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Abstract 

Biomolecular modelling has become an invaluable tool in enzyme-catalysed 
mechanism elucidation, understanding enzyme selectivity, and in the design of new drug 
compounds. In this thesis, molecular modelling techniques including quantum 
mechanics/molecular mechanics (QM/MM) methods, in combination with energy 



 

minimisations, molecular dynamics (MD), and umbrella sampling, are used to investigate the 
reactivity of three enzymes: the L1 metallo-β-lactamase, insulin-regulated aminopeptidase 
(IRAP) and, in response to the 2020 pandemic, the SARS-CoV-2 main protease (Mpro). 
 

A reactivity study was carried out on the L1-catalysed hydrolysis of the β-lactam 
antibiotics faropenem and ertapenem. In combination with crystallography, QM/MM MD 
simulations and energy minimisations identified the imine state as the most likely hydrolysed 
product tautomer. QM/MM free energy surfaces also showed the hydrolysis of faropenem and 
ertapenem to proceed via a tetrahedral intermediate, which may be useful in designing analogue 
inhibitors for L1 to restore antibiotic efficacy.  

 
A further reactivity study focussed on investigating how IRAP can hydrolyse the cyclic 

neuropeptide oxytocin but not the linear neuropeptide Ang IV. In QM/MM MD simulations, 
the catalytic glutamate, Glu465, adopted different conformations in the enzyme-substrate 
complexes, due to Ang IV forming more active site hydrogen bonds than oxytocin. QM/MM 
MD simulations also identified stable tetrahedral intermediates in both the hydrolysis of Ang 
IV and oxytocin, however, Ang IV adopted a poor conformation for facilitating the next step 
of the reaction, explaining why IRAP cannot hydrolyse Ang IV.  
 

Finally, an investigation was carried out into the resting protonation state of the SARS-
CoV-2 Mpro cysteine-histidine catalytic dyad when a natural substrate is bound. MM MD 
simulations and QM/MM free energy profiles determined a neutral dyad as the most likely 
protonation state, as well as identifying the nearby histidine residue His163 as Nε-protonated. 
These results have direct implications for future Mpro modelling, and the further development 
of Mpro antiviral drugs. 
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Chapter 1  

An introduction to zinc metalloenzymes 
 
 
 
 

1.1 Zinc metalloenzymes 

Zinc is an essential enzyme cofactor for the growth and development of all life.1 Since 

the discovery of the first zinc metalloenzyme, carbonic anhydrase, in 1940,2 zinc has been 

found in many thousands of enzymes, making it, after iron, the second most abundant trace 

metal ion in biological systems.3 As much as 10% of the human proteome is comprised of zinc 

metalloproteins.4,5 Many human metabolic processes and diseases, including certain cancers, 

involve enzyme-bound zinc,6 with the zinc binding site determining enzyme stability and 

function.7  

 

Zinc binding sites can be classified as catalytic, co-catalytic or structural. Catalytic zinc 

sites contain one zinc ion with a coordination sphere comprising of amino acid ligands and at 

least one water molecule.8 Co-catalytic zinc sites contain multiple zinc (or other transition 

metal) ions that act as a complementary catalytic unit. The zinc ions are usually in close 

proximity and are bridged by either an amino acid ligand or a water molecule.9 Structural zinc 

ions maintain and stabilise protein tertiary structure and are characterised by a coordination 

sphere filled entirely by protein sidechains.1 They adopt a non-catalytic role and as such will 

not be discussed in this thesis.  

 

Zinc ions have no preferential coordination geometry due to their d10 electronic 

configuration. The resulting lack of ligand field splitting stabilisation means there is no energy 

penalty when forming equally energetically accessible coordination geometries, giving zinc a 
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flexible coordination sphere.10 A flexible coordination sphere is important in zinc assisted 

catalysis, as a change in coordination geometry occurs in most enzymatic zinc catalytic cycles.1 

Enzyme-bound zinc ions most commonly adopt a tetrahedral (four-coordinate) coordination 

geometry, although distorted trigonal bipyramidal (five-coordinate) coordination geometries 

are also observed.11,12   

 

With a full d-orbital, zinc ions do not participate in redox chemistry. Instead, they act 

as Lewis acids due to a strong affinity for electrons.13 A preference for an enzyme-bound zinc 

ion to adopt a tetrahedral geometry, as well as the flexibility of the zinc coordination sphere, 

enhances the Lewis acidity and increases the nucleophilicity of the zinc-bound catalytic water 

molecule.14 With no preference for binding polarisable (‘soft’) over less polarisable (‘hard’) 

ligands,15  enzyme-bound zinc ions are often observed to coordinate different combinations of 

oxygen, nitrogen, and sulfur. Histidine, glutamate, and aspartate residues are the most 

commonly observed zinc ligands in enzyme catalytic sites, with cysteine more often observed 

as a ligand in structural zinc sites.1 The variability in the coordination geometry and ligands of 

zinc ions results in zinc metalloenzymes displaying a diverse range of functions.1  

 

Zinc hydrolases are a subclass of zinc metalloenzyme that catalyse a hydrolysis 

reaction. Hydrolysis reactions involve the cleavage of a chemical bond through nucleophilic 

addition of a water molecule and are usually catalysed by an acid and/or a base.16,17 Zinc 

hydrolase-catalysed hydrolysis reactions involve cleavage of a C-N amide/peptide bond, or a 

C-O ester bond.18 Only peptide bond hydrolysis has been studied in this thesis. The catalytic 

zinc ion(s) bind and “activate” the nucleophilic water molecule, as well as polarising the 

scissile carbonyl group and stabilising any negative charge that develops due to bond 

cleavage.16,19 The zinc-activated nucleophilic water molecule interacts with a residue with a 

basic sidechain, often the carboxylate group of a nearby glutamate or an aspartate residue. This 

water molecule has been observed in both its neutral form and as a deprotonated hydroxide ion 

in an enzyme resting state, with the hydrogen bonding network that stabilises the water 

molecule crucial to catalytic activity.1  

 

The chemical mechanism of many zinc hydrolases proceeds via a general-acid-base-

catalysed (GABC) mechanism17 (Figure 1.1). The initial step of the reaction involves the 

nucleophilic attack of the zinc-activated water molecule on the carbonyl carbon of the scissile 
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bond. The nearby basic (carboxylate) sidechain deprotonates the water, facilitating 

nucleophilic attack by forming a more nucleophilic hydroxide ion. After nucleophilic attack, a 

tetrahedral oxyanionic intermediate species is formed (E-I, Figure 1.1). A nearby acidic 

sidechain subsequently protonates the scissile nitrogen, leading to cleavage of the C-N bond. 

GABC mechanisms have been proposed for zinc hydrolases where both the same residue and 

different residues (GABC pair mechanism) act as the acid and the base during hydrolysis17 

(Figure 1.2). Although the GABC mechanism is often used to generalise zinc-catalysed 

hydrolysis, zinc hydrolases exhibit a wide variation in active site structure, homology and 

evolutionary purpose that means different reaction intermediate geometries and reaction step 

orders are often observed.17 Zinc hydrolases have been identified with mononuclear or 

binuclear zinc sites, with the zinc ions being essential cofactors for catalytic activity.17 
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 Many zinc hydrolases are of pharmaceutical interest as they play vital roles in biological 

systems.17 The first zinc hydrolase, bovine pancreatic carboxypeptidase A (CPA2), was 

discovered in 1954.20 Both CPA2 and a related carboxypeptidase, CPA1, are also human 

pancreatic enzymes that are important for digestion and metabolism.16 Although they show 

slight differences in substrate specificity,21 CPA1 and CPA2 both catalyse the hydrolysis of a 

polypeptide at the C-terminal peptide bond, subsequently breaking down the chain into its 

Figure 1.1. The general acid-base catalysed hydrolysis reaction that occurs in the active site of a zinc 
hydrolase.17 The pathway with the intermediate E-Ia is the pair mechanism, where two different 
residues act as the acid and the base. In the pathway with the intermediate E-Ib, the same residue acts 
as the acid and the base, here shown as a residue with a carboxylate sidechain. 
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constituent parts.22 Their four-coordinate mononuclear zinc centre has a HEXXH zinc binding 

motif that is well conserved within the zinc hydrolase subclass of zinc proteases, with the zinc 

ion coordinated to two histidine residues, a glutamate residue, and a catalytic water molecule23 

(Figure 1.2A). A 1.25 Å high-resolution crystal structure of CPA2 presented by Kilshtain-Vardi 

et al. showed that the zinc-bound water is likely to remain neutral in the resting state due to the 

hydrogen bonds it forms with two active site glutamate residues.24 Experimental kinetic 

studies25–28 and a computational study confirmed a promoted-water mechanism.29 In their 

quantum mechanics/molecular mechanics reactivity study, Xu et al. showed the zinc-bound 

water molecule to undergo a nucleophilic attack of the scissile carbonyl carbon forming an 

anionic zinc-bound tetrahedral intermediate species, with an active site glutamate residue, 

Glu270, acting as both the acid and base by deprotonating the zinc-bound water molecule and 

protonating the peptide nitrogen.29,30 Crystallographic studies of CPA2 have shown that 

stabilisation of the scissile carbonyl oxygen is important in zinc hydrolases for formation of an 

oxyanion hole to stabilise a tetrahedral intermediate.31–33  

 

The early discovery of CPA2 and array of available crystal structure data mean it has 

been widely used as a model system for the general hydrolysis mechanism of the zinc hydrolase 

family.22 In particular, CPA2 was used to design inhibitors for the clinically relevant 

angiotensin-converting enzyme (ACE, Figure 1.2A) before the first ACE crystal structure was 

published in 2003.34 ACE is a zinc hydrolase with a sequence, active site structure and activity 

similar to that of CPA2.35 It catalyses the hydrolysis of the hormone angiotensin I, removing 

two C-terminal residues to form the hypertensive octapeptide angiotensin II.36 In contrast to 

CPA2, the catalytic activity of ACE is dependent on buried chloride ions that are close to the 

active site.37,38 A crystallographic study of ACE by Natesh et al. suggested that the chloride ions 

may affect the position of the residues that interact with the substrate, despite not interacting 

directly with substrate themselves.34 Other mononuclear zinc hydrolases have displayed 

similarities in mechanism to CPA2. One such enzyme is histone deacetylase II (HDAC2) 

(Figure 1.2B), which is responsible for catalysing the deacetylation of the N-terminal peptide 

bond in histones, proteins that provide structural support to DNA as it forms a chromosome.39 

The tetrahedral zinc centre differs in binding motif to CPA2, with the zinc ion coordinated to 

two aspartate residues, one histidine residue and a water molecule.40 However, like CPA2, 
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HDAC2-catalysed hydrolysis involves deprotonation of the catalytic water molecule and 

protonation of the peptide nitrogen via the same residue; His143.41   

 

  

In contrast to mononuclear zinc hydrolases, binuclear zinc hydrolases contain an 

additional co-catalytic zinc ion in the active site. Binuclear zinc hydrolases perform a wide 

range of functions from breaking down DNA and polypeptides, to the degradation of small 

molecules.18 The GABC mechanism observed in mononuclear zinc hydrolases is also observed 

in binuclear zinc hydrolases, with possible proposed roles of the second zinc ion including 

substrate binding via coordination of the scissile nitrogen, substrate orientation in the active 

site and even direct participation in catalysis.7 Common mechanistic features reported in 

several binuclear zinc hydrolases include the nucleophilic zinc-activated water molecule and a 

non-zinc-bound carboxylate group that stabilises and deprotonates the catalytic water 

molecule.8,9,11,18 Aminopeptidase from Aeromonas proteolytica (AAP) is a well-studied 

binuclear zinc hydrolase that cleaves the N-terminal residue of a polypeptide chain.42 Both of 

the AAP active site zinc ions display a distorted tetrahedral coordination geometry, with a water 

molecule bridging the two zinc ions43 (Figure 1.2C). Another well-studied class of binuclear 

zinc hydrolases is the metallo-β-lactamase superfamily. These enzymes are produced by 

Figure 1.2 Example zinc centres of five zinc metalloenzymes with examples of mononuclear and 
binuclear sites. (A) The four-coordinate zinc site from carboxypeptidase A and angiotensin-
converting enzyme. (B) The four-coordinated zinc site from histone deacetylase II. (C) The binuclear 
zinc site of aminopeptidase from Aeromonas proteolytica with four-coordinate zinc centres. (D) The 
binuclear zinc centre of the metallo-β-lactamase NDM-1 with four- and five-coordinate zinc centres.  
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bacteria to break down β-lactam antibiotics by hydrolysis of the β-lactam ring via a zinc-

bridging nucleophile.44 Despite these similarities, mechanistic differences have been observed 

between binuclear zinc hydrolases like AAP and metallo-β-lactamases. Fluorine inhibition 

studies of AAP suggested that the zinc-bridging nucleophile becomes bound to only one zinc 

ion after substrate coordination to the active site.45 An AAP non-zinc-bound glutamate residue, 

Glu171, is vital for catalysis and deprotonates the bridging water molecule to form a hydroxide 

ion.46 In contrast to AAP, metallo-β-lactamases do not contain a non-zinc-bound carboxylate 

residue available for deprotonating the zinc-bridging water molecule.47 It has been suggested 

that the metallo-β-lactamase bridging nucleophile may, in fact, exist as a hydroxide ion, 

although there is still some dispute regarding this.48–51 As such, the bridging nucleophile is 

proposed to remain coordinated to both zinc ions, even after substrate binding,52 although no 

crystal structures of the E-S complexes of metallo-β-lactamases and their unhydrolysed β-

lactam substrates are available to confirm this. 

 

Investigation of zinc metalloenzyme reactivity should help in applications such as the 

design and development of new drugs and in de novo metalloenzyme design.1 Despite 

commonalities in zinc hydrolase mechanisms, subtle differences, such as the activity 

dependence of ACE on a buried chloride ion in contrast to CPA2, highlight how mechanistic 

features cannot be generalised across all zinc hydrolases and that each enzyme should be 

studied individually. The catalytic mechanisms of zinc hydrolases have been elucidated 

through a combination of crystallography, experimental spectroscopy and kinetics, and, more 

recently, computational studies. Experimental techniques can provide a wealth of information 

on kinetics and structures. However, there are limitations of using these approaches alone, 

including short-lived reaction intermediates that are not observable spectroscopically, and, for 

binuclear zinc enzymes in particular, the two co-catalytic zinc ions have overlapping 

spectroscopic signatures so it is difficult to tell their roles apart.53 Computational modelling is 

a useful tool that, complementary to experimental investigation, can assist in understanding the 

role of zinc as a catalyst in biology and has potentially far-reaching implications in field such 

as structure-based drug design and discovery.54,55 
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1.2 Computational modelling of zinc metalloenzyme 

reactivity 

To accurately describe a zinc metalloenzyme-catalysed chemical mechanism, a detailed 

atomistic description is needed. Computational modelling of biomolecular systems at an 

atomistic level is able to aid in refinement of structures from X-ray crystallography,56 reveal 

complex dynamical behaviour,57 calculate accurate reaction energies, and capture metastable 

structures not observed in crystallography and kinetic experiments.58 Atomistic simulations can 

also reveal how enzymes have evolved to stabilise the transition states and intermediates along 

a certain reaction pathway. The ability to identify transition state and intermediate structures 

can be useful in designing and improving transition state analogue inhibitors.59 Computational 

modelling of reactivity involving metal ions adds an extra layer of complexity due to their 

complex electronic structure. As zinc is not involved in redox chemistry, computational 

modelling of zinc complexes and zinc metalloenzymes is less complicated than other transition 

metals such as cobalt or iron. However, difficulties remain in describing the complicated 

chemical bonding of zinc complexes due to mixed electrostatic and covalent bond character.29 

The ability of zinc complexes to adopt multiple energetically equivalent coordination 

geometries with different numbers of ligands adds an additional challenge. Charge transfer and 

polarisation effects have been shown as important when describing zinc complexes.60 To 

address these challenges, various techniques have been utilised to computationally model zinc 

metalloenzymes and their chemical mechanism. 

 

1.2.1 Molecular dynamics, molecular mechanics, and force field methods 

Investigating enzyme reactivity involves modelling systems that can range in size from 

tens of thousands to millions of atoms. Simulating the time-dependent behaviour of these large 

biomolecular systems is often carried out using molecular dynamics (MD). In MD simulations, 

Newtonian dynamics is used to propagate a system across a potential energy surface. Initial 

atomic positions and velocities, randomly assigned from a Boltzmann distribution, are used to 

calculate the initial potential energy. Using Newton’s second law of motion (Equation 1.1), 

new atomic positions, r, and velocity vectors can be calculated after a short time step, 𝜕𝜕t, from 

the force, F(r), and potential energy, V(r). This calculation is repeated in each step of an MD 

trajectory.61 
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𝐹𝐹(𝑟𝑟)𝑖𝑖 =  −
𝜕𝜕𝜕𝜕(𝑟𝑟)𝑖𝑖
𝜕𝜕𝑟𝑟𝑖𝑖

 =  𝑚𝑚𝑖𝑖
𝜕𝜕2𝑟𝑟𝑖𝑖
𝜕𝜕𝑡𝑡2

(1.1) 

 

In most MD simulations, molecular mechanics (MM) methods are used as a 

computationally efficient way to model large biomolecular systems. MM methods describe a 

system using classical mechanics, and describe the potential energy surface using an empirical 

force field.62 First developed over 50 years ago,63,64 MM force fields consist of a parameterised 

potential energy function with individual terms that define the energy of the bond stretches, 

angle bends, dihedral torsions and other nonbonding interactions including van der Waals and 

electrostatic interactions. The exact functional form and how the parameters are generated 

varies between force fields.58 In this thesis, the AMBER FF14SB protein force field65 was used 

in all simulations. The functional form of the FF14SB force field is shown in Equation 1.2.66  

 

𝐸𝐸 =  � 𝑘𝑘𝑟𝑟(𝑟𝑟 −  𝑟𝑟𝑒𝑒𝑒𝑒)2 +
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏

 � 𝑘𝑘𝜃𝜃(𝜃𝜃 −  𝜃𝜃𝑒𝑒𝑒𝑒)2 + �
𝜕𝜕𝑏𝑏
2

[1 +  cos(𝑛𝑛𝑛𝑛 −  𝛾𝛾)]
𝑏𝑏𝑖𝑖ℎ𝑒𝑒𝑏𝑏𝑟𝑟𝑒𝑒𝑒𝑒𝑏𝑏𝑒𝑒𝑏𝑏𝑎𝑎𝑒𝑒𝑒𝑒𝑏𝑏

+  �
𝑞𝑞𝑖𝑖𝑞𝑞𝑗𝑗

4𝜋𝜋𝜀𝜀0𝑟𝑟𝑖𝑖𝑗𝑗𝑖𝑖<𝑗𝑗

+  �𝜀𝜀𝑖𝑖𝑗𝑗 ��
𝑅𝑅𝑚𝑚𝑖𝑖𝑏𝑏,𝑖𝑖𝑗𝑗

𝑟𝑟𝑖𝑖𝑗𝑗
�
12

−  2 �
𝑅𝑅𝑚𝑚𝑖𝑖𝑏𝑏,𝑖𝑖𝑗𝑗

𝑟𝑟𝑖𝑖𝑗𝑗
�
6

�
𝑖𝑖<𝑗𝑗

(1.2)
 

 

A variety of metal ion models have been developed for use with MM force fields, and have 

been extensively reviewed by Li et al.67 The standard Lennard-Jones (LJ) 12-6 non-bonded 

model, implemented in several MM force fields including the AMBER FF14SB force field, 

has been widely used to model zinc metalloenzymes. The functional form includes electrostatic 

(Eelec) and van der Waals (EvdW) energy terms, with EvdW taking the form of a LJ potential. The 

full potential energy equation is shown in Equation 1.3, 

 

𝑈𝑈�𝑟𝑟𝑖𝑖𝑗𝑗� =  𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒𝑙𝑙 + 𝐸𝐸𝑣𝑣𝑏𝑏𝑣𝑣 =  
𝑞𝑞𝑖𝑖𝑞𝑞𝑗𝑗

4𝜋𝜋𝜀𝜀0𝑟𝑟𝑖𝑖𝑗𝑗
+ 𝜀𝜀𝑖𝑖𝑗𝑗 ��

𝑅𝑅𝑚𝑚𝑖𝑖𝑏𝑏,𝑖𝑖𝑗𝑗

𝑟𝑟𝑖𝑖𝑗𝑗
�
12

−  2�
𝑅𝑅𝑚𝑚𝑖𝑖𝑏𝑏,𝑖𝑖𝑗𝑗

𝑟𝑟𝑖𝑖𝑗𝑗
�
6

� (1.3) 

 

where q is the point charge of the two interacting atoms, rij the distance between the two 

atoms, εij is the ‘well-depth’ of the LJ potential and Rmin,ij is the distance between the two atoms 

where the LJ potential is at the minimum. The LJ 12-6 model describes zinc ions as point 

charges. A limitation of this model is that the covalent bond character of interactions between 

zinc ions and coordinating ligands is neglected, as only electrostatic and van der Waals terms 
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are included in the potential energy. As a result, simulations of zinc metalloenzymes using the 

LJ 12-6 model can result in poor reproduction of tetrahedral coordination spheres, with over-

coordination being a common observation.68–71 Alternative ion models have been developed for 

use with MM methods in the hope of addressing this limitation. The 12-6-4 non-bonded ion 

model has recently been developed by Li et al.72 It improves upon the LJ 12-6 model by adding 

a term to the potential energy equation (Equation 1.4) that takes into account dipole 

interactions, 

 

𝑈𝑈�𝑟𝑟𝑖𝑖𝑗𝑗� =  
𝑞𝑞𝑖𝑖𝑞𝑞𝑗𝑗

4𝜋𝜋𝜀𝜀0𝑟𝑟𝑖𝑖𝑗𝑗
+ 𝜀𝜀𝑖𝑖𝑗𝑗 ��

𝑅𝑅𝑚𝑚𝑖𝑖𝑏𝑏,𝑖𝑖𝑗𝑗

𝑟𝑟𝑖𝑖𝑗𝑗
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where κ is an empirically calculated parameter. The 12-6-4 non-bonded model does not 

consider charge transfer effects, meaning there are limitations when modelling highly charged 

systems.72 An MD study of the metalloprotein PsaA showed the 12-6-4 non-bonded model to 

be superior to other MM zinc ion models, including the 12-6 LJ model, for modelling the 

geometry of the zinc site.73 However, the authors reported an octahedral zinc centre from MD 

simulations, in contrast to the tetrahedrally coordinated zinc ion in the crystal structure.74 Tomić 

et al. also reported a similar over-coordination in MD simulations of human dipeptidyl 

peptidase III when describing the zinc ion with the 12-6-4 non-bonded model,75 suggesting real 

limitations for this model still remain.  

 

Other MM zinc ion models include the cationic dummy ion model and the bonded model. 

The cationic dummy ion model uses dummy atoms bonded to central zinc ion in a fixed 

coordination geometry. Both tetrahedral68 and octahedral76 dummy ion models have been 

developed for modelling zinc metalloenzymes.  These models have been used to successfully 

simulate and maintain zinc coordination spheres in metalloproteins including the zinc 

transcriptional regulator77 and histone deacetylases.78 However, like other nonbonded 

approaches, cationic dummy ion models only take electrostatic interactions into account. The 

bonded model approach treats the zinc ion and its ligands as a covalent complex by 

parameterising a small model system using a quantum mechanics calculation.79 The advantage 

of this bonded approach is that the zinc coordination sphere is well maintained. It has been 

used successfully in the calculations of water entropy in the active site of the zinc 

metalloenzyme human carbonic anhydrase II,80 and in modelling the trinuclear zinc 
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metalloenzyme NSP13 helicase from the SARS-CoV-2 virus.81 However, limitations of the 

bonded model include the need to reparameterise the zinc centre for each zinc metalloenzyme 

under study and the lack of flexibility in the zinc coordination sphere, which is necessary when 

modelling zinc reactivity. An additional approach to modelling zinc metalloenzymes that has 

been explored is the inclusion of charge transfer and polarisation effects in force field 

development. By including these effects in the zinc ion potential energy function, MD studies 

of zinc metalloenzymes including a zinc-finger protein,70 and a binuclear de novo designed 

metalloprotein82 showed successful modelling of the zinc coordination spheres. These force 

fields are, however, not currently implemented in widely available simulation packages and 

are likely more computationally expensive than traditional MM force fields. 

 

As multiple different coordination geometries of zinc are likely to be close in energy, 

approximations in MM potential energy calculations severely limit the ability of force fields to 

energetically distinguish between zinc coordination states. In addition, non-bonding zinc ion 

models including the LJ 12-6 and 12-6-4 nonbonding models have been parameterised using 

solution phase octahedral zinc complexes,72,83 despite biological zinc more often adopting a 

tetrahedral or trigonal bipyramidal geometries. However, the major limitation of MM force 

field-based approaches is in modelling chemical reactivity in enzymes, particularly where 

bonds are broken and formed.  

 

1.2.2 Combined quantum mechanics/molecular mechanics methods 

Quantum mechanics (QM) methods are employed to describe a system when modelling 

chemical reactivity. Depending on the degree of approximation and quality of empirically 

calculated parameters, solving the electronic Schrödinger equation can give a more accurate 

description of the potential energy surface than the approximate MM methods and allows for 

modelling bond breaking and bond forming during chemical reactions.84 However, when 

modelling a biomolecular system, treating the entire model quantum mechanically is unfeasible 

due to the shear computational power required. Many enzyme-catalysed reactions have been 

explored using QM only truncated active site ‘cluster’ models containing on the order of tens 

of atoms.85,86 However, limitations of cluster models include lack of dynamic relaxation of 

reaction intermediates, neglect of the effects of the protein environment, and lack of explicit 

solvation, which is particularly important when water is directly involved in the chemical 

mechanism. Multiscale combined quantum mechanics/molecular mechanics (QM/MM) 
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methods are now widely used for modelling large biomolecular systems.87–89 QM/MM 

addresses the limitations of both MM- and QM-only methods by modelling only a small part 

of the system, typically a region around the active site, quantum mechanically. The rest of the 

system is treated with MM, giving an overall balance between accuracy and computational 

efficiency.58 

 

QM/MM methods have been used in this thesis to model both enzyme dynamics and 

enzyme-catalysed reactions. In these simulations, the effective QM/MM energy (Equation 1.5) 

is comprised of the QM energy (EQM), the MM energy (EMM) and the terms describing the 

interaction energy between the QM and MM regions: 

 

𝐸𝐸𝑒𝑒𝑒𝑒𝑒𝑒,𝑡𝑡𝑏𝑏𝑡𝑡𝑒𝑒𝑒𝑒 = 𝐸𝐸𝑄𝑄𝑄𝑄 + 𝐸𝐸𝑄𝑄𝑄𝑄 + 𝐸𝐸𝑄𝑄𝑄𝑄/𝑄𝑄𝑄𝑄
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏 +  𝐸𝐸𝑄𝑄𝑄𝑄/𝑄𝑄𝑄𝑄

𝐸𝐸𝐸𝐸  +  𝐸𝐸𝑄𝑄𝑄𝑄/𝑄𝑄𝑄𝑄
𝑣𝑣𝑏𝑏𝑣𝑣 (1.5) 

 

This is known as the additive QM/MM approach with electrostatic embedding.90 The energy of 

the QM atoms (EQM) is calculated by explicitly solving the Schrödinger equation and the energy 

of the MM atoms approximated using a force field (EMM). The electrostatic interactions between 

the QM and MM regions are calculated at the QM level of theory, with MM atoms treated as 

a field of point charges (𝐸𝐸𝑄𝑄𝑄𝑄/𝑄𝑄𝑄𝑄
𝐸𝐸𝐸𝐸 ).91 Atoms in the QM region can be polarised by atoms in the 

MM region but not vice versa. The van der Waals interaction energies are approximated by LJ-

type functions (𝐸𝐸𝑄𝑄𝑄𝑄/𝑄𝑄𝑄𝑄
𝑣𝑣𝑏𝑏𝑣𝑣 ). Any covalent connection between the QM and MM regions is capped 

by hydrogen atoms (𝐸𝐸𝑄𝑄𝑄𝑄/𝑄𝑄𝑄𝑄
𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑏𝑒𝑒𝑏𝑏).92,93 However, this hydrogen link-atom approach can cause 

alterations in the charge distributions of both the QM and MM regions. This can be mitigated 

by minimising the number of covalent connections and choosing non-polar bonds, such as a 

single carbon-carbon bonds, as these connections.94 Additional approaches to modelling 

covalent bonds across the QM/MM interface include the generalised hybrid orbital approach, 

where hybrid orbitals are placed at the interface and one participates in calculating EQM,95 and 

the pseudobond approach, where a dummy atom is added at the interface to replicate the bond 

length and bond strength of the original bond.96 In this thesis, the hydrogen link-atom approach 

has been used to model bonds that cross the QM/MM interface. 

 

Various levels of QM theory have been used in biomolecular QM/MM modelling from 

ab initio high level coupled cluster methods97,98 to density functional and semi-empirical QM 

methods.99 Of these methods, density functional theory (DFT) is the most extensively used 
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electronic structure method in computational chemistry.100 In contrast to Hartree-Fock (HF) and 

post-HF wavefunction-based methods like coupled cluster, DFT methods solve the 

Schrödinger equation by calculating the energy as a function of electron density, ρ(r), itself a 

function of electron position, r. As a result, DFT offers the advantage of being less 

computationally demanding than post-HF methods while still affording a sufficient level of 

accuracy.100 The DFT energy functional can be written as  

 

𝐸𝐸[ρ] =  𝑇𝑇𝑏𝑏[ρ] + 𝜕𝜕𝑒𝑒𝑒𝑒𝑡𝑡[ρ] + 𝜕𝜕𝐶𝐶𝑏𝑏𝐶𝐶𝑒𝑒𝑏𝑏𝑚𝑚𝑏𝑏[ρ] +  𝐸𝐸𝑒𝑒𝑙𝑙[ρ] (1.6) 

 

where Ts[ρ] is the one-electron kinetic energy functional, Vext[ρ] is the energy of interaction 

with the external potential, VCoulomb[ρ] is the electron-electron Coulomb functional, and Exc[ρ] is 

the exchange-correlation functional. Exc[ρ] is empirically parameterised for different density 

functionals using experimental observations, as the exact form of this functional is unknown. 

