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Abstract 

Widespread bacterial resistance to carbapenem antibiotics is an increasing global health concern. 

Resistance has emerged due to carbapenem-hydrolyzing enzymes, including metallo-b-lactamases 

(MbLs), but despite their prevalence and clinical importance, MbL mechanisms are still not fully 

understood. Carbapenem hydrolysis by MbLs can yield alternative product tautomers, with the 

potential to access different binding modes. Here, we show that a combined approach employing 

crystallography and quantum mechanics/molecular mechanics (QM/MM) simulations allow 

tautomer assignment in MbL:hydrolyzed antibiotic complexes. Molecular simulations also 

examine (meta)stable species of alternative protonation and tautomeric states providing 

mechanistic insights into b-lactam hydrolysis. We report the crystal structure of the hydrolyzed 

carbapenem ertapenem bound to the L1 MbL from Stenotrophomonas maltophilia, and model 

alternative tautomeric and protonation states of both hydrolyzed ertapenem and faropenem (a 

related penem antibiotic), which display different binding modes with L1. We show how the 

structures of both complexed b-lactams are best described as the (2S)-imine tautomer with the 

carboxylate formed after b-lactam ring cleavage deprotonated. Simulations show that enamine 

tautomer complexes are significantly less stable (e.g. showing partial loss of interactions with the 

L1 binuclear zinc center) and not consistent with experimental data. Strong interactions of Tyr32 

and one zinc ion (Zn1) with ertapenem prevent a C6 group rotation, explaining the different 

binding modes of the two b-lactams. Our findings establish the relative stability of different 

hydrolyzed (carba)penem forms in the L1 active site and identify interactions important to stable 

complex formation, information that should assist inhibitor design for this important antibiotic 

resistance determinant. 
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Introduction 

b-Lactams are the most commonly used class of antibiotics in the treatment of bacterial 

infections.1 They work by inhibiting transpeptidases that are involved in the synthesis of bacterial 

cell walls.2 Extensive use of b-lactams has led to widespread bacterial resistance, which now 

represents a serious threat to global medicine.3 Previously considered to be “last resort” antibiotics, 

carbapenems are a clinically important subclass of b-lactam used in treating infection by multi-

resistant Gram-negative bacteria, but resistance is increasing.3–7 Carbapenems contain a four-

membered b-lactam ring fused to a five-membered pyrroline ring and feature a common 6-a 

hydroxyethyl substituent, with additional functionalization at C1 and C2 that varies between 

antibiotics (Figure 1C).  
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Resistance to carbapenems and other b-lactams has emerged largely due to a class of enzymes 

called b-lactamases. These enzymes hydrolyze b-lactams by cleaving their four-membered b-

Figure 1. Chemical structures of penem and carbapenem antibiotics. (A) The general 

structure of a penem antibiotic. (B) The structure of the penem b-lactam faropenem. (C) The 

general structure of a carbpenem antibiotic. (D) The structure of the carbapenem b-lactam 

ertapenem. The b-lactam rings are highlighted in red. R, R1 and R2 are the substituents of 

different penems and carbapenems.   
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lactam ring, rendering them inactive as antibiotics.8 b-Lactamases are classified as either 

nucleophilic serine-b-lactamases (classes A, C and D) or metallo-b-lactamases (MbLs; class B), 

based on sequence and hydrolysis mechanism.9 MbLs are a large family of zinc-containing 

enzymes with a broad range of activity that can effectively hydrolyze most classes of b-lactam, 

including carbapenems.10–12 The active site of MbLs contains one (subclass B2) or two (subclasses 

B1 and B3) catalytic zinc ions that are essential to both ligand binding and catalysis.13 

 

With intrinsic resistance to carbapenems,14 S. maltophilia has emerged globally as a recalcitrant, 

multi-drug resistant Gram-negative bacterial pathogen commonly associated with opportunistic 

human respiratory infections of compromised patients.15,16 The resistance of S. maltophilia to b-

lactams derives from a combination of a relatively impermeable outer membrane, the presence of 

myriad efflux pumps and the co-production of two b-lactamases including a carbapenem-

hydrolyzing MbL termed L1.17,18 L1 is a subclass B3 MbL, and is unique among MbLs in that it 

exists as a tetramer in solution.19 In common with most dizinc MbLs, the active site of L1 contains 

one four-coordinate zinc ion (Zn1) and another five-coordinate zinc ion (Zn2). Zn1 is bound to 

three histidine ligands (His116, His118, His196, standard numbering scheme for MbLs)20,21 and a 

bridging nucleophile (W1), which has been shown to exist as an hydroxide ion.22–24 The Zn2 ion 

is bound to two histidine ligands (His121, His263), an aspartate ligand (Asp120), the bridging 

hydroxide ion, and another water molecule (W2) (Figure 2). L1 is able to hydrolyze almost all 

classes of b-lactam, including carbapenems.19  
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The general hydrolysis reaction is thought to proceed via nucleophilic attack of the bridging 

hydroxide ion on the carbonyl carbon of the four-membered b-lactam ring.25 This forms a transient 

Figure 2. S. maltophilia L1 tetramer and active site. (A) Structure of the L1 tetramer showing 

how the four monomeric units are interlinked. Each subunit is shown in a different color. (B) 

Active site of L1 showing the two zinc ions and coordinating residues. The zinc ions are shown 

in grey, water molecules as red spheres, carbon atoms are shown in cyan and all other atom 

colors are standard. 
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tetrahedral oxyanionic species, E-TI, that collapses to break open the four-membered ring and 

form an anionic intermediate E-I. This species is then subsequently protonated to form the 

hydrolyzed product (Figure 3). Carbapenem hydrolysis can give rise to two possible product 

tautomers due to the presence of a double bond in the pyrroline ring: the imine/D1 form (via 

protonation at C2, in R- or S- configurations) or the enamine/D2 form (via protonation at N4) 

