
Subscriber access provided by American Chemical Society

Journal of Medicinal Chemistry is published by the American Chemical Society. 1155
Sixteenth Street N.W., Washington, DC 20036

Article

Antibiotic Binding to Monozinc CphA β-Lactamase from
Aeromonas hydropila:  Quantum Mechanical/Molecular

Mechanical and Density Functional Theory Studies
Dingguo Xu, Yanzi Zhou, Daiqian Xie, and Hua Guo

J. Med. Chem., 2005, 48 (21), 6679-6689• DOI: 10.1021/jm0505112 • Publication Date (Web): 17 September 2005

Downloaded from http://pubs.acs.org on March 29, 2009

More About This Article

Additional resources and features associated with this article are available within the HTML version:

• Supporting Information
• Links to the 5 articles that cite this article, as of the time of this article download
• Access to high resolution figures
• Links to articles and content related to this article
• Copyright permission to reproduce figures and/or text from this article



Subscriber access provided by American Chemical Society

Journal of Medicinal Chemistry is published by the American Chemical Society. 1155
Sixteenth Street N.W., Washington, DC 20036

http://pubs.acs.org/doi/full/10.1021/jm0505112


Antibiotic Binding to Monozinc CphA â-Lactamase from Aeromonas hydropila:
Quantum Mechanical/Molecular Mechanical and Density Functional Theory
Studies

Dingguo Xu,† Yanzi Zhou,‡ Daiqian Xie,‡ and Hua Guo*,†

Department of Chemistry, University of New Mexico, Albuquerque, New Mexico 87131, and Department of Chemistry,
Institute of Theoretical and Computational Chemistry, Nanjing University, Nanjing 210093, People’s Republic of China

Received June 1, 2005

The active-site dynamics of apo CphA â-lactamase from Aeromonas hydropila and its complex
with a â-lactam antibiotic molecule (biapenem) are simulated using a quantum mechanical/
molecular mechanical (QM/MM) method and density functional theory (DFT). The quantum
region in the QM/MM simulations, which includes the Zn(II) ion and its ligands, the antibiotic
molecule, the catalytic water, and an active-site histidine residue, was treated using the self-
consistent charge density functional tight binding (SCC-DFTB) model. Biapenem is docked at
the active site unambiguously, based on a recent X-ray structure of an enzyme-intermediate
complex. The substrate is found to form the fourth ligand of the zinc ion with its 3-carboxylate
oxygen and to hydrogen bond with several active-site residues. The stability of the metal-
ligand bonds and the hydrogen-bond network is confirmed by 500 ps molecular dynamics
simulations of both the apo enzyme and the substrate-enzyme complex. The structure and
dynamics of the substrate-enzyme complex provide valuable insights into the mode of catalysis
in such enzymes that is central to the bacterial resistance to â-lactam antibiotics.

I. Introduction

â-Lactam antibiotics, such as penicillins, cephalos-
phorins, and carbapenems, have been widely and suc-
cessfully used in treating bacterial infections. These
molecules operate by forming a covalent adduct with
membrane-bound bacterial transpeptidases, which are
also known as penicillin-binding proteins (PBPs), in-
volved in the biosynthesis of cell walls.1,2 These mech-
anism-based inhibitors prevent the construction of the
cell wall and lead eventually to cell lysis and death. In
the last 20 years, however, the efficacy of these antibiot-
ics has been overshadowed by the emergence of drug-
resistant bacterial strains resulting from evolutionary
responses to widespread overuse and abuse of antibiot-
ics in clinical and agricultural settings. The problem has
escalated to a crisis level, posing serious public-health
and economic challenges to modern society.3 Conse-
quently, there is an urgent need to understand the
mechanism of resistance, which may lead to novel and
more effective drugs.2,4

The most common and effective strategy of bacterial
resistance is through â-lactamases, which inactivate
â-lactam antibiotics by hydrolyzing the C-N bond in
the lactam ring.1,2,4-6 The â-lactamase family can be
divided into four classes on the basis of functional
characteristics.7,8 A, C, and D classes are serine â-lac-
tamases, which employ an active-site serine residue for
catalysis. Class B consists of metallo-â-lactamases that
require one or two divalent zinc cofactors and use an
active-site H2O/OH- in hydrolysis. The serine-based
â-lactamases are distantly related to the PBPs, but the

origin of metallo-â-lactamases is still not clear. Among
the four classes, class A â-lactamases are the most
prevalent in the clinical setting and have consequently
been more extensively studied.4 However, there is a
growing concern about the class B â-lactamases despite
their relatively small population.9,10 Their broad sub-
strate spectra and the absence of clinically useful
inhibitors render them a potentially more dangerous
threat to the relatively small arsenal of â-lactam
antibiotics. An alarming trend in recent years points to
a rapid spread of these metalloenzymes in pathogenic
microorganisms by plasmid-mediated gene exchanges.10,11

Class B â-lactamases can be further divided into three
subclasses.9,12 Subclass B1 enzymes are found in Bacil-
lus, Bacteroides, Pseudomonas, Serratia, and Chryseo-
bacterium, whereas subclass B3 enzymes exist in Steno-
trophomonas, Legionella, Fluoribacter, Janthinobac-
terium, and Caulobacter. Subclass B2 enzymes, how-
ever, have only been found in Aeromonas. These met-
alloenzymes have considerable sequence diversity, shar-
ing only 25-40% sequence similarities within a subclass
and 10-20% between subclasses.12,13 Despite their low
sequence homology, the key catalytic motifs are largely
conserved.