Different types of density functional have been developed, with different functionals improving 

chemical accuracy for different chemical systems.61 

 

A popular choice of density functional for simulating zinc metalloenzymes is 

B3LYP.101,102 B3LYP is a hybrid density functional, meaning that it incorporates an amount of 

HF exact-exchange into Exc[ρ], and has been shown to be effective in calculating proton transfer 

energies,103 and in simulating zinc reactivity.104 Wu et al. used B3LYP in combination with the 

6-31G(d) basis set to carry out multiple QM/MM MD studies of zinc hydrolases.105,106 These 

studies showed that the flexibility of zinc coordination spheres are well captured at the 

B3LYP/6-31G(d)/MM level of theory, even on the short picosecond timescale.105,106 B3LYP/6-

31G(d)/MM studies of zinc metalloenzyme reactivity, including peptide hydrolysis by CPA2107 

and zinc-dependent histone deacetylase 8,108 gave reaction barriers close to values derived from 

experimental kinetics. Other density functionals have been used to model zinc hydrolase 

reactivity with less successful results. Yu et al. investigated the reactivity of the N1 metallo-β-

lactamase using QM/MM simulations with the lower-level density functional BLYP, reporting 

a reaction barrier of over 40 kcal mol-1, too high for a chemically feasible reaction.109 In a 

QM/MM study of glutamate carboxypeptidase II reactivity, Klusák et al. also presented an 

overestimation of the reaction barrier when compared to experimental kinetic rate of reaction.110 

Their protocol involved energy minimisations using the lower-level PBE density functional, 

with single-point energy corrections using B3LYP. These studies suggest that other density 
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functionals are unable to predict both accurate reaction barriers and correct structures along the 

reaction pathway. BLYP has, however, shown promise in predicting an energy barrier close to 

experiment for a proton transfer reaction step in the hydrolysis of biapenem catalysed by the 

metallo-β-lactamase CphA.111 In addition to the 6-31G(d) basis set, several of the 

aforementioned studies used the Stuttgart-Dresden (SDD) effective core potential as the basis 

to describe the zinc ion(s). However, Sousa et al. have suggested that SDD and other core 

potentials do little to impact upon the accuracy of bond lengths and angles in metal complexes, 

proposing 6-31G(d) as a suitable alternative basis set.112 Therefore, in this thesis, DFT QM/MM 

simulations have been carried out at the B3LYP/6-31G(d)/MM level of theory.  

 

 In QM/MM simulations of zinc metalloenzymes, the QM atoms generally include the 

zinc ion(s), the sidechains of coordinating residues, the substrate if present, and the 

water/hydroxide nucleophile. As a result, the QM region often includes a relatively large 

number of atoms. Despite DFT/MM methods offering a promising solution to the limitations 

of MM zinc ion models, a large QM region is still too computationally expensive to simulate 

using DFT/MM methods over timescales longer than picoseconds. To avoid computationally 

intensive simulations, semi-empirical QM methods are widely employed when modelling zinc 

metalloenzyme reactivity. Semiempirical QM methods afford greater computational efficiency 

than higher level ab initio QM methods through partial empirical parameterisation in their 

formalism. This can, however, lead to a reduction in accuracy of the energy calculation. A 

variety of semi-empirical QM methods have been used to carry out QM/MM modelling of zinc 

metalloenzymes. Methods such as AM1,113 PM3114 and PM6115 are based on approximations of 

the HF method, with only valence electrons are treated explicitly, and use of a minimal basis 

set.61 The primary approximation employed in these methods is the neglect of diatomic 

differential overlap (NDDO), where the one- and two-centred electron integrals are calculated 

through empirical parameterisation, and the three- and four-centred electron integrals are 

ignored.116 However, unlike HF, these semi-empirical methods recover some effective electron 

exchange-correlation through parameterisation from experimental data.116 AM1 and PM3 have 

been shown to provide a poor description of the zinc sites in metalloenzymes.117 This is 

unsurprising, because both methods do not include d orbitals, which are important in transition 

metal bonding. AM1-d is an extension of AM1 that includes a description of d orbitals,118 

however, at the time of writing, a computational study of a zinc metalloenzyme has not been 
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carried out using this method. PM6 shows a slight improvement over AM1 and PM3 but still 

does not accurately describe Zn-N and Zn-S distances in crystal structures.119  

 

In contrast to NDDO semi-empirical methods, the self-consistent-charge density 

functional tight-binding (SCC-DFTB) method120 and its third-order extension DFTB3121 have 

been shown to be reasonably accurate in QM/MM simulations of zinc metalloenzymes.94 The 

DFTB methods were developed as an approximation to DFT methods to improve 

computational efficiency. In DFTB methods, the electron density, ρ(r), is approximated as a 

reference density, ρ0, plus a small density fluctuation, δρ. The exchange-correlation functional, 

Exc[ρ0 + δρ] (Equation 1.6), is then expanded as a Taylor series, with SCC-DFTB including up 

to the second-order term and DFTB3 including up to the third-order term. DFTB methods still 

require empirical parameterisation for individual elements and has been parameterised for zinc 

ions.122 SCC-DFTB/MM MD simulations have shown both mononuclear and binuclear zinc 

centres of zinc hydrolases to be well maintained, including complexes where a substrate is 

bound.123–126 However, SCC-DFTB has been shown to systematically underestimate the free 

energy barriers to reaction127,128 and hydrogen bonding energies.120,129 By including the third order 

term in the exchange-correlation functional, the DFTB3 method has improved the calculation 

of proton affinities and the description of hydrogen bonds.130 Due to a more recent development 

and implementation, DFTB3 has been used less frequently to model zinc metalloenzymes but 

has been shown to give a similar level of accuracy to DFT methods.131 Despite the improvement 

shown by DFTB3 over SCC-DFTB, care should still be taken when carrying out QM/MM 

simulations using DFTB methods. Remaining limitations include the use of a minimal basis 

set and difficulty in describing zinc-ligand interactions in highly polarisable/charged systems.122 

The majority of semi-empirical QM/MM simulations in this thesis have been carried out at the 

DFTB3/MM level of theory.  

 

In Chapter 4, additional exploratory benchmarking simulations were carried out using 

the semi-empirical method GFN2-xTB. GFN2-xTB is a new extended tight-binding method 

published during the time in which the work in this thesis was carried out.132 The core 

Hamiltonian and electrostatic energy is calculated in the same way as DFTB3. However, unlike 

DFTB3, GFN2-xTB does not require atom pairwise parameterisation, instead uses single atom 

empirical fitting.133 As of time of writing, no zinc metalloenzymes studies have been carried 

out using the GFN2-xTB method. 
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1.2.3 Energy minimisations and umbrella sampling 

The chemical mechanisms of each enzyme in this thesis have been investigated using a 

combination of QM/MM MD simulations, QM/MM energy minimisations, and QM/MM 

umbrella sampling simulations. Each method is beneficial in studying a particular aspect of the 

mechanism. In this thesis, QM/MM MD simulations have been used to study the dynamical 

behaviour of reactant, intermediate and product states along reaction pathways. In Chapter 2, 

complementary to QM/MM MD simulations, QM/MM energy minimisations have been 

carried out to determine the most likely tautomeric and protonation states of an enzyme-ligand 

complex that best describe a crystal structure. While MD simulations are able to explore 

conformational space, energy minimisations have been used for a more accurate 

characterisation of a particular conformation from X-ray crystallography that occupies a well-

defined local minimum on the potential energy surface.134 The energy minimisations in Chapter 

2 are carried out using the L-BGFS algorithm, which uses the gradient and second derivative 

of the potential energy surface to efficiently find a local minimum.135 Other minimisation 

algorithms used in this thesis include the steepest descent and conjugate gradient algorithms. 

These algorithms, combined to accelerate convergence, use only the gradient of the potential 

energy,136 and are used to relax initial crystal structures, homology models and docked 

structures before they are heated and equilibrated for a production MD simulation.   

 

The timescale of an MD simulation, particularly those using QM/MM methods, and 

energy barriers between two minima on a potential/free energy surface mean that rare events 

like chemical change are not observed. Enhanced sampling methods are often employed to 

address this issue. Umbrella sampling is the enhanced sampling technique used to model 

enzyme reactivity in this thesis, and has been widely used to calculate free energy barriers to 

enzyme-catalysed reactions,89 including those involving zinc hydrolases.94 The free energy 

change, or potential of mean force, associated with a biochemical process or reaction may be 

calculated from QM/MM umbrella sampling simulations.137 This is done by adding a biasing, 

often harmonic, potential along one or multiple reaction coordinates that connect ‘reactant’ and 

‘product’ states through a series of umbrella sampling ‘windows’. Reaction coordinates could 

be defined as a bond formation or cleavage, an angle bend, or a dihedral rotation. In each 

window, an MD simulation is carried out with the reaction coordinate restrained around a 

particular value. This results in distributions of reaction coordinate values from each umbrella 
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sampling window that overlap. With enough sampling on the timescale of the event being 

sampled (i.e. bond breaking/formation happens on the ps timescale), the system can be 

approximated as ergodic, meaning the ensemble average of the reaction coordinate distribution 

is equal to the time average. In the ergodic limit, the free energy curve as a function of the 

reaction coordinate x in each umbrella sampling window, Ai(x), can be calculated as138 

 

𝐴𝐴𝑖𝑖(𝑥𝑥) =  −
1
𝛽𝛽

ln𝑃𝑃𝑖𝑖𝑏𝑏(𝑥𝑥) +  𝜔𝜔𝑖𝑖(𝑥𝑥) +  𝐹𝐹𝑖𝑖  (1.7) 

 

where Pb
i(x) is the biased (b) distribution of the reaction coordinate x in the window i, ωi(x) is 

the biasing potential in the window i and β is equal to 1/kBT. Fi is the free energy shift in the 

window i and is defined as138 

 

𝐹𝐹𝑖𝑖 =  −
1
𝛽𝛽

ln �� 𝑃𝑃𝑖𝑖𝐶𝐶(𝑥𝑥)𝑒𝑒−𝛽𝛽𝜔𝜔𝑖𝑖(𝑒𝑒)

𝑒𝑒𝑏𝑏𝑖𝑖𝑏𝑏𝑏𝑏

� =  −
1
𝛽𝛽

ln �� 𝑒𝑒−𝛽𝛽�𝐴𝐴𝑖𝑖(𝑒𝑒)+𝜔𝜔𝑖𝑖(𝑒𝑒)�

𝑒𝑒𝑏𝑏𝑖𝑖𝑏𝑏𝑏𝑏

� (1.8) 

 

where Pu
i(x) is the unbiased (u) distribution of the reaction coordinate x in the window i. Fi 

cannot be explicitly calculated from umbrella sampling simulations.138 Several methods have 

been developed to approximate Fi, including umbrella integration,139 the dynamic histogram 

analysis method,140 and the weighted histogram analysis method (WHAM).141 WHAM has been 

used to analyse all umbrella sampling simulations in this thesis using code developed in the 

Grossfield lab.142 WHAM estimates the free energy curve by self-consistently solving equations 

1.7 and 1.8 until convergence is reached.138 Examples of reactivity studies of zinc hydrolases 

using QM/MM umbrella sampling have been discussed in the introductions to Chapters 2, 3 

and 4 of this thesis. 

 

 

1.3 Aims 

Studying the chemical mechanism of zinc metalloenzymes is important in the 

advancement of the understanding of biomedical processes such as drug metabolism and drug 

resistance. In this thesis, the hydrolysis mechanisms of two zinc hydrolases are investigated: 
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the binuclear L1 metallo-β-lactamase and mononuclear insulin regulated aminopeptidase 

(IRAP), part of the M1 aminopeptidase family of enzymes.  

 

Chapters 2 and 3 contain the investigation into the reactivity of the L1 metallo-β-

lactamase. Metallo-β-lactamases (MβLs), are a large family of zinc-containing enzymes that 

hydrolyse most clinically available β-lactam antibiotics.44,143 They belong to the wider family 

of β-lactamases that have evolved as a mechanism of resistance by bacteria resulting from the 

widespread use of antibiotics in modern medicine.144 This resistance now poses a serious threat 

to global public health.145 Despite exhibiting diverse range of sequences, MβLs, also known as 

class B β-lactamases, display a characteristic αβ/βα fold, with the easily accessible active site 

at the edge of the enzyme between the two domains close to two important loops.146 These 

structural features can be seen in L1 (Figure 1.3, PDB 1SML147). The active site contains one 

or two catalytic zinc ions, and this, along with their active site homology, allows them to be 

classified as either B1, B2 or B3.148 Classes B1 and B3 MβLs are catalytically active as 

binuclear zinc enzymes and class B2 MβLs as mononuclear zinc enzymes. A more in-depth 

introduction to MβLs and their chemical mechanism is included in the introduction sections of 

both Chapters 2 and 3. 
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 In this thesis, QM/MM energy minimisations, MD simulations and umbrella sampling 

simulations have been carried out to investigate how L1 hydrolyses the β-lactam antibiotics 

faropenem and ertapenem. Faropenem and ertapenem are classified as ‘last resort’ penem and 

carbapenem antibiotics respectively. The main aims of this investigation include, firstly, to use 

molecular simulation, in combination with crystallography, to determine the protonation states 

and tautomers most likely seen in X-ray crystallography, as well as explain the difference 

between two distinct binding modes of hydrolysed faropenem and ertapenem complexed to L1 

(Chapter 2, recently accepted manuscript in the Journal of Chemical Information and 

Modeling). This is important for exploring the behaviour of different hydrolysed product forms 

in the active site of L1 and rationalising how the two binding modes form along the reaction 

pathway. Secondly, the first step of the hydrolysis of faropenem and ertapenem by L1 has been 

investigated to fully characterise transition states and intermediates at the DFT level of QM 

theory (Chapter 3). This will assist in furthering the development of L1 inhibitors that can be 

used alongside β-lactams as a combination therapy to restore antibiotic efficacy. 

Figure 1.3. The L1 monomer structure from PDB 1SML.147 The two αβ domains are shown in purple 
and turquoise, with the active site highlighted in yellow and the loops L1 and L2 highlighted in green. 
L1 is a tetramer in solution, with the N-terminal tail (grey) playing an important role in tetramer 
formation by interacting with the N-terminal tail of another subunit. 
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 Chapter 4 concerns the investigation into the reactivity of IRAP. IRAP is a zinc-

containing aminopeptidase that catalyses the hydrolysis of the N-terminal residue of peptide 

hormones.149 A transmembrane protein with the catalytic domain on the cell exterior (Figure 

1.4), IRAP regulates the levels of circulating extracellular peptide substrates involved in 

homeostasis. A breakdown of homeostasis regulation can result in a wide range of pathologies 

including neurological conditions such as Alzheimer’s disease.149 As part of the M1 family of 

aminopeptidases, IRAP contains a HEXXH zinc-binding motif important for catalysis and the 

GAMEN motif, which is important for N-terminal recognition of peptide substrates.150 Both 

these motifs are contained within the D2 subdomain of the IRAP extracellular domain (Figure 

1.4).151 A large, plastic active site means IRAP is able to bind a variety of substrate peptide 

shapes and sizes, ranging from large cyclic peptides such as the natural substrate oxytocin, to 

small linear peptides like the inhibitor angiotensin IV (Ang IV).151 IRAP is known to regulate 

the levels of oxytocin, a hormone secreted in the brain and involved in the reproductive 

system.151,152 In addition to hormone regulation, the ability of IRAP to bind Ang IV means it has 

been identified as the angiotensin type 4 (AT4) receptor.153 Ang IV is an important neuropeptide 

fragment present in the central nervous system. It can assist in improving neurological function 

through inhibition of oxytocin breakdown, thus prolonging oxytocin half-life.154 Although the 

hydrolysis mechanism of other M1 aminopeptidases such as endoplasmic reticulum 

aminopeptidase 1 (ERAP1) has been relatively well studied, the IRAP-catalysed hydrolysis 

mechanism is still not well understood. 
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 In this thesis, QM/MM MD simulations and umbrella sampling simulations have been 

carried out to investigate the hydrolysis mechanism of IRAP. The primary aim of Chapter 4 is 

to discover why IRAP is able hydrolyse oxytocin but not Ang IV. This work was carried out 

in collaboration with the AI-driven drug discovery company Kuano. Their goal is to design an 

inhibitor for IRAP from transition state structures generated from reactivity simulations. This 

is a novel approach for IRAP inhibition, as current design strategies focus on modifications 

and improvements of the known inhibitor Ang IV.155 

 

In 2020, the COVID-19 pandemic generated much interest in the computational 

modelling of proteins from the SARS-CoV-2 virus. In response to the pandemic, Chapter 5 

contains an investigation into the protonation state of the cysteine-histidine catalytic dyad and 

surrounding residues in the SARS-CoV-2 main protease (Mpro). Classical MD simulations and 

QM/MM umbrella sampling simulations were carried out to determine whether the catalytic 

dyad is likely to be neutral or zwitterionic in substrate complexes. In addition, the effect of a 

Figure 1.4. The extracellular domain of IRAP from PDB 5C97.279 The four subdomains D1, D2, D3 
and D4 are highlighted. D2 contains the active site shown in bright green. The GAMEN loop is shown 
in magenta. 
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nearby histidine residue, His163, on the preference of the catalytic dyad to form the neutral and 

zwitterionic states is investigated. A more in-depth introduction to the SARS-CoV-2 Mpro and 

its catalytic mechanism is included in the Introduction section to Chapter 5. The work in 

Chapter 5 has also been included in a recent publication.156 

 

 

 

 

 

  



 

 

Chapter 2  

Crystallography and QM/MM simulations identify 

preferential binding of hydrolysed carbapenem and 

penem antibiotics to the L1 metallo-β-Lactamase 

in the imine form 
 

 
The work in this chapter is a recently published manuscript in the Journal of Chemical 

Information and Modeling.157 It was carried out in collaboration with Professor Jim Spencer 

and Dr Phil Hinchliffe (School of Cellular and Molecular Medicine, University of Bristol). I 

set up, conducted, and analysed all molecular simulations. Dr Hinchliffe conducted and 

analysed the kinetic and crystallographic experiments. The manuscript was written as a 

collaboration between all authors. I wrote the majority of the manuscript, except the X-ray 

crystallography and experimental kinetics methods, and the X-ray crystallography results 

sections, which were written by Dr Hinchliffe. Professors Spencer and Mulholland assisted 

writing the manuscript and with discussions throughout the project. The Supporting 

Information to the paper is included in Appendix 1 of this thesis. 

2.1 Abstract 

Widespread bacterial resistance to carbapenem antibiotics is an increasing global health 

concern. Resistance has emerged due to carbapenem-hydrolysing enzymes, including metallo-

β-lactamases (MβLs), but despite their prevalence and clinical importance, MβL mechanisms 

are still not fully understood. Carbapenem hydrolysis by MβLs 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) 
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simulations allow tautomer assignment in MβL:hydrolysed antibiotic complexes. Molecular 

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

providing mechanistic insights into β-lactam hydrolysis. We report the crystal structure of the 

hydrolysed carbapenem ertapenem bound to the L1 MβL from Stenotrophomonas maltophilia, 

and model alternative tautomeric and protonation states of both hydrolysed ertapenem and 

faropenem (a related penem antibiotic), which display different binding modes with L1. We 

show how the structures of both complexed β-lactams are best described as the (2S)-imine 

tautomer with the carboxylate formed after β-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 centre) 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 β-lactams. Our findings establish 

the relative stability of different hydrolysed (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. 

 

 
2.2 Introduction 

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

infections.158 They work by inhibiting transpeptidases that are involved in the synthesis of 

bacterial cell walls.159 Extensive use of β-lactams has led to widespread bacterial resistance, 

which now represents a serious threat to global medicine.160 Previously considered to be ‘last 

resort’ antibiotics, carbapenems are a clinically important subclass of β-lactam used in treating 

infection by multi-resistant Gram-negative bacteria, but resistance is increasing.160–164 

Carbapenems contain a four-membered β-lactam ring fused to a five-membered pyrroline ring 

and feature a common 6-α hydroxyethyl substituent, with additional functionalisation at C1 

and C2 that varies between antibiotics (Figure 2.1C).  

 

Figure 2.1. 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 
carbapenem antibiotic. (D) The structure of the carbapenem β-lactam ertapenem. The β-lactam rings are 
highlighted in red. R, R1 and R2 are the substituents of different penems and carbapenems.   
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Resistance to carbapenems and other β-lactams has emerged largely due to a class of 

enzymes called β-lactamases. These enzymes hydrolyse β-lactams by cleaving their four-

membered β-lactam ring, rendering them inactive as antibiotics.44 β-Lactamases are classified 

as either nucleophilic serine-β-lactamases (classes A, C and D) or metallo-β-lactamases 

(MβLs; class B), based on sequence and hydrolysis mechanism.165 MβLs are a large family of 

zinc-containing enzymes with a broad range of activity that can effectively hydrolyse most 

classes of β-lactam, including carbapenems.166–168 The active site of MβLs contains one 

(subclass B2) or two (subclasses B1 and B3) catalytic zinc ions that are essential to both ligand 

binding and catalysis.169 

 

With intrinsic resistance to carbapenems,170 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.171,172 The resistance of S. 

maltophilia to β-lactams derives from a combination of a relatively impermeable outer 

membrane, the presence of myriad efflux pumps and the co-production of two β-lactamases 

including a carbapenem-hydrolysing MβL termed L1.173,174 L1 is a subclass B3 MβL, and is 

unique among MβLs in that it exists as a tetramer in solution.147 In common with most dizinc 

MβLs, 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 MβLs)148,175 and a bridging nucleophile (W1), which has been 

shown to exist as an hydroxide ion.48,49,176 The Zn2 ion is bound to two histidine ligands (His121, 

His263), an aspartate ligand (Asp120), the bridging hydroxide ion, and another water molecule 
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(W2) (Figure 2.2). L1 is able to hydrolyse almost all classes of β-lactam, including 

carbapenems.147  

 

 

 

 
 
 
 

 
The general hydrolysis reaction is thought to proceed via nucleophilic attack of the 

bridging hydroxide ion on the carbonyl carbon of the four-membered β-lactam ring.177 This 

forms a transient 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 hydrolysed product (Figure 2.3). Carbapenem hydrolysis can give rise 

to two possible product tautomers due to the presence of a double bond in the pyrroline ring: 

the imine/∆1 form (via protonation at C2, in R- or S- configurations) or the enamine/∆2 form 

(via protonation at N4) (Figure 2.3).161,178–180  The extent to which the different possible products 

are formed in MβL–catalysed carbapenem hydrolysis, and the route(s) by which the necessary 

protonation steps are achieved, remain a matter of debate.53,181 Knowledge of the preferentially 

Figure 2.2. 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 colour. (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 colours 
are standard. 
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bound tautomeric state of the hydrolysed carbapenem product may inform on the favoured 

hydrolysis pathway and potentially provide mechanistic insight into how protonation of the 

anionic intermediate E-I is achieved (Step 3, Figure 2.3).182 

 

Ertapenem (a carbapenem β-lactam)183 and faropenem (a penem β-lactam)184 (Figures 

2.1B & 2.1D) are clinically relevant antibiotics that are both substrates for L1, with kcat values 

of 23.8 and 43.7 s–1 respectively (Table A1.2, Appendix 1).185 Penem β-lactams are similar in 

structure to carbapenems but differ in that the β-lactam is fused to a five-membered thiazoline, 

rather than pyrroline, ring (Figure 2.1A). In this work, based upon crystal structures of 

hydrolysed ertapenem (reported here) and faropenem185 bound to L1, we investigate the 

behaviour 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 rationalise the different binding modes 

observed in complexes of hydrolysed (carba)penems with MβLs. The aim of this work is to 

determine the tautomeric and protonation state of hydrolysed faropenem and ertapenem that is 

most consistent with the crystallographic findings, and also to determine if conversion between 

Figure 2.3. General hydrolysis mechanism of a carbapenem by a dizinc MβL.44,177 Step 1 is the 
nucleophilic attack of the bridging hydroxide ion on the carbonyl carbon of the β-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/∆1 E-P product or N4 (red) to form the enamine/∆2 E-P product. 
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observed binding modes is likely to occur in situ along the reaction pathway, providing insight 

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

carbapenem hydrolysis catalysed by L1 and other MβLs should assist in developing inhibitors 

for coadministration with β-lactam antibiotics to treat infections by MβL-producing bacterial 

pathogens. 

  

2.3 Methods 

2.3.1 X-ray crystallography 

L1 was purified and crystallised as previously described.147,186 Crystals were then 

transferred into 20 mM ertapenem directly dissolved in crystallisation 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,187 using PDB 5EVD186 as the starting 

structure with ligands removed. The model was completed with iterative rounds of refinement 

in Phenix188 and manual model building in Coot.189 Geometry restraints for hydrolysed 

ertapenem were created using phenix eLBOW. Figures were generated using PyMOL 

(www.pymol.org).190 

 

2.3.2 Enzyme assays 

Steady-state parameters kcat and KM were determined as previously described.185 

Ertapenem hydrolysis by 10 nM L1 was followed at 295 nm (Δε295 = 9970 M−1 cm−1)191.  

 

2.3.3 Modelling and 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 minimisations and MD simulations were carried 

out on the (2S)-imine and enamine product tautomers (Figure 2.3) of faropenem (PDB 7A63)185 

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 
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bridging hydroxide ion (Figure A1.2, Appendix 1). Both the DFTB3121,122 Hamiltonian and the 

B3LYP192,193 density functional with an empirical dispersion correction (D3)194 and Becke and 

Johnson (BJ) damping195 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 (Section 

A1.2.3, Appendix 1). DFTB methods have previously been used to model several MβLs, 

including the mononuclear B2 MβL CphA,196–198 the binuclear B1 MβLs NDM-1199–201 and IMP-

1,202 and the B3 MβLs SMB-1203 and L1.127,204  

 

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,147 in this work L1 was modelled as a dimer (Figure A1.1,  Appendix 1). 

The dimer structure retains the structural features necessary for activity. The L1 monomer 

contains a large, flexible N-terminal tail that is stabilised by interaction with the N-terminal tail 

from another L1 subunit. This tail contains Tyr32, which is important for ligand binding and 

stabilisation. 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 section A1.2.2 of Appendix 1. 

 

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

9000 steps of conjugate gradient minimisation at the DFTB3/MM level of theory using the 

native DFTB3 implementation205 and the sander.MPI code in the AMBER18 package.206 From 

these minimised structures, QM/MM energy minimisations and QM/MM MD simulations at 

the DFTB3/MM level of theory were carried out. For the B3LYP-D3BJ/6-31G(d)/MM energy 

minimisations, all structures were minimised with 1000 steps of L-BFGS minimisation. The 

Gaussian16207 interface with the serial Sander code in AMBER18206 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 hydrogen. PME 
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was used to calculated long range QM-QM and QM-MM electrostatic interactions. The cut-off 

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 behaviour 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.208 Overlap of sampling 

histograms was checked for convergence (Figure 2.10, Appendix 1), and the weighted 

histogram analysis method (WHAM) was used to calculate the free energy profiles, with code 

from the Grossfield lab.142 Figures of the enzyme and active site were made using PyMol 

(www.pymol.org).190  

 
 

2.4 Results and Discussion 

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

Understanding the mechanism of carbapenem hydrolysis by B3 MβLs 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 
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resolution extending to 1.45 Å in the space group P6422 with 1 molecule in the asymmetric 

unit. Electron density in the dizinc active site could be modelled as a molecule of hydrolysed 

ertapenem with an opened β-lactam ring (Figure 2.4A). 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 2.3 and 

2.4B). 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 β-lactam carbonyl carbon) displaces the zinc-bridging hydroxide, 

coordinating Zn1 (1.99 Å) and, more weakly, Zn2 (2.42 Å) (Figure 2.4C). Thus, in the complex 

with hydrolysed ertapenem the L1 Zn1 and Zn2 zinc ions are four- and six-coordinated, 

respectively. Hydrogen bonds form between the C3 carboxylate and the sidechain 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 inhibitor186 and substrate 

binding209 to L1. Binding of the ertapenem-derived product is further stabilised 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 2.4D).  
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To date, X-ray crystallography has identified two binding modes of 

carbapenem/penem-derived complexes in subclass B3 MβLs (Figure 2.5), with the (2S)-imine 

(∆1-pyrroline/∆3-thiazoline, for carbapenems/penems respectively) consistently modelled. 

The ertapenem-derived complex presented here characterises ‘binding mode 1’ (Figure 2.5) in 

which the bridging hydroxide is displaced by the C6 carboxylate. This is also observed in an 

L1 complex with hydrolysed meropenem (PDB 6UAH210). Indeed, the two structures are 

similar, although the higher resolution of our data (1.45 Å vs 1.98 Å) allows more accurate 

Figure 2.4. 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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modelling, particularly of the geometry at C2. In addition, binding results in an increase in the 

Zn1-Zn2 distance from 3.46 Å (unliganded L1, PDB 1SML147) 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,211 and in β-lactam and inhibitor complexes of subclass B1 MβLs such as NDM-

1.212,213 ‘Binding mode 2’ (Figure 2.5) is represented by faropenem- and imipenem-derived 

complexes with L1 (PDBs 7A63185 and 6UAF,210 respectively) and by carbapenem-derived 

complexes with SMB-1 (PDBs 5B15, 5B1U and 5AXO214). 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 Zn1-Zn2 distance only marginally increases, to 3.57-3.60 Å. Overall, these structures 

collectively suggest that carbapenems and penems are hydrolysed similarly by subclass B3 

MβLs, 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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. 
 

2.4.2 Molecular simulations of hydrolysed faropenem and ertapenem bound to 

L1 

Although crystal structures of B3 MβLs with bound carbapenem hydrolysis products 

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

tautomerisation state, stability and turnover by MβLs remains an area of interest and 

debate.53,181,182,185 Here, we use DFTB3/MM MD simulations and structural minimisations, based 

upon experimental crystal structures, to compare the behaviour of hydrolysed faropenem and 

ertapenem complexed with L1 in alternative tautomerisation and protonation states. 

Crystallographic data predict the C2 carbon of both hydrolysed faropenem and ertapenem to 

be in the (2S)-configuration, and so only the behaviours 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 

Figure 2.5. 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 zinc-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 zinc-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. 
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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 2.6B). 

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

these hydrogen bonds and other important active site interactions were analysed 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 behaviour of different tautomers 

was assessed through comparison of Zn1-Zn2 distance, zinc coordination numbers and zinc 

geometries with the crystal structures. Crystallographic and spectroscopic data have shown that 

the Zn1-Zn2 distance can increase on ligand binding to L1.53,215 Such zinc ion behaviour has 

also been observed in an early molecular dynamics study of the MβL IMP-1.216 Therefore, how 

the hydrolysed product complex affects zinc geometry is an important factor when comparing 

ligand behaviour 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 favoured tautomeric and 

protonation states of the respective complexes.  