(Figure 3).4,26–28  The extent to which the different possible products are formed in MbL–catalyzed 

carbapenem hydrolysis, and the route(s) by which the necessary protonation steps are achieved, 

remain a matter of debate.29,30 Knowledge of the preferentially bound tautomeric state of the 

hydrolyzed carbapenem product may inform on the favored hydrolysis pathway and potentially 

provide mechanistic insight into how protonation of the anionic intermediate E-I is achieved (Step 

3, Figure 3).31 



 8 

 
 

Ertapenem (a carbapenem b-lactam)32 and faropenem (a penem b-lactam)33 (Figures 1B & 1D) 

are clinically relevant antibiotics that are both substrates for L1, with kcat values of 23.8 and 43.7 

s-1 respectively (Table S2).34 Penem b-lactams are similar in structure to carbapenems but differ 

in that the b-lactam is fused to a five-membered thiazoline, rather than pyrroline, ring (Figure 1A). 

In this work, based upon crystal structures of hydrolyzed ertapenem (reported here) and 

Figure 3. General hydrolysis mechanism of a carbapenem by a dizinc MbL.8,25 Step 1 is the 

nucleophilic attack of the bridging hydroxide ion on the carbonyl carbon of the b-lactam ring to 

form E-TI, step 2 is the ring opening to form E-I, and step 3 is protonation of E-I at either C2 

(blue) to form the (2R)- or (2S)-imine/D1 E-P product or N4 (red) to form the enamine/D2 E-P 

product. 
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faropenem34 bound to L1, we investigate the behavior of the respective complexes, comparing  

alternate possible tautomers, protonation states and binding modes using computational 

simulations. These data, together with the crystallographic structures on which they are based, 

enable us to assess the relative stability of the different tautomeric and protonation states, and 

rationalize the different binding modes observed in complexes of hydrolyzed (carba)penems with 

MbLs. The aim of this work is to determine the tautomeric and protonation state of hydrolysed 

faropenem and ertapenem that best describes the crystal structure complexes and determine if 

conversion between observed binding modes is likely to occur along the reaction pathway, 

providing insight into the mechanism of E-I protonation in L1. A better understanding of the 

mechanism of carbapenem hydrolysis catalyzed by L1 and other MbLs should assist in developing 

inhibitors for coadministration with b-lactam antibiotics to treat infections by MbL-producing 

bacterial pathogens. 

  

 Methods 

X-ray crystallography 

L1 was purified and crystallized as previously described.19,35 Crystals were then transferred into 

20 mM ertapenem directly dissolved in crystallization solution (2.0 M (NH4)2SO4, 1.5% PEG400, 

100 mM HEPES pH 7.75) supplemented with 20% glycerol. Crystals were soaked overnight at 4 

°C before flash cooling in liquid nitrogen. Diffraction data were collected at Diamond Light Source 

beamline I24 and integrated and scaled in DIALS. Data were phased by molecular replacement in 

Phaser,36 using PDB 5EVD35 as the starting structure with ligands removed. The model was 

completed with iterative rounds of refinement in Phenix37 and manual model building in Coot.38 



 10 

Geometry restraints for hydrolyzed ertapenem were created using phenix eLBOW. Figures were 

generated using PyMol (www.pymol.org).39 

Enzyme assays 

Steady-state parameters kcat and KM were determined as previously described.34 Ertapenem 

hydrolysis by 10 nM L1 was followed at 295 nm (Δε295 = 9970 M−1 cm−1)40.  

 

Simulation methods 

Empirical forcefields have significant limitations for modelling metalloproteins, and we 

therefore applied combined quantum mechanics/molecular mechanics (QM/MM) methods to 

investigate L1 complexes. QM/MM energy minimizations and MD simulations were carried out 

on the (2S)-imine and enamine product tautomers (Figure 3) of faropenem (PDB 7A63)34 and 

ertapenem complexed to L1 with both a protonated and deprotonated C6 carboxylate group. The 

QM region included the zinc ions, the imidazole rings of the active site histidine residues (His116, 

His118, His121, His196, His263), the carboxylate group of the active site aspartate residue 

(Asp120), ertapenem or faropenem and, for the faropenem structure, the bridging hydroxide ion 

(Figure S2, SI). Both the DFTB341,42 Hamiltonian and the B3LYP43,44 density functional with an 

empirical dispersion correction (D3)45 and Becke and Johnson (BJ) damping46 in combination with 

the 6-31G(d) basis set were used to describe the QM atoms for additional active site modelling. 

Benchmarking of QM methods has shown that DFTB3 is in good agreement with higher level 

methods in describing the active site of L1 and maintains the crystal structure geometries better 

than other semiempirical methods (see SI). DFTB methods have previously been used to model 

several MbLs, including the mononuclear B2 MbL CphA,47–49 the binuclear B1 MbLs NDM-150–

52 and IMP-1,53 and the B3 MbLs SMB-154 and L1.55,56  
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Using the DFTB3 in QM/MM MD simulations is significantly more computationally demanding 

than equivalent MM MD simulations. This places a practical limit on the size of the system that 

can be modelled and the length of simulation time. Although it exists as a tetramer in solution,19 

in this work L1 was modelled as a dimer (Figure S1,  SI). The dimer structure retains the structural 

features necessary for activity. The L1 monomer contains a large, flexible N-terminal tail that is 

stabilized by interaction with the N-terminal tail from another L1 subunit. This tail contains Tyr32, 

which is important for ligand binding and stabilization. Therefore, preventing flexibility of this tail 

by modelling L1 as an assembly, rather than a monomer, is vital in capturing active site interactions 

correctly. Use of a dimer model allows this to be achieved, retaining the chemical environment of 

the active site while being less computationally expensive than modelling the entire tetramer. The 

full system setup is described in the Supporting Information. 

