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Abstract Metallo-b-lactamases (MbLs) are Zn(II)-based

bacterial enzymes that hydrolyze b-lactam antibiotics,

hampering their beneficial effects. In the most relevant

subclass (B1), X-ray crystallography studies on the enzyme

from Bacillus Cereus point to either two zinc ions in two

metal sites (the so-called ‘3H’ and ‘DCH’ sites) or a single

Zn(II) ion in the 3H site, where the ion is coordinated by

Asp120, Cys221 and His263 residues. However, spectro-

scopic studies on the B1 enzyme from B. Cereus in the

mono-zinc form suggested the presence of the Zn(II) ion

also in the DCH site, where it is bound to an aspartate, a

cysteine, a histidine and a water molecule. A structural

model of this enzyme in its DCH mononuclear form, so far

lacking, is therefore required for inhibitor design and

mechanistic studies. By using force field based and mixed

quantum–classical (QM/MM) molecular dynamics (MD)

simulations of the protein in aqueous solution we con-

structed such structural model. The geometry and the

H-bond network at the catalytic site of this model, in the

free form and in complex with two common b-lactam

drugs, is compared with experimental and theoretical

findings of CphA and the recently solved crystal structure

of new B2 MbL from Serratia fonticola (Sfh-I). These are

MbLs from the B2 subclass, which features an experi-

mentally well established mono-zinc form, in which the

Zn(II) is located in the DCH site. From our simulations the

eed and ded protomers emerge as possible DCH mono-zinc

reactive species, giving a novel contribution to the dis-

cussion on the MbL reactivity and to the drug design

process.
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Electronic supplementary material The online version of this
article (doi:10.1007/s10822-012-9571-0) contains supplementary
material, which is available to authorized users.

J. Sgrignani � R. Pierattelli (&)

CERM and Department of Chemistry ‘‘Ugo Schiff’’, University

of Florence, Via Luigi Sacconi 6, 50019 Sesto Fiorentino, Italy

e-mail: pierattelli@cerm.unifi.it

Present Address:
J. Sgrignani

CNR-IOM-DEMOCRITOS National Simulation Center

at SISSA, via Bonomea 265, Trieste, Italy

A. Magistrato (&)

CNR-IOM-DEMOCRITOS National Simulation Center

at SISSA, via Bonomea 265, Trieste, Italy

e-mail: alessandra.magistrato@sissa.it

M. Dal Peraro

Laboratory for Biomolecular Modeling, Institute of

Bioengineering, School of Life Sciences, Ecole Polytechnique

Fédérale de Lausanne—EPFL, 1015 Lausanne, Switzerland

A. J. Vila

Instituto de Biologı́a Molecular y Celular de Rosario (IBR);

Consejo Nacional de Investigaciones Cientı́ficas y Técnicas

(CONICET), Facultad de Ciencias Bioquı́micas y
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Introduction

Metallo-b-lactamases (MbLs) are zinc enzymes capable of

hydrolyzing the most widely used class of antibiotics, the b-

lactams. The hydrolysis of these drugs renders them inef-

fective [1]. MbLs are able to inactivate even the latest gen-

eration of b-lactam drugs, the carbapenems. This situation is

worsened by the absence of clinically useful inhibitors [2, 3].

The large structural diversity among MbLs, classified into

subclasses B1, B2 and B3, makes it difficult to identify

common structural features [4], which could be exploited for

drug design. The B1 subclass is the most relevant. In fact,

large part of the enzymes belonging to this subclass are

encoded in mobile genetic elements and, therefore, are

spread across geographical and species boundaries. The

recent rapid worldwide dissemination of the B1 lactamase

NDM-1 is the most representative case [5].

The structural diversity within B1 MbLs includes the

number of Zn(II) ions that can be bound to the active sites.

This issue has given rise to an intense controversy about

the essentiality of the different metal binding sites. The first

reported X-ray structure of an MbL was that of the B1

enzyme from Bacillus Cereus (BcII) [6]. It showed a single

Zn(II) ion coordinated to three histidine residues, and a

metal-bound water. Subsequent structural and spectro-

scopic studies on BcII and other B1 MbLs disclosed that

this enzyme can coordinate two Zn(II) ions, one in the 3H

site (Fig. 1, pink carbon atoms) and a second one bound to

an aspartate, a cysteine and a histidine (DCH site, Fig. 1,

green carbon atoms), with a bridging solvent molecule

(Wat-Z in Fig. 1) between the two metal ions [7, 8]. This

observation, along with the lack of X-ray structures of the

mononuclear form with the Zn(II) ion in the DCH site, has

led to the suggestion that both the mononuclear 3H form

and the binuclear form exist [9] and the metal ion at the 3H

site has been suggested to be essential in delivering the

attacking nucleophile both in the mononuclear [7, 8] and in

the binuclear forms [10].