 

Our results show that the (2S)-imine tautomer of faropenem with a deprotonated C6 

carboxylate group most closely replicates the crystallographically observed complex (Figure 

2.6B). This complex maintained an average active site RMSD of 0.449 Å with respect to the 

crystal structure (Figure A1.5, Appendix 1 & Table 2.1). 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 
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observed in the crystal structure185 for Zn1 and Zn2 respectively, maintained throughout the 

DFTB3/MM MD simulations (Table 2.1).  

 

 

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 2.1). 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 2.1). These results suggest that the enamine-faropenem 

tautomer complexes favour 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 Zn1-Zn2 distance close to that of the crystal 

structure (Table 2.1). 

Figure 2.6. 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 minimisation 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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For both faropenem tautomers, a deprotonated C6 carboxylate group formed a strong 

hydrogen bond with the hydroxyl group of Tyr32 (Table 2.1). A protonated C6 carboxylate 

group, however, resulted in a weakening of this interaction. This induced fluctuations in 

faropenem conformation 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 stabilised 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). 

 

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 

 (2S)-imine Enamine 
Crystal 

structure 
 Deprot. C6 

carboxylate 
Prot. C6 
carboxylate 

Deprot. C6 
carboxylate 

Prot. 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 

Table 2.1. 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.  

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 cut-off of 2.6 Å used 
Results in brackets are for the repeat simulations without unbinding of faropenem. 
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carboxylate protonation states (Table 2.2). 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 hydrolysed ertapenem and 

Tyr32 and Asp120 (Table 2.2). 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 A1.7, 

Appendix 1). 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 minimisation and all our DFTB3/MM MD 

simulations (Figure 2.7D). This resulted in an O-O distance between the 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,217 and lengthened the bond between Asp120 and 

Zn2 (Table 2.2). 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. 

 
 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 favoured monodentate coordination (Figure 2.7 & Table 

2.2) 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 Zn1-Zn2 distance in both B3LYP-

D3BJ/6-31G(d)/MM energy minimisations and DFTB3/MM MD simulations. For both 



 

 39 

protonation states, the average Zn1-Zn2 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 Zn1-Zn2 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 centre well, with average Zn1-Zn2 distances of 4.24 Å from DFTB3/MM 

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

simulations of the (2S)-imine-ertapenem complex with the C6 carboxylate deprotonated thus 

replicated both the Zn1-Zn2 distance and coordination geometries seen in the crystal structure. 
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Figure 2.7. B3LYP-D3BJ/6-31G(d)/MM energy minimisations 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 minimisation starting from the crystal structure, showing all residues bound 
to the zinc ions and those interacting with ertapenem. (B) 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. (C) 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 minimisation 
starting from the crystal structure, showing all residues bound to the zinc ions and those interacting with 
ertapenem. (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.  
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 (2S)-imine Enamine 
Crystal 

structure  Deprot. C6 
carboxylate 

Prot. C6 
carboxylate 

Deprot. C6 
carboxylate 

Prot. 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 

 

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)-∆1 

tautomer with a deprotonated C6 carboxylate group (Figure 2.7B). For the (2S)-imine-

faropenem complex, 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. 

 

Table 2.2. 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.  

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

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

carbapenem hydrolysis by this dizinc MβL. 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 zinc-

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 MβLs (Figure 2.3), with protonation of E-I occurring at either N4 

or C2, have been proposed53,182 but the relative importance of the different routes by which this 

species may form E-P on the enzyme remains uncertain. Formation of the enamine tautomer 

likely occurs faster than formation of the imine tautomer for several MβLs.181 However, 

previous NMR data from subclass B1 MβLs indicated that diastereoselective protonation at C2 

takes place within the enzyme active site, yielding the (2S)-imine, consistent with 

crystallographic data.53 Additionally, also using NMR, others have observed that the R-imine 

is formed preferentially, and is slowly converted to the (2S)-imine in solution.181 The instability 

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

ability of the enamine product to rapidly tautomerise to the imine in solution,181 is consistent 

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

in enzyme-bound complexes. How the enamine product can be protonated at C2 on the active 

site, despite the presence of nearby hydrophobic residues such as Pro226, is currently not 

understood. This is largely due to the lack of crystallographic data that define the orientation 

of the enamine product and establish the availability for water molecules to access either side 

of the pyrroline face. 

 

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 stabilised by the coordination of the C6 carboxylate 

group to Zn1 and the strong hydrogen bond formed between the C6 hydroxyethyl group and 
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Tyr32. Binding mode 2 is stabilised 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 zinc-bridging catalytic hydroxide, identified previously by NMR studies as an enzyme-

product (E-P) complex during carbapenem reactions with subclass B1 enzymes.53 Binding 

mode 2 observed in the faropenem complex (and imipenem complex218), in which the zinc-

bridging hydroxide is present, might then 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 (Figure 2.5 & Figure A1.7, Appendix 1). However, there are two further possibilities 

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

rebinding of the hydrolysed ligand after it has fully dissociated from the active site, either as 

the enamine that has subsequently tautomerised 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 

analysed 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 2.8A). 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 
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each oxygen of the C6 carboxylate group 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 Zn1-Zn2 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.  

 

In addition, we have calculated the free energy barriers to the C6 dihedral rotation in 

the L1:faropenem complex (Figure 2.8B). Although these calculations show a feasible energy 

barrier, rotation causes an instability of hydrolysed faropenem in the active site due to the loss 

of hydrogen bonds to both Tyr32 and the bridging hydroxide ion. A full rotation of the 

faropenem C6 group 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 rotation of the faropenem-derived product 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. These data therefore indicate the two binding modes most likely represent 

Figure 2.8. Free energy profiles of the dihedral rotation of the C6 group of (A) hydrolysed ertapenem, and 
(B) hydrolysed faropenem 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°/360° corresponds to 
binding mode 1 and –180°/180° corresponds to binding mode 2. The core structures of ertapenem and 
faropenem are shown with the atoms and bonds involved in the dihedral rotations highlighted in pink.  



 

 45 

intermediates on separate catalytic pathways, or of rebinding events, rather than snapshots of 

hydrolysis on the same catalytic cycle. 

 

Structures of hydrolysed antibiotics complexed to subclass B3 MβLs are predominantly 

captured in binding mode 2, including imipenem with L1210 and the faropenem complex185 

investigated in this work (Figure 2.5 & Figure A1.7, Appendix 1). The three structurally 

characterised SMB-1:carbapenem complexes are all in binding mode 2,214 whereas binding 

mode 1 has to date only been observed in L1 (ertapenem and meropenem).210 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 hydrolysed 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 

β-lactamases, this rotation is facilitated by available space in the active site and the formation 

of stabilising hydrogen bonds.219 SMB-1, which lacks Tyr32, is more likely to have space 

available in the active site into which the C6 group can rotate. Despite the availability of 

sufficient space in the active site for rotation of the C6 group, hydrolysed carbapenems 

complexed with B1 MβLs, such as NDM-1182 and IMP-13,220 are captured primarily in binding 

mode 1. The existence of alternative binding modes for hydrolysed carbapenems captured in 

crystal structures of class B1 and B3 MβLs 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 hydrolysed faropenem complexed to VIM-2185, 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 stabilise ertapenem in binding mode 1. 

 

2.5 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 

β-lactam ring cleavage during hydrolysis. The protonation state of this carboxylate group is an 
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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 hydrolysed 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 inhibitors of L1, a crucial determinant 

of β-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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Chapter 3  

QM/MM modelling of the hydrolysis of 

faropenem and ertapenem by the L1 metallo-β-

lactamase 
 

 

 
 

3.1 Introduction 

The chemical mechanism of β-lactam hydrolysis by metallo-β-lactamases (MβLs) is 

vital area of research due to the global health crisis caused by increasingly widespread β-lactam 

antibiotic resistance.160 Understanding the exact hydrolysis mechanism, in particular that of 

‘last resort’ carbapenems and penems, will assist in combating the threat posed from the 

emergence of multidrug-resistant bacteria by aiding in the development of combination therapy 

MβLs inhibitors for use alongside β-lactam antibiotics.160–164 

 

The general dizinc MβL mechanism of carbapenem hydrolysis is thought to proceed 

via two steps:221 cleavage of the amide bond in the β-lactam ring, and protonation of the 

resulting anionic intermediate. On formation of the enzyme-substrate (E-S) complex, the 

reaction is initialised by nucleophilic attack on the carbonyl carbon (C7, Figure 3.1) of the β-

lactam ring by the zinc activated bridging nucleophile. This nucleophilic attack step cleaves 

the β-lactam ring to form the anionic species E-I (Figure 3.1), rendering the antibiotic inactive. 
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The hydrolysed anionic species, E-I, is then protonated to give the enzyme-product complex, 

E-P (Figure 3.1).  

 

Crystallographic and experimental kinetics studies have revealed a wealth of 

information about how MβLs hydrolyse β-lactam antibiotics, including the involvement of a 

metal-bound water/hydroxide nucleophile143 and the presence of a ring opened anionic 

intermediate (E-I).143,222,223 However, there are still several unknowns surrounding the catalytic 

mechanism. These include the identity of the zinc-bridging nucleophile, the presence of an 

additional water bound to Zn2 after substrate binding that could be involved in hydrolysis, what 

the important reaction intermediates are, and how E-I is protonated. The protonation of E-I has 

been discussed in Chapter 2 and will therefore not be discussed in this chapter. The structural 

diversity both between and within the different MβL subclasses also introduces complexity in 

identifying any shared mechanistic features that suggest MβLs hydrolyse β-lactams via a 

common mechanism.219  

 

Identifying the zinc-bridging nucleophile is important for understanding how the 

hydrolysis mechanism proceeds. MβL activity dependence on pH48 and QM/MM structure and 

Figure 3.1. General mechanism of hydrolysis of a carbapenem β-lactam antibiotic in the active site of 
the MβL L1. 
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mechanism studies49,50 have shown how the nucleophile is likely to exist as a hydroxide ion 

despite previous arguments to the contrary.12,13 However, the lack of crystallographic E-S 

structures means the identity of the zinc-bridging nucleophile remains inconclusive, and viable 

hydrolysis mechanisms have been proposed for both possible nucleophiles (Figure 3.2).47,177,182 

In an MβL active site, the nucleophile forms an important interaction with a conserved 

aspartate residue (Asp120 in L1) that is coordinated to Zn2. The aspartate is thought to play a 

catalytic role during hydrolysis and orient the nucleophile towards C7 of the β-lactam ring for 

nucleophilic attack (Figure 3.2).127,225 There is general consensus that the aspartate residue is 

initially deprotonated.48,226,227 In several mechanistic studies, it has been suggested to act as a 

proton shuttle by deprotonating the bridging nucleophile (Figure 3.2A & 3.2B)228 and 

subsequently transferring the proton to the intermediate E-I.225  

 

In the active site of unliganded dizinc MβLs like L1, an additional water is coordinated 

to Zn2 (Figure 2.2B, Chapter 2).147 This is often referred to as the apical water.229 A current 

limitation in modelling MβL catalysed hydrolysis of β-lactam antibiotics is the lack of crystal 

Figure 3.2. The initial step of the hydrolysis of a carbapenem by L1 with alternative bridging 
nucleophiles. (A) Hydrolysis of a carbapenem by a bridging water molecule. (B) Hydrolysis of a 
carbapenem by a bridging hydroxide ion. The possible involvement of the conserved active site 
aspartate residue is also shown. 
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structures that capture a bound antibiotic with the β-lactam ring remaining intact. Therefore, 

there is uncertainty in exactly how β-lactam antibiotics bind to MβLs and whether the apical 

water remains coordinated to Zn2 after substrate binding or is displaced by the C3 carboxylate 

group of the antibiotic. Possible hydrolysis mechanisms have been proposed both with (Figure 

3.3) and without the apical water (Figure 3.2A) bound to Zn2.53 When the apical water is not 

displaced on binding of the β-lactam antibiotic, it becomes a likely candidate for protonation 

of E-I, regenerating the bridging nucleophile before product release.197,230 

 

Transition states and reaction intermediates bind more tightly to an enzyme than the 

substrate, so analogues of these structures are often used as the basis for inhibitor design.59,231 

Therefore, characterising the transition states and reaction intermediates in the hydrolysis of β-

lactam antibiotics is vital in fully understanding how these antibiotics interact with the active 

site of an MβL, and in supporting inhibitor development. Several QM/MM modelling studies 

of the hydrolysis mechanism of various MβLs (including L1) have presented a concerted 

mechanism for the formation of E-I (Figure 3.1, step 1).51 In particular, Xu et al. found such a 

mechanism for the hydrolysis of moxalactam (a cephalosporin β-lactam) catalysed by L1, and 

suggested a tetrahedral intermediate (Figure 3.4, E-TI) to be unstable.127  However, the free 

energy barrier to hydrolysis of 18.5 kcal mol–1 derived from experimental kinetics232 was lower 

than their reported free energy barrier of 23.5 kcal mol–1 obtained at the B3LYP//SCC-

DFTB/MM level of theory. A study of ampicillin hydrolysis by the clinically relevant MβL 

NDM-1 employing the same computational approach agreed with the finding of a concerted 

mechanism.199 However, the authors also reported a corrected free energy barrier 3.6 kcal mol–

1 higher than that derived from experimental kinetics. Dal Peraro et al. reported E-TI to be 

unstable, with a free energy barrier to its formation of approximately 30 kcal mol–1 at the 

Figure 3.3. The initial step of the hydrolysis of a carbapenem by L1. The apical water is still bound to 
Zn2 and has not been displaced by the C3 carboxylate group. Instead, the C3 carboxylate group 
hydrogen bonds to the apical water. 



 

 51 

BLYP/MM level of theory.233 PBE/MM studies of meropenem and cephalexin hydrolysis by 

the clinically relevant MβL NDM-1 also proposed a concerted mechanism to form E-I.234,235 

Again, no stable tetrahedral intermediate was reported. Despite these findings, a QM/MM study 

of NDM-1 hydrolysis of the carbapenem meropenem by Zhu et al. presented a stepwise 

mechanism proceeding via the tetrahedral intermediate E-TI (Figure 3.4).236 The potential 

energy profile was calculated from B3LYP/6-31G(d)/MM energy minimisations using the 

ONIOM approach.237 This suggests that disagreements in the proposed mechanism to form the 

anionic species E-I could be due to limitations of the semiempirical and low level DFT QM 

methodology used in predicting the correct structures along the reaction pathway. Determining 

an appropriate method and therefore accurately characterising reaction intermediates and 

transition states is essential in aiding the development of potential MβL combination therapy 

inhibitors that can restore antibiotic activity against multi-resistant bacteria. 

 

 

In addition to transition states and intermediates, understanding how the coordination 

between the antibiotic and the zinc ions evolves as the reaction proceeds is potentially 

important in designing MβL inhibitors that bind to the active site as tightly as possible. The 

Figure 3.4. Hydrolysis mechanism of a carbapenem by L1 with no apical water present proceeding via a 
tetrahedral intermediate E-TI.  
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active site zinc ions in an MβL are essential for the catalysis of β-lactams.238,239 The two zinc 

ions are thought play very different roles in the hydrolysis of a β-lactam antibiotics. The 

“catalytic” Zn1 ion is thought to be involved in substrate binding through the carbonyl oxygen, 

O9, of the β-lactam ring, polarising the carbonyl C7-O9 bond and facilitating nucleophilic 

attack.221 Zn2 is thought to play more of structural and stabilising role, orienting the substrate 

to facilitate hydrolysis and stabilising the negative charge that forms on N4 resulting from the 

breaking open of the β-lactam ring.230,240 However, the MβL GOB-18 has been shown as 

catalytically active when a zinc ion is present only in the Zn2 site, suggesting it is also important 

for catalysis.241 While investigating step 1 of the hydrolysis reaction, determining changes in 

coordination geometry around the zinc ions can further understanding of how faropenem and 

ertapenem are hydrolysed by L1. 

 

In this chapter, the hydrolysis of faropenem and ertapenem (Chapter 2) by the MβL L1 is 

investigated by exploring the following questions: 

 

Q1. Is the bridging nucleophile a hydroxide ion or water molecule? 

Q2. Is the apical water present on substrate binding to active site of L1? 

Q3. What are the reaction intermediates for the hydrolysis of faropenem and ertapenem by 

L1? 

 

To address these questions, E-S complexes of unhydrolysed faropenem complexed to L1 

with a zinc-bridging hydroxide ion, with a zinc-bridging water molecule, and with the apical 

water coordinated to Zn2 present were simulated, with a comparison made to the ertapenem E-

S complex. The hydrolysis reactions of the most likely faropenem and ertapenem E-S 

complexes were also modelled. QM/MM energy minimisations and MD simulations were used 

to determine the stability of E-S complexes and reaction intermediates, and QM/MM umbrella 

sampling simulations for investigating reactivity. 

 

3.2 Modelling and simulation methods 

Structures of unhydrolysed faropenem and ertapenem were built and manually docked 

into one of the active sites of an L1 dimer via alignment of the maximum common substructure 

using Maestro242 from the Schrödinger suite of programmes. Models were built of each of the 

systems described in section 3.1 of this Chapter. The subsequent system setup is fully described 
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in the Modelling and simulation methods section of Chapter 2 in this thesis, including a 

description of the QM region for each system and how it was chosen and tested. QM/MM 

minimisations at both the DFTB3/MM and B3LYP-D3BJ/6-31G(d)/MM levels of theory with 

the MM atoms described by the AMBER FF14SB force field,243 and DFTB3/MM MD 

simulations were carried out on each of the systems as described in Chapter 2 of this thesis.  

 

For the umbrella sampling simulations, starting snapshots were chosen from 

DFTB3/MM MD simulations of a reactive conformation. A reactive conformation was defined 

as a ONUC-C7 distance of less than 3.3 Å and the presence of a hydrogen bond between the zinc-

bridging nucleophile and Asp120. The nucleophilic attack reaction coordinate was defined as 

the ONUC-C7 distance and the ring opening reaction coordinate as the N4-C7 distance. All 

reaction coordinates were incremented in steps of ± 0.1 Å with a force constant of 200 kcal 

mol–1 Å–2. This force constant was chosen as it provided appropriate overlap between the 

histograms of the sampled reaction coordinate. For exploratory 1D free energy profiles at the 

DFTB3/MM level of theory, 3 ps of sampling per umbrella sampling window was carried out. 

Convergence of the free energy profiles was shown to be reached with this sampling time 

(Appendix 2). A sampling time of 25 ps per umbrella sampling window was carried out for 

each of the DFTB3/MM 2D free energy surfaces. A longer sampling time was chosen for these 

surfaces to further explore conformational space, as only one starting snapshot was used for 

these simulations. 2 ps per umbrella sampling window with an extra 1 ps of sampling along the 

minimum energy path was carried out for each of the 2D free energy surfaces at the B3LYP-

D3BJ/6-31G(d)/MM level of theory. As discussed in Chapter 1 of this thesis, this combination 

of functional and basis set has been shown to provide accurate results for calculating enzyme 

reaction barriers in the zinc metalloenzymes MCR-1104 and NDM-1.244 

 

Sampling histograms were checked for appropriate overlap as in Chapter 2. Free energy 

profiles and surfaces were generated using the weighted histogram analysis method (WHAM) 

with code from the Grossfield lab.142 Boltzmann averages, calculated using equation 3.1, were 

used to compute the overall free energy barrier height from 20 different free energy barriers to 

each of the reactions,  

 

∆𝐺𝐺𝑒𝑒𝑣𝑣 = −𝑅𝑅𝑇𝑇 ln�
∑ 𝑒𝑒𝑥𝑥𝑒𝑒 �−∆𝐺𝐺𝑖𝑖𝑅𝑅𝑇𝑇 �𝑁𝑁
𝑖𝑖=1

𝑁𝑁
� (3.1) 
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where N is the number of free energy barriers, R is the gas constant and T is the temperature. 

Boltzmann averages were used to obtain a temperature weighted average of the free energy 

barriers to account for the conformations with lower free energy barriers being more likely to 

dominate the overall reaction barrier.245 Additional approaches to compute the average free 

energy barrier include combining all trajectories for one WHAM calculation. This would, 

however, result in an arithmetic average of the barrier heights, which has been shown to be less 

accurate at reproducing experimental energy barriers than Boltzmann averaging.245 

 

3.3 Results and Discussion 

3.3.1 Investigation of the zinc-bridging nucleophile identity 

Kinetic and QM/MM studies have shown the likely identity of the zinc-bridging 

nucleophile to be a hydroxide ion.48–50 However, a detailed investigation at the atomistic level 

into the stability of L1 E-S complexes with different zinc-bridging nucleophiles has not been 

carried out. Therefore, E-S complexes of faropenem bound to L1 with both a zinc-bridging 

hydroxide ion and a zinc-bridging water molecule were investigated using QM/MM energy 

minimisations, MD simulations and umbrella sampling simulations to deduce if there is a 

preference for the zinc-bridging nucleophile to exist as a hydroxide ion. Exploratory free 

energy profiles were calculated to identify which nucleophile provides the most energetically 

feasible pathway to hydrolysis.  

 

A zinc-bridging hydroxide ion gave structures in closer agreement with the active site 

of unliganded L1 than a zinc-bridging water molecule.147 Although there are no crystal 

structures available of MβL/(carba)penem E-S complexes, the primary binding interaction 

between the zinc ions and faropenem in these models was via coordination of the C3 

carboxylate group to Zn2, displacing the apical water to give equivalent coordination numbers 

and geometries to the unliganded L1 active site. Therefore, no large perturbations in the 

geometry of the zinc centre from the unliganded crystal structure would be expected in the E-

S complexes. DFTB3/MM MD simulations of the zinc-bridging water E-S complex showed 

larger fluctuations in the zinc coordination number and geometries than seen in simulations of 

the zinc-bridging hydroxide ion E-S complex (Figure 3.5). In both the B3LYP-D3BJ/6-

31G(d)/MM energy minimisation and DFTB3/MM MD simulations, the hydroxide ion was 
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maintained as a bridging ligand, giving a four-coordinate Zn1 (with additional transient 

coordination from O9) and a five-coordinate Zn2, maintaining the geometry of the unliganded 

L1 crystal structure.147 In contrast, the water molecule did not retain its zinc-bridging position, 

coordinating only to Zn1. This resulted in a five-coordinate Zn1 (including an additional 

stronger coordination from O9 of faropenem) and four-coordinate Zn2, as well as large changes 

in Zn1-Zn2 distance (Figure 3.6A), with average distances of 4.12 Å and 4.17 Å from 

DFTB3/MM MD simulations and the B3LYP-D3BJ/6-31G(d)/MM energy minimisation 

respectively. These distances were much larger than in simulations of the zinc-bridging 

hydroxide ion E-S complex, with average Zn1-Zn2 distances of 3.55 Å in MD simulations and 

3.50 Å in the energy minimisation, close to the crystal structure distance of 3.46 Å.147   

Figure 3.5. B3LYP-D3BJ/6-31G(d)/MM energy minimised structures of faropenem bound to L1 
with different bridging nucleophiles (A) Faropenem bound to the active site of L1 with a bridging 
hydroxide ion. (B) Representation of the complex in (A) showing the interactions in the active site. 
(C) Faropenem bound to the active site of L1 with a bridging water molecule. (D) Representation 
of the complex in (C) showing the interactions in the active site.  



 

 56 

 

 

Both zinc-bridging nucleophiles formed hydrogen bonds with Asp120, important for 

nucleophile orientation for nucleophilic attack. The zinc-bridging hydroxide ion allowed both 

oxygens of the faropenem C3 carboxylate to form hydrogen bonds with Ser221 and Ser223, 

however only one C3 carboxylate oxygen was able to hydrogen bond to these residues with a 

zinc-bridging water molecule (Figure 3.5). These serine residues are equivalent to a conserved 

lysine residue that is integral for substrate binding in both class B1 and B2 MβLs.209 Conserving 

these hydrogen bonds is, therefore, important in preserving substrate binding geometry in the 

active site of L1.  

 
The zinc-bridging hydroxide induced a preference for a more reactive orientation of 

faropenem in the active site of L1. In both B3LYP-D3BJ/6-31G(d)/MM energy minimised 

structures, a hydrogen bond was observed between the faropenem C6 hydroxyethyl group and 

Tyr32, an interaction known to be important in the stability of a ligand complexed to L1 

(Chapter 2). However, in DFTB3/MM MD simulations, the faropenem C6 hydroxyethyl group 

was free to rotate, with a preference in hydroxyethyl orientation depending on the identity of 

the bridging nucleophile (Figure 3.7A). With a zinc-bridging hydroxide ion, there was a strong 

preference for the orientation D2 (Figure 3.7B), where the hydroxyethyl group interacted with 

Tyr32 and the bulk water. This resulted in little fluctuation in the position of faropenem, with 

Figure 3.6. Active site distance distributions from DFTB3/MM MD simulations of both the bridging 
water and bridging hydroxide models. (A) Distribution of distances between the zinc ions. (B) 
Distribution of distances between the oxygen of the nucleophile and the carbonyl carbon of the β-
lactam ring of faropenem. The purple curves refer to the bridging water model and the green curves to 
the bridging hydroxide model.  
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strong hydrogen bonds forming between Tyr32 and the C6 hydroxyethyl group, and the 

hydroxide ion hydrogen bonding to Asp120. However, with a zinc-bridging water molecule 

there were two equally preferred orientations of the C6 hydroxyethyl group: D1 and D3 (Figure 

3.7A).   

 

The D1 and D3 orientations gave fewer reactive faropenem conformations than the D2 

orientation. In the D1 orientation, the C6 hydroxyethyl group interacted with the phenyl ring 

of Phe156, a nearby active site residue (Figure 3.8). The extra proton on the water molecule 

shifted faropenem away from the zinc centre, resulting in no hydrogen bond between the C6 

hydroxyethyl group and Tyr32, and an increase in the C7-OWAT distance. The C7-OWAT distance 

increase, as well as the poor orientation of OWAT for facile nucleophilic attack, suggests that the 

D1 orientation is less reactive than the D2 orientation. Loss of the interaction between Tyr32 

and faropenem in the D1 orientation also increased Tyr32 sidechain flexibility, resulting in 

larger active site fluctuations in DFTB3/MM MD simulations. In the D3 orientation, the 

faropenem C6 hydroxyethyl group formed a bridging hydrogen bonding interaction between 

the zinc-bound water molecule and Tyr32, facilitating a spontaneous proton transfer between 

the zinc-bridging water molecule and Asp120 to form a more nucleophilic hydroxide ion. A 

protonated (Figure 3.8D) and deprotonated (Figure 3.8C) Asp120 was observed in equal 

proportions when the C6 hydroxyethyl group adopted the D3 orientation, suggesting a low 

proton transfer energy barrier. Formation of the hydroxide ion (D3b, Figure 3.8D) reduced both 

Figure 3.7. Dihedral orientation of the C6 hydroxyethyl group of faropenem from three repeat 
simulations of 1 ns of DFTB3/MM MD. (A) Distribution of the dihedral angle of the C6 
hydroxyethyl group. The purple curve refers to the bridging water model and the green curve refers 
to the bridging hydroxide model. (B) The D2 orientation of the C6 hydroxyethyl group of 
faropenem with a bridging hydroxide. Important active site interactions of faropenem with Tyr32 
and Phe156, and Asp120 with the bridging hydroxide are shown. 
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the Zn1-Zn2 distance and C7—OWAT distance to approximately 3.5 Å and 2.8 Å respectively, 

equivalent to those distances observed in simulations with a zinc-bridging hydroxide ion and a 

deprotonated Asp120. Consistent with this spontaneous proton transfer, Diaz et al. proposed 

that the conserved aspartate residue on MβLs deprotonates a zinc-bridging water molecule, 

activating it for nucleophilic attack.246 However, due to the hydrogen bond between the newly 

formed hydroxide ion and the faropenem C6 hydroxyethyl group, OWAT was poorly positioned 

for facile nucleophilic attack. These results suggest that, for a zinc-bridging nucleophilic that 

exists initially as a water molecule, there will be an additional energy penalty for nucleophile 

reorientation to facilitate nucleophilic attack. This supports the likelihood of a zinc-bridging 

hydroxide ion (with a deprotonated Asp120) in the active site of L1 E-S complexes. 
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To further investigate the bridging nucleophile, 1D free energy profiles for the 

nucleophilic attack on the carbonyl carbon of the β-lactam ring of faropenem were generated 

using DFTB3/MM umbrella sampling simulations. A total of 20 starting snapshots were chosen 

from the MD trajectory of each L1 model to sufficiently capture the effect of active site 

conformation on the free energy barrier height.247 The ratio of the snapshots captured the 

distribution of the C6 hydroxyethyl orientation seen in the MD trajectories for each model. The 

Boltzmann averaged free energy barriers for the nucleophilic attack of the zinc-bridging water 

molecule and zinc-bridging hydroxide ion were 19.2 kcal mol–1 and 11.5 kcal mol–1 

respectively, with a bridging water molecule giving a much larger variation in barrier height 

Figure 3.8. Orientations of the faropenem C6 carboxylate from DFTB3/MM MD. (A) Density plot of 
the orientation of the C6 group and the proton transfer between the bridging water molecule and 
Asp120 from DFTB3/MM MD. A negative reaction coordinate corresponds to a protonated water and 
a positive reaction coordinate refers to a protonated Asp120. (B) Orientation of the C6 hydroxyethyl 
interacting with Phe156 and a deprotonated Asp120. (C) Orientation of the C6 hydroxyethyl 
interacting with the bridging water and Tyr32 and a deprotonated Asp120. (D) Orientation of the C6 
hydroxyethyl interacting with the bridging water and Tyr32 and a protonated Asp120. 
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(Figure 3.9). Unlike the hydroxide ion, the water molecule was not initially oriented for facile 

nucleophilic attack due to the extra proton pointing towards the scissile carbon of the β-lactam 

ring. The spread in the barrier heights for nucleophilic attack of the zinc-bridging water 

molecule arose from a difference in the ease of orienting the bridging water molecule for 

nucleophilic attack, with the additional conformational requirement also raising the overall 

barrier height. 