 

All structures were initially minimized with 1000 steps of steepest gradient followed by 9000 

steps of conjugate gradient minimization at the DFTB3/MM level of theory using the native 

DFTB3 implementation57 and the sander.MPI code in the AMBER18 package.58 From these 

minimized structures, QM/MM energy minimizations at the B3LYP-D3BJ/6-31G(d)/MM level of 

theory and QM/MM MD simulations at the DFTB3/MM level of theory were carried out. For the 

B3LYP-D3BJ/6-31G(d)/MM energy minimizations, all structures were minimized with 1000 steps 

of LGBFS minimization. The Gaussian1659 interface with the serial Sander code in AMBER1858 

was used. For the DFTB3/MM MD simulations, random velocities were assigned, and the systems 

were heated to 310 K over 15 ps using Langevin dynamics (collision frequency 5 ps-1). All 

simulations were performed with a 1 fs time step to allow for sampling of heavy atom bonds to 
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hydrogen. PME was used to calculated long range QM-QM and QM-MM electrostatic 

interactions. The cutoff for calculation of pairwise nonbonded interactions was set at 12 Å. 

Periodic boundary conditions were used with a truncated octahedral solvation box of size 119 Å × 

119 Å × 119 Å for the L1:faropenem complex, and 122 Å × 122 Å × 122 Å for the L1:ertapenem 

complex. The system was equilibrated at 1.01325 atm pressure for 50 ps. Distance restraints were 

added to the empty active site to maintain the structure of the active site with a restraint weight of 

100 kcal mol-1 Å-2. Three repeat simulations of 1 ns of production MD were performed for each 

structure with a time step of 1 fs. All analysis was done using the CPPTRAJ module of 

AmberTools.  

 

To examine conformational behavior in detail, umbrella sampling MD simulations of the 

dihedral rotation of the C6 group of ertapenem bound to L1 were carried out at the DFTB3/MM 

level of theory using the sander.MPI code in AMBER18. The dihedral angle chosen was N4-C5-

C6-carboxylate carbon (from the C6 carboxylate group). 20 snapshots were chosen from the 

unrestrained DFTB3/MM MD simulations as starting points for umbrella sampling. For each of 

these structures, the dihedral was incremented in steps of 5° from 0° to 180° in one direction, and 

in steps of –5° to –180° in the opposite direction. 3 ps of sampling was carried out per window 

with a force constant of 200 kcal mol-1 rad2 and a time step of 1 fs. Despite only a short sampling 

time per umbrella sampling window, multiple free energy profiles have been calculated to allow 

for more extensive sampling of conformational space. This approach has been shown to provide a 

better description of conformational space so long as features of interest, in this case the free 

energy profile, are converged.60 Overlap of sampling histograms was checked for convergence 

(Figure S10), and the weighted histogram analysis method (WHAM) was used to calculate the 
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free energy profiles, with code from the Grossfield lab 

(http://membrane.urmc.rochester.edu/?page_id=126). Figures of the enzyme and active site were 

made using PyMol (www.pymol.org).39  

 

Results and Discussion 

High-resolution X-ray structure of hydrolyzed ertapenem bound to L1. 

Understanding the mechanism of carbapenem hydrolysis by B3 MbLs will be significantly 

advanced by high-resolution structures of catalytic intermediates. X-ray diffraction data were 

therefore collected on L1 crystals soaked overnight with ertapenem, with resolution extending to 

1.45 Å in the space group P6422 with 1 molecule in the asymmetric unit (Table S1). Electron 

density in the dizinc active site could be modelled as a molecule of hydrolyzed ertapenem with an 

opened β-lactam ring (Figure 4A). The high resolution and quality of the electron density map 

allowed us to confidently model and assign the ertapenem-derived product as the ∆1-pyrroline 

(imine) tautomer with C2 in the (S) configuration (Figures 3 and 4B). This was aided by clearly 

defined density for the exocyclic sulfur of the R2 group that lies out of the plane of the pyrroline 

ring. The C3 carboxylate and pyrroline nitrogen coordinate Zn2 (2.31 Å and 2.21 Å, respectively) 

while the C6 carboxylate (generated on addition of the hydroxide nucleophile to the b-lactam 

carbonyl carbon) displaces the Zn-bridging hydroxide, coordinating Zn1 (1.99 Å) and, more 

weakly, Zn2 (2.42 Å) (Figure 4C). Thus, in the complex with hydrolyzed ertapenem the L1 Zn1 

and Zn2 zinc ions are four- and six-coordinated, respectively. Hydrogen bonds form between the 

C3 carboxylate and the side chain oxygen of Ser221/Ser223 and between the OH group of the C6 

hydroxyethyl and Tyr32. These three residues have previously been shown to be important for 

both inhibitor35 and substrate binding61 to L1. Binding of the ertapenem-derived product is further 
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stabilized through interactions of the pyrroline core with hydrophobic residues lining the active 

site, while the C2 R-group points into solvent, resulting in more poorly defined electron density 

and relatively high B-factors for these atoms (Figure 4D).  