Recently, spectroscopic investigations in the Co(II)-

substituted enzyme supported the hypothesis that the

mononuclear species with the metal ion only in the DCH

site can also be present [12]. The fact that a mononuclear

DCH site may be active is further bolstered by the fol-

lowing facts: (1) B2 MbLs are active with only one zinc

ion bound to the DCH site [13, 14]; (2) the B3 enzyme

GOB is active with one Zn(II) located in a DCH-like site

[14, 15]; (3) the only reaction intermediate described so far

is an anionic specie, which is stabilized by interaction with

the metal ion at the DCH site, as supported by experimental

evidences [13, 16–19]; (4) Substrate binding is driven by

the metal ions, particularly that at the DCH site [20].

This scenario prompts for structural characterization of

the B1 b-lactamase with the metal ion located at the DCH

site and for a comparison between the latter and all the

proposed metallated forms of the same B1 enzyme (in the

free form and in complex with antibiotics), encompassing

metal stoichiometry and location as well [21–23]. The

absence of experimental structural information can be

circumvented by the use of computational methods, as we

report here. We have used a variety of computational

techniques ranging from QM calculations on small models

of the catalytic site to force field (FF) based molecular

dynamics (MD) simulations of the entire protein and,

finally, to hybrid quantum–classical (QM/MM) MD simu-

lations. These techniques have been employed to explore

all possible protonation states of the 3H site and to refine

the geometry of the metal coordination site, respectively.

The calculations are based on the most recent crystal

structure of BcII in complex with two zinc ions, which is at

the highest resolution so far (1.74 Å) [11]. Moreover, QM/

MM MD calculations allowed us to predict a structural

model of the protein in complex with cephalexin and

imipenem (Fig. 2), two antibiotics belonging to the two

most important classes of b-lactams (cephalosporins and

carbapenems) hydrolyzed by BcII. The main goals of this

study have been (1) to explore the structural feasibility of

the mono-zinc DCH site within the protein framework of

BcII; (2) to check its ability to properly bind different b-

lactam substrates.

To validate our computational findings, a comparison

has been made with the X-ray structures and previous

computational findings of the mechanism of CphA as well

as with the recently solved crystal structure of the MbL

Fig. 1 Metal binding site of the di-zinc BcII MbL X-ray structure

(PDB code 3I13[11]). The carbon atoms of the residues are colored in

pink and green for the 3H and for the DCH site, respectively
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from Serratia fonticola (Sfh-I) [4, 24, 25]. These are

B2 MbLs natively active only as mono-zinc DCH form,

actually Gln replaces His116 in the 3H sites. To carry out

this comparison, among the different mechanisms proposed

for CphA, we have selected the one-step hydrolysis

mechanism (Figure S1 A of the Supporting Information),

recently proposed by some of us [4, 21, 26], which appears

as a general path common also to the dinuclear BcII and

CcrA [26]. This assumption does not dismiss other pro-

posed enzymatic mechanisms consistent with the available

experimental data (see Figure S2) [25, 27].

Methods

All models of the mono-zinc DCH BcII were built by

removing the Zn(II) ion from the 3H site present in the

X-ray structure of the di-zinc BcII (PDB code: 3I13 [11]).

During this work several models, differing in the pro-

tonation state of the 3H site were built and simulated. They

are identified with a three letters code where every letter is

associated with the protonation state (P = doubly proton-

ated, e = His protonated on e position and d = His pro-

tonated on d position) of His116, His118 and His149,

respectively.

QM calculations

DFT calculations were carried out on eight models (eee,
ded, dee, eed, Pee, dPd, Ped, deP). The models were

constructed by removing the zinc ion at the 3H site. They

included the water molecule (Wat-Z) bound to the Zn ion,

the three His ligands of the 3H site: His116, His118 and

His148, and the ligands of the DCH site (Asp120,

Cys221, His263) along with Arg121, which is directly

involved in the H-bond network at the metal site.