 

A striking difference between the nucleophilic attack free energy profiles for the zinc-

bridging nucleophiles is the stability of the E-I intermediate (Figure 3.9A). Along with the 

opening of the β-lactam ring, a spontaneous proton transfer occurred between the nucleophile 

and Asp120 during the formation of both E-I complexes (Figures 3.9B and 3.9C). After 

nucleophilic attack of the zinc-bridging hydroxide ion, a strong hydrogen bond formed between 

Asp120 and the E-I faropenem C6 carboxylate group. In contrast, nucleophilic attack of the 

zinc-bridging water molecule resulted in both a protonated Asp120 and C6 carboxylate group 

on E-I formation. Formation of a much more transient hydrogen bond between the faropenem 

C6 carboxylate group and Asp120 in the zinc-bridging water molecule E-I complex caused an 

intramolecular hydrogen bond to form between the C6 carboxylate and C6 hydroxyethyl 

groups, resulting in fluctuations in faropenem position. This explains the higher relative free 

energy of the zinc-bridging water E-I complex than that seen in the reaction with a bridging 

hydroxide. 
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 The zinc-bridging nucleophile existing as a hydroxide ion is intuitively reasonable: the 

coordination of a bridging water to both zinc ions in the active site lowers the pKa sufficiently 

so that it can be readily deprotonated, but not to the extent that the resulting hydroxide is so 

tightly bound that it can no longer act as a nucleophile.48  With a lower free energy barrier to 

E-I formation, along with stable E-S and E-I complexes, these results show how the L1 bridging 

nucleophile is most likely to exist as a hydroxide ion in L1 E-S complexes.  

Figure 3.9. Nucleophilic attack of the bridging nucleophile on the β-lactam ring of faropenem. (A) 
DFTB3/MM 1D free energy profiles of the nucleophilic attack by the bridging water molecule 
(purple profiles) and the bridging hydroxide ion (green profiles). (B) Structure of E-I for the 
reaction with a bridging hydroxide taken from a snapshot of DFTB3/MM MD in that umbrella 
sampling window. (C) Structure of E-I for the reaction with a bridging water molecule taken from 
a snapshot of DFTB3/MM MD in that umbrella sampling window. 
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3.3.2 Investigation of the binding mode of faropenem and ertapenem complexed 

to L1 

The crystal structures of hydrolysed faropenem and ertapenem complexed with L1 

investigated in Chapter 2 of this thesis showed both ligands to bind via coordination of the C3 

carboxylate group to Zn2, with no apical water present.157,185 Despite this mode of binding being 

commonly observed across many hydrolysed penems and carbapenems complexed to MβLs, 

the apical water has still been proposed as a part of the hydrolysis reaction mechanism.53 The 

binding mode of unhydrolysed faropenem complexed to L1 has, therefore, been explored using 

QM/MM energy minimisations, MD simulations and umbrella sampling simulations as in 

section 3.3.1 in this Chapter. The behaviours of faropenem complexed to L1 with and without 

the apical water present (Figure 3.10) have been compared, with the zinc-bridging nucleophile 

modelled as a hydroxide ion. The behaviour of the complex with the most likely binding mode 

was subsequently compared to the E-S complex of ertapenem with L1. 

 

No direct binding was observed between faropenem and the L1 zinc ions in both 

B3LYP-D3BJ/6-31G(d)/MM energy minimisation and DFTB3/MD simulations when an 

Figure 3.10. Faropenem bound to L1 without displacing the apical water. (A) B3LYP-D3BJ/6-
31G(d)/MM energy minimised structure of faropenem and the apical water bound to the active site of 
L1. (A) Structure of the active site of L1 with both the apical water and faropenem bound, showing all 
active site interactions 

Figure 3.11. Active site distance distributions from DFTB3/MM MD simulations of faropenem bound 
to L1 both with and without an apical water molecule. (A) Distribution of the distance between the 
two zinc ions. (B) Distribution of the distance between the oxygen of the hydroxide ion and C7 of 
faropenem. 
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apical water was present. The only binding interactions were hydrogen bonds that formed with 

active site residues (Figure 3.10B). Both with and without an apical water present, the C6 

hydroxyethyl group interacted with Tyr32, and the C3 carboxylate group interacted with 

Ser221 and Ser223. However, with the apical water present, the C3 carboxylate did not 

coordinate Zn2, instead forming an additional hydrogen bond to the apical water. The Zn1-Zn2 

distance remained stable throughout the DFTB3/MM MD simulations (Figure 3.11A). 

However, the distance between C7 and the hydroxide oxygen was much less stable (Figure 

3.11B). With an apical water present, large fluctuations in the position of faropenem were 

observed, which resulted in spontaneous unbinding events after approximately 200 ps in all 

three repeat simulations. The apical water shifted faropenem away from the zinc ions, allowing 

solvent to diffuse into the active site beneath the C3 carboxylate group and the apical water. 

This weakened the hydrogen bonds between the C3 carboxylate group and the apical water. 

The resulting variability in the position of faropenem caused the hydrogen bond to break 

between the C6 hydroxyethyl group and Tyr32, therefore creating a spontaneous unbinding 

event.   

A lack of crystallographic structures of E-S complexes for MβLs suggests the initial 

step of the mechanism is fast, meaning that faropenem could still be hydrolysed by L1 with an 

apical water present before the unbinding event observed during MD simulations can occur. 

To investigate the reactivity of faropenem bound to L1 in the presence of an apical water, 1D 

free energy profiles were generated of the nucleophilic attack of the hydroxide on C7 of the β-

lactam ring. A total of 20 reactive snapshots were chosen from throughout DFTB3/MM MD 

simulations to capture a range of starting conformations. The resulting free energy profiles 

were compared to the free energy profiles of the nucleophilic attack step with no apical water 

present from section 3.3.1 of this Chapter. 

Figure 3.12. Nucleophilic attack of the bridging hydroxide on the β-lactam ring of faropenem with 
the apical water present. (A) 1D free energy profiles of the nucleophilic attack with the apical 
water present (purple) and without the apical water present (green) on binding. (B) Structure of E-I 
with the apical water present taken from a snapshot of DFTB3/MM MD from the umbrella 
sampling trajectory.  
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The Boltzmann average of the free energy barriers for nucleophilic attack when the 

apical water was present was 18.4 kcal mol–1 (Figure 3.12A). This is significantly higher than 

the Boltzmann average of 11.5 kcal mol–1 for the same reaction step with no apical water. The 

presence of the apical water also prevented both the C3 carboxylate group and O9 from 

coordinating to Zn2 and Zn1 respectfully during nucleophilic attack. Instead, both oxygens 

formed hydrogen bonds with the apical water as it moved into a bridging position between the 

two zinc ions on E-I formation (Figure 3.12B). A larger Zn1-O9 distance resulted in weaker 

C7-O9 bond polarisation by Zn1, thus reducing the electrophilicity of C7 and increasing the 

barrier to nucleophilic attack (Figure 3.12A). In addition, the coordination bond between N4 

and Zn2 was 1.5 Å longer with the apical water present, resulting in a weaker polarisation of 

C7-N4 bond in the β-lactam ring.  This also increased the free energy barrier to ring opening.  

 

These results suggest that the apical water is displaced upon binding. This is indicated 

by the higher free energy barrier to formation of E-I when the apical water is present, with the 

C3 carboxylate-Zn2 interaction integral to E-S stability. This binding mode contradicts the 

proposed MβL mechanisms where the apical water acts as the proton donor to E-I53,197,230,248 and 

suggests that, for L1, this mechanism is unlikely. Binding of faropenem to L1 via displacement 

of the apical water is consistent with the binding poses of hydrolysed faropenem185 and 

ertapenem complexed with L1 investigated in Chapter 2 of this thesis, as well as hydrolysed 

carbapenem and penem complexed to other MβLs seen in the PDB.185 These results suggest 

that L1 is more likely to hydrolyse faropenem and ertapenem with no apical water present. As 

such, the behaviour of the E-S complexes for both faropenem and ertapenem with L1 has 

subsequently been compared (Figures 3.7A & 3.10B).  

 

DFTB3/MM MD simulations and a B3LYP-D3BJ/6-31G(d)/MM energy minimisation 

showed a weaker binding of ertapenem than faropenem to L1 due to slight differences observed 

in the binding pose. Identical zinc coordination numbers and geometries were observed in the 

faropenem and ertapenem E-S complexes, however, the orientation of ertapenem differed to 

that of faropenem. The steric bulk of the ertapenem C1 methyl substituent restricted the 

orientation of the C6 hydroxyethyl group, tilting the β-lactam and pyrroline rings to allow for 

a hydrogen bond to form between the C6 hydroxyethyl group and Tyr32. However, this shift, 

along with a smaller pyrroline ring compared to the thiazoline ring of faropenem, resulted in a 
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weaker coordination of the ertapenem C3 carboxylate to Zn2, with a bond length approximately 

0.3 Å longer than between the C3 carboxylate of faropenem and Zn2. The Zn1-Zn2 distance in 

the ertapenem E-S complex remained stable (Figure 3.13A), however, a bimodal distribution 

of the C7-O10 distance was observed (Figure 3.13B). 

 

In contrast to the L1:faropenem E-S complex, spontaneous partial unbinding of 

ertapenem from L1 was observed in DFTB3/MM MD simulations. Unhindered rotation of C6 

hydroxyethyl group allowed faropenem to maintain a reactive distance between C7 and the 

bridging hydroxide whilst forming interactions with Tyr32, Phe156 and the bridging hydroxide 

ion. However, the steric hinderance from the ertapenem C1 methyl substituent, along with the 

shift in binding position relative to that seen in the faropenem E-S complex, meant that any 

fluctuation in the C6 hydroxyethyl group resulted in Tyr32 moving away from ertapenem and 

towards the solvent. Unable to form a hydrogen bond with Tyr32, the ertapenem C6 

hydroxyethyl group initially interacted with the rings of Tyr32 and Phe156 before rotating to 

form a hydrogen bond with Asp120 in the D3 orientation (Figure 3.14). This interaction caused 

a rotation of the hydroxide ion away from Asp120 to form a hydrogen bond with the C3 

carboxylate group, pushing the carboxylate group away from Zn2. Solvent then displaced the 

C3 carboxylate coordination to Zn2 and caused the partial unbinding of ertapenem.  

Figure 3.13. Active site distance distributions from DFTB3/MM MD simulations of ertapenem 
complexed with L1. (A) Distribution of the distance between the two zinc ions. (B) Distribution of the 
distance between C7 of the β-lactam ring and the hydroxide oxygen. Distributions are shown from the 
full trajectories for the ertapenem (green) and faropenem (purple) complexes, and from only the 
reactive conformations of the ertapenem complex (black dashed). 
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Despite these unbinding events, ertapenem still occupied reactive conformations in the 

active site of L1, where the hydroxide was orientated for nucleophilic attack and the ertapenem 

C3 carboxylate remained bound to Zn2, in 10.6% of the DFTB3/MM MD trajectory. This 

equates to a free energy difference of 1.3 kcal mol–1 for forming a reactive conformation. The 

reactive conformations primarily adopted the equivalent average Zn1-Zn2 and C7-OHYD 

distances (Figure 3.13) and the D2 C6 hydroxyethyl conformation (Figure 3.14) as seen in the 

faropenem E-S complexes. These conformations have been used as the starting point for 

reactivity simulations.  

 

 

3.3.3 Investigation of the reaction intermediates in the hydrolysis of faropenem 

and ertapenem by L1 

Identifying the most likely transition states and intermediates is vital in understanding 

how β-lactams are hydrolysed by MβLs. A spontaneous ring opening, or breaking of the N4-

C7 bond, was observed in the 1D umbrella sampling trajectories of the nucleophilic attack of 

the hydroxide ion on C7 of faropenem (Figure 3.11B, Section 3.3.1). The initial step of the 

hydrolysis of faropenem and ertapenem by L1 has therefore been investigated by modelling a 

2D free energy surface with reaction coordinates representing nucleophilic attack and ring 

Figure 3.14. Dihedral rotation of the C6 hydroxyethyl group of ertapenem in the active site of L1 from 
DFTB3/MM MD simulations. (A) Distribution of the dihedral orientation of the C6 group of 
ertapenem during DFTB3/MM MD simulations (green), along with the distribution from DFTB3/MM 
MD simulations of the faropenem substrate complex (purple) and the distribution from reactive 
snapshots only (black dashed). (B) Distribution of the ertapenem C6 dihedral orientation and C7-OHYD 
distance during DFTB3/MM MD simulations.  
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opening. Both DFTB3/MM and B3LYP-D3BJ/6-31G(d)/MM free energy surfaces for the 

formation of E-I were generated to determine if the free energy barrier was consistent between 

the two levels of theory, and that all possible reaction intermediates had been determined. 

These surfaces were each generated from a single starting snapshot from DFTB3/MM MD 

simulations. The snapshots were chosen based on the lowest distance between C7 of each 

antibiotic and the oxygen atom of the hydroxide ion. The surfaces were subsequently extended 

if a clear E-S minimum had not been found on the surface from these initial distances. 

 

DFTB3/MM umbrella sampling simulations showed formation of the intermediate E-I 

to proceed via a concerted nucleophilic attack and ring opening mechanism. The free energy 

barrier heights for faropenem and ertapenem were 10.7 kcal mol–1 and 9.9 kcal mol–1 

respectively. The free energy of E-I was exoergic with respect to the reactants for both 

antibiotics: –10.6 kcal mol–1 and –10.1 kcal mol–1 for faropenem and ertapenem respectively 

(Figure 3.15).  
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In contrast to the DFTB3/MM free energy profiles, B3LYP-D3/6-31G(d)/MM umbrella 

sampling simulations showed that the formation of the anionic intermediate E-I in the 

hydrolysis of ertapenem and faropenem proceeds in a stepwise fashion (Figure 3.16). The 

initial step involved the nucleophilic attack of the bridging hydroxide on the carbonyl carbon 

of the β-lactam ring to form a tetrahedral intermediate (E-TI). This intermediate was stable in 

unrestrained B3LYP-D3BJ/6-31G(d)/MM MD simulations but was unstable during 

DFTB3/MM MD simulations.  The subsequent step then involved the C5-N4 bond breaking 

that opened the β-lactam ring to form the intermediate E-I. The free energy barriers were 12.7 

kcal mol–1 and 3.8 kcal mol–1 for formation of E-TI and E-I respectively for the hydrolysis of 

Figure 3.15. Free energy surfaces and profiles for the nucleophilic attack and ring opening steps to 
form E-I in the hydrolysis of faropenem and ertapenem at the DFTB3/MM level of theory. (A) Free 
energy surface of the formation of E-I for faropenem complexed with L1. (B) The free energy profile 
along the minimum energy path from the surface in (A). (C) Free energy surface of the formation of 
E-I for ertapenem complexed with L1. (D) The free energy profile along the minimum energy path 
from the surface in (C). The purple reaction barriers correspond to faropenem reactions and the green 
barriers to ertapenem reactions. 
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faropenem. For the hydrolysis of ertapenem, the barriers were 9.5 kcal mol–1 and 2.3 kcal mol–

1 respectively for each step (Figure 3.16).  

 

 

 

Computational studies of β-lactam hydrolysis by MβLs have presented contrasting free 

energy profiles at varying levels of QM theory. The umbrella sampling simulations presented 

in Figures 3.15 and 3.16 show there is a clear connection between the level of QM theory and 

the supposed stability of the tetrahedral intermediate E-TI (Figure 3.17A). There are numerous 

studies that support a concerted formation of E-I and have presented free energy surfaces 

Figure 3.16. Free energy surfaces and profiles for the nucleophilic attack and ring opening steps of 
the hydrolysis of faropenem and ertapenem by L1 at the B3LYP-D3/6-31G(d)/MM level of theory. 
(A) Free energy surface of the formation of E-I during faropenem hydrolysis by L1. (B) Free 
energy profile along the minimum energy path from the surface in (A). (C) Free energy surface of 
the formation of E-I during ertapenem hydrolysis by L1. (D) Free energy profile along the 
minimum energy path from the surface in (C). 
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consistent with those at the DFTB3/MM level of theory shown in this work.51,127,203,204,233,244 None 

of these studies found a stable tetrahedral intermediate at the SCC-DFTB or low level GGA 

DFT levels of theory. In particular, although Xu et al. found a metastable tetrahedral 

intermediate from a gas phase cluster model study at a higher level of QM theory (B3LYP/6-

31G(d)), their SCC-DFTB/MM free energy surfaces showed no such intermediate, and the 

study concluded that the formation of E-I is concerted.127 The collapse of E-TI to form E-I 

during unrestrained DFTB3/MM MD simulations described in this chapter is in agreement with 

these studies. Other computational studies of β-lactam hydrolysis have observed E-TI when 

modelling MβL reactivity at the B3LYP-D3/6-31G(d) level of QM theory.236,249 Because of the 

high energy nature of E-TI and the lower barrier to formation of E-I, the tetrahedral 

intermediate is unlikely to be observed experimentally. Despite these observations from 

modelling MβL catalysed hydrolysis, stable tetrahedral intermediates have been observed at 

the DFTB3/MM level of theory in other zinc metalloenzymes. In particular, Xu et al. found a 

stable tetrahedral intermediate when modelling the carboxypeptidase A (CPA2) catalysed 

hydrolysis reaction.29 However, in CPA2, a nearby arginine residue is able to assist in 

stabilisation of the oxyanion of the tetrahedral intermediate in contrast to the E-TI complexes 

from L1 hydrolysis where the oxyanion is stabilised by Zn1 alone.  

 

The lack of stability in of the L1 E-TI complexes at the DFTB3/MM level of theory 

could be explained by subtle differences in the geometry and conformation of the complexes 

at the two different levels of QM theory. In the equivalent E-TI umbrella sampling window on 

the DFTB3/MM free energy surface, the average Zn1-Zn2 distance was approximately 0.3 Å 

and 0.6 Å larger than the B3LYP-D3BJ/6-31G(d)/MM distance for the faropenem and 

ertapenem intermediates respectively. This resulted a larger distance between the Zn1-

coordinated substrate hemiketal group and Asp120. Both a conformational shift of Asp120 and 

a lengthening of the Asp120-Zn2 coordination bond were observed in both DFTB3/MM 

complexes to allow for hydrogen bond formation with the hemiketal group. However, this led 

to a more transient hydrogen bond between Tyr32 and the substrates, resulting in a more 

flexible ligand C6 hydroxyethyl group. These shifts in conformation suggest a higher energy 

penalty to form this geometry at the DFTB3/MM level of theory. A larger Zn1-Zn2 distance 

would also facilitate C7-N4 bond cleavage, lowering the barrier to E-I formation in both cases. 

Therefore, modelling the hydrolysis reaction pathway in L1 at a higher level of QM theory is 
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likely important in correctly characterising the E-TI intermediate by better describing the 

behaviour of the zinc ions. 

 

 

The DFTB3/MM free energy profiles in both this work and previous works127,199,203 have 

suggested formation of E-I to be an exoergic process in the hydrolysis mechanism of both 

faropenem and ertapenem (Figures 15B & 15D). However, DFTB3 has been shown to 

overestimate the ligand dissociation energy, and therefore ligand binding energy, of charged 

metal-ligand complexes.122 This could lead to an overestimation of the binding energy by 

DFTB3 between the negatively charged faropenem and ertapenem intermediates and L1 in the 

E-I complexes and therefore result in the exogenic DFTB3/MM free energy profiles seen in 

this work. Several computational studies of MβL hydrolysis have corrected DFTB3/MM 

potential energy profiles with higher level DFT methods, which raised the potential energy 

barrier and the relative energy of E-I by over 10 kcal mol–1 in some cases.127,199,203,204 In contrast, 

the B3LYP-D3BJ/6-31G(d)/MM free energy profiles presented in Figure 3.16 showed the E-I 

complexes for both faropenem and ertapenem to be similar in free energy to the reactant E-S 

complex. The relative stability of the intermediate E-I with respect to the reactant explains why 

E-I complexes are readily observed spectroscopically.  

 

A spontaneous proton transfer from O10 to Asp120 was observed during the formation 

of the faropenem and ertapenem E-I intermediates at both levels of QM theory used in this 

Figure 3.17. The structure of the tetrahedral intermediate E-TI formed in the hydrolysis of 
faropenem and ertapenem by L1. (A) B3LYP-D3BJ/6-31G(d)/MM energy minimised structure of 
E-TI for faropenem complexed with L1. (B) B3LYP-D3BJ/6-31G(d)/MM energy minimised 
structure of E-TI for ertapenem complexed with L1. 
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chapter. At the DFTB3/MM level of theory, the proton transferred from both faropenem and 

ertapenem to Asp120 after the concerted nucleophilic attack and ring opening had occurred. 

However, at the B3LYP-D3BJ/6-31G(d)/MM level of theory, the proton transfer occurred 

alongside the ring opening during the formation of E-I from E-TI. In the hydrolysis of 

faropenem, the proton transfer and ring opening happened simultaneously. However, in the 

hydrolysis of ertapenem, the proton transfer preceded the ring opening, suggesting it facilitated 

the C7-N4 bond cleavage and potentially lowered the free energy barrier to the formation of E-

I from E-TI. 

 

With no proton transfer to Asp120, the free energy barrier to E-I formation from E-TI 

in the hydrolysis of faropenem increased by approximately 2 kcal mol–1. The relative free 

energy of E-I with respect to the reactant was 8.0 kcal mol–1 higher in energy when the proton 

was bound to O10 than when bound to Asp120 at the B3LYP-D3/6-31G(d)/MM level of theory 

and 7.3 kcal mol–1 higher in energy at the DFTB3/MM level of theory (Figure 3.18). The proton 

transfer between O10 and Asp120, therefore, gives a more energetically stable E-I complex. 

Previous studies have investigated the effect of the protonation state of Asp120 on the 

formation of E-I in NDM-1 and CcrA.51,236 There is general agreement that Asp120 exists in the 

ionised form, as this gives a lower potential energy barrier to E-I formation.  

 

 

Figure 3.18. Minimum free energy profiles of the formation of E-I showing the effect on the free 
energy of E-I with and without a proton transfer between faropenem and Asp120. (A) DFTB3/MM 
free energy profiles of E-I formation. (B) B3LYP-D3/6-31G(d)/MM free energy profiles. The purple 
lines represent profiles where the proton transfer occurred, and the black dashed lines represent the 
free energy profiles where the proton transfer does not occur. 
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The shifting of active site pKas would favour the proton transfer between O10 and 

Asp120. Damping of a zinc ion’s positive charge by increasing the negative charge in the first 

coordination shell raises the pKa of the coordinating ligands.250 The cleavage of the C7-N4 

increases the negative charge around Zn2, probably raising the pKa of Asp120 compared to the 

newly formed C6 carboxylate group coordinating to Zn1 in the E-I complexes. The first Zn1 

coordination sphere only contains one negative charge from the C6 carboxylate group 

compared to the three negative charges in the first Zn2 coordination sphere. As the C7-N4 bond 

cleaves, N4 forms a shorter and stronger bond to Zn2 and the Asp120-Zn2 bond lengthens. 

This induces the proton transfer from O10 of the E-TI hemiketal group to Asp120. The proton 

transfer could also occur due to the strong hydrogen bond that forms between the hydroxide 

and Asp120 on formation of E-TI, with the short O-O distance of 2.52 Å between O10 of both 

substrates and Asp120 possibly resulting in some degree of proton sharing. A partially 

deprotonated hydroxide would further polarise the bond between the hydroxide and C7. This, 

in turn, would polarise the C7-N4, facilitating the ring opening.  

 

The experimental rate coefficients (kcat) of hydrolysis of faropenem and ertapenem by 

L1 are 43.7 s–1 and 23.8 s–1 respectively at 298 K.157,185 From transition state theory, these rates 

equate to approximate free energy barriers of 20.3 kcal mol–1 and 20.9 kcal mol–1, both higher 

barriers than those calculated from the B3LYP-D3BJ/6-31G(d)/MM free energy surfaces. 

Experimental and computational studies on the hydrolysis mechanism of MβLs offer 

contrasting conclusions on the rate determining step of the reaction,51,223,225,234,239,251–254 therefore, it 

is likely that the rate-determining step depends upon both the class of β-lactam and the enzyme. 

The most likely cause for the discrepancy between computational and kinetic derived free 

energy barriers is that the rate determining step is not the formation of E-I, but the subsequent 

E-I protonation step. Published experimental rate constants for the L1 hydrolysis of nitrocefin 

and meropenem suggest that the barrier for the rate-determining step is around 15 kcal mol–

1.222,252,255 These studies agree that the protonation of the intermediate E-I is likely to be the rate 

determining step, although the rates for both steps have been shown to be similar.251 The free 

energy barrier for the formation of E-TI for the hydrolysis of both faropenem and ertapenem 

in this work is of similar magnitude to the B3LYP/6-31G(d)/MM reactivity study of 

meropenem by the MβL NDM-1, where a potential energy barrier of 15.85 kcal mol–1 was 

reported.236  
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Studying how the coordination geometry of the zinc ions evolves is essential in 

accurately characterising transition states and intermediates. In both faropenem and ertapenem 

E-S complexes, no coordination was observed between N4 and Zn2. During the formation of 

the L1:faropenem and L1:ertapenem TS1 complexes, both N4 and O9 became more negatively 

charged (Figure 3.19). The increase in negative charge was stabilised by N4 and O9 forming 

coordinating bonds to Zn2 and Zn1 respectively, leading to further polarisation of both the O9-

C7 and N4-C7 bonds (Figure 3.19). This, therefore, further facilitated nucleophilic attack by 

increasing the positive charge, and therefore the electrophilicity, of C7. The TS1 complexes 

were the most tightly bound to the active site, with coordination numbers increasing to five and 

six for Zn1 and Zn2 respectively (Figures 3.19 & 3.20). The coordination number of Zn2 

reduced to five on formation of the E-TI complexes due to an increase in the Zn1-Zn2 distance 

(Figure 3.19) and the loss of coordination between O10 and Zn2. The increase in the Zn1-Zn2 

distance could also facilitate C5-N4 bond cleavage. This change in zinc coordination is 
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characteristic of MβL reactivity, as zinc ion motion and the flexibility in coordination sphere 

is crucial for catalysis.53,215  

 

Figure 3.19. Evolution of Mulliken charges, distances, and zinc coordination numbers during the 
hydrolysis reactions of faropenem and ertapenem by L1 to form the intermediate E-I. These properties 
were calculated from the minimum free energy path of the B3LYP-D3BJ/6-31G(d)/MM free energy 
surfaces, with averages taken from the 3 ps of sampling in each umbrella sampling window 
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These results suggest Zn1 acts in a purely catalytic capacity by activating the bridging 

hydroxide ion, polarising the O9-C7 bond to facilitate nucleophilic attack on formation of TS1, 

and coordinating the C6 carboxylate group in E-I that forms as a result of the opening of the β-

lactam ring. In contrast, Zn2 plays a role both in binding and catalysis. It assisted in binding 

the antibiotic through coordination of the C3 carboxylate group and facilitates ring opening as 

the reaction progresses by interacting with N4. It also stabilises the negative charge that 

develops on N4 after ring opening, therefore increasing overall stability the E-I complexes with 

respect to the E-S complexes.  

 
Despite loss of coordination between O10 and Zn2, the E-TI complexes of faropenem 

and ertapenem with L1 were still more tightly bound to the active site than the E-S and E-I 

complexes (Figures 3.19 & 3.20), making for an attractive intermediate structure to use in 

inhibitor design. Characterising the tetrahedral intermediate E-TI is therefore crucial in 

assisting the development of MβL inhibitors. Large structural variation across the MβL family 

means designing an inhibitor that is effective against the entire enzyme class is particularly 

challenging. The bicyclic boronate compound taniborbactam has recently been proposed as an 

inhibitor of MβLs and is an analogue of E-TI.212 Taniborbactam has been shown to effectively 

inhibit the MβL NDM-1, but, has a much lower activity against L1.212 Its structure consists of 

a central five-membered ring fused to a six-membered ring, with a sp3 anionic boron atom 

mimicking the carbonyl carbon in a β-lactam ring. This boron is bound to two oxygen atoms 

that mimic the coordination of O9 and N4 to the zinc ions and the hydrogen bond that forms 

with the conserved active site aspartate residue (Figure 3.21B). Taniborbactam reacts after 

binding: the zinc-bridging hydroxide ion attacks an initially sp2 boron atom to form the anionic 

tetrahedral spectroscopically observed species (Figure 3.21B).  

 

A B3LYP-D3/6-31G(d)/MM energy minimisation was carried out on the 

crystallographically observed structure of taniborbactam manually docked into the active site 

of L1 by alignment to the E-TI complex of faropenem and L1. The difference in active site 

Figure 3.20. Structures along the hydrolysis pathway of faropenem and ertapenem by L1 from B3LYP-
D3BJ/6-31G(d)/MM umbrella sampling simulations in this Chapter. The purple dotted line in E-S shows 
the coordination between the C3 carboxylate group and Zn2 that is present in the faropenem complex but 
not in the ertapenem complex. The green dotted line in TS2 shows a transient coordination between O10 
and Zn2 that is present in the ertapenem complex but not the faropenem complex 
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geometry between NDM-1 and L1 means there are different shaped pockets of solvent or 

substrate accessible space in the active site of each enzyme. The close proximity of Phe156 

and Pro221 to the zinc centre in L1 meant the bulky amide sidechain of taniborbactam was 

restricted in available active site space (Figure 3.21A). In contrast to NDM-1, where the active 

site is more open to allow this sidechain flexibility, the amide sidechain instead pointed out 

towards the solvent when bound to L1 (Figure 3.21).   

 

 

The coordination number and geometry around the zinc ions in the energy minimised 

taniborbactam complex were consistent with those in the L1:faropenem and L1:ertapenem E-

TI. The strong hydrogen bond between O10 and Asp120 was also present in the inhibitor 

complex. The Zn1-Zn2 distance was, however, larger in the inhibitor complex than in the 

substrate E-TI complexes due to the size of the ring system; the inhibitor contains two fixed 

six-membered rings compared to the antibiotics’ four- and five-membered rings. Unlike the E-

TI complexes, taniborbactam did not form a strong hydrogen bond with Tyr32 during 

minimisation. However, this interaction could form during MD simulations. A tricyclic form 

of taniborbactam was also captured bound to NDM-1 in crystallography, resulting from the 

cyclisation of the acylamino sidechain.212 In addition to the bicyclic inhibitor, the tricyclic form 

was also manually docked in the active site of L1, and a B3LYP-D3/6-31G(d)/MM energy 

minimisation was performed on the structure. Cyclisation increased the steric bulk of the 

Figure 3.21. The MβL inhibitor taniborbactam in the active site of L1. (A) B3LYP-D3BJ/6-
31G(d)/MM energy minimised structure of taniborbactam in the active site of L1 (grey), with the 
conformation in the active site of NDM-1 (PDB ID 6RMF, pink). (B) Representation of 
taniborbactam bound to the active site of L1. 
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inhibitor around Zn1 and reduced the flexibility of the inhibitor. The lack of available space 

due to Phe156 and Pro221 meant a spontaneous unbinding event was observed.  

