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ABSTRACT: Herein, we present results from molecular dynamics (MD) simulations of the class Câ-lactamase
from Citrobacter freundiiand its Michaelis complex with aztreonam. Four different configurations of the
active site were modeled in aqueous solution, and their relative stability was estimated by means of quantum
mechanical energy calculations. For the free enzyme, the energetically most stable configurations present
a neutral Lys67 residue or an anionic Tyr150 side chain. Our calculations predict that these two configurations
are quite close in terms of free energy, the anionic Tyr150 state being favored by∼1 kcal/mol. In contrast,
for the noncovalent complex formed between theC. freundiienzyme and aztreonam, the energetic analyses
predict that the configuration with the neutral Lys67 residue is much more stable than the anionic Tyr150

one (∼20 kcal/mol). Moreover, the MD simulations reveal that the neutral Lys67 state results in a proper
enzyme-aztreonam orientation for nucleophilic attack and in a very stable contact between the nucleophilic
hydroxyl group of Ser64 and the neutral amino side chain of Lys67. Thus, both the computed free energies
and the structural analyses support the assignation of Lys67 as the base catalyst for the acylation step in
the native form of theC. freundiienzyme.

Production of hydrolytic enzymes known asâ-lactamases
is the most important mechanism through which bacteria
have become resistant toâ-lactam antibiotics (1-3). The
â-lactamases are traditionally grouped into four classes,
A-D, according to their sequence homology (4). Classes
A, C, and D consist of serine hydrolases whose catalytic
action is characterized by a simple acyl-enzyme pathway.
In the first step, an acyl-enzyme intermediate is formed
between theâ-lactam moiety and a conserved serine residue.
In the second step, the acyl-enzyme intermediate is hydro-
lyzed by a water molecule and the active site is regenerated
for the next turnover by product loss. The class Bâ-lacta-
mases are zinc metalloenzymes and catalyze the hydrolysis
of nearly all â-lactams, including the versatile broad-
spectrum antibacterial carbapenem derivatives.

The serineâ-lactamases outnumber the zinc enzymes and
are considered a more immediate threat that compromises
the future therapeutic usefulness of theâ-lactam antibacterial
agents (5). Among the serine enzymes, the class Câ-lacta-
mases are broadly disseminated. They are encoded in the
chromosomes of most Gram-negative rods, and recently, they
have also been more frequently encountered as plasmid-
mediated enzymes. Moreover, many extended-spectrum class
C enzymes, which have emerged during the past decade, are
able to efficiently hydrolyze the third-generation cepha-
losporins commonly used to treat serious infections (6).

Because of their increasing clinical significance, class C
â-lactamases have been intensively studied by means of high-

resolution X-ray crystallography, enzyme kinetics, site-
directed mutagenesis experiments, and molecular simulations.
Crystal structures are available for three class C native
enzymes and some of their mutants, alone and in complexes
with different ligands (7-22). These structures show that
the class C enzymes share with the other serineâ-lactamases
a common fold characterized by a two-domain structure
formed by a mainly helical domain and anR/â-domain. The
active site is found at the interface of the two domains and
displays, in all the serine enzymes, a high degree of similarity
in the relative position of three conserved motifs. In the class
C â-lactamases, these invariant elements correspond to the
Ser64-X-X-Lys67 sequence, which is located at the amino
terminus of a long helix and contains the nucleophilic serine;
to the Tyr150-X-Asn152 sequence, which is found in a short
loop; and to the Lys315-Thr316-Gly317 sequence that is situated
in strandâ7 of a nine-strandedâ-sheet.

Site-directed mutagenesis and kinetic experiments resulted
in the identification of the residues directly involved in
catalysis. Thus, mutations at the conserved Lys67 and Tyr150

residues have been found to significantly reduce the activity
of the enzyme (23-26), and accordingly, two main reaction
mechanisms have been proposed. In these proposals, either
a neutral Lys67 or an anionic Tyr150 activates the nucleophilic
Ser64 during acylation. In addition, residues Ans152, Lys315,
Thr316, and Gly317 have been deemed essential according to
mutagenesis experiments (25, 27, 28). In fact, the X-ray
structures show that all these active site residues are involved
in a dense hydrogen bonding network that is commonly
thought to be crucial for catalysis (26).

Previous experimental and theoretical results have not been
conclusive with regard to the identity of the base catalyst
and/or the protonation configuration of the native form of
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the class C enzymes. For example, the proposed role of an
anionic Tyr150 as the base catalyst during acylation and
hydrolysis seems incompatible with13C NMR experimental
data reported for the class Câ-lactamase fromCitrobacter
freundii (29). The 13C NMR titration experiments showed
that the chemical shift of the Tyr150 resonance is almost
invariant in the pH range 6-12, suggesting that Tyr150 would
be protonated during the entire titration of the substrate-free
enzyme (the pKa value could be well above 11). However,
this interpretation of the13C NMR spectra challenges earlier
electrostatic Poisson-Boltzmann calculations that predicted
an unusually low pKa value for the Tyr150 phenol group in
the apoenzyme (4.0-8.3 depending on the protein dielectric
constant) (30). The same electrostatic calculations provided
a pKa value around 10-11 for Lys67, which seems incompat-
ible with its mechanistic role as the base catalyst. As a result,
alternative mechanisms have been proposed in which either
theâ-lactam carboxylate or the leaving amino group would
activate the nucleophile (15, 31, 32). On the other hand,
mixed ab initio quantum mechanical/molecular mechanical
(QM/MM)1 calculations performed on the class C P99 acyl-
enzyme intermediate formed with cephalothin have indicated
that the state with an anionic Tyr150 residue could be slightly
more stable than the state with a neutral Lys67 (33).
Nevertheless, the authors notice that the computed energy
difference between the two configurations (1.8 kcal/mol) is
within the margin of error of the employed methodology.

The interaction between class Câ-lactamases and different
substrates and inhibitors has been analyzed by X-ray crystal-
lography and molecular dynamics (MD) simulations. Most
of the crystal structures obtained for the class C enzymes
correspond to acyl-enzyme intermediates withâ-lactam
inhibitors and poor substrates (7, 11, 14, 15). These structures
reveal key interactions that contribute to the binding of the
degradedâ-lactam in the acyl-enzyme intermediate. In
addition, the structure of the Ser64Gly mutant of the AmpC
enzyme in complex with theâ-lactam cephalothin, in its
substrate and product forms, has also been determined (15).
Interestingly, theâ-lactam carboxylate group appears to
accept a hydrogen bond from the Tyr150 side chain in the
X-ray structure of the prereactive complex, which in turn
precludes the presence of an anionic Tyr150 prior to acylation.
A similar contact has also been observed in an MD study of
theEnterobacter cloacaeP99â-lactamase complexed with
penicillin G and cephalothin (34). In this MD simulation,
the hydroxyl group of Ser64 was modeled in its anionic form

whereas Tyr150 was neutral. On the other hand, the confor-
mational flexibility of the acyl-enzyme intermediate formed
between theC. freundii â-lactamase and the antibiotic
aztreonam has been explored by means of MD simulations,
showing that the ester carbonyl group of the degraded
antibiotic moves in and out of the “oxyanion hole” (35), in
contrast with the rigidity of the X-ray structure of the acyl-
enzyme intermediate that displays the ester carbonyl group
well anchored within the oxyanion hole. The flexibility
exhibited by the carbonyl group along the MD simulation is
in agreement with the multiple conformations assigned to
the ester carbonyl group in the corresponding infrared spectra
and, according to the authors, suggests that X-ray crystal-
lographic structures may present an incomplete picture of
the conformational distribution of bound ligands in the
solution phase (35).