All residues were truncated at the b-carbon atom, as in

[28–30]. In these models we considered all possible

combination of protomers with the exception of: (i) the

protomers in which His118 is protonated only on

Nd (His118 Ne H-bonds to Asp213 in all BcII X-ray

structures); (ii) the dPe, ePe and the dPe protomers, based

on the very short distance between the protons; (iii) the

protomers with two or three positively charged histidines

at the 3H site, which give rise to a high electrostatic

repulsion. This resulted in 8 possible models. These

models were geometry optimized at the DFT-B3LYP[31,

32]/6-31G* using the Gaussian03 code and the default

setting for the convergence (see SI). The positions of the

b-carbon were kept fixed during the calculations to mimic

the protein frame [28, 30].

To identify the most stable structure we used the energy

criterion as in [28]. This requires the calculation of the

energy loss due to dehydration of a proton from the water

environment (hydration enthalpy, DE(H?)). In [28], the

calculations were done using the BLYP [31, 33] exchange–

correlation functional, using plane wave (PW) basis set.

Here, the same calculation was carried out at the B3LYP

[31, 32]/6-31G* level of theory. The calculated DE(H?)

turns out to be 250 kcal/mol, which is in excellent agree-

ment with the value obtained at the BLYP-PW level of

theory [28].

Force field based MD simulations

Twenty-six different protomers (ddd, dde, ddP, ded, deP,

dPd, dPe, dPP, edd, ede, eee, eeP, ePd, ePe, ePP, Pde, PdP,

Pee, PPd, PPe, eed, PeP, Pdd, dee, ePd, Ped) of the 3H site

were considered, resulting from all possible combinations

of the three His protonation states.

Loop L3 (from Gly60 to Ala66), which was not detected

in the X-ray structure due to its mobility, was modeled as

previously reported [22]. The histidines outside the cata-

lytic site were protonated as in previous MD simulations

[28]: His55 in e, His136 in both d and e, His285 in e. All

Asp and Glu were assumed to be ionized. All the 210

crystallographic waters present in the PDB file were con-

served and included in the structure used as starting point

for the MD simulations. All 26 protomers were immersed

in a water box whose edges were located 10 Å apart from

the closest atom of the protein. The systems contained

about 11,000 water molecules. A different number of Cl-

Fig. 2 Structures of b-lactam

antibiotics investigated in this

study
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ions, depending on the charge of each protomer, was added

to system to assure the neutrality.

The PARM99 [34] version of the AMBER force field

was used for the protein and the counterions, the general

AMBER force field (gaff) [35] was used for the drugs

depicted in Fig. 2, whereas the TIP3P [36] model was

employed to explicitly represent the water molecules.

Atomic charges for the two drugs investigated were

obtained using the RESP [37] methodology, fitting an

electrostatic potential calculated at the HF/6-31G* level of

theory with the software Gaussian03 [38]. As for the metal

active site, the force field parameters were obtained fol-

lowing the procedure proposed by Merz et al. [39, 40]. In

this approach, the Zn(II) ion was explicitly connected with

Asp120, Cys221, His263 trough a covalent bond. The

atomic charges for the Zn coordination sphere were taken

from previous calculations performed by Simona et al. [24]

for an identical Zn binding site. The systems were con-

structed using the leap module of AMBER11 [41]. Periodic

boundary conditions were applied. Long-range electrostatic

interactions were assessed by using the particle mesh

Ewald method, van der Waals and short-range electrostatic

interactions were calculated within a 10 Å cutoff. Bonds

involving hydrogen atoms were constrained by using the

SHAKE algorithm [42] with a relative geometric tolerance

for coordinate resetting of 0.00001 Å. A time-step of 2.0 fs

was used. 10000 steps minimization were initially per-

formed for each system. All systems were simulated at

constant temperature, Langeving dynamics with a collision

frequency of 1 ps-1, and constant pressure using an

anisotropic scaling. The water shell and counterions were

then equilibrated for 30 ps at 298.15 K, applying weak

constraints (20 kcal/mol) on the backbone atoms of the

protein. Subsequently, the 26 protomers underwent initially

4.5 ns of MD simulations in isothermal-isobaric ensemble

at 298.15 K and 1 atm pressure. After the preliminary set

of MD simulations three protomers, ded, ePe, eed were

selected based on structural similarity with the CphA

structure (pdb code 1X8G [43]). Then, we employed these

structures to study the binding of cephalexin and imi-

penem. The enzyme/drug complexes were manually built

placing the drug inside the catalytic site of the classically

equilibrated structure of the enzyme, considering the

known binding poses of b-lactam drugs on the active site of

BcII [22, 44]. The initial structures of the complexes were

minimized for 10000 steps. After this minimization the

complex structures were relaxed for 1 ns applying weak

harmonic constraints (20 kcal/mol) on the distance

between the Zn(II) ion and the nitrogen atom of the

b-lactam ring and the distance between the carboxylic

group of the drug and the nitrogen atom of the side chain of

Lys224. After the equilibration phase, the harmonic

restraints were removed, and the complexes between the

three selected protomers and the two drugs were simulated

for 7 ns under the same isothermal-isobaric conditions. All

MD calculations have been carried out with AMBER9 [45]

program.