The catalytic mechanism of class B â-lactamases is
still not completely resolved,13 but it is clear that at least
one divalent zinc ion is needed. Structural studies have
shown that all class B â-lactamases possess two poten-
tial binding sites for Zn(II) near the bottom of a broad
crevasse.14-22 The so-called Zn1 site is comprised of
three His residues in the B1 and B3 subclasses, but one
His is replaced by Asn in the B2 subclass. On the other
hand, the Zn2 site consists of an Asp-Cys-His triad in
the B1 and B2 subclasses and an Asp-His-His triad in
the B3 subclass, respectively. It is known that both B1
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and B3 subclass â-lactamases are catalytically active
with either one or two zinc cofactors.21,23-28 However,
only the monozinc form possesses catalytic activity for
subclass B2 enzymes.29,30 The hydrolysis of the lactam
amide bond is believed to be accomplished by an active-
site H2O/OH-, which attacks the carbonyl carbon in the
lactam ring.13 The mechanistic details of the reaction
are still sketchy.

Elucidation of the catalysis cannot be achieved with-
out a clear understanding of the substrate binding.
Unfortunately, the binding of antibiotic molecules in the
active site of metallo-â-lactamases is poorly understood
because the high efficiency of the enzyme prevents
structural determination of the Michaelis complex.
Indeed, the current knowledge concerning substrate
binding has largely been extrapolated from X-ray struc-
tures of apo enzymes14-19 and of enzyme-inhibitor/
intermediate complexes.31-34 More recently, computa-
tional simulations have started to provide microscopic
insight into the structure and dynamics of substrate-
enzyme complexes.35-44 For instance, simulations36,43

have confirmed an interesting experimental finding that
an active-site loop structure appears to be involved in
substrate binding.45,46 However, the modeling of sub-
strate binding often faces difficulties stemming from the
fact that many conformations are possible for the
substrate to make productive interactions with the
metal(s) and the active-site residues. This is particularly
problematic for subclass B1 and B3 enzymes because
of their broad substrate profiles. Theoretically, it is a
challenge to design force fields that can accurately
account for the metal-ligand interaction.43 Hence, it is
desirable to treat the substrate and the metal-ligand
complex quantum mechanically, as suggested recently
by a number of groups.41,44

An ideal approach to the study of enzymatic reactions
is the use of quantum mechanical/molecular mechanical
(QM/MM) models,47-50 which partition the system into
a QM region and a classical MM region. The QM region
includes the reacting species and some other moieties
that are expected to be significantly involved in the
reaction, while the surrounding MM region provides a
realistic reaction field. A force field approach is often
sufficient for describing the MM atoms, as their thermal
motion is largely near their equilibria. On the other
hand, a quantum description of the potential for the
reactive QM atoms is necessary. Obviously, the QM/MM
approach represents a compromise, but numerous stud-
ies have demonstrated that it is an effective scheme to
characterize enzymatic reactions.51-54 Indeed, QM/MM
studies of the metallo-â-lactamases have been reported,
primarily by the Merz group37,44,55 and the Carloni
group.56 For the QM part, the Merz group relies on a
newly developed PM3 parametrization designed for zinc-
containing enzymes,57 while the Carloni group uses the
Car-Parrinello method with density functional theory
(DFT).

In this publication, we present theoretical studies of
the substrate binding by a subclass B2 â-lactamase
using an alternative QM/MM approach based on a
recently proposed self-consistent charge density func-
tional tight binding (SCC-DFTB) method.58 The SCC-
DFTB method is an approximate density functional
theory based on a second-order expansion of the total

DFT energy with respect to the charge density varia-
tion.58 It represents an improvement of the original
DFTB method because of a self-consistent procedure
which iteratively relaxes the atomic Mulliken charges
and has been shown to give quite accurate results for
the geometry,59,60 vibrational frequencies,61,62 and reac-
tion energies59,60,63 for many molecular systems. In
addition to its accuracy, the SCC-DFTB approach is also
very efficient, with a speed comparable to that of most
other semiempirical methods such as AM1 and PM3.
The efficiency derives from the parametrization of the
Hamiltonian as a function of internuclear distances. As
a result, it has been applied to many biological systems
with impressive results.59,63-71 A particularly important
advance related to this work is the recent parametriza-
tion of biological zinc, which yielded results such as
geometry and ligand binding energies that are much
better than those of the original PM3 method, as
compared with the B3LYP/6-311+G(d,p) level of theory.71

This advance opens the door for simulating many zinc-
containing enzymes, such as carbonic anhydrase,72

cytidine deaminase,73,74 and metallo-â-lactamases, in
this work.

Our work is motivated by recent X-ray diffraction
studies of the CphA metallo-â-lactamase from Aeromo-
nas hydropila and its complex with a reaction interme-
diate.20 These structures are unique in several respects.
First, the zinc ion was found in the apo enzyme at the
Zn2 site, rather than at the Zn1 site commonly found
in subclass B1/B3 â-lactamases.14 This striking feature
is corroborated by spectroscopic evidence from â-lac-
tamases from A. hydrophila30,75 and A. veronii.76 More
importantly, the structural work established that the
zinc binding site in this enzyme is not changed upon
binding of the substrate. This is an important point that
has not been fully established for subclass B1 and B2
mononuclear enzymes, which has led to speculations on
the true location of the catalytic zinc ion under physi-
ological conditions.28,77 Second, it was the first report
of any metallo-â-lactamase complexed with an antibiotic
molecule. The structure of the enzyme-intermediate
complex, thus, provides a rare opportunity and an
excellent starting point for theoretical studies of the
binding of antibiotics to metallo-â-lactamases.