Clearly, to improve our understanding of the reaction
mechanism of the class Câ-lactamases, it is necessary to
find out which are the actual protonation configurations of
the active site residues relevant to catalysis, as well as to
identify the most important substrate and inhibitor binding
determinants at the pre-reactive Michaelis complex. To fulfill
these goals, we decided to perform first an analysis of the
protonation configurations of the unbound form of theC.
freundii class Câ-lactamase that could be important accord-
ing to X-ray analyses, theoretical pKa calculations, mutagen-
esis, and kinetic results. Namely, we selected four configu-
rations of the fully solvated enzyme differing in the
protonation state of the Lys67, Tyr150, and Lys315 residues
(see Chart 1) and examined them by means of extended MD
simulations and quantum mechanical (QM) calculations.
During the simulations, we characterized the interactions
between the important functional groups, and the structural
and dynamical changes related to protonation and/or depro-
tonation of the active site residues. The free energy of each
configuration was estimated by using semiempirical quantum
chemical methodologies to compute enthalpies and solvation
energies for protein subsystems, while molecular mechanics
calculations were used to account for dispersive interactions
and entropic effects.

Subsequently, the complexed form of theC. freundii
enzyme with aztreonam (AZT) was simulated for the same
four configurations of the apoenzyme. Aztreonam, which was
the first fully synthetic monocyclicâ-lactam antibiotic (36),
is active against Gram-negative organisms. Moreover, it is
highly resistant to hydrolytic turnover by mostâ-lactamases
because the deacylation of the acyl-enzyme intermediate
is slow, which has allowed crystallization of the correspond-
ing intermediate formed with theC. freundii enzyme (7).
The analysis of the configurations of theâ-lactamase-AZT
noncovalent complex resulted in the characterization of the

1 Abbreviations: AZT, aztreonam; D&C, divide and conquer; DFT,
density functional theory; MD, molecular dynamics; QM, quantum
mechanical; QM/MM, hybrid quantum mechanical and molecular
mechanical; PB, Poisson-Boltzmann; PES, potential energy surface;
PDB, Protein Data Bank.
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structural and dynamical changes upon inhibitor binding as
well as the specific role of key residues in anchoring the
ligand. The free energies for theâ-lactamase-AZT com-
plexes were also estimated. To better compare with experi-
mental results, a fifthâ-lactamase-AZT complex was
simulated in which the Lys67 residue was mutated into an
Arg while the Tyr150 side chain was kept unprotonated.
Finally, we discuss the ability of our results to help identify
the most likely protonation configurations of the native state
of the class C enzyme and which residue is best suited for
acting as the base catalyst during the acylation process.

METHODS

MD Simulations of the Unbound Form of the C. freundii
Class C â-Lactamase.Initial coordinates for the protein
atoms and the crystallographic water molecules were taken
from the solid-state structure of theC. freundii class C
enzyme at 2.0 Å resolution (PDB entry 1FR1, chain B) (7).
The ionizable residues were set to their normal ionization
states at pH 7, except Lys67, Tyr150, and Lys315 that were
ionized according to Chart 1 in the four trajectories examined
for the apoenzyme. Histidine residues were protonated at Nδ,
with the exception of His108 that was protonated at Nε in
agreement with the contacts observed in the initial X-ray
structure. The protein atoms, as well as all the water
molecules of the crystal structure, were surrounded by a
periodic box of TIP3P (37) water molecules that extended
10 Å from the protein. Cl- counterions were placed by LEaP
(38) to neutralize the system. This resulted in a total of
∼5602 protein atoms being solvated by 226 X-ray water
molecules and 12 577 additional water molecules.

The parm94 version of the all-atom AMBER force field
was used to model the system (39). To derive the AMBER
parameters for the anionic Tyr150 residue present in the
TYN150 model, a NME-TYR--ACE peptide was constructed
with LEaP. After geometry optimization at the HF/6-31G*
level, the corresponding RESP charges of the anionic Tyr
residue were obtained by employing a standard two-stage
fitting procedure that preserved the parm94 charges of the
backbone atoms. Solvent molecules and counterions were
initially relaxed by means of energy minimizations and 50
ps of MD. Then the full system was minimized to remove
bad contacts in the initial geometry. All the MD simulations
were carried out using PMEMD included in the AMBER
8.0 suite of programs (40). The time step was chosen to be
1.5 fs, and the SHAKE algorithm was used to constrain all
bonds involving hydrogen atoms. A nonbonded cutoff of 10.0
Å was used, and the nonbonded pair list was updated every
25 time steps. The pressure (1 atm) and the temperature (300
K) of the system were controlled during the MD simulation
by Berendsen’s method (41). Periodic boundary conditions
were applied to simulate a continuous system. To include
the contributions of long-range interactions, the Particle-
Mesh-Ewald (PME) method (42) was used with a grid
spacing of∼1 Å combined with a fourth-order B-spline
interpolation to compute the potential and forces in between
grid points.

For all the configurations that were examined, 2.2 ns
trajectories were computed and coordinates were saved every
250 time steps. Only the last 1.0 ns of each simulation was
analyzed using the CARNAL module of AMBER and some

other specific trajectory analysis software developed locally.
Structural figures were produced with Molscript (43) and
Raster3D (44).

MD Simulations of the Michaelis Complex Formed with
Aztreonam.As originally suggested by Oefner et al. in their
crystallographic study of theC. freundii acyl-enzyme
intermediate (7), aztreonam was initially modeled as a
monoanion with a neutral acylamino side chain and a
negatively charged sulfonyl group attached to theâ-lactam
nitrogen atom (AZT- in Chart 2). This protonation state is
supported by the presence of a direct contact (2.9 Å) observed
in the crystal structure between the carboxylic group of the
AZT molecule in chain A and the Asp123 carboxylate group
in chain B. The apparent pKa values of aztreonam were
indirectly determined by solubility measurements, the re-
ported pKa values for the sulfonyl, amine, and carboxyl
groups being-0.7, 2.75, and 3.91, respectively (45). In
addition, it has been pointed out that aztreonam can exist as
a neutral zwitterion, monoanion, and dianion in the pH range
from 0 to 8. According to these data, aztreonam would exist
as a dianion in aqueous solution at physiological pH. Hence,
we also considered a dianionic state for AZT in which both
theâ-lactam sulfonyl and the carboxylate side chain at C19
were negatively charged (AZT2- in Chart 2).