QM/MM MD simulations

The three protomers of the free enzyme selected after the

classical MD simulations (ded, eed, ePe) have been simu-

lated for 3 ps using Born–Oppenheimer QM/MM MD as

implemented in the CP2K code [46–48].

CP2K implements a dual Gaussian-type/Plane Waves

basis set (GPW) [46], thus a triple z basis set, an auxiliary

basis set with a density cut-off of 280 Ry, Goedecker–

Teter–Hutter [49, 50] pseudopotentials were used for all

the atoms in the QM region. The BLYP exchange–corre-

lation functional was employed [31, 32]. Before starting

the production runs all systems were annealed to relax the

structures and then the temperature was slowly increased

up to 298.5 K. All QM/MM MD simulations have been

done in NVT ensemble using a Nosè-Hoover thermostat

[51] and a time step of 0.50 fs.

The side chains atoms of His118, His149, His116,

Asp120, Cys221, His263 as well as the zinc ion, Wat-H

and Wat-Z have been included in the QM region, thus the

QM part of the system contained *60 atoms. The valence

of the atoms involved in the bonds crossing the QM and the

MM boundaries was saturated by adding hydrogen atoms.

At the end of the QM/MM MD calculations only the ded
protomer had a geometry and a network of water molecules

compatible with the proposed one-step hydrolysis mecha-

nisms [4, 25], therefore imipenem was docked inside the

equilibrated structure of this protomer. However, before

starting the QM/MM MD simulation the complex was

simulated for 1 ns using a FF based MD simulation where

considering that, when only FF based potential, without

additional position restraints, is used, Wat-H had an high

propensity to exchange its position with other molecules

from the bulk, then Wat-H and Wat-Z were kept fixed with

harmonic restraints (vide supra).1 Then, the resulting con-

formation was relaxed by 4.5 ps of QM/MM MD, with the

same computational setup described above. To limit the

size of the QM region only the b-lactam ring was included

in the QM part. The resulting model comprised *85 QM

atoms.

The eed-imipenem complex, which showed a water net-

work compatible with the one-step hydrolysis mechanism at

1 A short MD calculation (400 ps) has been run removing the postion

restraints on the water molecules after the equilibration, however

Wat-H conserves its propensity to exchange its position with other

water molecules from the bulk. Then the structure equilibrated with

postion restraints was used in the subsequent QM/MM MD.
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the end of the classical MD run, was also relaxed by 3 ps of

QM/MM MD.

Analysis

Representative structures employed to generate the figures

were selected by cluster analysis. H-bond and cluster

analysis was done with the ptraj module of Amber11 [41,

52]. In the H-bond analysis the distance cut-off was set to

3.5 Å and the angle to 120�. The cluster analysis was done

using a Root Mean Square Deviation (RMSD) cutoff of

1.5 Å and only considering the residues forming the cata-

lytic site namely: His116, His118, His149, Asp120,

Cys221 and His263 for the free form. For the BcII-drug

complexes also the drug was included in the cluster

analysis.

Results and discussion

Structural studies of the free protomers

QM calculations on small models of the catalytic site

Small-truncated models of the active site have been con-

sidered a fairly good model of the zinc site in MBLs [24,

28, 29, 53]. Thus, to identify the most stable protomers for

the mono-Zn(II) DCH form of the BcII enzyme, we ini-

tially performed gradient corrected DFT-based energy

minimizations on these models (Figure S3). A positive net

charge on the 3H site is energetically disadvantaged

(Table 1). Thus, only the neutral His protonation forms

were subsequently considered.

The neutral protomers differ in energy by 3–6 kcal/mol,

which is within the error of the DFT calculations (Table 1).

However, this error here may be amplified by the limitation

of considering only reduced models of the active site. Thus,

the small energetic differences observed do not allow dis-

carding any of the protomers on this ground and we

investigated all possible protomers of the mono-zinc DCH

form of BcII using also classical MD simulations.