II. Computational Methods

A. Docking Model. The general binding pattern of anti-
biotic molecules in the active site of metallo-â-lactamases has
not been fully established because of the absence of structural
information on the Michaelis complex. In addition, the mode
of substrate binding may be diverse given the differences in
zinc stoichiometry and the active-site environment within the
metallo-â-lactamase family. For the CphA system, fortunately,
the recent crystallographic structure of its complex with a
reaction intermediate of biapenem hydrolysis provides valu-
able information on the interaction of the substrate with the
active site of the enzyme.20 In particular, the zinc ion was
found to be coordinated by Asp120, Cys221, and His263, in
which the former two are deprotonated and the latter uses
Nε2 in coordination. In the apo form, the fourth ligand of the
zinc ion is a carbonate ion (CO3

2-). In the enzyme-intermedi-
ate complex, however, the zinc ion is ligated by the 3-carboxy-
late of the substrate and the lactam nitrogen after cleavage
of the C-N bond. In addition, the non-metal-binding oxygen
of the carboxylate is hydrogen bonded with the side chain of
Lys224 and the backbone NH group of Asn233. These struc-
tural features narrow the configuration space sufficiently to
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allow unambiguous docking of the substrate in the active site
of the enzyme.

The structure of biapenem (Scheme 1) has been reported
experimentally by small-molecule X-ray crystallography.78 Its
optimized geometry has also been determined by us at the
B3LYP/6-31+G(d) and SCC-DFTB levels of theory. The agree-
ment among the two theoretical models and with the experi-
mental geometry is quite satisfactory.

The docking model was constructed by modifying the
enzyme-intermediate complex (Protein Data Bank code 1X8I).20

After removing the intermediate, the optimized biapenem
structure was docked in the active site by placing the lactam
nitrogen (N4) and a 3-carboxylate oxygen (C13) at their corre-
sponding positions in the X-ray structure of the enzyme-
intermediate complex. The substrate fits the active site
reasonably well, as no obvious overlap of atoms was found.
The substrate was then allowed to relax with all other protein
atoms and crystallographic waters fixed. The resulting complex
was then solvated and optimized according to the QM/MM
protocol detailed below. The energy minimized structure is
quite robust and appears to be insensitive to small variations
in the initial geometry. The apo enzyme required no such
manipulations, and the starting geometry was directly taken
from the experimental structure (Protein Data Bank code
1X8G).

An important problem concerning the active-site structure
and catalysis is the location of the catalytic water. In our
docking model, this water molecule is located between His118
and Asp120, as in the X-ray structure of the enzyme-
intermediate complex.20 The presence of this water molecule
in the enzyme-substrate complex will not be known for sure
until its structure is determined. However, our docking model
is supported by the existence of a water molecule in the same
location of the apo enzyme as observed in its X-ray structure.20

B. QM/MM Model and Simulation Protocol. All simula-
tions were carried out using the CHARMM suite of molecular
simulation codes.79 We chose to simulate the substrate binding
using a QM/MM strategy not only because it avoids the
development of empirical force field parameters but also
because it sets the stage for future QM/MM studies of the
catalysis mechanism. In an ideal QM/MM model, the QM part
should be treated using ab initio or DFT methods. However,
such a treatment is not yet computationally feasible for the
large systems discussed here. In our approach, the SCC-DFTB
method58,59 was employed for the QM region, and the CHARMM
all atom force field,80 for the MM regions. The CHARMM van
der Waals parameters were used for the QM atoms. The QM
region of the substrate-enzyme complex contains the biap-
enem molecule, the zinc ion and its protein ligands, namely
the side chains of Asp120, Cys221, and His263, the catalytic
water, and the imidazole side chain of His118. A total of 82
atoms were included in the QM region. In the apo enzyme,
the substrate was replaced by a carbonate ion and both the
catalytic water and His118 were excluded from the QM region.
Link atoms were introduced at the boundary,47,49 which
interact electrostatically with all MM atoms except the link
hosts. In particular, the link atoms are connected to Câ atoms
with CR atoms as their link hosts. No van der Waals interaction
was needed for the link atoms. The QM-MM electrostatic
interactions were not truncated, while the MM-MM electro-
static interactions and all van der Waals interactions were
truncated at 12 Å.

The enzyme-substrate complex obtained from the docking
model was first solvated in a 25 Å radius pre-equilibrated
TIP3P water81 sphere centered at the zinc ion. Solvent water
molecules found within 2.8 Å of a non-hydrogen atom or
crystallographic water were deleted. The solvent sphere was
allowed to relax for 30 ps with the protein atoms and
crystallographic waters fixed. This process was repeated
several times with randomly rotated water spheres to avoid
solvent cavities. Stochastic boundary conditions82 were im-
posed on the solvated system, which was divided into three
near-spherical layers. The innermost reaction zone (r < 22 Å)
is governed by Newtonian dynamics on the potential generated
by the combined QM/MM scheme. The atoms belonging to
residues in the reservoir zone (r > 25 Å) were deleted. Between
these zones, the atoms in the buffer zone (22 < r < 25 Å) were
subject to harmonic constraints and solvent boundary poten-
tials, such that the system remains close to the experimental
structure. During the simulation, atoms in the buffer zone are
subject to Langevin dynamics (LD) with friction and random
forces stemming from the bulk solvent molecules that are not
explicitly included in the simulation. In a typical simulation,
3372 protein atoms and 1232 water molecules are included in
the system.

