN to NDM-1, VIM-2, and variants on the glutamate residue in these MBLs (NDM-9 
and VIM-2 Glu149Lys).

When analyzing the docking simulation results, we evaluated not only the binding 
energy of each obtained conformation, but also its population, which represents the 
percentage of individual docking results that were clustered as the same ligand pose. 
Given that the nucleophilic attack that results in the inhibited complex requires a specific 
positioning of the boron atom with respect to the OH- ion, the presence of several 
non-reactive conformations suggests a less efficient inhibition. We are aware that these 
values should not be extrapolated to retrieve thermodynamic parameters, but we regard 
them as a bona fide predictor of the experimentally observed trends.

NDM variants

Docking simulations of TAN into the crystal structure of unbound NDM-1 [PDB 3SPU (20)] 
were first performed. The best docking pose of TAN into the active site, shown in Fig. 
2, is similar to the one reported in the crystal structure: the root mean square deviation 
(RMSD) of this pose with respect to the ligand atoms in crystal 6RMF is 1.11 Å. This 
conformation represents 95% of the population of all docking simulations, suggesting 
that no other significant conformations are predicted in the active site cavity. The B-OH- 

distance is 2.83 Å, which positions the boron atom adequately for a nucleophilic attack 
by the hydroxyl ion, in agreement with the crystallographic structure of the adduct after 
the reaction (PDB 6RMF) featuring a B-O bond. We conclude that this docked structure 

FIG 2 Comparison of docking simulation results for TAN with (A) NDM-1 and (B) NDM-9. For visual clarity, only the side chains of residues of the active site and 

those that interact with the N-(2-aminoethyl)cyclohexylamine moiety of TAN are shown, and hydrogen atoms are omitted.
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provides a bona fide description of the Michaelis complex which can elicit inhibition 
of NDM-1 by TAN. In contrast, docking simulations of TAN into the structure of NDM-9 
[PDB 6OGO (21)] reveal that the bound structure that better resembles the binding to 
NDM-1 is represented by a population of only 38%, and its binding energy is reduced 
by 4 kcal/mol compared to NDM-1, revealing a disruptive role of the Lys residue in the 
binding of TAN to NDM-9. Other docking conformations represent non-productive poses 
of the boronate moiety of TAN. Indeed, the second most populated pose has a popula
tion of 10%, and the repulsive interaction between Lys149 and the amine groups of TAN 
leads to a conformation that places the ligand with a B-OH- distance of 3.65 Å that makes 
the reaction unfeasible, disfavoring, or preventing inhibition (Fig. S1). Given that surface 
lysine residues are flexible, which could potentially influence docking experiments, we 
further analyzed the position of Lys149 by performing 1 µs-long molecular dynamics 
simulations. Throughout the simulated time, the conformation of the lysine residue does 
not vary significantly from the one found in the crystal structure (Fig. S2), showing that 
the docking results should not be affected by the flexibility of this residue.

VIM variants

These insights are not restricted to the NDM family. A similar point mutation engineered 
into VIM-2 (Glu149Lys) also renders this enzyme refractory to inhibition by TAN (Table 
S1). The same behavior is displayed in VIM-83, which is a variant of VIM-1 that also 
replaces a Glu residue for Lys in position 149. We also explored the impact of the 
introduction of a Lys residue in this position in the structure of VIM-2 that led to similar 
results to those obtained for NDM (Fig. 3A). Binding of TAN to VIM-2 can be reproduced 
by docking simulations, which predict a highly populated productive pose (82%) that 
resembles the crystal structure (RMSD 1.42 Å with respect to PDB 6SP7). Introduction of 
a Lys residue in the Glu149Lys mutant also gives rise to a repulsive interaction with the 
amine moieties in TAN that significantly decrease the population of the productive pose 
(Fig. 3B), resulting in a higher amount of docking conformations with decreased binding 
energy (5 kcal/mol lower) and population (4%), none of which adopt a productive pose 
that could result in the nucleophilic attack from the hydroxyl group. VIM-83 displays the 

FIG 3 Comparison of docking simulation results for TAN with (A) VIM-2 and (B) VIM-2 Glu149Lys. For visual clarity, only the side chains of residues of the active 

site and those that interact with the N-(2-aminoethyl)cyclohexylamine moiety of TAN are shown, and hydrogen atoms are omitted.
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same behavior as the VIM-2 Glu149Lys mutant, in line with the decrease of the inhibitory 
potency of TAN against these two variants (Table S1).