 

Comparisons of the E-TI complexes of faropenem and ertapenem with L1 highlight 

possible modifications of the structure of taniborbactam that could be employed to improve 

activity against L1. A smaller acylamino sidechain would minimise the effect of steric clashes 

in the active site of L1 due to the limited space around Zn1. For example, replacing the 

cyclohexane ring with a less bulky ethyl or isopropyl group would reduce steric clashes with 

Phe156 and Pro221. The carbonyl group could be replaced with a hydroxyl group on the 

acylamino sidechain to form a hydrogen bond with Tyr32. In both Chapter 2 and this chapter, 

Tyr32 has been shown as integral in substrate binding in the L1 active site. An unreactive 

sidechain may also prove beneficial in L1 to stop the cyclisation of taniborbactam to form the 

tricyclic form and cause an unbinding of the inhibitor from the active site of L1. 

 

3.4 Conclusions 

 In this chapter, the L1-catalysed hydrolysis of faropenem and ertapenem have been 

studied. B3LYP-D3BJ/6-31G(d)/MM energy minimisations, DFTB3/MM MD simulations and 

umbrella sampling simulations have been used to determine the likely identity of the L1 zinc-

bridging nucleophile, if the apical water (bound to Zn2) is likely to be displaced on binding of 

the substrates, and to identify the important reaction intermediates. A possible pathway of E-I 

protonation was also explored using QM/MM umbrella sampling simulations at both the 

DFTB3/MM and B3LYP-D3BJ/6-31G(d)/MM levels of theory.  

 

 The zinc-bridging nucleophile of L1 is likely to exist as a hydroxide ion and not a water 

molecule. A zinc-bridging hydroxide ion resulted in a more tightly bound faropenem in the 

active site of L1, with the hydroxide ion maintaining a good orientation for facile nucleophilic 

attack. Along with a lower free energy barrier to the formation of the intermediate E-I, a zinc-

bridging hydroxide gave a more stable E-I complex due to the strong hydrogen bond that 

formed between Asp120 and the C6 carboxylate group formed as a result of β-lactam ring 

cleavage. Carbapenem and penem antibiotics are likely to bind to L1 via displacement of the 

apical water molecule. Spontaneous unbinding events were observed in DFTB3/MM MD 

simulations of the L1:faropenem complex with an apical water present. This was due to the 

substrate being unable coordinate to Zn2 via the C3 carboxylate. This binding mode is 
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consistent with reported X-ray crystal structures of hydrolysed (carba)penems complexed with 

MβLs. The presence of an apical water also resulted in a higher free energy barrier to formation 

of E-I than when the apical water was not present. 

 

 The hydrolysis of faropenem and ertapenem by L1 proceeds via a tetrahedral 

intermediate species, E-TI, with the stability of the intermediate depending on the level of QM 

theory used to perform the QM/MM reactivity simulations. The lower level DFTB3 

semiempirical method did not predict E-TI to be stable, whereas modelling at the higher 

B3LYP-D3BJ/6-31G(d) level of theory did predict a stable E-TI complex. The bicyclic 

boronate compound taniborbactam, which inhibits the MβL NDM-1, is an analogue of the E-

TI intermediate.212 Taniborbactam formed the same active site interactions as those seen in the 

E-TI complexes, apart from the hydrogen bond that formed between both β-lactams and Tyr32. 

The lack of this interaction and the steric bulk of the inhibitor sidechain could explain why 

taniborbactam shows a much lower activity against L1. A slight difference in binding pose 

between ertapenem and faropenem resulted in ertapenem binding less strongly to the L1 active 

site. This was due to both the C1 methyl group restricting the flexibility of the C6 group and 

the size of the pyrroline ring meaning that the C3 carboxylate group formed a weaker 

coordination to Zn2. However, this shifted binding pose resulted in a shorter C7-O9 distance 

that lowered the free energy barrier to nucleophilic attack compared to the faropenem 

hydrolysis reaction. During the hydrolysis reaction for both substrates, Zn1 acted in a catalytic 

capacity by both activating the zinc-bridging hydroxide and polarising the C7-O9 bond, and 

stabilising the C6 carboxylate group on formation of E-I. Zn2 was more involved in ligand 

binding via N4 and the C3 carboxylate group, along with stabilising the negative change on N4 

on formation of E-I. E-I is most likely to feature a protonated Asp120 and a deprotonated C6 

carboxylate group, with free energy profiles showing a higher free energy for an E-I complex 

with a deprotonated Asp120 and protonated C6 carboxylate group. The rate of the formation 

of E-I is dominated by the nucleophilic attack step to form E-TI for both substrates. However, 

the rates predicted by the free energy surfaces are much lower than those derived from 

experimental kinetics. Therefore, it is possible that the rate-determining step for the hydrolysis 

of faropenem and ertapenem is protonation of E-I to form E-P, but also possible that these 

methods underestimate the free energy barrier to E-I formation.  

 



 

 80 

 Research into the development of combination therapy MβL inhibitors that can be used 

to restore antibiotic activity is vital, as multi-resistant bacterial strains are becoming ever more 

prevalent. Understanding the exact mechanism by which carbapenem and penem antibiotics 

are hydrolysed by L1 suggests ways to improve the efficacy of inhibitors against L1. The ability 

to design better inhibitors for L1 and other clinically relevant MβLs is vital in the fight against 

antibiotic resistance and its ever-increasing threat to global public health. 
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Chapter 4  

Investigating IRAP hydrolysis: why is the natural 

substrate oxytocin hydrolysed but not the inhibitor 

angiotensin IV? 
 

 

This work was carried out in collaboration with the AI-driven drug discovery company 

Kuano. Their aim is to generate transition state structures that can be used as a structural basis 

with which to design a new IRAP inhibitor. All simulation work described in this Chapter was 

carried out by me, with some system setup carried out by Eric Lang, a postdoctoral researcher 

from whom I took over the project. The role of Kuano was limited to target and results 

discussions.  

 

The setup for the IRAP and Angiotensin IV system (herein referred to as IRAP:Ang 

IV), including the homology modelling of the missing loops, building in the Ang IV substrate, 

and the minimisation heating and equilibration of the IRAP:Ang IV complex, was carried out 

by Eric Lang. All further simulations on the IRAP:Ang IV complex and all simulations, 

including the docking, of the IRAP and oxytocin system (herein referred to as IRAP:oxytocin) 

were carried out by me. 

4.1 Introduction 

 M1 aminopeptidases are a class of zinc-containing peptidase enzymes with a diverse 

set of roles spanning a range of cellular functions.256 They catalyse the cleavage, or hydrolysis, 

of the N-terminal residue in a peptide substrate.256 The mononuclear zinc metalloenzyme 

insulin-regulated aminopeptidase (IRAP) is a member of the M1 aminopeptidase family and 
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participates in human hormone regulation. It is a membrane-bound protein, with the catalytic 

domain located on the cell exterior.149 Due to active site plasticity and large volume, IRAP has 

the ability to hydrolyse a diverse range of substrates, from small linear peptides to large cyclic 

peptides.151,257  

 

Among the diverse set of IRAP substrates are oxytocin and vasopressin. Both oxytocin 

and vasopressin are cyclic neuropeptides, joined via a disulfide bond, and are known to effect 

human behaviour and social functioning.258 Along with the ability to hydrolyse a variety of 

peptides, IRAP has also been identified as the angiotensin type 4 (AT4) receptor.153 As such, it 

is able to bind the linear hexapeptide angiotensin IV (Ang IV, Val-Tyr-Ile-His-Pro-Phe), a 

metabolite of the hypertensive angiotensin II.259  Due to the structural similarity around the 

cleavage site of both oxytocin and vasopressin, only the reactivity of oxytocin (Figure 4.1) has 

been studied in this Chapter. Although Ang IV adopts the same binding mode to IRAP as 

oxytocin,260 it is not hydrolysed by IRAP, acting instead as an inhibitor that prevents 

neuropeptide breakdown.261  
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M1 aminopeptidases hydrolyse varying lengths and shapes of peptide depending on the 

size and shape of their binding site but are all alike in that they bind the N-terminus of the 

peptide substrate to their catalytic zinc site. The chemical mechanism of peptide hydrolysis is 

thought be consistent across the enzyme class and proceeds via the mechanism shown in Figure 

4.2. The reaction is initialised by a catalytic water molecule that is coordinated to the active 

site zinc ion. This water molecule is deprotonated by a nearby glutamate residue, and the 

resulting hydroxide ion undergoes nucleophilic attack of the carbonyl carbon of the scissile 

peptide bond. The scissile nitrogen is subsequently protonated by a proton shuttle from the 

glutamate residue, and the scissile bond is cleaved.  

Figure 4.1. The chemical structures of the IRAP natural substrate oxytocin258 and the inhibitor 
angiotensin IV.393 
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In addition to the catalytic glutamate, a conserved tyrosine residue is thought to be 

important for catalysis. The tyrosine residue is conserved across the M1 aminopeptidase 

family.262 Crystallographic and kinetic studies of leukotriene A4 hydrolase263 and 

aminopeptidase N264 show how the tyrosine sidechain orients towards the ligand to stabilise the 

tetrahedral intermediate that forms during the hydrolysis reaction. In a kinetic study of 

endoplasmic reticulum aminopeptidase 1 (ERAP1) reactivity, a mutation of the tyrosine 

residue to a phenylalanine residue showed a nearly 200-fold reduction in catalytic activity.265 

 

Although the general chemical mechanism in M1 aminopeptidases is well understood,266–269 

the majority of metallopeptidase reactivity studies at the atomistic level  have been carried out 

on metallopeptidases outside of the M1 family. As they contain the conserved catalytic 

glutamate and tyrosine residues, and analogous zinc binding motifs to IRAP, the hydrolysis 

mechanism can be assumed to be similar.150 Despite predicting a general mechanism as 

described in Figure 4.2, the zinc coordination sphere of the E-S complex varies and is enzyme-

dependent. Angiotensin-converting enzyme (ACE) is a zinc metallopeptidase that hydrolyses 

angiotensin I to form angiotensin II, a vasoconstrictor and precursor to angiotensin IV.270 

QM/MM mechanistic studies of ACE-catalysed peptide hydrolysis have found two competing 

mechanistic pathways that depend on the substrate binding mode. Brás et al. found multiple 

Figure 4.2. The general base-catalysed mechanism of peptide bond hydrolysis by the M1 
aminopeptidases IRAP.278 
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reaction pathways, firstly beginning from a tetrahedrally coordinated zinc, with the substrate 

not coordinated to the zinc, and secondly beginning from a five-coordinate zinc where the 

substrate is zinc bound. Both pathways gave potential energy barriers, calculated at the M06-

2X/6-311G+(d,p)//B3LYP/6-31G(d)/MM level of theory, within 2 kcal mol–1 of each other.271 

Zhang et al. also presented an ACE-substrate E-S complex with a tetrahedral zinc and the 

substrate carbonyl oxygen not zinc-bound from potential energy profiles calculated at the SCC-

DFTB/MM level of theory.272 In both studies, the rate-determining step was the nucleophilic 

attack of the zinc-bound water on the carbonyl carbon of the peptide bond concurrent with the 

deprotonation of the water by the catalytic glutamate. The conserved tyrosine residue was 

shown to be important in ligand binding, hydrogen bonding to the carbonyl oxygen of the 

scissile bond in the E-S complex of both studies. In addition, an ab initio QM/MM reactivity 

study of the metallopeptidase thermolysin by Blumberger et al. found that the zinc geometry 

was tetrahedral in the E-S complex.273 In a SCC-DFTB/MM  reactivity study of the zinc-

containing carboxypeptidase A, Xu et al. found an arginine residue, in the equivalent position 

to the M1 aminopeptidase tyrosine residue, to be vital in transition state and reaction 

intermediate stabilisation.29 Along with the zinc ion, they found that the arginine residue acts 

as the oxyanion hole and stabilises a tetrahedral intermediate that forms after the rate 

determining nucleophilic attack/proton transfer step (E-I, Figure 4.2). The role of the zinc ion 

as the oxyanion hole was also analysed by Kilshtain et al., who used the empirical valence bond 

(EVB) method274,275 to show that the electrostatic interaction with the zinc ion is the dominating 

factor in stabilising the transition states and reaction intermediates in carboxypeptidase A-

catalysed hydrolysis.276 For computational efficiency, these reactivity studies were carried out 

by calculating potential energy surfaces and profiles. Despite these studies identifying 

particular reaction characteristics, such as the roles of the zinc and tyrosine residue, Díaz et al. 

showed that potential energy minimised structures alone cannot capture conformational 

fluctuations in the system through comparison of B3LYP/MM potential energy scans and MD 

simulations.277 Therefore, an approach is needed that includes dynamics to identify stable 

reaction intermediates for metallopeptidases.277 

 

The lack of available experimental crystal structures of IRAP complexed with a natural 

substrate has led to minimal mechanistic work on IRAP-catalysed hydrolysis at the atomistic 

level. Svensson et al. have carried out a mechanistic study on a small cluster model 

representative of peptide hydrolysis by IRAP.278 From transition state searches and geometry 
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optimisations at the B3LYP/LACVP* level of theory, they present a mechanism with rate 

determining step involving a concerted proton transfer from the catalytic water molecule to the 

nearby glutamate residue and nucleophilic attack of the scissile bond, with a free energy barrier 

of approximately 14 kcal mol–1. Despite the feasible barrier to reaction, the overall free energy 

profile suggests a lack of thermodynamic driving force, with the final product state less than 

10 kcal mol–1 higher in energy than the reactant. Limitations of the cluster model approach also 

prevent the ability to capture the dynamics of the active site, suggesting a different approach 

may be needed to fully investigate the reactivity of IRAP. 
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Due to its ability to inhibit IRAP, Ang IV and analogue peptides are being used as 

scaffolds on which to design better inhibitors, thereby increasing the levels of neuropeptides in 

the brain and improving cognitive function in conditions such as Alzheimer’s disease.261 

Despite rapid development in this area, the reason why IRAP is able to hydrolyse oxytocin but 

not Ang IV has not been explored at an atomistic level. As such, in this Chapter, the hydrolysis 

of oxytocin and Ang IV catalysed by IRAP has been investigated. Model systems were built 

of both oxytocin and Ang IV complexed IRAP (Figure 4.3) using both available structures of 

an inhibitor bound to IRAP, homology modelling and docking. QM/MM MD simulations and 

Figure 4.3. (A) Oxytocin, and (B) angiotensin IV bound to the active site of IRAP. Due to lack of 
available crystal structures of IRAP complexes with oxytocin and Ang IV, these structures were built 
using an available crystal structure of an inhibitor-bound IRAP complex (PDB 5M6J279). Missing 
residues were added by Eric Lang using the program MODELLER.280 Ang IV was built in using the 
inhibitor crystal structure. Oxytocin was docked into the active site using Autodock CrankPep.282 
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umbrella sampling simulations have been used to understand the potential differences in 

binding and reactivity, and to identify structures of transition states and intermediates along 

each reaction pathway. These structures are of particular interest in the collaboration with 

Kuano, who aim to design transition state analogue inhibitors for IRAP using machine learning 

capabilities.  

 

 

4.2 Simulation and modelling methods 

At the time of this work, no crystal structures of Ang IV or oxytocin complexed with 

IRAP were available in the PDB. Therefore, a model of IRAP was constructed using chain A 

from the PDB 5MJ6279, with missing residues modelled in using the program MODELLER.280 

For the Ang IV complex, the polypeptide was the manually docked into the active site using 

the Maestro,242 part of the Schrodinger suite. Crystal waters were conserved, and hydrogens 

were added in silico. For the oxytocin complex, the structure of oxytocin from PDB 1XY1281 

was docked into the active site of IRAP using AutoDock CrankPep.282 It has previously been 

shown that the structural organisation of IRAP is not affected by ligand binding.265   The Protein 

Preparation tool in Maestro was then used to calculate the pKas of all titratable residues, assign 

protonation states and optimise the hydrogen bonding network. The AMBER FF14SB force 

field243 was used to describe IRAP and both ligands, and the 12-6 LJ ion model72 was used to 

describe the zinc ion. The SOLVATE283 program was used to create a 5 Å solvation shell of 

TIP3P284 water molecules. The IRAP:Ang IV and IRAP:oxytocin complexes were further 

solvated by adding cubic and truncated octahedral cells, respectively, of TIP3P water 

molecules using tleap in the AmberTools19 suite of programs.206 The distance between the edge 

of the initial solvation cell to the edge of the solvent box was 10 Å, resulting in approximately 

51,000 water molecules for the IRAP:Ang IV complex and approximately 42,000 water 

molecules for the IRAP:oxytocin complex. Na+ and Cl– ions were added randomly throughout 

the solvent at a concentration of 0.1 M NaCl. 

 

 An MM energy minimisation was carried out on each of the complexes, with positional 

restraints with a harmonic force constant of 200 kcal mol–1 Å–2 on all atoms bound to the zinc 

ion. This removed all bad contacts as a consequence of the docking poses. A further 

unrestrained QM/MM minimisation was then carried out on each complex. The DFTB3121 

method was used to describe the QM region. The QM region consisted of the zinc ion, the 
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catalytic water molecule, and the sidechains of Glu465, Glu431, His464, His468 and Glu487. 

In addition, for the Ang IV complex, the ligand valine residue and tyrosine residue backbone 

were included in the QM region. For the oxytocin complex, the ligand cysteine residue, tyrosine 

residue backbone and sidechain of the cysteine reside connected to the scissile cysteine residue 

by a disulfide bridge. Each system was then heated by increasing the temperature to 310 K over 

15 ps. Langevin dynamics was used with a collision frequency of 5 s–1, and backbone atoms 

were restrained with a force constant of 5 kcal mol−1 Å−2. The systems were equilibrated over 

a further 15 ps with no restraints and a Monte Carlo barostat maintaining the pressure at 

1.01325 bar. Five repeat DFTB3/MM MD simulations  were carried out on each complex using 

the sander.MPI206 MD engine. 

 

 Clustering analysis was performed on the MD trajectories using the hierarchical 

agglomerative approach to cluster by active site heavy atom RMSD. A representative snapshot 

from the most populous cluster was selected as a starting snapshot for QM/MM umbrella 

sampling simulations. For the 1D benchmarking umbrella sampling simulations, the QM atoms 

were described at the B3LYP-D3/6-31G(d)/MM level of theory. The nucleophilic attack 

reaction coordinate was defined as the distance between OWAT and the carbonyl carbon of the 

ligand scissile bond. The distance was incremented from 3.1 Å to 1.3 Å in steps of 0.1 Å with 

a force constant of 200 kcal mol−1 Å−2. 2 ps of sampling was carried out per window. For the 

2D free energy surfaces at the DFTB3/MM level of theory, the nucleophilic attack reaction 

coordinate was defined and incremented as described above. The second reaction coordinate 

was defined as d(OE465 – HWAT) – d(OWAT – HWAT), corresponding to the proton transfer between 

the zinc-bound water and Glu465. This reaction coordinate was incremented from 0.8 Å to –

1.0 Å in steps of –1.0 Å with a force constant of 50 kcal mol−1 Å−2. 2 ps of sampling was carried 

out in each umbrella sampling window. Histogram overlap was checked, and the 1D free 

energy profiles and 2D free energy surfaces were calculated using the weighted histogram 

analysis method (WHAM).142 

 

4.3 Results and discussion 

4.3.1 QM/MM molecular dynamics of IRAP:substrate complexes 

Understanding why and how IRAP cleaves the natural substrate oxytocin but not the 

inhibitor Ang IV is vital in aiding the improvement of current inhibitors that target IRAP. 
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Simulating the enzyme-substrate (E-S) complexes and investigating how both Ang IV and 

oxytocin bind to IRAP may reveal subtle differences that influence reactivity, which can be 

exploited to improve inhibitor design. Therefore, models of Ang IV and oxytocin complexed 

with IRAP have been studied using DFTB3/MM MD simulations to identify any differences 

in E-S structure and stability that may impact on their reactivity. 

 

Visual inspection of the DFTB3/MM MD simulations of the IRAP:oxytocin and 

IRAP:Ang IV complexes showed a significant difference in the conformation of a glutamate 

residue, Glu465 (Figure 4.4). Glu465 is the catalytic glutamate residue that deprotonates the 

zinc-bound water molecule during the reaction.285 The zinc-bound water is also stabilised by an 

additional hydrogen bond to a second active site glutamate residue, Glu431 (Figures 4.4C & 

4.4D). However, Glu431 is unlikely to deprotonate the water molecule, as a distance of > 5 Å 

between the carboxylate group and the scissile nitrogen would prevent protonation in step 2 of 

the reaction (Step 2, Figure 4.2). Two conformations of the catalytic Glu465 were observed 

and are referred to as the ‘OE1’ and ‘OE2’ conformations in the remainder of this Chapter. 

Although the conformations are labelled using the AMBER naming scheme for glutamate 

oxygens, they do not imply any chemical distinction between the two atoms. The Glu465 

conformations are defined by the dihedral angle of the sidechain carbons; Cα-Cβ-Cγ−Cδ, with 

the dihedral angles of –60° and –20° corresponding to the OE2 and OE1 conformations 

respectively (Figure 4.4A). This dihedral angle shows that the two conformations are related 

by a shift in the sidechain of Glu465 and does not represent a rotation in the carboxylate group. 

The geometries of Glu465 in each conformation are shown in Figures 4.4C and 4.4D.  

 

In the IRAP:Ang IV complex, Glu465 showed a strong preference for the OE1 

conformation. In contrast, in the IRAP:oxytocin complex, Glu465 showed a preference for the 

OE2 conformation, although a partial occupation of the OE1 conformation throughout the 

trajectory was still observed (Figure 4.4A). A rotation of the Glu465 carboxylate group was 

also observed, with a more facile rotation in the IRAP:oxytocin complex than in the IRAP:Ang 

IV complex, as the distributions of the carboxylate group (Hγ-Cγ−Cδ-Oε) dihedral angle show 

in Figure 4.4B.  
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The preferred conformation of Glu465 is likely to be influenced by the way in which 

oxytocin and Ang IV bind to IRAP. In DFTB3/MM simulations of the E-S complexes, the 

Glu295, Glu431 and Glu487 carboxylate sidechains formed salt bridges with the ligand 

terminal NH3
+ group of oxytocin and Ang IV (Figure 4.5), interactions previously shown as 

important for ligand binding to IRAP.286–288 However, a difference was observed in the binding 

interactions that formed around the scissile bond (Figure 4.5). The scissile carbonyl oxygen of 

Ang IV formed a much more transient coordination to the zinc ion, resulting in a lower zinc 

coordination number (CN) than seen in the IRAP:oxytocin complex (Table 4.1). In addition, 

the Ang IV scissile carbonyl and NH groups formed strong hydrogen bonds with Tyr546 and 

the backbone carbonyl of Ala429 respectively (Table 4.1). Ala429 is part of the GAMEN loop, 

Figure 4.4. (A) Dihedral distribution of the sidechain carbon atoms of Glu465 from DFTB3/MM MD 
simulations. The peaks correspond to Glu465 in the two different conformations OE1 and OE2 of the 
IRAP:Ang IV and IRAP:oxytocin complexes. (B) Dihedral distribution of the sidechain rotation of 
Glu465 from DFTB3/MM MD simulations of the IRAP:Ang IV and IRAP:oxytocin complexes. (C) The 
OE1 conformation of Glu465 with Ang IV bound to IRAP. (D) The OE2 conformation of Glu465 with 
oxytocin bound to IRAP.  
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a motif conserved across the M1 aminopeptidase family involved in substrate recognition and 

specificity.289 In contrast, the oxytocin scissile bond formed very transient hydrogen bonds with 

Tyr546 and Ala429 due to constraints in conformation from cyclisation. The stronger hydrogen 

bonds in the IRAP:Ang IV complex altered the hydrogen bonding network within the binding 

pocket, which probably resulted in the preference of Glu465 to adopt the OE1 conformation 

over the OE2 conformation. The differences in binding geometry resulted in a larger distance 

between the oxygen of the water molecule and the scissile carbon in the IRAP:oxytocin 

complex than the IRAP:Ang IV complex, although large fluctuations were observed in both 

complexes (Table 4.1). 

 IRAP:Ang IV IRAP:oxytocin 

Tyr546 H-bond no. 0.89 0.14 

Ala429 H-bond no. 0.47 0.16 

Zn – OSUB
a distance (Å) 2.90 ± 0.59 2.45 ± 0.30 

CSUB – OWAT distance (Å) 2.81 ± 0.32 2.96 ± 0.21 

Zn CNb 4.38 4.89 

Table 4.1. Zinc coordination numbers, hydrogen bond numbers and important active site distances 
from DFTB3/MM MD simulations of the IRAP:oxytocin and IRAP:Ang IV complexes.  

aSubstrate scissile oxygen 
bCoordination numbers (CN) are averaged over MD simulations with a cut-off of 2.6 Å used. 
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The conformation of Glu465 and IRAP:ligand active site interactions have important 

implications on the reactivity of the IRAP:oxytocin and IRAP:AngIV complexes. In the first 

step of the reaction (Step 1, Figure 4.2), a proton transfer occurs between the reactive zinc-

bound water molecule and Glu465, where the proton is most likely to transfer to the nearest 

Glu465 oxygen. In the second step of the reaction, a proton transfer occurs from the protonated 

Glu465 oxygen to the scissile nitrogen. In the OE2 conformation, the oxygen of Glu465 that 

deprotonates the water molecule is oriented towards the lone pair of the scissile nitrogen, which 

would allow for facile proton transfer to occur in the second step of the reaction (Figure 4.4D). 

Figure 4.5. Interactions around the scissile bond observed in DFTB3/MM MD simulations of the E-S 
complexes between (A) oxytocin and IRAP, and (B) Ang IV and IRAP. The scissile bond is crossed 
with a black dashed line. 
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In the OE1 conformation however, the oxygen of Glu465 that deprotonates the water molecule 

is oriented away from the scissile nitrogen (Figure 4.4C). This indicates a conformational 

change in the Glu465 sidechain would be required for proton transfer to occur in the OE1 

conformation. A conformational change could contribute to an increase in the barrier to 

reaction, highlighting a clear difference between the IRAP:Ang IV and IRAP:oxytocin 

complexes. The observed preference of Glu465 adopting an OE2 conformation in the 

IRAP:oxytocin complex could form part of the explanation as to why IRAP is able to cleave 

oxytocin and not Ang IV. The ability of Ang IV to form additional interactions with the active 

site of IRAP is to be expected. As an inhibitor, Ang IV is more likely to bind more strongly to 

the active site than oxytocin. This likely leads to a more stabilised E-S IRAP complex with 

Ang IV than with oxytocin, which could also therefore increase the free energy barrier to 

reaction. To test these hypotheses, QM/MM reaction simulations were carried out on the 

oxytocin and Ang IV complexes.  

 

4.3.2 QM/MM reaction simulations  

To further explore the differences between the IRAP:Ang IV and IRAP:oxytocin 

complexes, a reactivity investigation has been carried out using QM/MM umbrella sampling 

simulations and unrestrained QM/MM MD simulations of reaction intermediates at both the 

DFTB3/MM and B3LYP-D3BJ/6-31G(d)/MM levels of theory.65 Initial exploration of the 

reaction pathway was undertaken by benchmarking QM/MM umbrella sampling simulations 

determine the most appropriate method for describing the QM region in further reactivity 

simulations. The QM methods tested were the semiempirical QM methods DFTB3121 and 

GFN2-xTB,132 and the higher level B3LYP-D3BJ/6-31G(d). For each QM method, umbrella 

sampling simulations were used to calculate the 1D free energy profile of the nucleophilic 

attack by the zinc-bound water on the scissile carbon. The reaction coordinate was defined as 
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the distance between the oxygen of the nucleophilic water and the scissile carbon. No proton 

transfer reaction coordinated was constrained or explicitly sampled. 

 

 The benchmarking simulations showed that DFTB3/MM gave free energy profiles 

consistent with those calculated at the B3LYP-D3BJ/6-31G(d)/MM level of theory for the 

hydrolysis of both oxytocin and Ang IV (Figure 4.6). In the hydrolysis of oxytocin, both levels 

of QM/MM theory showed a similar free energy barrier of approximately 18 kcal mol–1 and a 

stable E-I intermediate. In the hydrolysis of Ang IV, neither the DFTB3/MM or B3LYP-

D3BJ/6-31G(d)/MM free energy profiles gave a stable E-I intermediate. In contrast, GFN2-

xTB/MM predicted the oxytocin reaction barrier and the intermediate E-I to be 6.9 kcal mol–1 

and 9.3 kcal mol–1 lower in free energy respectively than that calculated at the B3LYP-D3BJ/6-

31G(d)/MM level of theory (Figure 4.6A). In addition, GFN2-xTB/MM predicted a stable 

intermediate along the Ang IV hydrolysis pathway but B3LYP-D3BJ/6-31G(d)/MM did not 

(Figure 4.6B). The free energy profiles suggest that GFN2-xTB overstabilises the tetrahedral 

intermediate, and therefore is not an appropriate QM method with which to model IRAP-

catalysed hydrolysis.  

  

The B3LYP-D3BJ/6-31G(d)/MM benchmarking free energy profiles of oxytocin and 

Ang IV hydrolysis revealed a significant difference between the two reactions: a stable 

intermediate formed during oxytocin hydrolysis but not during Ang IV hydrolysis (Figure 4.6). 

The free energy barrier to oxytocin hydrolysis of 18 kcal mol–1 is consistent with a QM/MM 

Figure 4.6. Benchmarking of QM/MM methods along the 1D nucleophilic attack coordinate defined 
as the distance between the oxygen of the catalytic water molecule and the scissile carbon of each 
ligand. (A) Free energy profiles of the nucleophilic attack of oxytocin. (B) Free energy profiles of the 
nucleophilic attack of Ang IV. The proton transfer to Glu465 was not restrained in these simulations, 
with Glu465 consistently adopting the OE2 conformation. The QM/MM methods explored were 
DFTB3/MM, GFN2-xTB/MM and B3LYP-D3BJ/6-31G(d)/MM. 



 

 96 

study of the metallopeptidase ACE by Brás et al., who reported a barrier of 19 kcal mol–1 for 

the hydrolysis of angiotensin II calculated at the M06-2X/6-311+G(d,p)//B3LYP/6-

31G(d)/MM level of theory.271 Glu465 consistently adopted the OE2 conformation as the 

nucleophilic attack progressed in all benchmarking trajectories, even during Ang IV hydrolysis 

and contrary to preferences in Glu465 conformation observed during the DFTB3/MM MD 

simulations. Therefore, it is possible that a stable intermediate during Ang IV hydrolysis could 

occur via proton transfer with Glu465 in the OE1 conformation. To investigate possible 

reaction pathways to form the intermediate E-I, free energy surfaces have been calculated at 

the DFTB3/MM level of theory due to the computational efficiency DFTB3 affords, and the 

consistency between the DFTB3/MM and B3LYP/6-31G(d)/MM free energy profiles. 