Initial coordinates for aztreonam were taken from its
crystallographic structure (46). For the two AZT protonation
states, the geometry of the antibiotic was relaxed in aqueous
solution at the HF/6-31G* level of theory using the Onsager
solvent continuum model as implemented in the Gaussian
98 suite of programs (47). Subsequently, atomic charges were
computed using the RESP fitting procedure and the gas-phase
HF/6-31G* electrostatic potential. Most of the bond, angle,
and dihedral parameters of AZT were available from the
AMBER force field. However, some structural data required
to represent the equilibrium geometry of theâ-lactam ring
and of the acylamino side chain were extracted from the HF/
6-31G*-optimized structure. The van der Waals parameters
were taken from the closest existing AMBER atom types
using electronic similarity as a guide. In addition, some
specific torsion parameters were included to properly repro-
duce thesynconformation of theN-SO3

- group with respect
to the acylamino side chain. These torsion parameters were
adjusted against ab initio conformational energies and
geometries obtained for a small model compound (3-
formylamino-4-methyl-2-azetidine-1-sulfonate ion) at the
MP2/6-31+G** level. The aztreonam parameters in a format
suitable for the LEaP program are given in the Supporting
Information.

The LYS, LYN67, TYN150, and LYN315 configurations
of theC. freundiienzyme were modeled in the presence of
an aztreonam molecule bound to the active site. The initial
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structure for the enzyme-inhibitor complex was built using
the X-ray crystal structure of the corresponding acyl-enzyme
intermediate (PDB entry 1FR6, chain A) (7). After having
superposed the acyl-enzyme structure onto the crystal-
lographic structure of the native enzyme (PDB entry 1FR1,
chain B), we extracted the coordinates of the degraded
aztreonam molecule, and theâ-lactam ring was rebuilt by
molecular modeling. The 1FR1 structure augmented with the
coordinates of aztreonam was then employed as the starting
point for the class C enzyme-AZT configurations following
simulation protocols identical to those used for the unbound
models. After mutating the Lys67 residue in the 1FR1
structure into an arginine residue using LEaP, we followed
the same computational approach to carry out the ARG67-
TYN150-AZT simulation.

Energetic Analyses of the MD Trajectories.To calculate
the average free energies for the simulated class C configura-
tions, we employed a variant of the so-called MM-PBSA
approach (48, 49) in which the enthalpy and solvation energy
terms are computed by means of semiempirical QM calcula-
tions (QM-PBSA calculations). Most of the QM-PBSA
computational details have been previously described (50),
and therefore, they are briefly summarized herein.

First, a set of 50 representative structures were extracted
every 20 ps along the last 1 ns of the simulation time of
each MD trajectory, and were subjected to PM3/AMBER
energy minimization. For the apoenzyme, the QM region
comprised the Ser64, Lys67, Ala220, Thr316, and Ser318 residues,
and the side chains of Tyr150, Asn152, Glu272, and Lys315. For
the AZT-complexed structures, the QM region also included
the AZT inhibitor. From the QM/MM relaxed structures, we
selected protein subsystems (∼2100 atoms) that were
composed of all residues within∼15 Å of the Oγ@Ser64

atom.
Second, the average free energy of the protein subsystems

was estimated according to the following equation:

whereGh is the calculated average free energy,Hh QM is the
average QM heat of formation of the solute that accounts
for intraprotein and enzyme-ligand effects,Ehdisp is an
empirical energy that takes into account the attractive
dispersive interactions,∆Gh solv is the average solvation energy,
which is calculated using a QM Hamiltonian coupled with
a continuum model, and-TShMM is the solute entropy which
is estimated by molecular mechanics normal mode calcula-
tions.

The semiempirical QM energy terms in eq 1,Hh QM and
∆Gh solv, are computed efficiently on systems containing
thousands of atoms by using the divide and conquer (D&C)
SCF algorithm (51) as implemented in DIVCON (52, 53).
We performed single-point PM3 calculations (54) on the
protein subsystems, while solvent effects were included
within the semiempirical QM methodology by merging the
D&C algorithm with the PB equation (55). We used an
interior dielectric constant (protein) of 1 and an exterior value
(water) of 80. Anεprotein value of 1 is adequate given that
(a) electronic polarization effects are taken into account by
the semiempirical QM calculations and (b) polarization
effects related to field-induced nuclear reorientations in the
macromolecule are at least taken into account in the

structures collected during the MD sampling (56). Further
details of the D&C calculations are given elsewhere (50).

The dispersion energy contribution,Edisp, was computed
using an empirical formula that has been introduced by
Elstner et al. (57) to extend their approximate DFT method
(58) for the description of dispersive interactions, which are
normally neglected in both the DFT and semiempirical QM
methods. TheEdisp expression consists basically of aC6/R6

term, which is appropriately damped for shortR distances.
The correspondingC6 coefficients for each pair of interacting
atoms are calculated from experimental atomic polarizabili-
ties (59) so that the totalEdisp energy can be consistently
added to the energy expression of the DFT and semiempirical
methods. In this work, we used the same parameters and
combination rules described by Elstner et al. (57), which in
turn are based on previous work by Halgren (60). In the
Supporting Information (Figure S1), we show that the
semiempirical PM3 method complemented with theEdisp term
is capable of reproducing fairly well the interaction energies
between pairs of hydrophobic residues, as evaluated by high-
level correlated ab initio calculations (61). Inclusion of the
Edisp term in the QM-PBSA calculations ensures a balanced
description of the free energy changes due to the enzyme-
ligand union and/or protein conformational changes.

Solute entropic contributions were estimated for the series
of protein subsystems with∼2000 atoms by using thenmode
module of the AMBER 8.0 package (40). This program uses
the normal modes and standard statistical thermodynamical
formulas to estimate entropic contributions. Prior to the
normal mode calculations, the geometries of the subsystems
described by their AMBER representations were minimized
until the root-mean-square deviation of the elements in the
gradient vector was less than 10-5 kcal mol-1 Å-1.

To calibrate the performance of the semiempirical QM
Hamiltonian (PM3) as applied to our particular problem, we
optimized in aqueous solution a series of small cluster models
relevant to the modeled class C active site configurations at
the B3LYP/6-31G*, B3LYP/6-31+G**, and PM3 levels of
theory. From these calculations, we derived “high-level
correction” terms to the relative free energies of the protein
models, as explained in the Supporting Information.

RESULTS

RMSD Values and RMS Flexibility for the Apoenzyme.In
Table S1 of the Supporting Information, the heavy atom root-
mean-square deviations (RMSDs) of theC. freundiiclass C
â-lactamase simulations relative to its initial crystal structure
are given for the most relevant structural elements. Data in
this table show that the structural changes in the protein
taking place during the course of the MD simulations were
moderate (1.5-1.8 Å for all heavy atoms).