IMP variants

The previously described docking studies in NDM and VIM variants show how the 
introduction of a positively charged residue in position 149 thwarts the inhibitory 
potency of TAN by eliciting non-productive binding to the active site of the MBLs. 
However, this does not explain why IMP-1, one of the most clinically relevant MBLs, 
is not inhibited by TAN, since IMP-1 contains an Asp residue in position 149 and in 
a similar orientation compared to NDM-1 and VIM-2 with respect to the active site. 
Mutation of this residue to a Glu did not enable inhibition by TAN, revealing that the 
presence of an Asp residue in this position is not an impediment for TAN to bind the 
enzyme (15). Docking of TAN to IMP-1 resulted in a productive binding pose with a 91% 
population. However, the calculated binding energy for this conformation is 2–3 kcal/mol 
smaller than for VIM-2 or NDM-1, suggesting that binding of TAN is less favorable for 
this enzyme. With these results, we decided to explore the presence of other structural 
features that could impede inhibition by TAN by calculating the electrostatic potential in 
the protein surface for all these variants.

Electrostatic features at the active sites of different MBLs

A systematic examination of other residues located near the binding pocket that 
could affect inhibition by TAN in IMP-1 revealed two positively charged Lys residues 
(Lys148 and Lys167) that surround the negatively charged Glu149 which could hinder 
its interaction with the amine groups present in the sidechain of the ligand. This 
compelled us to explore how changes in the electrostatics of the binding pocket can 
alter the interaction of each MBL with TAN. We therefore calculated the electrostatic 
potential surface of each variant, as shown in Fig. 4, where negative, neutral, and positive 
potentials are colored as red, white, and blue, respectively.

Firstly, the electrostatic potentials in the surfaces of NDM-1 (Fig. 4A) and VIM-2 (Fig. 
4C) reveal a negatively charged patch around residues Glu149 and Asp236 in the regions 
that provide a favorable interaction with the N-(2-aminoethyl)cyclohexylamine moiety 
of TAN. On the other hand, the substitution of Glu149 for a Lys residue in NDM-9 (Fig. 
4B) and VIM-2 Glu149Lys (Fig. 4D) significantly decreases the negative charge of the 
region that interacts with the amine groups of TAN, which results in a less favorable 
interaction energy. The same effect is observed with the Lys substitution in VIM-83 (Fig. 
S3A). Additionally, the highly negative potential in the surface of VIM-2 compared to 
NDM-1 may account for the higher affinity of the former enzyme toward the inhibitor 
[0.06 vs 0.1 µM, according to half-maximal inhibitory concentration (IC50) values, Table 
S1].

Substitutions of the Asp236 residue of the loop L10 can also alter TAN binding. In 
this regard, changing this residue into a neutral or positively charged one will affect the 
negatively charged environment that can interact with the N-(2-aminoethyl)cyclohexyla
mine side chain. Indeed, NDM-30, which harbors the Asp236Tyr mutation, gives rise to a 
less negative surface (Fig. S3B), and is predicted to impair the binding energy (3 kcal/mol 
lower than in NDM-1). These results account for the poor inhibition of this enzyme by 
TAN (IC50 = 17 µM, Table S1).

The recent observation that TAN also lacks significant inhibitory activity against 
the B1 enzyme Seoul Imipenemase MBL-1 (SIM-1) is notable (Table S1). We therefore 
calculated the electrostatic surface in this enzyme (Fig. S3C). These calculations also 
show a decreased negative charge in the pocket that interacts with the amine groups of 
TAN, in agreement with the low interacting energy obtained from docking experiments 
(4 kcal/mol lower binding energy than NDM-1) and with the lack of inhibitory activity 
experimentally observed (Table S1).