However, it is important to note that, in contrast to the free energy profile in Figure 6A, 

DFTB3/MM did not predict a stable tetrahedral intermediate when modelling the hydrolysis of 

faropenem and ertapenem by L1 in Chapter 3 of this thesis. Consequently, DFTB3/MM free 

energy surfaces in this Chapter have been used to compare the preference of the Glu465 

conformations in the hydrolysis of Ang IV and oxytocin. The stability of possible stable 

tetrahedral intermediates has been tested and confirmed using unrestrained B3LYP-D3/6-

31G(d)/MM MD simulations.  

 

The reactivity simulations of oxytocin hydrolysis revealed that hydrolysis can only 

proceed with Glu465 in the OE2 conformation. The 2D free energy surfaces showed 

contrasting orders of events along the minimum energy pathways (Figures 4.7A & 4.7B), 

however visual inspection of the trajectories revealed that this was, in fact, not the case. When 

the proton transfer was explicitly sampled starting from an OE2 conformation, the minimum 

energy pathway trajectory proceeded with an initial proton transfer to Glu465 in the OE2 

conformation to form a zinc-bound hydroxide ion before nucleophilic attack of the scissile 

carbon. When the proton transfer was explicitly sampled with Glu465 starting in the OE1 

conformation, however, Glu465 immediately reoriented to form the OE2 conformation. This 

resulted in the reaction proceeding with a proton transfer to Glu465 in the OE2 conformation, 

with the ‘tail’ of the minimum free energy path corresponding to the protonated Glu465 

breaking a hydrogen bonding interaction with the newly formed hemiketal group and forming 

a hydrogen bond with Glu431. Although the free energy surfaces appear to suggest differently, 

the transition states from both trajectories were equivalent, with a protonated Glu465 in the 

OE2 conformation and a partial hybridisation of the scissile carbon as it formed E-I (Figure 
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4.7D). This is because the PT reaction coordinate from the ‘OE1’ free energy surface (Figure 

4.7B) was explicitly sampling the different between the OE1-H distance and the Wat-H 

distance, which remained constant when the orientation of Glu465 shifted and the proton 

transferred to OE2. 

 

 

Additional unrestrained B3LYP-D3BJ/6-31G(d)/MM MD simulations confirmed that 

the oxytocin E-I intermediate was stable with Glu465 in the OE2 conformation (Figures 4.9A 

& 4.9B). Lack of geometric restraints compared to the DFTB3/MM umbrella sampling 

simulations resulted in additional zinc ion coordination from Glu431 and a strong hydrogen 

bond to form between the scissile carbonyl oxygen and Tyr546 (Table 4.2). However, in 

contrast to the DFTB3/MM E-I complex, the hydrogen bond between the scissile NH group 

and Ala429 remained as transient as in the DFTB3/MM E-S complex due to slight differences 

in E-I conformation that are reflected in the average distance between the zinc ion and the 

hemiketal OH group (Tables 4.1 & 4.2). These results suggest the most likely reaction pathway 

of oxytocin cleavage by IRAP is a concerted and asynchronous proton transfer to Glu465 in 

the OE2 conformation followed by nucleophilic attack, with a free energy barrier to reaction 

of approximately 14 kcal mol–1. They also suggest that the stabilisation of E-I is dominated by 

the oxyanion hole (the zinc ion and Tyr546). 

 
The reactivity simulations of Ang IV revealed that the zinc-bound water molecule is 

able to transfer a proton to Glu465 in both the OE1 and OE2 conformations, but these reaction 

pathways do not form stable intermediates at the DFTB3/MM level of theory. The 2D free 

energy surfaces show an almost barrierless proton transfer, but no distinct energy well 

corresponding to an intermediate (Figures 4.8A & 4.8B). Along the minimum energy path 

 DFTB3/MM  
umbrella sampling 

B3LYP/6-31G(d)/MM 
MD 

Tyr546 H-bond no. 0.35 1.0 

Ala429 H-bond no. 0.60 0.20 

Zn – O-HSUB
a distance (Å) 2.90 ± 0.18 3.16 ± 0.12 

Zn CNb 4.0 5.2 

Table 4.2. Zinc coordination numbers and hydrogen bond numbers from DFTB3/MM umbrella 
sampling simulations and B3LYP-D3BJ/6-31G(d)/MM MD simulations of the IRAP:oxytocin 
complex with Glu465 in the OE2 conformation.  

aHemiketal OH group in the E-I complex. 
bCoordination numbers (CN) are averaged over MD simulations with a cut-off of 2.6 Å used. 
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trajectory with Glu465 initially in the OE1 conformation, Glu465 exhibited a high amount of 

flexibility, continually rotating between the OE1 and OE2 conformations, consistent with the 

preference for Glu465 to adopt the OE1 conformation seen in DFTB3/MM MD simulations of 

the IRAP:Ang IV complex. As well as Glu465 adopting different conformations, the OE1 and 

OE2 E-I complexes differed in that the scissile NH group hydrogen bonded to the Ala429 

backbone with Glu465 in the OE2 conformation but not with Glu465 in the OE1 conformation 

due to opposing directions of nitrogen hybridisation (Figure 8D). This could suggest why a 

stable IRAP:Ang IV intermediate is not observed on the 2D free energy surface. Unrestrained 

B3LYP-D3BJ/6-31G(d)/MM MD simulations were carried out on this structure to test this 

hypothesis. 
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B3LYP-D3BJ/6-31G(d)/MM MD simulations revealed that the IRAP:Ang IV 

intermediate with Glu465 in the OE1 conformation is stable (Figures 4.9C & 4.9D). This 

intermediate showed a bidentate zinc coordination from the newly formed hemiketal group 

coordinating to the zinc ion, increasing the zinc ion CN with respect to DFTB3/MM pseudo-

intermediate structure from umbrella sampling simulations (Table 4.3). In the B3LYP-D3BJ/6-

31G(d)/MM E-I complex, the scissile nitrogen hybridised with the lone pair pointing away 

from the protonated Glu465 (Figure 4.9C & 4.9D). This scissile nitrogen geometry was also 

observed in the stable IRAP:oxytocin E-I complex, suggesting that the scissile nitrogen lone 

Figure 4.7. DFTB3/MM free energy surfaces of the initial reaction step in the hydrolysis of oxytocin 
by IRAP, with proton transfer to Glu465 initially in (A) the OE2 conformation, and (B) the OE1 
conformation. (C) Minimum free energy profiles from the free energy surfaces in (A) and (B). (D) 
Representative structures of the transition states from the minimum free energy paths with Glu465 
initially in the OE1 (dark purple) and OE2 (magenta) conformations. Despite the proton transfer 
restrained to Glu465 in the OE1 conformation, Glu465 still adopted the OE2 conformation.  
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pair must point away from the protonated Glu465 after hybridisation to form a stable 

intermediate. However, computational mechanistic studies of IRAP and the M1 

aminopeptidase leukotriene A4 hydrolase by Svensson et al. and Tholander et al., respectively, 

proposed that on formation of E-I, the scissile nitrogen hybridises with the lone pair pointing 

towards the protonated Glu465.267,278 These studies were carried out using only geometry 

optimisations and therefore could not capture the dynamic relaxation of the intermediate.  

 

The stable E-I geometries seen in this Chapter can be explained by Deslongchamps 

stereoelectronic theory, which states that a favourable interaction occurs between the nitrogen 

lone pair and the antibonding orbital of the C-O bond formed on nucleophilic attack.290,291 

Indeed, it has been widely discussed in literature how the geometry of the scissile nitrogen in 

Figure 4.8. DFTB3/MM free energy surfaces of the initial reaction step in the hydrolysis of Ang IV by 
IRAP, with proton transfer to Glu465 in (A) the OE2 conformation, and (B) the OE1 conformation. 
(C) Minimum free energy profiles from the free energy surfaces in (A) and (B). (D) Representative 
structure of the pseudo-intermediate with Glu465 in the OE1 orientation (dark green) and OE2 
orientation (lime green).  
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the tetrahedral intermediate observed during peptide bond hydrolysis needs to undergo 

inversion to reach a catalytically competent state.292–294 In studying the reactivity of thermolysin, 

Blumberger et al. observed a shift in the hydrogen bonding pattern in the tetrahedral 

intermediate with a low free energy barrier to facilitate the next reaction step.273 The mechanism 

of IRAP-catalysed hydrolysis is, therefore, likely to involve nitrogen inversion, possibly 

facilitated by the lack of hydrogen bond between the scissile NH group Ala429. In both the 

IRAP:Ang IV and IRAP:oxytocin E-I and pseudo-intermediate complexes, a greater distance 

between the zinc ion and the hemiketal OH resulted in a more transient hydrogen bond between 

the scissile NH and the Ala429 backbone, with the largest distance and most transient hydrogen 

bond observed in the B3LYP IRAP:oxytocin E-I complex (Tables 4.2 & 4.3). This difference 

in conformation could also explain why oxytocin is readily hydrolysed by IRAP but Ang IV is 

not. 

 

 DFTB3/MM  
umbrella sampling 

B3LYP/6-31G(d)/MM 
MD 

Tyr546 H-bond no. 0.80 0.95 

Ala429 H-bond no. 0.13 0.65 

Zn – O-HSUB
a distance (Å) 2.75 ± 0.21 2.46 ± 0.28 

Zn CNb 4.3 4.9 

 

Table 4.3. Zinc coordination numbers and hydrogen bond numbers from DFTB3/MM umbrella 
sampling simulations and B3LYP-D3BJ/6-31G(d)/MM MD simulations of the IRAP:Ang IV 
complex with Glu465 in the OE1 conformation. 

aHemiketal OH group in the E-I complex. 
bCoordination numbers (CN) are averaged over MD simulations with a cut-off of 2.6 Å used. 
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Both the IRAP:oxytocin and IRAP:Ang IV E-I complexes formed strong hydrogen 

bonding interactions with a protonated Glu465 and Glu431. However, differences in structure 

were still observed between them (Figure 4.9). Only a monodentate coordination was observed 

between oxytocin and the zinc ion, whereas Ang IV formed a bidentate coordination to the zinc 

through both hemiketal oxygens. As a result, the scissile bonds of each ligand adopted different 

conformations, probably due to the steric bulk of the terminal ligand valine residue, compared 

to that of the equivalent cysteine in oxytocin. Sidechain steric bulk of scissile bond residues 

has previously been shown to affect the rate of peptide bond hydrolysis, with bulky, 

hydrophobic residues such as valine and leucine inducing the lowest rates of reaction.295 In the 

IRAP:Ang IV DFTB3/MM umbrella sampling trajectory with Glu465 in the OE1 conformation 

Figure 4.9. Structures of the stable intermediate E-I for Ang IV and oxytocin complexed with IRAP. 
(A) Snapshot from B3LYP-D3BJ/6-31G(d)/MM MD of the oxytocin E-I intermediate with Glu465 in 
the OE2 conformation. (B) Representation of the oxytocin intermediate structure in (A). (C) Snapshot 
from B3LYP-D3BJ/6-31G(d)/MM MD of the Ang IV E-I intermediate with Glu465 in the OE1 
conformation. (D) Representation of the oxytocin intermediate structure in (C). Only the two scissile 
residues are shown in these figures. 
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(Figure 4.8D), the conformation was such that the valine sidechain prevented the scissile 

nitrogen hybridising with the lone pair pointing away from the protonated Glu465. Therefore, 

in the B3LYP-D3BJ/6-31G(d)/MM IRAP:Ang IV stable intermediate, a conformational shift 

occurred to allow for the nitrogen to hybridise away from Glu465. For a proton transfer 

between Glu465 and the scissile nitrogen to then occur, the scissile nitrogen would need to 

invert. After inversion, the approximated angle between the nitrogen lone pair after inversion, 

the proton and the Glu465 oxygen would be 160°, which could result in a poor orbital overlap 

between the Glu465 O-H antibonding orbital and the Ang IV scissile nitrogen lone pair. This 

is in contrast to the approximate angle of 185° observed in the IRAP:oxytocin E-I intermediate. 

Facilitating the proton transfer between the Ang IV scissile nitrogen and Glu465 by improving 

orbital overlap would require breaking the strong bidentate coordination of Ang IV to the zinc 

ion. A strong bidentate coordination was also shown to be an important factor for inhibiting a 

dihedral rotation of the β-lactam ertapenem in the active site of the L1 metallo-β-lactamase, 

discussed in Chapter 2 of this thesis. It is therefore likely that the reaction cannot proceed from 

this intermediate due to a high free energy barrier to further reaction.  

 

These results, from exploring the reactivity of IRAP:Ang IV and IRAP:oxytocin 

complexes, have important implications in the search for an effective IRAP inhibitor. 

Conserving the interactions seen between the active site residues and Ang IV, in particular that 

with Ala429, is important in producing a complex that will bind more strongly than oxytocin 

to the active site of IRAP. In addition to Ala429, Glu431, also part of the GAMEN loop, assists 

in the hydrolysis mechanism by interacting with the catalytic water molecule and stabilising 

both the Ang IV and oxytocin E-I intermediates. Glu431 has been shown to play a vital role in 

the IRAP-catalysed hydrolysis, with a kinetic study showing that a E431A mutation 

dramatically reduced IRAP catalytic activity.285 A combined experimental and docking study 

by Hermans et al. showed that the unique positioning of the GAMEN loop in relation to the 

active site contributes to its plasticity and allowed for large cyclic peptides to bind.151 A bulky, 

hydrophobic group at the N-terminus of a potential inhibitor could help in preventing peptide 

bond hydrolysis and in inhibitor binding.296 Albiston et al. proposed a class of potential IRAP 

inhibitors that formed a strong hydrophobic π-π stacking interaction with Phe544.297  

 

Previous efforts in the literature have produced increasingly potent inhibitors of IRAP,298–

300 however, the primary challenge remains of designing a compound that can cross the blood-
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brain barrier.301  Only the Val-Tyr-Ile motif of Ang IV has been shown as integral for binding 

to IRAP.302 In addition, no specificity has been displayed towards the C-terminal residues of 

other peptides that bind to IRAP.265,287,288 Therefore, a possible design strategy could be to take 

a small molecule scaffold as an analogue for these three residues with hydrophobic sidechains, 

as small, lipid-soluble molecules are known to be more likely to cross the blood-brain barrier. 

Such an approach has led to a proposed pseudotripeptide inhibitor by Kokkala et al., although 

bioavailability concerns have arisen because of highly polar substituents.296 The findings in this 

Chapter may help in the development of drugs to enhance cognitive function by prolonging the 

half-life of neuropeptides such as oxytocin that are hydrolysed by IRAP. 

 

 

4.4 Conclusions 

IRAP is a zinc metallopeptidase that catalyses the hydrolysis of the cyclic neuropeptide 

oxytocin. As the AT4 receptor, IRAP also binds the hexapeptide Ang IV. Ang IV acts as 

inhibitor and as such is not hydrolysed by IRAP. In this Chapter, QM/MM MD and umbrella 

sampling simulations have been used to investigate why IRAP is able to cleave oxytocin but 

not Ang IV.  

 

DFTB3/MM MD simulations of the IRAP:Ang IV and IRAP:oxytocin complexes 

revealed two distinct conformations of Glu465, OE1 and OE2. The IRAP:oxytocin complex 

showed a preference of Glu465 to adopt the OE2 conformation, whereas the IRAP:Ang IV 

complex showed a preference of Glu465 to adopt the OE1 conformation. The MD simulations 

also showed that the scissile bond of Ang IV formed hydrogen bonds to Ala429 and Tyr546, 

interactions not seen in the IRAP:oxytocin complex. These interactions in the IRAP:Ang IV 

complex altered the hydrogen bonding network in the binding pocket that resulted in a 

preference for Glu465 to adopt the OE1 conformation. DFTB3/MM umbrella sampling 

simulations and B3LYP-D3BJ/6-31G(d)/MM unrestrained MD simulations showed that 

hydrolysis of oxytocin can only proceed with Glu465 in the OE2 conformation, with a free 

energy barrier to E-I formation of 14 kcal mol–1. In the hydrolysis of Ang IV, proton transfer 

can occur from the zinc-bound water molecule to Glu465 in either conformation, however the 

formation of E-I at the DFTB3/MM level of theory did not show any stable intermediate for 

either pathway. Further investigation with B3LYP-D3BJ/6-31G(d)/MM unrestrained MD 

simulations showed an IRAP:Ang IV tetrahedral intermediate with Glu465 in the OE1 
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conformation was stable. A marked difference in conformation was observed between the 

IRAP:Ang IV and IRAP:oxytocin stable intermediates, with Ang IV forming a bidentate 

coordination to the zinc ion and oxytocin a monodentate coordination. Without this 

conformational change, the steric bulk of the Ang IV valine sidechain would have prevented 

the scissile nitrogen from hybridising. However, the stable Ang IV intermediate conformation, 

and the OE1 conformation of Glu465, meant the protonated Glu465 was poorly oriented for 

subsequent proton transfer to the scissile nitrogen. Therefore, the hydrolysis reaction is unlikely 

to proceed from this intermediate, suggesting why IRAP does not cleave Ang IV. The 

difference in these intermediate structures and the interactions that each form with the active 

site of IRAP should help in the design of new inhibitors for IRAP. 
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Chapter 5  

Modelling the catalytic dyad of the SARS-CoV-2 

main protease 
 

 
 
 
 

The aim of the work described in this this Chapter is to determine the most likely 

protonation state of the cysteine-histidine catalytic dyad with an N-terminal natural substrate 

bound in the active site of the SARS-CoV-2 main protease. Additional alternate active site 

protonation states have also been investigated to determine the effect on active site stability 

and the preferred state of the dyad. Establishing the preferred state of the dyad is important for 

further understanding of the main protease chemical mechanism, and to assist in design of 

small molecule inhibitors.  This work was done in response to the coronavirus pandemic. 

QM/MM modelling of the proton transfer between the SARS-CoV-2 main protease catalytic 

dyad (section 5.3.2) is included in a recently accepted manuscript in Chemical Science,156 and 

has been expanded on for inclusion in this thesis chapter. 

 

 
5.1 Introduction 

Cysteine proteases (CPs) are a group of enzymes classified as peptide hydrolases.303 

They contain a nucleophilic cysteine that catalyses the cleavage of long peptide chains via the 

hydrolysis of an amide, or peptide, bond.304 Along with their well-defined active site topology, 

the highly nucleophilic cysteine residue makes these enzymes a target for covalent drug 

design,305,306 and so understanding the CP mechanism of action and the development of CP 
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inhibitors is a very active field of reasearch.307 Found in all living organisms, CPs display 

diverse range of functionality,304,308 and are involved in a variety of human conditions such as 

arthritis, osteoporosis and various cancers.304,309–312 They also play an essential role in parasitic 

organisms that causes diseases such as malaria, chagas disease and African sleeping sickness, 

and in the life cycle of certain viruses.313,314 

 

Severe acute respiratory syndrome – coronavirus 2 (SARS-CoV-2) is a novel virus that 

emerged from Wuhan, China in late 2019, and is responsible for the 2019 global coronavirus 

pandemic.315 The virus contains a cysteine protease that is essential for viral replication, referred 

to as the main protease (or Mpro) (Figure 5.1A). The Mpro is responsible for cleaving the 

polypeptide chain that goes on to form the individual proteins that make up a new virion.316 It 

is therefore an attractive target for antiviral drug development. The SARS-Cov-2 Mpro 

recognises 11 different amino acid sequences at cleavage points along the chain, which take 

the form (Leu, Phe)-Gln↓(Ser, Ala, Gly), often referred to as the P2-P1↓P1’ residues (↓ marks 

the point of cleavage). High resolution crystal structures of the Mpro have shown it to be a 

homodimer,317 and the active site to contain a catalytic dyad consisting of a cysteine residue 

(Cys145) and a histidine residue (His41) (Figure 5.1B). 

 

 

The general mechanism of action of a CP involves catalysis via an active side cysteine 

residue (Figure 5.2).318 In coronavirus CPs such as the Mpro, this cysteine residue acts in a 

Figure 5.2. The structure of the apo enzyme SARS-CoV-2 Mpro. (A) Structure of the homodimer, with 
the two monomers in blue and yellow, and the catalytic dyad in each monomer shown in pink. (B) 
Structure of the active site of the apo Mpro enzyme. The catalytic dyad is shown in pink and other 
important active site residues in blue. A conserved water molecule that hydrogen bonds to His164 and 
His41 is also shown. The structure shown is from PDB 6YB7.350 
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catalytic dyad with a neighbouring histidine residue.319,320 The histidine is thought to polarise 

the cysteine S-H group, and therefore deprotonates the cysteine to form the much more reactive 

CysS–/HisH+ ion pair.321,322 A catalytic dyad is unusual for a CP, with their active site more 

commonly containing a catalytic triad.304 In addition to the catalytic cysteine and basic histidine 

residue, a CP catalytic triad often includes an acidic residue such as aspartate, glutamate, or 

asparagine that serves as the proton source later in the reaction or to stabilise the positively 

charged histidine after cysteine deprotonation.323 The conserved active site water in the Mpro 

shown in Figure 5.1B sits in the equivalent position to the acidic residue of a catalytic triad.324 

Hydrolysis of a peptide bond by a CP proceeds through attack of the scissile carbonyl carbon 

of the peptide bond by the nucleophilic thiolate. This anionic tetrahedral species then collapses 

to cleave the C-N peptide bond, with the histidine protonating the amine leaving group, 

resulting in an acylenzyme complex (E-I1 & E-I2, Figure 5.2). A water molecule then attacks 

the acylenzyme, hydrolysing the carbonyl group to give a terminal carboxylic acid by cleaving 

the S-C bond and regenerating the catalytic cysteine.  

 

Uncertainties remain concerning whether the dyad is neutral or zwitterionic (Figure 

5.2) in its resting state, and at which point the zwitterionic dyad forms during the reaction. For 

the CP Papain, pKa studies investigating the dyad protonation state in the active site concluded 

that the cysteine was most likely to exist mainly in the thiolate form with the histidine doubly 

Figure 5.3. The general chemical mechanism of a cysteine protease with a catalytic dyad catalysing 
the cleavage of a peptide bond.318 The cysteine/histidine residues that comprise the catalytic dyad are 
shown in their neutral and zwitterionic forms. 
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protonated.325,326 A QM/MM study of the catalytic mechanism of Papain by Harrison et al. 

showed that the barrier to formation of the zwitterionic dyad from the neutral dyad was ∼3 kcal 

mol–1, with the zwitterionic form over 18 kcal mol–1 more stable than the neutral form at the 

B3LYP/3-21G(d) level of theory.327 These findings were supported by further B3LYP/6-

31G(d)/MM studies, where an almost barrierless proton transfer was found between the 

catalytic dyad to form the zwitterion, with the zwitterionic dyad more stable than the neutral 

dyad in protein compared to in solution.328,329 As such, many subsequent QM and QM/MM 

studies investigating the reactivity of CPs have modelled the enzyme-reactant complex with a 

zwitterionic catalytic dyad. Several studies of CP reactivity with both substrates and inhibitors 

have shown sensible reaction barriers at the M06-2X/6-31+G(d,p):AM1-d/MM level of theory 

while modelling the reaction from the zwitterionic dyad.330–333 In contrast, using a combination 

of free energy perturbation (FEP),334 B3LYP/MM potential energy scans, and BLYP/MM and 

RM1/MM umbrella sampling simulations, Lee et al. showed that the CP KasA catalytic triad 

of a cysteine and two histidine residues exists in the neutral form, and only forms the zwitterion 

after substrate binding.335,336 However, they do suggest a facile interconversion between the two 

states due to only very subtle conformational changes in the surrounding residues as the proton 

transfers.336 It is, therefore, possible that the catalytic dyad/triad of different CPs adopt different 

resting states in the enzyme-substrate (E-S) complex. 

 

Cysteine protonation states have also been well studied in kinases, as a result of the 

interest in targeting non-catalytic cysteines with covalent inhibitors.337–340 The main difference 

between kinases and CPs is that kinase inhibition targets non-catalytic cysteine residues that 

do not directly participate in reactivity. CPs on the other hand contain catalytic cysteines and 

have evolved to participate in reactivity. In EGFR kinase, a zwitterionic state formed between 

a cysteine and aspartate residue has been proposed as the resting state.341 However, in Bruton’s 

tyrosine kinase, a direct proton transfer between the cysteine and the substrate/inhibitor has 

been shown to be a plausible pathway in a recent QM/MM study.342 The presence of the nearby 

histidine residue in CPs like the Mpro makes a direct proton transfer to the substrate unlikely, 

although this has been suggested for the CP Cruzain, with a proton transfer occurring directly 

from the catalytic cysteine to the substrate scissile nitrogen.343 This investigation by Arafet et 

al. into Cruzain-catalysed proteolysis also suggested that competing mechanistic pathways may 

exist with the dyad in either the neutral or zwitterionic state on substrate binding.343 
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It is important to understand the preferred protonation state of the dyad in the enzyme-

reactant complex, as this affects understanding of how the mechanism proceeds, and is vital in 

aiding the development of potential Mpro inhibitors. Consequently, in this Chapter, the proton 

transfer that occurs between the catalytic dyad in the active site of the SARS-CoV-2 Mpro with 

the N-terminal natural substrate TSAVLQ↓SGFRK316 bound is investigated. This substrate was 

chosen due to the availability of a crystal structure of TSAVLQ↓SGFRK bound to the SARS-

CoV Mpro H41A mutant (PDB 2Q6G)344 from the SARS outbreak in 2003. Along with 

investigating the catalytic dyad, the importance of additional active site protonation states is 

explored, in particular that of the conserved residue His163, which is in close proximity to that 

dyad and assists in substrate binding (Figures 5.1B & 5.3). Crystal structure analysis and MD 

simulations of the SARS-CoV Mpro have suggested changes in the protonation states of the 

histidine residues that surround the catalytic dyad affect the enzymatic activity,345,346 and could, 

therefore, affect the relative stabilities of the neutral and zwitterionic states. His163 is important 

in the specificity of both the SARS-CoV and SARS-CoV-2 Mpro, as it forms important hydrogen 

bonding interactions with the sidechain of the P1 Gln substrate residue,345 which is conserved 

across all substrate sequences recognised by the SARS-CoV-2 Mpro. MM MD simulations and 

Figure 5.4. Interactions between the N-terminal substrate TSAVLQ↓SGFRK and the active site of 
the SARS-CoV-2 Mpro. Only interactions are shown between the enzyme and the two residues P1 
Gln and P1’ Ser around the cleavage site.  
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QM/MM umbrella sampling simulations have been used to determine the most energetically 

stable state of the dyad and the most likely protonation state of His163. 

 

5.2 Modelling and simulation methods 

A homology model was constructed of the N-terminal natural substrate 

TSAVLQ↓SGFRK bound to the SARS-CoV-2 Mpro using the program MODELLER280 (further 

discussed in section 5.3.1 of this Chapter). Crystal waters were conserved, and hydrogens were 

added in silico. Protonation states of titratable residues were assigned using PROPKA3347, and 

the hydrogen bonding network was subsequently optimised using the protein preparation tool 

in Maestro,242 part of the Schrodinger suite of programmes. Neutral and zwitterionic catalytic 

dyad models were prepared for the three possible protonation states of His163, resulting in six 

systems: protonation at 𝛿𝛿N only, protonation at εN only, and both nitrogen atoms protonated. 

His41 was treated as N𝛿𝛿-protonated in the neutral state of the dyad. Pavlova et al. have also 

reported this to be the preferred protonation state for apo and N3 inhibitor-bound Mpro based on 

MD studies.348 The FF14SB force field243 was used to describe the protein and substrate. A 

solvation shell of TIP3P284 water molecules was created 5 Å around the protein using the 

SOLVATE program.283 Further solvation of the six systems was added by construction of a 

truncated octahedral cell of TIP3P water using tleap in the AmberTools19 suite of programs,349 

with 10 Å distance from the initial solvation cell to the edge of the box, giving a total of 

approximately 29,000 water molecules. Na+ and Cl– ions were added randomly throughout the 

solvent with a concentration of 0.1 M NaCl. 

Each system was energy minimised, firstly by restraining the protein and allowing 

relaxation of the solvent and ions. This was followed by a minimisation restraining only the 

backbone atoms, a further minimisation restraining only Cαs, and a final minimisation 

allowing the full system to relax. Each minimisation included 1000 steps of steepest decent, 

followed by 10,000 steps of conjugate gradient minimisation. The systems were then heated 

by increasing the temperature to 310 K over 100 ps. Langevin dynamics was used with a 

collision frequency of 5 s–1, and backbone atoms were restrained with a force constant of 5 

kcal mol−1 Å−2. SHAKE was used to restrain bonds to hydrogen atoms. A timestep of 2 fs was 

used throughout. NPT equilibration was then carried out for a total of 9 ns, slowly releasing 

backbone restraints, with a Monte Carlo barostat maintaining the pressure at 1.01325 bar. Three 
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repeat simulations of 250 ns of production MD were carried out on each of the six systems 

using the pmemd.cuda code in AMBER18 from the AMBER suite of programs.206. 

 

The following QM/MM protocol was followed to carry out umbrella sampling 

simulations of the proton transfer (PT) between Cys145 and His41. The QM region consisted 

of the sidechains of Cys145 and His41. All simulations were performed using the sander.MPI 

code in AMBER18. The reaction coordinate was defined as the difference between the S-H 

and N-H distances and was restrained with a force constant of 50 kcal mol–1 Å–2. The reaction 

coordinate describing the proton transfer was varied between –1.0 Å and 1.0 Å in steps of 0.1 

Å, where a value of –1.0 Å denotes the neutral catalytic dyad and a value of 1.0 Å denotes 

zwitterionic catalytic dyad. The proton transfer reaction coordinate was followed in the 

forwards and reverse directions, with starting snapshots selected from MD trajectories of the 

neutral and zwitterionic catalytic dyad respectively, to ascertain if hysteresis affects the free 

energy surface for PT. A total of 100 ps of sampling at the DFTB3/MM level of theory was 

carried out in each reaction coordinate window, but the first 25 ps of sampling was treated as 

equilibration and discarded. Further backwards and forwards runs of 5 ps of sampling per 

window was carried out at the ωB97X-D/6-31G(d)/MM level of theory for the HIE163 

structure.   