The LYS trajectory, which presents an additional positive
charge in the active site as compared with the other three
simulations, together with the LYN315 trajectory exhibits
the largest RMSD values (1.7-1.8 Å). The segregation of
the RMSD values into distinct structural elements shows that
the largest deviations among the protein configurations arise
in theâ7 strand, theâ6-â7 turn, and the C-terminalR-helix.
For the LYS simulation, these changes can be traced to the
backbone flexibility of the residues situated at the “oxyanion
hole” (Gly317-Ser318), which are adjacent to the important

Gh ≈ Hh QM + Ehdisp + ∆Gh solv - TShMM (1)
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residues in the active site, and to the side chain flexibility
of Arg349, which is located in the terminalR-helix and
contacts with theâ6 strand (see below). On the other hand,
the root-mean-square flexibility (RMSF), calculated by
comparing the instantaneous protein structure to the average
one, is similar for the different trajectories (∼0.8-0.9 Å).
Finally, the active site residues show RMSD and RMSF
values that do not change dramatically across the four
trajectories (0.8-1.0 and 0.4-0.6 Å, respectively).

Structure of the ActiVe Site.In the X-ray structure, the
class C active site is characterized by a dense hydrogen
bonding network that interconnects the catalytically relevant
residues (Ser64, Lys67, Tyr150, Asn152, Lys315, Ser318, etc.) and
some solvent molecules (see Figure 1). Thus, the hydroxyl
group of the nucleophilic serine (Ser64) interacts with the
side chains of Lys67 (Ser64 Oγ‚‚‚Nú Lys67 ) 2.6 Å) and Tyr150

(Ser64 Oγ‚‚‚Oη Tyr150 ) 2.9 Å) and with a water molecule
(Ser64 Oγ‚‚‚O Wat ) 2.4 Å) that is partially located in the
oxyanion hole formed by the backbone NH groups of Ser64

and Ser318. The lysine residue of the first conserved motif
(Lys67) also interacts with the Asn152 side chain (Lys67 Nú‚
‚‚Nδ Asn152 ) 2.6 Å), while Tyr150 is H-bonded to both Lys67

and Lys315 with Oη‚‚‚Nú distances of 2.9-3.0 Å. Lys315 also
makes a contact with the backbone carbonyl group of Thr316

(Lys315 Nú‚‚‚O Thr316 ) 2.9 Å) and, through a water
molecule, with the carboxylate group of the invariant Glu272.

Figure 1 shows representative snapshots extracted from
the four MD simulations as well as schematic representations
of the most stable H-bond contacts, including their percent-
ages of occurrence and their average distances. In Table S2
of the Supporting Information, we collect the average values
for the most significant active site interatomic distances.

With regard to the nucleophilic serine residue, a stable
Ser64 Oγ‚‚‚HNú Lys67 H-bond contact is present in the LYS,
TYN150, and LYN315 trajectories (94-99% of occupancy
and 2.9 Å average distance), but it has an abundance of only
46% along the LYN67 trajectory (see Figure 1). The
interaction between the Ser64 and Tyr150 side chains, observed
in the crystallographic structure, was poorly stable along the
four simulations (7-34% of abundance). On the other hand,
the Ser64 hydroxyl group is hydrated by two to four water
molecules in all the trajectories. Some of these water
molecules are roughly located within the oxyanion hole
connecting the Ser64 side chain with the Ser64 and Ser318

backbone amino groups.
The Lys67 and Asn152 residues give stable contacts in all

the simulations. For example, a Lys67 NúH‚‚‚Oδ Asn152

H-bond contact, which is clearly present in the initial X-ray

FIGURE 1: Schematic representation of the main interresidue contacts observed in theC. freundiiclass Câ-lactamase active site: (a) in the
1FR1 X-ray structure and (b-e) along the four trajectories computed for the apoenzyme. A snapshot of the active site extracted from each
simulation has been produced with Molscript and Raster3D.
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structure, is stable along the LYS, TYN150, and LYN315
trajectories (2.8 Å, 93-100% of occupancy). For the LYN67
model, however, the Asn152 side chain internally rotates after
1.2 ns to give an unexpected Lys67 Nú‚‚‚HNδ Asn152

interaction that remained perfectly stable during the rest of
the simulation time (98% of occupancy and 2.9 Å). On the
other hand, the Lys67‚‚‚Tyr150‚‚‚Lys315 association, observed
in the initial X-ray structure, is stable only along the TYN150
trajectory through ionic contacts (Lys NúH3

+‚‚‚-Oη Tyr150)
between the phenolic group of Tyr150 and the positively
charged ammonium groups of Lys67 and Lys315. The
Lys67‚‚‚Tyr150‚‚‚Lys315 association is marginally stable along
the other three trajectories, although Tyr150 remains H-bonded
to the Lys315 side chain (69-95% of occupancy; see Figure
1).

According to the computed radial distribution function of
solvent molecules, the Oη@Tyr150 atom also interacts with
one water molecule. In addition, the orientation of the Tyr150

side chain is controlled by hydrophobic interactions with the
adjacent Tyr112 side chain. The average distance between the
center of mass of the corresponding aromatic rings (4.8 Å)
and the angle between their planes (50-54°) are indicative
of correlated motions during the four trajectories.

The second lysine residue in the active site, Lys315, also
interacts with the carboxylate group of the conserved Glu272

residue in the LYS, LYN67, and TYN150 simulations (100%
of occupancy), although a direct Lys315‚‚‚Glu272 salt bridge
is not observed in the X-ray structure. When the
Lys315 residue is modeled in its neutral state (LYN315), the
Lys315‚‚‚Glu272 contact is less stable (24% of occupancy) and
the Lys315 side chain becomes more solvent exposed: three
water molecules are located within the first solvation shell
around the Nú@Lys315 atom during the LYN315 simulation,
whereas one or two waters were observed for the other three
trajectories.

Interestingly, the protonation state of the active site
residues influences the mobility and average conformation
of the structural motifs close to the active site region. For
example, the oxyanion hole is partially distorted in the LYS
and TYN150 trajectories as a result of a rotation (∼100°)
about the CR@Gly317-C@Gly317 bond in theâ7 strand
occurring at the beginning of the two simulations. Moreover,
an additional rotation about the CR@Gly320-C@Gly320 bond
modifies the conformation of theâ6-â7 turn in the LYS
trajectory. Along this same trajectory, an anchorage point
between the C-terminalR-helix and theâ6 strand, constituted
by a hydrogen bond interaction between the Arg349 guani-
dinium and the Ser324 carbonyl groups, is lost and the Arg349

side chain moves away from the catalytic center to become
more solvent accessible. These and other changes might be
triggered by long-range electrostatic forces that can particu-
larly affect the relatively buried Arg349 side chain.

Energetic Analyses of the MD Trajectories.Prior to the
energetic analyses, the structure of the active site in selected
snapshots along the MD trajectories was relaxed via PM3/
AMBER energy minimizations. In general, the QM/MM
structures, in which the Ser64, Lys67, Tyr150, Asn152, Ala220,
Glu272, Lys315, Thr316, and Ser318 residues were described by
the PM3 method, were structurally similar to those generated
along the MD simulations using the MM force field
representation. Subsequently, we performed single-point PM3
D&C-PB calculations, empirical calculations of the disper-

sive interactions, and MM normal mode calculations on
subsystems comprising approximately one-third of the
protein. These energetic terms, whose average values are
shown in Table 1, were combined to estimate the QM-PBSA
free energy of the various protein configurations.