 



 15 

 

Figure 4. X-ray crystal structure of the ertapenem-derived product bound to L1. (A) Omit 

electron density (Fo-Fc, green mesh, contoured at 3σ) calculated after removal of the ertapenem-

derived product (orange sticks). Zinc ions are shown as grey spheres. (B) View from the L1 active 

site with bound, hydrolysed ertapenem. Coordinations between zinc ions and active site residues 

(grey sticks) are shown as grey dashes. Interactions of the hydrolysed ertapenem with active site 

residues (green sticks) and zinc ions are shown as yellow dashes. (C) Schematic of the ertapenem-

derived product bound to L1. Note the (S) configuration of C2. (D) View from the active site with 

the ertapenem-derived product coloured by B-factor from high (red, 126.1 Å2) to low (blue, 26.4 

Å2). Hydrophobic residues that line the active site and interact with the pyrolline core are shown 

as blue sticks. 
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To date, X-ray crystallography has identified two binding modes of carbapenem/penem-derived 

complexes in subclass B3 MbLs (Figure 5), with the (2S)-imine (∆1-pyrroline/∆3-thiazoline, for 

carbapenems/penems respectively) consistently modelled. The ertapenem-derived complex 

presented here characterizes ‘binding mode 1’ (Figure 5) in which the bridging hydroxide is 

displaced by the C6 carboxylate. This is also observed in an L1 complex with hydrolyzed 

meropenem (PDB 6UAH62). Indeed, the two structures are similar, although the higher resolution 

of our data (1.45 Å vs 1.98 Å) allows more accurate modelling, particularly of the geometry at C2. 

In addition, binding results in an increase in the Zn-Zn distance from 3.46 Å (unliganded L1, PDB 

1SML19) to 3.92/4.14 Å (ertapenem/meropenem-derived complexes, respectively). Movement of 

the zinc ions has also been observed in EXAFS studies of L1 during turnover of the chromogenic 

substrate chromacef,63 and in β-lactam and inhibitor complexes of subclass B1 MbLs such as 

NDM-1.64,65 ‘Binding mode 2’ (Figure 5) is represented by faropenem- and imipenem-derived 

complexes with L1 (PDBs 7A6334 and 6UAF,62 respectively) and by carbapenem-derived 

complexes with SMB-1 (PDBs 5B15, 5B1U and 5AXO66). Here, the bridging hydroxide remains 

and interacts with the C6 hydroxyethyl group due to rotation about the C6 carbon compared to 

‘binding mode 1’. This results in a hydrogen bond between the C6 carboxylate group and Tyr32 

in L1 complexes (Tyr32 is not conserved in SMB-1). Unlike ‘binding mode 1’, the Zn-Zn distance 

only marginally increases, to 3.57-3.60 Å. Overall, these structures collectively suggest that 

carbapenems and penems are hydrolyzed similarly by subclass B3 MbLs, with the two identified 

binding modes representing two different intermediates in the catalytic cycle; or alternatively 

reflect the differing stabilities of the various complexes possible for different 

enzyme:(carba)penem combinations.  
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Figure 5. Crystallographically observed binding modes of carbapenems/penems to B3 

metallo-β-lactamases. Left, ‘binding mode 1’ as represented by overlays of hydrolysed ertapenem 

(this work, PDB 7O0O, green) and meropenem (PDB 6UAH, cyan). Note, displacement of the Zn-

bridging water by the C6 carboxylate of the carbapenem-derived product. Right, ‘binding mode 2’ 

as represented by overlays of the hydrolysed products of the penem faropenem bound to L1 (PDB 

7A63, light pink), the carbapenem imipenem bound to L1 (PDB 6UAF, yellow) and the 

carbapenems doripenem (PDB 5B15, pink), imipenem (PDB 5B1U, cyan) and meropenem (PDB 

5AXO, green) bound to SMB-1. Note, presence of Zn-bridging water/hydroxide (Wat, red sphere) 

and rotation about C6 compared to ‘binding mode 1’ that results in placement of the hydroxyethyl 

group to interact with Wat. 

 

Molecular simulations of hydrolyzed faropenem and ertapenem bound to L1. 

Although crystal structures of B3 MbLs with bound carbapenem hydrolysis products have to 

date yielded only the (2S)-imine tautomer, the relationship between carbapenem tautomerization 

state, stability and turnover by MbLs remains an area of interest and debate.29–31,34 Here, we use 

DFTB3/MM MD simulations and structural minimizations, based upon experimental crystal 

structures, to compare the behavior of hydrolyzed faropenem and ertapenem complexed with L1 
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in alternative tautomerization and protonation states. Crystallographic data predict the C2 carbon 

of both hydrolyzed faropenem and ertapenem to be in the (2S)-configuration, and so only the 

behaviors of the (2S)-imine and enamine tautomers were investigated. 

 

Due to the different binding modes seen in the crystal structures of ertapenem- and faropenem-

derived products complexed to L1, active site hydrogen bonding interactions differ in the two 

structures. In the faropenem complex, the C6 hydroxyethyl group interacts with the bridging 

hydroxide and the C6 carboxylate group with the Tyr32 hydroxyl group (Figure 6B). In the 

ertapenem complex the C6 hydroxyethyl group interacts with Tyr32. The stability of these 

hydrogen bonds and other important active site interactions were analyzed during DFTB3/MM 

MD simulations to investigate possible plasticity in ligand binding in the active site. Root mean 

square deviation (RMSD) values for active site heavy atoms were used to determine ligand 

stability and test for ligand fluctuation. The behavior of different tautomers was assessed through 

comparison of Zn-Zn distance, Zn coordination numbers and Zn geometries with the crystal 

structures. Crystallographic and spectroscopic data have shown that the Zn-Zn distance can 

increase on ligand binding to L1.30,67 Such zinc ion behavior has also been observed in an early 

molecular dynamics study of the MbL IMP-1.68 Therefore, how the hydrolyzed product complex 

affects zinc geometry is an important factor when comparing ligand behavior and protonation 

states. Furthermore, identification of the protonation state of the C6 carboxylate is important due 

to its involvement in interactions with Tyr32 (in the case of faropenem) and Asp120 (in the case 

of ertapenem). The C6 carboxylate protonation state, therefore, influences ligand stability in the 

active site and the potential mechanism by which the hydrolysis product is formed. Our simulations 

identify the favored tautomeric and protonation states of the respective complexes.  
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Our results show that the (2S)-imine tautomer of faropenem with a deprotonated C6 carboxylate 

group most closely replicates the crystallographically observed complex (Figure 6B). This 

complex maintained an average active site RMSD of 0.449 Å with respect to the crystal structure 