 
 

5.3 Results and Discussion 

5.3.1 Homology modelling 

At the time the work in this Chapter was carried out, no crystal structures of the SARS-

CoV-2 Mpro with a natural substrate bound were available, and therefore the structure was built 

using homology modelling. Starting from the crystal structure of the N-terminal substrate 

TSAVLQ↓SGFRK bound to the SARS-CoV Mpro H41A mutant (PDB 2Q6G)344, the protein 

sequence was mutated to that of the SARS-CoV-2 Mpro dimer using the automodel routine in 

MODELLER280, fixing all other residues. Homology modelling was considered appropriate, as 

there are only 13 sequence differences between the two proteins.  

Figure 5.4. Molecular PDF (molpdf)280 and discrete optimised protein energy (DOPE)351 scores for 
homology models (A) including the structure of the SARS-CoV-2 Mpro and (B) not including the 
structure of the SARS-CoV-2 Mpro. 100 structures are plotted for each model. The ringed structures are 
those chosen for testing. 
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 Homology models were constructed with and without imposing symmetry of the dimer, 

and with and without a known structure of the SARS-CoV-2 Mpro apo-enzyme (PDB 6YB7)350. 

100 structures were generated for each model and scored using the MODELLER molecular 

PDF (molpdf) and discrete optimised protein energy (DOPE) scoring functions (Figure 5.4). 

The molpdf score is an inbuilt MODELLER scoring function and is calculated by summing all 

system restraints.280 The DOPE score is an atomic distance-dependent statistical potential used 

to evaluate the quality of a homology model.351 Two structures were chosen for testing with the 

lowest DOPE scores (Figure 5.4, ringed), both of which had enforced symmetry of the dimer, 

but one model used the known structure of the SARS-CoV-2 Mpro, whereas the other used 

only the structure of the SARS-CoV Mpro. The models were evaluated using protein and 

substrate RMSDs to determine the most appropriate model to use for reactivity modelling. 

Figure 5.5. Cα RMSDs of the (A) protein and (B) substrate from MM MD simulations of the two 
models taken from the homology modelling for testing. The purple lines represent the model using the 
structure of the SARS-CoV-2 Mpro (SC2) and the yellow lines are that of the model using the structure 
of the SARS-CoV Mpro (SC). 
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The C-α RMSDs for the protein for three repeat MD simulations of 200 ns were 

significantly higher for the model using only the SARS-CoV Mpro structure than the model that 

used the SARS-CoV-2 Mpro structure (Figure 5.5A). In addition, a spontaneous substrate 

unbinding event was observed during MD simulations of the model using the SARS-CoV Mpro 

structure (Figure 5.5B). Therefore, the homology model generated using enforced symmetry 

of the Mpro dimer and the SARS-CoV-2 Mpro structure was used for all following reactivity 

simulations.  

 

5.3.2 Modelling the catalytic dyad proton transfer  

Understanding the mechanism of sulfur activation in Cys145 of the catalytic dyad, and 

how the surrounding active site residues and substrate affect this activation, is vital in 

understanding how the SARS-CoV-2 Mpro hydrolyses a natural substrate. Therefore, the proton 

transfer between Cys145 and His41 in the substrate-bound SARS-CoV-2 Mpro has been studied 

to investigate the likely initial protonation state of the catalytic dyad upon substrate binding. 

The effect on the dyad of the neighbouring residue His163 has also been investigated. In crystal 

structures of the Mpro, His163 forms interactions with Tyr161, Phe140 and the sidechain of the 

P1 Gln residue.344 With its close proximity to the dyad, the protonation state of His163 could 

affect the stability of the active site during PT and consequently the relative stabilities of the 

neutral and zwitterionic dyad. The system setup protocol used in this Chapter resulted in 

assignment of a Nδ-protonated His163 and a flipping of the sidechain with optimisation of the 

hydrogen bonding network. However, using the PDB2PQR program352 with PROPKA3.1347 

resulted in Nε-protonation of His163 with no sidechain reorientation. It is, therefore, also 

important to investigate the most likely protonation state of His163 as the assignment is 

ambiguous and dependent on setup protocol. Three protonation states were considered for the 

initially flipped His163 sidechain: (i) Nδ-protonated neutral, or “HID”; (ii) Nε-protonated 

neutral, or “HIE”; and (iii) both Nδ and Nε-protonated positively charged, or “HIP”, using the 

AMBER force field residue naming scheme.243 MD simulations for both the neutral and 

zwitterionic dyad with all three His163 protonation states along with umbrella sampling 

simulations of both the forwards (starting at the neutral dyad) and backwards (starting at the 

zwitterionic dyad) proton transfer reactions at the DFTB3/MM level of theory were carried out 

for each His163 protonation state. An additional free energy profile at the ωB97X-D/6-
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31+G(d)/MM level of theory was calculated for the most likely His163 protonation state. Free 

energy profiles, RMSDs, RMSFs and important active site interactions were used to determine 

the preferred resting state of the catalytic dyad with a substrate bound, and the most likely 

protonation state of His163. 

 

The DFTB3/MM free energy profiles for all three His163 protonation states showed 

the catalytic dyad to be slightly more stable in the neutral form when the substrate is bound. 

The combined free energy barriers for the proton transfer were 2.5 kcal mol–1, 2.6 kcal mol–1 

and 2.4 kcal mol–1 for HIE163, HID163 and HIP163 respectively. However, all three His163 

protonation states gave free energy profiles that showed significant hysteresis, with the neutral 

catalytic dyad being preferred in all forward energy profiles, and the zwitterionic state being 

preferred in backward energy profiles (Figure 5.6).  

 

 

Hysteresis effects are common in simulations of proton/charge transfer,353 and reflect 

the fact that the simulation is effectively biased towards the starting structure. The hysteresis 

is likely to arise from different conformations adopted by the dyad, and the interactions it forms 

with the surrounding active site residues. In unrestrained MD simulations of the neutral dyad 

with all three His163 protonation states, a free rotation of the Cys145 sidechain was observed. 

Cys145 displayed two distinct conformations; a 'close' conformation where the Cys145 

sidechain was around 3.5 Å away from the scissile carbon, and an 'away' conformation where 

the sidechain was around 5 Å away from the scissile carbon (Figure 5.7A). The Cys145 

Figure 5.6. Forwards, backwards and combined DFTB3/MM free energy profiles of the proton transfer 
between Cys145 and His41 with His163 protonated as (A) HIE, (B) HID, and (C) HIP. The combined 
free energy barriers were 2.5 kcal mol

–1, 2.6 kcal mol
–1 and 2.4 kcal mol

–1 respectively. The reaction 
coordinate value of –0.7 Å corresponds to the neutral catalytic dyad and the reaction coordinate of 1.0 
Å to the zwitterionic catalytic dyad. 
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sidechain displayed similar behaviour in MD simulations with the zwitterionic dyad. However, 

the average SCys145 – CP1Gln distance for the close conformation was slightly longer than that seen 

in MD simulations of the neutral dyad (Figure 5.7B). This was due to the additional 

stabilisation of the thiolate from the P1’ Ser NH backbone and sidechain, and, in some cases, 

solvation by water molecules that diffused into the active site.  Furthermore, the positively 

charged His41 rotated away from the substrate and Cys145 in MD simulations of the 

zwitterionic dyad, predominantly with HIE163 (Figure 5.7D). This was due to the P1’ Ser 

sidechain forming hydrogen bonds with Cys145 and the additional solvent that had diffused 

into the active site. These additional interactions resulted in a less reactive conformation of the 

thiolate than of the thiol as the thiolate was no longer oriented for facile nucleophilic attack of 

the scissile carbon, suggesting the dyad is more likely to be stable in the neutral form before 

reacting and that the zwitterionic dyad state may only be transient. 

 



 

 117 

 

 

These different conformations of the Cys145 sidechain may also explain the hysteresis 

effects seen in the proton transfer free energy profiles. For all three His163 protonation states, 

the forward umbrella sampling proton transfer trajectories (neutral to zwitterionic) showed the 

Cys145 thiolate to be stabilised solely by interactions with the positively charged His41 (Figure 

5.9). As a result, during proton transfer, the thiolate adopted the away conformation in the case 

of all three His163 protonation states, giving a poor orientation for subsequent nucleophilic 

attack (Figure 5.8A). This supports the suggestion of a transient zwitterionic state, with a 

concerted proton transfer and simultaneous nucleophilic attack of the thiolate onto the scissile 

amide carbon being more likely than a stepwise mechanism. A transient zwitterionic dyad is 

also consistent with work by Swiderek et al. where QM/MM simulations of the catalytic 

mechanism of the Mpro at the M06-2X/6-31+G(d,p):AM1-d/MM level of theory revealed a 

concerted first step to the mechanism.354  

 

Visual inspection of the zwitterionic dyad MD simulations showed additional 

stabilisation of the Cys145 thiolate in the backwards proton transfer trajectories. In the case of 

HID163 and HIP163, the thiolate was stabilised mostly through interactions with the doubly 

protonated His41 and the δN proton of His163, with additional transient interactions from the 

P1 Gln NH backbone group. With HIP163, the thiolate was not solvated, whereas HID163 

Figure 5.7. Active site distances during MM MD simulations of the Mpro. The plots show the 
distribution of the distance between the scissile carbon and Cys145 sulfur with (A) a neutral dyad and 
(B) a zwitterionic dyad; and the distribution of the distance between the dyad in its (C) neutral form 
and (D) zwitterionic form. 

Figure 5.8. Evolution of the distance between the Cys145 sulfur and scissile carbon throughout the 
(A) forwards proton transfer trajectories, and (B) backwards proton transfer trajectories for all three 
His163 protonation states from DFTB3/MM umbrella sampling simulations. 
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resulted in a thiolate solvation number of 0.5. With HIE163, the additional thiolate stabilisation 

came from a more transient interaction with the doubly protonated His41 and the hydroxyl 

sidechain of the P1’ Ser residue, an interaction also observed in simulations of the zwitterionic 

dyad by Ramos-Guzmán et al.355. The rotation of the P1’ Ser side chain to interact with the 

thiolate caused conformational shift of the substrate that resulted in a partial unbinding of the 

substrate P2’-5’ residues. In addition, this caused an increase in the Cys145 thiolate solvation 

number to 1.29. This additional thiolate stabilisation resulted in the Cys145 sulfur remaining 

in the close conformation during the backwards proton transfer trajectories, in contrast to the 

away conformation seen in the forwards proton transfer trajectories. The additional 

stabilisation also resulted in a less reactive conformation of the dyad, with the thiolate no longer 

pointing towards the scissile carbon (Figure 5.10), suggesting that the neutral form of the dyad 

is the more energetically favourable state. 

 

In addition to determining the most likely protonation state of the dyad, these results 

reveal how HIE is the most likely protonation state of His163. In MD simulations of the neutral 

dyad with HIE163 and HIP163, the close conformation of Cys145 was preferred (Figures 5.7A 

and 5.7C). In contrast, MD simulations with HID163 showed a preference for Cys145 to 

occupy the away (Figure 5.8B), and therefore less reactive, conformation. In addition, HID163 

did not form a hydrogen bond with the P1 Gln sidechain. This altered the active site hydrogen 

bonding network and resulted in greater flexibility of the His41 sidechain (Figure 5.11A), and 

a more transient hydrogen bond to form between the dyad. Furthermore, in MD simulations 

with both HID163 and HIP163, the increase in His41 flexibility caused a flip of the imidazole 

ring sidechain, resulting in the deprotonated Nε pointing away from the scissile N, and so 

forming a less reactive dyad conformation.  

Figure 5.9. Interactions formed with the Cys145 thiolate in the forwards trajectories with (A) HIE163, 
(B) HID163 and (C) HIP163. Dotted lines represent hydrogen bonding interactions and the distance 
(in Angstroms) between the sulfur and the scissile carbon. All three figures show the “away” 
conformation of Cys145. 
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The zwitterionic state with HID163 was less energetically stable with respect to the 

neutral state than the zwitterionic states with HIE163 and HIP163. This was due to a different 

orientation of the His163 sidechain in MD of the zwitterionic dyad and therefore the backwards 

proton transfer trajectory. This resulted in loss of the N𝛿𝛿-H hydrogen bond with Tyr161 and 

its π-π stacking interaction with Phe140 observed in the crystal structure, suggesting that a 𝛿𝛿-

protonated His163 is unlikely (Figure 5.12). Maintaining the π-π stacking interaction with 

Phe140 is important for both maintaining active site structure and in forming the homodimer.356 

The Mpro has been shown as catalytically active only when in a dimeric form, due to the collapse 

of the pocket that interacts with the P1 Gln substrate residue in the monomeric form.357 A doubly 

protonated His163 also resulted in a loss of both of these interactions in both the forwards and 

the backwards proton transfer trajectories, whereas HIE163 did not (Figure 5.12). Despite both 

HIP163 and HIE163 giving similar proton transfer free energy profiles, the loss of these 

interactions suggests a doubly protonated His163 to also be unlikely. These QM/MM results 

suggest, therefore, an N𝜀𝜀 protonated neutral His163 is most likely. Along with conserving these 

interactions with Tyr161 and Phe140, an Nε protonated His163 also formed a hydrogen bond 

with the P1 Gln sidechain, an interaction not observed in proton transfer trajectories with 

HID163 and HIP163. 

Figure 5.11. RMSFs of active site residues from MM MD simulations of the Mpro. Residues shown are 
His41, Phe140, Cys145, Tyr161, His163, His164 and the substrate residues around the cleavage site. 
(A) RMSFs from simulations of the neutral catalytic dyad. (B) RMSFs from simulation of the 
zwitterionic catalytic dyad. 

Figure 5.10. Interactions formed with the Cys145 thiolate in the DFTB3/MM umbrella sampling 
backwards trajectories with (A) HIE163, (B) HID163 and (C) HIP163. Dotted lines represent 
hydrogen bonding interactions and the distance (in Å) between the sulfur and the scissile carbon. All 
three figures show the “close” conformation of Cys145. 
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These results show how the conformation of the dyad is sensitive to the hydrogen 

bonding network in the active site. MD simulations have also shown how His163 is able to 

rotate, with the side chain of HIE163 flipping back to the crystal structure conformation during 

equilibration and the sidechain rotation also being observed in MD simulations with HID163 

and HIP163. HIE was the only protonation/tautomeric state of His163 that preserved all 

important active site interactions and the reactive conformation of His41 for the neutral dyad 

and showed the lowest RMSF for all active site residues (Figure 5.11A). This suggests that 

HIE (neutral) is the most likely protonation state of His163 and that the catalytic dyad is most 

likely to be neutral on substrate binding.  
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A QM/MM study of the proton transfer between the dyad in the SARS-CoV Mpro by 

Paasche et al. showed how the natural substrate facilitates the formation of the zwitterionic 

dyad form, in comparison to the apo and inhibitor-bound enzymes.358 However, the neutral form 

was still the preferred form of the resting state, in agreement with the results in this Chapter. 

This is also in agreement with a pKa study of the SARS-CoV Mpro that showed enzyme activity 

consistent with an uncharged, or neutral, enzyme resting state.319 A preference for the Mpro to 

react directly from the neutral state of the catalytic dyad, as suggested by these results, is 

thought to be unusual for CPs: previous computational studies of CP reactivity suggested that 

the zwitterionic dyad form is, in fact, the more energetically preferred resting state.327–333 An 

investigation into the reaction of Papain by Fekete et al. using the ONIOM method237 showed 

how solvation of the dyad meant the zwitterion form is more stable than the neutral form.359 

This was also suggested by Mladenovic et al., who reported the importance of complex 

hydrogen bonding network in the active site for stabilising the zwitterionic dyad from MM MD 

simulations and ONIOM-type QM/MM potential energy scans.360 Their MD simulations of the 

zwitterionic dyad showed additional solvation of the Cys145 thiolate compared to the thiol. 

However, this additional solvation was shown to disrupt the hydrogen bonding network, 

causing a rotation in His41 to form an unreactive conformation. This lends further support to 

the concerted dyad proton transfer/nucleophilic attack initial step of the SARS-CoV-2 Mpro 

reaction and a neutral dyad resting state. 

 

Figure 5.12. Presence of the π-π stacking interaction between His163 and Phe140 during MM MD 
simulations of the neutral (N) and zwitterionic (Z) dyad with all three His163 protonation states. The 
interaction was considered present when the angle between the normal vectors of the plane of the 
rings was >30° and the distance between the centre of the two rings was >4.5Å. 
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Recent QM/MM reactivity studies of the SARS-CoV-2 Mpro have presented conflicting 

mechanistic pathways for the reaction step that includes the formation of the zwitterionic dyad, 

showing the zwitterion to form at different stages in the reaction. Modelling the reaction at the 

M06-2X/6-31+G(d,p):AM1-d/MM level of theory, Swiderek et. al., found a proton transfer in 

the dyad to be concurrent with the nucleophilic attack on the scissile carbon.354 In contrast, 

Ramos-Guzmán et. al. found that the proton transfer between the dyad occurs to form a 

zwitterionic intermediate before the nucleophilic attack occurs, while modelling the reaction at 

the B3LYP-D3/6-31+G(d)/MM level of theory.361 These differences in the mechanistic 

pathways are likely due to the limitations of QM method. The choice of QM method when 

modelling a proton transfer has been shown to be critical, with inclusion of electron correlation 

in any DFT or semiempirical method vital in correctly describing the thermodynamics and 

kinetics of a reaction.103,362 However, ab initio methods such as coupled cluster that provide high 

levels of accuracy require a large amount of computational power and therefore density 

functional theory (DFT) methods are often used as a practical alternative, with M06-2X, 

B3LYP and the range-corrected hybrid density functional ωB97X-D showing similar 

performance in prediction of proton transfer energy barriers.103 These functionals, however, 

show varying accuracy when modelling sulfur reactivity. Although B3LYP has been widely 

used to model the reactivity of CPs and other cysteine-containing enzymes, it has known 

limitations in modelling charge transfer reactions363 due to delocalisation error in the exchange-

correlation functional364–366 that leads to artificial stabilisation of delocalised systems such as a 

thiolate anion. This overstabilisation could explain the zwitterionic intermediate observed in 

by Ramos-Guzmán et al.. Density functionals such as ωB97X-D have addressed the 

delocalisation error seen when using B3LYP through range separation of the Coulomb 

functional.367–370 Due to the high proportion of exact exchange, M06-2X functional has also been 

shown to give more accurate results when modelling sulfur371, lending further support for the 

transient zwitterionic dyad presented by Swiderek et al.354. 

 

The semiempirical method DFTB3 was used to calculate free energy profiles in this 

Chapter due to its speed and relative accuracy for simple proton transfer reactions, allowing 

for long sampling times in umbrella sampling MD simulations.121,372 However, DFTB3 is known 

to overestimate the proton affinity of methylimidazole (equivalent to a histidine sidechain) by 

7.2 kcal mol–1.372 The DFTB3/MM method will, therefore, overstabilise the zwitterionic state 

relative to the neutral state in the free energy profiles. To investigate this overstabilisation, the 
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forwards and backwards proton transfer reactions with a Nε protonated His163 was modelled 

at the ωB97X-D/6-31+G(d)/MM level of theory.  

 

 The combined free energy profile at a higher level of theory again showed significant 

hysteresis, with stabilisation interactions with the Cys145 thiolate consistent with those seen in 

the forwards and backwards trajectories with HIE163 at the DFTB3/MM level of theory 

(Figure 5.13A). However, in contrast to the DFTB3/MM free energy profile, the combined 

ωB97X-D/6-31+G(d)/MM profile did not give a stable energy minimum in the zwitterionic 

state. Instead, the zwitterionic dyad state formed a shoulder in the energy profile at 

approximately 9.5 kcal mol–1 above the neutral state (Figure 5.13A). This shoulder was 9.1 kcal 

mol–1 higher in energy than the zwitterionic minimum from the combined DFTB3/MM free 

energy profile (Figure 5.13B). Additional overstabilisation of the zwitterionic dyad by DFTB3 

could be due to the same problem of self-interaction seen with density functionals such as 

B3LYP, explaining the larger than expected difference between the ωB97X-D and DFTB3 

zwitterionic states. These results, therefore, confirm that the neutral dyad state is the most 

energetically stable E-S complex to the Mpro, and that the mechanism is likely to proceed via a 

concerted step involving the proton transfer between the dyad and the nucleophilic attack of 

Cys145 on the scissile carbon. 

 

 

Figure 5.13. Free energy profiles of the proton transfer between the catalytic dyad of the SARS-CoV-
2 Mpro. (A) Forwards, backwards and combined profiles at the ωB97X-D/6-31+G(d)/MM level of 
theory. (B) Comparison of the combined profiles at the ωB97X-D/6-31+G(d)/MM and DFTB3/MM 
levels of theory.   
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5.4 Conclusions 

 Since the emergence of the SARS-CoV-2 virus in late 2019, investigation into the 

proteolysis mechanism of the SARS-CoV-2 Mpro has become a research area of high interest. 

How the nucleophilic cysteine is activated and when this occurs during the reaction is vital in 

understanding how the mechanism proceeds. In this Chapter, the proton transfer between 

Cys145 and His41 of the catalytic dyad has been studied using MM MD simulations and 

QM/MM umbrella sampling simulations. A homology model of the SARS-CoV-2 Mpro was 

constructed from the SARS-CoV Mpro bound to an N-terminal substrate.  

 

MD simulations revealed how the neutral dyad resulted in a more stable active site and 

a more reactive conformation. Free energy profiles at the DFTB3/MM level of theory showed 

the zwitterionic dyad to be slightly less energetically stable than the neutral dyad. In addition 

to the proton transfer between the dyad, the protonation state of His163, a residue important 

for substrate binding and in close proximity with the dyad, was also investigated. The results 

showed how His163 is most likely to be protonated at the Nε. In this protonation state, the 

hydrogen bonding interactions with the P1 Gln substrate sidechain and Tyr161, along with the 

π-π stacking interaction with Phe140, were maintained. This was not the case in simulations 

with a Nδ-protonated and doubly protonated His163, where large fluctuations in active site 

structure were observed. It is interesting to note how the Maestro setup protocol was ineffective 

at predicting the correct protonation state of His163, despite predicting the correct histidine 

protonation states in previous Chapters in this thesis. This has important implications in 

simulations carried out using a setup protocol involving the Schrödinger suite of tools.  

 

Free energy profiles of the proton transfer between the dyad were also calculated at the 

ωB97X-D/6-31+G(d)/MM level of theory. These profiles agreed with the DFTB3/MM free 

energy profiles in that the most energetically stable state of the dyad was the neutral form. 

However, the higher-level free energy profile did not show a stable energy minimum for the 

zwitterionic dyad, instead showing a shoulder at around 9.5 kcal mol–1 higher in energy than 

the neutral dyad, due to overstabilisation of the zwitterionic dyad by DFTB3. Therefore, the 

proteolysis reaction that occurs in the active site of the Mpro is likely to proceed with proton 

transfer between the dyad and nucleophilic attack of the scissile carbon. These results have 

direct implications for the development of new antiviral drugs,373,374 with covalent inhibition 
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targeting the reactive cysteine of particular interest, and may be useful in further understanding 

the chemical mechanisms and diversity of cysteine proteases.  
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Chapter 6  

Conclusions, further work, and outlook 

 

 
 
 

The aim of this thesis was to use computational modelling to investigate how the L1 

metallo-β-lactamase (MβL), insulin-regulated aminopeptidase (IRAP) and SARS-CoV-2 main 

protease (Mpro) enzymes catalyse their respective reactions. All three enzymes catalyse the 

hydrolysis of an amide/peptide bond but vary in how the reactions occur due to distinct 

differences in active site structure and, of course, evolutionary purpose. This final chapter 

contains brief conclusions and further work proposals for each of the three projects in this 

thesis, along with a wider outlook on the field of biomolecular modelling. 

 

6.1 L1 reactivity 

L1 is a binuclear zinc hydrolase that catalyses the hydrolysis of the small molecule β-

lactam antibiotics. The work in this thesis investigated the L1-catalysed hydrolysis of 

faropenem and ertapenem. In the enzyme-substrate (E-S) complexes, DFTB3/MM MD 

simulations showed that the zinc-bridging nucleophile is likely to exist as a hydroxide ion, and 

the substrates bind to the Zn2 site via the C3 carboxylate group, displacing the apical water 

molecule present in the active site of unliganded L1.147 B3LYP/MM MD and umbrella sampling 

simulations showed that the hydrolysis reactions of faropenem and ertapenem proceed via a 

stable tetrahedral intermediate. This intermediate was not stable at the DFTB3/MM level, 

indicating the importance of considering the level of QM theory when simulating MβL 

reactivity. The tetrahedral intermediate can also be used to suggest improvements to potential 
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intermediate-analogue inhibitors of MβLs, a particular example of which is discussed in 

Chapter 3.  

 

The zinc-bridging hydroxide ion is stabilised by a hydrogen bond to the zinc-bound 

aspartate residue Asp120. After formation of the tetrahedral intermediate, Asp120 deprotonates 

the newly formed hemiketal species concurrent to the C-N bond cleavage/ring opening step, 

forming, and stabilising, the intermediate E-I. The protonation of E-I can occur to form either 

the imine or enamine tautomers. A combination of crystallography and DFTB3/MM MD 

simulations of the L1:β-lactam complexes showed the formation of the imine tautomers to be 

most likely, although the mechanism via which protonation occurs remains unknown. 

Faropenem and ertapenem were observed to adopt different binding modes in their 

corresponding crystal structures when complexed with L1. DFTB3/MM umbrella sampling 

simulations of the dihedral rotation that interconnects these two binding modes suggests they 

may represent a potential unbinding and rebinding event, as a dihedral rotation is likely to be 

energetically unfeasible.  

 

 To gain further understanding of the L1-catalysed hydrolysis mechanism, additional 

simulations of E-I protonation could be carried out to determine a likely reaction pathway to 

E-P formation. As discussed in Chapter 2, there are several possible pathways to the formation 

of E-P, including the formation of either the imine (via protonation on either face of the ligand) 

or enamine tautomers, and a possible dihedral rotation of the C6 group. The source of the proton 

for the protonation of E-I is still disputed,219 with a high likelihood that the source differs 

depending on both the enzyme and β-lactam.375 For the hydrolysis of faropenem and ertapenem, 

electron density maps of the crystal structures of L1 complexed with faropenem185 and 

ertapenem (Chapter 2)157 show the most likely form of the hydrolysed β-lactams is the (2S)-

imine tautomer. Therefore, possible pathways for further exploration include protonation of C2 

via a water molecule that has diffused into the active site, and self-protonation via the 

protonated Asp120. Simulations in Chapter 2 revealed that both Asp120 and the C6 carboxylate 

were likely to be deprotonated in both E-P complexes, suggesting Asp120 to be a potential 

proton source for E-P formation.  
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6.2 IRAP reactivity 

IRAP is a mononuclear zinc peptidase that catalyses the hydrolysis of the N-terminal 

peptide bond of several neuropeptides including oxytocin. In contrast to L1, the nucleophile is 

a zinc-activated water molecule, which is stabilised by two active site glutamate residues, 

including the catalytic Glu465, that are not bound to the zinc ion. Angiotensin IV (Ang IV) is 

a linear neuropeptide that inhibits IRAP. DFTB3/MM MD simulations showed that Ang IV 

forms more interactions than oxytocin with the active site of IRAP, which induced differences 

in the hydrogen bonding network around the binding pocket, resulting in an observable 

difference in the preferred conformation of Glu465 in the E-S complexes. The preferred 

Glu465 conformation induced by Ang IV is likely to be less reactive due to the proximity of 

the scissile nitrogen to the Glu465 carboxylate oxygen that deprotonates the water molecule.  

 

DFTB3/MM and B3LYP/MM umbrella sampling simulations showed that IRAP 

hydrolyses oxytocin through a concerted deprotonation of the water molecule by Glu465 and 

nucleophilic attack of the scissile carbon to form a tetrahedral intermediate. In contrast to the 

hydrolysis of oxytocin, DFTB3/MM umbrella sampling simulations showed that the 

IRAP:Ang IV complex did not form a stable intermediate. However, additional unrestrained 

B3LYP/MM MD simulations showed that the IRAP:Ang IV complex can form a stable 

intermediate. However, in doing so, the conformation of the scissile bond was such that no 

facile proton transfer could occur from the protonated Glu465 to the scissile nitrogen. Hence, 

the reaction is unlikely to proceed from this conformation. 

 

B3LYP/MM MD simulations of the IRAP E-I complexes showed that the hydrolysis 

of oxytocin and Ang IV resulted in different conformations of E-I. The IRAP:oxytocin E-I 

conformation was better oriented to facilitate the next step of the reaction to form E-P than the 

IRAP:Ang IV complex, with the hypothesis raised that Ang IV could remain ‘stuck’ in this 

intermediate structure and therefore not be able to react further. Reactivity simulations of the 

formation of E-P for both oxytocin and Ang IV could reveal if the IRAP:Ang IV E-I 

conformation prevents the reaction from proceeding. DFTB3/MM umbrella sampling 

simulations and B3LYP/MM MD simulations suggested that the difference in reactivity 

between Ang IV and oxytocin could be due to the steric bulk of the Ang IV terminal valine 

residue sidechain in contrast to the scissile cysteine of oxytocin. To explore this hypothesis, 

the valine residue could be mutated to an alanine residue, with QM/MM reactivity simulations 
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carried out to discover if the mutation has an effect on the structure of E-I. Another potential 

reason for differences in the reactivity of Ang IV and oxytocin is the electrostatic environment 

of the scissile bond. This could be tested by mutating the N-terminal valine residue of Ang IV 

to a cysteine residue to test the effects of electrostatics on the reactivity. In developing an IRAP 

peptide inhibitor, Axen et al. showed a reduction in the inhibitor Ki value when the valine 

residue was mutated to a cysteine residue,376 suggesting the terminal valine residue may be 

integral to Ang IV binding to IRAP. Their inhibitor, however, did contain a disulfide bridge, 

meaning that the constraint on the binding conformation could be contributing factor to a lower 

Ki value as well as an electrostatic effect.  

 

IRAP is known to exist as a membrane-bound protein.149 However, in Chapter 4, 

simulations have been carried out on only the extracellular domain of IRAP. The observation 

of stable reaction intermediates and energetically feasible free energy barriers to reaction 

suggests that hydrolysis happens independent of the membrane, with the membrane possibly 

only serving the function of anchoring IRAP to the surface of the cell. A previous investigation 

into the effect of a membrane on the reactivity of cytochrome P450 enzymes has shown it is 

possible for the membrane to have little effect on the catalytic activity of the enzyme.377 Possible 

further work could be to investigate the effect of the enzyme on IRAP reactivity with 

simulations including the transmembrane domain and in the presence of a membrane.  