The average QM-PBSA free energy differences between
the TYN150 and LYN315 configurations with respect to the
LYN67 one are 3 and 16 kcal/mol (-1 and 17 kcal/mol,
respectively, after adding the corresponding “high-level
correction” term; see the Supporting Information), respec-
tively. From these∆G values, it seems that the anionic state
of the Tyr150 residue would be energetically favored in the
native form of the class Câ-lactamase. It must be noted,
however, that the small∆G between LYN67 and TYN150
is lower, in absolute value, than the fluctuations of the
individual free energies (∼6-7 kcal/mol), which are ex-
pressed in terms of the standard error of the mean values
(see Table 1). Therefore, both states could be energetically
accessible. On the other hand, the magnitude of the∆G
associated with the LYN315 state, 17 kcal/mol, allows us
to safely discard this protein configuration as a model of
the native form of theC. freundiienzyme. We also estimated
the relative stability of the LYN67 configuration with respect
to the LYS model, in which both Lys67 and Lys315 are
positively charged, by considering the free energy change
for the proton dissociation process connecting formally the
LYS and LYN67 states, that is, LYSf LYN67 + H+(aq).
If the thermodynamic data for H+(aq) are combined with
theG values for the LYS and LYN67 states in Table 1, the
free energy change for this process is largely negative,-20
kcal/mol (-14 kcal/mol if the high-level correction is
included). According to these QM-PBSA free energy analy-
ses, the LYS configuration is very unlikely to represent the
unbound form of the class C enzyme in solution.

Inspection of the free energy components in Table 1
suggests that the larger stability of the LYN67 and TYN150
configurations with respect to LYN315 and LYS ones is
mainly due to stronger intraprotein contacts for which the
H andEdisp terms account. Part of this energetic preference
could be due to the smaller structural deviations of the
LYN67 and TYN150 models with respect to the initial X-ray
structure.

Structural Analyses of the Class Câ-Lactamase-AZT
Complexes.The Michaelis complex formed between theC.
freundiiclass Câ-lactamase and aztreonam was modeled in
the four different configurations of the active site studied
for the apoenzyme. As mentioned in Methods, aztreonam
was simulated both as a monoanion (AZT-) and as a dianion

Table 1: PM3-Based Free Energy Componentsa of the Class C
â-Lactamaseb

system Edisp H ∆Gsolv Gtotal
c

LYS -1240.1 (1.2) -5321.1 (7.4) -1212.5 (4.5) -9457.3 (6.9)
LYN67 -1257.6 (1.4) -5489.3 (6.5) -1147.2 (3.3) -9576.2 (6.8)

0 0 0 0
LYN315 -1244.0 (1.1) -5443.9 (7.1) -1189.5 (3.0) -9559.8 (6.6)

14 45 -42 16
TYN150 -1256.1 (1.3) -5476.3 (7.3) -1157.0 (5.1) -9572.9 (6.3)

2 13 -10 3

a In kilocalories per mole.b The standard error of the mean values
is given in parentheses. Relative differences in the mean values with
respect to the LYN67 ones are in italics.c Including the entropy
corrections from MM normal mode calculations on subsystems.
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(AZT2-) (see Chart 2). Tables S5 and S6 of the Supporting
Information list the RMSD and RMSF values for these
configurations.

Comparison of the RMSD values in Tables S5 and S6
with those in Table S1 shows that AZT binding does not
induce large changes in the global structure of the protein.
The average RMSD values of the different class C-AZT
configurations are practically identical, in contrast with the
ampler structural deviations exhibited by the LYN315 and
LYS states in the free form of the enzyme. A similar effect
is observed in the RMSF values (0.8-0.9 Å). In fact, location
of AZT at the interface of the two domains of the enzyme
reduces the active site flexibility in all the configurations.
Therefore, these observations suggest that, in the presence
of the inhibitor, the class C enzyme is slightly rigidified.

The protonation state of AZT largely influences the
orientation of the inhibitor within theC. freundiiactive site.
When the antibiotic is modeled in its dianionic form (AZT2-),
its negatively charged carboxylate and sulfonyl groups
interact with the positively charged Arg204 and Arg349

guanidinium groups of the enzyme, respectively. As a
consequence, the four configurations, LYS-AZT2-, LYN67-
AZT2-, TYN150-AZT2-, and LYN315-AZT2-, can be
considered nonreactive states because the nucleophilic serine
side chain is not properly located with respect to theâ-lactam
amide group and/or is not interacting with the putative base
catalyst (see Figure S3 of the Supporting Information). In
contrast, three of the four simulations performed with the
monoanionic AZT- present a relative orientation of the Ser64

side chain and theâ-lactam ring favorable for catalysis (e.g.,
the AZT C2‚‚‚Oγ Ser64 distances are 3.2-3.3 Å, while the
AZT N1-C2-O9‚‚‚Oγ Ser64 dihedral angles are 83-88°).
For the sake of brevity, the structural and energetic analyses
of the LYS-AZT2-, LYN67-AZT2-, TYN150-AZT2-, and
LYN315-AZT2- configurations are summarized in the
Supporting Information (Tables S6 and S7 and Figure S3).
Next we present in more detail the results obtained for the
â-lactamase-AZT- complexes with anionic aztreonam:
LYS-AZT-, LYN67-AZT-, TYN150-AZT-, and
LYN315-AZT-.

Interresidue Contacts in theâ-Lactamase-AZT Com-
plexes.Figure 2 shows schematic representations of the
relevant H-bond contacts observed in theâ-lactamase active
site and characteristic snapshots extracted from the MD
trajectories. In general, binding to AZT introduces slight
changes in the active site interresidue contacts previously
described for the apoenzyme. Thus, the LYN67-AZT-

trajectory presents a stable Ser64 OγH‚‚‚:Nú Lys67 contact
(2.72( 0.10 Å, 100%) that replaces the Asn152 NδH2‚‚‚:Nú
Lys67 interaction observed in the LYN67 simulation. The
Lys67 side chain is H-bonded to the carbonyl group of the
Asn152 side chain in all the trajectories of the complex (87-
100% of occupancy), and its contact with the carbonyl group
of Ala220 is clearly reinforced in the LYS-AZT- and
LYN67-AZT- states (see Figure 2). In addition, ligand
binding reduces specifically the flexibility of the oxyanion
hole. For example, the rotation about the CR@Gly317-C
bond observed in the LYS and TYN150 simulations of the
apoenzyme does not take place in the AZT complexes, the
oxyanion hole maintaining its initial conformation along the
four trajectories.

â-Lactamase-AZT Binding Determinants.Monobactams,
like aztreonam, are characterized by aâ-lactam cycle that is
not fused to additional rings such as in otherâ-lactam
antibiotics. Binding determinants of AZT should be localized
in the four-memberedâ-lactam ring and in the acylamino
side chain. Our simulations show that the stability of the
enzyme-inhibitor contacts in the Michaelis complexes and
the relative orientation between the nucleophilic serine and
theâ-lactam cycle depend on the configuration of the active
site residues. The relative orientation of the reactive groups
together with the presence of long-lived contacts between
the nucleophilic serine and a potential base catalyst (the
â-lactam sulfonyl group or the side chain of Lys67, Tyr150,
or Lys315) allows us to assess the prereactive character of
each configuration.