Classical MD simulations

Since the QM calculations on the small active site models

did not give unambiguous results and considering the

reduced computational costs of classical MD calculations

based on empirical force field we performed these simu-

lations for all possible combinations of the 3H site pro-

tonation states. The resulting 26 different protomers were

relaxed by performing 4.5 ns long MD simulations. The

global protein fold of all protomers was preserved over

4.5 ns. The RMSD, calculated over the backbone atoms of

all the protein residues during the last 3 ns of simulation,

has a mean value of *1 Å for all protomers. Moreover, the

Zn(II)-bound water molecule (Wat-Z) maintained the

expected coordination in all protomers.

The structures of the metal binding site were compared

with the X-ray structure of CphA (PDB code 1X8G [43]), a

B2 MbL that is natively active in a mono-zinc form [43].

The RMSDs of the ded, ePe, eed protomers result to be

significantly lower than all the others (i.e. \0.6 Å). A

visual inspection of the structures allowed us to assess that,

below an RMSD of 0.6 Å, the protein structure, and in

particular the metal site, is not substantially distorted with

respect to both the CphA crystal structure and the initial

coordinates of our model. On the other hand, in all pro-

tomers in which the RMSD is higher the 0.6 Å the

geometry of the metal site is significantly distorted. In

particular, the Cys221 side chain significantly moves with

resect to the plane defined by the three other Zn ligands.

The structures of the three protomers with the lowest

RMSD (Fig. 3) were compared with the structure of CphA-

biapenem complex as obtained in the theoretical studies of

Simona et al. [43] to check if their structure and their

network of water molecules in the catalytic site were

compatible with the binding of the b-lactam antibiotics.

For all the three protomers (Fig. 3B–D) we identified

two water molecules in the catalytic site consistently with

previous theoretical findings on CphA [4, 24]. In particular,

in the ded protomer a water molecule (Wat-H) is located

between His116 and Asp120, H-bonding to the oxygen of

Asp120 and the Ne of His116. A second water molecule is

coordinated to the Zn(II) ion (Wat-Z), replacing the posi-

tion occupied by the nitrogen of biapenem in the X-ray

structure of CphA [43]. A similar water network is present

also in ePe and in eed, although these protomers are char-

acterized by a different H-bond network around Wat-H. In

fact, in ePe His149-Ne-H H-bonds to O@Wat-H, and in eed

Table 1 Energies (kcal/mol) of the models of the protomers in Fig-

ure S3 relative to the eee

Protonation state DE kcal/mol

eee 0

ded 3.1

dee 3.1

eed 6.5

Pee 26.6

dPd 33.0

Ped 33.6

deP 37.0

We report the difference between the total energy of the models

(corrected using the hydration enthalpy DE(H?) value) [28] and that

of eee. The latter protomer features the lowest calculated energy
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Wat-H H-bonds with Od1@Asp120. However, in this latter

case, Wat-H does not stably interact with any His residue

and it exchanges its position with a water molecule from

the bulk solvent (Table 2).

Spencer and co-workers [54] recently reported the

crystal structure of a new B2 MBL from Serratia fonticola

(Sfh-I) with an high (60 %) sequence identity with CphA.

The catalytic site of Sfh-I is structurally equivalent to that

of CphA, but in the crystal structure of Sfh-I (pdb code

3SD9) [54] a water molecule is placed between His118 and

Asp120, supporting the one step mechanism of b-lactam

hydrolysis proposed by some of us for CphA [4]. Notably,

the position of this water is similar to that of Wat-H in the

ded and eed protomers.

The similarity of the hydration state and the geometry of

the 3H site of the three selected protomers with experi-

mental and theoretical data of CphA and Sfh-I confirms

that these protomers may be a reliable starting point to

study the interactions between the mono-zinc DHC BcII

and selected b-lactam drugs. Interestingly, eed and ded
were present also among the most likely protomers

obtained from the QM calculations, while the ePe protomer

was not included in the QM calculations.

QM/MM MD simulations of ded, eed and ePe protomers

Our FF based MD simulations with the Zn(II) ion bound to

its putative coordination residues, may keep the confor-

mation of the metal coordination site frozen to an initial

arbitrary structure. QM/MM MD simulations instead may

relax the metal binding site, obtaining more accurate and

reliable results [55, 56]. Hence, as next step, we performed

QM/MM MD simulations on the three ded, eed and ePe
protomers. In these simulations, the Zn(II) coordination

sphere is treated at the QM level, whilst the protein frame

and the solvent at the MM level.