(Figure S5, SI & Table 1). No large-scale fluctuations in the position or orientation of faropenem 

were observed. This faropenem-derived product complex was coordinated strongly to Zn2, with 

stable coordination geometries of four and six, as observed in the crystal structure34 for Zn1 and 

Zn2 respectively, maintained throughout the DFTB3/MM MD simulations (Table 1).  
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In DFTB3/MM MD simulations of the enamine-faropenem complexes, we observed larger 

fluctuations in the active RMSD values than for the (2S)-imine-faropenem complexes. These 

fluctuations resulted from the C6 hydroxyethyl group forming a weak, intramolecular hydrogen 

bond with the protonated N4. This decreased the hydrogen bond number (the fraction of MD 

frames when hydrogen bonds were present) between the C6 hydroxyethyl group and the bridging 

hydroxide (Table 1). In some cases, an unbinding of N4 from Zn2 was observed, inducing 

fluctuations in the position of bound ligand in the active site, and decreasing the coordination 

number of Zn2 (Table 1). These results suggest that the enamine-faropenem tautomer complexes 

favor a different geometry in the active site to that seen in the crystal structure. However, both the 

(2S)-imine- and enamine-faropenem complexes maintained a tetrahedral coordination around the 

Zn1 site and a Zn-Zn distance close to that of the crystal structure (Table 1). 

 

For both faropenem tautomers, a deprotonated C6 carboxylate group formed a strong hydrogen 

bond with the hydroxyl group of Tyr32 (Table 1). A protonated C6 carboxylate group, however, 

resulted in a weakening of this interaction. This induced fluctuations in faropenem conformation 

Figure 6. The faropenem (2S)-imine with a deprotonated C6 carboxylate forms a stable 

complex with L1 in QM/MM simulations. (A) Structure of the (2S)-imine tautomer of 

faropenem from a B3LYP-D3BJ/6-31G(d)/MM energy minimization starting from the crystal 

structure, showing all residues coordinating the zinc ions and those forming strong interactions 

with faropenem. This structure is also representative of that seen in DFTB3/MM MD 

simulations. (B) Representation of the (2S)-imine tautomer of faropenem with a deprotonated 

C6 carboxylate group bound to L1, with all hydrogen bonding interactions shown in blue.  
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that allowed the carboxylate to rotate away from Tyr32, consequently creating ligand instability 

in the active site. These DFTB3/MM MD simulations therefore indicate that the L1 complex is 

stabilized when the C6 carboxylate group of the faropenem hydrolysis product is deprotonated. 

This is consistent with the likely protonation state in the crystal structure, which was determined 

under mildly alkaline conditions (pH 7.75). 

 

Table 1. RMSDs, hydrogen bond numbers and important active site distances from DFTB3/MM 

MD simulations of different tautomers and protonation states of faropenem complexed with L1.  

 (2S)-imine Enamine Crystal 

structure  Deprotonated 
C6 carboxylate 

Protonated C6 
carboxylate 

Deprotonated 
C6 carboxylate 

Protonated C6 
carboxylate 

RMSDa / Å 0.45 ± 0.06 0.79 ± 0.19 0.55 ± 0.09 1.20 ± 0.39 
(0.93 ± 0.13) - 

Tyr32  
H-bond no. 0.99 0.41 0.99 0.49 

(0.46) - 

Hydroxide  
H-bond no. 0.93 0.95 0.43 0.65 

(0.72) - 

Zn1 – Zn2 
distance / Å 3.66 ± 0.14 3.62 ± 0.14 3.71 ± 0.15 3.64 ± 0.14 

(3.66 ± 0.15) 3.57 

Zn2 – N4FAR 
distance / Å 2.31 ± 0.12 2.35 ± 0.20 2.45 ± 0.18 3.43 ± 2.17 

(2.43 ± 0.19) 2.31 

Zn1 CNb 4.02 4.03 4.01 4.01  
(4.01) 4 

Zn2 CNb 6.00 6.02 5.83 5.63  
(5.98) 6 

aRMSDs include heavy atoms of residues Tyr32, His116, His118, Asp120, His121, His196, 
Ser221, Ser223, His263, Zn1, Zn2, bridging hydroxide and faropenem 

bCoordination numbers (CN) are averaged over MD simulations with a cutoff of 2.6 Å used 

Results in brackets are for the repeat simulations without unbinding of faropenem. 
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DFTB3/MM MD simulations of the (2S)-imine- and enamine-ertapenem complexes behaved 

similarly to those of the (2S)-imine- and enamine-faropenem complexes, meaning, like faropenem, 

the (2S)-imine-ertapenem tautomer best describes the crystal structure. A lengthening of the Zn2-

N4 bond was evident for the enamine complexes with both C6 carboxylate protonation states 

(Table 2). In the case of the enamine-ertapenem complex with a deprotonated C6 carboxylate 

group, unbinding of both N4 and the C3 carboxylate group from Zn2 was observed in all three 

repeat simulations. This suggests that the enamine tautomers form a weaker coordination to Zn2 

and are thus less stable than the alternative imine species. 