Along the LYS-AZT- trajectory, the antibiotic molecule
shifts and changes its initial orientation in theâ-lactamase
active site. Thus, theâ-lactam carbonyl moiety is replaced
in the oxyanion hole by one of the oxygen atoms of the
negatively chargedâ-lactam sulfonyl group (AZT SO3-‚‚‚HN
Ser318, 2.98( 0.16 Å and 79% of occupancy). In addition,
the AZT SO3

- group also interacts with the nucleophilic
serine (2.87( 0.19 Å, 88%) and with the side chains of
Ser318 (2.76 ( 0.15 Å, 100%) and Asn346 (2.89 ( 0.14 Å,
92%). The carbonyl group of the acylamino side chain
interacts with the Asn152 NδH2 group by means of a water
molecule (78% of the snapshots).

In principle, the aztreonamN-SO3
- group is the only group

capable of activating the Ser64 hydroxyl group in the LYS
configuration. Moreover, as mentioned above, both groups
interact through a stable H-bond contact along the LYS-
AZT- trajectory. However, the nucleophilic Ser64 side chain
is not properly positioned to react toward theâ-lactam ring
amide group because both groups are nearly coplanar (the
average AZT N1-C2-O9‚‚‚Oγ Ser64 torsional angle is 30
( 14°). The average AZT C2‚‚‚Oγ Ser64 distance (4.20(
0.30 Å) and AZT C2‚‚‚Oγ-Câ Ser64 angle (133( 7°)
further confirm this point. Thus, we conclude that AZT
adopts a nonreactive configuration in theâ-lactamase active
site when both Lys67 and Lys315 are protonated.

The LYN67-AZT- simulation is characterized by stable
Ser64 NH‚‚‚O9 AZT (2.83 ( 0.11 Å, 100%) and Ser318

NH‚‚‚O9 AZT (2.82 ( 0.10 Å, 100%) H-bond contacts,
which maintain theâ-lactam carbonyl group within the
oxyanion hole. The AZT sulfonyl group is in contact with
the Ser318 and Asn346 side chains (occupancies of 100 and
98%, respectively) and, through a one-water bridge, with the
Tyr150 hydroxyl group [AZT SO3

-‚‚‚(H2O)‚‚‚HOη Tyr150,
53% occupancy]. On the other hand, the acylamino carbonyl
group of AZT interacts with the Asn152 side chain (39 and
36% of direct and water-mediated contacts, respectively),
while the exocyclic amino group interacts with the hydroxyl
group of Ser212 (3.07 ( 0.19 Å, 63%).

From a mechanistic point of view, the LYN67 configu-
ration is characterized by the presence of a neutral lysine in
the class C active site (Lys67), which could act as a base
catalyst by activating the Ser64 hydroxyl group. The stability
of the Ser64 OγH‚‚‚:Nú Lys67 H-bond (2.72( 0.10Å, 100%)
along the LYN67-AZT- trajectory supports this hypothesis.
Moreover, the short AZT C2‚‚‚Oγ Ser64 distance (3.10(
0.18 Å), the average value of the AZT C2‚‚‚Oγ-Câ Ser64

angle (105( 7°), and the torsional AZT N1-C2-O9‚‚‚Oγ
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FIGURE 2: Schematic representation of the main interresidue contacts and enzyme-inhibitor binding determinants observed along the four
trajectories computed for the Michaelis complex formed between aztreonam (AZT-) and theC. freundii class Câ-lactamase enzyme. A
snapshot of the active site extracted from each simulation with aztreonam colored green has been produced with Molscript and Raster3D.
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Ser64 angle (-88 ( 9°) confirm that the Ser64 side chain is
well positioned to attack the amide group of theâ-lactam
ring.

The TYN150-AZT- trajectory also shows stable contacts
between theâ-lactam carbonyl group and the oxyanion hole
(Ser64 NH‚‚‚O9 AZT ) 2.90 ( 0.13 Å, 99%, and Ser318

NH‚‚‚O9 AZT ) 2.90 ( 0.13 Å, 100%). In this case, the
AZT sulfonyl group interacts with the Thr316 and Ser318

hydroxyl groups (2.86( 0.24 Å, 80%, and 2.74( 0.15 Å,
100%, respectively), with the Asn346 side chain (3.00( 0.19
Å, 100%), and through water-mediated contact with the
anionic Tyr150 side (58% of occupancy). Again, the AZT
acylamino side chain remains H-bonded to Asn152 (48% of
water-mediated contacts) and to Ser212 (AZT N34H2‚‚‚Oγ
Ser212 ) 3.04 ( 0.18 Å, 60%).

The average values of the AZT C2‚‚‚Oγ Ser64 distance
(3.28( 0.25 Å) together with the AZT C2‚‚‚Oγ-Câ Ser64

and AZT N1-C2-O9‚‚‚Oγ Ser64 angles (103( 12° and
-86 ( 9°, respectively) show that the Ser64 hydroxyl group
is well positioned to attack the amide group of theâ-lactam
ring along the TYN150-AZT- trajectory. The anionic Tyr150

residue seems to be stabilized in theâ-lactamase active site
by means of ionic contacts with the Lys67 and Lys315

ammonium groups (see Figure 2). Although Tyr150 could act
as the base catalyst, we found that the charged Lys67

ammonium group competes with the Ser64 side chain in
interacting with the anionic Tyr150, which shows that only
the 28% of the TYN150-AZT- trajectory presents a direct
Ser64 OγH‚‚‚-Oη Tyr150 contact.

The fourth simulation of theâ-lactamase-AZT Michaelis
complex corresponds to the LYN315 configuration. In this
case, theâ-lactam carbonyl group is again properly posi-
tioned within the oxyanion hole. The AZT SO3

- group
establishes stable H-bonds with Thr316, Ser318, and Asn346

(90-100% of occupancy), and the AZT acylamino side chain
interacts with Asn152 (41 and 46% of direct and water-
mediated contacts, respectively) and with Ser212 (3.06( 0.19
Å, 61%). The nucleophilic Ser64 group gives alternating
H-bond interactions with the Tyr150 side chain (2.92( 0.18
Å, 50%), with the AZT SO3

- group (3.10( 0.22 Å, 20%),
and with theâ-lactam carbonyl group (2.99( 0.18 Å, 28%).

The LYN315-AZT- simulation indicates that the neutral
Lys315 amino group could act as the putative base catalyst
through a Ser64 OγH‚‚‚Tyr150 OηH‚‚‚:H2Nú Lys315 bridged
interaction. The Tyr150‚‚‚Lys315 contact was perfectly stable
(2.76( 0.12 Å, 99%), but the second hydrogen bond (Ser64‚
‚‚Tyr150) existed only during half of the simulation time.
Hence, the large flexibility of the contacts displayed by the
Ser64 hydroxyl group suggests that the LYN315-AZT-

configuration should be less reactive than the LYN67-AZT-

one, although the AZT C2‚‚‚Oγ Ser64 distance (3.24( 0.20
Å) and the AZT C2‚‚‚Oγ-Câ Ser64 and AZT N1-C2-
O9‚‚‚Oγ Ser64 angles (103( 9° and -83 ( 11°, respec-
tively) seem optimal for nucleophilic attack.