Finally, we explored why TAN is unable to inhibit IMP-1, the most widespread 
representative of enzymes from the IMP family. A closer inspection of the crystal 
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structure of IMP-1 [PDB 7XHW (22)] revealed that Asp149 is flanked by two Lys residues 
pointing in the same direction, Lys148 and Lys167. Analysis of the electrostatic potential 
at the protein surface reveals that, despite the presence of this carboxylate group, the 
positive charge of the surrounding Lys residues counteracts its presence by providing a 

FIG 4 Electrostatic potential surfaces of proteins (A) NDM-1, (B) NDM-9, (C) VIM-2, (D) VIM-2 Glu149Lys, and (E) IMP-1. The productive pose of each docking 

experiment of TAN to each protein are also shown (C, atoms of TAN are depicted in orange). Negative, neutral, and positive potentials are colored as red, white, 

and blue, respectively, in a scale from −10 to 10 kBT/ec.
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less negative binding surface that hinders the interaction with TAN. Therefore, although 
the lack of inhibition of IMP-1 cannot be attributed to a single residue, it can be 
described by the same type of interaction as found for NDM-9, NDM-30, and VIM-83, 
i.e., a repulsive interaction with the side chain of TAN. The amine groups in this side chain 
are protonated at physiological pH, concentrating a large positive partial charge that can 
favor these interactions, as revealed by calculation of the electrostatic potential of TAN 
(Fig. 5).

DISCUSSION

The inhibitory potency of bicyclic boronates depends on the orientation of the boron 
atom toward the attacking nucleophile that is steered by the catalytic residues and 
the active site topology in each enzyme (8, 10, 19). Under this premise, understanding 
why successful BATSIs such as TAN are challenged by single amino acid substitutions 
can guide medicinal chemists in the improvement of novel boronate scaffolds by 
careful consideration of structure-activity relationship. The Glu149Lys mutation present 
in NDM-9 renders this MBL refractory to inhibition by TAN (IC50 = 53 µM). The N-(2-ami
noethyl)cyclohexylamine moiety of TAN was critical in the development of this drug 
by enhancing membrane permeability and by interacting with the conserved anionic 
residues Glu149 and Asp236 in NDM-1 (Fig. 4A) and VIM-2 (Fig. 4C) (8, 19). By modeling 
the interactions of TAN with NDM-9, we identified that the presence of Lys152 disrupts 
this interaction because of its positive partial charge, diminishing its binding energy 
and, in turn, thwarting the inhibitory potency of TAN (Fig. 4B and D). Similar repulsive 
electrostatic interactions between the N-(2-aminoethyl)cyclohexylamine group and a 
patch of lysine residues in IMP-1, accounting for the failure of TAN in inhibiting this 
enzyme, were also found.

The docking experiments reveal that these substitutions can impair inhibition 
by decreasing the binding energy and/or by disfavoring the formation of a produc
tive Michaelis complex. Figure 6 summarizes the results of the docking experiments 
depicting the interaction of TAN with the different MBLs, where the enzymes are located 
based on the population of the best docking pose and its binding energy. The enzymes 
showing potent inhibition by TAN are located in the upper left area, which is character
ized by a high binding energy and a significant population of the productive binding 
mode. Instead, enzymes located outside this region are those that show an impaired 
inhibition by TAN.

In conclusion, the potency of TAN against MBLs can be overcome by variants 
accumulating substitutions in loops L2 and L10. These changes alter the conformation 
and electrostatics of the active site, reducing the affinity and stability of TAN binding 
through interaction with the N-(2-aminoethyl)cyclohexylamine group. In this regard, we 
do not expect that these substitutions could affect inhibition by XER, which has a more 
minimalistic boronate core that does not subtend these electrostatic interactions with 
the active site loops. These results are in agreement with a very recent paper from 
Lomovskaya et al. (23) that shows that XER is able to inhibit NDM-9 and proposes a 
similar explanation of the role of acidic-to-basic substitutions in TAN resistance based 
on the available crystallography data. Our analyses reveal the molecular mechanisms 