During the QM/MM MD simulations, the average dis-

tances between the coordinating residues and the Zn(II) ion

are in the range measured in the X-ray structure of CphA

(Table 3 and Fig. 4A–C).

Also in this case we analyzed the water H-bond network

of the active site and we compared it with that observed for

CphA [4]. In the ePe protomer (Fig. 4C) only a water

molecule (Wat-Z) is detected inside the catalytic site, and it

remains stably coordinated to the Zn(II) ion for the 3 ps of

QM/MM MD. However, Wat-Z does not H-bond with any

of the surrounding His. Therefore, this protonation state,

Fig. 3 Catalytic site in the X-Ray structure of CphA in complex with

biapenem (A) (PDB code 1X8I [43]). Selected snapshots extracted

from the last nanosecond of the MD trajectory of ded (B), eed (C), ePe

(D) protomers. For the sake of clarity, only the side chain atoms and

two water molecules are displayed
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lacking a His as generalized base, does not find corre-

spondence with the one-step hydrolysis mechanisms pro-

posed so far [4, 25, 27].

During the QM/MM MD simulation of eed (Fig. 4A),

Wat-Z H-bonds with Ne@His149 (average distance 2.80

± 0.10 Å, occupancy 80 %). Moreover, Wat-H, essential

to carry out the one-step catalytic reaction as proposed in

[4], was not stably present in the active site.

In the QM/MM MD simulation of the ded protomer

(Fig. 4B), the Zn(II) ion binds to Wat-Z. Wat-H is placed

between Od1@Asp120 (average distance with H1@Wat-H

2.74 ± 0.12 Å, occupancy 95 %) and Ne@His116 (aver-

age distance with H1@Wat-H = 2.76 ± 0.09 Å, occu-

pancy 96 %), similarly to what described by Simona et al.

[4] for CphA. In this case, Wat-H does not interact with

His118 as in CphA, being this residue quite flexible and

solvent exposed, but it interacts with His116, which is

buried in the catalytic site.

Concerning this point is worth to note as the spatial

proximity of the three His of the 3H site may allow an easy

exchange of their roles.

Notably, the superposition of the X-ray structure of Sfh-

I (pdb code 3SD9) and a representative structure of the ded
protomer obtained from the QM/MM MD (Figure S4)

showed that the position of the crystallographic water

molecule, placed between His118 and Asp120 in Sfh-I, is

similar to the position Wat-H in ded. In this latter, however,

Wat-H interacts with His116, which in Sfh-I is replaced by

Asn116. This suggests that the ded protomer may be a good

candidate to represent the active species.

Structural studies of the b-lactam/protomers complexes

Classical MD simulations From the above Section, we

conclude that the ded, eed and ePe forms are (i) structurally

similar to CphA and Sfh-I and (ii) ded, eed have also a

similar hydration of the catalytic site, (iii) they are con-

sistent with the one-step catalytic hydrolysis proposed for

CphA [4, 26].

As further step, we investigated if these species could

bind two b-lactam drugs. We cosidered cephalexin and

imipenem (Fig. 2), which are representative of two

important classes of b-lactams (cephalosporins and carba-

penems). To this goal we have initially performed 7 ns

classical MD simulations of the three selected protomers in

complex with these drugs.

Stable geometries were found for all the three protomers

in complex with cephalexin. However, only the eed-ceph-

alexin complex showed a water network compatible with

the one-step catalytic mechanism proposed for CphA

[4, 25] (Fig. 5 and S1). In particular, in eed Wat-Z H-bonds

with Ne-His149 (average distance 2.91 ± 0.10 Å, occu-

pancy 99 %). Instead, Wat-H does not constantly H-bonds

with His118 and Asp120 and it frequently exchanges its

position with the bulk solvent. Therefore, we do not favour

a one-step mechanism for the hydrolysis of cephalexin in

the eed protomer.

Table 2 Mean RMSD value of the backbone atoms of the 3H site

during the last nanosecond of MD simulation calculated with respect

to the X-ray structure of CphA (PDB code 1X8G [43]). Standard

deviations are reported in parenthesis

Protomer RMSD Protomer RMSD

ddd 0.98 (0.07) ePe 0.59 (0.06)

dde 0.91 (0.07) ePP 0.79 (0.10)

ddP 0.78 (0.08) Pde 0.87 (0.11)

ded 0.59 (0.08) PdP 0.79 (0.08)

deP 0.97 (0.10) Pee 1.02 (0.09)

dPd 0.94 (0.08) PPd 0.81 (0.07)

dPe 0.91 (0.07) PPe 0.88 (0.06)

dPP 0.75 (0.08) eed 0.56 (0.05)

edd 1.00 (0.11) PeP 0.82 (0.07)

ede 0.93 (0.08) Pdd 0.90 (0.07)

eee 1.10 (0.08) dee 1.06 (0.10)

eeP 1.03 (0.08) edP 1.06 (0.07)

ePd 0.88 (0.08) Ped 0.86 (0.06)