 

The protonation state of the ertapenem C6 carboxylate group that best replicates the crystal 

structure is, however, less clear. In DFTB3/MM MD simulations, the deprotonated C6 carboxylate 

was not able to form a hydrogen bond with Asp120, resulting in the C6 hydroxyethyl group 

forming a hydrogen bond with both Asp120 and Tyr32. The C6 hydroxyethyl group frequently 

changed orientation, where it was observed to interact either with Asp120 and Tyr32, or with bulk 

solvent and Tyr32. This resulted in greater flexibility of the ligand in the active site and less stable 

hydrogen bonds between hydrolyzed ertapenem and Tyr32 and Asp120 (Table 2). It also explains 

the higher active site RMSD in DFTB3/MM MD simulations of the (2S)-imine-ertapenem 

complex with a deprotonated C6 carboxylate group, with much larger fluctuations seen across all 

three MD trajectories (Figure S7, SI). On the other hand, a protonated C6 carboxylate group 

caused a spontaneous proton transfer from ertapenem to Asp120, resulting in formation of a strong 

hydrogen bond, to occur in the B3LYP-D3BJ/6-31G(d)/MM energy minimization and all our 

DFTB3/MM MD simulations (Figure 7D). This resulted in an O-O distance between the 
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ertapenem C6 and Asp120 carboxylates of approximately 2.6 Å, close to distances observed in O-

H•••O hydrogen bonds between carboxylate groups in proteins,69 and lengthened the bond between 

Asp120 and Zn2 (Table 2). In contrast, the O-O distance observed for the complex with the C6 

carboxylate deprotonated was approximately 3.3 Å. This is in closer agreement to the 

crystallographically observed distance of 3.24 Å, which suggests that no hydrogen bond forms 

between these two groups. 
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The protonation state of the C6 carboxylate group also affected Zn1 coordination in the (2S)-

imine-ertapenem complex. The hydrogen bond between the C6 carboxylate group and protonated 

Asp120 induced a bidentate, and hence five-fold, coordination to Zn1, while a deprotonated C6 

carboxylate group favored monodentate coordination (Figure 7 & Table 2) and retained four-fold 

coordination geometry. In addition, the strong hydrogen bond between Asp120 and the protonated 

C6 carboxylate group, and the resulting shortening of the O-O distance, caused an increase of 

around 0.3 Å in the Zn-Zn distance in both B3LYP-D3BJ/6-31G(d)/MM energy minimizations 

and DFTB3/MM MD simulations. For both protonation states, the average Zn-Zn distance from 

DFTB3/MM MD simulations was larger than that seen in the crystal structure. However, the 

crystallographic coordinate error of 0.14 Å implies that the experimentally observed Zn-Zn 

Figure 7. B3LYP-D3BJ/6-31G(d)/MM energy minimizations of the (2S)-imine-ertapenem 

tautomer complexed with L1 with the C6 carboxylate in alternative protonation states. (A) 

Structure of the (2S)-imine tautomer of ertapenem with a deprotonated C6 carboxylate group and 

Asp120 from a B3LYP-D3BJ/6-31G(d)/MM energy minimization starting from the crystal 

structure, showing all residues bound to the zinc ions and those interacting with ertapenem. (B) 

Structure of the (2S)-imine tautomer of ertapenem with a protonated Asp120 after proton transfer 

from the C6 carboxylate group from a B3LYP-D3BJ/6-31G(d)/MM energy minimization starting 

from the crystal structure, showing all residues bound to the zinc ions and those interacting with 

ertapenem. (C) Representation of the (2S)-imine tautomer of ertapenem with a deprotonated 

Asp120 and C6 carboxylate group complexed to L1. Hydrogen bonds are shown in blue. (D) 

Representation of the (2S)-imine tautomer of ertapenem complexed to L1 with a protonated Asp120 

after protonation by the C6 carboxylate group. Hydrogen bonds are shown in blue.  



 26 

distance could be as large as 4.1 Å. Therefore, given the 0.3 Å RMSD standard deviation values 

associated with the DFTB3/MM MD simulations, the deprotonated C6 carboxylate (2S)-imine-

ertapenem complex describes the binuclear zinc center well, with average Zn-Zn distances of 4.24 

Å from DFTB3/MM MD simulations and 3.84 Å from DFTB3/MM energy minimizations. 

DFTB3/MM MD simulations of the (2S)-imine-ertapenem complex with the C6 carboxylate 

deprotonated thus replicated both the Zn-Zn distance and coordination geometries seen in the 

crystal structure. 
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Table 2. RMSDs, hydrogen bond numbers and important active site distances from DFTB3/MM 

MD simulations of different tautomers and protonation states of ertapenem complexed with L1.  

 (2S)-imine Enamine 
Crystal 
structure  Deprotonated 

C6 carboxylate 
Protonated  
C6 carboxylate 

Deprotonated 
C6 carboxylate 

Protonated  
C6 carboxylate 

RMSDa / Å 0.95 ± 0.22 0.54 ± 0.10 0.82 ± 0.19 0.72 ± 0.07 - 

Tyr32  
H-bond no. 0.58 0.72 0.71 0.64 - 

Asp120 
H-bond no. 0.71 0.10 0.00 0.99 - 

Zn1 – Zn2 
distance / Å 4.24 ± 0.30 4.58 ± 0.30 4.07 ± 0.31 4.32 ± 0.30 3.92 

Zn2 – N4 
distance / Å 2.14 ± 0.09 2.11 ± 0.07 3.01 ± 0.79 2.26 ± 0.09 2.21 

Zn2 – O3 
distance / Å 2.45 ± 0.16 2.24 ± 0.11 3.75 ± 1.47 2.12 ± 0.09 2.31 

Asp120 – O6 
distance / Å 3.31 ± 0.22 2.61 ± 0.11 3.33 ± 0.24 2.65 ± 0.11 3.24 

Asp120 – Zn2 
distance / Å 2.11 ± 0.12 2.32 ± 0.18 2.03 ± 0.08 2.42 ± 0.14 2.08 

Zn1 CNb 4.36 4.63 4.56 4.43 4 

Zn2 CNb 5.17 5.09 5.02 5.80 6 

aRMSDs include heavy atoms of residues Tyr32, His116, His118, Asp120, His121, His196, 
Ser221, Ser223, His263, Zn1, Zn2, bridging hydroxide and faropenem 

bCoordination numbers (CN) are averaged over MD simulations with a 2.6 Å cutoff  

 