The energy of the system was first minimized using the
steepest descent method to remove bad contacts, and the
structure was further optimized using the adapted basis
Newton-Ralphson method. In molecular dynamics (MD)
simulations, the system was slowly brought to room temper-
ature and data collection followed 100 ps equilibration at 300
K. In MD calculations, the SHAKE algorithm83 was used to
maintain the covalent bonding involving H atoms. The time
step of the MD simulations was 1 fs.

C. DFT Calculations. To provide an independent check of
the SCC-DFTB method, we have also carried out DFT calcula-
tions of biapenem and truncated active-site models. The
Becke3-Lee-Yang-Parr (B3LYP) exchange-correlation func-
tional84,85 and the standard 6-31+G(d) basis set were used. The
minimal energy geometry was found by geometry optimization.
All DFT calculations were performed using Gaussian 03.86

III. Results
A. Structure of Biapenem. Carbapenems, such as

imipenem, meropenem, and biapenem, are broad-spec-
trum â-lactam antibiotics that are most effective in
treating Gram-negative bacterial infections. Although
resistance to carbapenems by clinically relevant patho-
genic microorganisms is still low, they are particularly
susceptible to hydrolysis by subclass B2 â-lactamases
such as CphA, which are also known as carbapen-
emases.10,11 To test the accuracy of the SCC-DFTB
method, we have optimized the geometry of biapenem
at the B3LYP/6-31+G(d) level with an experimental
starting geometry.78 Since the 3-carboxylate is coordi-
nated in the enzyme with the metal ion, we chose to
work with the protonated form of biapenem.

The optimized DFT geometry of biapenem is shown
in Figure 1, with several key bond lengths and bond
angles. The corresponding SCC-DFTB values and ex-
perimental data are given in parentheses and in square
brackets, respectively. As shown in the figure, the
agreement between the SCC-DFTB and DFT results is
very good. The difference in bond lengths and bond
angles in the free substrate is typically on the order of
a few hundredths of angstrom and a few degrees,
respectively. The agreement with experimental data is
also reasonable. Such good agreements are in keeping
with earlier observations by other authors on the
accuracy of the SCC-DFTB method59,60 and provide
supporting evidence for a SCC-DFTB/MM treatment of
the active site of the Michaelis complex.

Scheme 1. Structure of Biapenem and Atomic
Definition
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B. Active-Site Dynamics of the Apo Enzyme. As
shown in Figure 2, the active-site structure of the apo
enzyme is quite stable, as evidenced by the relatively
small (<1.1 Å) root-mean-square deviation (RSMD) of
the backbone atoms. The zinc ion is coordinated by four
ligands, namely, the carbonate ion and the side chains
of Asp120, Cys221, and His263. A typical snapshot of
the metal-ligand complex is shown in Figure 3, with
the relevant bond lengths and bond angles listed in
Table 1. Judging from the fluctuation of these geometric
parameters, the metal-ligand bonds are quite rigid and
stable. This is consistent with the tight binding of the
zinc ion in the Zn2 site. The comparison with experi-
mental values lends further support to the accuracy of
the SCC-DFTB model.

In addition to metal binding, the carbonate ion is also
hydrogen bonded with an active-site residue (Lys224),
as clearly seen in Figure 3. The hydrogen bond to the
side chain of Lys224 is quite strong, as evidenced by
the short O‚‚‚H-N distance (1.63 ( 0.13 Å). As dis-
cussed below, a similar hydrogen bond plays a key role
in the binding of biapenem to CphA. The carbonate
oxygen that is bound to neither metal nor Lys224 is
solvated by several waters, as shown in Figure 3. In
addition, the metal-binding oxygen is also hydrogen
bonded with a water molecule. Interestingly, thermal-
induced cartwheel and helicopter rotations of the car-

bonate ion were observed to occur during the 500 ps
simulation, as shown by the O-Zn distances in Figure
4. The rotation takes place within a very short time
span, and the new configuration preserves the hydro-
gen- and metal-bonding pattern.

C. Binding Dynamics of Biapenem to CphA. The
CphA-biapenem complex was found to be slightly more
stable than the apo enzyme, as evidenced by the small
RSMD shown in Figure 2. A snapshot of the active site
is displayed in Figure 5. An illustration of important
metal-binding and hydrogen-bond interactions is given
in Scheme 2. As in the apo enzyme, the zinc ion is
tetracoordinated with the carboxylate at the substrate
C3 position as the fourth ligand, displacing the carbon-
ate ion in the apo enzyme. The metal-ligand bonds are
very similar to those in the apo enzyme, with a similar
level of fluctuation, as shown in Table 1. In comparison
with the X-ray structure of the enzyme-intermediate
complex, the bond length between the zinc and the
carboxylate oxygen (O13) of the substrate is shortened
from 2.39 to 2.12 ( 0.07 Å. At the same time, the
distance between the zinc and the lactam nitrogen (N4)
is elongated from 2.22 Å in the X-ray structure to 3.38
( 0.58 Å in our simulation. This is reasonable since the
anionic nitrogen in the intermediate formed by cleaving
the amide C-N bond has presumably a much stronger
interaction with the metal cation. In the enzyme-
substrate complex, on the other hand, the nitrogen is
much less negatively charged because it has three
covalent bonds with nearby carbon atoms.