Table 3 Distances between the Zn(II) and its donor atom averaged along the QM/MM MD simulations of the ded, eed, ePe protomers, as well

the ded protomer and the eed protomer in complex with imipenem. Standard deviations are reported in parenthesis

Distance (Å) ded eed ePe ded/imipenem eed/imipenem 3I13 1X8G

Ne@His-Zn2? 2.21 (0.11) 2.12 (0.07) 2.07 (0.07) 2.04 (0.06) 2.11 (0.09) 2.50 2.19

Od2@Asp- Zn2? 2.15 (0.09) 1.97 (0.04) 1.91 (0.04) 2.08 (0.10) 2.28 (0.29) 2.41 1.96

Sc@Cys-Zn2? 2.35 (0.07) 2.15 (0.09) 2.32 (0.07) 2.30 (0.06) 2.33 (0.08) 2.29–1.85** 2.19

Wat-Z* 2.30 (0.13) 2.14 (0.08) 2.16 (0.09) 2.16 (0.08) 2.12 (0.06) 2.19 2.10

The correspondent distances calculated in the X-Ray structures of BcII (pdb code 3I13) and CphA (pdb code 1X8G) are also reported for

comparison

*In the X-ray structure of CphA Wat-Z is substituted by an CO3
2- ion

** Two possible orientations (A and B) are detected during the X-ray experiments
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Instead, considering imipenem as a substrate only the

eed protomer exhibited a stable enzyme/antibiotic complex

(Fig. 6). In this complex, Wat-Z remains stably coordi-

nated to the zinc and Wat-H is placed between

Od2@Asp120 (average distance 2.72 ± 0.10 Å, occu-

pancy 26.0 %) and Nd@His118 (average distance

3.09 ± 0.17 Å, occupancy 36.0 %). In this case His118

may activate the Wat-H during the reaction, making this

complex compatible with the one-step reaction mechanism

proposed on the basis of previous theoretical findings

[4, 25, 26] and experimental data [57]. Moreover, the

carboxylic group of the drug establishes a salt-bridge with

Lys224, with an average distance between the nitrogen

atom of Lys224 and the central carbon of the carboxylate

of 3.61 ± 0.28 Å.

QM/MM simulations of BcII-imipenem complexes

QM/MM MD calculations are very expensive form the

computational point of view. Therefore, considering that

BcII displays a better catalytic activity towards imipenem

with respect to cephalexin [58], we performed these sim-

ulations only considering imipenem as a substrate.

The QM/MM MD simulations were performed only for

the eed- and ded-imipenem adducts, as for these we

obtained geometry consistent with the one-step hydrolysis

mechanism [4] from classical MD of the enzyme/antibiotic

adduct and from the QM/MM MD of the free protomer,

respectively.

For the eed-imipenem complex, we used the classically

equilibrated structure as starting point for the QM/MM

MD. Analysing the QM/MM MD trajectory of this adduct

(Fig. 7A), we noted that Wat-Z conserves its interaction

with the Zn(II) ion (Table 3), while Wat-H forms a stable

H-bond with Ne@His149 (average distance with Wat-H

2.75 ± 0.16 Å, occupancy 70 %), and with Od1@Asp120

(average distance with Wat-H 2.13 ± 0.19 Å). However,

considering the relative orientation and the distance

between the O@Wat-H and the C7@imipenem (average

distance between O@Wat-H and C7@imipenem 4.82 ±

0.51 Å), also after the QM/MM MD simulations it is still

not clear if this adduct may undergo the one-step enzymatic

reaction [25]. In fact, this distance is usually shorter in

reactive adducts [4, 21].