 

 

6.3 SARS-CoV-2 Mpro reactivity 

 In contrast to both L1 and IRAP, the SARS-CoV-2 Mpro is a cysteine protease that 

catalyses the hydrolysis of multiple polypeptide chains, which form the proteins that make up 

the SARS-CoV-2 virus. This work was carried out in response to the 2020 COVID-19 

pandemic. The Mpro active site contains a cysteine-histidine catalytic dyad, Cys145 and His41, 

with the initial step of the reaction involving the proton transfer from Cys145 to His41. The 

nearby active site histidine residue His163 is close enough to impact the preferred resting state 

and forms a hydrogen bond with the sidechain of the natural substrate scissile glutamine 

residue. MM MD simulations and DFTB3/MM umbrella sampling simulations showed that the 

resting protonation state of His163 is likely to be Nε-protonated, due to conservation of 

important interactions observed in Mpro crystal structures,317,378 including π-π stacking with 

Phe140 and hydrogen bonding to the scissile glutamine sidechain. DFTB3/MM and ωB97X-
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D/MM umbrella sampling simulations showed the preferred resting state of the catalytic dyad 

to be the neutral state, with the zwitterionic state only forming a shoulder on the proton transfer 

free energy profile. 

 

To further understand the effect of the neutral and zwitterionic catalytic dyad on the 

catalytic mechanism of the Mpro, simulations of a concerted dyad proton transfer and 

nucleophilic attack step could be carried out from the neutral dyad at the ωB97X-D/6-

31+G(d)/MM level of theory, and the results compared with those obtained by Swiderek et al. 

at the M06-2X/6-31+G(d,p):AM1-d/MM level of theory.354 These simulations would further 

confirm if the most likely reaction pathway is indeed a concerted proton transfer between the 

dyad and nucleophilic attack of the cysteine on the scissile carbon. Paasche et al. showed a 

difference in preferred protonation states for the SARS-CoV Mpro that depends on whether a 

natural substrate or a ligand is bound to the active site.358 Using B3LYP/MM potential energy 

scans, Paasche et al. showed that the relative free energy of the zwitterionic dyad state was 

approximately 6 kcal mol–1 lower with a natural substrate bound than with an inhibitor bound. 

Interestingly, they also found that, with a natural substrate bound, the zwitterionic state only 

formed a shoulder on the potential energy surface when the natural substrate was bound, in 

agreement with the results in Chapter 5 and the QM/MM simulations of the SARS-CoV-2 Mpro 

mechanism proposed by Swiderek et al..354 Paasche et al. did not, however, calculate a full free 

energy surface with explicit sampling of both the proton transfer between the dyad and the 

nucleophilic attack of the scissile carbon. Therefore, further work could be carried out to 

investigate the effect of the ligand on the preferred state of the dyad using the ωB97X-D/MM 

umbrella sampling simulation protocol as carried out in Chapter 5. This methodology would 

offer improvements over the simulations by Paasche et al. carried out using the B3LYP density 

functional, due to correction of the artificial delocalisation stabilisation by B3LYP through 

range separation of the Coulomb functional in ωB97X-D (see Chapter 5). 

 

To further explore the effect of the His163 protonation state on the catalytic dyad, 

constant pH MD (CpHMD) simulations could be carried out on the Mpro to determine the pH 

of His163. This could complement a recent study by Verma et al., who have carried out 

CpHMD simulations on both the SARS-CoV-2 and SARS-CoV Mpro apo enzymes to 

investigate the effects of protonation state changes of His172, another active site histidine 

residue.379 They showed that a doubly protonated His172 affected the hydrogen bonding 



 

 131 

network around the active site, resulting in a collapse of one of the substrate binding pockets, 

highlighting the importance in correctly identifying protonation states of active site residues.  

 

 

6.4 Outlook 

 From the first energy minimisation380 and molecular dynamics simulation381 of an 

enzyme to the development of the Chemistry Nobel prize winning QM/MM multiscale 

modelling method developed by Karplus, Levitt and Warshel,382–384 the field of computational 

enzymology has advanced beyond recognition.385 Using state-of-the-art computational tools 

widely available today, enzyme dynamics simulations can now be carried out on the timescale 

of milliseconds386 and enzyme catalytic rates calculated close to chemical accuracy.97,98 

Advances in both methodology and computational power are constantly being made, so much 

so that even as little as a year ago, full free energy surfaces modelling enzyme reactivity at the 

DFT/MM level of theory with 2-3 ps of sampling, as carried out in Chapter 3, were thought to 

be computationally unfeasible by some.203 

 

The ultimate goal of this thesis was to demonstrate how dynamics simulations of 

enzymes can be used to further our understanding of enzyme catalysis whilst exploring 

alternative ways of addressing unanswered questions. The reactivity studies of L1 and IRAP 

demonstrated that higher level QM methods are often necessary in predicting stable reaction 

intermediates, and how vital testing and benchmarking of QM methods is in producing reliable 

simulations. This work has advanced the study of L1 reactivity from SCC-DFTB/MM free 

energy profiles that predict no tetrahedral intermediate.127 Advancement has also been made 

over B3LYP/MM and PBE0/MM studies of NDM-1:meropenem and L1:nitrocefin reactivity 

respectively, which found tetrahedral intermediates but only through potential energy 

scans.234,387 Reactivity exploration through umbrella sampling simulations allowed for dynamic 

relaxation of intermediate structures and inclusion of entropy within the energy calculation. 

Inclusion of entropy gives a free energy barrier, which has an advantage over a potential energy 

barrier by being directly comparable to kinetically determined rate constants. The B3LYP/MM 

free energy profiles showed a less stabilised E-I intermediate than in the potential energy scans 

in the aforementioned works.234,387 The advantage of dynamics was also evident in the study of 

IRAP, where a different intermediate geometry was found from umbrella sampling simulations 

than cluster model geometry optimisations carried out by Svensson et al..278 Despite these 
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advancements, a serious limitation remains in that a large amount of computational power is 

still required to produce a high level of chemical accuracy. Very recent advances include the 

development of machine learning potentials, which introduce high-level QM levels of accuracy 

with a dramatic reduction in computational cost.388,389  

 

Although X-ray crystallography can be a powerful tool, drawing mechanistic 

conclusion from crystal structures alone has its limitations, including crystallisation artefacts 

and poor resolution of dynamic protein regions, such as loops, that may affect activity.390 Even 

crystal structures with resolutions as high as 1.5 Å cannot predict the position of hydrogen 

atoms, which is vital in determining protonation states of ionisable sidechains and how this 

may impact on enzyme reactivity. Although 0.8 Å resolution crystal structures have been able 

to locate hydrogen atom positions,391 protein structures with this low a resolution are rare. Using 

computational simulations to explore possible hydrogen atom positions in both L1 and the Mpro 

has shown that predicting protonation states is essential in correctly modelling active site 

conformation and reactivity. Simulation has also shown that residues not directly involved with 

the chemical reaction can play vital roles in catalysis, such as Tyr32 in L1, Ala429 in IRAP 

and His163 in the Mpro. 

 

 Although many questions have been addressed by the work in this thesis, uncertainties 

still remain regarding the reactivity of L1, IRAP and the Mpro. Using QM/MM, MD and 

umbrella sampling to continue the study of these enzymes will not only further the general 

understanding of MβL, metallopeptidase, and cysteine protease reactivity, but aid in the 

development of drug molecules that target these enzymes. 

  



Appendix 1  
 

A1.1 Kinetic data 

Table A1.1. L1 steady state kinetic data 

Substrate 
Antibiotic 
class 

[enzyme] 
(nM) 

kcat  
(s–1) 

KM  
(μM) 

kcat/KM  
(s–1/μM) 

Reference 

ertapenem carbapenem 10 23.8 (0.9) 13.9 (2.4) 1.72 Chapter 2 

faropenem penem 10 43.7 (2.7) 36.3 (8.8) 1.20 Ref 185185 

Standard errors of the mean in parenthesis (n = 3) 
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A1.2 Computational modelling 

A1.2.1 Dimer building 

The dimer was constructed from generating symmetry mates of the unbound form of 

L1 (PDB 1SML147) in the programme PyMol190 (Figure A1.1). One of the subunits was replaced 

with the structures of L1 complexed with hydrolysed faropenem (PDB 7A63)185 and hydrolysed 

ertapenem (PDB 7O0O). The active site of only one subunit was modelled as having a ligand 

bound due to a previous study on the kinetics of the L1 tetramer that found if a ligand is bound 

to one L1 active site, the other three active sites have a much lower binding affinity.392 

 

 

 

 

A1.2.2 System setup 

Hydrogens were added in silico, and the protonation states for each ligand tautomer 

were assigned manually. In the programme Maestro242 (part of the Schrödinger suite), the pKas 

of all titratable residues were calculated using PROPKA3,347 and the hydrogen bonding network 

subsequently optimised. The protonation states of active site histidine residues were checked 

to ensure the correct binding of the zinc ions in the active site. The system was then solvated 

in a truncated octahedron with > 10 Å between the protein and the box edges. A salt 

concentration of 0.15 M was added. The AMBER FF14SB force field65 was used for all 

Figure A1.1. Building a model of an L1 dimer. (A) The full structure of the L1 tetramer with the two 
subunits used to build the dimer highlighted (built from symmetry mates of L1 in Pymol). (B) A 
representative structure of the L1 dimer used in the simulations in this work. One of the subunits was 
replaced with the faropenem and ertapenem complexes with L1. 
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standard residues and the 12-6 ion potential72 was used to describe the zinc ions. The topology 

and parameter files for the system were generated using the AmberTools programme tleap.206 

The total number of atoms in the complete system was approximately 120,000. 

 

 

 

A1.2.3 Computational benchmarking 

This section includes results from a benchmarking study to determine the most 

appropriate zinc ion model with which a comparison of the behaviours of different tautomers 

and protonation states of faropenem and ertapenem complexes to L1 should be made. The 

ability to maintain the geometry of the zinc coordination sphere reported in a crystal structure 

is an important measure of a zinc ion model. The structure of faropenem complexed to L1185 

has been taken as a test case. Faropenem was modelled as the (2S)-imine tautomer with a 

deprotonated C6 carboxylate group (Figure 6B, Chapter 2). Asp120 was modelled as 

deprotonated. The system setup is described in section 1.2.2 of this Appendix, with further MD 

details included in the Computational methods section of Chapter 2. In classical MD 

simulations, faropenem has been parameterised using GAFF2 and RESP charges in tleap.206 

The following ion models, both classical and QM/MM, have been tested: 

• 12-6 Lennard-Jones (LJ) ion model 

Figure A1.2. The QM regions in QM/MM simulations for each of the L1 complexes. (A) QM region 
in the L1:faropenem complex. (B) QM region in the L1:ertapenem complex. The full C2 substituent 
was included in the QM region. Hydrogens are not shown.  
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• 12-6 LJ parameters with harmonic restraints (force constant = 200 kcal mol–1 

Å2) between the zinc ions and the coordinating atoms observed in the crystal 
structure 

• 12-6-4 non bonded potential from Li and Merz72 

• DFTB3121,122 

• B3LYP-D3BJ/6-31G(d) 

 
Comparisons between classical ion models and semiempirical QM models have been 

made using three repeat simulations of 1 ns of molecular dynamics (MD). The effectiveness of 

a model in maintaining the structure of the L1 active site is evident within this length of 

simulation time. 1 ns has also been used due to the computational expense of QM/MM MD 

with respect to MM MD. Only an energy minimisation has been carried out at the B3LYP-

D3BJ/6-31G(d) level of theory. All heavy atoms of the following residues were included in the 

RMSD calculations: Zn1, Zn2, His116, His118, His121, His196, His263, Asp120, Tyr32, 

Ser221, Ser223, faropenem, and the zinc-bridging hydroxide. 

 

For modelling the active site of L1, our results show that DFTB3 is the most appropriate 

method to accurately describe the zinc ions during MD simulations. Of all zinc ion models 

tested here, DFTB3 showed the most consistent results in maintaining the structure of the L1 

active site, and maintained active site distanced close to those at the B3LYP-D3BJ/6-31G(d) 

level of theory. The average active site RMSD was low and stable (Figure A1.4 & Table A1.3), 

the coordination numbers for of 4 and 6 for the Zn1 and Zn2 ions respectively were reproduced, 

and all crystal structure bond lengths are within a standard deviation of the average (Tables 

A1.3, A1.4 & A1.5).  We have, therefore, used this method, in combination with B3LYP-
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D3BJ/6-31G(d) energy minimisations, to compare tautomers and protonation states of 

faropenem and ertapenem complexed with L1. 

  

Figure A1.3. Heavy atom active site RMSDs from MM and QM/MM MD simulations of alternate 
zinc ion models of the test L1:faropenem complex. The residues included were Zn1, Zn2, the side 
chains of His116, His118, His121, His196, His263, Asp120, Tyr32, Ser221, Ser223, faropenem and 
the zinc-bridging hydroxide ion. 
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Table A1.2. Mean and total mean absolute deviations from the crystal structure of zinc-ligand distances 
from MD simulations of the test L1:faropenem complex.  
 Dist. (Å)  Absolute mean deviation (Å) 
 

Crystal 12-6 
LJ 

12-6-R 
LJa 

12-6-4 NB DFTB3 B3LYP-D3BJ 
/6-31G(d) 

Zn1–Zn2  3.57 0.40 0.17 0.04 0.09 0.05 

Zn1–H116Nε 2.06 0.95 0.38 0.15 0.01 0.02 

Zn1–H118Nδ 2.08 0.14 0.06 0.14 0.01 0.02 

Zn1–H196Nε 2.05 1.49 0.02 0.16 0.02 0.02 

Zn1–OHYD 1.92 0.20 0.20 0.06 0.01 0.04 

Zn2–D120O 2.12 0.31 0.36 0.26 0.02 0.06 

Zn2–H121Nε 2.15 0.11 0.05 0.05 0.01 0.02 

Zn2–H263Nε 2.11 0.14 0.33 0.15 0.08 0.00 

Zn2–OHYD 2.07 0.30 0.29 0.07 0.09 0.02 

Zn2–O3FAR 2.31 0.42 0.43 1.05 0.08 0.14 

Zn2–N4FAR 2.22 0.38 1.08 1.12 0.07 0.02 

Total  4.89 4.08 2.97 0.65 0.53 

 

Table A1.3. Heavy atom active site RMSDs and average zinc coordination numbers from MD 
simulations of the test L1:faropenem complex.   

Crystal 
structure 

12-6 LJ 12-6-R 
LJa 

12-6-4 
NB 

DFTB3 B3LYP-D3BJ 
/6-31G(d) 

RMSD  
(Å)  

- 0.759  
± 0.078 

1.58  
± 0.054 

0.982  
± 0.078 

0.449 
 ± 0.063 

0.296 

Zn1 CN 4 4.12 4.88 6 4.02 4 

Zn2 CN 6 5.31 4.85 6.04 6 6 

Standard deviations have been included with average RMSDs 

 
 
 
 
 
 
 
 
 
 
Table A1.4. Hydrogen bond numbers between faropenem and active site residues from MD simulations 
of the test L1/faropenem complex.   

12-6 LJ 12-6-R LJa 12-6-4 NB DFTB3 B3LYP-D3BJ 
/6-31G(d) 

Tyr32  0.983 0.851 0.945 0.998 1 

Hydroxide 0.00 0.00 0.00 0.933 1 
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Ser221 0.988 0.862 0.982 1.07 1 

Ser223 0.285 0.851 0.0823 1.00 1 

Hydrogen bond numbers = fraction of MD frames with a hydrogen bond present

Figure A1.4. Convergence of features of interest in DFTB3/MM MD simulations L1:faropenem 
complex protonated at C2 with a deprotonated C6 carboxylate group. Each of the three repeat 
simulations are shown for each feature. The features are the active site heavy atom RMSD (top), Zn1-
Zn2 distance (middle), and Zn2-N4 distance (bottom). 
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Computational results  

Below are results from DFTB3/MM MD simulations and B3LYP-D3/6-31G(d)/MM 

energy minimisations for each of the faropenem and ertapenem/L1 complexes studied in 

Chapter 2. All heavy atoms of the following residues were included in the RMSD calculations: 

Zn1, Zn2, His116, His118, His121, His196, His263, Asp120, Tyr32, Ser221, Ser223, 

faropenem or ertapenem, and the zinc-bridging hydroxide in the faropenem complex. RMSDs 

were calculated with respect to the crystal structure. Three repeat MD simulations of 1 ns were 

carried out.  

 

 

Figure A1.5. Heavy atom active site RMSDs from DFTB3/MM MD simulations for the 
L1:faropenem complexes studied in this work. (A) RMSDs of the (2S)-imine tautomer with a 
deprotonated C6 carboxylate group. (B) RMSDs of the enamine tautomer with a deprotonated C6 
carboxylate group. (C) RMSDs of the (2S)-imine tautomer with a protonated C6 carboxylate group. 
(D) RMSDs of the enamine tautomer with a protonated C6 carboxylate group. 

Figure A1.6. Comparison of DFTB3/MM structures with the crystal structure (PDB 7A63) for 
different tautomers and protonation states of faropenem complexed to L1. Structures have been taken 
from cluster analysis of the MD trajectory. The crystal structure is shown in translucent grey in all 
four figures. (A) Faropenem protonated at C2 with the C6 carboxylate deprotonated. (B) Faropenem 
protonated at N4 with the C6 carboxylate deprotonated. (C) Faropenem protonated at C2 with the C6 
carboxylate protonated. (D) Faropenem protonated at N4 with the C6 carboxylate protonated. 
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Figure A1.7. Heavy atom active site RMSDs from DFTB3/MM MD simulations for the L1:ertapenem 
complexes studied in this work. (A) RMSDs of the (2S)-imine tautomer with a deprotonated C6 
carboxylate group. (B) RMSDs of the enamine tautomer with a deprotonated C6 carboxylate group. 
(C) RMSDs of the (2S)-imine tautomer with a protonated C6 carboxylate group. (D) RMSDs of the 
enamine tautomer with a protonated C6 carboxylate group. 
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Table A1.5. Active site distances in QM/MM MD simulations of alternate tautomers and protonation 
states of faropenem complexed to L1 not reported in Chapter 2. 
 (2S)-imine enamine  

Figure A1.8. Comparison of DFTB3/MM structures with the crystal structure (PDB 7O0O) for 
different tautomers and protonation states of ertapenem complexed to L1. Structures have been taken 
from cluster analysis of the MD trajectory. The crystal structure is shown in translucent grey in all 
four figures. (A) Ertapenem protonated at C2 with the C6 carboxylate deprotonated. (B) ertapenem 
protonated at N4 with the C6 carboxylate deprotonated. (C) ertapenem protonated at C2 with the C6 
carboxylate protonated. (D) ertapenem protonated at N4 with the C6 carboxylate protonated. 
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Distances (Å) Deprot. C6 
carboxylate 

Prot. C6 
carboxylate 

Deprot. C6 
carboxylate 

Prot. C6 
carboxylate 

Crystal 
structure 

Zn1–H116Nε 2.07 ± 0.06 2.05 ± 0.15 2.07 ± 0.06 2.07 ± 0.06 2.06 

Zn1–H118Nδ 2.09 ± 0.07 2.07 ± 0.15  2.09 ± 0.07 2.09 ± 0.06 2.08 

Zn1–H196Nε 2.07 ± 0.06 2.05 ± 0.15 2.07 ± 0.06 2.06 ± 0.06 2.05 

Zn1–OHYD 1.93 ± 0.05 1.93 ± 0.14 1.92 ± 0.05 1.93 ± 0.05 1.92 

Zn2–D120O 2.10 ± 0.08 2.13 ± 0.17 2.11 ± 0.08 2.16 ± 0.09 2.12 

Zn2–H121Nε 2.14 ± 0.08 2.09 ± 0.16 2.13 ± 0.07 2.09 ± 0.07 2.15 

Zn2–H263Nε 2.19 ± 0.09 2.17 ± 0.17 2.17 ± 0.08 2.17 ± 0.08 2.11 

Zn2–OHYD 2.16 ± 0.09 2.16 ± 0.17 2.18 ± 0.11 2.23 ± 0.13 2.07 

Zn2–O3FAR 2.37 ± 0.13 2.30 ± 0.20 2.30 ± 0.13 
3.39 ± 2.65 

(2.27 ± 0.13) 
2.22 

Standard deviations from the mean are included 
Value in brackets is distance from MD snapshots where faropenem is bound to L1  
 

 

Table A1.6. Active site distances in QM/MM MD simulations of alternate tautomers and protonation 
states of ertapenem complexed to L1 not reported in Chapter 2. 
 (2S)-imine Enamine  
Distances (Å) Deprot. C6 

carboxylate 
Prot. C6 
carboxylate 

Deprot. C6 
carboxylate 

Prot. C6 
carboxylate 

Crystal 
structure 

Zn1–H116Nε 2.08 ± 0.06 2.06 ± 0.06 2.08 ± 0.06 2.06 ± 0.06 2.08 

Zn1–H118Nδ 2.07 ± 0.06 2.06 ± 0.06 2.07 ± 0.06 2.07 ± 0.06 2.06 

Zn1–H196Nε 2.06 ± 0.06 2.06 ± 0.06 2.07 ± 0.06 2.05 ± 0.06 2.03 

Zn1–O61ERT
a 1.99 ± 0.07 2.48 ± 0.27 2.34 ± 0.40 2.63 ± 0.28 1.99 

Zn1–O62ERT
b 2.70 ± 0.23 2.18 ± 0.16 2.30 ± 0.26 2.11 ± 0.13 2.79 

Zn2–H121Nε 2.05 ± 0.07 2.02 ± 0.06 2.07 ± 0.07 2.05 ± 0.06 2.10 

Zn2–H263Nε 2.15 ± 0.08 2.08 ± 0.06 2.14 ± 0.12 2.13 ± 0.07 2.08 

Zn2–O61ERT
a 2.82 ± 0.37 2.92 ± 0.28 2.15 ± 0.15 2.40 ± 0.15 2.42 

Standard deviations from the mean are included 
aO61 is the C6 carboxylate oxygen that sits in the bridging position 
2O62 is the C6 carboxylate oxygen that does not sit in the bridging position 
Table A1.7. Active site distances in the QM/MM energy minimisation of alternate tautomers and 
protonation states of faropenem complexed to L1.  

Distances 
(Å) 

(2S)-imine Enamine 

Deprot. C6 
carboxylate 

Prot. C6 
carboxylate 

Deprot.C6 
carboxylate 

Prot.C6 
carboxylate 

Zn1–Zn2  3.62 3.56 3.64 3.61 

Zn1–H116Nε 2.04 2.03 2.01 2.07 

Zn1–H118Nδ 2.06 2.02 2.04 2.10 
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Zn1–H196Nε 2.03 2.02 2.03 2.03 

Zn1–OHYD 1.88 1.91 1.91 1.86 

Zn2–D120O 2.06 2.09 2.07 2.09 

Zn2–H121Nε 2.13 2.07 2.11 2.21 

Zn2–H263Nε 2.11 2.11 2.16 2.15 

Zn2–OHYD 2.09 2.04 2.06 2.15 

Zn2–O3FAR 2.20 2.23 2.39 2.24 

Zn2–N4FAR 2.45 2.53 2.40 2.28 

 

Table A1.8. Active site distances in the QM/MM energy minimisation of alternate tautomers and 
protonation states of ertapenem complexed to L1. 

Distances  (Å) 
(2S)-imine Enamine 

Deprot. C6 
carboxylate 

Prot. C6 
carboxylate 

Deprot. C6 
carboxylate 

Prot. C6 
carboxylate 

Zn1–Zn2  3.84 4.17 3.65 3.86 

Zn1–H116Nε 2.02 2.05 2.06 2.05 

Zn1–H118Nδ 2.00 2.06 2.03 2.07 

Zn1–H196Nε 2.03 2.02 2.01 1.99 

Zn1– O61FAR 1.99 2.08 2.00 2.22 

Zn1–O62FAR 2.56 2.34 2.45 2.30 

Zn2–D120O 2.00 2.40 2.03 2.53 

Zn2–H121Nε 2.03 1.96 2.10 2.06 

Zn2–H263Nε 2.17 1.98 2.24 2.11 

Zn2–O61FAR 2.32 2.95 2.11 2.37 

Zn2–O3FAR 2.45 2.10 2.26 1.98 

Zn2–N4FAR 2.10 2.07 2.25 2.16 
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Figure A1.9. ‘Binding mode 1’ and ‘Binding mode 2’ may represent late-stage species on the 
(carba)penem hydrolysis pathway. The E-P complex is shown as the imine tautomer. 

Figure A1.10. Histograms of each umbrella sampling window from the dihedral rotation free 
energy profile. The histograms are coloured to clearly see the overlap between neighbouring 
windows. 

Figure A1.11. Convergence of the dihedral free energy profiles. The free energy profile with 3 ps of 
sampling (pink) and 2.4 ps of sampling (black dashed) are shown. Almost identical free energy 
profiles suggest that the energy has converged. 
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Figures A1.10 and A1.11 show convergence of the umbrella sampling simulations. 

Figure A1.10 shows good overlap of the sampling histograms along both the forwards and 

backwards trajectories to allow for a reliable calculation of the free energy profiles. Figure 

A1.11 shows that 80 % of the sampling time (2.4 ps) gives an almost identical free energy 

profile to 100 % of the sampling time (3 ps) of the dihedral rotation of the C6 group of 

ertapenem in the active site of L1. Therefore, the energy profiles can be considered converged. 
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Appendix 2  
 
 
 

 
 

Convergence of the free energy barrier height with sampling time was tested for both 

the faropenem and ertapenem surfaces (Figure A2.1). For both reactions, there was little 

variation in the barrier height as sampling time per umbrella sampling window was increased; 

the largest variation after 3 ps of sampling in barrier height for faropenem was 1.9% of the 

Distances  
(Å) 

L1:faropenem 
Bridging –OH 

L1:faropenem 
Bridging H2O 

L1:faropenem 
Apical water 

L1:ertapenem 
 

Zn1 – Zn2 3.50 4.17 3.51 3.48 
Zn1 – Nuc 1.88 2.03 1.94 1.93 
Zn1 – H116 2.01 2.12 2.03 2.10 
Zn1 – H118 2.07 2.01 2.11 2.07 
Zn1 – H196 2.01 1.99 2.04 2.05 
Zn1 – O9 3.10 2.33 3.69 2.83 
Zn2 – Nuc 1.97 2.49 1.98 1.97 
Zn2 – D120 2.07 2.03 2.09 2.18 
Zn2 – H121 2.01 2.02 2.02 2.08 
Zn2 – H263 2.07 2.03 2.07 2.10 
Zn2 – O=C-C3 2.14 1.98 3.81 2.40 
Zn2 – N4 2.81 2.84 4.31 2.81 

Distances  
(Å) 

L1/faropenem 
Bridging –OH 

L1/faropenem 
Bridging H2O 

L1/faropenem 
Apical water 

L1/ertapenem 
 

Zn1 – Zn2 3.56 ± 0.12 4.12 ± 0.46 3.56 ± 0.13 3.61 ± 0.11 
Zn1 – Nuc 1.94 ± 0.05 2.04 ± 0.08 1.94 ± 0.05 1.96 ± 0.06 
Zn1 – H116 2.12 ± 0.07 2.06 ± 0.07 2.07 ± 0.06 2.08 ± 0.07 
Zn1 – H118 2.09 ± 0.07 2.05 ± 0.06 2.08 ± 0.07 2.06 ± 0.06 
Zn1 – H196 2.06 ± 0.06 2.04 ± 0.06 2.07 ± 0.06 2.06 ± 0.06 
Zn1 – O9 2.77 ± 0.28 3.12 ± 0.53 4.60 ± 1.11 3.29 ± 0.60 
Zn2 – Nuc 2.01 ± 0.07 2.69 ± 0.42 2.05 ± 0.08 1.97 ± 0.06  
Zn2 – D120 2.16 ± 0.09 2.10 ± 0.15 2.11 ± 0.09 2.03 ± 0.07 
Zn2 – H121 2.09 ± 0.07 2.04 ± 0.06 2.06 ± 0.06 2.05 ± 0.06 
Zn2 – H263 2.09 ± 0.07 2.06 ± 0.06 2.06 ± 0.06 2.05 ± 0.07 
Zn2 – O=C-C3 2.10 ± 0.08 2.04 ± 0.09 5.80 ± 1.53 4.73 ± 1.01 
Zn2 – N4 2.39 ± 0.18 3.40 ± 0.31 5.45 ± 1.24 4.29 ± 0.85 

Table A2.1. Distances to the zinc ions in E-S complexes from B3LYP-D3BJ/6-31G(d)/MM energy 
minimisations. 

Table A2.2. Average distances with standard deviations to the zinc ions in E-S complexes from 
DFTB3/MM MD simulations. 
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barrier height at 25 ps of sampling per window, and 0.7% of the barrier height at 25 ps of 

sampling per window for ertapenem. Therefore, a comparison can be made between the free 

energy barriers generated from 3 ps of sampling per umbrella sampling window at the 

DFTB3/MM and B3LYP-D3BJ/6-31G(d)/MM levels of theory.  

 

 
 
  

Figure A2.1. Convergence of free energy barrier height with sampling time per umbrella sampling 
window for the nucleophilic attack and ring opening step for the hydrolysis of faropenem (A) and 
ertapenem (B) by L1. Fluctuation in barrier height is shown on the scale of 1 kcal mol−1. 
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Distances (Å) L1:faropenem L1:ertapenem L1:taniborbactam 

Zn1 – Zn2 4.31 ± 0.11 4.23 ± 0.23 4.38 
Zn1 – OBRIDGE 2.23 ± 0.09 2.21 ± 0.16 2.05 
Zn1 – H116 2.06 ± 0.08 2.09 ± 0.07 2.06 
Zn1 – H118 2.07 ± 0.06 2.06 ± 0.06 2.07 
Zn1 – H196 2.06 ± 0.05 2.07 ± 0.06 2.08 
Zn1 – O9 1.97 ± 0.09 2.28 ± 0.15 2.17 
Zn2 – OBRIDGE 2.97 ± 0.17 2.97 ± 0.21 3.45 
Zn2 – D120 2.11 ± 0.12 2.44 ± 0.15 2.05 
Zn2 – H121 2.03 ± 0.07 2.04 ± 0.06 2.03 
Zn2 – H263 2.05 ± 0.05 2.13 ± 0.07 2.04 
Zn2 – O=C-C3 2.20 ± 0.13 2.36 ± 0.14 2.14 
Zn2 – N4/OCYC 2.14 ± 0.08 1.96 ± 0.05 2.07 

Table A2.3. Distances to the zinc ions in the E-TI complexes from B3LYP-D3BJ/6-31G(d)/MM 
MD simulations, and in the L1:inhibitor complex from a B3LYP-D3BJ/6-31G(d)/MM energy 
minimisation. 
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