In addition to the metal-ligand bond, the metal-
binding oxygen (O13) of the 3-carboxylate is also engaged
in hydrogen bonding to the imidazole HNε2 of His196
(r(O‚‚‚H-N) ) 2.16 ( 0.40 Å). This His residue was
observed to hydrogen bond with another oxygen (O15)
in the enzyme-intermediate complex.20 On the other
hand, the non-metal-binding oxygen (O12) of 3-carboxy-
late has a strong hydrogen bond with the side chain of
Lys224 (r(O‚‚‚H-N) ) 1.71 ( 0.12 Å), in a similar
fashion as observed in the apo enzyme, and is further
enhanced by another hydrogen bond to the backbone
NH group of Asn233 (r(O‚‚‚H-N) ) 2.25 ( 0.49 Å).
These interactions are probably the strongest anchoring
forces for the substrate, which should be most likely
retained throughout the catalysis. Indeed, the two

Figure 1. Comparison of biapenem geometric parameters
obtained from B3LYP/6-31+G(d), SCC-DFTB (in parentheses),
and experimental (in square brackets) methods. The bond
lengths are given in angstroms, while the bond angles are in
degrees.

Figure 2. RMSD for the backbone atoms of the apo enzyme
(blue) and the substrate-enzyme complex (red).

Figure 3. Snapshot of the active site of the apo CphA enzyme.
Metal-ligand bonds and hydrogen bonds are indicated by
dashed lines. The link atoms are shown in green.
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hydrogen bonds can be inferred from the X-ray structure
of the enzyme-intermediate complex with O‚‚‚N dis-
tances of 2.91 and 3.05 Å, respectively.

The hydrogen bond between O12 and the backbone NH
group of Asn233 is made possible by a large conforma-
tional change of the Asn233 residue upon substrate
binding. As shown in Figure 6, in which the crystal
structures of the apo enzyme and the CphA-biapenem
complex are compared, Asn233 moves closer to the
metal center in the substrate-enzyme complex with its
ψ angle rotated about 140°.20 The conformational change

reorients the Asn side chain toward the interior of the
active site and clamps the substrate. In our simulations,
the average ψ angle is -36.7 ( 18.0° and 111.4 ( 10.7°
for the apo and complexed forms, respectively, which
can be compared to the experimental values of -18° and

Table 1. Comparison of Key Geometric Parameters for the Apo CphA Enzyme and the CphA-Biapenem Complex Obtained from the
SCC-DFTB/CHARMM and DFT (B3LYP/6-31+G(d)) Calculations with the Available Experimental Data

apo CphA enzyme CphA-biapenem complex

distance (Å) and angle (deg) QM/MM MD DFT exp QM/MM MD DFT expa

N4‚‚‚Zn2+ 3.38 ( 0.58 3.71 2.22
O1/O13‚‚‚Zn2+ 2.15 ( 0.08 2.08 2.10 2.12 ( 0.07 2.03 2.39
Zn2+‚‚‚ Nε2(His263) 2.04 ( 0.06 2.15 2.05 2.04 ( 0.07 2.07 2.13
Zn2+‚‚‚ Oδ2(Asp120) 2.14 ( 0.07 1.98 1.96 2.14 ( 0.07 1.98 2.03
Zn2+‚‚‚ S(Cys221) 2.31 ( 0.06 2.29 2.19 2.34 ( 0.08 2.34 2.27
Ow‚‚‚C7 3.54 ( 0.58 3.21
O3/O12‚‚‚Hú2(Lys224) 1.63 ( 0.13 1.03b 1.71 ( 0.12 1.90
O14‚‚‚Hδ22(Asn233) 2.05 ( 0.26
O12‚‚‚H-N(Asn233) 2.25 ( 0.49
O13‚‚‚Hε2(His196) 2.16 ( 0.40
C7-N4-C3 124.4 ( 6.4 127.7
C2-S-C17 106.9 ( 3.5 101.7 105.4
O1/O13‚‚‚Zn2+‚‚‚Oδ2(Asp120) 102.6 ( 8.6 101.0 102.1 124.2 ( 11.6 117.3 161.8
O1/O13‚‚‚Zn2+‚‚‚S-(Cys221) 112.0 ( 8.0 123.2 120.4 118.3 ( 9.7 102.4 96.3
O1/O13‚‚‚Zn2+‚‚‚Nε2(His263) 100.1 ( 12.9 93.2 101.0 95.5 ( 5.0 98.4 81.6

a Data from the enzyme-intermediate complex. b Resulting from proton transfer from the Lys side chain to the carbonate ion (see
text).

Figure 4. Distances of three carbonate oxygens from the zinc
ion in the apo enzyme active site.

Figure 5. Snapshot of the active site of the CphA-biapenem
complex. Metal-ligand bonds and hydrogen bonds are indi-
cated by dashed lines. The link atoms are shown in green. The
His196 residue is not shown in the figure to avoid congestion.

Figure 6. Overlay of the X-ray structures of the apo CphA
enzyme (purple) and its complex with the biapenem interme-
diate (gold) clearly showing the conformational change of the
Asn233 residue upon substrate binding. The biapenem sub-
strate is displayed in tubes, while the carbonate ion is in balls-
and-sticks.