Fig. 4 Selected snapshots from the QM/MM trajectory of (A) BcII-

eed, (B) BcII-ded and (C) BcII-ePe. For sake of clarity only the side

chain atoms, and the relevant water molecules are displayed

Fig. 5 Selected snapshot from the classical MD trajectory of BcII-eed
in complex with cefalexin. For sake of clarity only the drug, the side

chain atoms, and the relevant waters are displayed
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Conversely, for ded-imipenem complex we did not

obtain any reasonable binding pose of the substrate from

classical MD. However, since the geometry observed at the

end of the QM/MM MD simulation of the free protomer

was different from the classically equilibrated one and it

was compatible with the one-step enzymatic activity, we

docked imipenem in this structure and, after a FF based

MD simulation (see Methods), we started a QM/MM MD

run. During the equilibration of this complex (Fig. 7B),

Wat-Z forms a stable H-bond with Ne@His149 (average

distance 2.90 ± 0.14 Å, occupancy 100 %) and Wat-H

is stably placed between Od1@Asp120 (H-bond average

distances 2.88 ± 0.16 Å, occupancy 100 %) and Ne@
His116 (H-bond average distance 2.88 ± 0.15 Å, occu-

pancy 100 %). Moreover Asp120, initially coordinated

with Od2, rearranges its coordination and binds with Od1,

similarly to what observed by Guo and coworkers in their

computational studies on CphA [25].

In this case, the average distance between the O@Wat-Z

and C7@imipenem is 3.47 ± 0.19 Å. Moreover, the

H-bond between Wat-Z and His149 may activate Wat-Z to

attack the C7@imipenem carbonyl carbon. Therefore, we

can hypothesize a two-steps catalytic mechanism where the

nucleophilic attack is performed by Wat-Z activated by

His149. Once Wat-Z attacked C7@imipenem, His149 may

protonate the N of the b-lactam moiety or Wat-H may

replace Wat-Z acting as proton shuttle between His149 and

the N of the b-lactam moiety. This mechanism is not

consistent with the one-step hydrolysis proposed by some

of us [4] and it is also different from the other mechanisms

proposed so far for CphA [4, 25, 27, 53] (Figures S1 and

S2). However, considering the previous theoretical studies

on the MbL reactivity we think that it may be potentially

feasible for the DCH-BcII specie.

Conclusions

A combination of FF based and QM/MM MD simulations

has been performed to provide a structural model for a

putative a mono-zinc form of the BcII enzyme with the

metal ion in the DCH site. The feasibility of the predicted

models has been investigated (i) by comparing the struc-

tural features of our models with that of CphA and of the

recently released structure of Sfh-I (ii) by comparing the

catalytic site hydration of our models with that of the CphA

and (iii) by checking if the monozinc-DCH form of the

BcII enzyme may also share the general mechanism of one-

step hydrolysis proposed for CphA, BcII and CCrA [4, 21,

26].

Our simulations pointed out that the model of eed-imi-

penem complex (Fig. 7A), although having in the catalytic

site the correct number and orientation of the waters to

perform the one-step hydrolysis is characterized by a dis-

tance between O@Wat-H and the C7@imipenem larger

than those typically observed in reactive adducts of other

MbL enzymes [4, 26]. Therefore, it is not clear from this

structural study if this adduct may be catalytically active.

Instead, the ded-imipenem complex has a geometrical

arrangement compatible with a catalytic mechanism of

b-lactam hydrolysis. This, however, may involve His149, a

different histidine with respect to His118. This latter has

been demonstrated to play an enzymatic role both in CphA

[4] and Sfh-I [54]. Therefore, although the b-lactam

hydrolysis may be in principle possible for the ded pro-

tomer, this is not likely to occur in a single step [25, 53].

It is worth noting that in the analysis of the catalytic

reaction feasibility we have considered only those pro-

tomers which presented a network of water molecules

compatible with the general one-step mechanism of

hydrolysis of CphA proposed by some of us [4, 26]. This

mechanism, in fact, seems to be a general enzymatic

hydrolysis mechanism of b-lactams antibitotics shared also

by BcII and CCrA MbLs and it was recently bolstered also

by the resolution of the atomic structure of a Sfh-I [54].

However, considering our simulations, we cannot

exclude that the mono-Zn DCH BcII species may be active

with the multistep hydrolysis mechanism proposed in

[25, 53].

The lack of an experimental structure has limited our

investigation only to qualitative hypotheses on the reac-

tivity of the DCH-BcII form. However, the results of our

calculations represent an interesting starting point to extend

the discussion on the MbLs reactivity. Quantitative pre-

dictions could be obtained by computational studies only if

Fig. 6 Selected snapshot from the last nanosecond of the classical

MD trajectory of the eed protomer in complex with imipenem. For

sake of clarity only the drug, the side chain atoms, the hydrogen

atoms of the histidines and the relevant waters are displayed
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the monozinc DCH-BcII structure will be experimentally

solved.
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