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Methods 

Starting structures for modeling β-lactamase deacylation  

The protein/ligand complexes in the acylenzyme state were prepared based on the available crystal structures (see 

Table S1). The following β-lactamases were setup for QM/MM calculations: SFC-1, KPC-2, NMC-A, SME-1, TEM-1, 

SHV-1, BlaC, CTX-M-16. TEM-1 was prepared with acylenzymes of two different ligands, benzylpenicillin and 

meropenem, and the other β-lactamases were set up as meropenem acylenzyme complexes. The AMBER 12 package1 

with the AMBER ff12SB (protein) or the General Amber Force Field2 (ligand) was used for MM calculations. Partial 

charges for the free and covalently bound ligand were obtained by RESP fitting of HF/6-31G* calculations performed 

using Gaussian093 and RED-IV through the RED Server4  (http://q4md-forcefieldtools.org/REDS/). Protonation states 

for ionizable residues were calculated using PROPKA 3.1;5 suggesting residues were in their standard states. Histidine 

tautomers were selected based on optimum hydrogen bonding patterns. (Unphysical pKa values of over 10 were found 

for some Asp residues in several structures, however, it was found the source of these abnormal values was due to close 

contacts formed with nearby residues. These steric clashes were relieved upon an initial minimization of the structures 

during equilibration.) Hydrogen atoms were added accordingly by the AmberTools program tLEAP. Crystallographic 

water molecules were deleted from the structures, apart from the deacylating water molecule present in the active site. 

Each system was solvated with a TIP4P-Ew6 water box extending at least 10 Å from any protein heavy atom, and 

sodium ions were added to neutralize the systems.  

The crystal structure of the SFC-1 acylenzyme was represented by the Glu166Ala mutant (PDB: 4EV47). The reverse 

mutation to Glu166 was performed based on the Ser70Ala mutant complex with meropenem (PDB: 4EUZ7). For BlaC, 

the meropenem acylenzyme structure was used (PDB: 3DWZ8). For SHV-1 (PDB: 2ZD89) only the conformation of 

meropenem with the carbonyl oxygen in the oxyanion hole was considered for deacylation calculations. The structure 

of TEM-1 with meropenem was set up with the carbonyl oxygen in the oxyanion hole, obtained by brief restrained 

modelling based on the crystal structure of the imipenem acyl-enzyme replaced with meropenem (PDB: 1BT510) 

(where the carbonyl oxygen is placed outside of the oxyanion hole). The apoenzyme structures of KPC-2 (PDB: 

2OV511), NMC-A (PDB: 1BUE12), SME-1 (PDB:1DY613), CTX-M-16 (PDB: 1YLW14) were aligned with the SFC-1 

structure in acylenzyme (PDB: 4EV47), and the coordinates of the antibiotic were used to build their meropenem 

acylenzymes in apo structures. In addition, TEM-1 was also set up with benzylpenicillin, using the Glu166Asn mutant 

structure in the acylenzyme state (PDB: 1FQG15); Glu166 was restored by extension of the main chain of the residue.  

 

QM/MM setup and equilibration 

For the QM/MM calculations, the SCC-DFTB method was used for the QM region. For the systems with meropenem, 

the QM region consisted of 41 atoms and 3 link atoms (Figure S1). The Glu166 side chain up to the CG atom and the 

deacylating water molecule were treated QM. The acylated meropenem was included in the QM region from CB of 

Ser70 up to the S atom, as the remaining group is positioned further from the active site residues (mostly exposed to 

solvent). For the complexes with benzylpenicillin, the QM region consisted of 54 atoms and 2 link atoms, with the 

entire antibiotic included in the QM region (from CB of Ser70; Figure S1).  
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Figure S1. QM region used for QMMM calculations performed with meropenem (left) and benzylpenicillin 

(right). 

 

A standard QM/MM equilibration protocol was used. This involved minimization, heating (in the NVT ensemble) and 

QM/MM MD in the NPT ensemble. First, unrestrained energy minimization was carried out for 1000 steps (100 steps 

Steepest Descent, 900 steps of Conjugate Gradient). This was followed by gradual heating from 50 K to 300 K in 50 ps 

(using Langevin dynamics for temperature control). Thereafter, an unrestrained 50 ps QM/MM MD equilibration at 

300 K was performed in the NPT ensemble (1 ps pressure relaxation time). Thereafter, 300 ps unrestrained SCC-

DFTB/ff12SB MD was carried out on the equilibrated acylenzyme complexes in the NPT ensemble, to study 

interactions in the acylenzyme and select suitable structures for umbrella sampling. All MD production runs were 

performed at 300 K and 1 atm with a 1 fs time-step; Langevin dynamics was used for temperature control (collision 

frequency 5 ps−1) and pressure was controlled by coupling to an external bath (with a 5 ps pressure relaxation time). 

Throughout, SHAKE was applied to MM bonds involving hydrogen and a direct-space cut-off of 8 Å for non-bonded 

interactions with PME for long-range electrostatics was used.  