Scheme 2. Important Bonding Interactions at the
Active Site of the CphA-Biapenem Complex

Binding to Monozinc CphA â-Lactamase from A. hydropila Journal of Medicinal Chemistry, 2005, Vol. 48, No. 21 6683



120°. Note that the fluctuation is larger in the unbound
enzyme.20

Augmenting the strong substrate-enzyme interac-
tions through the 3-carboxylate group of biapenem,
there are several other hydrogen bonds that also
contribute to the binding. Most notable is the hydrogen
bond between the lactam carbonyl oxygen (O14) and the
side chain NH2 group of Asn233, as shown in Figure 5.
The average hydrogen-bond distance between the oxy-
gen and the hydrogen of the Asn NH2 group is 2.05 (
0.26 Å. This interaction was not noted in the X-ray
structure, presumably because the intermediate ob-
served in the X-ray study has already been hydrolyzed
and the resulting carboxylate moiety has rotated to a
different position.20 This hydrogen bond is likely to serve
as an “oxyanion hole” for the nucleophilic attack of the
catalytic water, during which negative charge builds up
at the oxygen. These hydrogen-bond interactions may
be responsible for the increased stability of the enzyme-
substrate complex, as implicated by the smaller RMSD
in Figure 2.

Consistent with the X-ray structure, the bicyclotri-
azoliumthio group of the substrate is positioned between
the side chains of Val67 and Lys226, pointing toward
the solvent and experiencing much larger fluctuation.
Apparently, its contribution to substrate binding is
minimal. Indeed, other carbapenem molecules such as
imipenem and meropenem have different moieties con-
nected with the sulfur while preserving the bicyclic
carbapenem rings.

Surprisingly, the hydroxyethyl group at C6 was
observed to interact weakly with the active site of the
enzyme. The H-O15-C8-C6 dihedral angle plotted in
Figure 7 indicates substantial rotational flexibility. No
hydrogen bond with the -OH moiety of Thr119, as
suggested by Garau et al.,20 was found. Since all
carbapenem antibiotics share this moiety, its flexibility
in the active site of the carbapenemase may be impor-
tant for the internal rearrangement of the substrate,
which is required for forming the obligatory intermedi-
ate observed in the X-ray structure.

As shown in the X-ray structure of the enzyme-
intermediate, there is an active-site water near the
lactam ring, which is likely the putative nucleophile that
hydrolyzes the lactam amide bond. In that structure,
this water is hydrogen bonded to the imidazole ring of

His118. In our simulation, however, this water appears
to form transient hydrogen bonds primarily with a
carboxylate oxygen of the metal-binding Asp120 residue,
as shown in Figure 5. The imidazole of His118, which
is included in the QM region, fails to make a lasting
hydrogen bond to the water during the entire simula-
tion. Furthermore, it is observed to rotate for about 180°
near 190 ps, which makes the hydrogen-bond interac-
tion even more difficult. Throughout the simulation, the
motion of the catalytic water is mostly restricted in a
pocket formed by His118, Asp120, and the substrate.
Under no circumstances was it observed to bind with
the metal. This observation disfavors the possibility that
a metal-bound water serves as the nucleophile. In
addition, it is well aligned with the carbonyl carbon of
the substrate, evidenced by the Ow-C7 distance of 3.54
( 0.58 Å. It, thus, appears that the substrate-binding
configuration aligns the reactants for the hydrolysis
reaction in a near-attack configuration.87

D. DFT Models of the CphA-Biapenem Active-
Site. To ensure an accurate characterization of the
metal binding by the SCC-DFTB method, we have
obtained minimal-energy geometries for truncated ac-
tive-site models. The active-site model for the apo
enzyme includes the zinc ion, the carbonate ion, an
acetic acid, a methyl thiolate, a methyl imidazole to
mimic the Asp120, Cys221, and His263 ligands, a
methylammonium (CH3NH3

+) to mimic Lys224, and
four water molecules. The optimized structure is shown
in Figure 8A. Table 1 lists several key bond lengths and
angles, which are in reasonable agreement with the

Figure 7. The H-O15-C8-C6 dihedral angle of the hydroxy-
ethyl group indicating facile rotational mobility.

Figure 8. Geometries of the active sites of the apo CphA
enzyme (A) and the CphA-biapenem complex (B) optimized
at the B3LYP/6-31+G(d) level of theory. The metal-ligand and
hydrogen bonds are indicated by dashed lines.
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SCC-DFTB/MM results. As shown in the figure, the
carbonate ion forms a metal-ligand bond with Zn(II)
and is well solvated, as seen in the QM/MM simulations.
In addition, the carbonate ion is protonated by the
methylamine, which also results in a hydrogen bond.
We emphasize that the presence of the Lys residue is
very important, as its absence leads to a bidentate
binding of CO3

2- to the metal and to the expulsion of
the Asp120 to maintain the tetracoordination of Zn2+.

The optimized structure of the active-site model for
the CphA-biapenem complex is shown in Figure 8B.
In this model, the carbonate ion in the apo enzyme
model is replaced by a biapenem analogue and the
solvent waters are substituted by a crystal water and
an analogue of His118. The changes seem to have a
small effect on the metal-ligand bonds, as shown in
Table 1. The hydrogen bond between the Lys224 side
chain and the 3-carboxylate oxygen is maintained with
no proton transfer. The crystal water is hydrogen
bonded to both the side chain of His118 and the side
chain of Asp120. The water oxygen is only 3.21 Å away
from the lactam carbonyl carbon in a near-attack
configuration, similar to the case of the MD simulation
in which the corresponding distance is 3.54 ( 0.58 Å.

The nature of the zinc-ligand bonds is probably best
described as a mixture of covalent and electrostatic
interactions. Although we did not analyze the molecular
orbitals in detail, it is apparent that significant charge
transfer takes place in these bonds. Table 2 lists the
atomic charges of the zinc ion and its ligands in both
the apo enzyme and the enzyme-substrate complex,
obtained from the electrostatic potential (ESP) ap-
proach.88,89 In particular, the charge on the zinc ion is
significantly smaller than that in its free form. The
covalent bond characteristics are also manifested in the
well-defined tetrahedral geometry of the coordination
sphere.