Overall, these results suggest that the crystal structure of ertapenem bound to L1 is best 

replicated in DFTB3/MM and B3LYP-D3BJ/6-31G(d)/MM simulations of the (2S)-D1 tautomer 

with a deprotonated C6 carboxylate group (Figure 7B). For the (2S)-imine-faropenem complex, 
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although lower overall active site RMSD values were obtained in our DFTB3/MM MD simulations 

when the C6 carboxylate is protonated, simulations with the C6 carboxylate group deprotonated 

were more consistent with structural features, such as bond distances and zinc coordination 

numbers. At this crystallographic resolution of 1.45 Å, the protonation state of the C6 carboxylate 

cannot be unambiguously defined. It is possible, therefore, that both protonation states exist 

throughout the crystal lattice, consistent with the observation that simulations of the (2S)-imine-

faropenem complex with the two C6 carboxylate protonation states each replicate aspects of the 

crystal structure. 

 

Our data also identify the relative stability of alternative possible complexes formed by 

hydrolyzed (carba)penems with L1, and hence provide insights into the possible mechanism of 

carbapenem hydrolysis by this dizinc MbL. In particular, our data indicate that the (2S)-imine-

tautomers of (carba)penem hydrolysis products give more stable complexes with L1 than can the 

equivalent enamine complexes. Notably, a spontaneous unbinding event occurred in our 

DFTB3/MM MD simulations of the enamine-faropenem complex with the C6 carboxylate group 

protonated, suggesting that, in the case of ‘binding mode 2’ complexes containing a Zn-bridging 

hydroxide, protonation of the C6 carboxylate group is likely to create ligand instability. In ‘binding 

mode 1’, the enamine-ertapenem with a deprotonated C6 carboxylate group lost coordination of 

Zn2, although a full unbinding event was prevented by the coordination of the C6 carboxylate 

group to Zn1. This highlights the importance of this interaction for the stability of ‘binding mode 

1’ complexes. Branched mechanistic pathways of carbapenem hydrolysis by MbLs (Figure 3), 

with protonation of E-I occurring at either N4 or C2, have been proposed30,31 but the relative 

importance of the different routes by which this species may form E-P on the enzyme remains 
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uncertain. Formation of the enamine tautomer likely occurs faster than formation of the imine 

tautomer for several MbLs.29 However, previous NMR data from subclass B1 MbLs indicated that 

diastereoselective protonation at C2 takes place within the enzyme active site, yielding the (2S)-

imine, consistent with crystallographic data.30 Additionally, also using NMR, others have observed 

that the R-imine is formed preferentially, and is slowly converted to the (2S)-imine in solution.29 

The instability of the enamine complexes apparent in our in silico calculations with L1, coupled 

with the ability of the enamine product to rapidly tautomerize to the imine in solution,29 is 

consistent with available crystallographic data for L1, in which only the imine form has been 

identified in enzyme-bound complexes.  

 

The difference in interactions that are essential for the stability of the different binding modes 

suggest a possible free energy penalty for interconversion between ‘binding mode 1’ and ‘binding 

mode 2’. Binding mode 1 is stabilized by the coordination of the C6 carboxylate group to Zn1 and 

the strong hydrogen bond formed between the C6 hydroxyethyl group and Tyr32. Binding mode 

2 is stabilized by the coordination of N4 and the C3 carboxylate group to Zn2, and the strong 

hydrogen bond that forms between the C6 carboxylate group and Tyr32. The different binding 

modes observed in the crystal structures, when taken together with the possibility that E-I can be 

resolved by protonation at C2, can provide insight into possible hydrolysis mechanisms of 

carbapenems by L1 that involve (2S)-imine-tautomers. Specifically, binding mode 1 as observed 

in the ertapenem complex may represent a step prior to reinsertion of the Zn-bridging catalytic 

hydroxide, identified previously by NMR studies as an enzyme-product (E-P) complex during 

carbapenem reactions with subclass B1 enzymes.30 Binding mode 2 observed in the faropenem 

complex (and imipenem complex70), in which the Zn-bridging hydroxide is present, might then 
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represent a later stage in the catalytic cycle, immediately prior to product release and after the 

bridging hydroxide is re-established in the active site (Figures 5 & S7). However, there are two 

further possibilities that we cannot rule out. First, the crystallographically observed structures may 

represent rebinding of the hydrolyzed ligand after it has fully dissociated from the active site, either 

as the enamine that has subsequently tautomerized in solution, or (in binding mode 2) as the (2S)-

imine in which the C6 group has rotated in solution. Second, the two binding modes may not lie 

on the same catalytic pathway and may instead represent different intermediates formed during the 

hydrolysis of different (carba)penem antibiotics (we note that, to date, the two binding modes have 

not yet been observed for the same ligand). 

 

To investigate the possibility of interconversion between these binding modes, we analyzed 

DFTB3/MM umbrella sampling simulations of the dihedral rotation of both the ertapenem and 

faropenem C6 group in the active site of L1. A 0° dihedral angle corresponded to binding mode 1 

and an 180°/–180° dihedral angle to binding mode 2. The resulting free energy profiles for the 

dihedral rotation of the ertapenem C6 group revealed a high free energy barrier to rotation of 

approximately 20 kcal mol-1 with no stable energy minimum corresponding to binding mode 2 

(Figure 8). The high free energy barrier is consistent with the lack of any spontaneous rotation of 

the C6 group observed in DFTB3/MM MD simulations of any of the faropenem and ertapenem 

complexes with L1. The strong interaction between Zn1 and the C6 carboxylate group, observed 

when rotating the C6 group in both directions, was the dominating factor in preventing 

spontaneous rotation. A rotation of the C6 carboxylate group out towards the solvent (a 