Energetic Analyses of the Class Câ-Lactamase-AZT
Complexes.The thermodynamic analyses were repeated for
the protein subsystems in the different noncovalent com-
plexes following the QM-based computational scheme after
having partially relaxed the selected snapshots by means of
QM/MM energy minimizations. Examination of the average
values of some QM/MM distances between the AZT inhibitor
and important residues in theâ-lactamase active site showed
that the QM/MM relaxation does not alter the identity and
properties of the important H-bond interactions that anchor
theâ-lactam to the active site (data not shown for brevity).

Table 2 shows the average heats of formation, dispersion
energies, solvation energies, and free energies of theâ-lac-
tamase-AZT complexes. Most interestingly, the presence
of the antibiotic stabilizes preferentially the LYN67-AZT-

state that is now 24 and 27 kcal/mol below TYN150-AZT-

and LYN315-AZT-, respectively, in terms of their mean
G values. Addition of the high-level correction terms derived
from the test calculations to the QM-PBSAG values
preserves the energetic preference for the LYN67-AZT-

state, which remains 20 and 28 kcal/mol below TYN150-
AZT- and LYN315-AZT-, respectively. On the basis of
these relative free energy differences, it is clear that neither
the TYN150-AZT- nor the LYN315-AZT- state would
represent the ground state of the Michaelis complex between
the class C enzyme and AZT.

To determine if the presence of the AZT inhibitor can
change the global charge distribution of the class Câ-lac-
tamase active site by stabilizing energetically the LYS-
AZT- complex with respect to the LYN67-AZT- complex,
we considered the formal proton dissociation process LYS-
AZT- f LYN67-AZT- + H+(aq), which has a∆G value
of -1.5 kcal/mol as estimated semiempirically. The “cor-
rected” value would be 4.7 kcal/mol. Comparison with the
corresponding∆G value for the acid dissociation process in
the absence of the inhibitor (-14.2 kcal/mol) points out that
the negatively charged AZT molecule tends to favor the LYS
state. However, this effect would not be enough for the
LYS-AZT- state to become the most populated one at
physiological pH (the corrected∆G value for the LYS-
AZT- f LYN67-AZT- + H+ process corresponds to an
intrinsic pKa for Lys67 of only 4.5). Moreover, the enzyme-
inhibitor binding determinants in the LYS-AZT- model are
not favorable for catalysis (see above). Therefore, we propose
that the LYN67-AZT- model will be the kinetically active
configuration of theâ-lactamase-AZT complex.

Table 2: PM3-Based Free Energy Componentsa of the Class Câ-Lactamase Complexed with Aztreonamb

system Edisp H ∆Gsolv Gtotal
c

LYS-AZT- -1304.6 (1.0) -5765.2 (6.5) -1083.0 (3.0) -9867.6 (5.7)
LYN67-AZT- -1301.3 (0.8) -5868.5 (7.4) -1081.9 (3.6) -9967.0 (6.3)

0 0 0 0
LYN315-AZT- -1306.8 (1.5) -5860.7 (7.1) -1056.7 (4.2) -9939.7 (5.5)

-5 8 25 27
TYN150-AZT- -1290.0 (1.3) -5858.0 (8.1) -1077.0 (4.9) -9942.6 (7.1)

11 5 5 24
a In kilocalories per mole.b The standard error of the mean values is given in parentheses. Relative differences in the mean values with respect

to the LYN67-AZT- ones are in italics.c Including the entropy corrections from MM normal mode calculations on subsystems.
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Simulation of the Lys67Arg Mutant in the ARG67-
TYN150-AZT- Configuration.The Lys67Arg mutant of the
C. freundiiclass Câ-lactamase complexed with aztreonam
(AZT-) was simulated in the ARG67-TYN150 configura-
tion, which presents an anionic Tyr150 located in the active
site. The MD simulation shows that the Lys67Arg mutation
does not drastically modify the structure of the enzyme. Thus,
the RMSD and RMSF values obtained from the ARG67-
TYN150-AZT- simulation are very similar to those com-
puted for the TYN150-AZT- state (see Table S5 of the
Supporting Information).

Figure 3 presents a schematic representation of the relevant
H-bond contacts observed at theâ-lactamase active site as
well as a characteristic snapshot extracted from the ARG67-
TYN150-AZT- trajectory. In this simulation, the Arg67 side
chain is accommodated well in the active site, establishing
stable H-bond interactions with the Asn152 side chain (3.05
( 0.20 Å, 68%) and with the backbone carbonyl group of
Tyr150 (2.88 ( 0.14 Å, 99%). The nucleophilic Ser64 side
chain mainly interacts with the anionic Tyr150 side chain (2.86
( 0.21 Å, 80%) and is well oriented with respect to the
â-lactam ring to be acylated by AZT (AZT C2‚‚‚Oγ Ser64

distance of 3.68( 0.44 Å, and AZT C2‚‚‚Oγ-Câ Ser64 and
AZT N1-C2-O9‚‚‚Oγ Ser64 angles of 93( 18° and-80
( 10°, respectively). In this respect, it is interesting to note
that the Lys67Arg mutation reinforces the Ser64 OγH‚‚‚-Oη
Tyr150 contact, which is present during only 28% of the
TYN150-AZT- trajectory. Other active site contacts are
similar along the ARG67-TYN150-AZT- trajectory and
in the previously described TYN150-AZT- state.

DISCUSSION

NatiVe Form of the Class Câ-Lactamase in Aqueous
Solution. In principle, the comparison of the interresidue
contacts observed along the MD simulations with those
present in the initial X-ray structure could help to identify
the most probable configuration of theC. freundii â-lacta-
mase. However, no single theoretical model can reproduce
all the interresidue contacts observed in the solid-state
structure. In terms of their free energies, the LYS and
LYN315 configurations are clearly above the LYN67 and
TYN150 states by roughly 10-15 kcal/mol. The TYN150
configuration is only∼1 kcal/mol below LYN67. However,

if the statistical imprecision of the individual QM-PBSA free
energies (6-7 kcal/mol) is taken into account, a clear-cut
prediction cannot be made on the basis of the∆G value,
and therefore, either the LYN67 or the TYN150 state could
be accessible for the free enzyme in solution.

Although our simulations do not solve by themselves the
controversy between the former electrostatic calculations
(30), which have predicted a low pKa value for Tyr150 of
4-8, and the13C NMR titration experiments (29), which
have suggested that the pKa of Tyr150 is well above 11 in
the substrate-free form, they clearly indicate that the actual
energy difference between the LYN67 and TYN150 con-
figurations should not be large and that a LYN67a TYN150
equilibrium might be possible. Nevertheless, it may be
interesting to note that the LYN67 state seems more
compatible with the13C NMR titration experiments per-
formed in the wild type and in the Lys67Cys mutant of the
C. freundiiâ-lactamase. In the LYN67 state, the Lys67Cys
mutation would conserve the global charge in the vicinity
of the Tyr150 side chain, explaining thus why the Tyr150 pKa

value remains virtually unchanged after the mutation.