IV. Discussion
A. Determinants in Substrate Binding. It is well

established that subclass B2 metallo-â-lactamases such
as CphA strongly prefer carbapenems as substrates.
This is likely due to the steric and electrostatic environ-
ment of the active site of the enzyme. Our enzyme-
substrate model based on experimental structures has
clearly identified the following major determinants in
substrate binding in subclass B2 â-lactamases: (i) The
carbapenem substrate forms a strong metal-ligand
bond with the zinc ion using its 3-carboxylate oxygen.
(ii) The Asn233 residue clamps down on the substrate,
forming a hydrogen bond to the non-metal-binding
oxygen of the 3-carboxylate of the substrate with its
backbone NH group and another to the carbonyl oxygen
of the substrate lactam ring with its side chain NH2
group. (iii) These interactions are augmented by hydro-
gen bonds between the metal-binding oxygen of the

3-carboxylate and the His196 side chain and between
the non-metal-binding oxygen of the 3-carboxylate and
the backbone NH group of Asn233. (iv) The 6-hydroxy-
ethyl group is flexible with no strong interaction with
the active site. (v) The substrate -SR group is not
involved in binding with the enzyme but is well solvated
by the solvent waters. These binding determinants fit
nicely with the bicyclic motif of carbapenem compounds.

Such a pattern is very different from the proposed
binding configurations in subclass B1 and B3 â-lacta-
mases. For those enzymes, consensus has not yet been
established on the most favorable mode of substrate
binding. Some believe that the antibiotic molecule is
not directly metal binding;35,37,39,41,56 others favor a
carbonyl oxygen coordination with the zinc in the Zn1
site.41,42,44,90 In a recent QM/MM docking study of
benzylpenicillin to BcII,41 for example, as many as six
binding configurations were proposed. The binding
pattern emerging from this work might shed some light
on other metallo-â-lactamases, particularly those with
two zinc cofactors.

The binding pattern suggested by the X-ray structure
and by our simulations is verifiable by site-directed
mutagenesis studies. For example, the N233D mutation
would preserve the backbone NH group for binding the
3-carboxylate of the substrate but would not be viable
to serve as the oxyanion hole for the lactam carbonyl.
On the other hand, the replacement of Lys224 is
expected to substantially impair the binding of a car-
bapenem compound. The mutation of His118 may also
impact the catalysis in a significant way. These muta-
tions have not been made experimentally.

B. Implications for Catalysis. The catalytic mech-
anism for subclass B1 â-lactamases is best illustrated
by the hydrolysis of nitrocefin by the dinuclear CcrA
from B. fragilis.24,91-94 The bridging hydroxide between
the two zinc ions has been suggested as the putative
nucleophile.15,16 The nucleophilic attack at the carbonyl
carbon in the substrate lactam ring is shown to produce
an accumulating intermediate that features an anionic
nitrogen, presumably binding to Zn2. Further protona-
tion of the nitrogen leaving group, which produces the
hydrolyzed product, is rate-limiting. It is interesting to
note that although a tetrahedral intermediate is known
to exist in the hydrolysis of â-lactam compounds,5 the
metal ion at the Zn2 position could serve as a superacid
to stabilize the anionic nitrogen leaving group suf-
ficiently so that the tetrahedral intermediate is rendered
unstable.95 This mechanism is supported by some DFT
calculations,44,96 which found an intermediate with an
anionic nitrogen binding with the zinc ion after the
cleavage of the lactam C-N bond. Other subclass B1
or B3 dinuclear enzymes seem to share some important
features. For example, a metal-binding reaction inter-
mediate has also been identified for hydrolysis reactions
catalyzed by the L1 metallo-â-lactamase from S. mal-
tophilia (subclass B3),97-99 which has a similar active-
site structure to that of B. fragilis.19

Interestingly, the loss of one zinc ion in CcrA does
not completely impair the catalytic activity of the
enzyme.24 The zinc binding site is believed to be at Zn1,
based on structural studies of the less efficient mono-
nuclear enzyme from B. cereus,14,21 which also belong
to subclass B1. As in the reaction catalyzed by dinuclear

Table 2. ESP Charges of the Zinc Ion and Its Four Ligands in
the Apo Enzyme and in the Enzyme-Substrate Complex

atom apo enzyme enzyme-substrate complex

Zn 0.914 0.899
Oδ2(Asp120) -0.790 -0.755
S(Cys221) -0.607 -0.625
Nε2(His263) -0.222 -0.222
O1/O13 -0.536 -0.546
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enzymes, the mononuclear â-lactamase II from B. cereus
(BcII) also produces intermediates, but in branched
reaction pathways.23 The putative nucleophile in these
mononuclear enzymes such as BcII is also believed to
be a zinc-bound hydroxide, but kinetic studies impli-
cated a conserved active-site Asp residue, which has a
pKa of ∼5.6 and serves as a general base to activate the
OH- nucleophile.27,100,101 The catalytic role played by the
Asp residue is supported by mutagenesis experiments102

and recent theoretical studies.44,55,56,96,103,104 Interest-
ingly, the existence of a catalytic Asp residue has also
been suggested by the X-ray structure19 and a recent
mutagenesis study105 of the L1 enzyme from S. malto-
philia, which is a dinuclear metallo-â-lactamase with
the Asp residue as a metal ligand.