FIG 5 Electrostatic potential surface of taniborbactam. Negative, neutral, and positive potentials are 

colored as red, white, and blue, respectively, in a scale from −10 to 10 kBT/ec.
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of resistance to TAN and provide insights for the design of novel boronate inhibitors 
that can overcome these challenges. Most importantly, this work highlights that the 
introduction of functional chemical moieties displaying electrostatic interactions with 
non-essential residues in active site loops of MBLs can rapidly elicit resistance to novel 
inhibitors. Finally, these results can guide therapy since the cefepime/TAN treatment may 
be successful or not depending on the identification of the MBL variant.

MATERIALS AND METHODS

Structural modeling

Available experimentally obtained structures for the MBLs were obtained from the 
Protein Data Bank: NDM-1 [PDB 3SPU (20)], NDM-9 [PDB 6OGO (21)], VIM-2 (PDB 5YD7), 
VIM-1 [PDB 5N5G (24)], and IMP-1 [PDB 7XHW (22)]. The structure for SIM-1 was obtained 
from the AlphaFold Protein Structure Database (25) (UniProt code A0A3Q9U5J7).

For variants with single amino acid substitutions that did not have an available 
structure, in silico mutations were performed using the Leap software from Amber22 
(26): NDM-30 (Asp236Tyr mutation from NDM-1), VIM-2 Glu149Lys, VIM-83 (Glu149Lys 
substitution from VIM-1). In each structure created with Leap, the conformation of the 
altered residue was optimized using Sander software in the Amber22 package, using 
implicit solvent and restraining all atoms except the sidechain of that residue.

The structure of TAN was obtained by converting the canonical SMILES notation from 
PubChem (27) into a pdb file using Open Babel (28). A geometry optimization at B3LYP/
6–31G* level was performed using Gaussian09 (29).

Docking simulations

Docking experiments were carried out using Autodock 4.2.6 (30). The grid maps were 
set to 70 × 70 × 70 points with a grid spacing of 0.375 Å centered on the oxygen 
atom of the hydroxyl ion in the catalytic site. Charges for the Zn2+ and hydroxyl ions 
present in the catalytic center of the MBLs were obtained from literature (31). To obtain 

FIG 6 Docking experiment results plotted by the population and energy of the productive conformation.
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boron Autodock parameters, the van der Waals radius for the desolvated atom and 
the associated van der Waals well-depth value were adapted from literature, and the 
default Autodock atomic solvation value for carbon was used (32, 33). For each docking 
calculation, 100 different docking runs were performed, which were clustered using an 
RMSD cut-off of 2 Å. To analyze the inhibitory potency of TAN to each MBL, we used the 
binding free energy score (ΔG) calculated by Autodock and the population, which is the 
number of individual docking results that were clustered as the same ligand pose. The 
poses selected as correct were those with the highest population and the most negative 
binding free energy. For RMSD calculations, only the atoms belonging to the bicyclic 
scaffold of TAN were used.

Molecular dynamics simulations

Molecular dynamics simulations performed on NDM-9 were done using the Amber22 
package (26). Crystal structure (PDB 6OGO) was prepared using Tleap, by immersing the 
protein in a truncated octahedral box of TIP3P water (34). ff14SB parameters (35) were 
used for the protein, and the parameters for the active site were taken from literature 
(31). The initial structure was first minimized, then taken from a temperature of 0 K to 300 
K at constant volume for 100 ps and equilibrated at a constant pressure of one bar for 
200 ps, before the final production time of 1 µs at constant pressure and temperature. 
Langevin thermostat (36) and Berendsen barostat (37) were used for temperature and 
pressure control, respectively.

Electrostatic surface calculations

Electrostatic surface calculations were made with APBS software. The necessary PQR files 
were obtained using the PDB2PQR software included in the Amber22 package. Surface 
visualization was carried out using VMD software (38), using the quicksurf drawing 
method, with a radius scale of 0.8, a density isovalue of 0.7, and a color scale data range 
from −10 to 10 KBT/ec.
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