‘backwards’ rotation) resulted in the loss of Zn2 coordination by N4 and the C3 carboxylate group, 

and a rearrangement of ertapenem in the active site; with each oxygen of the C6 carboxylate group 
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coordinated to a different zinc ion and the C3 carboxylate group oriented out towards the bulk 

solvent. Rotating the C6 carboxylate group towards Asp120 (a ‘forwards’ rotation) resulted in a 

lengthening of the Zn-Zn distance to over 6 Å, with the C6 hydroxyethyl group inserted between 

the zinc ions and forming a hydrogen bond with Asp120. With neither oxygen atom of the C6 

carboxylate group positioned to bridge the two zinc ions, a rotation of the C6 group would then 

result in an unstable, three-coordinate Zn1. The bridging hydroxide would therefore need to be 

restored before the C6 group is able to convert from binding mode 1 to binding mode 2. These 

results suggest that the interconversion between the two binding modes is unlikely to happen 

directly from binding mode 1.  

 

Figure 8. Free energy profiles of the dihedral rotation of the C6 group of hydrolyzed 

ertapenem complexed with L1.  20 free energy profiles of the dihedral rotation at the 

DFTB3/MM level of theory (purple) with the Boltzmann averaged profile (black). 0° corresponds 

to binding mode 1 and 180° corresponds to binding mode 2. The core structure of ertapenem is 

shown with the atoms and bonds involved in the dihedral highlighted in pink.  
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In addition to these simulations, we have calculated the free energy barriers to the C6 dihedral 

rotation in the L1:faropenem complex (Figure S11, SI) in addition to those of the L1:ertapenem 

complex. Although the L1:faropenem free energy profiles show a feasible energy barrier, the 

rotation caused an instability of faropenem in the active site due to the breaking of hydrogen bonds 

between faropenem and both Tyr32 and the bridging hydroxide ion. A full rotation of the 

faropenem C6 to form binding mode 1 with the hydroxide ion present was observed in the minority 

of trajectories, however, partial or full unbinding events were observed in most trajectories. These 

results suggest that the faropenem C6 group rotation still causes ligand instability, even after 

restoration of the bridging hydroxide and that interconversion between these binding modes may 

not be a feasible step in the hydrolysis pathway. 

 

Structures of hydrolyzed antibiotics complexed to subclass B3 MbLs are predominantly 

captured in binding mode 2, including imipenem with L162 and the faropenem complex34 

investigated in this work (Figures 5 & S7). The three structurally characterized SMB-

1:carbapenem complexes are all in binding mode 2,66 whereas binding mode 1 has to date only 

been observed in L1 (ertapenem and meropenem).62 The major difference between the L1 and 

SMB-1 active sites is the presence in L1 of Tyr32, which we show assists in ligand stability and 

forms strong hydrogen bonds with hydrolyzed ertapenem. This interaction, combined with the 

presence in ertapenem and meropenem of a C1-methyl group (not present in faropenem and 

imipenem), could provide steric hinderance to the rotation of the C6 group away from the zinc 

ions and towards Tyr32 to form binding mode 2. In serine b-lactamases, this rotation is facilitated 

by available space in the active site and the formation of stabilizing hydrogen bonds.71 SMB-1, 

which lacks Tyr32, is more likely to have space available in the active site into which the C6 group 
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can rotate. Despite the availability of sufficient space in the active site for rotation of the C6 group, 

hydrolyzed carbapenems complexed with B1 MbLs, such as NDM-131 and IMP-13,72 are captured 

primarily in binding mode 1. The existence of alternative binding modes for hydrolyzed 

carbapenems captured in crystal structures of class B1 and B3 MbLs could then be due to a 

difference in the stability of the binding mode 1 state, possibly reflecting the differing active site 

structures. This is supported by our structure of hydrolyzed faropenem complexed to VIM-234, 

which is captured in binding mode 1 compared to the binding mode 2 complex with L1 investigated 

in this work, and by the interactions seen between the C6 hydroxyethyl group of ertapenem and 

Tyr32 in the active site of L1 that stabilize ertapenem in binding mode 1. 

 

Conclusions 

In this work, we have used crystallography and QM/MM simulations to identify the tautomer 

and protonation states which best describe the binding mode of ertapenem- and faropenem-derived 

products to L1. For both, the crystal structures are best described by the (2S)-imine tautomer 

complex with a deprotonated C6 carboxylate group, which is formed after b-lactam ring cleavage 

during hydrolysis. The protonation state of this carboxylate group is an important determinant of 

the mode of ligand binding, with faropenem forming a strong interaction with Tyr32, and 

ertapenem interacting with Asp120, via this carboxylate. Differences in the binding mode between 

the two structures may be due to a lack of water in the active site to replace the ertapenem C6 

carboxylate group in coordinating the zinc ions, and the hydrogen bonding interaction between the 

C6 hydroxyethyl group and Tyr32. Our results show how strong interactions of hydrolyzed 

carbapenems with both the hydroxyl group of Tyr32 and Zn2 are crucial in their binding to the L1 

active site. Replicating these interactions could represent an important contribution to design of 
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inhibitors of L1, a crucial determinant of b-lactam resistance in a clinically significant bacterial 

pathogen. Furthermore, we show that the combination of crystallography and molecular 

simulation, in particular QM/MM calculations, is effective in interpreting and developing 

crystallographic observations on metalloenzyme structure. In this case, this combined approach 

can provide meaningful insight into antibiotic hydrolysis by L1 by identifying, and enabling 

evaluation of, determinants of stable complex formation. This and similar methodologies represent 

tools that may be broadly applied to better describe (metallo)enzyme:ligand complexes, 

particularly in cases where the quality of crystallographic information is limited by factors such as 

resolution or flexibility in ligand binding mode that preclude unambiguous assignment of bound 

species and accurate definition of their interactions, and for which empirical forcefields provide a 

poor description (e.g. of metal coordination). 
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