Unlike subclass B1 and B3 enzymes that hydrolyze
a broad range of â-lactam antibiotics, the subclass B2
enzymes have a quite narrow substrate profile, contain-
ing primarily carbapenems.10,106 More interestingly, the
latter is only active in the monozinc form.29,30 Such
differences may imply diversity in the mode of catalysis
among these subclasses. A significant difference from
subclass B1 and B3 â-lactamases revealed by the recent
X-ray20 and spectroscopic studies30,75,76 is the occupation
of the Zn2 site. Perhaps more importantly, the active
site does not contain a zinc-bound water or hydroxide.
The only water molecule that is near the lactam ring is
one that may hydrogen bond with the His118 and the
metal-binding Asp120 residue. Given the different
catalytic profile of subclass B2 â-lactamases, however,
this is not entirely surprising.

It is well established that water is not a very good
nucleophile and requires a general base to activate it.
In CphA, such a general base may be supplied by the
imidazole group of His118, as suggested by Garau et
al.20 General base catalysis by His (pKa ) 6.0) has been
found in many enzymatic systems.107 However, our
simulations indicate that the hydrogen-bond interaction
between the imidazole of His118 and the catalytic water
is not strong. On the other hand, the active-site struc-
tures in Figures 5 and 8B suggest another possible can-
didate for the general base, namely, the metal-binding
Asp120. The latter possibility is intriguing because a
similar Asp residue has been identified in catalysis by
subclass B1 and B3 â-lactamases, as mentioned above.
The pKa of Asp120 is around 4.0, and therefore, it is
not a good general base in a conventional sense. Metal
binding is believed to further decrease its pKa. However,
its ability to shuttle protons has been noted in many
metalloenzymes, such as arginase.108,109 We believe that
the electrostatic environment at the active site of such
enzymes is sufficiently strong and irregular that the
proton affinity of the Asp side chain is significantly
altered. This is, of course, a point that requires further
theoretical study.

The catalytic role of the Asp residue is supported
by mutagenic experiments102 and theoretical stud-
ies.44,55,56,96,103,104 Furthermore, the existence of a cata-
lytic Asp residue has also been suggested by the X-ray
structure19 and a recent mutagenesis study105 of the L1
enzyme from S. maltophilia, which is a binuclear
metallo-â-lactamase with the Asp residue as a metal
ligand. Hence, we believe that both reaction pathways

should be included in future studies of catalytic mech-
anisms of these enzymes.

We can further speculate that, upon the nucleophilic
addition of the OH- group on to the carbonyl carbon of
the lactam ring, the amide C-N bond will likely cleave
without protonation. This is because the existence of a
zinc ion can serve as a superacid to stabilize the anionic
nitrogen leaving group. This speculation is supported
by the X-ray structure of the enzyme-intermediate
complex, which shows a nitrogen 2.22 Å away from the
metal.20 If that is indeed the case, the mechanism is
then similar to that for CcrA from B. fragilis,24,91-94

where an anionic nitrogen intermediate was detected
spectroscopically. However, it should be realized that
there might be significant rearrangement of the inter-
mediate to accommodate the obligatory structure ob-
served in the X-ray structure. The reaction will even-
tually yield the product by protonation of the metal-
binding nitrogen, which is expected to weaken the metal
bond to facilitate the final expulsion from the enzyme
active site. Such mechanistic studies are underway in
our laboratory.

V. Conclusions

Progress in simulating biosystems has advanced to
an unprecedented level so that it is hard to find any
experimentally interesting enzymatic systems that
are not also under assault from the theoretical
front.53,54,110-112 Theoretical simulations complement
experimentation by providing important microscopic
details of the process and yielding quantities that are
hard to measure accurately. It is important to realize
that theory has not reached the level of sophistication
necessary to independently predict outcomes of biologi-
cal events. Rather, calculations most likely have to rely
on knowledge acquired by experimental investigations.
For enzyme catalysis, it is vital to build theoretical
models based on experimentally obtained structural and
kinetic information.

In this work, we report a quantum mechanical/
molecular mechanical study of the active-site dynamics
of both an apo subclass B2 metallo-â-lactamase and its
complex with a potent â-lactam antibiotic molecule,
biapenem. An important characteristic of our model is
that it is based on the first and only existing structure
of a complex of a metallo-â-lactamase with an antibiotic
molecule. As a result, the model is much more free of
ambiguity than previous ones. Our simulations reveal
that the substrate is engaged in direct metal binding
through its 3-carboxylate oxygen. It is further anchored
by several hydrogen bonds between the substrate and
active-site residues, particularly those made possible by
the conformational change of Asn233.

An active-site water is found to reside in a pocket near
the lactam carbonyl carbon of the substrate. It is found
to hydrogen bond primarily with the carboxylate side
chain of the metal-binding Asp120. We propose that the
Asp120 residue, like His118, may serve as general base
to activate the catalytic water. We further speculate that
the nucleophilic attack of the lactam carbonyl carbon
by the water will lead to a cleaved C-N bond and an
anionic nitrogen leaving group. The latter will form a
strong metal-ligand bond with the zinc ion and will
eventually be protonated and leave the active site as
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the product. This mechanism is consistent with the
observed enzyme-intermediate structure and with a
previously proposed mechanism for a binuclear â-lac-
tamase. The QM/MM framework used in this work can
be extended to study the catalytic mechanism and yield
microscopic rate constants that can be compared directly
with experimental data. Work in this direction is
already underway in our laboratories.

A molecular-level understanding of the binding and
catalysis of metallo-â-lactamases is essential in unravel-
ing the origin of bacterial resistance and in designing
novel and effective inhibitors. Progress in this important
research area is likely to benefit from the interaction
between experimental and theoretical investigations.
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