Additional restraints were found to be required to keep simulations stable and avoid large conformational fluctuations. 

A restraint of 10 kcal/(mol Å2) force constant was applied when the distance between the amine hydrogen (of the five-

membered ring) and the carbonyl oxygen exceeded 2.5 Å. Further, several distance restraints with a force constant of 

50 kcal/(mol Å2) were applied when O-H or N-H distances of QM groups exceeded 1.2 Å, to avoid unwanted proton 

transfers (which were found to take place in initial test simulations).  

 
QM/MM free energy profile calculations 

The first step of deacylation was simulated as 2D free energy surface. The value of the reaction coordinate step was 0.1 

Å, and 20 ps of MD was performed at each point. The calculated surfaces consisted of 204 and 374 points for the 

benzylpenicillin and meropenem simulations, and involved 4.08 ns and 7.48 ns of QM/MM MD, respectively.  

The reaction coordinate approach was used to model to the first step of the deacylation reaction. The proton transfer 

reaction coordinate was defined as: rx = d(O 1Glu166-H2DW) – d(H2DW-ODW) (from 0.8 Å to −0.8 Å to  facilitate the 

transfer of the proton from DW to Glu166). The DW nucleophilic attack on the β-lactam ring reaction coordinate was 

defined as: ry = d(CCMer/Benx−ODW), where CC represents the carbonyl carbon in meropenem or benzylpenicillin (from 

3.5 Å to 1.4 Å for meropenem and from 2.5 Å to 1.4 for benzylpenecillin) . Both reaction coordinates were 

incremented by 0.1 Å, and a restraint of 100 kcal mol-1Å-1 was used. 20ps of simulation was used for each umbrella 

sampling window. Once an initial scan along rx was completed (with ry fixed to the starting value), the structures 

produced at the end of these simulations were used as the starting point for a scan across ry.  

 

The simulations were performed under the same conditions as the QM/MM MD production simulations described 

above, and the reaction coordinate values were recorded every 1 fs. The harmonic distance restraints with a force 

constant of 100 kcal/(mol Å2) lead to well-overlapping umbrella sampling windows. With the recorded data, the 
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Weighted Histogram Analysis Method (WHAM)16 was used to calculate the potential of mean force, with 33 bins along 

rx and 43 or 23 bins along ry (for meropenem and benzylpenicillin, respectively) and a convergence tolerance of 5×10−7 

kcal mol−1.  

 

Table S1. Crystal structures used for setup of QM/MM calculations with their PDB accession codes. 

β-lactamase starting structure PDB accession code 

BlaC 3DWZ8 

CTX-M 1YLW14 

SHV-1 2ZD89 

TEM-1 1BT510 

KPC-2 2OV511 

NMC-A 1BUE12 

SFC-1  Glu166Ala 4EV47 

SME-1 1DY613 

TEM-1/benzylpenicillin 1RQG15 
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Free Energy Surfaces for carbapenem-inhibited -lactamases with meropenem  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S2. SCC-DFTB/ff12SB Free Energy Surface obtained by the Weighted-Histogram Analysis Method from 

umbrella sampling QM/MM MD simulations for BlaC with meropenem. 

 

 

 

 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S3. SCC-DFTB/ff12SB Free Energy Surface obtained by the Weighted-Histogram Analysis Method from 

umbrella sampling QM/MM MD simulations for SHV-1 with meropenem. 
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Figure S4. SCC-DFTB/ff12SB Free Energy Surface obtained by the Weighted-Histogram Analysis Method from 

umbrella sampling QM/MM MD simulations for TEM-1 with meropenem. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S5. SCC-DFTB/ff12SB Free Energy Surface obtained by the Weighted-Histogram Analysis Method from 

umbrella sampling QM/MM MD simulations for CTX-M with meropenem. 
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Free Energy Surfaces for carbapenemases with meropenem  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S6. SCC-DFTB/ff12SB Free Energy Surface obtained by the Weighted-Histogram Analysis Method from 

umbrella sampling QM/MM MD simulations for KPC-2 with meropenem. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S7. SCC-DFTB/ff12SB Free Energy Surface obtained by the Weighted-Histogram Analysis Method from 

umbrella sampling QM/MM MD simulations for SFC-1 with meropenem. 

 



8 

 

 

Figure S8. SCC-DFTB/ff12SB Free Energy Surface obtained by the Weighted-Histogram Analysis Method from 

umbrella sampling QM/MM MD simulations for NMC-A with meropenem. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure S9. SCC-DFTB/ff12SB Free Energy Surface obtained by the Weighted-Histogram Analysis Method from 

umbrella sampling QM/MM MD simulations for SME-1 with meropenem. 
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Free Energy Surface for TEM-1 with benzylpenicillin   

 

 

 

 

 

 

 

 

 

 

 

 

Figure S10. SCC-DFTB/ff12SB Free Energy Surface obtained by the Weighted-Histogram Analysis Method 

from umbrella sampling QM/MM MD simulations for TEM-1 with benzylpenicillin. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 