Binding of AZT to the Class Câ-Lactamase ActiVe Site.
The dynamical evolution of theâ-lactamase-AZT complex
was explored by carrying out MD simulations differing in
the charge configuration of the Lys67, Tyr150, and Lys315

residues and in the protonation state of the AZT inhibitor
(anionic or dianionic). The dianionic form of AZT results
in â-lactamase-inhibitor complexes that are not favorable
for catalysis, as revealed by the structural and energetic
analyses. On the other hand, in three of the four simulations
with monoanionic AZT, the inhibitor adopts an orientation
that is potentially reactive and the nucleophilic serine
establishes direct or assisted contacts with the base catalyst
(Lys67, Tyr150, or Lys315). However, the free energy calcula-
tions point out that the LYN67-AZT- configuration is
significantly more stable, by around 20-28 kcal/mol, than
the TYN150-AZT- and LYN315-AZT- states. Therefore,
we propose that AZT binds to theC. freundiiactive site in
its anionic form and that, upon formation of theâ-lacta-
mase-AZT noncovalent complex, the neutral form of Lys67

becomes clearly stabilized to give the kinetically active
configuration.

FIGURE 3: Schematic representation of the main interresidue contacts and enzyme-inhibitor binding determinants observed along the
ARG67-TYN150-AZT- trajectory. A snapshot of the active site extracted from each simulation with aztreonam colored green has been
produced with Molscript and Raster3D.
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Implications for the Acylation Mechanism of the C.
freundii Enzyme.Consideration of the binding of an antibiotic
to the class Câ-lactamase active site leads to a firm
theoretical prediction about the mechanistic role of the neutral
Lys67 amino group as the proton acceptor from Ser64 during
acylation of theC. freundii enzyme by aztreonam. This
identification of Lys67 as the base catalyst for this particular
enzyme-ligand association is well grounded in the structural
and energetic features exhibited by the LYN67-AZT-

model. We also note that the LYN67-AZT- model is in
agreement with kinetic and mutagenesis experimental results
for the AmpCâ-lactamase reacting with slowly hydrolyzed
substrates such as aztreonam (62). In this case, the mutation
of Tyr150 to Ser results in a slightly more reactive form of
the enzyme, which led the authors to note that Tyr150 had
no obligatory role in catalysis (62).

Could the neutral Lys67 residue act as the base catalyst
for the rest of the class C substrates (cephalosporins,
carbapenems, etc.)? On the basis of the nature and the
stability of intraprotein and protein-ligand contacts char-
acteristic of the LYN67-AZT- model, it can be reasonably
expected that a neutral Lys67 amino group could be stable
and play a similar role in the presence of rapidly hydrolyzed
substrates. In this respect, it is interesting to note here that
the crystal structure of the Ser64Gly mutant of the AmpC
â-lactamase in complex with cephalothin shows that the
â-lactam carboxylate group accepts a hydrogen bond from
the Tyr150 side chain (15). This interaction is clearly
incompatible with the presence of a negatively charged Tyr150

residue in the noncovalent complex.
It must be noted that mutagenesis experiments are not

conclusive about the protonation state and mechanistic role
of the Tyr150/Lys67 pair. For example, mutating Tyr150

decreases the catalytic efficiency from only 10- to 1000-
fold depending on the substrate and mutant being studied
(25, 62). The Lys67Gln, Lys67Thr, and Lys67Glu mutants
of class Câ-lactamases are nearly inactive, in consonance
with the proposed catalytic role of Lys67; however, the
Lys67Arg mutant exhibits an appreciable activity above pH
7.5, and for some poor substrates of the wild-type enzyme,
the kcat values are even increased (23, 24). Why does the
Lys67Arg mutant of theC. freundii enzyme retain a
significant amount of activity? The resolution of this apparent
paradox is possible on the basis of the computational
observation that the LYN67 and TYN150 configurations of
the wild-typeC. freundiienzyme are very close in energy.
Hence, it can be reasonably expected that the Lys67Arg
mutation would lead to the corresponding ARG67-TYN150
state characterized by the anionic form of Tyr150. This
configuration can be kinetically active as shown by the MD
simulation of the Lys67Arg mutant of theC. freundii
â-lactamase in complex with aztreonam. Thus, the ARG67-
TYN150-AZT- configuration turns out to be characterized
by a stable Ser64 OγH‚‚‚-Oη Tyr150 contact and a proper
orientation of theâ-lactam ring in the enzyme active site.
Therefore, in the Lys67Arg mutant of theC. freundiiclass
C â-lactamase, the anionic Tyr150 side chain could act as
the base catalyst during acylation.

On the basis of the results obtained by combinatorial
scanning mutagenesis that screened more than 1000 variants
of the class C P99 enzyme, it has been proposed that catalysis
in the class Câ-lactamases is affected by a hydrogen bonding

network in the active site and that no single residue acts as
the catalyticgeneralbase (26). We believe that our simula-
tions add new molecular details to this proposal by discussing
the joint ability of the Lys67/Tyr150 pair for catalysis. As
mentioned above, the Lys67 NúH2/Tyr150 OηH and Lys67

NúH3
+/Tyr150 Oη- states in the unbound class C enzyme

should be close in terms of free energy. We also found that
their relative stability can be modulated by desolvation and
protein flexibility effects upon aztreonam binding to give
the noncovalent prereactive complex. We expect that binding
of other class C substrates and/or formation of the acyl-
enzyme species might alter the proton configuration of the
Lys67/Tyr150 pair. As a matter of fact, quite similar consid-
erations on the Lys67/Tyr150 pair have been expressed by
Adediran and Pratt in their interpretations of theâ-secondary
and solvent deuterium kinetic effects on the catalysis exerted
by the class C P99 enzyme (63). Thus, these authors have
suggested that the proton configuration in the noncovalent
enzyme-substrate complex may be substrate-dependent and
that conversion of the ionic Lys67/Tyr150 pair into its neutral
form could occur via substrate binding. Taking into account
the earlier proposals as well as the theoretical results
described above, we suggest that a reversible Lys67 NúH2/
Tyr150 OηH a Lys67 NúH3

+/Tyr150 Oη- process could be
very catalytically efficient. On one hand, the nucleophilic
attack during the acylation step could be triggered by the
Ser64 OγH r :NúH2 Lys67 proton transfer, while the Tyr150

OηH group could donate a proton to the leavingâ-lactam N
atom. On the other hand, an anionic Tyr150 Oη- group may
activate the hydrolytic water molecule that attacks the acyl-
enzyme intermediate during the deacylation process. In
principle, the same chemical mechanism could occur in the
evolutionarily related PBP proteins such as the DD-peptidase
from StreptomycesR61 (much in common in the kinetic
properties of the two families of enzymes). Moreover, a
similar computational study has suggested that the Lys38/
Lys213 pair of residues in the DD-transpeptidase enzyme from
StreptomycesK15 could constitute a flexible base catalyst
at different mechanistic steps (50).
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